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Abstract:
During rotavirus replication, there is transcriptional and translational control of rotavirus gene
expression; however, the molecular mechanisms that regulate expression of each the rotavirus genes
are not well defined. Therefore, we are investigating the mechanisms of regulation of rotavirus gene
expression and the possible involvement of nonstructural protein NSP1. The identification of a
potential mechanism for the regulation of rotavirus gene expression was evaluated using two viral
genes that are expressed at different levels early in the infection. VP6, encoded by gene segment 6, is
expressed in excess over NSP1, which is encoded by gene segment 5. The mRNA levels of the two
genes were measured and no significant difference was found. The half-life of the two proteins was
calculated to be the same, indicating that the stability of NSPl and VP6 are similar. Polysome analyses
demonstrated that gene 6 mRNA is translated more efficiently than gene 5 mRNA, and further studies
of gene 5 illustrated that gene 5 mRNA is a poor template for initiating translation. Therefore, one
mechanism responsible for the difference in the levels of expression of gene 5 mRNA and gene 6
mRNA occurs at the level of translation initiation.

To investigate the role of NSP1 in regulating viral gene expression, the sedimentation of rotavirus
mRNAs in polyribosome gradients were compared between a mutant viral strain lacking NSP1 and a
wildtype strain. Gene 6 mRNA showed no difference in sedimentation at four and six hours post
infection. However, when the sedimentation of gene 6 at two hours post infection was examined, a
greater percentage of gene 6 mRNA of the mutant strain sedimented in the polysomal fractions
compared to wildtype gene 6 mRNA. Gene 11 mRNA showed little difference in the sedimentation at
two hours post infection, but at 4 and 6 hours post-infection, a greater percentage of gene 11 mRNA
sedimented in the polysome fractions for the mutant strain compared to the wildtype strain. These data
suggest that rotavirus genes are differentially regulated and that NSP1 may participate in the regulation
of viral gene expression. 
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ABSTRACT

During rotavirus replication, there is transcriptional and translational control of 
rotavirus gene expression; however, the molecular mechanisms that regulate expression 
of each the rotavirus genes are not well defined. Therefore, we are investigating the 
mechanisms of regulation of rotavirus gene expression and the possible involvement of 
nonstructural protein NSPI. The identification of a potential mechanism for the 
regulation of rotavirus gene expression was evaluated using two viral genes that are 
expressed at different levels early in the infection. VP6, encoded by gene segment 6, is 
expressed in excess over NSPI, which is encoded by gene segment 5. The mRNA levels 
of the two genes were measured and no significant difference was found. The half-life of 
the two proteins was calculated to be the same, indicating that the stability of NSPl and 
VP6 are similar. Polysome analyses demonstrated that gene 6 mRNA is translated more 
efficiently than gene 5 mRNA, and further studies of gene 5 illustrated that gene 5 
mRNA is a poor template for initiating translation. Therefore, one mechanism 
responsible for the difference in the levels of expression of gene 5 mRNA and gene 6 
mRNA occurs at the level of translation initiation.

To investigate the role of NSPl in regulating viral gene expression, the 
sedimentation of rotavirus mRNAs in polyribosome gradients were compared between a 
mutant viral strain lacking NSPl and a wildtype strain. Gene 6 mRNA showed no 
difference in sedimentation at four and six hours post infection. However, when the 
sedimentation of gene 6 at two hours post infection was examined, a greater percentage 
of gene 6 mRNA of the mutant strain sedimented in the polysomal fractions compared to 
wildtype gene 6 mRNA. Gene 11 mRNA showed little difference in the sedimentation at 
two hours post infection, but at 4 and 6 hours post-infection, a greater percentage of gene 
11 mRNA sedimented in the polysome fractions for the mutant strain compared to the 
wildtype strain. These data suggest that rotavirus genes are differentially regulated and 
that NSPl may participate in the regulation of viral gene expression.
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CHAPTER ONE

ROTAVIRUSES AND REGULATION OF GENE EXPRESSION

Rotaviruses

Introduction

Rotavirus, a member of the Reoviridae family, derived its name from the Latin 

word rota, meaning wheel [I]. This name was suggested due to the appearance of the 

virions in electron micrographs. The complete virions appeared to have a wide hub 

with short spokes and a thin circular rim [I]. During the 1930’s and 1940’s in the 

United States, the disease was first reported in suckling mice as epizootic diarrhea of 

infant mice (EDIM), but was never characterized [2-5]. EDlM was finally 

characterized as a virus (rotavirus) different from other mouse viruses known at that 

time [6-8]. In 1969, a virus described as reovirus-like was isolated from cattle and was 

the first rotavirus to be adapted for continuous subculture in cells. It was subsequently 

characterized and confirmed as the cause of diarrhea in calves [9]. It was not until the 

mid 1970’s that rotavirus was identified in young children via electron microscopy [10]. 

Virus particles morphologically indistinguishable from the viruses described in mice, 

calves, and children, were also found in the feces of other animals such as pigs, deer, 

and rabbits [11-18]. Today, rotaviruses are recognized as the chief etiologic agent of 

viral gastroenteritis in the young of most avian and mammalian species [19-24].
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Rotaviruses are classified into seven distinct serogroups (A-G) [25]. Group A 

rotaviruses are the most common serogroup found in the young of both humans and 

animals. Little is known about groups B-G, since non-group A rotaviruses are difficult 

to cultivate and until recently no diagnostic tests for the non-group A rotaviruses were 

available [26, 27]. The serogroups are determined by viral protein (VP) 6, which is the 

most abundant rotavirus protein [28, 29]. Different viral strains within the same 

serogroup share common antigens that reside in VP6, and these antigens can be detected 

by monoclonal antibodies to determine the serogroup of the strain [30-32]. Group A 

rotaviruses are further categorized into serotypes. The two viral surface proteins, VP4 

and VP7, each evoke an antibody response that neutralizes virus infectivity in vitro and 

are therefore used to determine the serotypes [28, 33]. Because the genes that encode 

VP4 and VP7 can reassort independently of each other and any virus isolate can possess 

heterologous neutralization antigens, a binary classification system of G and P serotypes 

was proposed [28]. The P serotype denotes the protease sensitive outer capsid protein 

VP4 and G denotes the glycoprotein VP7 [28]. Thus far, 15 G serotypes and at least 21 

P types have been identified [34]. Various combinations of P and G serotypes can be 

found, creating great diversity in the antigenic presentation of the virus [35].

Development of vaccines is complicated by this antigenic diversity, as most data 

indicate that protection from rotavirus is primarily homotypic, and protection against 

heterotypic infections is more difficult to achieve [36, 37]. Therefore, research efforts 

have focused on understanding the biology of rotavirus infections from both a
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molecular and immunological, or host response standpoint. A summary of rotavirus 

disease mechanisms and mechanisms of virus replication is presented in the following 

sections.

Rotavirus Gastroenteritis

Rotavirus infects the mature enterocytes in the mid and upper villous 

epithelium in the small intestine [38-40]. The infection leads to cell death and shedding 

of the infected cells causing the villi to become stunted and shortened [38, 41, 42]. In 

order to repopulate the epithelium, cells migrate from the crypt to the mucosa without 

becoming fully differentiated, thereby replacing the absorptive villous epithelium with 

the immature secretory crypt cells. Resulting crypt cell hyperplasia is accompanied by 

hypersecretion and malabsorption, which contributes to the diarrhea [43-45]. However, 

this malabsorption is not the entire story to rotavirus pathogenesis because it fails to 

explain the occurrence of diarrhea prior to villus blunting [45]. Other mechanisms 

proposed to explain rotavirus-induced diarrhea include activation of the enteric nervous 

system [43] and intestinal secretion stimulated by rotavirus nonstructural protein NSP4 

[46]. NSP4 was identified as the first viral enterotoxin [46]. Enterotoxins stimulate net 

secretion in intestinal segments in the absence of histological changes [47]. Cleavage 

products of NSP4 are found in the medium of infected cells and this product retains the 

enterotoxin activity [48]. Binding assays demonstrated that cells possess an unknown 

receptor to NSP4 [47]. When human intestinal cells are exposed to exogenously added 

NSP4, NSP4 initiates mobilization of calcium (Ca2+) [49]. This increase in intracellular 

Ca2+ causes the release of chloride (Cl") through a Ca2+ dependent pathway and induces
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diarrhea in mice [46, 50]. Antibodies to NSP4 can passively protect against rotavirus 

disease in the neonatal mouse model, further suggesting a role for this protein in 

rotavirus pathogenesis [47].

Rotavirus also activates the enteric nervous system. The activated nerves 

stimulate cells of the intestinal lining to increase water secretion, resulting in diarrhea 

[43]. How rotavirus activates the enteric nervous system is not known, but several 

mechanisms have been proposed. First, activation of the enteric nervous system could 

be due to rotavirus infecting neurons [43, 51]. Alternatively, the enterotoxic effects of 

NSP4 could possibly activate the enteric nervous system. Finally, the increase in 

intracellular Ca2+ by NSP4 could trigger the release of amines or peptides from 

endocrine cells of the gut and stimulate dendrites or free nerve endings underneath the 

epithelial layer, thereby activating the secretion by the intestinal lining [43].

Several factors can influence the severity of the disease. Severe disease results 

when the young are exposed to high doses of virus or a highly virulent strain, which 

often occurs in a confined highly contaminated area [52-54] , The highly virulent strains . ,,

replicate more quickly, which increases the rate of enterocyte death and shedding in the :

villous epithelium, thereby increasing the severity of the disease. The area of rotavirus 

infected epithelium can be up to eight times greater with the more virulent strain when 

compared to a less virulent strain [55]. Management and environmental factors, such as 

early weaning, also can affect the severity of the disease [56-59].. Passive immunity |

also is important especially in calves, which are bom antibody deficient and acquire 

immunoglobulins via ingestion of colostrum [53]. Many rotavirus infections of

! ' I
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neonatal calves are mild or subclinical due to the maternal rotavirus antibodies secreted 

in the milk [53]. Weaning at an early age curtails the milk intake and decreases 

protection provided by the maternal antibodies [53, 57]. Similarly in humans, 

breastfeeding provides a partial protective effect [59].

Mixed infections with rotavirus and other enteropathogens can increase the 

severity of the disease [40, 60-63]. Studies have shown that rotavirus infections 

enhance the colonization of bacteria, such as E. coli and Clostridium, in the intestinal 

tract [61-63]. Simultaneous experimental infections of calves with E. coli and rotavirus 

cause diarrhea under circumstances in which neither pathogen alone would cause 

diarrhea [64]. Experiments in mice also show a synergistic effect. In mice, there is a 

greater mortality with mixed infections of rotavirus and E. coli than with either agent 

alone [62]. The mutual enhancement of pathogenecity in mixed infections occurs from 

the mechanisms by which the agents cause diarrhea. Due to the enterotoxigenic effect 

of both agents, there is an increase of fluid secretion in the gastrointestinal cells. 

Rotaviruses further facilitate diarrhea by restricting fluid absorption, because of 

absorptive cells destruction at the villous tips. [38, 41, 42, 44-46, 62].

Rotavirus disease also is age-dependent. Most adults are resistant to the 

disease, but not to infection [46, 65, 66]. The mechanisms for age-dependent resistance 

to disease are unknown, but could be due to several factors. One possibility is a 

difference in the receptors presented on the villus epithelial cells [46, 66, 67]. hi mice, 

the peak age at which rotavirus binds to enterocytes is dependent upon the age of the 

mouse [66]. Further studies demonstrate that when enterocytes undergo premature



6

maturation by the addition of cortisone acetate, the mice are less susceptible to 

rotavirus-induced diarrhea [67]. Differences in gut biology also could play a role in 

age-dependent disease. In older animals, the rate of natural enterocyte replacement is 

faster than in the younger animals, and therefore, the older animals do not suffer from 

the malabsorption and increased fluid secretion as compared to the young [68, 69]. 

Finally, protection of rotavirus-induced diarrhea is dependent upon serotype 

specificities and the levels of neutralizing antibodies. Serotype specificity of the 

humoral immune response is dependent upon previous exposure, and therefore, over 

time adults are exposed to the most common serotypes and acquire some protection [70, 

71]. Taken together, the data Outlined above suggest that mechanisms of disease and 

disease resistance are multifactorial and not yet completely defined.

Rotavirus Epidemiology and Prevention in Children

Rotavirus infections are endemic and most prevalent during the winter months 

in temperate areas [72]. In children, rotavirus-induced disease is due to multiple 

serotypes present in a local reservoir within a community. Therefore, the serotypes 

present in one town may not be the same serotypes found in the neighboring towns [73]. 

It is estimated that children under the age of five in the United States have 1.3-2.3 

episodes of gastroenteritis a year and this rate increases three-fold for children in 

daycare [74]. Rotavirus is the major player in these episodes, causing 30-60% of the 

cases [65, 72, 75, 76]. By the fifth year of age, it is estimated that almost every child 

will be affected by rotavirus-induced disease [77]. The peak incidence for rotavirus 

infection is between the ages of three and fifteen months, with children over three years
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of age rarely symptomatic for severe disease [78]. One in five children affected by this 

disease require a clinic visit, while one in sixty-five need an inpatient stay. The 

incidence of deaths caused by rotavirus is on average 440,000 children under the age of 

five each year [77]. In the United states alone, the annual health care costs exceed one 

billion dollars [79]. This high occurrence of rotavirus in children worldwide underlines 

the need for vaccines.

In 1998, Rotashield®, a live attenuated tetravalent rotavirus vaccine was 

marketed for use in the United States [80]. A year later, Rotashield® was withdrawn 

from the market due to its association with intussusception in infants given the vaccine 

[81]. Rotashield® uses an antigenically related rhesus rotavirus strain as the 

immunogen to induce protection against the four most common rotavirus serotypes Gl- 

4 [82, 83]. Different efficacy rates of the vaccine were observed during the prelicensure 

trials [30, 83]. In the United States and Finland, the efficacy rate of the RRV-TV was 

61-100% for severe disease. An 88% efficacy rate was observed in Venezuela, while 

Brazil showed a 0-46% efficacy rate for severe disease. In Brazil, uncommon serotypes 

are found that represent one-third of the infections, demonstrating that future vaccines 

may require a better understanding of the molecular epidemiology of wildtype 

rotaviruses circulating in a given population and may need to include a broader 

spectrum of serotypes [75, 84]. As of 2001, several monovalent and quadrivalent 

vaccine candidates are undergoing various safety, immunogenecity, and efficacy trials

[79].
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Rotavirus Epidemiology and Prevention in Calves

It is estimated that in North America approximately 5% of calves less than one 

month old die from diarrhea. These losses cost the cattle industry between one and 

seven billion dollars annually [22, 23, 54]. hi calves, the highest occurrence of 

rotavirus disease occurs between one to three weeks of age [24, 85, 86]. Most adult 

cows are seropositive to rotavirus, and therefore, transfer various degrees of passive 

immunity to nursing calves [20, 21, 57, 58, 87-89]. Many neonatal calves have mild or 

subclinical rotavirus infections, possibly due to passive immunity obtained from dams 

[20, 53, 90, 91].

Two vaccination approaches have been created to manage the disease in calves. 

Attenuated oral vaccines are used to stimulate the active immunity of the calves. Oral 

vaccination was successful in gnotobiotic calves and in some field studies [56, 92], but 

the efficacy of the vaccine was poor in other double blind studies [20, 54]. The low 

efficacy of the vaccine could be due to several factors. First, the virus strain used in the 

vaccine may not give heterotypic protection from an infection with a different serotype 

circulating in the population [53]. Second, a calf could be exposed to a virulent strain 

before protection from the vaccination is induced [54, 93]. The protective effect of the 

vaccine could be overwhelmed if the vaccinated calves are exposed to diarrheic calves, 

due to exposure to high doses of the virus [54]. DeLeeuw also proposed that the lack of 

protection induced by the vaccine is due to neutralization of the vaccine virus by 

antibodies present in the colostrum [93]. Since the calves can be exposed to the virus a
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short time after birth, it becomes necessary to handle and vaccinate each calf shortly 

after birth. This creates management problems for large herds [53].

The inconsistencies found with the oral vaccine led to the use of passive 

immunization in cows. Pregnant dams are vaccinated with a live attenuated rotavirus 

strain to increase the titers of antibodies, thereby prolonging the secretion of the 

antibodies in the colostrum and milk [21, 57, 58, 94-96]. The efficacy of the 

commercial bovine rotavirus maternal vaccine varied in field trials [21, 58, 94, 97]. 

This could be due to several factors, such as the presence of other pathogens, the lack of 

adjuvants, and the low dose of rotavirus in the vaccine [56-58, 89, 96-101],

Rotavirus is the major cause of severe debilitating diarrhea in the young of most 

mammalian species. There is great diversity in the antigenic presentation of the virus 

among the circulating strains. This diversity makes it difficult to obtain protection 

against the large range of serotypes. Therefore, understanding mechanisms involved in 

the regulation of gene expression at the molecular level, can lead to new antiviral 

interventions that are independent of the antigenic type circulating in an infected 

population.

Rotavirus Structure and Genome Content

The rotavirus particle is of icosahedral symmetry [102, 103]. The mature virion 

is nonenveloped and consists of three concentric protein layers, as shown in Figure 1.1 

[104-106]. The outer capsid consists of VP7 trimers and 60 spike-like VP4 dimers 

[105]. VP4 interacts with VP7 and extends inward and interacts with VP6, which
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Figure 1.1: Structure of the rotavirus particle and viral proteins. On the left is a 
polyacrylamide gel showing the eleven segments of dsRNA and the proteins 
encoded by each gene. A three-dimensional computer reconstruction of the 
complete virus particle is on the right. Part of the outer and middle protein layers 
have been removed in order to see the middle and inner layers. Revised from 
Estes [106].

makes up the inner capsid [105, 107, 108]. VP6 surrounds the core and imparts long

term stability to the particle [109]. The core layer is formed by VPI, VP2, and VP3 and 

encapsidates the viral genome [110-112]. The rotavirus genome consists of 11 

segments of double stranded (ds) RNA [113]. Most segments are monocistronic with 

the exception of segment 11 [114, 115]. These 11 segments code for 12 proteins, six 

structural and six nonstructural [106, 115]. Structural proteins, denoted as VP, are 

present in the mature virion, while nonstructural proteins, denoted NSP, are needed for 

genome replication in infected cells but are not present in mature virion.
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The sizes of the KNA genome segments vary from 3302 nucleotides of 

segment I to 663 nucleotides of segment 11 [116, 117]. There are several common 

features among the rotavirus RNA segments. Transcribed viral mRNAs contain a 5’ 

cap structure (m7GpppGm), but no polyadenylated tail, and at the extreme 3’ and 5’ 

termini there are consensus sequences among the genome segments [118]. The 5’ 

terminal consensus sequence is 5’(GGC(AZU)V) and the 3’ consensus sequence is 

5’((A/U)U(U/G)(U/G)GACC)3’ [118, 119]. In the consensus sequence, more 

heterogeneity exists between different segments of a single strain than between 

homologous segments of different strains [120]. The 5’ and 3’ untranslated regions 

(UTR) are short, but vary in length and sequence between the different segments 

(Table 1.1) [25]. All 5’ UTR are less than 50 bases long, and the 3’ UTR can be 

between 17 and 182 bases with the exception of the second open reading frame of gene 

segment 11, which contains 5’ and 3’ UTRs of 79 and 291 bases, respectively [121] .

Table 1.1: UTR lengths for the gene segments [106, 117]
Gene Segment Protein 5’ UTR (length) 3 rUTR (length)

I VPl 18 17
2 VP2 16 28
3 VP3 49 34
4 VP4 9 22
5 NSPl 32 73
6 VP6 23 139
7 NSP3 46 59
8 NSP2 25 131
9 VP7 48 33
10 NSP4 41 182
11 NSP5 21 49

NSP6 79 291
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The entire 3’ and 5’ UTR are conserved between homologous segments of different 

strains [120]. Finally, all rotavirus mRNA must have a common czs-acting signal for 

the polymerase to bind because they all are replicated by the same polymerase [25, 

122]. However, the mRNA segments also must contain a unique and likely separate 

signal for packaging because the mature virion contains only one copy of each dsRNA 

segment [25].

Rotavirus Replication Cycle

Binding and Entry. Rotavirus infects the apical cells of the villi of the small 

intestine and replication takes place within the cytoplasm of these cells [6], A 

schematic of the replication cycle is shown in Figure 1.2. To enhance infectivity, VP4 is 

cleaved by trypsin into two subunits, VP5* and VP8*, which remain associated with the 

virion [123-125]. The initial trypsin cleavage event may be critical for conferring proper 

structural conformation to VP4 for subsequent proteolysis. The initial cleavage of VP4 

by trypsin allows for recognition of other cleavage sites on VP5*, resulting in further 

cleavage of VP5*. This additional cleavage of VP5* increases the infectivity of the 

virus [126].

The virion attaches to the cell by VP4 or its cleavage products [127], and so VP4 

is considered the major cell attachment protein [128]. VP8* mediates viral attachment 

to the cell via sialic acid [129], while VP5* initiates viral attachment in a sialic

l !
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independent manner by binding to other receptors such as the integrin a2pi [128]. 

Most rotavirus strains initiate infection of cultured cells by sialic-acid independent 

mechanisms [130].

Double-Laytnel
Particle

Assm& r olOciM tf w e  W d t s

Figure 1.2: Major features of the rotavirus replication cycle. These features include: 
i) adsorption and penetration of the virus particle into the cell, ii) messenger RNA 
production in the cytoplasm from the double layered particles, iii) translation of the 
mRNA into proteins iv) rReplication and packaging in the viroplasm, v) maturation 
of the virus particle in the ER, and vi) release of the mature virion via cell lysis. 
Modified from Estes [106].

Besides functioning in cell attachment, VP5* also permeabilizes the cell 

membrane, allowing for rapid virus entry into the host cell [131, 132]. The mechanisms 

for permeabilization are unknown, but VP5* contains a hydrophobic fusion domain
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which has sequence similarity with fusion domains of proteins from other viruses, such 

as the El protein of the Sindbis and Semliki forest viruses [131]. One possibility is that 

VP5*-cellular membrane interactions form transient pores that allow for size-selected 

permeabilization. Once the virus is attached, it is internalized in .60-90 minutes [133]. 

The internalization of the virus requires active cellular processes because the virus will 

attach but not penetrate the cell at 4°C [133, 134]. The virus enters the cell by 

penetrating the cellular membrane [135, 136]. During the penetration, the outer capsid 

consisting of the VP4 and VP7 is disrupted, leaving the transcriptionally active double

layered particle in the cytoplasm of the cell [137].

Transcription and Translation. Since no cellular proteins are capable of 

transcribing or replicating a dsRNA template, rotavirus encodes a KNA-dependent- 

RNA polymerase (VPl) and a guanyltransferase (VP3) [122, 138-140]. VPl and VP3 

interact with VP2 at the five-fold axis of the core [112, 141]. Transcription occurs near 

the five-fold axes of the core arid each genome segment is thought to be transcribed by a 

specific polymerase complex. To exit the double-layered particle, the growing 

transcripts are translocated across the intact capsids through channels adjacent to the 

site of synthesis [105, 141]. This suggests that multiple RNA segments can be 

simultaneously transcribed, and therefore, viral transcripts can be released concurrently 

from an actively transcribing particle [142]. Efficient mRNA production occurs only 

within the context of a fully intact double-layered particle [137, 143]. All transcripts
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are full-length positive strands made from the dsKNA negative strand. The mRNA is 

then either translated into viral proteins or transported to the viroplasm for packaging 

and replication.

Replication and Maturation. Viroplasms are the site for replication and 

assembly of double-layered particles [6, 144]. In the viroplasm, the 11 viral mRNA 

associate with the core replication intermediate, consisting of VPI, VP2, VP3, NSP2, 

NSP5 [145]. Synthesis of dsRNA occurs simultaneously with the packaging of mRNA 

templates into the core replication intermediate [146]. The decrease in particle size 

during replication suggests that the positive strand RNA template passes from the 

exterior to the interior of the replication intermediate [147]. As this occurs, the mRNAs 

act as templates for synthesis of the negative strand RNA, leading to the formation of 

dsRNA [147-149]. The dsRNA is resistant to digestion with dsRNA-specific Rnases, 

suggesting that the production of dsRNA occurs within the core. Furthermore, dsRNA 

is not found unprotected in the cytoplasm [150]. As previously mentioned, VPl is the 

viral RNA-dependent RNA polymerase, but VPl only exhibits replicase activity when 

interacting with VP2. NSP2 contains a helix destabilizing property that unwinds the 

mRNA prior to replication and packaging [151]. NSP5 crosslinks to the VPl/ VP2 

complex and to NSP2. This suggests that NSP5 acts as bridge between NSP2 and the 

replication complex (VPl, VP2, and VP3) [152, 153]. The fact that NSP5 dislodges 

VP6 from purified double-layered virus-tike particles consisting of VP2 and VP6, 

suggests that NSP5 may block or delay the assembly of the outer capsid, allowing the 

core replication intermediate to maintain the replicase activity [152]. Before the
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replication intermediate leaves the viroplasm VP6 binds to the core replication 

intermediate, giving rise to the double-layered particle [134, 146,154].

The 3’-consensus sequence is essential for minus-strand synthesis because viral 

transcripts lacking the 3’ consensus sequence no longer serve as templates for the 

synthesis of.dsRNA in vitro [155]. Furthermore, when the 3’ consensus sequence is 

placed on foreign RNA, the foreign RNA can serve as a template for the synthesis of 

dsRNA in vitro [155,156].

After replication and packaging, one dsRNA for each 11 gene segment is found 

within the double-layered particle. The mechanism of selective packaging for each 

segment is unknown, and none of the rotavirus RNA-binding proteins is known to have 

the ability to distinguish between the different viral RNAs. This suggests that selective 

packaging is not mediated by viral proteins alone, and therefore, other mechanisms have 

been proposed [157]. One mechanism suggests selective packaging could be mediated 

by an RNA-RNA interaction occurring in tram between viral mRNA templates. These 

RNA-RNA interactions are then stabilized by the rotavirus RNA-binding proteins. The 

RNA-binding proteins could also alter the structure of the mRNA template to make the 

RNA packaging sites sterically accessible [157].

Once in the cytoplasm, the double-layered particle would either synthesize more 

mRNA or would undergo maturation through the endoplasmic reticulum (ER). The 

double-layered particle buds through the ER and becomes transiently enveloped [25]. 

As the particles continue to move through the ER, the envelope is lost and the two outer
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capsid proteins (VP4 and VP7) condense around the particle to form the mature virion 

[25]. The triple-layered particle is then released through cell lysis [154].

Regulation of Eukaryotic Gene Expression 

Eukaryotic Translation

Protein synthesis is a fundamental step in gene expression and a crucial control 

point for regulation. Regulating translation allows a cell to rapidly respond to 

environmental stimuli without the need for transcription, processing, or transport of new 

mRNA [158]. Translation is a multistep process that includes initiation, elongation, and 

termination phases.

Translation initiation is divided into three steps (Figure 1.3). First, is formation 

of the 43 S preinitiation complex. The initiator tRNA (MeVtRNAimet), a specific tRNA 

derivative used to bind to the start codon and initiate protein synthesis, is selected by 

eukaryotic initiation factor (eIF) 2. EIF2 is bound to GTP and when it binds to the 

initiator tRNA it forms a stable ternary complex (eIF2-GTP-met-tRNAjmet) [159]. The 

ternary complex binds to the 40S ribosomal subunit to form the 43 S preinitiation 

complex. This reaction is stimulated by eIF3 and eIFlA which are associated with the
j

40S subunit [160]. These two initiation factors are thought to help promote dissociation 

of the 80S ribosome into the 40S and 60S subunits [160].

Binding of the 43 S preinitiation complex to the mRNA is promoted by eIF4B, 

eIF3, and eIF4F, a heterotrimeric complex consisting of eIF4E, eIF4G, and eIF4A [158, 

160]. EIF4E, also known as the cap-binding protein, is responsible for binding to the 5’
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Figure 1.3: Eukaryotic Translation Initiation. Initiation factors are shown as labeled 
circles and appear as they are first implicated in the pathway. The pathway shows 
formation of the ternary complex, 43S preinitiation complex, translocation of the 
ribosome to the start codon, and binding of the 60S subunit [164].



19

terminal m7GTP cap found in most eukaryotic rriRNA [161]. EIF4E is the limiting 

initiation factor in cells, and therefore plays a role in regulating translation by 

discriminating between mKNAs [162]. The eIF4A subunit present in eIF4F contains 

RNA helicase activity and can unwind RNA in the absence of eIF4E or eIF4G [163]. 

However, the helicase activity is stronger in the eIF4F complex and is further enhanced 

by eIF4B [164]. Once the secondary structures in the rriRNA are removed, the 40S 

subunit binds to the mRNA [160]. The binding of the 40S subunit to the mRNA occurs 

x through an interaction between eIF4G and eIF3 [165]. The 43S initiation complex 

translocates the 5’ untranslated region (UTR) in a 5’ to 3’ direction searching for the 

start codon (AUG) in the correct Context [166, 167]. The ribosome stops when it 

reaches the initiation codon, primarily through the RNA-RNA interaction of the AUG 

codon in the mRNA and the CAU anticodon of the bound met-tRNA™®1 [168]. Finally, 

upon the AUG codon recognition, the initiation factors dissociate from the 40S subunit 

and allow joining of the 60S subunit to form the actively translating 80S ribosome 

[169]. Now that the active ribosome is associated with the start codon, elongation 

ensues.

Elongation is the phase of translation in which the polypeptide is assembled 

(Figure 1.4). This process is assisted by several elongation factors (eEF). EEFlA and 

eEFIB are used in aa-tRNA recruitment and eEF2 is used in the translocation of the 

ribosome down the mRNA [170,171]. At the end of initiation, the initiator tRNA is in 

the P site, leaving the aa-tRNA binding site (A site) available for an incoming aa-tRNA 

[158]. This serves as the start of elongation. During the elongation phase of protein
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Figure 1.4: Schematic for the movement of tRNAs during translation elongation. 
EF-Tu represents eEFlA and EF-G represents eEF2. The A, P, E, sites are 
represented by the light blocks going from right to left respectively [171].
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synthesis, eEFlA binds to GTP. When eEFlA is bound to GTP it is then able to bind 

aa-tRNA to form a ternary complex (eEF I a-GTP-aa-tRNA) [170]. The aa-tRNA is 

brought to the A site of the ribosome when bound in this ternary complex [170]. The 

correct codon/anticodon interaction results in a conformational change in the ribosome, 

which stabilizes tRNA binding and triggers GTP hydrolysis by eEFlA [172, 173]. The 

hydrolysis of GTP leads to the release of eEF IA-GDP from the ribosome [170]. 

EEFIA-GDP is recycled to the active eEF IA-GTP form by eEF IB, which acts as a 

guanine nucleotide exchange factor [174]. The tRNA then enters the peptidyl 

transferase site and a peptide bond is formed between the incoming amino acid and the 

peptide found in the P-site [172]. Peptide bond formation involves the deacylation of 

the P-site tRNA and the transfer of the peptide chain to the A-site tRNA. Following 

peptidyl transfer, the ribosome contains a deacylated tRNA in the P-site and the 

peptidyl tRNA in the A-site [173, 175]. Translocation of the tRNA and the ribosome is 

facilitated by eEF2. EF2 enters the A-site, forcing the peptidyl tRNA out of the A-site 

and into the P-site, while at the same time the deacylated-tRNA moves into the exit (E) 

site [176]. By translocating the peptidyl-tRNA into the P-site and by preserving the 

tRNA/mRNA contacts, the mRNA moves three nucleotides downstream, leaving the A- 

site empty and ready to receive a new ternary complex [173].

The presence of a termination codon (UAA, UAG, UGA) in the A site of the 

ribosome signals polypeptide chain release (Figure 1.5) [173, 177]. The release of the 

polypeptide does not depend on a tRNA molecule, but does require two classes of 

release factors (eRF). The first class of release factors contains eRFl, which recognizes
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the stop codon, possibly through tRNA mimicry [178]. The second class of release 

factors (eRF3) recycles eRFl in a GTP-dependent manner [179]. The three termination 

codons are decoded by eRFl [180]. ERFl promotes ribosome-catalyzed peptidyl-tRNA 

hydrolysis of the ester bond of the peptidyl-tRNA molecule located in the P site, 

thereby releasing the nascent peptide chain [178]. After peptide release, eRF3 catalyzes 

the dissociation of eRFl from the A-site [181]. To remove eRFl from the ribosome, 

eRF3-GTP complex enters the ribosome and interacts with both eRFl and the ribosome 

to induce GTPase activity. Upon GTP hydrolysis, eRFl is released from the ribosome 

and ribosomal subunits are dissociated [182].

Figure 1.5: Eukaryotic translation termination. Release factors are shown in labeled 
circles. Release factor eRFl promotes peptide-chain cleavage, thereby releasing the 
peptide. eRF3 catalyzes the dissociation of RFl from the A-site. Modified from 
Nakamura [177].

Pepiide release Guanine nucleotide exchange and RF recycling
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Translational Control in Eukaryotes

Translational control is the idea that synthesis of a protein may be regulated 

within a cell and the relative rates of protein synthesis may be altered [183]. Regulation 

can be found at the different levels of protein synthesis (initiation, elongation, 

termination), however, in the majority of the cases, translational control occurs at the 

level of initiation [184]. Eukaryotic mRNAs have several features that play important 

roles in their translational efficiencies, such as length and secondary structures in the 

UTRs, polyadenylated (poly(A)) tails and cap structures. The length and secondary 

structures of the 5’ UTR regulate translation in different ways. Long 5’ UTRs impede 

initiation by influencing scanning of the translation machinery due to the increased 

likelihood of secondary structures and upstream open reading frames [185, 186]. 

However, while long, unstructured 5’ UTR enhances translation [187], short 5’UTRs 

(less than ten nucleotides) decrease the efficiency of translation. This is likely due to 

the ribosome not uniquely recognizing the 5’ proximal start codon, which leads to the 

initiation at a downstream initiation codon [187, 188].

Secondary structures within the 5’ UTR could either impede or enhance 

initiation. If the 5’ UTR contains strong secondary structures, initiation is impeded by 

blocking the translocation of the ribosome [166, 189]. Secondary structures near the 

cap also inhibit initiation by preventing the 40S ribosomal subunit from binding to the 

cap structure on the mRNA [166]. However, having a stable hairpin structure twelve 

nucleotides downstream of the initiation codon enhances initiation. This structure
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instigates a pause in the scanning of the ribosome at the start codon allowing for 

efficient interaction between the codon and the anticodon [190].

Both the 5’ UTR and the 3’ UTR contain cz's-acting sequences and structures 

that interact with acting factors that regulate translation [191-196]. Os-acting 

elements are usually sequences and secondary structures in the RNA. Trans-acting 

elements are usually proteins and include the general translational machinery and 

regulatory proteins that interact with czs-acting sequences of the mRNA.

The placement of the start codon also affects the efficiency of translation. 

According to Kozak, a strong initiation sequence context surrounding the AUG contains 

a purine three nucleotides upstream of the A in the start codon and a G three nucleotides 

downstream of the A in the start codon [167, 197]. If the start codon deviates from this 

context, it can be passed over during translocation of the ribosome, and initiation would 

start at a downstream AUG in a more favorable context. This is a process called leaky 

scanning and can lead to the production of two proteins from one mRNA [166]. 

Typically in eukaryotic cells, the 5’ proximal AUG serves as the initiation codon in 

90% of the mRNA, even if the start codon is in a weaker context than a downstream 

AUG [167, 187]. The presence of an upstream AUG from the major initiation codon 

can reduce the translation efficiency from the major start codon [166, 198]. Some of 

the ribosomes initiate translation from the upstream start codon instead of the major 

start codon, decreasing the amount of protein synthesized from the major start codon 

[166].
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Most eukaryotic mRNAs contain a 5’ 7-methyl-guanosine cap structure 

(m7GpppX) and a 3’ poly(A) tail [199, 200]. Both the cap and the poly(A) tail confer 

KNA stability and protect the mRNA from degradation [199, 201, 202]. These two 

features of mKNA also have a synergistic effect on translation and therefore play an 

important role in regulating gene expression [203-209], The cap structure binds to the 

translation initiation factor eIF4F and the poly(A) tail interacts with the poly(A) bindig 

protein (PABP) [158,160, 203]. However, the PABP also interacts with the N-terminus 

of eIF4G [210,211]. By binding simultaneously to the poly(A) tail and to eIF4G, the 5’ 

and 3’ ends are brought together, causing the mRNA to become circularized and 

enhancing translation [212]. Circularization likely enhances mRNA stability by 

maintaining the poly(A) tail and cap structure, and enhances translation by stimulating 

reinitiation by increasing the local concentration of ribosomes [201, 213, 214].

Regulation of Host Cell Translational Apparatus by Viruses

Viruses do not encode or carry the machinery for protein synthesis and are 

therefore dependent on the host cell translation machinery [215]. To reduce the impact 

of this dependency, viruses have developed ways to facilitate the translation of viral 

mRNAs over host cell transcripts. Although some of these alternative mechanisms of 

protein synthesis are now identified for host cell mRNAs, viruses appear to have a 

greater range and diversity of tactics in translating viral mRNA [215]. These 

mechanisms supercede cellular mRNA translation through the recruitment and or 

modification of translation factor function, unconventional translational mechanisms,

and host shutoff.
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Host shutoff is the interference with the production, maturation or stability of 

cellular DNA, RNA or proteins. Shutoff of host protein synthesis requires the virus to 

compromise some aspect of the translation system while at the same time engineering 

mechanisms to bypass these compromised events. Shutoff allows the virus to seize the 

cellular machinery by alleviating competition between viral and cellular mRNA. 

Selective translation of viral mRNA over endogenous host transcripts can be attributed 

to several factors. These factors include viral perturbation of intracellular ion 

concentrations, nucleotide metabolism, alteration in RNA stability, processing, or 

export, and the recruitment of host factors [216-219]. Selective translation during host 

shutoff could also be due to viral mRNA outcompeting host mRNA for the translational 

machinery [215]. When competing for translational machinery, the preferential 

synthesis of viral proteins hinges on the differences between viral and host cell mRNAs 

[215]. These differences can be enhanced by virus encoded proteins or by alterations in 

the translational machinery that put translation of viral mRNAs at an advantage over 

cellular mRNAs.

Altering the cellular translational components allow the viral mRNA to be 

preferentially translated. Usually these modifications include cleavage or covalent 

modification of the translation factors. One such mechanism blocks the 

phosphorylation of eIF2a, a subunit of eIF2 [220]. Phosphorylation of eIF2a blocks 

the recycling of GDP for GTP and prevents formation of the ternary complex, thereby, 

blocking initiation [215, 221]. In a virus-infected cell, eIF2a is phosphorylated by the 

double-stranded RNA dependent protein, kinase R (PKR) [222]. PKR is

'I
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transcriptionally induced by interferons in virus infected cells and becomes activated by 

binding to dsKNA or ssKNA with extensive secondary structures [222, 223]. Activated 

PKR phosphorylates eIF2a and inhibits mRNA translation [222], and so to avoid the 

deleterious effect this would have on viral mRNA translation, viruses have devised 

strategies to block the different parts of the PKR pathway. Some of these mechanisms 

include blocking the dsRNA binding domain or blocking the interaction between PKR 

and eIF2 [223-227].

Another way to affect initiation of cellular mRNA is by proteolytic cleavage of 

eIF4G. eIF4G is an important translation initiation factor in cap-dependent mRNA 

translation because it acts as a molecular bridge for the assembly of the cap-binding 

complex upon the 5’ end of the mRNA and facilitates the interaction of this complex 

with the 43S preinitiation complex [158]. Cleavage of eIF4G by picomavirus proteases 

separates it into two terminal cleavage products, the amino terminus, which interactes 

with eIF4E and PABP, and the carboxyl domain, which interactes with eIF4A and eIF3. 

Under these conditions, a functional eIF4F complex is unable to form and cap- 

dependent initiation is inhibited [228, 229]. This mechanism gives viruses that initiate 

translation through an internal ribosome entry site, such as picomaviruses, an advantage 

over cellular mRNA in competing for the cellular translational apparatus. By altering 

these initiation factors, viruses have devised mechanisms to surpass these restrictions, 

thereby placing the viral mRNA at an advantage for translation.
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Virus-Encoded Mechanisms of Translational Control/Tnitiation

Viruses usurp the translation machinery of the host cell by unique ways of 

translating the viral mRNA. Although some mechanisms (e.g. IRES) are well 

described, most remain incompletely characterized. Such mechanisms include internal 

ribosome entry sites, shunting, ffameshifting, and leaky scanning. Some examples of 

unique mechanisms are outlined below.

Certain viruses, such as picomaviruses, pestiviruses, and hepaciviruses, initiate 

translation through a cap-independent mechanism via an internal ribosome entry site 

(IRES) [230-232]. These viruses contain a long 5 5UTR with extensive secondary 

structures making the UTR incompatible for the ribosome to translocate the UTR in 

search of the start codon [187]. However, these secondary structures allow for the 

assembly of the translational machinery on or near the initiation codon by direct 

ribosome recruitment through proteimRNA interactions [232]. Other viruses such as 

cauliflower mosaic virus and adenovirus have evolved mechanisms such as ribosome 

shunting to enhance cap-dependent translation of the viral mRNAs over the cellular 

mRNAs. Ribosome shunting is a mechanism that requires cap-dependent initiation, 

translocation of the ribosome along the 5’ UTR, followed by an internal initiation [233]. 

The ribosome translocates the 5’ UTR until a czs-acting shunting sequence is 

recognized. This shunting element promotes translocation of the ribosome to a 

downstream receiving element, allowing the ribosome to bypass a large portion of the 

5’ UTR and to initiate translation at a downstream start codon [233]. Similar to IRES 

mediated translation, ribosome shunting avoids problems with scanning of a highly
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structured 5’ UTR. Shunting also reduces the need for the host eIF4F helicase activity 

to melt secondary structures within the mRNA that might impede the normal 

translocation [215]. This facilitates the selective translation of viral mRNA under the 

competitive conditions when e!F4F is limiting.

In eukaryotic cells, the majority of mRNA are translated from the 5’ proximal 

AUG. However, in rare cases, the mRNA contains a short upstream open reading frame 

[234]. Many viruses, including human immunodeficiency virus and mouse mammary 

tumor virus, take advantage of this by synthesizing a bicistronic mRNA that encodes 

two different proteins. Frame-shifting and leaky scanning are widely used by viruses 

and allow for the translation of multiple open reading frames from a common mRNA 

substrate [215]. Since each open reading frame does not need to be in the same reading 

frame, the usefulness of these mechanisms is apparent. Leaky scanning of the 

bicistronic mRNA allows for coordinate expression of the viral proteins [235]. Usually 

the first AUG is in a suboptimal context, and therefore is a weak initiator. This allows 

for the slow accumulation of the protein encoded by the first open reading frame to 

levels needed for its function during the late stage of infection. The first open reading 

frame can regulate the synthesis of the second protein by impeding ribosome scanning 

to the downstream open reading frame. This allows for expression of the second 

protein to coincide with the protein’s function in late-stage replication [215, 235]. 

Likewise, ribosomal frameshifting allows the translating ribosome to shift position 

upstream or downstream by one nucleotide, resulting in a change in the reading frame 

[236]. The frameshift sites within the viral mRNA correspond to a heptanucleotide
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sequence in which the mKNA slips one base with respect to the tRNA in the A-site and 

P-site of the translating ribosome [236, 237]. A psuedoknot six nucleotides downstream 

stimulates ffameshifting by pausing the ribosome with the heptanucleotide sequence in 

the decoding site. The psuedoknot plays an important role in stimulating a frameshift 

event, possibly by interacting with inms-acting factors [237]. These methods allow for 

an increased coding capacity of the viral genome and allow for the synthesis of two or 

more viral proteins when the translation machinery is in limited amounts [215].

Regulation of Rotavirus Gene Expression

Transcrintional and Translational Control

Johnson and McCrae showed that there is regulation of rotavirus gene 

expression at the level of transcription and translation [29]. These data show that even

though there are equimolar concentrations of dsRNA present in the double-layered
(

particle, the viral mRNAs are produced in non-equimolar concentrations. Furthermore, 

the level of the mRNA for a gene does not reflect the amount of corresponding proteins 

produced, as shown in Table 1.2 [29]. These data suggest that the viral mRNAs contain 

signals that regulate levels of protein synthesis. The primary sequence and the 

secondary structures of the UTRs are predicted to bind viral proteins, cellular proteins 

or both. This suggests that the UTRs may play several roles in virus replication, 

including the regulation of protein synthesis, mRNA transport, and packaging [238].
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Table 1.2: Analysis of levels of transcription and translation for the rotavirus genes 
at 6.5 post infection, ^relative to NSP5 [29].

Protein/gene Production 
of proteins8

Accumulation
ofmRNA8

VPI/ gene segment I 0.15 1.3
VP2/ gene segment 2 . 1.32 2.3
VP3/ gene segment 3 1.27 1.3
VP4/ gene segment 4 1.27 0.6
NSPl/ gene segment 5 1.57 0.9
VP6/ gene segment 6 25.02 0.7
NSP3/ gene segment 7 10.68 2.8
NSP2/ gene segment 8 3.48 0.9
VP7/ gene segment 9 4.43 0.9
NSP4/ gene segment 10 38.65 0.7
NSP5/ gene segment 11 I I

There are three patterns of temporal control of synthesis of rotavirus mKNTA 

[29]. Messenger RNA synthesis first proceeds at a linear rate throughout the infection 

cycle. This pattern is observed for genes 1 ,2 ,6 , 8, and 11. In contrast, the mRNA for 

gene. 7 accumulates rapidly during the early part of the infection, then reaches a plateau, 

where it remains throughout the growth cycle. In the third pattern, the mRNAs for 

genes 3, 4, 5, 9, and 10 accumulate slowly during the early phase of infection and the 

rate increases in the latter part of the infection [29]. Early patterns of transcription can 

be preserved until late in infection in the presence of a protein synthesis inhibitor, 

suggesting that some of the early gene products may play a regulatory role in replication 

[29].

Even though there is no distinct early to late switch in viral protein synthesis, 

quantitative variation in the kinetics of synthesis of the different viral proteins does
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occur during the infection. Once again, three patterns are apparent. These patterns 

consist of proteins that reach maximum rates of synthesis early in the infection (e.g. 

VP7), at approximately four hours post infection (e.g. VP1), or the levels of protein 

synthesis continue to increase throughout the infection (e.g. VP6) [239].

Although the mechanisms for the regulation of rotavirus gene expression are not 

well understood, several factors such as competition, cz's-acting sequences, and the 

UTRs could function in the translational control of the viral genes. Czs-acting signals 

present in the 5’ and 3’ UTR can contribute to the regulation of gene expression. One 

such sequence is the conserved four nucleotide sequence (GACC) present at the 3’ end 

of the rotavirus mRNA [240]. This sequence binds to NSP3 and enhances expression of 

a luciferase reporter gene in vitro [240, 241]. The length of the 3’ UTR also could be 

responsible for the enhanced translation of some genes over others. The length of the 3’ 

UTR is shown to correlate with the translational efficiency of reporter genes lacking a 

poly(A) tail. The longer the 3’UTR, the more efficiently the gene is translated [242].

Competition between the mRNAs for the translational machinery is known to 

function in the translation efficiency of the gene [215]. Therefore, the rotavirus 

mRNAs can compete with each other for the translational machinery. The ability of the 

mRNA to competitively interact with the translational machinery can be due to the ex

acting sequences present in the mRNA and the Zrazx-acting proteins, which interact 

with these sequences. These trans-acting proteins can inhibit or enhance the 

recruitment of the ribosome to the mRNA and thereby increasing or decreasing
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rotavirus gene expression [243]. Limited evidence exists for the participation of ex

acting sequence and trans-actmg factors in regulating expression of rotavirus genes.

Viral Proteins Involved in Rotavirus Translational Control

NSP3 is a 36 kDa protein encoded by gene segment 7 and is expressed at 

moderate levels in infected cells [29]. Unlike the majority of rotavirus proteins which 

are found in the viroplasm, NSP3 is found diffuse in the cytoplasm and is associated 

with the cytoskeleton [244, 245]. Sequence analysis suggests two major functional 

domains present in NSP3. The first domain is a highly conserved basic region (aa 83- 

150) that is predicted to have an alpha-helical structure. This domain interacts with the 

group-specific 3’ end consensus sequence of rotavirus mRNA in vitro and in vivo [241, 

246, 247]. The second domain is found in the carboxyl-half of the protein and contains 

heptapeptide repeats of hydrophobic residues. These heptad repeats are shown to be 

responsible for the dimerization of NSP3 [244].

Recent studies showed that NSP3 enhances translation of viral genes by 

simultaneously binding to both the 3’end of viral KNA and to eIF4G [248]. The C- 

terminal domain of NSP3 outcompetes PABP for the same binding domain on eIF4G 

[210; 249]. These data suggested that NSP3 enhances translation of viral mRNAs by 

acting as a PABP analogue that promotes circularization of the viral KNA and by 

inducing host cell shutoff [248-251].

Gene segment five encodes NSPI, a 53 kDa protein expressed early in infection 

and at low levels [29, 252]. Similar to NSP3, NSPl is located in a punctate-like manner 

throughout the cytoplasm, and is associated with the cytoskeleton [245, 253]. Using the
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two-hybrid system, an interaction between NSPl and NSP3 is detected and recorded as 

the strongest interaction among the nonstructural proteins [254]. NSPl is the least 

conserved rotavirus protein, but does contain a highly conserved cysteine-rich region in 

it’s amino-terminal half [255, 256]. Two cysteine-rich regions have characteristics of 

zinc finger motifs. The first motif is present in the N-terminus and contains the 

following sequence: Cys-Xa-Cys2-Xg-Cys-X2-Cys-X3-H-X-C-Xa-C-X5-C where X 

represents any amino acid other than cysteine [238]. This first zinc finger is highly 

conserved throughout all group A rotavirus strains. The second zinc finger (HIS- X2- 

Cys- X5-Cys-X2-Cys) is located at residues 315-328 and is only found in a few strains 

[257]. Zinc finger domains are common features found in many regulatory and nucleic 

acid binding proteins, such as the transcription factor TFIIIA [258, 259]. NSPl has 

specific affinity for all 11 rotavirus mKNAs [245]. The KNA binding domain of NSPl 

is mapped to the cysteine rich region and the zinc finger domains are essential for the 

binding activity [245]. Binding of NSPl to viral rriRNA occurs within the first 278 

nucleotides of the 5’ end [145,245].

Gene segment five rearrangements have been found in several strains of 

rotavirus. These strains are unable to produce full-length NSPI, but are capable of 

growing in cell culture. However, plaques formed by the mutant virus are significantly 

smaller than plaques produced by wildtype virus [260]. These observations suggest that 

even though NSPl is not essential for replication, it may play a beneficial role in 

replication.
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Rationale and Aim of Research

The molecular mechanisms and the proteins that regulate transcription and 

translation of rotavirus genes are not well defined. It is known that there is 

transcriptional and translational control of rotavirus gene expression. Equimolar 

concentrations of dsRNA are present in the double-layered particle, but viral mRNAs 

are produced in nonequimolar concentrations. Furthermore, the amounts of specific 

rotavirus proteins do not correlate with the amount of the cognate mRNAs. Temporal 

and quantitative control of rotavirus gene expression has also been demonstrated. This 

suggests that the viral mRNAs contain signals that regulate the levels of protein 

synthesis. Studies have shown that cz's-acting sequences within the 5’UTR of viral 

mRNAs play an important role in regulating translation by binding to trans-acting 

factors. Based on the studies outlined above, we hypothesize that NSPl is involved in 

regulating rotavirus gene expression through interactions with viral mRNA.

In chapter three of the text, we investigated possible mechanisms of regulation 

of rotavirus gene expression. To carry out this analysis, we measured the accumulation 

of viral mRNA, the stability of viral proteins, and the translation efficiency of viral 

mRNA encoding.different rotavirus genes. In chapter four, we examined the role of 

NSPl in the regulation of translation of rotavirus mRNA by performing comparative 

polysome analyses between a mutant rotavirus strain that does not encode NSPl and a 

wildtype strain. Together the results support the hypothesis that NSPl may function in 

regulating rotavirus gene expression, perhaps at the level of protein synthesis.
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CHAPTER TWO 

MATERIALS AND METHODS 

Virus and Cells

Isolation and characterization of bovine rotavirus strains B641, NCDV, and A5- 

16 have been described [260, 261]. B641 was cultured in MAl 04 cells that were 

maintained in M199 medium (Irvine Scientific, Santa Ana, CA) in the presence of 5% 

fetal bovine serum (FBS, Atlanta Biologicals, Norcross, GA). Cells were infected at 

approximately 90% confiuency at multiplicities of infection of 0.1 plaque forming units 

(pfu)/cell for stock virus preparation and 5-10 pfii/cell for RNA or protein analysis. The 

virus was activated by treatment with 5 pg/ml trypsin (>180 U/mg, Worthington 

Biochemicals, Freehold, NI) for 30 minutes at 37°C. Activated virus was adsorbed to 

cell monolayers either at 4°C or 37°C depending on the experiment. Low temperature 

adsorption was performed to synchronize infections as much as possible by allowing 

binding of the virus to cells but preventing internalization [262]. Cultures were shifted 

to 37°C after a 1.5 hour adsorption, and harvested at indicated times under conditions 

specific to the experiment.
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Cloning and Sequencing of B641 Gene 5

Gene 5 was cloned by RT-PCR. Transcriptionally active double-layered virus 

particles were purified by CsCl gradient centrifugation and viral mRNA was 

synthesized in vitro as previously described [263, 264}. Purified mRNA was reverse 

transcribed for three hours with avian myeloblastosis virus reverse transcriptase 

(Promega, Madison, WI) primed with the oligonucleotide 

5 ’ -cacggatccggtcacattttgcagggagtcttg-3 ’ complementary to the 3’ end of the gene 5 

mRNA. Following reverse transcription, mRNA was degraded by alkaline hydrolysis, 

and cDNA was purified^y ethanol precipitation in the presence of 0.3 M sodium 

acetate, pH 5.2. Gene 5 then was amplified with Pfu polymerase (Stratagene, La Jolla, 

CA) by 30 cycles of PCR with the above primer and a positive sense primer 

5 ’ -cacggatccggcttttttttatgaaaagtcttg-3 ’. Both oligonucleotides contained BamHI

restriction sites for cloning (underlined) and were designed based on consensus 

sequence alignments of gene 5 sequences of other rotavirus strains. Cycling conditions 

were as follows: 94°C for I minute, 50°C for 45 seconds, and 72°C for 2 minutes. The 

resultant 1.5 kb PCR product was cloned into pBluescript KS+ (Stratagene, La Jolla, 

CA). The nucleotide sequence was determined on an ABI 310 Genetic Analyzer with 

BigDye Terminator™ chemistry. Comparison of the nucleotide sequence with those of 

other rotavirus strains indicated that gene 5 of B641 is 98% identical at the nucleotide 

level to gene 5 of bovine strain RF [265] . The nucleotide sequence has been deposited 

in GenBank and assigned accession number AF458087.
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Metabolic Labeling of Rotavirus Proteins

Viral proteins synthesized in infected cells were labeled as previously described 

with modifications [252]. MA104 cells were infected at a multiplicity of infection of 10 

pfu/cell in medium lacking methionine and cysteine and containing 5% FBS. Fours 

hours post-infection, the medium was replaced with medium without FBS and 

containing 10 pg/ml actinomycin D and 40 pCi/ml TRANS35S-Iabel (ICN, Costa Mesa, 

CA). Cultures were harvested at indicated times by gentle rocking in RIPA buffer (150 

mM NaCl, 1% sodium deoxycholate, 1% Triton X-100, 0.1% sodium dodecyl sulfate, 

10 mM Tris-HCl pH 7.2, and 1% Trasylol). Labeled proteins were resolved by SDS- 

PAGE and visualized by autoradiography.

Pulse-chase labeling was performed as previously described [252] and as 

outlined above, except that following a 30 minute pulse with 40 pCi/ml 

TRANS35S-Iabel, cultures were chased with medium containing 400X unlabeled 

methionine and cysteine, and 100 pg/ml cycloheximide. Cultures were chased for 

indicated time points, harvested in RIPA buffer, and radiolabeled proteins were 

analyzed by SDS-PAGE. Radioactive protein bands were quantified on a BioRad 

Molecular Imager F-X with Quantity One software.

RNA Extraction and Northern Hybridization

Total RNA was harvested from mock-infected or B641-infected cells by 

Trizol™ (Invitrogen-Life Technologies, Carlsbad, CA) extraction following the
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procedures recommended by the manufacturer. KNA was electrophoresed in 1.2% 

agarose gels containing 6% formaldehyde and transferred to nylon membrane by 

capillary blotting. Radiolabeled probes were prepared by nick translation of specific 

gene fragments that were digested and purified from plasmid vectors. The plasmid 

containing SAl I gene 6 in the pSP65 vector (Promega, Madison, WI) was a gift from 

M.K. Estes, Baylor College of Medicine, Houston, TX [266]. The specific activity of 

the probes was determined by liquid scintillation counting, and care was taken to ensure 

the specific activities were comparable between probes for different genes and different 

experiments to allow quantitative interpretation of the data. Hybridizations were 

performed at 42°C in the presence of 50% formamide. Radioactive signals on the blots 

were quantified on a BioRad Molecular Imager F-X with Quantity One software.

Polyribosome Analyses

All polyribosome analyses were performed several times and representative data 

are presented. Cytoplasmic extract preparation and polyribosome analyses were 

performed and interpreted as previously described [191, 267-270]. MAl 04 cells were 

mock infected or infected with the indicated rotavirus strain at a multiplicity of 

infection of 5-10 pfu/cell. At the indicated times post-infection, the cells were treated 

with 100 pg/ml cycloheximide to arrest ribosome transit. Cells were collected from the 

dishes with a IX trypsin solution containing 100 pg/ml cycloheximide. Cells were 

swollen in low salt buffer (20 mM Tris-HCl pH 7.4, 10 mM NaCl and 3 mM MgClz), 

and then lysed with low salt buffer containing 1.2% Triton N-IOl and 200 mM sucrose,
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and 9 strokes of a Dounce homogenizer. Cell nuclei were removed by brief 

centrifugation, and cell lysates were layered onto 0.5 M -  1.5 M sucrose gradients 

prepared in low salt buffer. The gradients were centrifuged for 58 minutes at 

159,000 x g  in a Beckman SW55 rotor and fractionated with an ISCO density gradient 

fractionator with an absorbance monitor at 254 nm. RNA was extracted from 500 pi 

fractions with 1:1 phenol/chloroform, then with chloroform, and finally precipitated 

with 250 mM NaCl, 20 pg/ml glycogen, and ethanol. The RNA from each fraction was 

electrophoresed through 1.2% agarose/6% formaldehyde gels and subjected to Northern 

hybridization analysis as described above.
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CHAPTER THREE

GENE 5 AND 6 MODEL TRANSLATIONAL EFFICIENCIES OF ROTAVIRUS
mRNA

Introduction

The rotavirus genome consists of 11 segments of double stranded RNA 

(dsRNA) that are packaged into a structurally complex triple-layered particle [271]. 

Viral mRNAs transcribed from dsRNA have a 5’ terminal cap structure 

m7GpppG(rn)Gpy and are not polyadenylated [118, 119]. Nine of the 11 dsRNA 

segments are monocistronic, the exceptions being gene 11 that encodes NSP5 and 

NSP6, and the VP7 gene that has an alternative initiation codon [115, 117]. The open 

reading frame of each gene is flanked by 5’ and 3’ untranslated regions (UTR) that vary 

in length and sequence between each segment, although short consensus sequences at 

both the 5’ and 3’ ends are conserved [145]. Rotavirus mRNAs transcribed within 

subviral particles are extruded into the cytoplasm through pores in the capsid layers 

located at the icosahedral 5-fold axes [272]. The mRNAs are translated into protein or 

transported to sites of virus assembly where they are packaged as ssRNA, and then 

replicated into dsRNA subsequent to packaging.

The molecular mechanisms that regulate transcription and subsequent translation 

of individual rotavirus genes are not well defined. Johnson and McCrae measured the 

levels of viral transcripts and encoded proteins and showed that there was quantitative 

as well as temporal control of rotavirus gene expression [29]. The 11 viral proteins were
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not synthesized to equivalent levels in infected cells, nor did the levels of individual 

proteins correspond with the levels of the cognate mRNAs. These observations 

suggested both transcriptional and translational control of viral gene expression. 

Further, these data implied that signals in some, if not all, of the 11 viral mRNAs 

regulated the levels of specific viral proteins. The mechanisms of regulation were not 

defined.

Few studies have investigated the role that protein synthesis plays in controlling 

expression of rotavirus genes throughout the replication cycle. A recent study identified 

a specific interaction between nonstructural protein NSP3 and the cellular translation 

initiation factor eIF4GI [249]. NSP3 is a sequence-specific KNA binding protein that 

binds to the last 4-5 conserved nucleotides of the 3’end of viral mRNAs [247]. eIF4GI 

is a component of the eIF4F initiation complex that recognizes the 5’ cap structure 

typical of eukaryotic mRNAs. The interaction between NSP3 and eIF4GI likely 

promotes circularization of viral mRNAs to enhance translation, as previously proposed 

[248, 249]. At the RNA level, a four-nucleotide translation enhancer element in the 3’ 

terminal consensus sequence of rotavirus mRNAs has been reported [240]. Together, 

these studies provide initial evidence that fraTzs-acting viral proteins and cA-acting 

signals in viral mRNA contribute to controlling synthesis of rotavirus proteins in 

infected cells.

We investigated potential mechanisms of post-transcriptional regulation of 

rotavirus gene expression by analyzing the translational efficiencies of gene 5 and gene 

6 mRNA. These two genes were chosen as models for analysis of rotavirus gene
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regulation because I) both are expressed early in infection, 2) VP6 is expressed to 

higher levels than NSPI, and 3) the mKNAs and ORFs are close in size, thus 

minimizing potential variations in expression due to mRNA length. Gene 5 encodes 

nonstructural protein NSPl. The function of NSPl in infected cells is not clear, but 

NSPl appears to be nonessential for replication because viruses with gene 5 

rearrangements that do not synthesize NSPl have been isolated [260, 273-276]. Gene 6 

encodes the major inner capsid protein VP6, which is the subgroup specific antigen and 

is required for viral transcriptase activity [117]. We examined mRNA accumulation, 

protein stability, and polyribosome distribution of genes 5 and 6 mRNA in rotavirus- 

infected cells. Our data suggest the difference in the amounts of NSPl and VP6 is 

accounted for by a difference in the translational efficiencies of the mRNA.

Results

Synthesis of NSPl and VP6 in B641-Infected Cells

NSPl and structural protein VP6 are expressed early in infection [252]. Johnson 

and McCrae reported that in BSC-I cells infected with bovine rotavirus strain UK 

(Compton), VP6 was present in approximately 25-fold molar excess over NSPl [29]. 

We analyzed the relative amounts of NSPl and VP6 in B641-infected MAl 04 cells to 

establish the levels of accumulation of these two proteins in our virus-cell combination. 

Cells were mock infected or infected with B641 in the presence OfTRAN-35S label. The 

cultures were harvested 4.5 hours post-infection and labeled proteins were separated by 

SDS-PAGE and visualized by autoradiography. Figure 3.1 shows the typical pattern of
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rotavirus protein synthesis. Quantification of ~50 kD NSPl and ~44 kD VP6 by 

densitometry showed VP6 present in at least 10-fold excess over NSPI. This is likely an 

underestimation of the magnitude of the difference between the two proteins, since 

NSPl has approximately 2.5 times the number of methionines and cysteines present in

14C M I

NSPl

VP6

Figure 3.1: Metabolic labeling of rotavirus B641 proteins. MAl04 cells in 60 mm 
dishes were mock-infected (M) or infected with B641 (I) in the presence OfTRAN35S- 
label and 10 pg actinomycin D ml"1. Cultures were harvested 4 h p.i. in RIPA buffer. 
Proteins were separated by 10% SDS-PAGE and visualized by autoradiography. 
Proteins were quantified with a Bio-Rad Molecular Imager FX with Quantity One 
software

VP6. Analysis of the levels of VP6 and NSPl at 6 and 8 hours post-infection indicated 

the relative ratios of these two proteins at later times in the infection remained at 10- 

fold (6 hr) or increased to 15-fold (8 hrs) (data not shown). These data suggested 

differential regulation of synthesis of VP6 and NSPl was maintained throughout the
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infectious cycle. A pulse-chase analysis was performed to determine if differences in 

protein stability accounted for the excess of VP6 over NSPI. Pulse-labeling at four 

hours post-infection followed by chase times up to three hours indicated no significant 

difference in the stability of NSPl and VP6, with both proteins displaying half-lives of 

approximately 45 minutes (Figure 3.2). These data are in agreement with those reported 

by Hundley and co-workers, [277] and suggest expression of these two proteins must be 

regulated at the RNA level.

mRNA Levels for Genes 5 and 6 Four Hours Post-Infection are Similar

Synthesis of NSPl and VP6 may be transcriptionally controlled. If this is the 

case, to account for such a difference in the relative amounts of each protein, the levels 

of the encoding mRNAs should differ dramatically. Accumulation of the mRNA for 

genes 5 and 6 was measured to determine if synthesis of NSPl and VP6 was 

transcriptionally regulated. Trypsin-activated B641 was adsorbed to MA104 cells at 

4°C to synchronize the infection. Rotavirus adsorbs to cells at this temperature but does 

not penetrate the cell membrane and initiate the replication cycle [262]. After the 

adsorption period, the infected cultures were shifted to 37°C to allow internalization and 

continuation of the replication cycle. Total RNA from infected cultures was harvested 

every hour for four hours, and accumulation of mRNA for genes 5 and 6 was analyzed 

by Northern hybridization to gene-specific probes that were comparable in length and 

specific activity. The data in Figure 3.3 show the levels of each mRNA up to and 

including four hours post-infection were not significantly different. Quantification of 

the radioactive signals indicated the magnitude of the difference between the two
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Figure 3.2: Pulse-chase labeling of B641 proteins MA104 cells in 60 mm dishes were 
infected with B641 at an m.o.i. of 10. At 4 h p.i., infected cells were pulsed for 30 
min with 40 pCi TRAN35S-Iabel ml'1, then chased for indicated times with medium 
containing 400X methionine and cysteine and 100 pg cycloheximide ml'1. Cultures 
were harvested in RIPA buffer and labeled proteins were separated by 10% SDS- 
PAGE. (A) Autoradiograph of pulse-chase analysis. M, mock-infected; NC, no chase. 
(B) Relative amounts of NSPl and VP6 and decay rates quantified with a Bio-Rad 
Molecular Imager FX and Quantity One software and plotted as a decrease in signal 
over time.
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A .

Gene 5
I

Gene6

Actin

Time
(hr)

Gene 5 (Avg 
OD)

Gene 6 (Avg 
OD)

Actin (Avg 
OD)

I 182.19 1.4X 130.59 5138.82

2 175.84 1.24X 141.73 2955.80

3 256.69 1.13X 227.29 3250.28

4 2396.53 1.13X 2124.12 3589.49

Figure 3.3: Accumulation of gene 5 and gene 6 mRNA. MAl04 cells were infected 
with B641. RNA was extracted from parallel cultures with Trizo 1® reagent every hour 
for 4 hours. The RNA was electrophoresed on 1.2% agarose/formaldehyde gels, 
transferred to nylon membranes and hybridized with 32P-Iabelled probes specific for 
gene 5, gene 6, or actin as a loading control (A). Signals were quantified with a Bio- 
Rad Molecular Imager FX with Quantity One software (B).
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mRNAs was less than 2-fold. These data, taken together with the protein analyses 

described above, suggest another mechanism of regulation must account for the 

differences in the amounts of NSPl and VP6. Thus we asked if the low amount of 

NSPl synthesized early in infection was due to an inefficiently translated gene 5 

mRNA.

Distribution of Gene 5 mRNA in Polyribosome Gradients
>

Analysis of polyribosome distributions can determine whether an mRNA is 

efficiently translated, and if the efficiency of translation is regulated at the initiation step 

[270]. We first evaluated the distribution of gene 5 mRNA in polysome gradients to 

determine if the low expression of NSPl compared to VP6 was due to differences in the 

translational efficiencies of the two mRNAs. B641-infected MAl 04 cells were 

harvested four hours post-infection and the lysate was centrifuged through 0.5-1.5 M 

linear sucrose gradients. RNA was extracted from each fraction and the distribution of 

gene 5 mRNA in the gradients was analyzed by Northern hybridization. Figure 3.4 

shows the polyribosome sedimentation profile of the infected cell lysate (Figure 3.4A) 

and the sedimentation of gene 5 mRNA in the gradient (Figure 3.4B). Gene 5 mRNA 

displayed a prominent bimOdal distribution, with RNA detected in polysome fractions 

(fractions 5-11), and subpolysomal fractions (1-4) containing ribosomal subunits, 

untranslated messenger ribonucleoprotein particles, arid pre-initiation complexes. 

Approximately 55% of gene 5 mRNA was found in subpolysomal fractions. We 

analyzed the distribution of gene 6 mRNA for comparison and control (see Figure 3.6, 

left panel). In contrast to gene 5 mRNA, the majority of gene 6 mRNA was associated
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Figure 3.4: Bimodal distribution of gene 5 mRNA in polyribosome gradients. B641- 
infected cell lysates harvested 4 h p.i. were centrifuged for 58 min through 0.5-1.5 M 
sucrose gradients at 150,000 xg in an SW55 Beckman rotor. The gradients were 
fractionated with an ISCO density gradient fractionator with an absorbance monitor at 
254 nm. The sedimentation profile is shown in (A). (B) RNA was extracted from 
each fraction, separated on a 1.2% agarose/formaldehyde gel and transferred to nylon 
membrane. The blot was probed with a 32P-Iabelled gene 5-specific probe. 
Radioactive signals were quantified with a Bio-Rad Molecular Imager FX with 
Quantity One software. Lane numbers correspond to gradient fractions.
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with large polysomes. Quantification of the hybridization signal indicated ~72% of gene 

6 mKNA was detected in polysomal fractions. The observed distribution of gene 6 was 

anticipated based on the high levels of VP6 detected four hours post-infection. The 

rotavirus replication cycle in monkey kidney cells in culture is approximately eight 

hours [29]. We performed additional polysome analyses of both genes as described 

above at 2 and 8 hours post-infection to determine if the observed sedimentation was 

altered at earlier and later times (Figure 3.5). At 2 hours post-infection, -67% of gene 5 

mKNA and 52% of gene 6 (data not shown) was present in subpolysomal fractions 

(Figure 3.5A). At 8 hours post-infection, -89% of the gene 5 mKNA, and 69% of gene 

6 mKNA (data not shown) was subpolysomal (Figure 3.5B). This predominately 

subpolysomal sedimentation of gene 5 and 6 mKNAs at 8 hours post-infection may 

represent mKNA present in subviral particles or replication intermediates. Significant 

cytopathic effect is observed at this time, evidenced by a decrease in the amplitude of 

the absorbance profile. These data clearly indicated that half or more of transcribed 

gene 5 mKNA was not being translated throughout the course of the replication cycle. 

Taken together, these data suggested that there was a difference in the translational 

efficiency of gene 5 and gene 6 mKNA, and the translational inefficiency of gene 5 was 

maintained throughout the replication cycle.

NSPl Expression is Regulated at Initiation of Translation

The distribution of gene 5 mKNA in Figures 3.4 and 3.5 reflects an inefficient 

initiation of translation, as more than half of the mKNA is not polysome-associated. An 

alternative interpretation of this distribution is that the significant proportion of gene 5
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Figure 3.5: Distribution of gene 5 mRNA in polyribosme gradients at 2 and 8 h p.i. 
B641-infected cells were treated with 100 pg/ml cycloheximide m f1 for 45 min prior 
to harvest at 2 h p.i. (A) and 8 h p.i. (B). Lysates were centrifuged through a 0.5-1.5 
M linear sucrose gradients for 58 min at 159,000 x g in an SW55 rotor. The top 
panels are absorbance profiles. The lower panels show Northern blot hybridizations of 
gene 5 mRNA extracted from gradient fractions. Radioactive signals were quantified 
with a Bio-Rad Molecular Imager FX with Quantity One software. Percentages of 
mRNA in polysomal and subpolysomal fractions are shown below the blots. Data 
shown are representative of multiple experiments.
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mRNA in subpolysomal fractions of the gradient may be untranslatable and bound in 

messenger ribonucleoprotein particles (mKNP). The presence of rotavirus mRNA in 

untranslated mRNP is a formal possibility, given that viral mRNAs must also serve as 

plus-strand templates for packaging and replication into dsRNA. To distinguish 

between these two interpretations of the data, infected cells for polysome analysis were 

treated with 0.5 pg/ml cycloheximide for 45 minutes prior to harvest. Low 

concentrations of cycloheximide (compare 0.5 pg/ml in this experiment to 100 pg/ml to 

arrest ribosome transit in the previous experiment) can effectively mobilize inefficiently 

translated mRNAs onto polyribosomes by slowing the elongation rate relative to the 

initiation rate [270, 278, 279]. The result then, is an increase in the number of 

ribosomes per mRNA and a consequent shift in the mRNA from lighter to heavier 

fractions of a sucrose gradient. If the low level of NSPl expressed in infected cells is a 

result of inefficient initiation of translation on gene 5 mRNA, then such a shift in 

distribution of the mRNA in the gradient should be observed when infected cells are 

treated with low doses of cycloheximide. The data presented in Figure 3.6 suggest gene 

5 mRNA is a poor initiator of translation. The distinctive bimodal distribution of gene 5 

in infected cells without cycloheximide was similar to that of the experiment shown in 

Figure 3.4, as -42% of the mRNA displayed subpolysomal sedimentation and -58% of 

the mRNA was found associated with polysomes (Figure 3.6, left panel). Treatment of 

infected cells with 0.5 pg/ml of cycloheximide resulted in a shift in the distribution of 

the mRNA toward the heavier fractions of the gradient containing large polysomes 

(Figure 3.6, right panel). Quantification of the hybridization signals indicated that
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Figure 3.6: Distribution of gene 5 and gene 6 mRNA in the presence of low doses of 
cycloheximide. B641-infected cells were treated with 0.5 pg cycloheximide mV1 for 45 
min prior to harvest. Lysates were centrifuged through 0.5-1.5 M linear sucrose 
gradients for 58 min at 159,000 x g in an SW55 rotor. The top panels are absorbance 
profiles in the absence (left panels) or in the presence (right panels) of cycloheximide. 
The lower panels show Northern blot hybridization of genes 5 and 6 in the absence (left) 
or presence (right) of cycloheximide. Radioactive signals were quantified with a Bio- 
Rad Molecular Imager FX with Quantity One software. Data shown are representative 
of multipe experiments.
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-80% of gene 5 mRNA was found in polysome fractions in the presence of 

cycloheximide. Northern hybridization to detect gene 6 mRNA also demonstrated a 

detectable shift (-72% to -93%), but not nearly as dramatic as observed for gene 5, in 

that the amount of gene 6 mRNA in the lighter fractions never approached that observed 

for the gene 5 mRNA. The ability of low concentrations of cycloheximide to mobilize a 

substantial amount of gene 5 mRNA onto polyribosomes suggests that under native 

infected cell conditions, gene 5 is an inefficiently translated mRNA.

Discussion

We investigated mechanisms of rotavirus gene regulation by analyzing mRNA 

accumulation, protein stability, and polyribosome distributions of two differentially 

expressed genes encoding NSPl and VP6. The data show that the mRNA encoding 

NSPl is inefficiently translated. A bimodal sedimentation and the response of gene 5 

mRNA to low concentrations of cycloheximide indicate expression of NSPl is 

translationally controlled at the initiation step of protein synthesis. Analysis of several 

time points showed the sedimentation of gene 5 mRNA remained bimodal (2, 4, and 6 

hours) or predominately subpolysomal (8 hours), suggesting regulation of NSPl 

expression was maintained throughout the replication cycle. This distribution of gene 5 

mRNA at the 8 hour time point may correlate with a switch from viral protein synthesis 

to packaging of the mRNA template and replication into dsRNA. The sedimentation of 

gene 6 mRNA in polysome gradients supports the conclusion that gene 5 mRNA is
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inefficiently translated by providing evidence that a prominent subpolysomal 

sedimentation is not an inherent property of rotavirus mRNA.

NSPl is the least conserved protein in the rotavirus genome, and its function in 

the replication cycle is not known. The cysteine-rich N-terminal domain of NSPl 

contains a putative zinc-finger motif similar to those in eukaryotic transcription factor 

TFTTTA, and this region is required to bind the 11 viral mRNAs in vitro [238, 253]. The 

low level of expression of NSPl persists throughout the replication cycle [252]. The 

number of functional molecules of NSPl in infected cells is likely tightly controlled, 

consistent with its role as a regulatory protein. Interestingly, NSPl appears to be 

dispensable for virus replication, as mutant rotavirus strains with rearrangements in 

gene segment 5 that do not encode NSPl are viable in cell culture [260, 274, 276, 277,

280]. Isolation of such mutants provides further support for the role of NSPl as a 

regulatory protein, in that viral strains defective for NSPl expression display a small 

plaque phenotype compared to their wildtype counterparts.

In contrast to a regulatory function for NSPl, VP6 forms the major inner capsid ; j
i j

layer of the mature virus particle. 260 timers of VP6 are incorporated into a mature

virion [271]. If a single infected cell releases 50-60 pfu [29], then the number of i

molecules of VP6 that must be synthesized falls between 39,000 and 46,800. In fact,

this number is probably much higher, given that this calculation assumes a particle to

pfu ratio of I, and the particle to pfu ratio for rotavirus has been reported as high as

100:1. hi either case, VP6 must be synthesized in high amounts, and the mRNA

encoding VP6 must be translated more efficiently than that encoding NSPl. :!

:l
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Cz's-acting signals in rotavirus mKNAs and trans-acimg viral proteins that 

function in regulating rotavirus gene expression have only recently come under study. 

Rotavirus belongs to the family Reoviridae, and studies of translation of reovirus 

mKNA provided a significant amount of original data on the selectivity of the cellular 

translational apparatus, and the features of a viral mKNA that might contribute to such 

selectivity [189, 267, 278, 281, 282]. Walden and co-workers reported hierarchal 

translation efficiency of mKNAs transcribed from reovirus gene segments [278]. A 

series of studies led this group to propose that translation rates in reovirus-infected cells 

are regulated by competition of host and viral mKNAs for limiting translation factors, 

and the competitive ability of a mKNA was determined by its ability to efficiently 

recruit translation initiation factors [278, 283-285]. Direct competition between 

rotavirus gene 5 and gene 6 mKNA was not addressed in this study.

Structural features in the 5’ UTR of a mKNA that can dictate its translation 

efficiency are well established and include cap-proximal secondary structure and length 

of the UTR [286-288]. The 5’ UTR of gene 5 of B641 is 31 bases, longer than the 23 

nucleotide 5’ UTR of gene 6. Additional ribonucleotides in the gene 5 5’UTR might 

contribute to a secondary structure that is inhibitory to translation initiation. However, 

the 5’UTR of the 11 rotavirus gene segments range from 9 to 49 nucleotides, and the 

lengths of the UTRs do not correlate with the level of the encoded protein. For 

example, VP3 is a structural core protein synthesized to low, but detectable levels in 

infected cells and has a 49 base 5’ UTR. Though these observations do not dismiss a 

role for the 5’ UTR in translational efficiencies of rotavirus mKNA, there must be
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additional components of the regulatory mechanism. Such mechanisms include a 

potential interactive synergy with the 3’ UTR and differing affinities of KNA binding 

proteins, viral or cellular, for 5’ and 3’ ends of each viral mRNA. We also noted a short 

non-overlapping upstream ORF immediately preceding the start codon in gene 5 of 

B641, and of bovine strains RF [265], UK [253], and A44 [289], that could negatively 

affect the efficiency of translation of this mRNA. Translational control by upstream 

ORFs has been documented for a number of viral and cellular mRNAs, and in some 

cases, reduces expression of the downstream ORF [290].

Evidence continues to accumulate that implicates the 3 TJTR in translational 

control of gene expression in both cellular and viral mRNA [242, 291-295]. Tanguay 

and Gallie reported that a longer 3’UTR on a mRNA lacking a polyadenylate tail 

increased the translational efficiency of a luciferase reporter mRNA, and this effect was 

sequence independent and gene independent [242]. Rotavirus mRNAs do not have 

polyA tails, and unlike the comparison between the 5 5UTR of genes 5 and 6, the 

35UTRs are quite different. The 35UTR of gene 5 is 50 bases long compared to 139 

bases for gene 6. The length of the 3 5UTR may play a more important role in regulating 

translation efficiency of rotavirus mRNA than the 5 5UTR. A mechanism for how the 

length of a 3 5UTR enhances the translation efficiency of an mRNA has been proposed 

[242]. It was suggested that following termination and dissociation of the 80S 

ribosome, the 40S ribosomal subunit continues to transit the 3 5UTR. Therefore, mRNA 

with a longer 3 5UTR would have a higher local concentration of ribosomal subunits 

available to reinitiate translation of the same mRNA. This seems a plausible
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explanation for the difference in translational efficiencies of genes 5 and 6, certainly 

under conditions of competition for limiting translation factors early in the rotavirus 

replication cycle.

A recent report identified a conserved four nucleotide enhancer sequence present 

at the 3’termini (GACC) of rotavirus genes that enhanced expression of a luciferase 

reporter gene when RNA encoding this sequence was transfected into rotavirus infected 

cells [240]. These four nucleotides, when present at the 3’ terminus of rotavirus mRNA, 

bind NSP3 [241], and it was proposed that variation in this sequence could negatively 

affect viral protein expression by altering binding of NSP3 [296]. The data reported 

thus far were gained from analysis of luciferase reporter genes, and whether such 

variation in the 3’terminal sequence causes a decrease in synthesis of the native protein 

in the context of an infection remains to be determined. Regardless, these data suggest 

an intriguing role for the 3’ UTR in regulation of protein synthesis programmed from 

viral mRNA in rotavirus infected cells. Future studies will address the role of 

sequences and structures of rotavirus UTRs in regulating viral protein synthesis, and 

trans-acting factors that function in regulating expression levels of rotavirus genes 

throughout the replication cycle.
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CHAPTER FOUR

THE ROLE OF NSPl IN REGULATION OF ROTAVIRUS GENE EXPRESSION

Introduction

During rotavirus infection, the viral mRNA are produced in nonequimolar 

amounts and the levels of the viral proteins do not correspond with the levels of cognate 

mRNAs [29]. This suggests that there is regulation of gene expression at both the level 

of transcription and at the level of translation. We have shown that the differences in 

the protein levels are due in part to a difference in the translation efficiencies of the 

mRNAs [297]. Gene 6 mRNA, encoding VP6, is translated more efficiently that gene 5 

mRNA, encoding NSPI. Further studies showed that gene 5 mRNA is a comparatively 

poor template for translation initiation. The mechanisms for this regulation and the 

proteins involved are not well understood.

Transcriptionally active double-layered rotavirus particles synthesize viral 

mRNAs that are capped, but not polyadenylated [118]. The 5’ and 3’ untranslated 

region (UTR) vary in length, but contain two consensus sequences that are present in all 

viral mRNAs [25, 118]. The 3’ consensus sequence of group A rotaviruses is 

5 ’ ((A/U)U(U/G)UGACC)3 ’, with the last 5 nucleotides (UGACC) being highly 

conserved among the 11 segments [118, 119]. Poncet and coworkers reported that 

NSP3 binds to the 3’ end of the viral transcripts in a serogroup-dependent manner, and
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that the binding of recombinant NSP3 to the mRNA requires the last 5 bases [241, 247]. 

Both the monomeric and homodimeric form of NSP3 bind to the 3’ end of rotavirus 

mRNA [241].

Most cellular mRNA contain a 5’ cap structure (m7GppN) and a 3’ 

polyadenylated (polyA) tail [199, 200]. Together, these two structures enhance the 

initiation of translation of the host cell mRNA [203-209]. Studies have shown that the 

synergistic effect of the cap structure and the poly(A) tail is mediated through the 

poly(A)-binding protein (PABP). PABP not only interacts with the 3’ poly(A) tail, but 

also with eIF4G [203, 210, 211]. This interaction causes the mRNA to become 

circularized and is thought to increase the translation efficiency of the mRNA by 

continuous recycling of the ribosomes for reinitiation of translation [212].

Currently, NSP3 is the only viral protein known to participate in the translation 

of the viral mRNA by seizing the eukaryotic translation machinery. NSP3 interacts 

with eIF4GI [249], and the simultaneous interaction of NSP3 with the 3’ end of viral 

mRNA and eIF4GI is needed for efficient translation of the viral mRNA [248]. This 

suggests that NSP3 plays, a functional role analogous to PABP and causes 

circularization of the viral mRNA. Furthermore, eIF4G has a higher affinity for NSP3 

than it does for PABP, and NSP3 is able to outcompete PABP and consequently 

enhance translation of viral mRNA over the host cell mRNA [210, 249].

We hypothesize that NSPl also plays a regulatory role in translation of viral 

mRNA. NSPl is a 53 kDa protein that is expressed at low levels during the replication 

cycle [29]. NSPl was shown to interact with NSP3 in the yeast two-hybrid system, but
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this interaction has yet to be shown in infected cells [254]. NSPl binds the 11 viral 

mRNA in vitro [245]. The NSPl -KNA-binding site on the transcripts is not known 

[245].

The affinity of NSP3 for the different viral mJRNA has not been experimentally 

examined, yet it was suggested that NSP3 binds to the 11 transcripts with the same 

affinity, because the NSP3 homodimer recognizes the last four 3’ consensus nucleotides 

[241, 246, 247]. Therefore, this suggests other proteins or signals within the mRNA are 

important in regulating translation of rotavirus mRNAs. To investigate the role of 

NSPl in the regulation of viral gene expression, the distributions of gene 6 and gene 11 

in polysome gradients were compared between a mutant strain (A5-16) and a wildtype 

strain (NCDV) of rotavirus. A5-16 is a rotavirus strain isolated from diarrheic calf 

[260]. Gene 5 of A5-16 has a large deletion of 500 bases that includes the cysteine-fich 

zinc finger motif. Therefore, if a protein is synthesized from gene 5 mRNA, the protein 

does not have the capability of binding to the viral mRNA. This deletion, also results in 

a nonsense mutation at nucleotides 183-185 that creates a termination codon that would 

produce a protein of only 50 amino acids [260]. Since two different bovine rotavirus 

strains are being used in this study, gene 6 and gene 11 were chosen to be analyzed due 

to the high sequence similarity between strains [115, 298]. The studies in this chapter 

suggest NSPl plays a regulatory role in the translation of viral mRNAs.
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Results

A5-16 and NCDV Patterns of Viral Protein Synthesis

The AS-16 bovine rotavirus strain was previously shown not to express NSPl 

[260]. We verified that our virus preparation replicated stably and resulted in the same 

protein profile as the originally isolated clone. MAl 04 cells were mock infected or 

infected with either NCDV or AS-16. Viral proteins were labeled with TRAN35S-Iabel 

and the cells were harvested at 4 hours post-infection. Similar amounts of total protein 

were analyzed by SDS-PAGE and the separated proteins were visualized by 

autoradiography. Figure 4.1 shows that at fours post infection, a band of approximately

14C M A N

Figure 4.1: Metabolic labeling of rotavirus AS-16 and NCDV protein synthesis. 
MAl04 cells in 35 mm dishes were mock-infected (M) or infected with AS-16 (A) or 
NCDV (N) in the presence of TRANSSS-Iabel and 10 pg actinomycin D ml-1. 
Cultures were harvested 4 h p.i. in RIPA bufer. Proteins were seperated by 10% 
SDS-PAGE and visualized by autoradiography. Rotavirus proteins are indicated. The 
difference in the migration of VP7 between the two strains is due to differences in the 
glycosylation.
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50 kDa corresponding to NSPl was present in the NCDV infected cell lysates, but not 

in the cells infected with A5-16. Taniguchi and co-workers previously reported that the 

AS-16 gene segment 5 mRNA was unable to produce NSPl in vitro in a rabbit 

reticulocyte system, or in vivo. Long exposure times, gels of short runs, and 

immunoprecipitations were unable to produce a protein of any size encoded by gene 5 

of the mutant strain [260].

The band corresponding to NSP3 was much stronger in the A5-16 infection than 

in the NCDV infection. As previously discussed by Taniguchi and co-workers, the 

strong band represented by NSP3 in the A5-16 strain was not due to gene 5 producing a 

product of similar molecular weight [260]. Figure 4.1 also shows a difference in the 

migration of VP7. The difference in migration is due to the difference in the VP7 

glycosylation between the two strains. Two glycosylation sites are present in VP7 of 

the A5-16 strain and one is present for the NCDV strain [299]. These data verified that 

our virus preparation resulted in the same protein profile originally reported for AS-16.

Differential Regulation Among the Rotavirus mRNAs

We analyzed the distribution of gene 6 from AS-16 and NCDV infected cells in 

polyribosome gradients to determine if there was a difference in the translation 

efficiencies of gene 6 mRNAs between the two strains. MAl04 cells were infected 

with either AS-16 or NCDV and the cells were harvested at two hours post infection. 

The lysates were layered on 0.5-1.5 M linear sucrose gradients and analyzed by 

Northern blot hybridization. Figure 4.2 shows the sedimentation of gene 6 mRNA for
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Gene 6 Gene 6

Gene 11

Figure 4.2: Distribution of genes 6 and 11 mRNA in polyribosome gradients 2 hours 
post infection. NCDV-infected lysates (left panel) or A5-16-infected lysates (right 
panel) harvested at 2 h p.i. were centrifuged through 0.5-1.5 M linear sucrose gradients 
for 58 minutes at 159,000 x g in a SW55 rotor. The top panels are absorbance profiles. 
The lower panels show Northern blot hybridization of genes 6 and 11. Radioactive 
signals were quantified with Bio-Rad Molecular Imager FX with Quantity One software. 
Percentages of mRNA in polysomal fractions are shown below blots.
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NCDV-infected and A5-16-infected cells. Approximately 57% of NCDV gene 6 

mKNA was located thepolysomal fractions. In contrast, a large majority of AS-16 gene 

6 mRNA was found in the polysomal fractions (78%). These data showed a difference 

in the sedimentation of NCDV gene 6 mRNA and A5-16 gene 6 mRNA, suggesting a 

difference in the regulation of gene specific translation efficiencies of gene 6 mRNA 

between the two viral strains at two hours post infection.

Gene 11 mRNA was analyzed for comparison to determine if the differences 

found in the sedimentation of gene 6 mRNA between the two strains occurred for all 

rotavirus mRNA. Figure 4.2 also shows the sedimentation profile of gene 11 mRNA 

for A5-16 and NCDV-infected cells at two hours post infection. In NCDV-infected 

cells approximately 42% of gene 11 mRNA was found in the subpolysomal fractions 

(fractions 1-5). Similar results were obtained for cells infected with A5-16, with 

approximately 34% of the gene 11 mRNA located in the subpolysomal fractions. These 

data showed that the differences in sedimentation of gene 6 mRNA described above, 

does not occur globally with all rotavirus mRNA, suggesting that there is differential 

regulation among the rotavirus genes.

Translational Efficiencies of Specific Rotavirus mRNAs are Differentially Regulated 
Throughout the Replication Cycle

We next examined the sedimentation of gene 6 and gene 11 mRNAs in the 

gradients at four hours (figure 4.3) and at six hours (figure 4.4) post infection to 

determine if differential expression of rotavirus genes was temporally regulated. At 

four and six hours post infection the results were reversed compared to those observed
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at two hours, and the greatest difference between the two strains was in the 

sedimentation of gene 11 mRNA, not gene 6 mRNA. Polysome analyses were 

performed as before, except infected cells were harvested at four and six hours post 

infection. At four hours post infection (Figure 4.3), the majority of NCDV gene 6 

mRNA (approximately 65%) was found in the polysomal fractions. This is consistent 

with the results observed for B641 gene 6 mRNA [297]. Similar results were obtained 

for cells infected with A5-16, with approximately 65% of gene 6 mRNA located in the 

polysomal fractions. However, the sedimentation gene 11 mRNA was different 

between the two strains. Approximately, 83% of NCDV gene 11 mRNA was located in 

the subpolysomal fractions, suggesting that gene 11 mRNA is very inefficiently 

translated in NCDV infected cells. In contrast, the sedimentation profile of A5-16 gene 

11 mRNA demonstrated more of a bimodal distribution, with RNA detected throughout 

the gradient. Quantification of the RNA in each fraction showed approximately 59% of 

the mRNA was located in the subpolysomal fractions. The results observed at six hours 

post infection were comparable to the results obtained at four hours post infection 

(figure 4.4). Approximately 57% of gene 6 mRNA was located within the polysomal 

fractions for both the NCDV and the A5-16 infected cells. A difference in the 

sedimentation of gene 11 mRNA was observed between infections with the two strains. 

73% of NCDV gene 11 mRNA was present in the subpolysomal fractions, compared to 

53% of A5-16 gene 11 mRNA. Overall, it appears that NSP5 (encoded by gene 11) is 

produced more efficiently by the mutant virus throughout the replication cycle, albeit
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NCDV A5-16

Figure 4.3: Distribution of genes 6 and 11 mRNA in polyribosome gradients 4 hours 
post infection. NCDV-infected lysates (left panel) or A5-16-infected lysates (right 
panel) harvested at 4 h p.i. were centrifuged through 0.5-1.5 M linear sucrose gradients 
for 58 minutes at 159,000 x g in a SW55 rotor. The top panels are absorbance profiles. 
The lower panels show Northern blot hybridization of genes 6 and 11. Radioactive 
signals were quantified with Bio-Rad Molecular Imager FX with Quantity One software. 
Percentages of mRNA in polysomal fractions are shown below blots.
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NCDV A5-16

G en e 6

G en e 11

Figure 4.4: Distribution of genes 6 and 11 mRNA in polyribosome gradients 6 hours 
post infection. NCDV-infected lysates (left panel) or A5-16-infected lysates (right 
panel) harvested at 6 h p.i. were centrifuged through 0.5-1.5 M linear sucrose gradients 
for 58 minutes at 159,000 x g in a SW55 rotor. The top panels are absorbance profiles. 
The lower panels show Northern blot hybridization of genes 6 and 11. Radioactive 
signals were quantified with Bio-Rad Molecular Imager FX with Quantity One software. 
Percentages of mRNA in polysomal fractions are shown below blots.
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less so at the beginning of the replication cycle. Conversely, gene 6 mRNA appears to 

be translated at the same efficiency at four and six hours post infection, but at two hours 

post infection the mutant strain synthesizes VP6 more efficiently than NCDV. These 

results demonstrated that the differential regulation of translational efficiencies of 

specific viral mRNAs occurs throughout the replication cycle.

Time-Dependent Differences in the Sedimentation of the Viral mRNA Coincides with 
the Expression of NSPl

NSP3 has been shown to enhance translation of rotavirus mRNA by acting as a 

PABP analogue [249, 250]. NSP3 is expressed at a higher quantity in A5-16 infected 

cells than in NCDV infected cells. Therefore, we evaluated the relative amounts of 

NSP3 at each time point to determine if the differences in the sedimentation of the two 

genes serving as our models at two, four, and six hours correlated with the differences 

in the relative amounts of NSP3 between the two strains at these times post-infection 

(Figure 4.5). Viral proteins were labeled with TRAN35S- label for 30 minutes prior to 

harvesting the cells at the indicated time points. Quantification of NSP3 protein bands 

showed that NSP3 was present in the A5-16 infected lysates at a two-fold higher 

amount than NSP3 present in the NCDV infected lysates at two and four hours post

infection. At six hours post-infection, this difference increased to four-fold. The two

fold difference present at two and four hours post infection does not correlate with the 

differences in the sedimentation of gene 11 mRNA or gene 6 mRNA at these two time 

points. At two hours post infection, NSPl was produced at such a low amount that it 

was not detected on film. At four and six hours post infection, a band representing
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Figure 4.5: Metabolic labelling of rotavirus protein synthesis throughout the replication 
cycle. MA104 cells in 35 mm dishes were mock-infected (M) or infected with AS-16 
(A) or NCDV (N) in the presence of TRAN35S-label and IOpg Actinomycin D ml-1. 
Cultures were harvested 2 h, 4 h, 6 h p.i. in RIPA bufer. Proteins were seperated by 
10% SDS-PAGE and visualized by autoradiography. Rotavirus proteins are indicated. 
Proteins were quantified with a Bio-Rad Molecular Imager FX with Quantity One 
software.
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NSPl at approximately 50 kD is detected in the NCDV infected lysates. This time- 

dependent expression of NSPl coincides with the differences found in the 

sedimentation of the genes at two hours when compared to the other time points. These 

data suggest that NSP3 is not the single regulatory element and that NSPl maybe 

important in regulating gene expression at the level of protein synthesis.

Semi-quantitative Analyses Demonstrates Gene 11 mRNA but not Gene 6 mRNA 
Sediments Differently at Each Time Point

The efficiency of translation is determined by not only the amount of mRNA 

present in the subpolysomal fraction, but also the amount of mRNA present in the small 

and large polysomal fractions. Therefore, the sedimentation of the individual viral 

mRNA in the following three categories: subpolysomal fractions consisting of the 40S 

and 60S subunit and the 80S ribosome, small polysomes containing 1-4 additional 

ribosomes, and large polysomes containing 5 or more additional ribosomes was 

evaluated. Table 4.1 shows the semi-quantitative data of the sedimentation of gene 6 

mRNA and gene 11 mRNA for both strains. Gene 6 mRNA was present in the 

subpolysomal and large polysomal fractions. However, very little to no gene 6 mRNA 

was present in the small polysomal fractions for either strain. The sedimentation of 

gene 6 mRNA was the same for both strains at each time point. Therefore, the semi- 

quantitative analyses of the sedimentation of gene 6 mRNA demonstrated no 

differences in the translation efficiencies between the strains throughout the replication 

cycle. Conversely, the sedimentation of gene 11 mRNA differed at each time point. At 

two hours post-infection, mRNA from A5-16-infected cells showed a moderate amount
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present in small polysomes. Gene 11 mRNA was also detected in the subpolysomal and 

large polysomal fractions. However, a moderate amount of gene 11 mRNA in the 

wildtype infected cells was present in the subpolysomal fractions and very little to no

Table 4.1. Semi-quantitative analysis of the sedimentation of gene 6 and gene 11 
mRNAs for both strains in the polysome gradients. (-) no RNA, (+/-) very little to no 
RNA, (+,++,+++) represent increasing amounts of RNA.

Gene 6 Gene 11
Time
(hpi)

Strain Subpolysomal 
& mRNP

Small Large Subpolysomal & 
mRNP

Small Large

2 Wildtype + - ++ ++ + +/-
Mutant + - + + -H- '

4 Wildtype + +A ++ +++ +/- -
Mutant + +/- -H- + + +

6 Wildtype + +/- ++ +++ + +/-
Mutant + +/- ++ ++ • + +

mRNA was present in the large polysomes. At four hours post infection the differences I
'I

in the sedimentation of gene 11 mRNA became more apparent. Translation of gene 11

in the NCDV infected cells was severely inhibited when compared to the AS-16 j

infected cells. In the wildtype infection large amounts of gene 11 mRNA was located in

the subpolysomal fractions, while little and no mRNA was found in the small and large

polysome fractions, respectively, whereas in the A5-16 infected cells, gene 11 mRNA

was detected in all three categories. This inhibition of gene 11 expression in the

wildtype infection at four hours post-infection coincides with the expression of NSPl 

(Figure 4.5). At six hours post infection, the sedimentation profile of gene 11 mRNA

I
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was similar between both strains. In the NCDV infected cells, a large amount of gene 

11 mRNA sedimented in the subpolysomal fractions. RNA is also detected in the small 

polysomes while very little RNA is detected in the large polysomes. A moderate 

amount of gene 11 mRNA in the AS-16 infected cells was located in the subpolysomal 

fractions. However, unlike the NCDV infected cells gene 11 mRNA was present in 

both the small and large polysomal fractions. The similar profile at six hours post

infections could be due to the mRNA being present in subviral particles or replication 

intermediates. These data further suggest a regulatory role of NSPI. Since the 

differences occur in gene 11, an mRNA that is inefficiently translated when compared 

to gene 6 mRNA, and gene 11 is not translated as efficiently in the wildtype infection 

compared to the mutant infection, these data imply that NSPl may play a regulatory 

role in gene expression.

Discussion

We investigated the possible role of NSPl in the regulation of viral gene 

expression at the level of protein synthesis. Using polysome analyses, the data showed 

a difference in the translation of gene 6 or gene 11 mRNAs between the mutant strain 

(A5-16), which lacks NSPl, and a wildtype strain (NCDV). At two hours post

infection, the sedimentation of gene 6 mRNA in the polysome gradient differed 

between the two strains. Gene 11 mRNA varied only slightly between the two strains. 

However, at four and six hours post infection different results were obtained. The 

sedimentation of gene 11 mRNA differed between the two strains while the
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sedimentation of gene 6 mRNA was similar between the two strains. The differences in 

the sedimentation of the gene 6 and gene 11 mRNAs between 2 hours post infection and 

four or six hours post infection coincided with the expression of NSPI. These results 

suggest a regulatory role of NSPl in rotavirus gene expression. The semi-quantitative 

interpretation of the data showed that the distribution of gene 11 mRNA differed 

between the two strains at each time point. This analysis further demonstrated that at 

four hours post infection the expression of gene 11 in the wildtype infection was 

severely inhibited. This inhibition coincides with the expression of NSPI, which 

insinuates that NSPl may inhibit viral gene.

Regulation of protein synthesis occurs at the different steps of translation, 

although most occurs at the initiation step. Studies have shown that sequences 

contained within the 5’ UTR of viral mRNAs play an important role in regulating 

translation by binding to ^ram-acting factors [243, 300]. NSPl binds to the 5’ UTR of 

the rotavirus mRNAs in vitro and could therefore function as a ^ram-acting factor in 

regulating rotavirus protein synthesis by either enhancing or inhibiting the translation of 

specific viral mRNA. Other RNA-binding proteins that bind to 5’ UTRs have been 

shown to modulate gene expression by either enhancing or inhibiting translation. The 

influenza virus nonstructural protein, NS I, enhances the translation of viral genes by 

binding to cz's-acting sequences in the 5’ UTR [243]. This enhancement could be due to 

NSl also binding to eIF4G, thereby recruiting the translation initiation machinery [301]. 

In contrast, other proteins inhibit translation by binding to the 5’UTR. For example, 

translin binds to the glyceraldehyde 3-phosphate dehydrogenase (Gapds) mRNA just
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upstream of the start codon [302]. This translin-mRNA interaction inhibits translation 

by blocking the translocation of the ribosome or by preventing the recognition of the 

start codon. Another example is provided by TCP80, a protein that selectively binds 

mRNA and is thought to inhibit translation by forming untranslatable messenger 

ribonucleprotein complexes [303].

Although NSPl binds to all rotavirus 11 mKNAs in vitro, the affinity of NSPl 

for each mRNA has not been determined. Therefore, it is possible that NSPl 

differentially regulates the expression of the viral mRNA by binding to the individual 

viral mRNAs with different affinities. Such a mechanism has been shown for influenza 

virus. The influenza nonstructural protein NSl binds to the 5’ UTR of the M and NP 

mRNA and to the NS mRNA to a lesser extent [243]. The NSl protein stimulates 

translation of the M and NP protein, but not the NS protein [304]. The data obtained 

from these studies demonstrate that a viral protein could differentially regulate the 

expression of viral genes by differentially binding to viral mRNA.

Differential rates of translation initiation play an important role in the regulation 

of protein synthesis. To account for the differences in translation initiation, it was 

proposed that mRNAs must compete for a limiting message-discriminatory initiation 

factor in order to be efficiently translated [278]. Studies using reovirus show that the 

reovirus mRNAs compete with different efficiencies for limiting components of the 

translational machinery [283, 284]. These differences become apparent when the 

mRNA-discriminatory component is limited. In order to compete, the mRNAs contain 

a unique feature that help in determining it’s translation initiation efficiency [305]. In
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rotavirus, this unique feature could be a czs-acting element, perhaps in the 5’ UTR that 

binds to NSPI. The competition among the viral mRNAs for a limiting component 

could be an important event in determining the translation efficiencies of the individual 

viral mRNAs [284].

The function of NSPl is unknown; however, this protein contains characteristics 

similar to frans-acting regulatory proteins. NSPl contains a zinc finger motif and binds 

to the 5’ UTR of all 11 mRNA in vitro. However, NSPl is expressed at limiting levels 

during the replication, and therefore, it is unlikely to bind to all the viral mRNAs that 

are present. Indirect immunofluorescence assay and subcellular fractionation studies 

showed that NSPl is associated with the cytoskeleton. It. is known that actively 

translated mRNAs are bound to the cytoskeleton [306]. These data, along with the data 

presented in this chapter, suggest that NSPl may function as a trans-acting factor in 

regulating viral gene expression. Further studies are needed to determine the exact 

function of NSPl in regulating viral gene expression.
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CHAPTER FIVE

SUMMARY AND CONCLUSIONS

Rotavirus is the single most important cause of severe dehydrating diarrhea of 

mammalian neonates. The genome consists of 11 dsRNA segments that encode 12 

proteins (six structural and six nonstructural). Although the structural proteins are well 

characterized, much remains unknown about the functions of the nonstructural proteins. 

It is demonstrated that during the replication cycle, the expression of rotavirus genes are

under transcriptional and translation control. Today, gaps still exist in understanding
/

the molecular mechanisms and the proteins involved in rotavirus replication, especially 

in regulation of gene expression. With this in mind, the hypothesis that NSPl is 

involved in the regulation of viral gene expression was formulated.

In chapter three, the possible mechanisms involved in the regulation of rotavirus 

gene expression are investigated. In these studies, metabolic labeling of viral proteins 

demonstrate that VP6 was expressed at least 10-fold excess over NSPI. Further 

investigations demonstrate that the difference in the expression of VP6 and NSPl was 

not due to a difference in the protein stability, or to a difference in the accumulation of 

encoding mRNAs. Polysome analyses demonstrated a difference in the translation 

efficiencies between gene 5 and gene 6 mRNAs. These studies also illustrated that gene 

5 mRNA was a poor template for initiating translation when compared to gene 6

mRNA.
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In chapter four, the role of NSPl in regulation of viral gene expression was 

investigated using a mutant bovine rotavirus strain AS-16, that does not encode NSPI. 

Polysome analysis showed a difference in the sedimentation of gene 11 rnRNA 

throughout the replication cycle, but the difference was diminished at an early time 

point post-infection. The reverse effect was observed for gene 6 rnRNA, which had the 

same sedimentation profile for both strains at 4 and 6 hours post infection. However, at 

two hours post-infection, the sedimentation profile differed between the two strains. 

The changes apparent in the sedimentation of gene 6 or gene 11 rnRNA between 2 

hours post infection and the remaining time points coincided with detectable NSPl 

levels. These data not only demonstrate that the genes were differentially regulated 

throughout the replication cycle, but also suggested a role for NSPl as a regulatory 

factor in viral gene expression. NSPl could be a Zrcms-acting factor that binds to ex

acting sequences contained in the viral rnRNA. By interacting with the viral rnRNA, 

NSPl could enhance or inhibit gene expression. Part of this regulation could be 

through direct interactions between NSPl and NSP3 to enhance translation or by 

interfering with the translocation of the preinitiation complex down the 5’ UTR to 

inhibit translation. The possibility also exists that NSPl indirectly effects gene 

expression through interactions that have yet to be described.

In conclusion, the hypothesis that NSPl is involved in the regulation of viral 

gene expression was tested. These studies start to elucidate possible mechanisms of 

translational control during the rotavirus replication cycle. In some instances, the 

regulation of rotavirus gene expression occurs at the level of translation initiation, and
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this regulation could be mediated by NSPL These are the first studies that demonstrate 

a possible role of NSPl in the regulation of translation. Further studies are needed to 

determine the exact mechanism of how NSPl regulates viral gene expression. 

Ultimately, understanding how nonstructural proteins are involved in regulating gene 

expression and replication will result in a better understanding of the replication cycle, 

which in turn may lead to new methods of intervention.
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CHAPTER SIX 

FUTURE STUDIES

The studies presented in the previous chapters have demonstrated a mechanism 

for the regulation of rotavirus gene expression at the level of translation. These studies 

further suggested a regulatory role for NSPI. However, many questions still exist 

regarding the mechanisms involved in these processes. How does NSPl regulate viral 

gene expression? Does NSPl enhance or inhibit the expression of a gene? Does NSPl 

regulate expression directly or indirectly? What role does the upregulation of NSP3 in 

the A5-16 strain play in gene expression? In this chapter, studies are proposed to 

address some of these questions.

The A5-16 strain expresses NSP3 at higher levels than the wildtype strain. This 

upregulation of the NSP3 expression could be compensating for the lack of the NSPl 

expression and thereby skewing the results from the polysome analyses in chapter 4. 

Therefore, to confirm our results from chapter 4, polysome analysis will be performed 

using the siRNA system. siRNA has evolved into a powerful tool to investigate gene 

function [307]. By using the siRNA system, the expression of NSPl will become 

knocked out and the virus will not have time to adapt and alter the expression of NSP3. 

This would eliminate any effect that the upregulation of NSP3 would have on the 

translation efficiencies of the viral mRNA. Performing polysome analysis and 

comparing the sedimentation of the mRNA between cells infected with virus expressing 

NSPl and not expressing NSPI, will further confirm the results in chapter four.



81

As suggested by the data in chapter four, NSPl may play a role, whether direct 

or indirect, in regulating translation of specific viral genes. However, it is still unknown 

if NSPl enhances or inhibits the expression of individual rotavirus genes. To begin to 

identify the role of NSPI, the affinity of NSPl for the individual rotavirus mKNAs 

should be determined. IfN SPl binds to the individual rotavirus genes with different 

affinities, this data can be compared with the polysome data and a role for NSPl can be 

suggested. For example, if NSPl has a high affinity for a gene, which sediments in the 

large polysomes (e.g. gene 6), this could suggest that NSPl acts as an enhancer. 

However, if NSPl has a higher affinity for a gene that is inefficiently translated (e.g. 

gene 5 or gene 11) this could suggest that NSPl inhibits the expression of that particular 

gene. CA-acting sequences within the mRNA that NSPl binds to with the greatest 

affinity should also be identified. This sequence can be compared among the various 

rotavirus genes to determine a possible consensus sequence and to predict other genes 

that NSPl could regulate. Comparing the affinity of NSPl for these genes and the 

sedimentation of these genes in a polysome gradient could further support the 

regulatory role of NSPI.

A possible mechanism of how NSPl regulates rotavirus gene expression could 

be due not only to the interaction with the mRNA, but also to the interaction between 

NSPl and NSP3. To determine if the NSP1-NSP3 interaction directly influences the 

expression of the gene, the binding domains should be determined. NSPl could hinder 

gene expression if it binds to the same domains of NSP3 that are required for 

dimerization, eIF4Gl binding or RNA-binding. However, if NSPl binds to a different
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domain, NSPl could increase gene expression. This could be determined by 

performing in vitro translation assays and mutating the NSPI-binding domain of NSP3. 

Ifknocking out this interaction changes the expression of the gene, the direct interaction 

of NSPl and NSP3 is suggested to control gene expression.

A5-16 overexpresses NSP3 as previously described. It would be interesting to 

determine why the strain that lacks NSPl also over expresses NSP3. This over 

expression could possibly compensate for the lack of NSPl in the cells. One possible 

mechanism is by eliminating the competition between the viral genes for NSP3. If the 

interaction between the mRNA and NSPl allows for a rhRNA to outcompete other 

mRNAs for NSP3 and the translation machinery, then the lack of NSPl would disrupt 

this competition. In doing so, some genes would not be efficiently expressed. 

Overexpressing NSP3 could eliminate some of the competition by being produced in 

high enough amounts that the majority of the viral mRNA will bind to NSP3 and 

become translated. Performing in vitro competition assays would determine if this

scenario occurs.
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