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ABSTRACT 

Respiratory syncytial virus (RSV) is a negative-strand RNA virus that causes significant 

pneumonia-related morbidity and mortality worldwide. There are currently neither 

vaccines nor effective therapies for RSV. As with other viruses, RSV mRNAs are 

translated using host-cell machinery, rendering the virus subject to cellular factors that 

regulate mRNA homeostasis. Stress granules (SGs) and processing bodies (p-bodies) 

are inter-dependent, stress-response cytoplasmic structures involved in mRNA triage 

and degradation, respectively. We hypothesized that RSV has evolved to manipulate 

cellular stress responses in order to facilitate optimal virus propagation. While wild-type 

(wt) RSV induced SGs in approximately 1% of infected cells, a mutant version of RSV 

whose Tr region was replaced with an inverted LeC sequence (LeC virus) induced SG 

formation in approximately 50% to 70% of infected cells. A 12U to A substitution relative 

to the 5' end of the LeC virus abrogated SG induction. Mixed-infection studies showed 
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that wt RSV was able to prevent LeG-mediated SG induction. Unlike Sendai virus, RSV­

mediated prevention of SG formation was independent of SG-associated t-cell 

intracellular antigen related (TIAR) protein. RSV infection altered neither the number nor 

distribution of p-bodies; however, p-body-associated decapping protein 1 (dcp1) was 

phosphorylated throughout RSV infection via the extracellular signal-regulated kinase 

(ERK) 1/2 pathway. RSV-mediated dcp1 phosphorylation was limited to serine 315, 

serine 319, and threonine 321. Dcp1 phosphorylation occurred in response to some, but 

not all , environmental stresses, and dcp1 was not phosphorylated during infection with 

HIV-1, measles, mumps, or canine distemper virus. Overexpression of dcp1 significantly 

attenuated RSV cytopathic effects, and preliminary data suggested that dcp1 

phosphorylation regulated RSV-induced interleukin-8 production. Finally, an antibody 

toward cellular SG- and p-body-associated , RNA-binding protein p54 was able to 

recognize a subset of RSV nucleoprotein (N). p54 and RSV N contain a similar amino 

acid sequence motif, suggesting that they may have similar or competing activities that 

are important during RSV replication. Taken together, our results demonstrate that RSV 

can manipulate cellular RNA-processing structures and proteins to facilitate viral 

propagation. 
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Introduction 

Respiratory syncytial virus 

Overview 

Respiratory syncytial virus (RSV) is a member of the family Paramyxovirus and the order 

Mononegavirales. RSV shares many genome, structure, and replication-strategy 

similarities with viruses within the same order, including measles, mumps, Sendai, 

Nipah, Ebola, Marburg, rabies, and vesicular stomatitis (VSV) viruses (263). It is hoped 

that studying the mechanisms by which RSV interacts with host cells will broaden our 

understanding of not only RSV, but also of related viruses. 

RSV epidemiology 

RSV is one of the leading causes of pneumonia-related deaths in infants, the elderly, 

and immune-compromised persons worldwide. It is estimated that over 120,000 infants 

in the United States are hospitalized annually with RSV infection, accounting for 

approximately 25% of pediatric pneumonia and up to 70% of pediatric bronchiolitis 

hospitalizations (262). The global burden of RSV is approximately 64 million cases and 

160,000 deaths per year (3). Unfortunately, there are currently neither vaccines nor 

effective treatments for the virus. 

RSV morphology 

RSV virions can acquire one of two forms: irregular spheres or long filaments. The 

virions are comprised of a nucleocapsid that is packaged in a lipid envelope, which is 

acquired from the cell membrane during virus budding. The envelope has three 

glycoproteins: the attachment glycoprotein (G), the fusion protein (F), and the short, 
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hydrophobic protein (SH). The matrix protein (M) is believed to form a layer on the inner 

surface of the virion . The viral genome is associated with four proteins: the large 

polymerase subunit (L) , nucleoprotein (N) , phosphoprotein (P), and transcription 

processivity factor (M2-1). 

RSV replication cycle 

RSV enters host cells by fusing with the plasma membrane. The virus genome is 

released into the cytoplasm where it undergoes transcription to make viral mRNAs and 

replication to make antigenome and genome using the virus-encoded RNA-dependent, 

RNA polymerase. Viral mRNAs are translated using host-cell machinery, and virus 

particles are packaged and released by budding at the plasma membrane (Figure 1 ). 
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There are eleven RSV proteins, whose roles in the RSV replication cycle are described 

in Table 1. 

Table 1. RSV proteins and functions 

Apparent 

Protein Molecular Primary Function(s) 

Weight (kDa) 

Binds tightly to RSV genome and 

antigenome as they are being 

Nucleoprotein (N) 45 synthesized to protect from cellular 

nucleases; may be part of polymerase 

complex 

Major phosphoprotein; part of the 

polymerase complex; also forms 

complex with free N to maintain N 

solubility and availability for 
Phosphoprotein 

33 nucleocapsid assembly; 
(P) 

phosphorylation associated with 

polymerase stabilization on the 

template; P association with M2-1 is 

essential for M2-1 function 

M2 ORF 1 Part of the polymerase complex; 
22 

protein (M2-1) essential RSV transcription factor that 
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promotes transcription processivity 

RNA-dependent, RNA polymerase; 

contains an active site for 
Large (L) 250 

polymerization, and active sites for 

mRNA capping 

Internal virus component that 

accumulates at the plasma membrane 

Matrix (M) 25 of host cells; important for viron 

morphogenesis and RNA synthesis 

regulation 

Type-1 transmembrane envelope 
50-70* 

glycoprotein that directs viral entry into 
(F1) 

host cells by mediating fusion between 
1 0-16* 

the viral envelope and plasma 
(F2) 

membrane; can mediate fusion with 
Fusion (F) 

neighboring cells to form syncytia, 
*differences due 

synthesized as inactive precursor (F0) 

to variable 
that is activated by cleavage that 

glycosylation 
yields two disulfied-inked subunits (F1 

and F2) plus a 27-nucleotide fragment. 
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Type-11 transmembrane, envelope 

glycoprotein; major virus attachment 

factor that binds host-cell membranes 
Glycoprotein (G) 90 

(receptor unknown); smaller, secreted 

form mimics the chemokine fractalkine 

to impair immune activation 

Envelope protein with unknown 

function, although there is evidence 
Small 

7.5- 60 that it helps form an ion channel of 
hydrophobic (SH) 

unknown significance; reported to 

inhibit TNF-a signaling 

Nonessential accessory protein with 

M2 ORF2 protein unknown function(s); may play role in 
14.5 

(M2-2) shifting balance of RNA synthesis from 

transcription to replication 

Nonstructural protein; inhibits IFN-a/(3 

Nonstructural-1 induction by inhibiting phosphorylation 
13.8 

(NS1) of interferon-regulatory factor 3 (IRF-

3). 

Nonstructural protein; inhibits IFN-a/(3 

induction by inhibiting phosphorylation 
Nonstructural-2 

14.5 of interferon-regulatory factor 3 (IRF-
(NS2) 

3); may target STAT2 for proteasome-

mediated degradation 
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Cell entry 

Cell entry is facilitated by RSV attachment to and fusion with the plasma membrane by 

the RSV glycoprotein (G) and fusion (F) proteins. Unlike other negative-strand viruses, 

G is not a strict requirement for cell entry; however, viral fitness in vivo is impaired in 

mutants lacking G (246). Initial interactions with host cells are thought to occur first via 

weak-affinity binding ofF and G proteins to glycosaminoglycans (GAGs) (99) on the host 

cell surface, followed by a higher-affinity binding step; however, the host-cell receptor(s) 

for the second, higher-affinity attachment step have not been identified. The virus 

penetrates the cell by fusion of the envelope with the host-cell plasma membrane, which 

is mediated by the F protein. 

Transcription and replication 

Once cell entry has occurred, the RSV genome is uncoated and transcription and 

replication are initiated. RSV's 15.2 kb genome is comprised of a single strand of non­

segmented, negative-sense RNA that is tightly associated with virus nucleoprotein (N) in 

a helical nucleocapsid structure (148, 245). The ten RSV genes encode eleven proteins 

(M2-2 via an alternate translation start site in the M2 mRNA) and are flanked with 

transcription gene-start and gene-end sequences (56). As discussed in further detail in 

Chapter 1, the RSV genome includes two extragenic sequences termed leader (Le) and 

trailer (Tr) at the 3' and 5' termini, respectively. Le contains the promoter for both 

transcription of monocistronic mRNAs and for replication to produce the antigenome, 

while TrC (at the 3' end of the antigenome) contains the promoter for replication to 

produce the genome (Figure 2). 
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RSV RNA replication is dependent on the first 36 nts of the Le sequence. Nucleotides 

1-11 recruit the viral polymerase to the template and signal RNA synthesis initiation, 

while nucleotides 12-36 increase transcript-encapsidation efficiency and promote the 

generation of full-length replication products (62, 63, 157). Genome transcription is 

dependent on Le-sequence nucleotides 1-11 and 37-44, in addition to the adjacent 

gene-start signal of the first gene. These sequences are important for the initiation of 

RNA transcription to produce viral monocistronic mRNAs, and replication to produce 

antigenome (60, 162). Initially, more transcription occurs than replication. As with other 

negative-strand viruses, a transcription gradient is established, with genes at the 3' end 

being transcribed in the greatest quantities due to the polymerase falling off the template 

and differences in gene-end signal efficiency (176). RSV mRNA synthesis reaches a 

plateau at around 12-18 hours after infection (29). Some researchers theorize that M2-2 

might affect the shift from transcription to replication (29). As antigenome and genome 

are produced, they are encapsidated with N protein, a process that protects the RNA 

from nucleases and is associated with increased polymerase processivity (157). 

Next, the virus is assembled and packaged at the apical surface of polarized cells (203). 

Both actin (41) and tubulin (110) have demonstrated roles in RSV assembly and release. 

Virus is released by budding from the plasma membrane, a process that appears to be 

the reverse of cell entry (24) and requires the proteolytic activation of the F protein (14). 

RSV pathogenesis and immune-system interactions 

Humans are the only reservoirs for human RSV infection. The virus is spread primarily 

through large droplets from respiratory secretions; however, it is possible that the virus 
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can also be spread by fomites (98). The prodromal period from infection to onset of 

symptoms is approximately four to five days (111). RSV causes b(onchiolitis in infants, 

during which necrosis of bronchiolar epithelial tissue and destruction of ciliated cells 

occurs (3, 183). Inflammatory responses cause a massive influx of immune cells to the 

airways, which results in edema in submucosal tissues, as well as excessive mucus 

production. Not surprisingly, immune-cell infiltratrion, excess fluids, mucus, and cellular 

debri can obstruct the bronchioles and alveoli , causing emphysema or the collapse of 

the airways. This is particularly dangerous in infants, whose bronchiole diameter is very 

small. 

RSVtropism 

RSV primarily infects the airway and lungs, with replication taking place in the superficial 

layer of respiratory epithelial cells. The virus is shed into the lumen from the apical 

surface of the cells. Infection is generally limited to ciliated cells at the luminal face 

(275). RSV can also infect many other cell types; however, infection is generally limited 

in non-epithelial cells. RSV infection in alveolar macrophages induces significant TNF-a, 

IL-8, and IL-6 production (26); however, infection of these cells results in drastically 

reduced virus production compared to infection of epithelial cells, and appears to be 

confined to initially-infected alveolar macrophages (i.e. no cell-to-cell spread) (27). RSV 

infection of monocyte-derived dendritic cells results in suppressed T-cell proliferation 

and cytokine production (70) through unknown mechanisms. 
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Immune responses to RSV 

Both humoral and cellular immunity are important for RSV clearance and illness 

recovery. An underlying theme in RSV biology is that most aspects of the immune 

response that are beneficial in resolving RSV infection also contribute to disease 

development and pathogenesis. For example, decreased virus shedding in respiratory 

secretions is significantly associated with the appearance of RSV-specific lgA antibodies 

in patients with RSV disease (159), and the fact that fetuses do not begin to acquire 

significant levels of transplacental lgG antibodies until around 26-32 weeks of gestation 

likely helps explain why preterm infants are at increased risk for RSV infection. 

However, maternal antibodies have also been shown to suppress humoral immunity via 

unknown mechanisms (64). Th1 and Th2 CD4+ lymphocytes also are involved in RSV 

clearance from infected persons, and it is believed that the balance of these responses 

may play a role in determining whether cell-mediated immunity is protective against RSV 

disease or whether it exacerbates pathology of the virus. Th2 cytokines IL-5 and IL-13 

are associated with hyper-responsiveness and airway eosinophilia in mouse models 

(1 07, 216). On the other hand, overexpression of Th2-cytokine IL-4 suppressed immune 

responses to RSV infection (22) and Th1-cytokine IL-12 has been shown to enhance 

cell-mediated immunity to RSV (244). Mouse models indicate that RSV G protein elicits 

a Th2-biased response, while RSV F protein elicits a Th1-biased response (13); 

however it is unclear if these findings are relevant in the context of infection with whole 

virus in human systems. These results suggest that the balance ofTh1 and Th2 

immune responses could influence disease outcome. RSV-specific CDS+ cytotoxic T­

lymphocytes (CTLs) are generally believed to be important for virus clearance from 

airways (188); however, as with other immune mediators, an equilibrium seems to exist 
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that determines whether the cells contribute to exacerbated disease. Studies in mice 

show that adoptively transferred CTLs are able to improve RSV clearance from airways, 

but that the clearance is associated with severe (and often fatal) pulmonary disease 

(42). Taken together, these studies suggest that there is a delicate balance needed 

among immune mediators in resolving infection without exacerbating pathogenesis. 

Toll-like receptors 

Several Toll-like receptors (TLRs) are known to be activated by RSV infection. RSV F 

protein has been shown to bind TLR4 I CD14, and infection of TLR4-deficient mice 

demonstrated that TLR4-mediated immune responses are important for clearing virus 

from lungs (128). Two single nucleotide polymorphisms in the TLR4 gene have been 

linked to increased susceptibility to RSV infection ih children (23). In addition, RSV 

signals through TLR3 late in infection to induce cytokine and chemokine production . 

Production of CXCL 10 and CCL5 were linked to TLR3 activation. On the other hand, 

IRF3 was dispensable for CXCL8 production, which was dependent on myeloid 

differentiation primary response gene 88 (MyD88)/TLR4 signaling (204). RSV has been 

shown to activate TLR2 and TLR6 in mice (178) via unknown mechanisms. 

Surfactants 

Several studies have implicated a role for pulmonary surfactant proteins in limiting RSV 

infection. Researchers have shown that surfactant A binds RSV F protein to reduce RSV 

infectivity (91 ). RSV disease was more severe in mice with disrupted surfactant proteins 

(138), and reduced surfactant concentration and function has been correlated with 

severe disease in infants (117). Recent studies have shown that RSV decreases 
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surfactant levels in by interfering with surfactant mRNA translation (38). These findings 

suggest that surfactant proteins may be important in host-cell defenses against RSV. 

Inflammation 

As discussed above, inflammation during RSV infection can contribute to disease 

pathogenesis, particularly when bronchioles and airways become clogged with cells , 

debri, and fluids . RSV infection induces several chemokines, including RANTES, MIP-

1 a, Ml P-113, I L-8, and fractal kine (276), which recruit large numbers of immune cells to 

the sites of infection. IL-8 recruits neutrophils, which are the dominant cells found in the 

bronchial lavage and nasopharyngeal secretions of infants hospitalized for RSV disease 

(79). Neutrophils are important for RSV clearance, but they also cause cell damage 

(152, 259), and granulocytes recruited to. airways can directly mediate the destruction of 

infected cells (259). 

RSV immunomodulation 

RSV has co-evolved with host-cell immune mediators. Not surprisingly, the virus is able 

to subvert and manipulate several aspects of the immune system. RSV F protein binds 

TLR4/ CD14 complexes, and thereby may alter trafficking , activation, and function of 

mononuclear cells (97). In addition, RSV has been shown to reduce interferon (IFN)-a 

production by plasmacytoid dendritic cells (214). As mentioned above, soluble RSV G 

protein mimics the chemokine fractalkine (251), and NS1 and NS2 proteins have been 

shown to inhibit interferon responses (58, 234, 250). 
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RNA granules 

Eukaryotic cells display several types of nuclear and cytoplasmic granules containing 

mRNAs in ribonuceloprotein complexes (mRNPs). These granules have roles in mRNA 

triage, regulation, processing, storage, and turnover (202). Two inter-related cytoplamic 

mRNP-aggregate structures, stress granules and processing bodies (p-bodies), are 

highly conserved from yeast to mammals and have been implicated in host innate 

immune responses that are important during viral infections (15, 89, 118, 121, 122, 155, 

205, 213). 

Stress granules 

Stress granules form in cells during environmental stress, including heat shock, 

endoplasmic reticulum (ER) stress, oxidative stress, nutrient deprivation, dehydration, 

cell crowding, and certain types of viral infections (16, 17, 113, 202). They contain 

stalled translation complexes (including translation factors, ribosome subunits, and 

mRNA), and are thought to be sites of mRNA storage and triage (16, 17, 113). The 

following figure shows a comparison of untreated cells with cells treated with sodium 

arsenite, which induces oxidative damage and stress granule formation. The cells are 

stained with an antibody toward eiF3, a stress-granule marker (red). In untreated cells 

(left panel), the eiF3 is diffuse in the cytoplasm. In arsenite-treated cells (right panel) , 

eiF3 has a punctate distribution characteristic of stress-granule formation. Stress 

granules are discussed in further detail in Chapter 1. 
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untreated treated with arsenite 

Figure 3. Cytoplasmic stress granules. HEp-2 cells were untreated (left) or treated 

with sodium arsenite (right). The cells were immunostained for cellular eiF3, which 

condenses into cytoplasmic aggregates called stress granules during environmental 

stress. 
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Processing bodies 

Unlike stress granules, p-bodies are constitutively present in cells. They are sites of 

mRNA degradation, and contain mRNAs, decapping enzymes, and exonucleases. P­

bodies become larger and more numerous during stress conditions. The following 

pictures shows cells under steady-state conditions. The cells are stably transfected with 

red fluorescent protein (RFP)-tagged decapping protein 1 (dcp1 ), which is a protein 

found in p-bodies (red), and stained with DAPI to visualize the nuclei (blue) . P-bodies 

are discussed in further detail in Chapter 2. 

Figure 4. Cytoplasmic processing bodies. U20S cells stably expressing RFP-tagged 
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dcp1 (red) were stained with DAPI to visualize nuclei (blue). Dcp1 is concentrated in p­

bodies. 

Stress granule and p-body associations 

Stress granules and p-bodies are linked both functionally and spatially. Studies have 

demonstrated that during stress, there is an equilibrium among mRNAs undergoing 

active translation on free polysomes, translationally silent mRNAs in stress granules, 

and mRNAs undergoing degradation in p-bodies (48, 67, 169, 222) . Stress granules are 

theorized to be intermediaries between mRNA translation and decay, and studies have 

shown that they can release mRNAs for resumed translation on polysomes (170) and 

they frequently form transient physical interactions with p-bodies whereby they may be 

able to exchange constituents (48, 115). Kedersha et al. proposed a model in which 

mRNA that is released from disrupted polysomes is sorted and remodeled in stress 

granules, and select transcripts are delivered to p-bodies for degradation (113, 115). 

This model is supported by evidence that the composition of both structures is highly 

dynamic, with rapid turnover of both proteins and mRNAs (115), as well as evidence that 

stress granules and p-bodies may exchange proteins and mRNAs (39, 115). 

Stress granule and p-body implications in virus biology 

While the activities of stress granules and p-bodies have not been extensively 

characterized , both structures are associated with stalled translation- a condition that 

could prove deleterious to viruses dependent on host-cell machinery for their own 

translation. An emerging theme in the field of viral pathogenesis is the idea that cellular 

stress responses are involved in antiviral strategies; either by modulating viral RNA 

levels and/or regulating expression of proteins involved in the innate immune response. 
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This idea is given credence by a rapidly growing list of viruses that are able to subvert or 

manipulate RNA granule formation and/or activities as discussed in detail in Chapters 1 

and 2, in addition to reports that stress responses can post-transcriptionally regulate 

cytokine production (15, 206). 

Hypothesis 

At the time this dissertation project commenced, very little was known about virus 

interactions with stress granules and p-bodies, and nothing had been reported with 

regard to RSV and these RNA-processing structures. We wished to investigate the 

. relationships among RSV and stress granules, p-bodies, and their associated proteins. 

We hypothesized that RSV has evolved to manipulate stress responses in order to 

facilitate optimal virus propagation, and that cellular stress granules and p-bodies 

are part of a host antiviral response. We sought to determine whether i) RSV 

infection altered the distribution of stress granules or p-bodies, ii) RSV infection resulted 

in altered stress granule- or p-body-associated proteins, and iii) what impact such 

alterations had on RSV biology. 
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Materials and Methods 

Buffers and reagents 

General buffers and reagents 

Phosphate-buffered saline (PBS): provided as powder (Sigma), dissolved in 1 L 

deionized (DI) H20 to yield 0.01 M phosphate buffered saline (0.138 M NaCI; 0.0027 M 

KCI); pH 7.4, at 25 °C. 

Tris-buffered saline (TBS): provided as powder (Sigma), dissolved in Dl H20 to yield 

0.05 M Tris buffered saline (NaCI- 0.138 M; KCI- 0.0027 M); pH 8.0, at 25 °C. 

RIPA buffer. 1X solution acquired from Boston Bioproducts. 50 mM Tris-HCL, pH 7.4, 

150 mM NaCL, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS. 

Cell culture buffers and reagents 

Opti-MEM (Invitrogen) 

Kaighn's Modification of Ham's F-12 Medium (F-12K) (ATCC) 

Dulbecco's Modified Eagle's Medium (DMEM) containing high glucose: 4.5 g/L D­

glucose and L-glutamine (GIBCO-Invitrogen catalog #11965-092) 

Glasgow Minimum Essential Medium (GMEM) (Invitrogen) 

RPMI1640 medium containing L-glutamine (GIBCO-Invitrogen) 

Fetal Bovine Serum (FBS) Qualified (GIBCO- Invitrogen); thawed at 3rC, heat 

inactivated for 30 min at 56°C; 25 ml aliquots stored at -20°C. 
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Newborn Calf Serum (NCS) heat inactivated (GIBCO- Invitrogen); thawed at 3rC, 50 ml 

aliquots stored at -20°C. 

Penicillin-Streptomycin-L-glutamine (PS/G), 100x (GIBCO-Invitrogen); 5 ml added per 

500 ml of media for a final concentration of 1 OOU/ml penicillin, 100 f.lg/ml streptomycin, 

and 0.29 mg/ml L-glutamine; 5 ml aliquots PS/G stored at -20°C. 

Phosphate-buffered saline (PBS) pH 7.4 (GIBCO-Invitrogen) 

Hank's balanced salt solution (HBSS) (GIBCO-Invitrogen) 

0.25% Trypsin , 1x (GIBCO-Invitrogen catalog) 

Dimethyl sulphoxide (DMSO) (Sigma-Aldrich) 

Fico/1-Paque PLUS (GE Healthcare) 

Hygomycin B solution (GIBCO-Invitrogen); 50 mg/ml in PBS stored at 4°C 

Gentamycin sulfate (G418) (GIBCO-Invitrogen): reconstituted in water to 500 mg/ml. 

Sterile filtered through 0.2 f.lm syringe filter. Aliquoted and stored at -20°C. 

Puromycin (Sigma-Aldrich): reconstituted in water to 100 f.lg/ml. Sterile filtered through 

0.2 f.lm syringe filter. Aliquoted and stored at -20°C. 

Northern blot buffers and reagents 

1.5% agarose gel: Gels were made by dissolving 1.5 g agarose (Sigma) in 86.5 ml Dl 

H20 and then immediately adding 10 mi10X 3-(N-morpholino)propanesulfonic acid 

(MOPS) buffer and 3.6 ml 36.7% formaldehyde. 

Running buffer. Made by diluting 1 OX MOPS buffer (Sigma) with Dl H20. 
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Molecular-weight markers: Thermo Scientific* PageRuler* Plus Prestained Protein 

Ladder 10-250kDa (Fisher) (chemiluminescence) or Odyssey Protein Molecular Weight 

Marker (1 0-250 kDa) (0.5 mL) (Licor) 

10% polyacrylamide gel: For 10 ml (2 gels), 2.82 ml H20, 3.75 ml1 M Tris buffer pH 8.8, 

100 1JI10% SDS, 3.33 ml 30% (w/v) acrylamide (37.5:1) 0.8% bis-acrylamide (National 

Diagnostics), 50 IJI 10% ammonium persulfate (APS), and 10 IJI 1 ,2-

Bis(dimethylamino)ethane; N,N,N',N'-Tetramethyl-1 ,2-diaminoethane (TEMED). 

4% polyacrylamide stacking gel: For 10 ml (4 gels): 7.3 ml H20, 1.25 ml 1 M Tris buffer 

pH 6.8, 100 1JI10% SDS, 1.33 ml% (w/v) acrylamide (37.5:1) 0.8% bis-acrylamide 

(National Diagnostics), 50 IJI 10% APS, and 10 IJI TEMED. 

Precast gels: 10%, 12-well Mini-Protean SOX precast gels were acquired from Biorad 

(catalog #456-1035) . 

10X running buffer. For 1 L, 30.3 g Trizma base (Sigma) , 144 g glycine (Sigma) , 10 g 

sodium dodecyl sulfate (SDS) (Sigma), add ultra-pure H20 up to 1 L. Dilute 1 Ox buffer to 

make 1x buffer in ultra-pure H20 . 

25X transfer buffer. For 500 ml, add 18.2 g Trizma base (Sigma) and 90 g glycine 

(Sigma) and add ultra-pure H20 up to 500 mi. Let dissolve overnight. To make 1X 

transfer buffer, 10 ml 25X transfer buffer was diluted in 50 ml methanol (Sigma) with 

ultra-pure H20 up to 250 mi. 

Mason fractionation buffers and reagents 

Tris-acetate buffer. 50 mM tris-acetate pH 8, 100 mM K-acetate , 1 mM OTT (added 

immediately before use), 1 mM ATP (added immediately before use). 

22 



Triton X-100 buffer. 10 mM tris-acetate pH 8.0, 10 mM K-acetate, 1.5 mM MgCb, and 

0.1% triton X-1 00. 

DOC-Tween 40 buffer. 10 mM tris-acetate pH 8.0, 10 mM K-acetate, 1.5 mM MgCI2 , 

0.1% triton X-100, 0.5% deoxycholate (DOC), and 1% Tween 40. 

Multinuclear activation of a galactosidase indicator (MAGI) assay buffers and 

reagents 

MAGI fixative (500 ml): 1% formaldehyde/0.2% glutaraldehyde (13.5 ml 37% 

formaldehyde/4 ml gluteraldehyde/1 x PBS); stored in a glass bottle wrapped in 

aluminum foil at 4°C. 

5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside (X- gal) (EM Science catalog #9660); 

400 mg of X-gal was reconstituted in DMSO to 40 mg/ml and stored in 1 ml aliquots at -

20°C. 

MAGI staining solution (for every 1 ml), 950 J.!l PBS/20 J.!l 0.2M potassium 

ferrocyanide/20 J.!l 0.2M potassium ferricyanide/1 J.LI 2M MgCb/1 0 J.!l 40mg/ml X-gal. 

Cell lines 

HEp-2 cells (ATCC) were cultured in Opti-MEM with 2% FBS (GIBCO-Invitrogen). WT 

(TIAR +/+)and TIAR knockout (TIAR -/-)mouse embryonic fibroblast lines were a 

generous gift from Dr. Paul Anderson and have been described previously (140) . They 

were cultured in DMEM supplemented with 10% FBS. A549 cells (ATCC) were cultured 

in F-12K media supplemented with 10% FBS. Human embryonic kidney (HEK) 293T 

cells (ATCC #CRL-11268) were grown in complete DMEM High Glucose(+ 4.5 g/L D­

glucose, + L-glutamine) supplemented with 10% FBS, 100 U/ml penicillin (GIBCO-
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Invitrogen), 100 f.lg/ml streptomycin (GIBCO-Invitrogen), and 0.29 mg/ml L-glutamine 

(GIBCO-Invitrogen). The Hela (human cervical cancer) cell clone MAGI-CCR5 

(obtained from the AIDS Research and Reference Reagent Program), which has been 

engineered to express high levels of human CD4, CXCR4, CCR5, and multiple copies of 

integrated HIV-L TR-[3-gal reporter constructs driving the expression of [3-galactosidase 

([3-gal) that has been modified with a nuclear localization signal at its N-terminus (123, 

256) were propagated in DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 

j.Jg/ml streptomycin, 500 j.Jg/ml G418, 1 j.Jg/ml puromycin, and 0.1 j.Jg/ml hygromycin B. 

All cells were incubated at 3rC with 5% C02. 

Isolation and culture of primary MOMs 

Human peripheral blood mononuclear cells (PBMCs) were isolated from commercially 

prepared leukopacks (New York Biologies Inc.) by Ficoii-Paque Plus (Amersham 

Biosciences) density gradient centrifugation. Peripheral blood was diluted with an equal 

volume of HBSS and 30 ml was overlayed onto 15 ml of Ficoii-Paque Plus in 50-ml 

conical tubes. The gradients were centrifuged at 400 x g for 30 minutes at room 

temperature (rt) with the centrifuge break turned off. PBMCs, appearing as a dense, 

white band above the red blood cell and granulocyte layer, were collected with a pipette, 

washed three times with 50 ml phosphate buffered saline (PBS) interspersed with 

centrifugation to pellet cells (5 min each at 300 x g) in order to remove residual Ficoii­

Paque Plus, platelets, and red blood cells. PBMCs were used immediately for CD14+ 

monocyte isolation. Primary CD14+ monocytes were isolated from PBMCs using mouse 

anti-human CD14 monoclonal antibody (mAb)-conjugated magnetic beads and LS 

MAGS cell separation columns (Miltenyi Biotec) according to the manufacturer's 
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protocol. C014+ monocytes (6 x 105 cells/well in 12-well plates) were cultured in serum­

free RPM I for 30 min to allow monocytes to adhere to tissue-culture plastic. Serum-free 

medium containing non-adherent cells was removed by aspiration and fresh RPMI 

supplemented with 10% normal human AB serum, 10% FBS, 100 U/ml penicillin, 100 

f.lg/ml streptomycin, and 0.29 mg/ml L-glutamine was added to the cells. Monocytes 

were cultured for a period of eight days, during which they differentiated into MOMs. 

MOM phenotype was confirmed by flow cytometry. 

RSV stocks 

Wild-type (wt) RSV was strain A2, and all mutant viruses were based on this strain. To 

propagate virus, -80% confluent HEp-2 cells in 150 cm2 flasks were infected with RSV 

at a low multiplicity of infection (moi) of 0.01 in 10 ml Opti-MEM + 2% FBS. One to four 

hours post infection (pi), media was replaced with 20 ml fresh media. Media was 

changed every 36-48 hours. Once extensive syncytia formation was observed 

(approximately 3 days post infection for wt, Tr36, and 12 U/A viruses, and approximately 

five to six days post infection for LeC virus}, cells and supernatant were collected in 50-

ml conical tubes. Cell suspension was vortexed for ten seconds, sonicated for 30 

seconds, vortexed again for 10 seconds, and sonicated again for 30 seconds. Cell 

suspension was subjected to centrifugation at 300 x gat 4°C for 5 minutes. Supernatant 

was collected, aliquoted into sterile cryovial tubes, flash frozen in dry ice, and stored at -

80°C. To sucrose purify RSV, the virus suspension was pelleted through 30% sucrose 

onto a 60% sucrose cushion (sucrose w/v in 10 mM Tris, pH 8.1) by centrifugation at 

24,000 x g for 1 h at 4 oc. The white band at the 60/30% sucrose interface was 

collected, diluted approximately 1:10 in OptiMem supplemented with 50 mM HEPES 

and 100 mM MGS04 * 7H20, aliquoted, flash frozen in dry ice, and stored at -80 °C. 
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described previously (95). We acquired a myc-DDK-tagged open reading frame (ORF) 

DNA clone of homo sapiens dcp1 a (accession number NM_018403) under the control of 

the pCMV6 promoter from Origene (RC201330). 

RSV mutant virus rescue and growth 

The recombinant viruses were rescued as described previously (57). Briefly, HEp-2 

cells in 6-well plates were transfected with a mixture ofT? expression plasm ids 

containing the RSV N, P, L, and M2-1 ORFs and a fifth T?-expression plasmid encoding 

the appropriate RSV antigenome. The cells were co-infected with the MVA strain of 

vaccinia virus expressing T? RNA polymerase (269) and incubated in a C02 incubator at 

32 °C. Three days post-transfection, cells were scraped into the medium, vortexed, 

sonicated, and then pelleted by centrifugation. The supernatant was passaged onto 

fresh HEp-2 cells in 25 cm2 flasks and the flasks were incubated in a C02 incubator at 

37 oc. Virus was passaged in this way every 4-7 days until each virus stock had 

reached a titer equaling or exceeding 2x 106 plaque forming units (pfu)/ml, or for the 

number of passages indicated in the figures and results text. Virus stocks were flash 

frozen in aliquots and stored at -70 oc. Following rescue, each recombinant virus was 

analyzed by reverse-transcription and PCR amplification of the region spanning the end 

of the L gene to the 5' end of the genome to confirm the presence of the mutations. 

RSV multiple-step growth analysis 

HEp-2 cell monolayers in six-well plates were infected with each indicated virus at an 

moi of 0.01 pfu/cell. An aliquot of the inoculum was titrated to confirm that equivalent 
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titers of each virus were used to infect the cells. The virus was allowed to adsorb for two 

hours, after which the cells were washed and the inoculum was replaced with 1 ml of 

Opti-MEM containing 2% FBS and antibiotics and incubated for the indicated periods of 

time. At each indicated time point, the entire medium overlay was removed, clarified by 

low-speed centrifugation, snap-frozen and stored at -70 oc until completion of the 

timecourse. The cell monolayers were washed twice with PBS, and fresh medium was 

added to the culture and incubation continued. The virus titers were determined by 

plaque assay. 

RSV titration and plaque visualization 

Virus was allowed to adsorb to cells for two hours, after which the cells were overlaid 

with Opti-MEM containing 2% FBS and 0.8% methylcellulose and incubated at 37 oc for 

4-5 days. The cell monolayers were fixed with 80% methanol at 4 oc and then incubated 

with monoclonal antibodies specific to the RSV For N protein (Serotec), followed by 

sheep anti-mouse immunoglobulin (lg) G conjugated with horseradish peroxidase 

(HRP). Plaques were visualized by the addition of peroxidase solution substrate 4-CN 

(KPG). 

Mouse studies 

Balb/c female mice in groups of six (or five, where indicated in 

Figure 8) per time point, per virus were inoculated intra nasally under light anesthesia 

with 0.1 ml of Opti-MEM containing 105 5 pfu of Tr155, Tr57, Tr36, or LeC virus. At either 

3, 4, or 5 days pi the mice were sacrificed and the nasal turbinates and lungs were 

harvested. The virus titers in these tissues were determined by plaque assay and the 
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mean log10 pfu/g of tissue was calculated. The limit of detection in the upper and lower 

respiratory tracts was 2.0 and 1.7 log1o pfu/g , respectively. 

Northern blot analysis of viral RNAs 

Cells were scraped into medium and collected by centrifugation. The resulting cell pellet 

was resuspended in Trizol reagent (Invitrogen) and total intracellular RNA was purified 

following the manufacturer's instructions, except that the RNAs were further purified by 

extraction with phenol-chloroform and ethanol precipitation. RNA samples representing 

one-tenth of a well were analyzed by electrophoresis in a 1.5% agarose gel containing 

0.44 M formaldehyde, transferred to nitrocellulose and fixed by UV cross-linking ( 1200 

J/m2
). Duplicate blots were hybridized with a positive-sense probe toward CAT 

(minigenome study), or either negative-sense N-specific riboprobe or a positive-sense 

specific riboprobe (RSV Tr-mutant virus study), in a mixture of 6X SSC, 5X Denhardt's 

solution, 0.5% SDS, and 200 IJg of sheared DNA per ml at 65 oc for 20 h. The blots 

were washed in 2X SSC-0.1% SDS at room temperature for 30 min, then at 65 oc for 2 

h and then in 0.1X SSC-0.1% SDS for 15 to 30 min. RNA bands were quantitated by 

either phosphorimage quantitation using a Phosphor-Imager 445 Sl (Molecular 

Dynamics) or by NIH lmageJ analysis of scanned autoradiograms. 

5' RACE analysis of viral RNAs 

HEp-2 cells in six-well dishes were infected with LeC isolates at the passage number 

indicated in the Results section. At 48 h pi, total intracellular RNA was isolated, as 

described above. RNA representing one-tenth of a well of cells was annealed to a 

29 



positive sense, L-specific primer (5' GAGTGTTGTTAGTGGAGATATACTATC) and used 

as a template for Sensiscript reverse transcriptase (Qiagen) according to the 

manufacturer's instructions. The eDNA was purified and tailed with dATP using terminal 

transferase. The tailed product was amplified by PCR using a nested L-specific primer 

(5' ACTTATAAATCATAAGCATATGAACATC) and a primer that annealed to the dATP 

tail (5' GACCACGCGTTCGA TGTCGAC I I I I I I I I I I I I I I I I). A second round of PCR 

was performed using a nested L-specific primer (5' 

CAGATCAACAGAACTAAACTATAACCAT) to further amplify the product. The resulting 

DNA was sequenced using an L-specific primer. 

Immunofluorescence microscopy 

HEp-2 or TIAR knockout mouse embryonic fibroblasts seeded on coverslips in 12-well 

plates were either mock infected or infected with wt RSV or the Tr36, Lee or LeC 12U/A 

RSV mutant at the indicated moi. As a positive control for SG formation , mock infected 

cells were treated with 0.5 mM sodium arsenite for 30 min immediately prior to fixation . 

At 16.5 h pi , cells were fixed with 5% formaldehyde, 2% sucrose in PBS for 30 min, 

permeabilized with 0.5% lgepal , 10% sucrose in PBS for 20 min, and incubated with the 

indicated antibodies. Following washing in PBS, cells were incubated with isotype­

specific secondary antibodies labeled with Alexa Fluor 488 and Alexa Fluor 633, as well 

as 4' ,6-diamidino-2-phenylindole (DAPI). Cells were analyzed by fluorescence 

microscopy. 
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Transfections 

For plasm ids expressing proteins and/or minigenomes under the control of the T7 

promoter, monolayers of HEp-2 cells were transfected with Lipofectin reagent 

(Invitrogen) according to the manufacturer's instructions. Cells were concomitantly 

infected with the MVA strain of vaccinia virus expressing T7 RNA polymerase, except 

where noted. Six hours after transfection I infection, the media was replaced with Opti­

MEM plus 2% FBS. For plasm ids expressing proteins under the control of mammalian 

promoters, monolayers of HEp-2 cells were transfected using Lipofectamine 2000 

(Invitrogen) according the manufacturer's instructions. Media was replaced 6 hours post 

transfection. 

siRNA experiments 

Mixtures of siRNAs toward dcp1 or p54 (siGENOME Set of 4 MQ-006371-00-0002, 

Human DDX6, NM_004397, 2nmol x 4) were obtained from Dharmacon, Inc. and 

transfected into monolayers of HEp-2 cells using Dharmafect transfection reagents 

according to the manufacturer's directions. 

Antibodies 

The antibodies used in the experiments described are presented in Table 2. 

Table 2. List of antibodies. 

Primary antibodies used with immunofluorescence 

mouse anti-RSV N I Serotec (MCA490) 
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mouse anti-RSV F Serotec (MCA491 G) 

goat anti eiF311 Santa Cruz (sc-16377) 

goat anti-TIA-1 Santa Cruz (sc-1751) 

rabbit anti-dcp1 Abeam (ab47811) 

rabbit anti-p54 MBL (PD009) 

mouse anti-DDX6/p54 Abeam (ab54611) 

rabbit anti-Xrn 1 Santa Cruz (SC-98459) 

goat anti-CPEB Abeam (ab73287) 

Secondary antibodies used with immunofluorescence 

Alexa Fluor® 488 chicken anti-goat lgG 
Invitrogen (A-21467) 

(H+L) *2 mg/ml * 

Alexa Fluor® 488 chicken anti-mouse 
Invitrogen (A-21200) 

lgG (H+L) *2 mg/ml * 

Alexa Fluor® 488 goat anti-rabbit lgG 
Invitrogen (A-11008) 

(H+L) *2 mg/ml * 

donkey anti-goat lgG Alexa Fluor 633 Invitrogen (A-21 082) 

Alexa Fluor® 647 Goat Anti-Rabbit lgG 
Invitrogen (A-21244) 

(H+L) 

donkey anti-goat lgG Alexa Fluor 633 Invitrogen (A-21 082) 

Primary antibodies used with western-blot analysis 

rabbit anti-dcp1 Abeam (ab47811) 

rabbit anti-Xrn1 Santa Cruz (SC-98459) 

goat anti-edc3 Santa Cruz 
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goat anti-edc4 Santa Cruz 

rabbit anti-dcp2 Abeam 

goat anti-RSV Abeam 

rabbit anti-p54 MBL (PD009) 

mouse anti-p54 Abeam (ab54611) 

anti-G3BP BD Transduction (611126) 

goat anti-TIAR Santa Cruz (sc-1749) 

goat anti-TIA-1 Santa Cruz (sc-1751) 

goat anti eiF311 Santa Cruz (sc-16377) 

Phospho-p44/42 MAPK (Erk1/2) 
Cell Signaling Technology 

(Thr202/Tyr204) (D13.14.4E) XP® 
(4370P) 

Rabbit mAb 

p44/42 MAPK (Erk1/2) (137F5) Rabbit Cell Signaling Technology 

mAb (4695P) 

Phospho-p38 MAPK (Thr180/Tyr182) Cell Signaling Technology 

(D3F9) XP® Rabbit mAb (4511 P) 

Cell Signaling Technology 
p38 MAPK (D13E1) XP® Rabbit mAb 

(8690P) 

Phospho-SAPKIJNK (Thr183/Tyr185) Cell Signaling Technology 

(81 E11) Rabbit mAb (4511 P) 

Cell Signaling Technology 
SAPKIJNK (56G8) Rabbit mAb 

(4668P) 

Phospho-Erk5 (Thr218/Tyr220) Cell Signaling Technology 
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Antibody (3371 S) 

Cell Signaling Technology 
Erk5 (D23E9) Rabbit mAb 

(3552S) 

Secondary antibodies used with western-blot analysis 

HRP-conjugated anti-rabbit Santa Cruz (sc-2004) 

HRP-conjugated anti-mouse Santa Cruz (sc-2062) 

HRP-conjugated anti-goat Santa Cruz (sc-2384) 

Cell Signaling Technology 
Anti-mouse lgG (H+L) (Dylight 800) 

(5366S) 

Anti-rabbit lgG (H+L) (Dylight 680 Cell Signaling Technology 

conjugate) (5257S) 

Cell harvesting and western-blot analysis 

HEp-2 cells were lysed in 400 IJI (6-well plates) or 200 IJI (12-well plates) RIPA buffer 

(Boston Bioproducts) with protease inhibitors and HALT phosphatase inhibitors (Roche) 

according the manufacturer's instructions unless otherwise specified. Cells were 

incubated on ice for 10 minutes, after which supernatants were collected in 

microcentrifuge tubes, vortexed, and centrifuged at 16,000 x g for 10 minutes at 4°C. 

Unless otherwise specified, soluble fractions were collected and added to 2X Laemmli 

buffer (BioRad) with 0.1 M dithiothreitol (OTT). 

Samples were separated on 10% SDS polyacrylamide gels at 120 Volts for 

approximately 90 minutes in Tris-glycine-SDS buffer, and transferred to nitrocellulose in 

tris-glycine buffer containing 20% methanol for 3 hours at 30 Volts. Membranes were 

incubated in either TBS plus 5% milk or Odyssey blocking buffer overnight at 4°C. 
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Membranes were incubated with primary antibodies (1: 1000 unless otherwise indicated) 

in either TBS with 0.1% Tween-20 (TBS-T) and 5% bovine serum albumin (BSA) 

(chemiluminescence) or Odyssey blocking buffer with 0.1% Tween-20 (Licor) overnight 

at 4°C on a nutator. Membranes were washed in TBS-T for four times for 5 minutes at 

room temperature and 60 rpm. Membranes were incubated with appropriate secondary 

antibodies (1 : 1 0,000) at room temperature for one hour at 60 rpm and then washed four 

times as above. For chemiluminescence analysis, membranes were blotted with 

Kimwipes and exposed to 3 ml Western Lighting Chemiluminescence Reagent (Perkin 

Elmer) for one minute. Blots were exposed to Blue Basic Autorad Film (ISC Bioexpress) 

for varying times (generally 30- 90 seconds). For Licor analysis, membranes were 

rinsed in TBS and read with the Licor Odyssey reader. Protein bands were quantified by 

measuring fluorescence intensities. 

Mason fractionation technique 

HEp-2 or A549 cells were mock infected or infected with RSV (moi =5). Media was 

changed one hour pi. Eighteen hpi , cells were washed twice with PBS and lysed with 

Tris-acetate buffer. Cells were passed through an 18-guage needle 10 times, and 

incubated on ice for 10 minutes. Samples were centrifuged at 24,000 x gat 4°C for 10 

minutes. Soluble fractions were collected (S 1 ). Insoluble fractions (P1) were 

resuspended in Triton X-1 00 buffer and passed 10 times through an 18-guage needle. 

Samples were incubated on ice for 10 minutes and then centrifuged at 24,000 x gat 4°C 

for 10 minutes. Soluble fractions were collected (S2). Insoluble fractions (P2) were 

resuspended in DOC + Tween 40 buffer and passed 10 times through an 18-guage 

needle. Samples were incubated on ice for 10 minutes and then centrifuged at 24,000 x 

g at 4 oc for 10 minutes. Soluble (S3) and insoluble (P3) fractions were collected. 

35 



MAGI Assay 

Integration of HIV-1 into P4 or MAGI-CCR5 cells (327) leads to production of the viral 

transactivator, Tat, which binds the HIV-1 L TR and activates expression of the!'­

galactosidase gene in the nucleus. Individual infected cells or syncytia (cells that have 

fused and contain multiple nuclei) are counted in situ with a light microscope by virtue of 

their blue color after incubation with the 13-gal substrate X-gal. The following describes 

the basic protocol performed in order to assay viral infectivity of viral stocks or 

experimental samples. MAGI-CCR5 cells were plated at 1 x 104 cells per well of a 96-

well flat-bottom plate in DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 

IJg/ml streptomycin, 500 IJg/ml G418, 1 IJg/ml puromycin, and 0.1 IJg/ml hygromycin B. 

On the next day, cells were infected by removing the medium from each well and 

replacing it with virus containing sample in a total volume of 50 IJI. After 4 h, medium was 

removed by aspiration, wells were washed twice with PBS, and 100 IJI of medium was 

added. Two days later, the medium was removed and the monolayer was fixed at rt with 

a solution of 1% formaldehyde/0.2% glutaraldehyde in PBS for 5 min. The cells were 

then washed three times with 200 IJI of PBS to remove the fixative and incubated for 1 h 

at 3rC in 100 IJI of staining solution (4 mM potassium ferrocyanide,4 mM potassium 

ferricyanide, 2 mM MgCI2, and 0.4 mg X-gal per ml). The reaction was stopped by 

removing the staining solution and washing the cells twice with 100 IJI of PBS. Cells 

were examined under the light microscope and those with dark blue nuclei were counted 

as positive for virus infection. The number of cells that stain positive for !3-gal activity in 

situ is directly proportional to the number of infected cells. 
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to experiment and were adjusted as necessary to lie within the linear range of detection. 

The plate was incubated 2 hat 3rC and washed six times with ELISA washing solution . 

Primary mouse monoclonal HIV-1 p249a9 Ab (clone 183-H12-5C; AIDS Research and 

Reference Reagent Program, Germantown, MD) was added to each well (1 00 ).!1/well; 

13.125 ).!1 Ab per 10.5 ml ELISA diluent; 1.25 ).!g/ml final concentration) and the plate 

was incubated for 1 h at 3rC. The plate was washed six times with ELISA washing 

solution and 100 ).!1 of secondary Ab (goat anti-mouse horseradish peroxidase [HRP]; 

A2554; Sigma) in ELISA diluent (1 :70,000 dilution) was added to each well. The plate 

was incubated for 1 hat 3r, washed six times with ELISA washing solution using the 

plate washer, and 100 ).!1 of detection solution (equal volumes of TMB Peroxidase 

Substrate and Peroxidase Solution; KPL, Gaithersburg, MD) was added to each well. 

The color reaction was stopped by adding 100 ).!1 of 2M/4N H2S04 just when the lowest 

standard dilutions were beginning to have a hint of blue, typically 20 m after addition of 

detection solution. The plate was read immediately at 450nm in a microplate reader. 

Dcp1 mutagenesis 

We acquired a myc-DDK-tagged open reading frame (ORF) DNA clone of homo sapiens 

dcp1 a under the control of the pCMV6 promoter from Origene (RC201330). This 

construct was subjected to mutagenesis to generate constructs in which S315, S319, 

T321 , or all three residues (Triple A) were replaced with alanine in order to prevent 

phosphorylation of the residues of interest using a Agilent Quickchange II site-directed 

mutagenesis kit according to the manufacturer's directions. The primers used were as 

follows (5' to 3'): 
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S315A forward: ctacacaatcccgttggcccctgttctcagtccc 

S315A reverse: gggactgagaacaggggccaacgggattgtgtag 

S319A forward: ttgagccctgttctcgctcccactctgccagc 

S319A reverse: gctggcagagtgggagcgagaacagggctcaa 

T321 A forward: cctgttctcagtcccgctctgccagctgaag 

T21 A reverse: cttcagctggcagagcgggactgagaacagg 

Triple A: cacaatcccgttggcccctgttctcgctcccgctctgccagctga 

Triple A reverse: tcagctggcagagcgggagcgagaacaggggccaacgggattgtg 

The resultant constructs were subcloned using digestion with Xholl and Hindi and 

ligation into the original backbone using the NEB Quick Ligation Kit according to the 

manufacturer's directions, and sequenced to confirm amino-acid-sequence. 
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Chapter 1: The Relationship between RSV and Stress Granules 

Chapter 1 Introduction 

Stress granules 

As described briefly in the Introduction, stress granules are cytoplasmic aggregates that 

form in response to several types of environmental stress. Canonical stress granules 

contain stable, translationally silent mRNAs, certain translation initiation factors (e1F4E, 

eiF4G, e1F4A, eiF4B, eiF3, eiF2, poly-A binding protein (PABP)), the small ribosome 

subunits (115, 116, 267), and key RNA-binding proteins (T-cell-restricted intracellular 

antigen 1 (TIA-1 ), T-cell-restricted intracellular antigen related protein (TIAR), and 

GTPase activating protein (SH3 domain) binding protein (G3BP1)) (116, 249). Many 

other proteins have been found in stress granules, and the composition of stress 

granules varies widely depending on the stressor, cell type, and environmental factors 

(92, 197). Stress granules are thought to be repositories for mRNAs and initiation 

complexes during times of stress where mRNAs can either be released for active 

translation on free polysomes once the stress is removed, or shuttled to degradation 

machinery (113). 

Known stress-granule pathways 

While the mechanisms of stress-granule assembly are largely unknown, several 

pathways directing stress-granule formation have been described. Typically, stress 

granules are assembled following phosphorylation of eukaryotic translation initiation 

factor 2a (eiF2a) by protein kinase R (PKR), protein kinase RNA-like endoplasmic 

reticulum kinase (PERK), general control nonderepressible 2 (GCN2), or heme­

regulated inhibitor (HRI) kinases (113, 116, 156); however, phosphorylation of eiF2a is 
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not a strict requirement for stress-granule induction. For example, stress-granule 

formation can result from the inhibition of eiF4A RNA helicase independently of eiF2a 

phosphorylation (20, 67, 122, 154, 158, 198). Of note, a number of viruses are known to 

activate PKR (generally by double-stranded RNA intermediates) and/or PERK during 

infection, which could induce stress-granule formation (51). Neither HRI nor GCN2 

activation has been significantly associated with virus infection. 

Stress granule relationships with other viruses 

Stress responses play an important role in regulating mRNA fate during environmental 

stress and generally result in drastically reduced or altered host-gene expression, which 

would likely prove deleterious to viruses that depend on tightly regulated host-cell 

homeostasis and host-cell translation machinery in order to propagate. It therefore is not 

surprising that a large number of viruses have evolved to subvert or block certain 

aspects of the cellular stress response. 

Several viruses (mammalian orthoreovirus, Semliki Forest virus, hepatitis C virus, and 

poliovirus) induce stress-granule formation early during infection, but inhibit stress­

granule formation during intermediate and late phases of infection. Other viruses (Junin 

virus, rotavirus, cardiovirus, West Nile virus, dengue virus, cricket paralysis virus, herpes 

simplex virus 1, HIV-1, HTLV-1, and influenza A virus) inhibit stress-granule formation 

throughout infection. On the other hand, some viruses are reported to tolerate (mouse 

hepatitis coronavirus and vaccinia virus) or even benefit from (transmissible 

gastroenteritis virus) stress-granule formation during infection. Table 3 provides a 

summary of known mechanisms through which these viruses prevent, manipulate, or 

exploit host stress responses (267). 
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Table 3. Phenotypes of virus-stress granule interactions. Adapted from White et 

al., 2012 (267). 

Virus Phenotype Ref. 

Viruses that prevent stress-granule formation 

throughout infection 

Nucleoprotein N and/or 

glycoprotein precursor GPC 

Junin virus inhibit eiF2a phosphorylation (144) 

and arsenite-induced stress 

granules 

Sendai virus Tr region binds 

Sendai virus TIAR and prevents stress- (103) 

granule formation 

RV infection induces 

extended eiF2a 

phosphorylation but not 

Rotavirus stress-granule formation; (172) 

infection can prevent 

arsenite-induced stress 

granules 

Does not induce stress 

Cardiovirus granules; leader protein (32) 

inhibits stress granules by 
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exogenous stress 

TIA-1 !TIAR interaction with 

West Nile and viral 3'-terminal stem-loop 

dengue virus structure inhibits stress-

granule formation (74) 

Prevents canon ical stress 

granules by preventing Rox8 
Cricket 

and Rin (homologues of TIA-
paralysis (119) 

1 and G3BP, respectively) 
virus 

from aggregating in stress 

granules 

Virion host shutoff protein 

Herpes mediates TIA-1 localization to 
(68) 

simplex 1 cytoplasm from nucleus, but 

not to stress granules 

HIV Gag interacts with 

stress-granule protein 

Staufen 1 to form 

encapsidation-destined 
HIV-1 (1) 

ribonucleoprotein complexes 

instead of translationally 

silenced ribonucleoprotein 

complexes 
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Inhibits stress granules 

through Tax protein 

HTLV-1 interaction with histone (136) 

deacetylase 6 protein 

(HDAC6) 

Infection with W mutants 

that lack the dsRNA-binding 

protein E3L form antiviral 

Vaccinia virus stress-granule-like bodies (224) 

associated with PKR 

activation and reduced viral 

replication 

NS1 protein blocks eiF2a 
Influenza A 

phosphorylation and stress- (118) 
virus 

granule formation 

Virus that induce stress granules early during infection, 

and subvert stress granules late in infection 

Stress-granule formation 

induced by cell entry; 

Mammalian inhibited as infection 
(198) 

orthoreovirus progresses; inhibits stress 

granules in response to 

arsenite 
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Induces eiF2a-

phosphorylation-dependent 

stress granules early in 

infection; stress granules 
Semliki 

correlate with host translation (158) 
Forest Virus 

shutoff; SFV infection 

prevents formation of stress 

granules by exogenous 

stressors late in infection 

Induces stress granul.es early 

in infection; inhibits stress 

Hepatitis C granules late in infection by 
(20) 

virus recruiting stress granule 

proteins to viral replication 

factories 

Stress granules induced early 

in el F2a-phosphorylation-

independent manner, 

correlated with translation (154)) 

Poliovirus shutoff; later stress-granule (265) (197) 

prevention due to virus- (266) 

mediated G3BP cleavage 

that unlinks TIA-1 aggregates 

from stalled initiation 
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