
 

 

ABSTRACT 

 

RIBEIRO, MARIANA TAVARES. Deletions of Sindbis Virus E2 Endodomain Affect Virus 
Assembly and Identify the Virus Membrane as a Determinant of Host Range. (Under the 
direction of Dr. Dennis T. Brown). 
 

 Sindbis virus is the prototype of the Togaviridae family, Alphavirus genus. 

Alphaviruses are transmitted among birds and mammals by blood sucking insects and in 

nature, can infect both mammalian and insect cells. Some of the least understood events in 

Sindbis virus assembly occur during the reorientation of the E2 tail from the cell membrane 

and association with the nucleocapsid (NC) to initiate envelopment.  The E2 tail contains a 

non-conserved K 391; deletion results in a host range mutant (HR) ΔK391, restricted to 

growth in mosquito cells.  The HR phenotype of ΔK391 was investigated as were functions 

of a conserved R 393 and a non-conserved R 394 of the E2 tail in virus assembly.  Deletion 

of one or both R 393, 394 (ΔR393, ΔRR393/394) did not disrupt protein synthesis, 

processing or transport to the plasma membrane, however, for the ΔRR393/394 mutant, 

attachment to NC was severely disrupted. The ΔR393, ΔRR393/394 deletions reverted to 

wild type (WT) when grown in BHK cells. Reversions of either ΔR393, or ΔRR393/394 

mutants did not occur in mosquito cells.  Reversion of the ΔK391 mutant in BHK cells did 

not revert to WT but acquired compensatory mutations within the E2 transmembrane domain 

(TMD).  The data indicate that the sequence element responsible for withdrawal of the E2 tail 

is the conserved Y 400. In BHK cells there is selective pressure to maintain the length but not 

the sequence of the E2 TMD.  The host membrane is a major determinant of host range. 

These data extend the current knowledge of the dual nature of the Sindbis virus genome, the 



 

 

differential expression of certain motifs in mammalian and insect hosts and the functional 

and temporal hierarchy of these motifs. 
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CHAPTER 1 

 

Introduction 

 

 The archetypal alphavirus Sindbis is an established prototype for the study of 

assembly of an icosahedral enveloped virus. Sindbis virus is recognized as an insect virus 

that adapted to infect vertebrates, being able to proliferate in both vertebrate and invertebrate 

cells.The virus structure is coordinated into T=4 symmetry determined by the viral 

nucleocapsid (Ferreira et al., 2003; Paredes et al., 1993).  The viral structural proteins are 

synthesized as a large polyprotein in the order 5’ C, PE2 (E3 +E2) 6K and E1 (Liljestrom and 

Garoff, 1991).  Upon autoproteolytic cleavage of capsid, the remaining protein is 

incorporated into the lumen of the ER as a multipass polyprotein containing six 

transmembrane domains (TMD) as shown in Figure 1 A (Liljestrom and Garoff, 1991).  

Envelopment of the nucleocapsid with E1/E2 heterotrimers embedded in the host plasma 

membrane is organized by the underlying T=4 core (Ferreira et al., 2003; Paredes et al., 

1993; VonBonsdorff and Harrison, 1978).  The outer glycoprotein layer interacts with the 

nucleocapsid via a 1:1 stoichiometric interaction between the E2 endodomain and capsid 

protein in a coordinated reaction across all 240 capsid proteins.   The E2 endodomain is a 

multifunctional peptide and performs critical functions in a sequential manner.  The first 

function is to topologically orient the 6K protein during translocation into the lumen of the 

ER and provide a stop transfer signal using TMD 3 (Liljestrom and Garoff, 1991) (Fig. 1 A). 

After incorporation of the polyprotein into the lumen of the ER, signalase processes the 

precursor allowing the formation of heterodimers of E1 and PE2 (Fig. 1 B).   
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 This second TMD of E2 (domain 3 in Fig. 1) is later withdrawn from the membrane 

as one of the final steps in maturation and is critical to virus assembly (Fig. 1 B). Withdrawal 

of the E2 tail is by an unknown mechanism but may involve phosphorylation and 

dephosphorylation of T398 and Y400 (Liu et al., 1996; Liu and Brown, 1993b). Once 

withdrawn, binding of the nucleocapsid to the E2 tail is a two-step process initiated by the 

recognition of specific amino acid sequences found in the carboxyl terminus of the E2 

endodomain (Liu et al., 1996; Liu and Brown, 1993a, b; West et al., 2006) a hydrophobic 

domain in the capsid protein (C) and organization of the endodomain within a hydrophobic 

cleft of C (Lee et al., 1996). This initial binding is followed by a second tight association 

between a conserved TPY motif at the amino terminus of E2 and the capsid protein binding 

pocket which extends from C amino acid (aa) 170-250 (Lee et al., 1996) and could include C 

aa 256 and C aa 182 (Ryan et al., 1998b).  The E2 endodomain consisting of 33 amino acids 

(Fig. 2) has been extensively mutagenized by substitution [reviewed in (West and Brown, 

2006)] and while many of the substitutions showed some drop in titer only an I aa 408  to A  

substitution (West et al., 2006), substitution of both C aa 416 and C aa 417 (Ryan et al., 

1998a) or substitutions at L aa 402 showed any significant drop in titer when grown in BHK 

cells (Owen and Kuhn, 1997).  Further analysis of this region used deletion mutagenesis to 

produce a more profound effect on assembly (West et al., 2006).  Using this approach a 

mutant virus containing a double deletion of AV aa 406/407 resulted in a drop in titer by two 

orders of magnitude (107 pfu/ml) compared to the wild type virus (109 pfu/ml).  Larger 

deletions of PTS aa 409-411 and LLCC aa 414-417 completely disrupted virus production 

and assembly of the polyprotein (West et al., 2006).   
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 The conserved Y at aa 400 has been shown to be critical to virus assembly and 

infectivity as has the region of the endodomain from K aa 391 to Y aa 400 (Hernandez et al., 

2000; Liu et al., 1996).  Deletions or insertions at position 391 were found to be crucial for 

efficient virus budding (Hernandez et al., 2005) and deletion of the K at aa 391 has been 

shown to be involved in a function which defines host range (Hernandez et al., 2000).   To 

continue to map the functions of the sequence motifs within the E2 tail this study sought to 

investigate the importance of the conserved R at aa 393 and the R at aa 394 as well as 

determining the mechanism responsible for the expression of the ΔK391host range 

phenotype. The mutants ΔR393 and ΔRR393/394 were constructed to determine the function 

of the conserved R393 and non-conserved R394 during virus assembly. It was of interest to 

determine how this motif was involved in the E2 endodomain association with the 

nucleocapsid and/or if it was involved in the reorientation of the tail.   The arginines at aa 

393/394 were deleted as a single (ΔR393) and double deletion (ΔRR393/394). To determine 

what functions of the aa at position 391 within the E2 tail determine host range, revertants of 

the ΔK391 mutant (Hernandez et al., 2000) were isolated from BHK cells. 
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Figure 1: E2 protein endodomain. In (A) is shown the topological organization of the Sindbis virus 

multipass polyprotein in the ER after the autocatalytic removal of the capsid protein. The polyprotein 

contains 6 transmembrane domains (numbered).  Signal peptidase will process PE2 and E1 from 6K 

as indicated by the solid head arrows. Heterotrimers of PE2 and E1 form in the endoplasmic 

reticulum (ER) prior to export to the Trans Golgi Network (TGN).  PE2 will be processed to E3 and 

E2 in the Golgi by furin protease as shown in (B) which is a cartoon of the E1/E2 heterodimer, prior 

to extraction of the E2 tail.  This event happens at or prior to transfer of the complex to the plasma 

membrane by an unknown mechanism. (Whitehurst et al., 2006). 
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Results 

 

Phenotypic analysis of E2 tail deletion mutants 

 

 The mutant ΔR393 was constructed to determine the function of this conserved amino 

acid in the E2 endodomain (Figure 2).  A second R at position 394 was also deleted creating 

the mutant ΔRR393/394 (Figure 2).  It is not possible to construct ΔR394 since the deletion 

of a single R in this position results in the same mutant named for the sequential position; 

393.  The second mutation was constructed to eliminate the possibility that the second R 

could compensate for removal of the first. The titers of the ΔR393 and ΔRR393/394 mutants 

are shown in Figure 3.  The single R deletion produced ~105 pfu/ml of virus from either BHK 

or mosquito U4.4 cells.  The double R deletion (ΔRR393/394) reproducibly produced 

slightly more virus from BHK and U4.4 cells than the single deletion, this result was 

unexpected. Both wild type (WT) viruses Y420 and SVHR produced 109 and 1010 pfu/ml of 

virus respectively from either BHK or U4.4 cells (Liu and Brown, 1993b).  Relative to the 

wild type control processing of the structural polyprotein displayed wild type levels of 

precursor and mature proteins in both ΔR393 and ΔRR393/394 mutants (data not presented).  

Both of these mutants were able to deliver heterotrimers to the plasma membrane as 

measured by fusion from within (Table 1).  While both the ΔR393 and ΔRR393/394 mutants 

produced less fusion (70 and 80% compared to wild type) this result suggests that this might 

be due to less protein exposed at the plasma membrane. This could result from impaired 

trafficking of the mutant E2 proteins which are involved in movement of the heterotrimers to 

the cell surface (Carleton et al., 1997).  



 

6 

 However  30% and 20% less protein expressed at the plasma membrane for ΔR393 

and ΔRR393/394 respectively, could not explain the ~ 5 orders of magnitude reduction in 

virus titers.  This result suggests that some other defect in virus assembly resulted in the 

observed phenotypes. Other mutants within the E2 tail have been shown to display 

phenotypes which alter the morphology of the particles (Hernandez et al., 2005; Ivanova and 

Schlesinger, 1993; Ryan et al., 1998a), alter the ability of the virus to bind nucleocapsids 

(Ryan et al., 1998b), or fail to retract the tail from the membrane (Liu et al., 1996).  To 

investigate if ΔR393 and ΔRR393/394 produced aberrant particles, the ultrastructure of 

infected cells was determined. 

 

 

Table 1. Fusion from within of infected BHK cells 

 Relative fusion of the ΔR393 and ΔR393/394 mutants.  Compared to the wild type control, 

the mutants’ ΔR393 and ΔR393/394 displayed 70% and 80% fusion respectively compared to WT 

virus, indicating that glycoprotein complexes are found at the plasma membrane in sufficient 

quantities for virus production. 

 

Virus SVHR ΔR393  ΔRR393/394  

Fusion (% WT control) 100% 70% 80% 
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Figure 1.2: Sequence of the E2 tail. The E2 tail is multifunctional with overlapping domains 

affecting structure and function.  The 33 amino acid sequence is shown.  The double arrowhead above 

amino acids 410-420 depicts the region of the tail which contains TMD 3 in addition to the remaining 

residues of the E2 tail as depicted in Fig. 1 B above. The boxed region was shown to be the region 

involved in the initial binding of E2 tail to the nucleocapsid.  The sequence LAPNA was found to be 

nonessential for virus assembly and represents a nucleotide sequence repeat. Tyrosine 400 (circled) is 

completely conserved and is a substrate for phosphorylation.  The second E2 tail binding region is 

located at the NH2 terminus and contains a non-conserved K (circled) which is a position which 

defines one type of host range mutant. The sequences of the ΔR393 and ΔR393/394 mutants are 

shown as designated. 
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Ultrastructural analysis 

 

 To further assess the nature of the defect the R deletion mutants expressed, the 

ultrastructure of infected BHK cells was analyzed to determine the effect on virus assembly.  

In Figure 4 (A) BHK cells are shown infected with SVHR.  Virus particles are seen bound to 

the plasma membrane and appear in various states of envelopment (budding, arrowheads).  

By contrast, shown in Figure 4 (B) is a BHK cell infected with the ΔRR393/394 mutant.  

While particles are visible, they appear aggregated with no individual particles seen.  Figure 

4 (D) is a similar preparation of a ΔR393 infected BHK cell.  These cells appear to 

accumulate more nucleocapsids in the cell cytoplasm, and some are seen bound to 

membranes (data not presented).  The most interesting ultrastructural feature seen in the 

ΔR393 infected BHK cell (Fig. 4C) is the accumulation of electron dense masses within the 

nucleus.  Immunogold labeling using anti capsid Ab, of a smaller area of electron density 

within the nucleus revealed that the structures contained capsid protein. These types of capsid 

structures have not been reported for any alphavirus mutant.  These structures however, 

suggest a unique mechanism for the lack of infectious virus made by the ΔR393 mutant.  A 

double substitution within the E2 tail, T398A/Y400N failed to withdraw the tail from 

modified membrane displaying unbound nucleocapsids in the cytoplasm (Liu et al., 1996).  

The mutant ΔK391, also displayed free nucleocapsids within the cytoplasm but was shown to 

withdraw the tail from the membrane revealing a second phenotype, mutants which withdraw 

the tail from the membrane but are otherwise impaired in binding nucleocapsids (Hernandez 

et al., 2000).   
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 Using the method to assay for extraction of the E2 tail (Liu and Brown, 1993b), the 

ΔRR393/394 and ΔR393 mutants were found to extract the tail (data not presented) again 

demonstrating that the tail must be extracted for particle formation.  In this study we have 

identified other phenotypes which result from deletion of the RR393/394 residues.  The 

deletion of a single R393 results in the maturation of virus particles which are noninfectious 

(particle/pfu = 3.4 x 10 7) (Figure 3). This mutation results in virus particles which appear to 

be defective in the fission reaction required for release from the cell surface and emerge as a 

bolus of virus at the cell periphery (Figure 4B).  Deletion of both RR393/394 resulted in a 

unique phenotype.  In addition to the production of large amounts of noninfectious virus, 

BHK cells infected with this mutant contained structures not normal to infected mammalian 

cells.  The nuclei of these cells were filled with electron dense material and the cytoplasm 

was highly vacuolated.  Labeling of the cells with anti-capsid gold labeled beads suggested 

that the condensed electron dense material was capsid protein. Although the beads are found 

in a diffuse manner over the dense material, the lack of more Ab binding could result from 

denaturation of the capsid protein.   
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Figure 1.3:  Observed virus titers. Virus titers as determined by plaque assay on BHK from virus 

grown in BHK or mosquito U4.4 cells are shown.  Solid lines show the titers from BHK cells while 

the hatched bars represent the titers from U4.4 cells.  The mutant ΔR393 grew to a titer of ~ 105 

pfu/ml virus from both BHK and U4.4 cells.  The ΔR393/394 reproducibly made 5 fold more virus 

from both BHK and U4.4.  Both wild type strains Y420 and SVHR produced 109 and 1010 pfu/ml 

respectively.  
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Analysis of ΔR393 and ΔRR393/394 deletion revertants  

 

 To determine if the ΔR393 and ΔRR393/394 deletion phenotypes were the result of a 

specific requirement for R at position 393, or the result of some other structural requirements, 

revertants of both mutants were isolated by serial passage of individual plaques and 

amplification in BHK cells until the titer returned to the wild type value (109 pfu/ml).  The 

ΔR393 mutant required 3 rounds of infection to revert, while the ΔRR393/394 virus required 

4 rounds of infection.   The plaque morphology of the mutants changed from pinpoint, jagged 

plaques to large plaques.  Of the 10 plaque-purified viruses sequenced 7/10 plaques showed 

the wild type CGC CGT (RR 393/394) coding sequence, one virus acquired a L → G change 

at position 415 (WT sequence shown in Figure 5).  The double deletion reverted first to 

contain a single R at 393/394 and then acquired the second R. All the plaques were made 

from mutants in the original E2 420 SANA wild type background to eliminate the possibility 

of strain Y420 (YANA) contamination. The Y420 strain is used for determination of the tail 

orientation (Liu and Brown, 1993b). The conclusion from these data is that the R at position 

393 is required for efficient tail association with the capsid and an efficient fission/release 

reaction and that the RR motif, although not conserved is favored in Sindbis virus.  Of 

interest is that neither of these R mutants was seen to revert when grown in mosquito U4.4 

cells after 6 passages.    
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Figure 4. Ultrastructure of infected BHK cells infected with wild type virus and ΔR393 and 

ΔRR393/394 mutants.  In (A) is shown wild type virus budding as discreet particles from the 

cell surface (arrows).  In B is shown a bolus of mutant ΔRR393/394 seen in association with 

the cell exterior (arrow).  In (C) the mutant ΔR393 is shown. This mutant, ΔR393 displayed a 

unique phenotype with large areas of electron dense inclusions found within the nucleus 

(arrow).  In (D) is shown a higher magnification of the ΔR393 mutant immunogold-labled 

with anti-C Ab (beads shown with arrowheads).  A less dense inclusion was chosen to 

facilitate the visualization of the gold beads. This labeling suggests that the inclusions are 

composed of capsid protein. Bars = 500nm.  
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Analysis of revertants and compensatory mutants of the ΔK391 mutant 

 

 To expand our knowledge of single deletion revertants in the E2 endodomain, and to 

determine the genetic requirements of the host range phenotype of the ΔK391 mutant, 

revertants of this virus from BHK cells were also isolated and evaluated. Plaques of ΔK391 

were isolated from BHK cells as described for the R mutants, converted to cDNA and 

sequenced.  Revertants of this virus from U4.4 cells were not isolated because this mutant 

grows to wild type titer in these cells and is a host range mutant.  The isolated revertant 

sequences are shown in Figure 5.  Four compensatory mutations were isolated from passage 

of the ΔK391 in BHK cells with all revertants acquiring an additional amino acid within the 

TMD of E2.  The first compensatory mutation (CM) was found with S inserted between T 

383 and M 384 (CM1).  CM2 acquired an I between I at position 380 and G at aa 381.  CM3 

and 4 both had acquired A between A at aa 377 and M at position 378 with CM3 containing 

an additional substitution of C→S within the E2 tail at position 396.   These compensatory 

insertions resulted in the C at position 390 assuming the position of the original K residue at 

position 391, located at the junction between the TMD and the E2 tail, that is; C 390 was 

now shifted to C 391.  These results strongly support the hypothesis that the specific aa 

which is located at position 391 in the Sindbis virus E2 endodomain is not essential for 

assembly or infectivity from or in insect cells.  The observation that reestablishment of the 

length of the E2 tail was achieved by insertions into the TMD suggests that the primary 

function of this domain occurs prior to virus budding.  It is possible that the primary function  
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of the TMD length is required during the topological organization of the polyprotein and is 

the primary requirement to regain wild type levels of virus production and is independent of 

reversions or compensatory mutations within the E2 tail.   

 

 

 

Figure 5.  Revertants of ΔK391. Shown in the line designated WT is the wild type sequence of the 

E2 TMD in light grey and underlined (arrowhead labeled TMD) and the E2 tail in dark grey (labeled 

with the double arrowhead labeled E2 tail).  The non-conserved K is found at the junction of these 

domains. The sequence of ΔK391 is shown with A in the position 391.  Compensatory mutations are 

shown in black. CM1 resulted in the insertion of an S 384 in the TMD.  CM2 resulted from the 

insertion of I at 381.  CM3 and CM4 both had an A insertion at position 376, with CM3 

demonstrating a substitution of C→S at position 396. 
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Discussion  

 

 With the exception of four amino acids E395, (P409, L412 and L415 completely 

conserved) every amino acid in the E2 tail has been mutagenized.   What we can conclude 

from these collective studies is that 1) S420 can be substituted with a small effect of 

processing of the tail by signalase (Liu and Brown, 1993b). 2) Nucleocapsid recognition is 

not determined by any one specific amino acid but by the 18 amino acid carboxyl terminal 

amino acid sequence (West et al., 2006).  3) While several L402 substitutions were found to 

severely impact virus production (Owen and Kuhn, 1997), while deletion of the region L402-

A406 did not significantly affect virus production (Liu et al., 1996)  is a region of nucleotide 

direct repeat (Zhao et al., 1994) and is redundant for virus assembly.  Small deletions in the 

Sindbis virus E2 TMD were found to be more deleterious than large deletions suggesting 

disruption of the structure within this domain (Hernandez et al., 2003). Taken together these 

data suggest that the requirement at E2 aa 402 is for an aliphatic amino acid which is perhaps 

required to assume the correct structure for nucleocapsid association with the tail but occurs 

in a redundant region of the tail. Thus far, the only mutant identified which fails to withdraw 

the tail from the membrane has been T398A/Y400N which removes two possible 

phosphorylation sites, proposed to be involved in tail extraction (Liu et al., 1996; Liu and 

Brown, 1993a, b). Both T398 and Y400 can be substituted singly by T→A or by Y→F 

however, only the Y→F mutation resulted in a drop in titer (Zhao et al., 1994). Thus it 

appears that only one phosphorylation site is required for the 

phosphorylation/dephosphorylation events which are thought linked to extraction of the E2 
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tail. In addition, by the process of elimination and because E395 is not conserved and would 

not be expected to participate in such a specific reaction it can be hypothesized that Y 400 is  

an essential motif for extraction of the E2 tail. This is not a new proposal for the function of 

Y400 (Zhao et al., 1994).  Kinase or phosphatase activities have not been reported for 

Sindbis virus proteins (Waite et al., 1974) which suggests that the phosphorylation and 

dephosphorylation activity must result from modifications made by the host cell.  

Additionally there is no known report of an equivalent reorientation of a hydrophobic domain 

of a membrane glycoprotein from the plasma membrane bilayer for other membrane proteins. 

One important finding of this study was that the mutant ΔK391 acquired compensatory 

insertions within the E2 TMD and not the E2 tail, the original site of the deletion. It is 

interesting to note that in the case of ΔK391 insertion of various amino acids were found at 

different positions in the E2 TMD which served to reestablished the correct number of amino 

acids (length) to the E2 endodomain and suggests that the simplest mechanism to restore the 

function of the tail was by inserting an amino acid into the TMD. These data provide 

evidence that the amino acid at position 391 at the junction of the E2 tail and TMD can 

function as a part of the TMD in mammalian cells in which the membrane is thicker.  

Conversely, in insect cells the amino acid at position 390 (originally in the TMD) may 

function as a component of the E2 tail thus reestablishing the length of the tail while 

retaining sufficient length in the TMD to maintain structural stability within the thinner 

insect membrane, allowing assembly (Hernandez et al., 2000).  In the mammalian host the 

TMD length requirements may be more stringent during polyprotein integration into the 

membrane during protein maturation, while not as crucial for protein maturation in the 
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mosquito host. These data provide genetic evidence that the host cell membrane itself is a 

determinant of host range. For the RR 393/394 deletions in the tail, the present data suggest  

that the selective pressure in BHK cells was to reestablish the length of the tail to the original 

amino acid sequence.  Because the RR 393/394 mutations did not acquire compensatory 

mutations this observation supports the possibility that this sequence motif is required in the 

tail of Sindbis virus E2. Deletion of the conserved R at E2 393 and the additional R at 394 

revealed that the conserved R at 393 is required for association of the E2 tail with the 

nucleocapsid and that the R at 394 cannot compensate for the absence of the R at E2 393, but 

produces virus aggregates. It can be concluded that the conserved R 393 is important to 

provide the correct structural context to the nucleocapsid for initial recognition and for 

subsequent tight binding and membrane fission. The ΔR 393 mutant displayed a unique 

phenotype.   It is known that the capsid protein undergoes a specific conformational change 

upon interaction with the E2 tail (Coombs and Brown, 1987; Lee et al., 1996; West et al., 

2006).  From the ultrastructural analysis of the ΔR 393 mutant it appears that this mutant may 

have extracted the tail, bound nucleocapsids that did not remain associated to the tail and the 

reconfigured capsid protein was subsequently imported into the nucleus.   Sindbis capsid 

protein contains two possible nuclear localization signals 21RRRR24 and 89KKKK92 

(Christophe et al., 2000). This particular phenotype supports the notion that capsid protein 

can localize to the cell nucleus to participate in some aspect of the infection (Atasheva et al., 

2008; Michel et al., 1990).  

  One of the most significant observations in this study is that the R deletions did not 

revert when passaged through insect cells.  This observation suggests that biochemical 
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differences exist in the mammalian cell which supports a mechanism for the acquisition of 

insertions when the deletion mutants are passaged through BHK cells but not in insect cells.   

Sindbis virus ts mutants do not complement one another in insect U4.4 cells cells (Renz and 

Brown, 1976) nor do these cells support superinfection exclusion (Condreay and Brown, 

1986) suggesting that viral proteins are not free within the cytoplasm but remain sequestered 

in the vacuoles in which they are assembled (Gliedman et al., 1975).  This would also 

suggest that the RNA which assembles into nucleocapsids is also replicated within the same 

vacuoles, or otherwise sequestered in replication complexes but available to recombine with 

other molecules within the same vesicle.  Thus if simple recombination resulted in reversion 

of deletions within the Sindbis virus genome this mechanism should be possible in both 

hosts.  The lack of revertants recovered from insect cells suggests a fundamental difference 

in some aspect of RNA replication within the mosquito hosts.   These data support the notion 

that there are many differential aspects of Sindbis virus growth which are expressed 

exclusively in the mammalian or insect host which merit further investigation. 
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CHAPTER 2 

 

Materials and Methods 

 

Cell culture, plaque assay, and virus 

 Baby Hamster kidney cells (BHK-21) were described previously (Hernandez, 2006; 

Renz and Brown, 1976).  These cells were grown and maintained in minimal essential media 

containing Earl’s salts (MEM-E) (Invitrogen, Carlsbad CA) supplemented with 10% fetal 

bovine serum (FBS) (Invitrogen), 5% tryptose phosphate broth (TPB) and 2mM glutamine as 

described (Renz and Brown, 1976).  The Aedes albopictus clones were subclones (U4.4) 

derived from Singh’s original larval isolates (Miller and Brown, 1992). The U4.4 cells were 

cloned from cells originally provided by Sonya Buckley (Yale Arbovirus Research Unit, 

New Haven, CT).  This line has been adapted to growth in MEM as described above or in 

Mitsuhashi and Maramorosch (M and M) medium with 20% FBS (Mitsuhashi and and 

Maramorosch, 1964).    The virus strain chosen for mutagenesis was produced from the 

cDNA Toto 1101 clone (Rice et al., 1987) containing a substitution in E2 at position 420, 

serine → tyrosine (Y420)(Liu and Brown, 1993b).  The strain Y420 serves as wild type and 

all virus mutants were constructed using this cDNA which was constructed to assay the 

reorientation of the E2 endodomain (Liu and Brown, 1993b).  The original Toto1101 cDNA 

(Rice et al., 1987) background was used to identify revertants of all mutants. Titration of 

virus produced was done by plaque assay using BHK-21 cells (Renz and Brown, 1976).  

Virus stocks were thawed on ice and serial virus dilutions were made, on ice, into cold PBS- 
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D (phosphate buffered saline, PBS deficient in MgCl and CaCl) containing 3% fetal bovine 

serum (FBS).   The 1% agarose (Sigma, St. Louis, MO.) overlay was as described 

(Hernandez, 2006)  with the addition of 10mM Hepes-HCl pH 7.2. 

 

Site-directed mutagenesis and RT/ PCR analysis of mutant and revertant viruses   

 The mutants were made using Quick Change site-directed mutagenesis (Stratagene, 

La Jolla, CA) using Y420 or Toto1101 as the template cDNA.   Specific mutagenic primers 

were made for each of the mutants ΔR393 and ΔRR393/394 by deleting the desired amino 

acids.   The Quick Change mutants were made in two steps using Pfu polymerase 

(Stratagene, La Jolla CA) using a “touchdown” modification.  The initial PCR reaction 

consisted of 200ng of Y420 DNA template, 5ul 10X Pfu polymerase buffer 200 mM Tris-

HCl pH 8.8, 100 mM KCl, 100 mM [(NH 4)2 SO4 ], 20mM MgSO4 , 1% Triton-X 100 and 

1mg/ml BSA, 100uM each deoxynucleotide  triphosphate (dNTP), 200ng of either the sense 

or antisense mutagenic primer, and 1ul (2.5units) of Pfu DNA polymerase in a 50ul final 

volume.  The PCR conditions were 95 0C for 2’ 1X, followed by 25 cycles of [64 0C for 1’ 

(dropping 0.5 C each additional cycle) 72 0C 20’], followed by an additional 25 cycles of [ 95 

0C 30” 58 0C 1’ and 72 0C for 20’]; and a final elongation cycle 72 0C 8’ and 4 0C soak.  

After the desired mutations were made and confirmed by sequencing, they were subcloned 

into the Y420 vector using the Bcl I and BssH II (New England Biolabs, Beverly, MA) 

unique sites.  After confirmation of the correct sequence throughout the insert, infectious 

RNA was transcribed in vitro using SP6 RNA polymerase (New England Biolabs) and 

introduced into cells by electroporation as described (Hernandez et al., 2000).  
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To confirm that the desired deletions remained in the virus RNA was extracted from the 

virus, reverse transcribed, and amplified by RT/ PCR (Hernandez et al., 2003).  Virus for 

extraction was pelleted at 50,000 rpm in an SW55Ti (Beckman Coulter, Fullerton CA) rotor 

for 1 hour.  The pelleted virus was extracted (Hernandez et al., 2000).  The RNA pellet was 

resuspended in 10ul of diethyl pyrocarbonate (DEPC, Sigma, Saint Louis, MO) treated water 

and transcribed using MuLV RT (Applied Biosystems, Foster City, CA) described in 

(Hernandez et al., 2000).  Virus revertants were isolated by infecting BHK cells with 

individual plaques until the titers were wild type (~10 10 pfu/ml).  Revertants were analyzed 

by conducting RT/PCR as described above though the region of interest in E2 and subcloned 

into pGEM (Invitrogen)  and DNA from miniprep samples (Wizard plus miniprep kit, 

(Promega Madison, WI) were sequenced.     

 

In vitro transcription, RNA transfection and fusion from within 

 The mutant and wild type cDNA constructs were prepared for transcription, and 

transcribed in vitro (Hernandez et al., 2000).  In order to determine the phenotypes of the 

mutants in both vertebrate and invertebrate hosts, the RNA transcripts were electroporated 

into both BHK-21 and U4.4 cells.  For the BHK cells, the electroporation was performed 

essentially as described in (Lilijestrom and Garoff, 1991).  The BHK virus was harvested 

once CPE was evident or 24 hours post-transfection, whichever came first.  The U4.4 cell 

transfection was performed as described previously (Hernandez et al., 2000) and U4.4  grown 

virus was harvested 48 hours post-transfection.  Virus harvested from transfected cells was 

resuspended into 10% glycerol, aliquoted into 1 ml portions and flash frozen in liquid N2.   
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Virus aliquots were thawed only once after freezing.  The presence of matured E1-containing 

complexes has been measured using fusion from within, (FFWI) as detailed in (Hernandez et 

al., 2005; Mann et al., 1983).  

      

Transmission Electron Microscopy 

 BHK cells were transfected with RNA transcribed from either Sindbis virus Y420 or 

individual deletion mutants as specified. Incubation proceeded at 370C for 16-18 hours, after 

which the cell monolayers were scraped from the flasks and pelleted by low speed 

centrifugation. Cell pellets were washed twice with  PBS and fixed with 3% glutaraldehyde 

(Ladd Research Industries, Inc. Williston, VT ) in 0.1M cacodylic acid  buffer  pH 7.4 (Ladd 

Research Industries). After cells were washed 3 times with 0.1M cacodylic acid, the cells 

were stained with 2% osmium tetroxide in cacodylic buffer for 1 hour.  Cells were then 

washed as before and embedded in 2% agarose. The agarose containing the cell sample was 

then pre-stained with 1% uranyl acetate (Polaron Instruments, Inc, Hatfield, PA) overnight at 

4 0C. The samples were washed and carried through ethanol dehydration.  Infiltration was 

done using SPURR compound (LADD Research Industries).  Blocks were then trimmed on 

an LKB NOVA Ultrotome (Leica Microsystems, Inc. Deerfield, IL).  Ultra-thin sections 

were then obtained and stained with 5% uranyl acetate in distilled water for 60 minutes and 

in Reynolds lead citrate pH 12 (Mallinckrodt, Baker Inc. Paris, KY) for 4 minutes. The 

samples were examined at 80kV in a JEOL JEM 100S transmission electron microscope. 

For immunolabeling, sections were collected in gold grids and treated with 1% H2O2 for 20 

minutes. Then sections were washed in PBS-D and quenched in 50 mM NH4Cl for 30 min 
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 and subsequently blocked with 3% BSA in PBS-D for 15min and incubated in Tween 0.2% 

for 10 min. Then, sections were incubated with the MAb Sin #3(IgG3) (Schmaljohn et al., 

1983) for 24h at 40C, blocked again with 3% BSA in PBS for 15min and then incubated for 

1h at room temperature with 6nm-gold conjugated goat-anti mouse IgG antibody. Controls 

were performed by omission of the primary antibody. 

 

Fusion From Within 

The presence of matured E1-containing complexes has been measured using fusion 

from within. BHK cell monolayers were prepared in 24-well plates. The cells were infected 

in PBS-D containing 3% FBS at 28°C with an MOI of 10 PFU/cell or mock infected for 1 h 

and returned to 37°C for an additional 7 h of incubation. The fusion process is initiated by 

the addition of fusion medium (1.8 mM CaCl2, 5.3 mM KCl, 0.1 M MgSO4, 6H2O, 116 mM 

NaCl, 2.9 mM sucrose, 1 MEM-E amino acids [Invitrogen, Carlsbad, CA], 1 MEM-E 

vitamins [Invitro- gen, Carlsbad, CA], 2 mM L-glutamine, and 0.2% FBS). Fusion medium is 

adjusted to pH 5.2 with 10 mM morpholineethanesulfonic acid (MES) buffer, to neutral pH 

values by the addition of 10 mM HEPES, or to alkaline pH values by the addition of 75 mM 

NaHCO3 to the desired pH. The infected and mock- infected cells were then treated with pH 

5.3 fusion medium for 5 min and retained at this pH or replaced with fusion medium of the 

pH series that follows: pH 6.4, 6.7, 7.0, 7.2, 7.4, 7.6, 7.8, 8.0, 8.3, 8.5. Control wells of 

mock-infected or infected cells treated only with fusion media corresponding to the pH series 

shown above were also included. The cells were incubated at 37°C for 1 h in a standard 

fusion protocol. The cell monolayers were then scored for the amount of fusion seen relative 
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 to the low-pH, high-pH, or mock-treated samples as a percentage of the wild-type control. 

Cell fusion into polykaryons was defined as those cells which contained three or more 

nuclei/cell and is shown as a percentage of fusion (Hernandez et al., 2005; Mann et al., 

1983). 
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Flavivirus infection from mosquitoes in vitro reveals cell entry at the plasma 
membrane. 

 
 

Vancini R, Kramer LD, Ribeiro M, Hernandez R, Brown D. 
 
 

Virology. 2012. (12) 00511-9 
 
 
 
Abstract 
 
 
 Dengue and West Nile viruses are enveloped RNA viruses that belong to genus 
Flavivirus (family Flaviviridae) and are considered important mosquito-borne viral 
pathogenic agents worldwide. A potential target for intervention strategies is the virus cell 
entry mechanism. Previous studies of flavivirus entry have focused on the effects of 
biochemical and molecular inhibitors on viral entry leading to controversial conclusions 
suggesting that the process is dependent upon endocytosis and low pH mediated membrane 
fusion. In this study we analyzed the early events in the infection process by means of 
electron microscopy and immuno-gold labeling of viral particles during cell entry, and used 
as a new approach for infecting cells with viruses obtained directly from mosquitoes. The 
results show that Dengue and West Nile viruses may infect cells by a mechanism that 
involves direct penetration of the host cell plasma membrane as proposed for alphaviruses. 
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Espirito Santo virus: a new birnavirus that replicates in insect cells. 
 
 
 
Vancini R, Paredes A, Ribeiro M, Blackburn K, Ferreira D, Kononchik JP Jr, Hernandez R, 

Brown D. 
 
 
 

Virol J. 2012 (5) 2390:9. 
 
 
 
 
Abstract 
 
 

Espirito Santo virus (ESV) is a newly discovered virus recovered as contamination in 
a sample of a virulent strain of dengue-2 virus (strain 44/2), which was recovered from a 
patient in the state of Espirito Santo, Brazil, and amplified in insect cells. ESV was found to 
be dependent upon coinfection with a virulent strain of dengue-2 virus and to replicate in 
C6/36 insect cells but not in mammalian Vero cells. A sequence of the genome has been 
produced by de novo assembly and was not found to match to any known viral sequence. An 
incomplete match to the nucleotide sequence of the RNA-dependent RNA polymerase from 
Drosophila X virus (DXV), another birnavirus, could be detected. Mass spectrometry 
analysis of ESV proteins found no matches in the protein data banks. However, peptides 
recovered by mass spectrometry corresponded to the de novo-assembled sequence by 
BLAST analysis. The composition and three-dimensional structure of ESV are presented, 
and its sequence is compared to those of other members of the birnavirus family. Although 
the virus was found to belong to the family Birnaviridae, biochemical and sequence 
information for ESV differed from that of DXV, the representative species of the genus 
Entomobirnavirus. Thus, significant differences underscore the uniqueness of this infectious 
agent, and its relationship to the coinfecting virus is discussed. 
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Testing of novel dengue virus 2 vaccines in african green monkeys: safety, 
immunogenicity, and efficacy. 

 
 
 

Smith KM, Nanda K, Spears CJ, Piper A, Ribeiro M, Quiles M, Briggs CM, Thomas GS, 
Thomas ME, Brown DT, Hernandez R, McCarl V. 

 
 
 
 

Am J Trop Med Hyg. 2012 (4):743-53. 
 
 
 
 
Abstract 
 
 
 The immunogenicity and safety of three novel host-range vaccines containing 
deletions in the transmembrane domain of dengue virus serotype 2 (DV2) E glycoprotein 
were evaluated in African green monkeys. The shorter transmembrane domains are capable 
of functionally spanning an insect but not a mammalian cell membrane, resulting in 
production of viral mutants that have reduced infectivity in mammalian hosts but efficient 
growth in insect cells. Groups of four monkeys received one dose each of test vaccine 
candidate with no booster immunization. After immunization, levels of viremia produced by 
each vaccine were determined by infectious center assay. Vaccine recipient immune response 
to wild-type DV2 challenge was measured on Day 57 by enzyme-linked immunosorbent 
assay and plaque reduction neutralization test. Two vaccines, DV2ΔGVII and DV2G460P, 
generated neutralizing antibody in the range of 700-900 50% plaque reduction neutralization 
test units. All three vaccine strains decreased the length of viremia by at least two days. No 
safety concerns were identified. 
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Structural mutants of dengue virus 2 transmembrane domains exhibit host-range 
phenotype. 

 

Smith KM, Nanda K, Spears CJ, Ribeiro M, Vancini R, Piper A, Thomas GS, Thomas ME, 
Brown DT, Hernandez R. 

 
 
 

Virol J. 2011 (9) 8: 289. 
 
 
 
Abstract 
 
 
 There are over 700 known arboviruses and at least 80 immunologically distinct types 
that cause disease in humans. Arboviruses are transmitted among vertebrates by biting 
insects, chiefly mosquitoes and ticks. These viruses are widely distributed throughout the 
world, depending on the presence of appropriate hosts (birds, horses, domestic animals, 
humans) and vectors. Mosquito-borne arboviruses present some of the most important 
examples of emerging and resurgent diseases of global significance. A strategy has been 
developed by which host-range mutants of Dengue virus can be constructed by generating 
deletions in the transmembrane domain (TMD) of the E glycoprotein. The host-range 
mutants produced and selected favored growth in the insect hosts. Mouse trials were 
conducted to determine if these mutants could initiate an immune response in an in vivo 
system. The DV2 E protein TMD defined as amino acids 452SWTMKILIGVIITWIG467 
was found to contain specific residues which were required for the production of this host 
range phenotype. Deletion mutants were found to be stable in vitro for 4 sequential passages 
in both host cell lines. The host-range mutants elicited neutralizing antibody above that seen 
for wild-type virus in mice and warrant further testing in primates as potential vaccine 
candidates. Novel host-range mutants of DV2 were created that have preferential growth in 
insect cells and impaired infectivity in mammalian cells. This method for creating live, 
attenuated viral mutants that generate safe and effective immunity may be applied to many 
other insect-borne viral diseases for which no current effective therapies exist. 


