
ABSTRACT 

 

NELSON, STEEVENSON. Characterization of Furin Protease Sensitive Site Processing and 

Its Effects on Sindbis Virus Assembly and Budding (under the direction of Dr. Dennis 

Brown.)

 

 Sindbis virus particles are composed of three structural proteins (C/E2/E1). The E1 

glycoprotein is organized into a highly constrained, energy-rich conformation.  It’s 

hypothesized that this energy is utilized to drive events that deliver the viral genome to the 

cytoplasm of a host cell. The extraction of the E1 glycoprotein from virus membranes results 

in disulfide-bridge rearrangement and the collapse of the protein to a low-energy, non-native 

configuration. In a new approach to the production of membrane glycoproteins, furin 

protease recognition motifs were installed at various positions in the E1 glycoprotein 

ectodomain. Proteins containing the furin sensitive sites undergo normal folding and 

assembly in the endoplasmic reticulum and only experience the consequence of the mutation 

after transport to the cell surface. Processing by furin in the Golgi results in the release of the 

protein from the membrane from which they are assembled. This processing also impacts the 

envelopment of the nucleocapsid in the modified plasma membrane.  

E2 has been shown to be responsible for host receptor recognition and thus plays a 

critical role in the virus lifecycle. To expand on our previously characterize E1 furin mutant 

study, we installed furin protease recognition motifs at various positions in the ectodomain of 

E2. Mutants were analyzed for production of truncated proteins and the effect of the 

mutations on virus assembly and budding was also characterized. Processing of the E2 

mutants by the enzyme furin results in the release of the truncated proteins from the 

membrane in a fashion that is similar to the processing observed in the E1 furin sensitive 

mutants. This processing was also observed to impact envelopment of the nucleocapsid with 

virus protein modified plasma membrane at a step consistent with an early event in the 

envelopment process. Overall, this technique provides a unique method for studying the 

mechanism of virus assembly and protein structure without altering crucial early events in 

protein assembly, folding and maturation.  
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last name was changed to Nelson with Nelson being my mother’s maiden name. I have an 

older brother, (Jean Richard Nelson) and a younger brother (Pierre Jr. St. Louis) who is also 

the youngest. Sabrina Nelson is my only female sibling and is approximately 6 years younger 

than I. My earliest childhood memories of Haiti involve us living at the bottom of a church 

(St. Therese) in Petion-Ville. We were homeless and living at the bottom of this church as a 

charitable case. However, to put it in perspective, we were considered extremely fortunate by 

several other families in the surrounding area because we had shelter, very little food no and 

running water.  My mom left Haiti for the United States when I was months old and returned 

in February 1986.  

Aspiring for a better life for her and for her children, my mom moved to the United 

States soon after my birth and subsequently I was raised by my various family members from 

my mother’s side for the first eleven years of my life. I left Haiti and moved to Boston with 

my mother on February 7th 1986 and thus began the Americanization chapter of my life. 

Skipping all the ‘nonessentials’, I married Nikole and we had 4 four wonderful kids over the 

years: (DeVaughn-January 3rd 1995, Dominique-September 24th 1998, Elizabeth-December 

27th 1999, and Steevenson Jr.-July 11th 2003). I lived in Boston with my entire immediate 

family from 1986 to 2001 after which I moved to North Carolina for graduate school with my 
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between I paid taxes.  
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2. What kind of effect did I have on the world? Other people?-- My effect on the world 

is yet to be determined but I hope I’ve affected most of the people in my life in a 

positive way. But only God knows what they say behind my back. 

3. What are the adjectives I would use to describe me as a person?-- Short, annoying, 

responsible and driven. 

4. What examples from my life illustrate those qualities? --Wife, four kids, and a Ph.D. 

by 29. 
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6. Did I overcome obstacles? Take risks? Get lucky? --There are too many obstacles to 
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CHAPTER 1 

 

INTRODUCTION-GENERAL INFORMATION ON SINDBIS VIRUS 
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INTRODUCTION          

 

 

1.1 Togaviridae family 

The Togaviridae family is comprised of two genera, the Alphavirus genus and the 

Rubivirus genus. The Alphavirus genus consists of approximately 25 different viruses 

including Eastern/Western Equine Encephalitis viruses (EEE/WEE), Semliki Forest virus 

(SFV), Ross River virus (RRV), and the prototype Sindbis virus (SV). Primarily vectored by 

mosquitoes, these arthropod borne viruses are relatively small with an average diameter of 70 

nm. Alphaviruses are enveloped and contain a 49S (+) single stranded RNA genome as well 

as possess a T = 4 icosahedral symmetry (1). First isolated in Egypt, Sindbis has 

subsequently been shown to thrive in both vertebrate and invertebrates as host organisms. 

Sindbis infection in humans is rather innocuous and results in general malaise (fever, rash 

and diarrhea) with these symptoms often are misdiagnosed and attributed to other more 

prominent enteric and dermal virus infections. The same is not true however for all members 

of the Alphavirus genus. For example, Venezuelan Equine Encephalitis virus (VEE), Western 

Equine Encephalitis virus (WEE), and Eastern Equine Encephalitis virus (EEE) are known to 

cause fatal encephalitis thus posing a great veterinary risk in certain regions of the world 

(1,4). Although infections in humans are rare, these viruses are neurotropic and pose a global 

threat to humans. The ability to generate and manipulate infectious Sindbis virus RNA, and 

the ability of the virus to grow to very high titers, as well as the low morbidity associated 

with Sindbis infections are all important reasons for the use of Sindbis as a prototype to study 

various aspects of Alphavirus lifecycle. 

1.2 Host receptor recognition and genome introduction 

Binding of the 423 amino acid E2 glycoprotein to a receptor(s) at the plasma 

membrane of the host is the primary step in Sindbis virus infection (3.4). Neither the cellular 

receptor(s) nor the precise E2 amino acids involved in the binding step are concretely known.  

Several methods of analyses have been employed in deciphering the architecture of the 80 

heterotrimeric spike complexes seen adorning the surface of the  
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Figure 1. Cryo-EM reconstruction of a Sindbis virus particle. The inner most capsid shell of the virus 

particle is shown in blue and the outer most E1/E2 glycoprotein shell is shown in yellow. The host 

derived lipid bilayer is sandwiched between the layers and is shown in red. The 5 fold axes of rotation 

are shown in the middle figure located in the bottom row of images. (Image provided by Dr. Angel 

Parades, Baylor College of Medicine). 

 

virus.  The spikes were reveled to be formed predominantly by E2 (27,31) with little E1 

exposed. E2 has also been demonstrated to possess the major neutralizing antigenic sites for 

Sindbis virus by the ability of anti-E2 antibodies to inhibit virus binding to cells (3,4). Using 

anti-idiotypic antibodies directed against E2-specific antibodies (5,8), serial passage (6,8), 

antibody treatments combined with Electron Microscopy (EM) and image reconstruction 

analysis, several attempts have been made to identify the cell receptor which is recognized by 

E2 on target host cells (7,8). Despite these intense efforts, identification of the specific 

Alphavirus receptor(s) has remained enigmatic. This process is complicated by the ability of 
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Sindbis and related viruses to evolve into lab adapted strains as well as interact transiently 

with host factors at the plasma membrane (9). Due to these difficulties, candidate receptors 

such as Heparin Sulfate, DC-SIGNS, and Laminin proteins have all been suggested as 

receptors utilized by Sindbis. However, none have proven to be the definitive partner for E2. 

The ability of this virus to infect a broad range of dissimilar host organisms suggests that the 

interaction between E2 and the receptor(s) is malleable or non-specific.  In addition, it’s also 

been hypothesized that E2 recognizes and attaches to a receptor family. This hypothesis is 

extremely intriguing but also very difficult to prove nonetheless (1).  

Once receptor recognition has occurred, genome delivery is the second major step in 

Sindbis virus infection. The mechanism of delivery of the Alphavirus genome to a host cell 

remains the most debated aspect of the Togaviridae lifecycle (7,9,32). To date, infection by 

enveloped viruses is proposed to require fusion of the viral envelope with a cell membrane 

after virus-receptor interaction (33). Infection by the membrane containing Influenza virus is 

the most well described virus entry mechanism requiring low pH mediated fusion (34). This 

(-) sense RNA containing virus is comprised of a host derived lipid-bilayer and three integral 

membrane proteins: hemagglutinin (HA), neuraminidase (NA) and M2. Underlying the host 

derived lipid membrane is a matrix layer composed of M1 proteins. In the Influenza fusion 

model, the virus infects cells via a multi-step process with the primary step being the 

internalization of the virus via receptor-mediated endocytosis. The internalized viruses are 

trafficked along the endocytic pathway to late endosomes where exposure to low pH triggers 

protein rearrangements resulting in the HA-catalyzed fusion between the viral and endosomal 

membranes and subsequent release of the ribonucleoprotein complexes (vRNPs) into the 

cytoplasm. The released complexes are later imported into the nucleus for viral gene 

expression and replication (34). Several lines of analyses have described a fusion function for 

Sindbis virus and produced data consistent with several models for the delivery of the 

Alphavirus genome.  Thus, the role of low pH and disulfide bond shuffling in the entry 

process of Sindbis virus have been investigated and deemed necessary for infection 

(32,33,35).  
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Figure 2. Translation of the structural proteins of SIN, and the assembly of new virus particles. 

 

A direct comparison between SV, SFV, TBE and Influenza is often drawn with regard to the 

mechanisms involved in genome delivery (1,37). Like Influenza, Alphaviruses are proposed 

to undergo fusion of the viral membrane to cellular membranes within acidic endosomes 

after receptor mediated cellular uptake of virus particles. Once inside endosomes, the acidic 

pH is proposed to trigger drastic conformational rearrangements of the structural proteins 

exposing the putative type-2 fusion peptide located in E1 (aa 79-98) (1,33,37). The ability to 

fuse Alphaviruses to liposomes and host cell membranes in tissue culture are the primary 

pieces of evidence put forth to argue that membrane fusion is involved in the infection 

process.  In addition, the use of drugs that block endosome acidification and thus block viral 

RNA delivery and synthesis have also been utilized as evidence to support the receptor 

mediated-membrane fusion model for genome delivery.  
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Although accurate in many ways, there are some experimental inconsistencies in this 

infection model.  Unlike Influenza, Alphaviruses are not pleomorphic membrane containing 

structures with associated fusion proteins.  They are comprised of very rigid T = 4 

icosahedral shells that are interconnected and sandwich the lipid bilayer needed for fusion 

(32). For SV and other members of the Alphavirus genus to utilize the Influenza model, the 

inner and outer T = 4 icosahedral shells formed by the viral structural proteins would need to 

disassemble and reassemble. This would result in a novel set of lateral associations between 

these structural proteins in order to fulfill all the requirements demanded by the Influenza 

model.  An alternate model to Sindbis virus infection by low pH mediated fusion has been 

put forth and this model proposes that the delivery of the viral genome involves a mechanism 

independent of receptor mediated endocytosis.  

Sindbis virus has been proposed to attach to the plasma membrane of the host cell and 

form a proteinaceous pore through which the viral genome is delivered (32). The data 

presented by the authors to support this model suggest a process of direct penetration at the 

plasma membrane of the host independent of acid pH, disassembly of the icosahedral protein 

shells, or virus-host membrane fusion. In this model, receptor binding induces 

conformational changes and results in the rearrangement of the viral glycoproteins and the 

exposure of critical domains needed for the formation of a pore structure. Cryo-EM 

reconstruction analysis of pH 5.3 treated virus revealed the presence of a novel protruding 

structure at the 5-fold rotational axis of the particle induced by the low pH treatment. This 

proteinaceous structure is suggested to be comprised primarily of E1 proteins. In conjunction 

with the host membrane bilayer, this protruding structure is proposed to form a pore 

structure.  It was further suggested that conformational changes induced by E2 binding to 

host cell receptors might result in a similar rearrangement of the virus glycoproteins and 

ultimately the formation of the pore structure through which the RNA genome of the virus is 

delivered directly to the cytoplasm of the host. Additionally, quantitative virus infectivity 

assays conducted at 40C and 150C (conditions  

know to prevent the formation of endosomes) resulted in the production of normal virus titers 

(32). 

In the low pH membrane fusion model of Sindbis virus infection, the question of  
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Figure 3. A schematic diagram of the Sindbis virus RNA replication and translation processes. 

 

nucleocapsid breakdown remains unresolved.  As a part any proposed infection model for 

Alphaviruses, nucleocapsid uncoating and host cytoplasmic genome exposure is required in 

order to translate the viral genome. It has been proposed that Sindbis nucleocapsids interact 

with the cytoplasmic ribosomes of the host and this interaction serves at the trigger for the 

uncoating process with capsid protein residues 94 to 106 suggested to be the site of 

interaction (10). The proposed penetration model would alleviate several issues related to 

genome uncoating and answer numerous questions which the low pH fusion model cannot. 

Nonetheless, the penetration model dismisses a tremendous body of work that supports the 

low pH fusion model and that in itself leads to several questions that the penetration model 

cannot answer. Taken together, these data would suggest that Sindbis virus genome 

introduction into a host does not require membrane fusion and is a complicated process with 

several intriguing questions that need to be resolved.  
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1.3 Nonstructural proteins-nsP1 to nsP4 

The (+) polarity single stranded RNA genome of Sindbis (11,703 bp) is methyl 

capped at the 5’end and contains a poly-A tail at the 3’ end (11,13). The genome encodes  

four nonstructural proteins (nsP1-ns4) in addition to three structural proteins. Upon delivery, 

the 49S genomic viral RNA serves as the template for direct translation of the nonstructural 

proteins. These four nonstructural proteins are located at the 5’ two-thirds of the genome and 

are numbered according to their order in the genome (Fig 2). These proteins are translated as 

polyprotein precursors nsP123 or nsP1234 with the latter being generated in lower abundance 

by read-through of an opal codon between P3 and P4 (11). The polyproteins undergo a 

stepwise series of cleavages producing individualized functional nsPs.  The nucleotide 

sequence encoding nsP1 is 1620 base pairs in length and is translated to a protein of 540 

residues. This 60kDa protein contains a methyltransferase domain, guanylyltransferase 

activity (12,13,14) and has been implicated in the association of the replicase complex to 

membranes (15). The 90kDa, 807 residues nsP2 protein has been demonstrated to play in 

integral role in the early lifecycle of the virus. This protein has been shown to contain NTP-

binding ability, helicase motifs (16,17), as well as the protease activity that cleaves the 

nsP123 and nsP1234 polyproteins (18). nsP2 has also been shown to be involved in the 

regulation of (-)strand RNA synthesis (19) and in the initiation of subgenomic 26S RNA 

synthesis (20). The phosphoprotein nsP3 is 549 residues long and has no know function in 

the Alphavirus lifecycle in mammalian cells. Identified as the viral polymerase (21), nsP4 is a 

616 residue protein with a molecular weight of 70kDa.  Taken together, these nonstructural 

proteins along with unknown cellular factors are directly responsible for the replication of the 

(+)strand genomic RNA, the (-)strand RNA and the 26S subgenomic mRNA. 

1.4 Structural proteins-Polyprotein precursor synthesis and processing 

The 26S subgenomic RNA promoter is a conserved sequence located between the 

nonstructural and structural genes (22) and overlaps nsP4. This promoter serves as the 

binding site for the polymerase complex that transcribes the 26S subgenomic mRNA which 

in turn serves at the template for the translation of the structural proteins (Fig.2). The 

structural proteins are synthesized as a polyprotein precursor (NH2-capsid-PE2 (E3-E2)-6K-

E1-COOH) with the primary processing step resulting in the release of capsid by an 
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autoproteolitic activity (18). This results in the generation of a polyprotein intermediate 

composed of NH2-PE2 (E3-E2)-6K-E1-COOH. The capsid protein is 264 residues long and 

encapsidates the RNA genome of the virus to form nucleocapsids. Once translated, a serine 

protease activity associated with the carboxyl terminus of the capsid protein is utilized to 

release it from the remaining polyprotein (23, 24). This cleavage results in the inactivation of 

this serine protease because of the presence of the C-terminal tryptophan residue in the active 

site (25). Once the capsid protein is cleaved, the signal recognition particle (SRP) recognizes 

and binds to the amino-terminus of PE2 and comprises the early translation complex.  The 

binding of the SRP results in a temporary halt of translation and initiates translocation of the 

complex to the membranes of the Endoplasmic Reticulum (ER). In the ER, the SRP is 

removed and insertion of the polyprotein into the ER membrane proceeds as translation of 

the polyprotein is completed, and processing of the polyprotein begins. While still residing in 

the ER, subsequent processing by signalase releases 6K from PE2 and E1, allowing the 

dimerization of E1 and PE2 and subsequent trimerization of these dimers. Also, within the 

ER lumen, mannose groups are added en bloc to the PE2 and E1.E1 is glycosylated at amino 

acids 139 and 245 while PE2 is glycosylated at positions 196 and 318. Various functions 

have been attributed to the carbohydrates on E1 and E2 (1). These modifications have been 

shown to be critical to several functional aspects including increasing the solubility of the 

proteins as well as possible involvement in receptor recognition. 

During transport of the homotrimers from the ER, PE2 is processed by the Trans 

Golgi Network (TGN) endoprotease furin which releases E3 from E2. In addition, further 

modifications of the mannose groups also occur in the Golgi apparatus. At some unknown 

location within the exocytic pathway the endodomain of E2 is withdrawn from the 

membrane, exposing this structure to the cytoplasm and permitting association of the 

nucleocapsid to the virus protein modified membrane.  After recognition of the E2 

endodomain by the nucleocapsid, envelopment of the virus particle is initiated and  

protein-protein associations drive the budding process.  Once envelopment is completed, a 

mature virus particle is released from the plasma membrane of the host.   
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1.5 Nucleocapsid assembly and budding 

As discussed above, E1 associates with PE2 in the ER to form heterodimers that 

oligomerize into homotrimeric complexes prior to being exported through the secretory 

pathway to the plasma membrane (35) with this resulting in the formation of a viral protein 

modified host plasma membrane. After the autoproteolitic release of capsid into the cell 

cytoplasm, genomic RNA and capsid self-assemble into nucleocapsid structures.  

Nucleocapsids are formed from newly synthesized capsid proteins in the cytoplasm of the 

host binding to one or more encapsidation sequences located within the nsP1 sequence (from 

nucleotide 945 to 1076) (25). Sequential association of capsid proteins with viral RNA 

sequences ultimately results in the formation of a nucleocapsid core. The nucleocapsid 

associates with the 33 amino acid endodomain tail of E2 in the homotrimeric complexes at 

the plasma membrane and this interaction is believed to initiate the envelopment and budding 

processes. The budding particles will exit the plasma membrane of the host containing 

exactly 240 copies of each of the transmembrane glycoproteins and capsid protein in a 1:1:1 

stocheometric ratio (1). Analysis of the lipid composition associated with budding particles 

have revealed a membrane consisting of approximately 25% sphingomyelin, 27% 

phosphatidylcholine, 19% phosphatidylserine, and 26% phosphatidylethanolamine (28) with 

a cholesterol:phospholipid ratio of approximately 1:1 (29, 30). 

The exact mechanism responsible for the initiation of envelopment and budding 

remains furtive. However, in this thesis evidence will be provided that shows that insertions 

of truncated E1 and E2 proteins into developing virions arrest these processes at different 

steps along the pathway. 

1.6 E1 and E2 transmembrane glycoproteins 

In a mature virion there are 240 copies of the glycoproteins E2 and E1 arranged as 

trimers of heterodimers. Upon translation, E1 is found in a relaxed, extended conformation 

referred to as E1α (38). A series of disulfide-bridge  folding intermediates are formed as the 

E1 protein matures to a final, metastable, energy-rich conformation referred to as E1ε.  E1ε is 

found in the homotrimers which are exported from the ER to the TGN (35). In the TGN, the 

PE2 precursor is processed to E2 by the endoprotease furin and E1 is converted to a 

metastable high energy protein. The endoprotease furin is a member of the PACE enzyme 
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superfamily (Paired basic Amino acid Cleaving Enzyme) (39). Furin is a calcium dependent 

subtilisin-like Kex-2 analog endoprotease that carries out post-translational modifications 

within vesicular membranes of the secretory pathways of mammalians cells and is also found 

in insect cells. Furin cleaves PE2 at the conserved amino acid sequence Arg-X-Arg/Lys-Arg 

to E2 and E3. The E3 protein is not found in mature SV particles. 

E1 is a glycoprotein that spans the membrane with its carboxy-terminal region 

exposing two basic amino acids on the internal side of the plasma membrane. The 

ectodomain of the E1 protein has been proposed to be folded into an elongated structure 

consisting almost exclusively of antiparallel beta-sheets and composed of two disulfide-

bridge constrained domains; a functional domain (amino acids 1-129) and structural domain 

(amino acids 130-436) separated at amino acid 129 (40) based on structural analysis and on 

sensitivity to reducing agent (37,41). These two domains contain intramolecular disulfide-

bridges involving 12 cysteine residues which stabilize the protein into an energy-rich 

conformation. This energy may be used to breach the cell membrane of the host to initiate 

genome delivery. The mechanism by which cell penetration takes place is unclear. There is 

data supporting the model that penetration takes place by membrane fusion in acidic 

endosomes (33). Other data however suggests penetration at the cell surface by formation of 

a proteinaceous pore in the absence of membrane fusion (42. 

The disulfide-bridges formed by the cysteine residues in the E1 ectodomain are 

important for proper structure and function of the virus. In previous studies it was shown that 

the disulfide-bridges that contribute to Sindbis infection are reduced upon exposing purified 

SV to the mild reducing agent dithiothreitol (DTT) for a short period of time (41). This brief 

exposure did not affect the structural integrity of the virus but drastically reduced infectivity. 

Prolonged exposure of the virus to the reducing agent did result in complete loss of 

infectivity and near complete loss of structural integrity. These results were verified by 

electron microscopy (EM) and plaque assays and the data suggests that the disulfide-bridges 

essential for infection are readily accessible to the reducing agent while disulfide-bridges 

responsible for maintaining the three-dimensional structure of the virus are less accessible 

(41). Detergent extraction from mature virions followed by proteolytic removal of the 

transmembrane domain has allowed crystallization of the E1 glycoprotein ectodomain and 
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has yielded a structure at atomic resolution (37). The extraction protocol utilized exposed the 

E1 protein to conditions that have been previously demonstrated to cause rearrangement of 

the disulfide–bridges resulting in the formation of numerous low energy non native 

conformations (38). It is therefore possible that the crystal structure produced is one of a non-

native low energy form of the protein. In other experiments the ectodomain of the Dengue 

virus E protein (the Flavivirus equivalent of the Alphavirus E1 protein) has been crystallized 

after expression in a baculovirus system as a truncated protein without the membrane-

anchoring domain (43). This produced a structure similar to the detergent extracted E1 

protein. This protocol makes the assumption that a membrane spanning protein will fold 

correctly when not associated with a membrane and also assumes that the protein will fold 

into a native conformation in the absence of other virus proteins. There is current evidence 

that suggests that these assumptions may not be entirely correct and that membranes play an 

important role in determining how proteins fold (44). 

Structural protein-protein interactions are required to generate the three-dimensional 

surface of the virus and this necessitates E1 and E2 to interact specifically. E1-E1 protein 

interactions serve to stabilize the protruding spikes seen on the surface of the virus and 

compose the skirt region surrounding the base of the spike (27,31). These E1 interactions are 

crucial for the formation of the three-dimensional icosahedral surface of a mature metastable 

virus particle (31). One function of the E2 protein within the infectious particle includes 

docking of the virus to the host receptor. Previous analyses of the spike complexes seen 

adorning the surface of the virus using various approaches reveled these to be formed 

predominantly by E2 (27,31). One approach, using mutants which disrupted cleavage of the 

naturally occurring furin site between E3 and E2 in the precursor PE2 were shown to have 

additional electron densities lying at the periphery of the spike complex which were absent in 

wild type virus (27). Additional data from our lab using a site specific biotinylation labeling 

strategy also indicate that E2 it is more exposed than E1 in a mature particle (36). These data 

support previous studies demonstrating the spike to be predominantly composed of E2 with 

little E1 exposed. E2 has also been shown to posses the major neutralizing antigenic sites for 

Sindbis virus which underscores the utmost importance of full characterization of all 
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structural and functional aspects of this protein. These data are required for a complete 

understanding of Sindbis virus assembly and infection. 

1.7 E1 and E2 on the surface of a mature virion 

In order to generate an accurate protein map of an Alphavirus surface, a trace of the 

E1 protein (from SFV) derived from an electron density map (3.5Å resolution) was carried 

out and the authors described E1 interactions at the surface of the virus (37). It was surmised 

that the Flavivirus E and Alphavirus E1 proteins evolved from a common ancestor. This was 

rationalized in part by the observed similarities between the placements of the fusion 

peptides within crystallized proteins from each genus. The data generated showed both E and 

E1 to contain three domains (I-III), each with a secondary structure consisting almost 

exclusively of antiparallel β-sheets. Domain II, the dimerization domain, was shown to 

contain the putative fusion peptide, while domain I serves as the centralized eight-stranded β 

barrel domain. The carboxy-terminal domain III, is an IgG-like domain that contains the 

major neutralizing sites for the virus and as well as a connecting loop leading directly to the 

transmembrane segment of E and E1. On the surface of the virion, the placement of E1 

subunits displayed overall similarities to the placement of the E protein. E proteins are 

suggested to dimerize at domain II with the globular domain III at opposite ends of the dimer 

and the putative fusion peptides buried within the dimer interface. The E1 placements are 

dissimilar from the E placements in that the E1 fusion peptides are exposed and make 

contacts with E2. In this model, E1 makes up a majority of the three-dimensional flat surface 

of the virus particle with domains I and III forming the skirt region around the base of the 

protruding spike structures. This implies that the 80 protruding spike structures seen on the 

surface of the virions are composed primarily of a globularly shaped E2 with some 

contribution from domain III of E1. This model also suggests that the main difference 

between E1 and E is founded in the dual function of E (receptor recognition and fusion) 

versus the singular function of E2 (receptor recognition).  

The structural data generated from these studies are in agreement with much of the 

Cryo-EM data available for Alpha and Flaviviruses. However, other credible data (see above) 

suggest that the extraction methods utilized to obtain the proteins crystallized can result in 

the rearrangement of the disulfide bridges present in E1. This could account for the 
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remarkable similarities found between the SFV E1 and SV E1 proteins. Overall, a critical 

understanding of the precise location of the glycoproteins on the surface of Alphaviruses is 

needed for a more accurate model of the protein-protein associations required for assembly 

of infectious particles and elucidation of the mechanism of infection.  From a 

pharmacological perspective, a precise structure is necessary for the development of anti-

viral therapeutic agents for this group of viruses. 

1.8 Objectives and Summary of this thesis 

Mutational analysis of the viral glycoproteins has greatly increased our understanding 

of many of the mechanisms involved in the processes of assembly and budding of the 

Alphavirus Sindbis. In the studies described in this thesis, we attempt to shed some light on 

the debatable native conformations of the Sindbis virus glycoproteins, the effects of truncated 

proteins on virus assembly and budding as well as the identification of specific amino acids 

on the surface of intact virions. The First Chapter of this thesis deals with the general 

characteristics of the virus. Information on the Alphavirus genus, virus entry, genome 

replication and budding is provided. 

In Chapter 2, a detailed description of the preparative purification of PCR products 

by microbore anion-exchange by HPLC using polyethyleneimine is described. This method 

is invaluable for the purification and separation of nanoscale amounts of DNA for mutagenic 

purposes. Furthermore, the role and relevance of this method in the overall cloning process is 

discussed and evidence is provided for its usefulness. Overall, this method provides a novel 

and alternate way of separating and purifying nanoscale amounts of DNA for further genetic 

manipulation and other purposes. 

In Chapter 3, in depth details of the in nivo processing and characterization of furin 

protease sensitive Alphavirus mutants are presented. The effects of installing the R-X-R/K-R 

conserved furin recognition motif in E1 on virus assembly and budding is discussed. 

Additionally, the production and effects of truncated E1 proteins is discussed.  

In Chapter 4, site specific labeling and structural characterization of the E2 

glycoprotein from Sindbis by lysine biotinylation and LC-MS/MS is discussed. These studies 

expanded our understanding of Sindbis virus amino acids exposed on the surface of intact 
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infectious virus particles. The precise orientation of specific lysine residues is demonstrated 

and their importance on virus infectivity discussed. 

In Chapter 5, the preliminary studies in Chapter 3 are expanded and the effects of 

installed furin protease sensitive sites on Sindbis virus E2 glycoprotein processing and virus 

assembly are characterized. These studies proved valuable in understating the complexities 

associated with processing of these sites contained in the protein E2 as compared to those 

expressed in E1. Taken together, these studies point to the advantages and difficulties 

associated with using this methodology for the production of truncated proteins. 

In Chapter 6, the results and conclusions of this thesis are summarized and 

discussed. Furthermore, future directions are also discussed and future experiments proposed. 
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Abstract

Analysis and purification of specific PCR products from PCR reactions can be problematic due to several issues relating to amplification and
low product yield. The use of HPLC as a preparative tool in PCR product analysis is common but has not replaced traditional electrophoretic
techniques for purifying DNA to be used in subsequent experiments. Gel purification of PCR products can result in a net loss greater than
50% of the starting DNA amount. Thus, this method of recovery can become the limiting factor in the overall cloning protocol. This paper
describes a simple and relatively inexpensive micro-preparative HPLC method to purify and analyze nM quantities of DNA. A microbore
polyethyleneimine-based anion-exchange column fractionates PCR mixtures in less than 40 min with a recovery of the purified specific product
as high as 80%, thus eliminating the need for gel purification. Using this method, nested PCR products from Sindbis virus differing by 18 bp
in some cases and a 277 bp fragment from West Nile virus were resolved and quantified. This method differs from existing methodologies
because separation is based on size and charge as well as the overall G+ C content of the PCR product.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Sindbis virus; West Nile virus; PCR products; Preparative anion-exchange HPLC purification

1. Introduction

As a prototype of the Alphavirus, Sindbis virus (SV) is
used as a model system to study assembly of icosahedral
membrane containing viruses. Sindbis virus is encoded by
a positive sense single stranded RNA genome of 11 703 nt
enclosed in highly symmetrical nestedT = 4 icosahedral
protein shells of both virus and host composition (Hernandez
et al., 2003). The geometric organization of Sindbis virus
proteins has underscored the value of this model in the study
of virus architecture (Ferreira et al., 2003; Pletnev et al.,
2001; Strauss and Strauss, 2001).

West Nile virus (WNV) belongs to the distantly re-
lated Flaviviruses, which contain many arthropod-borne
human pathogens. West Nile virus strains are encoded by
a positive sense single stranded RNA genome of approxi-

∗ Corresponding author. Tel.:+1-919-515-5765;
fax: +1-919-515-2047.

E-mail address:raquelhernandez@ncsu.edu (R. Hernandez).

mately 10 000 nt. This group of viruses causes significant
encephalitic, hemorrhagic and fibrile diseases in humans
and economically important domestic animals (Strauss and
Strauss, 2002; Strauss and Strauss, 1994). While other
members of the Flavivirus genus have traditionally been
the focus of worldwide epidemiological surveillance, West
Nile virus has recently been established in the USA as a
significant emerging disease for which no licensed human
vaccine is available (Campbell et al., 2002). For these rea-
sons, WNV has come into higher focus in the research
community (Pletnev et al., 2002).

Genetic manipulation of viruses, and other organisms has
been revolutionized by the increasingly sophisticated ap-
plications and variations of the polymerase chain reaction
(PCR) (Coen, 1987; Lanciotti et al., 2000; Mackay et al.,
2002). Amplification of G+ C rich genomes such as those
which occur in the Alpha and Flaviviruses (Jenkins et al.,
2001) has been facilitated as well but continues to represent
a significant challenge for specific genes in these related
RNA virus families.

0166-0934/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.jviromet.2004.04.013
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The use of PCR has evolved from the original concept
of using E. coli DNA polymerase I in multiple cycles
of DNA amplification (Kleppe et al., 1971; Templeton,
1992), to modern applications using a wide variety of ther-
mophilic polymerases (Cline et al., 1996). The simplicity
and versatility of this technique makes it the method of
choice to manipulate DNA, and it has been successfully
adapted for automated purposes such as cycle sequencing
(Daniels, 1996). Many variations of the standard PCR re-
action are in use routinely with new applications described
with increasing frequency (Lanciotti et al., 2000). Sufficient
PCR product recovery however can be limited by inefficient
amplification of stable G+ C rich sequences compounded
by poor product recovery from agarose gels.

The majority of PCR reactions produce large amounts
of the specific DNA of interest with relatively minor side
reaction products. However, some DNA templates are not
amplified efficiently and produce a large mixture of prod-
ucts or a low specific product yield. These templates tend to
display significant secondary structure and thermal stability
(Mathews et al., 2000). Theoretical product yields from
these difficult templates are often not achieved and mixtures
of specific and nonspecific products are obtained. This prob-
lem is a function of the specific template sequence and the
specific primer pair sequences that are required. These fac-
tors complicate efficient product production and require op-
timization of each of the PCR segments. In addition, adjust-
ment of parameters such as segment time, ramp rate, segment
temperature, ionic strength, and component concentrations
can become necessary for optimal productivity (Saiki, 1989).
Often, after extensive optimization of all these required pa-
rameters, specific product yield still remains quite low. For
applications which require the specific amplified product
to be applied for uses other than in end-point analysis, the
purification method used can become the limiting factor
(Mackay et al., 2002). PCR products are routinely purified
by agarose gel electrophoresis (Shaw-Bruha and Lamb,
2000). Agarose gel electrophoresis simultaneously allows
sizing and separation of the desired product(s) from the tem-
plate DNA, nonspecific products, primers, dNTPs and other
contaminants. The DNA band of interest is excised from the
gel and can be extracted by a variety of methods (Vogelstein
and Gillespie, 1979). Under the best of circumstances, a
recovery of about 50% for many DNA fragments can be ex-
pected. This recovery can require up to 2 days in preparatory
time and often proves insufficient for many further cloning
applications.

HPLC is a reliable and powerful alternative method to
agarose gels for nucleic acid purification. Both reversed-
phase (Huber, 1998; Oefner et al., 1992; Wong et al., 2000)
and anion-exchange (Huber, 1998; Kato et al., 1988, 1989;
Katz and Dong, 1990; Katz et al., 1990; Maa et al., 1990)
HPLC have been used to resolve mixtures of dsDNA frag-
ments. HPLC in tandem with other sophisticated instrumen-
tation (LC/MS) (Lin et al., 2002) has been applied to the iso-
lation and analysis of complex mixtures of DNA products.

Micropreparative DNA isolation methods using com-
mercially available columns for less than�g quantities of
DNA are lacking. In this study, we assess the use of an
anion-exchange column on a miniaturized scale suitable for
analysis and purification of PCR products. Separation uti-
lizing this method is simple and relies on the size, charge,
and overall G+ C content of the product. The goal of
the present work is to develop a reproducible alternative
method for the purification and concentration of specific
DNA products without the need for preparative agarose gel
electrophoresis. Our methodology is proposed as a simple
alternative method that allows ng quantities of DNA to be
analyzed, purified and recovered for further experiments.
The advantages of this technique are illustrated by our abil-
ity to separate PCR products of nested sequences 247 and
229 bp in size into concentrated fractions ready for further
molecular cloning.

2. Materials and method

2.1. PCR amplifications, PCR reaction parameters and
instrumentation

PCR reactions were run using five different template
plasmid DNAs. The first set of reactions shown inFigs. 1–3
were done using Sindbis virus TM 25 (a deletion mutant)
containing a 3 bp deletion (nt9761 to nt9764) in the E2 gly-
coprotein gene of the cDNA (Hernandez et al., 2003). The
wild-type plasmid is 13 703 bp in length and encodes a full
length viral cDNA used in the in vitro production of infec-
tious viral RNA (Rice et al., 1987). The mutant DNAs shown
in Fig. 4 also contain additional deletions in the E2 glyco-
protein gene of the cDNA. TM 10 contains a 48 bp deletion
(nt9734 to nt9782), TM 16 contains a 30 bp deletion (nt9743
to nt9773) while the parental plasmid cDNA which contains
no deletion produces a product 277 bp in length (Hernandez
et al., 2003).

The second type of mutant template was derived from
a plasmid which encodes a 2219 bp insert containing the
two structural membrane proteins of West Nile virus strain
385-99 [nt934 (BamHI)–nt3142 (NotI)] in the cDNA 3.1
expression vector (Stratagene, La Jolla, CA), a generous
gift of Alan Barrett, UT Medical Branch, Galveston, TX.
All plasmid DNAs are isolated by standard purification
protocols (Maniatis et al., 1982) and purified through ce-
sium chloride gradients. The purified DNA concentration
is estimated from 1% agarose gels containing DNA mass
standards. Each PCR reaction contains 40 ng of the spe-
cific template DNA in PCR buffer (10 mM Tris–HCl [pH
8.3], 50 mM KCl, 5 mM MgCl2), 200�M each deoxynu-
cleotide triphosphate (dNTP) (NEB, Beverly, MA), and
600 ng of each of the sense and antisense primers. For
each of the Sindbis wild type and deletion TM mutants
the sense primer was 5′ GCA TTA CTA CCA TCG CCA
TCC 3′, the antisense primer was 5′ CAA AGG TAT
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Fig. 1. Electrophoretic analysis of ethidium bromide-stained agarose gels of template DNA (A) and PCR product mixtures (B and C). (A) Sindbis
virus plasmid template DNA (cDNA), TM 25 analyzed on 1% agarose gels. Lane 1 shows the total mass in ng above the closed arrow for each DNA
fragment. Lane 2 contains a 1 Kb ladder with an open headed arrow designating the largest fragment of 10 Kb. Lane 3 (1�l ∼ 50 ng total) and lane 4
(5�l ∼ 250 ng total) reveal a small amount of RNA contamination in the larger aliquot. In (B) is shown the 4% agarose gel analysis of the test PCR
reaction mixes. Lane 1 is the same as in (A). Lane 2 contains a 123 bp (bottom arrow) ladder used to size DNA products in higher concentration gels.
Lane 3 displays the products of a PCR reaction without template DNA. No specific product is seen although a small primer generated product appears
at the bottom of the gel. No products are generated in the absence of primers (lane 4) and specific products are only generated from complete reaction
mixtures (lanes 5 and 6). Lane 6 is essentially the same PCR reaction as lane 5, labeled with [�-32P] dATP. An autoradiogram of (B) lane 6 is displayed
in (C) lane 1 showing the 274 bp product and minor products (mp).
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Fig. 2. Chromatograms of the test PCR mixtures and the complete PCR reactions. Shown in (A) is the chromatogram produced from the PEI column of a
PCR reaction for Sindbis virus without DNA or primers. As detailed in Method 1, 20�l of the PCR reaction was added to 20�l of mobile phase A and
loaded onto the column. PCR reactions fromFig. 1B lanes 3 and 4 containing only template or primers produced the profile in (B). The chromatogram
displayed is representative for both of these PCR mixtures. A representative chromatogram is shown in (C) for the PCR reaction composed of the
complete reagent mix or the reaction with the [�-32P] dATP tracer (Fig. 1B lanes 5 and 6). Comparison of the control reactions in (A) and (B) with the
complete PCR reaction in (C) identified peak 11 as the reaction product. Fraction 10 is a minor product (compare toFig. 3B fraction 10).
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Fig. 3. Peak fraction analysis of the [�-32P] labeled PCR reaction. In (A), agarose gel electrophoresis through 4% agarose of the fractions collected from
the separation described inFig. 2C shows that no DNA products are detected by ethidium bromide stain prior to peaks 10 and 11. An autoradiogram,
Fig. 3B of the gel shown in (A) further demonstrates that no absorbance peaks observed inFig. 2C are the result of DNA not detected by staining.

Fig. 4. Chromatographic separation of PCR products generated by a mixture of mutant template DNAs. In (B) is shown a 4% agarose gel of the PCR
mixture before and after LC. Lane 2 contains 5�l of the reaction mixture. The bottom band in this lane is a product of 229 bp, the middle band is
247 bp and the top band is 277 bp (arrows). As seen on the gel fractions 9 and 10 contain minor products. Fraction 11 displays a large absorbance but
only a smear of nonspecific products is detected. Fractions 12 (33 min) and 13 (35–37 min) show the specific products. Fraction 12 contains the smallest
of these DNA products.

GCA CAA CTG G 3′. The primer set for the WNV tem-
plate was for the sense strand, 5′ GGA TTG CTG GGG
TGG ATG GGC 3′ and antisense 5′ GAC TCG AGC
GGC CGC CTC AGT G 3′ (MWG, High Point, NC).
The final component in all PCR reactions was 0.5�l (2.5

units) Taq DNA polymerase (Applied Biosystems, Fos-
ter City, CA) in a final volume of 100�l. The reactions
were boiled and slow cooled to just below the lowest TM
of the primer sets prior to adding theTaq polymerase
(Hernandez et al., 2000).
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The PCR profile for the Sindbis constructs consisted of
three segments, 95◦C for 1 min, 55◦C for 2 min, 72◦C for
2 min. This cycle was repeated 30 times and was followed
by an additional extension of 8 min at 72◦C, 4◦ hold. Radi-
olabeled PCR reactions were essentially as described above
with the addition of 10�Ci (1�l) [�-32P] dATP (Amersham,
Piscataway, NJ) in the final mix. The PCR profile for the
WNV construct is significantly more intricate due to the high
GC content (Jenkins et al., 2001) and secondary structure
of these virus genomes and the large amounts of nonspe-
cific products generated (seeSection 3). After initial boiling
and annealing of the primer pairs, as described above, Taq
polymerase was added and the PCR program initiated. Seg-
ment 1 (melting): 92◦–95◦ (0.06◦C/s), soak at 95◦ for 1 s,
ramp 95◦–62◦ (0.56◦C/s), and soak at 62◦ for 1 s. Segment
2 (annealing): ramp from 62◦C to 60◦C (0.04◦/s), soak at
60◦ for 35 s, ramp from 60◦ to 70◦ (0.15◦C/s) and soak
at 70◦ for 1 s. Segment 3 (elongation): ramp from 70◦ to
72◦ (0.05◦C/s) and soak at 72◦ for 120 s. This combined
cycle is repeated 30 times and followed by an 8 min soak
at 72◦C, and 4◦ hold. All PCR reactions were performed
using a Thermo Hybaid Multi Block System 0.5 ml stan-
dard block thermocycler (Thermo IEC, Needham Heights,
MA) with ramping profiles programmed as suggested by the
manufacturer.

2.2. DNA purification

Template plasmid DNAs that are used in the PCR reac-
tions are purified by isopycnic centrifugation through cesium
chloride gradients. Most of the proteins are removed from
the DNA by this procedure although some RNA contami-
nation remains (seeFig. 1A lane 4). The quality and purity
of the template DNA is determined by agarose gel elector-
phoresis prior to use in the PCR reaction. Primer oligomers
are used directly as supplied by the manufacturer, and are
not HPLC purified. The remaining PCR mixture components
are as specified inSection 2and are also not HPLC grade.

All DNA analysis was done using agarose gel elec-
trophoresis in TAE (40 mM Tris–HCl, pH 7.5, 20 mM acetic
acid, 2 mM EDTA) buffer at 10–15 V/Cm and subsequently
stained with 0.2�g/ml ethidium bromide. Plasmid DNA
purity and concentration was determined on 1% agarose
(Invitrogen, Carlsbad, CA) by comparison to DNA mass
standards (Invitrogen, Carlsbad, CA).

2.3. HPLC instrumentation and chromatogram analysis

The HPLC system utilized consisted of a Hewlett Packard
1100 series liquid chromatograph, variable wavelength de-
tector and a Rheodyne 7725i injection valve. A PolyWAX LP
50 mM× 1 mM i.d. microbore column (item# 051WX0315
PolyLC Inc, Columbia, MD) was connected directly to the
injector by 0.005 in. i.d. PEEK tubing (Upchurch Scientific,
Oak Harbor, WA). The PolyWAX LP column was packed
with 3�m silica of 1500 Å pore diameter with an adsorbed,

crosslinked coating of linear polyethyleneimine (PEI). Sam-
ple absorbance was measured at 260 nm.

Method 1.This method was used for the Sindbis virus TM
25 and the WNV separations. The PolyWAX LP column was
equilibrated in buffer A (20 mM Na2HPO4, 25 mM NaClO4,
5% acetonitrile pH 7.5) at a flow rate of 0.045 ml/min. A
20�l aliquot of crude PCR reaction was brought up to
40�l in buffer A and loaded onto the column. After 5 min,
the injection loop was closed and a gradient with buffer B
(20 mM Na2HPO4, 1 M NaClO4, 5% acetonitrile pH 7.5)
was used to elute the adsorbed PCR fragments from the
column; 0–5 min [0%B→ 0%B], 5.01–10 min [0%B→
55%B], 10.01–65 min [55%B→ 68%B]. After the gradi-
ent, the mobile phase was changed to 100% buffer B and
the flow rate was changed to 0.08 ml/min. The column was
washed for 15 min with pure buffer B followed by a 15 min
wash with buffer A.

Method 2. This method was used for separations in-
volving the Sindbis virus TM mutant mixed PCR prod-
ucts. For this separation, the gradient profile was slightly
modified and the rest of the run remained unchanged:
0–5 min [0%B → 0%B], 5.01–10 min [0%B→ 55%B],
10.01–65 min [55%B→ 63%B]. Under the gradient condi-
tions described above, the template DNA is not eluted from
the column necessitating a cleanup program after every
10th run prior to preequilibration. This program consists
of a 20 min wash with 100 mM triethylamine phosphate
(TEAP) solution pH 3.0 at 0.08 ml/min at room temperature
followed by a 20 min wash with H2O, and a 20 min wash
in 100% buffer B, prior to regeneration of the column for
30 min with 100% buffer A.

All samples were collected manually peak to peak di-
rectly into the Microcon YM spin dialysis columns. Fraction
volumes varied from 50 to 100�l. A complete chromato-
graphic separation using these specific parameters can be
accomplished in about 50 min.

3. Results

3.1. Template DNA and PCR product analysis

Shown inFig. 1are ethidium bromide-stained 1% agarose
gels used for DNA analysis.Fig. 1A lane 1 shows the mass
markers (closed arrows) labeled with the corresponding mass
in ng. Fluorescence intensity of the DNA bands of interest is
compared to these standards to estimate the quantity of DNA
in a specific band.Fig. 1A lanes 3 and 4 are of 1 and 5�l
Sindbis virus template TM 25 DNA, representing 50 and
250 ng of total DNA respectively. PCR product analysis was
done using a mixture of 3% NuSieveTM (FMC, Rockland,
ME) and 1% agarose essentially as described for the template
DNA above. This is depicted inFig. 1B. Lane 1 inFig. 1B
shows the same mass marker as in lane 1Fig. 1A. Fig. 1B
lane 2 is a 123 bp ladder. Lane 3 of the same gel is of a
10�l fraction of a PCR reaction done in the absence of DNA
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template. Lane 4 consists of 10�l the identical reaction mix,
as in lane 3, with template DNA but without primers. Lanes
5 and 6 are of 5�l of the complete PCR reaction; however
the product in lane 6 is radiolabeled with [�-32P] dATP as
described above.Fig. 1C is an autoradiogram of the same
lane shown inFig. 1B lane 6.

3.2. Chromatography calibration and analysis of PCR
products

To determine which absorbance peaks seen in the chro-
matograms were the result of contaminants in the reagents,
samples containing only PCR reaction reagent mix were
loaded onto the column (Fig. 2A). Peak fractions from the
column were collected and analyzed on 4% agarose gels
(as detailed above) after desalting and concentration on Mi-
crocon YM 10 spin dialysis columns (Millipore, Bedford,
MA). This test was also repeated with reaction mixes con-
taining all the necessary reagents but having only template
DNA, or only primers present. These conditions produced
equivalent chromatograms, only one of which is shown in
Fig. 2B. Comparison of these chromatograms with that of
a PCR reaction containing all the necessary components
to produce a PCR product (reagents, primers and template
DNA) shows a clear PCR product peak in the chromatogram
seen inFig. 2C(arrowhead) eluting at 35 min, labeled frac-
tion 11. This product peak, which is the total product recov-
ered from 20�l of the PCR reaction contains approximately
50 ng (seeFig. 3A fraction11) and represents only 20% of
the total PCR reaction. Products synthesized under each of
the conditions described above were also analyzed by gel
electrophoresis through 4% agarose and stained with ethid-
ium bromide. The gel shown inFig. 1B demonstrates that
no specific products are generated under the conditions con-
taining only primer (Fig. 1B lane 3). Only a small band of
primer-generated product is visible. No product is generated
as well, under conditions in which template DNA is present
but no primers are added (Fig. 1Blane 4). As expected, spe-
cific products are only present when all components of the
PCR reaction are present and are shown inFig. 1B lanes 5
and 6. Lane 6 corresponds to a PCR reaction in which [�
32P] dATP is added to the complete reaction components
as a tracer to label low abundance products not visible with
ethidium bromide and to identify absorbance peaks resulting
from de novo DNA synthesis. An autoradiograph ofFig. 1B
lane 6 is shown inFig. 1Clane 1, demonstrating that the spe-
cific 274 bp product is the major product with only 1 minor
product (mp) visible. The chromatogram of the radiolabeled
PCR reaction was equivalent to that shown inFig. 2C.

All the chromatograms shown inFig. 2show several peaks
of strong absorption at 260 nm although no contaminating
nucleic acid is detected on the ethidium bromide stained gels.
To confirm that the source of the additional peaks seen in the
incomplete PCR reactions was from reagent contaminants
and not from minor PCR products or single stranded DNA
not replicated during the PCR cycle, the radiolabeled PCR

products shown inFig. 1Cwere applied to the PEI column
and sequential peak to peak fractions were collected. Prod-
ucts contained in these fractions were visualized by elec-
trophoresis through a 4% agarose gel stained with ethidium
bromide. As shown inFig. 3A no ethidium bromide-stained
product bands are seen before a minor primer-generated
product in fraction 10 and the major product shown in frac-
tion 11 which elutes at 35 min. An autoradiogram of the
same gel (Fig. 3B) confirms that the only de novo products
seen are in lanes 10 and 11 and correspond to the ethidium
bromide-stained products. The exposed area seen at the bot-
tom of lane 9 inFig. 3B ran ahead of the marker dye front
and is most likely free phosphate radiolabel. Although two
minor products are seen co-eluting with the major product in
Fig. 3Bfraction 11, the major band is approximately 10-fold
more abundant.

3.3. Sindbis virus mixed product PCR, HPLC purification
and product analysis

We further tested the sensitivity and resolution of this
protocol with additional Sindbis virus PCR products using
truncated DNA templates (Hernandez et al., 2003). These
contain nested deletions within the E2 structural gene and
differ from the wild type sequence only by 30 bp (TM16)
or 48 bp (TM 10). Using the appropriate Sindbis primer
pairs, the wild type and mutant template DNAs described
in Section 2, PCR products of 277, 247 and 229 bp were
synthesized. The chromatogram inFig. 4A (arrowheads, la-
beled fractions 12 and 13) clearly shows resolution of the
three product peaks. Analysis of the collected peaks on a
4% agarose gel is shown inFig. 4B. This profile shows that
fractions 9 (26 min) and 10 (29 min) which display minor
products on the gel are both hidden in the larger peak end-
ing at 31 min. The products of interest fromFig. 4A are
found in peaks 12, 33 min (229 bp) and 13, 35–37 min (247
and 277 bp). The fractions shown inFig. 4A were collected
peak to peak rather than at regular timed intervals. This col-
lection method gave higher product recovery (∼70%) than
collection at intervals, which was found to dilute the prod-
ucts (data not shown). In this fractionation, 20�l of PCR re-
action was loaded onto the column, which represents about
30 ng of each of the three PCR products. As seen on the
agarose gel inFig. 4B, approximately 20 ng of each of the
products was recovered which is slightly above the detec-
tion limit of the ethidium bromide stain in agarose. From
this purification, the amounts and concentrations of the PCR
products recovered from the PEI column after concentration
and desalting on the microcon spin columns were sufficient
for DNA subcloning without further manipulation.

Reproducibility of this method was tested using a second
template DNA which generates PCR products of a different
sequence. For this we used a WNV template DNA. The
RNA genomes and subsequently the cDNA templates of the
Alphaviruses (Sindbis virus) and the Flaviviruses (WNV)
are G+ C rich, and in some regions can reach up to 70%
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Fig. 5. Chromatographic separation and agarose gel analysis of WNV PCR products. (B) Lane 3 displays the separation of the crude WNV PCR product
mixture on 4% agarose prior to LC. As in the gel inFig. 3A and the chromatogram inFig. 2B the early absorbance peaks do not correspond to DNA.
The WNV DNA product peak is contained in fraction 14 and is shown in (B) in the fraction 14 lane (peak fraction 37 min).

GC composition (Jenkins et al., 2001). These templates are
typically difficult to amplify and produce many secondary
products (as seen in lane 3 ofFig. 5B). Lane 3 inFig. 5B
illustrates a sample PCR reaction profile, and the corre-
sponding gel for a 202 bp product from a WNV cDNA. Peak
fraction 14 (eluting at 37 min) shown inFig. 5A contains the
WNV product. The identity of this peak is verified by the
4% agarose gel shown inFig. 5B fraction 14. This fraction
yielded approximately 200 ng of the desired 202 bp product
and represents a recovery of >90%. The larger nonspecific
products seen inFig. 5B lane 3 were not eluted during the
gradient profile shown. These products are artifacts of the
PCR reaction and no further analysis was done.

The WNV 202 bp product eluted at 37 min, 2 min later
than the Sindbis virus 274 bp product (Fig. 2C fraction 11
and Fig. 1B lane 3). While anion-exchange separation of
dsDNA is based primarily on length, retention times are
known to be affected by sequence. Current models propose
that DNA conformation may affect interaction of the spe-
cific product with the stationary phase (Huber, 1998). This
finding is in accord with the secondary structure predictions
for cDNA of these two viruses, which show many areas of
stable folding (Zuker, 2003). These folded structures may
determine how many negatively charged sites have steric
access to the surface of the stationary phase. These results
demonstrate the necessity to characterize product peaks by
a second method not dependent solely on column retention
times.

4. Discussion

State of the art DNA separation using HPLC employs
ion pair-reversed phase HPLC through alkylated non-
porous poly(styrene-divinylbenzene), (PS-DVB-C18) parti-

cles 2–3 m� in diameter. This matrix is available under the
brand name DNASepTM as a component of the WAVE(tm)
DNA fragment analysis system (Transgenomic, Omaha,
NE). This sophisticated instrumentation couples data anal-
ysis software to the DNASepTM column, quantitates and
sizes DNA fragments based on calibration against a chro-
matographically separated DNA standard ladder. An in-line
fraction collector automatically collects the purified frag-
ment. Other sophisticated methods of PCR product analysis
include the ABI Prism® genetic analyzers (PE Biosystems)
which separate products electrophoretically through mi-
crocapillaries. Each of these systems is designed for high
throughput and automated capabilities. The value of these
methodologies is evident due to the sized based separation
of DNA, fast analysis (10–15 min runs) and high purifica-
tion levels (>95%) but these technologies require substantial
financial investment and are resource intensive. We describe
herein a simple, inexpensive alternative method for the
preparative purification and isolation of nM quantities of
DNA. This method uses anion-exchange chromatography
which remains a prominent technique for the separation of
dsDNA (Huber, 1998).

The suitability of anion-exchange chromatography for the
separation of PCR products has been reported for TSKgel
DEAE-NPR matrix (TosoHaas, Stuttgart, Germany). While
the anion-exchange mode requires longer elution times,
and produces slightly less resolution than ion-pair-reversed
phase LC (Huber, 1998) these small differences have not
been a substantial drawback for the preparative use de-
scribed here. Anion-exchange is a high-capacity mode and
published methods using analytical columns (30–250 mM
length, 2–4.6 mM i.d.) are too large for preparative fraction-
ation of ng quantities of DNA. The columns are so large that
the dsDNA collected from a typical PCR reaction, often in
ng quantities, is too dilute. This precludes analysis of peak
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fractions on standard agarose gels or their use in subsequent
applications. Micropreparative methods for fractionation of
DNA using monolithic stationary phases have also been
reported, but are not commercially available. Microprepar-
ative DNA isolation methods using commercially available
columns for less than�g quantities of DNA are lacking.

While anion-exchange materials frequently feature DEAE
functional groups this merely reflects their convenience of
incorporation. There is no inherent advantage of DEAE
over other basic functional groups that have been evaluated.
Polyethyleneimine-based coatings display excellent separa-
tion of nucleic acids (Drager and Regnier, 1985; Pearson and
Regneir, 1983). Their capacity tends to be higher than that
of DEAE-based materials. Use of this material on a micro-
bore scale has enabled the purification of nM quantities of
PCR products without the need for agarose gel purification.

We conclude from the data presented above that the
use of the PolyWAX LP microbore column, in conjunc-
tion with miniaturization of the HPLC apparatus and small
fraction volume collection (∼50�l), is a sensitive and ef-
ficient method for the purification of PCR products at�M
concentrations. An additional step of desalting and fraction
concentration using a Microcon spin column was the only
additional step necessary after chromatography for prepara-
tion of the PCR product prior to final manipulations. This
protocol has eliminated the necessity to gel-purify PCR
products. Agarose gels are only employed to analyze prod-
uct peaks and to estimate the DNA concentration and yield.
Characterization of the specific PCR reaction profiles and
purification of the desired product(s) at a sufficient concen-
tration for downstream manipulations can be accomplished
in a few hours, compared to several days by traditional
methods.

Products purified by this method have been used suc-
cessfully in our laboratory for cloning into cDNA vectors
used for the production of infectious virus transcripts (Rice
et al., 1987). While significantly increased cloning efficien-
cies were not seen, the amount of starting PCR material
was reduced at least five-fold from that required previously
with gel purification. The minor products generated from
some primer pairs, as those seen inFig. 3B fraction 11
did not interfere with downstream cloning. This method
has also been employed successfully for the purification of
megaprimers from reactions which generated minor prod-
ucts, for use in the “megaprimer method” of site directed
mutagenesis (Sarkar and Sommer, 1990). We have further
extended the use of this method to isolate PCR products
from RT/PCR reactions. Deletion mutants of Sindbis virus
similar to those described inSection 2for TM 25 were pro-
duced in cDNA templates. These mutant cDNAs were then
used to produce infectious RNA transcripts. Virus produced
from cell transfections (Hernandez et al., 2003) was veri-
fied for stability of the deletion by RT/PCR of the mutant
through the deleted region using the primer sets described
for TM 25 (described inSection 2). These reactions pro-
duced profiles similar to that seen inFig. 2C. The RT/PCR

reaction yield was∼4�g/100�l from which ∼3�g were
recovered after purification through the PEI column, a re-
covery rate of∼75%. A portion, 1.5�g, of this product was
sent for direct sequencing and gave very low noise sequence
data through the entire fragment compared to the sequence
data we have obtained previously with gel purified frag-
ments (data not shown). We have found that the presence of
RNA templates and single stranded cDNA in the reaction
mix added to the column have no noticeable effect on the
chromatography. The column and solutions were not pre-
pared or maintained under RNase free conditions thus we
do not expect the RNA template to remain intact. Reten-
tion of an RNA–DNA hybrid, however, is possible under the
conditions used for the column. The tertiary structure of an
RNA-based fragment may be different than that of a DNA
based fragment. As a result this might affect which or how
many of the total charged sites have access to the stationary
phase simultaneously, and thus affect the retention time and
the concentration of the elution gradient. We have no way of
predicting what these effects might be but expect that they
should be minimal in anion-exchange HPLC. As discussed
above, the possible presence of a RNA–DNA hybrid or a
single-stranded cDNA in the RT/PCR mixture used for the
TM 25 reactions described above had no observable effect
on the elution behavior for this specific template and would
be expected to be eluted from the column during the TEAP
cleanup.

Additionally, we have observed that subtle interactions
with linear PEI of PCR products of different size and compo-
sition may play a significant role in their elution profiles. The
shorter WNV product (202 bp) was reproducibly retained
2 min longer than the longer Sindbis virus 274 bp product.
This property of anion-exchange LC did not compromise the
isolation of the specific products described because fragment
analysis was done using agarose gels. Sequence-dependent
retention onto PEI could be exploited further for the separa-
tion of PCR products which may display enzyme generated
substitutions as well as deletions.
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Abstract

Sindbis virus particles are composed of three structural proteins (Capsid/E2/E1). In the mature virion the E1 glycoprotein is organized in a

highly constrained, energy-rich conformation. It is hypothesized that this energy is utilized to drive events that deliver the viral genome to the

cytoplasm of a host cell. The extraction of the E1 glycoprotein from virus membranes with detergent results in disulfide-bridge rearrangement

and the collapse of the protein to a number of low-energy, non-native configurations. In a new approach to the production of membrane-free

membrane glycoproteins, furin protease recognition motifs were installed at various positions in the E1 glycoprotein ectodomain. Proteins

containing the furin-sensitive sites undergo normal folding and assembly in the endoplasmic reticulum and only experience the consequence

of the mutation during transport to the cell surface. Processing by furin in the Golgi results in the release of the protein from the membrane.

Processing of the proteins also impacts the envelopment of the nucleocapsid in the modified plasma membrane. This technique provides a

unique method for studying the mechanism of virus assembly and protein structure without altering crucial early events in protein assembly,

folding, and maturation.

D 2004 Elsevier Inc. All rights reserved.

Keywords: Alphavirus; Sindbis; Membrane glycoproteins; Furin protease; Virus assembly
Introduction

As the prototype of the Alphavirus genus, Sindbis

virus (SV) has long served as a model system for the

investigation of virus structure and the processes of

assembly, host recognition, and infection (Strauss and

Strauss, 1994). SV is an arthropod-borne virus with a

positive polarity single stranded RNA genome that is

11,703 nt in length. The viral genome encodes four

nonstructural proteins (nsP1 to nsP4) and three structural

proteins (C/E2/E1). The structural proteins are translated

from a polycistronic subgenomic 26S RNA which has the

potential to produce the polyprotein NH2-Capsid-PE2-6K-

E1-COOH. The intrinsic autoproteolytic activity of the

capsid protein (C) releases it from the developing
0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.virol.2004.12.013
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polypeptide. This processing event exposes a signal

sequence which first arrests translation and then directs

the translational complex to the endoplasmic reticulum

where translation reinitiates producing NH2-PE2-6K-E1-

COOH. Signal peptidase activity results in the excision of

6K from the polyprotein producing PE2 and E1

(Lilijestrom and Garoff, 1991). In the Trans Golgi

Network (TGN), the PE2 precursor is processed to E2

by the endoprotease furin and E1 is converted from a

stable to a metastable high-energy protein. The endopro-

tease furin is a member of the PACE enzyme superfamily

(Paired basic Amino acid Cleaving Enzyme) (Moehring

et al., 1993). Furin is a calcium dependent subtilisin-like

Kex-2 analog endoprotease that carries out post-transla-

tional modifications within vesicular membranes of the

secretory pathways of mammalians cells and is also

found in insect cells. Furin cleaves PE2 to E2 and E3 at

the conserved amino acid sequence Arg-X-Arg/Lys-Arg.

The E3 protein is not found in mature SV particles.
05) 629–639
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A mature SV particle contains 240 copies of the three

structural proteins in a 1:1:1 stoichiometric arrangement

with the glycoproteins E1 and E2 making up the icosahedral

surface protein lattice. The outer protein shell adopts a T = 4

icosahedral conformation and is composed of 80 E1/E2

heterotrimeric spikes (Paredes et al., 1993, 1998). The T = 4

icosahedral conformation is also adopted by the internal

core of the virus which is composed of 240 capsid proteins

(Paredes et al., 1993). Receptor recognition by the E2

protein is postulated to be the first step in infection. Sindbis

has the ability to infect a diverse range of hosts suggesting a

receptor common to many species. While candidates have

been found, the specific receptor(s) has yet to be identified

(Klimstra et al., 2003). Once host cell recognition is

established, genome introduction is the second step of

infection and the E1 glycoprotein is implicated in this step.

The ectodomain of the E1 glycoprotein has been demon-

strated to be composed of two disulfide-bridge constrained

domains; a functional domain (amino acids 1–129) and

structural domain (amino acids 130–436) separated at amino

acid 129 (Phinney and Brown, 2000) based on sensitivity to

reducing agent (Anthony et al., 1992). These two domains

contain intramolecular disulfide-bridges involving 12 cys-

teine residues, which stabilize the protein in a compact,

energy-rich conformation. Short-term treatment with reduc-

ing agent eliminates virus infectivity (functional domain)

but does not affect the integrity of the virion. Extended

treatment with reducing agent dissolves the outer protein

lattice (structural domain) (Anthony et al., 1992). The

energy stored in the E1 protein may be used to breach the

cell membrane of the host to initiate genome delivery. The

mechanism by which cell penetration takes place is unclear.

There are data supporting the model that penetration takes

place by membrane fusion in acidic endosomes (Kielian,

1995). Other data however suggest acid-independent pen-

etration at the cell surface by formation of a proteinaceous

pore in the absence of membrane fusion (Paredes et al.,

2004).

The disulfide-bridges formed by the cysteine residues in

the E1 ectodomain are important for proper structure and

function of the virus (see above). In a series of papers

(Carleton et al., 1997; Mulvey and Brown, 1994, 1995,

1996), we have demonstrated that the E1 glycoprotein of

Alphaviruses is folded progressively into a compact highly

constrained and energy-rich configuration as it is assembled

in the ER. Initially, E1 is found in a relaxed, extended

conformation referred to as E1a (Mulvey and Brown,

1994). A series of folding intermediates, stabilized by

disulfide-bridges, are formed as the E1 protein matures to a

compact, stable, energy-rich conformation referred to as E1

q. E1q is found in the heterotrimers with PE2 which are

exported from the Endoplasmic Reticulum (ER) to the trans-

Golgi network (TGN) (Carleton et al., 1997). As E1 is

delivered into mature virions, it is converted from a

relatively stable to a metastable configuration. We have

shown that treatment of mature virus with detergent results
in the conversion of the E1 protein into at least 5 protein

species, which can be distinguished by PAGE under non-

denaturing conditions. All of these protein species migrate

slower than the compact E1 form, which is assembled in the

ER. This reorganization occurs rapidly upon exposure to

detergent and cannot be prevented by thiol-blocking agents

(Mulvey and Brown, 1994).

Detergent extraction from mature virions followed by

proteolytic removal of the transmembrane domain has

allowed crystallization of the Semliki Forest Virus E1

glycoprotein ectodomain and has yielded a structure at

atomic resolution (Lescar et al., 2001). Likewise, release of

the TBE E glycoprotein from virions by protease treatment

followed by purification in detergent produced a crystal

structure for Flavivirus E (Heinz et al., 1991; Rey et al.,

1995). In other experiments, the ectodomain of the Dengue

virus E protein (also a Flavivirus) has been crystallized in

detergent after expression as a truncated protein without

the membrane-anchoring domain (Modis et al., 2004).

These analyses produced remarkably similar structures. All

of the studies which have examined the structure of

isolated Alphavirus E1 or Flavivirus E have involved

steps in which the protein is exposed to detergent prior to

analysis (Bressanelli et al., 2004; Gibbons et al., 2004;

Heinz et al., 1991; Lescar et al., 2001; Modis et al., 2004;

Rey et al., 1995; Wengler and Rey, 1999). It is therefore

unclear whether or not the structures determined are of the

native protein or of a reorganized product of detergent

treatment as described above (Mulvey and Brown, 1994).

All of the crystal structures published of E1 and E are of

an extended and relaxed configuration and it is therefore

possible that the crystal structure produced is one of a non-

native low energy form of the protein. We have shown,

using protein modification and mass spectrometry of intact

virions at neutral pH, that tyrosines 1 and 15 of E1 are

exposed on the surface of the virion (Phinney et al., 2000).

In the crystal structure, these amino acids are buried in the

fold. The protocol for production of membrane glycopro-

teins we describe herein may generate material which can

confirm the published structure E1 or provide an alter-

native configuration.

To avoid complications which may arise from detergent

extraction of integral membrane proteins, we have made use

of the endoprotease furin to produce truncated E1 glyco-

proteins that are secreted from BHK-21 cells. Three

functional domain mutants (furin E1 aa 130, 133, 139)

predicted to release the functional domain (NH terminal

domain described above) and two ectodomain mutants

(furin E1 aa 392, 393) predicted to release entire ectodomain

of the E1 protein were constructed. For all of these mutants,

proteolytic cleavage of the E1 protein occurs after critical

folding and assembly events in the ER. The data presented

show that the correctly folded high-energy conformation of

the E1 is transported from the ER to the TGN in the non-

permissive BHK-21 cell line where it is cleaved by furin at

the installed furin protease-sensitive motif. This proteolytic
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cleavage produces a secreted E1V protein functional domain

or a secreted ectodomain (E1V ) depending upon the location

of the furin site. When the mutant viruses are grown in the

permissive CHO RPE.40 cell line, which is furin deficient,

no truncated E1V proteins are observed. The truncated E1V
protein was positively identified by mass spectrometry and

both reducing and non-reducing analysis showed that the

truncated E1V protein may have retained the native disulfide-

bridge patterns associated with the full-length protein. This

strategy allows the protein to fold and assemble normally in

the ER prior to its conversion in the TGN to a secreted

protein.

The introduction of furin cleavage sites into the

ectodomains of membrane glycoproteins also provides a

new approach for the study of protein assembly and

function. The commonly used protocol of reverse genetics

introduces mutations into a protein as synthesis of the

protein takes place. This means that the mutation can impact

all events related to the maturation of that protein into its

functional form. The introduction of furin sites in protein

ectodomains can be tested for its effects on maturation by

producing the protein in cells that lack furin. The mutations

which are silent in furin-negative cells can be used to

determine the effects of the mutation on protein structure

and function after all normal folding and assembly events

have taken place in the endoplasmic reticulum in cells

containing furin. We show below that the processing of

these sites can have profound effects on the final events in

virus assembly.
Fig. 1. Schematic representation of Sindbis virus E1 and E2 membrane glycoprote

specific tertiary structure is being implied. The open lollipop shapes represent ca

squares labeled S, represent only 2 of the disulfide bridges found in E1. The locatio

open circles and are numbered according to the first amino terminal Arg in the

installed at amino acid 130, followed by additional mutants at positions 133 and 13

proximal furin site containing mutants were constructed at E1 amino acid positions

the ectodomain mutants.

 

Results

Location of furin protease-sensitive sites in Sindbis virus E1

In determining the location best suited to engineer the

furin protease-sensitive sites, careful consideration was

given to issues such as steric hindrance and distance to the

membrane (Fig. 1). Structural prediction programs (DNA

Star, Madison WI), mass spectrometry data (Phinney et al.,

2000), and existing crystal structures (Lescar et al., 2001)

were utilized to predict domains on the protein surface and

these exposed domains were selected for insertion of

furin-sensitive sites. In addition, all the furin protease-

sensitive sites were positioned outside of disulfide-linked

domains (Phinney and Brown, 2000). Based on the data

from mass spectrometry (Phinney and Brown, 2000),

mutations were placed between the functional and

structural domains of E1 (functional domain mutants)

and close to the virus membrane (ectodomain mutants)

(Fig. 1). The functional domain mutants were predicted to

secrete a polypeptide of approximately 14 kDa (membrane

distal) into the media while the predicted ~37 kDa

structural domain (membrane proximal) should remain

associated with the cell. The ectodomain mutants were

predicted to secrete the entire ~49 kDa ectodomain into

the media. To test these hypotheses, five furin protease-

sensitive E1 mutants were generated: the functional

domain mutants (furin 130, 133, 139) and the complete

ectodomain mutants (furin 392, 393).
ins. Depicted in tubular form is a heterodimer of the proteins E1 and E2. No

rbohydrates, N-139, N-245 of E1 and N-196, and N-318 of E2. The open

n of the engineered furin protease recognition motifs are represented by the

recognition motif. Beginning at the E1 amino terminus, the first site was

9. These three mutants represent the functional domain mutants. Membrane

392 and 393. These mutants produce the truncated E1Vprotein and represent



Fig. 2. Particle/pfu ratios of BHK-21 grown wild type virus and furin-

sensitive mutants. The furin 133 and 139 mutants produce essentially wild

type particle/pfu ratios. The furin 130 mutant produced the highest number

of noninfectious particles of all of the mutants, at a ratio of 5 � 105

particles/pfu. Mutants 392 and 393, respectively, produce 2–2.5 orders of

magnitude more noninfectious virus when compared to wild type.
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Growth of E1 functional domain mutants in BHK-21 and

CHO RPE.40 cells

Analysis of virus production by the functional domain

mutants grown in BHK-21 and CHO RPE.40 cells revealed

several interesting characteristics of these viruses. When

grown in BHK-21 cells, wild type virus grows to a titer of

6.5 � 109 pfu/ml (Table 1). The mutants containing the

furin-sensitive sites all produced significantly lower

amounts of infectious virus. The 130 mutant showed the

greatest decrease in titer, approximately five orders of

magnitude, compared to the wild type virus titer. The

decrease in virus production suggests that the engineered

furin protease-sensitive site at this position is accessible to

the endoprotease and is processed. Other mutations in the

junction between the structural and functional domains

produced varied results. A reduction in infectious virus

production of ~104 pfu/ml was observed for the 139 mutant.

This reduction in titer is not as large as observed with the

130, or the 133 mutant and implies that the position of the

furin site within the amino acid sequence separating the

functional and structural domains effects the production of

infectious virus particles. The decrease in titer also

suggested that incorporation of truncated E1 into virus

particles might have resulted in the production of non-

infectious particles. These particles may have incorporated

some E1 protein missing the amino-terminal region of the

protein. Support for this contention was obtained by

showing that BHK-21 grown virus from the 130 mutant

had a very high particle to plaque forming unit ratio

(particle/PFU) (Fig. 2). The mutations at positions 133 and

139 resulted in production of virus with a particle/PFU ratio

similar to wild type, indicating that only non-processed

protein was incorporated into assembled virus. When the

functional domain mutants are grown in CHO RPE.40 cells,

they all produce infectious virus in amounts similar to that

produced by wild type virus. This demonstrates that the drop

in virus production observed when these viruses are grown

in BHK-21 cells is the result of the presence and subsequent

processing of the furin-sensitive E1 by furin. In addition, the

ability of the virus to grow and assemble in the CHO

RPE.40 cell line shows that the amino acid changes related

to the insertion of the furin protease-sensitive sites does not,

in and of itself, effect virus protein translation, protein

folding, or assembly of the virus.
Table 1

Infectious virus production from BHK-21 and CHO RPE.40 cell lines

Virus Titer from BHK-21

cells (pfu/ml)

Titer from CHO

RPE.40 cells (pfu/ml)

Wild type 6.50 � 109 1.25 � 1010

Furin 130 4.00 � 104 5.23 � 1010

Furin 133 4.40 � 105 5.13 � 1010

Furin 139 5.80 � 105 1.95 � 1010

Furin 392 6.00 � 106 5.00 � 109

Furin 393 6.00 � 106 5.00 � 109

 

Growth of ectodomain furin mutants in BHK-21 and CHO

RPE.40 cells

The E1 392 and 393 mutants grew to very similar titers in

BHK-21 cells (6 � 106 pfu/ml) with virus production for

both mutants being three orders of magnitude below that of

wild type (Table 1). As was the case for mutants 130, 133,

and 139, mutants 392 and 393 produce virus near wild type

levels in the CHO RPE.40 cells. The mutants 392 and 393

were found to be similar to mutant 130 in that they produced

much higher levels of non-infectious particles in comparison

to the 133, 139 mutants and wild type. As with the other

mutants, it was concluded that the reduction in the

production of infectious virus by the 392 and 393 mutants

resulted from the processing of furin-sensitive E1 by furin

and not changes in amino acid sequence.

Analysis of furin-sensitive virus cell associated proteins

To further establish that the inserted furin-sensitive sites

were recognized by the protease during the process of virus

maturation, proteins produced by the mutants were analyzed

by PAGE. Immunoprecipitations were carried out on

supernatants of infected monolayers or lysates of infected

cells and labeled viral proteins were analyzed on SDS or

tricine gels as described in methods (Liu and Brown, 1993).

Shown in Figs. 3A, lane 5 and B, lane 1 are proteins

immunoprecipitated from lysates of cells transfected with

RNA from a vector containing a non-Sindbis plant RNA

(P75) or mock transfection (M), respectively. Neither

display bands that comigrate with the wild type virus

proteins and served as negative controls. SV structural

proteins are detected in the wild type positive control lanes

(Figs. 3A, Lane 4 and B, lane 2). All of the furin-sensitive

mutants were found to express all of the viral structural

proteins seen in the wild type protein profile. The pattern of

protein processing observed with the ectodomain mutants

(Fig. 3B, lanes 3 and 4) is similar to that seen with the wild

type virus. No truncated virus proteins were detected as

these were expected to be released from the cell into the



Fig. 3. Tricine and SDS-PAGE analysis of proteins produced by furin-sensitive mutants. Shown in (A) is the autoradiograph of cell lysate immunoprecipitated

proteins from transfected BHK-21 cells expressing, furin-sensitive mutant 130 (lane 1), furin-sensitive mutant 133 (lane 2), furin-sensitive mutant 139 (lane 3),

wild type virus (lane 4), and a negative plant vector control, p75 (lane 5). Additional bands for the mutants 130 and 133 are seen in the form of a 37-kDa

structural domain fragment and a 14-kDa functional domain fragment (lanes 1 and 2). The furin-sensitive mutant 139 (lane 3) was not processed at the installed

furin site. Lane 5 contains the negative control precipitate did not demonstrate protein bands co-migrating with the Sindbis virus proteins. (B) Depicts a cell

lysate immunoprecipitation from mock (lane 1) and wild type transfections (lane 2). The wild type lane shows proper structural protein processing and the

mock shows no comigrating bands. The ectodomain mutants 392 (lane 3) and 393 (lane 4) also show proper processing of the structural proteins. E1V is not
present because this protein is secreted and not cell associated. (C) SDS-PAGE of supernatant of metabolically labeled; mock (lane 1), wild type (lane 2), 133

(lane 3), 392 (lane 4) and 393 (lane 5) infected monolayers. The 392 and 393 mutant infected monolayers secrete the truncated E1V protein which is not seen in

the wild type and mock control lanes nor in the 133 lane.
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media. Analysis of the functional domain mutants 130 and

133 (Fig. 3A, lanes 1 and 2) revealed the presence of a

truncated ~37 kDa structural domain associated with the

cells as predicted. This band migrates above the ~30-kDa

capsid protein band. Also, low levels of the ~14 kDa

functional domain were detected. This could be the result of

binding of some of the truncated functional domain with

cellular or viral proteins. Furin did not process the 139

mutant as predicted, although a significant drop in virus

production was observed in BHK-21 cells. The reason for

this non-protease related phenotype is not clear but may be

related to the loss of a glycosylation site at E1 139 which is

processed differently in the two cell lines (Fig. 3A, lane 3).

Analysis of secreted viral proteins

To determine if the 392 and 393 furin-sensitive mutants

secreted the truncated E1 protein ectodomain as predicted

(see above), BHK-21 cells were transfected and the virus

products produced were analyzed on SDS-PAGE (Fig. 3).

Fig. 3C lane 2 shows E1 and E2 (~50 kDa each) and capsid

(~30 kDa) virus proteins from a wild type transfection. The

E1 133 mutant (lane 3) produced a protein profile similar to

that of the wild type, while the 392 and 393 mutants (Fig. 3C,

lanes 4 and 5) contain an additional band (E1V) which

migrates faster than the wild type E2 protein. This additional
band was not present in the control lanes. E1V migrates at the

molecular weight predicted for the truncated E1 ectodomain

released by furin processing (~49 kDa). The E1V band seen in
Fig. 3C (lane 5) was excised from the gel and analyzed by

mass spectrometry. A 33-amino acid peptide was positively

identified as being part of the amino terminus (aa 17 to 50) of

SV E1 glycoprotein. No non-virus or non-E1 sequence was

identified from this band.

E1V was also analyzed to determine if it was in a compact

form stabilized by disulfide-bridges. The mild reducing agent

DTT or the alkylating agent NEM (to prevent disulfide

reshuffling) was added directly to the supernatant of

metabolically labeled wild type, 392, or 393 mutant infected

BHK-21 cells and the proteins were analyzed by SDS-PAGE.

Fig. 6 shows that in the presence of NEM (lanes 1 and 3) all

the structural proteins of the mutants migrate at the same

position as those of the wild type virus (lane 5). The truncated

E1Vmigrates as a compact highly constrained structure (lanes

1 and 3) slightly below E2. In the presence of DTT, (lanes 2,

4, and 6) the virus protein bands migrate slower compared to

the NEM treated proteins indicating the reduction of disulfide

bridges and the production of relaxed extended conforma-

tions. The reduction of E1V demonstrates the presence of

disulfide bridges, which can be reduced by DTT treatment.

Mock infected cells (lanes 7 and 8) show no contaminating

protein bands.
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Thin sections of virus infected monolayers and negative

stains of purified mutant viruses

To examine the morphology of cells infected with the

furin-sensitive mutants, thin sections of infected BHK-21

and CHO RPE.40 monolayers were examined by electron

microscopy (Fig. 4). Infection of BHK-21 cells with wild

type virus (Fig. 4A) produced images similar to previously

published data (Brown, 1980). The cytoplasm contained

numerous nucleocapsid structures associated with intra-

cellular vesicles and no aberrant cellular morphology could

be seen. Micrographs of furin-sensitive mutant-infected

BHK-21 monolayers compared to BHK-21 monolayers

infected with wild type virus revealed several distinct

morphologies related to infection with the mutants (Figs.

4B to 4D). The E1 133 mutant exhibited the formation of

many multi-cored particles (black arrows in Fig. 3B)

which are noticeably absent in the wild type monolayer. In

addition, several long membranous appendages containing

multiple virus cores can be seen. The phenotype of the

furin 392 mutant-infected monolayers displayed tubular

structures which were more pronounced and extended

further than those observed in cells infected with the furin

393 mutant (Figs. 4C and D). The furin 392-infected
Fig. 4. Electron micrographs of BHK-21 monolayers infected with furin-sensit

infection. Many nucleocapsid structures can be seen associated with intracellular

particles budding at the plasma membrane (arrows). (B) Monolayer infected wi

nucleocapsid cores forming multi-cored particles. Several similar structures can

furin-sensitive mutant. The cell contains long tubular structures with partially env

mutant. (D) A monolayer infected with mutant 393. This mutant also displayed th

other mutants.

 

monolayers displayed membrane tubes containing several

virus particles that appear partially enveloped. This

particular characteristic was uniquely associated with the

furin 392 mutant. The incorporation of truncated proteins

into the developing virus particle may prevent completion

of the envelopment process. The formation of the tubular

structures may result if the failure in envelopment is

repeated in adjacent particles along the protein modified

plasma membrane. In response, additional membrane may

be recruited to the potential budding sites in the absence of

complete virus particle envelopment resulting in the

formation of tubular membrane structures studded with

half enveloped particles such as those observed. The E1

393 mutant does not produce the dramatic morphology

seen in BHK-21 cells infected with the furin E1 392

mutant or the functional domain mutants; however, the

formation of multi-cored particles is still observed (Fig.

4D). Negative stains of gradient purified virus did not

reveal altered morphology in mature virus particles for any

of the mutants. The mature virus particles produced by

these furin-sensitive mutants may either be composed of

proteins that escaped processing by furin or alternatively

they did not incorporate sufficient amounts of truncated

proteins to alter the process of their assembly.
ive mutants and wild type virus. (A) A typical wild type Sindbis virus

vesicles (arrowheads), and free cores within the cytoplasm in addition to

th the furin-sensitive 133 mutant. Highlighted by the arrows are multiple

be seen at the plasma membrane. (C) A monolayer infected with the 392

eloped virus particles. These structures are unique to the 392 furin-sensitive

e formation of multi cored particles but at a much lower incidence than the
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Purification of truncated E1 protein

To determine if the truncated E1V is virus associated and

if it can be isolated from the media of metabolically labeled

infected BHK-21 cells, the supernatant of cells infected with

E1 furin-sensitive mutant 393 or wild type virus was

centrifuged on a continuous sucrose gradient and the

fractions derived from the gradient were analyzed by

SDS-PAGE. Wild type virus proteins were recovered in

the more dense regions of the gradient indicating their

association with rapidly sedimenting virus particles, (Fig.

5A, lanes 1–3). Analysis of the supernatant of cells infected

with the E1 393 mutant revealed a sedimentation profile

similar to that of the wild type virus. The majority of the

viral proteins for the 393 mutant were also recovered in the

more dense fractions indicating their association with

rapidly sedimenting material (Fig. 5B, lanes 1–3). The

supernatant of cells infected with mutant 393 also contained

slow sedimenting protein in the upper (low density) region

of the gradient (fraction 13) which was not recovered from

wild type infected. In PAGE analysis this slow sedimenting

material was found to contain a single protein species which

migrates at the molecular weight predicted for E1V. Some

E1V was also found sedimenting further into the gradient

indicating the possibility of monomeric and multimeric
Fig. 5. SDS-PAGE of fractions from linear sucrose gradients of wild type

virus and the furin-sensitive mutant 393. Metabolically labeled virus

supernatants from wild type or furin 393 infected BHK-21 cells were

centrifuged over linear 1% to 20% sucrose gradients with a 65% cushion.

Fractions (0.5 ml) were collected and analyzed using SDS-gels. Shown in

(A), wild type virus associated proteins are seen only in fractions 1–3. In

(B) are fractions from the gradient of the furin-sensitive 393 mutant. This

autoradiograph shows that the majority of virus associated proteins are

found in fractions 1 and 2, essentially as shown for the wild type virus.

However, this mutant contains an additional protein seen in fractions 9–11,

and fraction 13. Fractions 9–11 are proposed to contain multimeric forms of

the E1V protein with fraction 13 containing the monomeric E1V protein.

 

forms of the truncated E1 protein (fractions 9–11). These

data demonstrate that the secreted E1V is not associated with

virus or cell debris and that it can be purified away from

wild type viral proteins.
Discussion

Sindbis virus has a lifecycle that involves both verte-

brates and invertebrates with mosquitoes serving as the

primary vector (Brown and Condreay, 1986). Sindbis is the

prototype Alphavirus utilized in research of virus assembly,

function pathogenesis and vaccine development (Strauss

and Strauss, 1994). The Sindbis virus envelope is com-

prised of a host derived lipid membrane bilayer and two

type one integral membrane proteins E1 and E2. The E1

glycoprotein is sequentially folded in the ER into a compact

energy-rich dynamic configuration that is stabilized by six

intramolecular disulfide-bridges (Mulvey and Brown, 1994;

Phinney and Brown, 2000; Carleton et al., 1997). As E1 is

exported from the ER to the plasma membrane it is

converted from a stable to a metastable conformation. The

metastable form of E1E is the form that populates the

heterotrimeric spikes in the mature virion. This high-energy

compact E1 structure collapses into a family of non-native

relaxed configurations if the protein is extracted from the

membrane of mature virions with detergent (Mulvey and

Brown, 1994). The ectodomain of the E1 glycoprotein is

composed of two disulfide-bridge constrained domains; a

functional domain (amino acids 1–129) and structural

domain (amino acids 130–436) separated at amino acid

129 (Phinney and Brown, 2000) (Anthony et al., 1992). The

procedure of producing the protein ectodomains by utilizing

the enzyme furin to release the ectodomain described above

is intended to avoid the rearrangements that occur if the

protein is exposed to detergent. At the same time this

protocol should obviate problems related to the synthesis of

the protein from a clone as a truncated species. In that

scenario, folding in the absence of a membrane anchor may

result in the development of non-native conformations

(Allen et al., 2004).

In the experiments described above, we have examined

the feasibility of using the TGN resident endoprotease furin

to release virus proteins from the membrane in which they

are assembled. Furin recognizes and cuts at the conserved

amino acid motif Arg-X-Arg/Lys-Arg. This motif was

introduced into the ectodomain of the E1 glycoprotein from

Sindbis virus at amino acid positions 130, 133, 139

(functional domain mutants) and 392 and 393 (ectodomain

mutants) (Fig. 1). In these initial experiments, the furin-

sensitive sites were engineered outside of domains predicted

to be linked by disulfide-bridges. The goal was to produce

mutations which would release the amino terminal portion

of the processed protein from the virus membrane.

Mutations located within the disulfide-linked domain would

be predicted to retain the cleaved peptide attached to the



S. Nelson et al. / Virology 332 (2005) 629–639

37

 

portion of the virus protein anchored to the membrane. We

examined the effects of these changes in amino acid

sequence on virus assembly using the furin-negative cell

line CHO RPE.40. We determined the effects of proteolytic

processing of the mutant E1 proteins by examining

assembly in the furin-positive BHK-21 cell line.

Comparison of virus growth in BHK-21 cells showed

that the mutant virus consistently produced lower amounts

of infectious virus compared to wild type virus (Table 1).

Processing of the furin protease-sensitive site in the func-

tional domain mutants (130, 133, 139) resulted in a

minimum decrease of ~104 pfu/ml in infectious virus

production with the E1 139 mutation showing lesser

deleterious effects on assembly and function (Fig. 2). This

suggests that the position of the furin site effects its

susceptibility to protease. The decrease in titer of the

functional domain mutants (130, 133) is in agreement with

previous studies from our laboratory which showed that

disruption of the functional domain by DTT treatment

reduced virus infectivity (Anthony et al., 1992). The

decrease in production of infectious virus by these mutants

also suggests that they are being processed by furin and that

this processing effects the amount of infectious virus

produced when grown in BHK-21 cells. Loss of infectious

virus production however was not observed when the

viruses were grown in the furin-negative CHO RPE.40 cell

line (Table 1). This demonstrated that the changes in the E1

protein amino acid sequence are not responsible for the

reduction in infectious virus production and thus not

detrimental to virus assembly and function. The consistently

low titers produced by these mutants and sequencing

analysis of virus produced suggest that spontaneous

revertants have not appeared.

Two general conclusions arise from these studies. First:

furin-sensitive mutants are dramatically restricted in their

ability to produce infectious virus in BHK-21 cells,

however, some of these mutants produce large numbers of

non-infectious virus particles. Second: the presence of the

mutations interrupts the process of virus assembly. This is

not due to the changes in the amino acid sequence as

demonstrated by the efficient production of infectious virus

in the permissive host cells. The processing of the furin sites

is incomplete and this may account for some of the

properties of these mutants. The E1 glycoprotein is folded

and assembled with the precursor to the E2 protein (PE2)

into trimers of heterodimers (E1-PE2) which are subse-

quently exported from the ER. As these trimers move to the

cell surface they encounter the enzyme furin in the Golgi

apparatus. It is possible that the relative amount of furin

present is insufficient to engage and process all the furin-

sensitive E1 proteins prior to its reaching the cell surface.

This implies that some E1–E2 heterotrimers may have all

three copies of E1 processed while others may have two

copies, one copy, or no E1 processed. Various combinations

of processed and unprocessed E1 in trimers of E1 and E2

may affect the assembly and function of these virus as 80 of
these trimers are incorporated into mature virions. This

raises a number of interesting questions. Can infectious

particles contain any furin processed E1, even a single

copy? If the virus can tolerate the incorporation of furin

processed E1, how many copies can it tolerate in each

trimer? It was recently shown that a pentameric aggregation

of E1 glycoproteins at the five fold axis develops in

response to exposure to low pH or interaction with a

cellular receptor at neutral pH (Paredes et al., 2004). Data

produced by our laboratory suggest that this structure may

form a proteinaceous pore in the cell plasma membrane

through which virus RNA passes to initiate infection. It is

possible that the incorporation of a single processed E1 (i.e.,

in mutant 130 which has a very high particle/PFU ratio) may

prevent the function or formation of the pore. The defect in

133 and 139 (which produce virus at low titer but with wild

type particle/PFU ratios) may prevent the incorporation of

the processed protein into the mature virion. Surprisingly,

mutants 392 and 393 also produce large numbers of non-

infectious virus suggesting the possibility that some E1

consisting of only the transmembrane domain may find its

way into virus particles.

Processing of E1 results in the accumulation of partially

enveloped virions multi-cored structures, and tubular

structures containing cores (Fig. 4). These observations

suggest that the incorporation of heterotrimers containing

processed E1 may stop the process of envelopment. The

presence of processed E1 protein in the heterotrimers may

not prevent the recruiting of these trimers into the

developing virus envelope. Trimers are recruited into the

virion by interaction of capsid protein with the endodomain

of the E2 glycoprotein and this assembly event may not

require functional E1. We and others have shown that the

lateral associations which link the trimers to one another are

used to build and maintain the icosahedral protein lattice.

Clearly a loss of structure within the E1 protein complex

would be expected to effect the formation of these lateral

interactions. It is unknown how much processed protein

would be required to arrest envelopment or produce the

structures seen in thin sections.

The E1 139 functional domain mutant was not cleaved by

furin as predicted (Fig. 3A). This result suggests that the

location of the furin-sensitive sites cannot be determined by

prediction alone but must also be evaluated experimentally.

It is unclear why this site is not processed by furin and we

cannot explain why this mutant demonstrates the phenotype

of producing noninfectious virus in BHK-21 cells while

producing wild type amounts of virus in the furin-negative

CHO cells. The introduction of the furin-sensitive sequence

eliminates the glycosylation site at E1 139. This alteration

may alter E1 assembly preferentially in BHK-21 cells.

Insertion of furin protease-sensitive sites in E1 results in

the production of truncated E1 protein functional and

ectodomains. The 130 and 133 functional domain mutants

produced truncated E1 structural domains which remained

associated with the cell as predicted. The 392 and 393
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ectodomain mutants were also processed by furin in BHK-

21 cells and secreted a truncated E1 protein ectodomain into

the media (Fig. 3C). This ~49 kDa E1V was identified by

mass spectrometry to contain a 33-amino acid peptide from

the amino terminus of the Sindbis E1 protein. Examination

of E1V under reducing and non-reducing conditions suggests

that the truncated protein may have retained its compact

high-energy configuration. This contention is currently

being investigated. In addition, it was found that the

secreted E1V is not virus associated (Fig. 5) and can be

purified away from other virus-associated proteins using a

linear sucrose gradient. The fact that the amount of E1V seen
on PAGE (Figs. 3C) is from a very small amount of

unprocessed cell media indicates that there could be a large

amount of this protein secreted from infected cells.

These data collectively suggest that insertion of furin-

sensitive sites produce truncated E1 protein functional

domains and ectodomains possibly in a native configura-

tion and that the truncated E1 may be suitable for structural

analysis. Comparing crystal structures of the ectodomain of

E1 obtained using this method to that of E1 obtained by

detergent extraction of the protein from the membrane or

by expressing a non-membrane associated truncated protein

may provide important information on the native confor-

mation of the protein and the dynamic properties of this

energy-rich protein. The insertion of furin-sensitive sites in

the ectodomains of virus membrane proteins represents a

new method for studying virus assembly and the generation

of membrane glycoprotein for structural analysis. Little is

known about the structure of the Sindbis companion

protein E2. We are expanding our study to determine if
Fig. 6. SDS-PAGE of supernatants from furin-sensitive and wild type virus

infected BHK-21 cells. The supernatants of Wild type, 392 and 393 mutants

were incubated on ice for 5 h in the presence of 20 mM DTT or NEM prior

to gel analysis. A mock infection served as the negative control (lanes 7 and

8). The wild type control (lanes 5 and 6) showed normal protein processing.

In lane 5, the virus glycoproteins are shown in the presence of NEM and

under these conditions, the structural proteins migrate to their typical

molecular weights. However, in the presence of DTT (lane 6), the reduced

E1 and E2 proteins migrated slower. The E2 protein was not completely

reduced in this and some of the other samples. The ectodomain mutants,

furin 392 and 393 showed similar patterns of migration for their structural

proteins in the presence of NEM (lanes 1 and 3, respectively) with the

presence of an additional band, E1V. In the presence of DTT (lanes 2 and 4),

E1, E2 and the E1V bands showed decreased mobility. The E2 protein in the

393 furin-sensitive mutant (lane 2) was also not completely reduced.

 

this protein can be prepared by the process described above

and to examine the effects of proteolysis of E2 on virus

assembly.
Materials and methods

Cell culture and virus infectivity assay

Baby hamster kidney cells (BHK-21) were utilized as

previously described. Briefly, these cells were grown at

37 8C under 5% CO2 and maintained in minimal essential

medium (MEM) containing Earl’s salts (Invitrogen,

Carlsbad, CA) supplemented with 10% fetal bovine serum

(FBS) (Invitrogen), 5% tryptose phosphate broth (Becton

Dickinson Microbiology Systems, MD, USA), and 2 mM

glutamine as described previously (Renz and Brown,

1976). The Chinese Hamster Ovary (CHO RPE.40) cell

line was cultured at 37 8C under 5% CO2 in HamVs F-12

EagleVs medium containing 10% fetal bovine serum (FBS)

(Invitrogen, Carlsbad, CA), and 2 mM glutamine. Titers

of all viruses produced from either host cell line were

determined on BHK-21 cells as previously described

(Renz and Brown, 1976).

Site-directed mutagenesis and production of infectious

transcripts of mutant viruses

The furin-sensitive mutants were all generated by

Quick Change site-directed mutagenesis (Stratagene, La

Jolla, CA). When possible, existing amino acids were

used along with a combination of amino acid changes

and insertions to create the furin protease recognition

motif (Arg-X-Arg/Lys-Arg). The nucleotide sequences for

the sense primers of each of the mutants are as follows:

130 mutant (5V-gcacactcgcgcgcggaaagtaggactgc-3V), 133

mutant (5V-ccgcgatgaaagtaaaacgccgtattgtgtacgg-3V), 139

mutant (5V-gtacgggaggactaggagattcctagatgtgt-3V) 392

mutant (5V-gagcaccccgagacacaaaagagaccaagaatttc-3V) and

the 393 mutant (5V-gagcaccccgcacagaaatagacgagaattt-
caagccgcc-3V). The virus strain utilized in the mutagenesis

has been described previously (Hernandez et al., 2003)

and all virus mutants were constructed using this cDNA.

A two-step process was employed using Pfu polymerase

(Stratagene, La Jolla CA), a modification described by

Wang and Malcolm (Wang and Malcolm. B, 1999). The

initial PCR consisted of 200 ng of DNA template, 5 Al
of 10� Pfu polymerase buffer (200 mM Tris–HCl [pH

8.8], 100 mM KCl, 100 mM [NH4]2SO4, 20 mM

MgSO4, 1% Triton-X-100, and 1 mg of bovine serum

albumin/ml), 100 AM deoxynucleotide triphosphates, 200

ng of either the sense or antisense mutagenic primer, and

1 Al (2.5 U) of Pfu DNA polymerase in a 50-Al final

volume. The PCR conditions were 95 8C for 1 min, 63

8C for 2 min, and 72 8C for 18 min; this repeated 15

times. After this first PCR step, 50 Al of each of the
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sense and antisense reactions was combined into one 100

Al reaction, 2 Al of Pfu polymerase was added, and the

PCR program was repeated in full. After the desired

mutations were made and confirmed by sequencing, they

were subcloned into the full-length vector using the

BsiW1 and XHOI (New England Biolabs, Beverly, MA.)

unique sites. After sequence confirmation, infectious

RNA was produced via in vitro reactions using SP6

RNA polymerase (New England Biolabs, Beverly, MA)

and introduced into both BHK-21 and CHO RPE.40 cells

by electroporation (Hernandez et al., 2000). The BHK-21

and CHO RPE.40 grown viruses were harvested once

cytopathic effect was evident or 24–40 h post-trans-

fection. Mutant virus infected cells also contained 10 mM

HEPES pH 7.4 added to the culture media. Virus

harvested from infected cells was separated into 1-ml

aliquots, and flash frozen in liquid N2. Virus aliquots

were thawed only once after freezing.

Metabolic labeling and immunoprecipitation

Anti-whole virus antibody was produced in rabbits and

Sindbis virus specific IgG was purified using a Hi Trap,

protein-A column (Amersham Pharmacia Biotech, Piscat-

away, NJ). Metabolically labeled transfections of BHK-21

or CHO RPE.40 cells were electroporated as described

above, and at 6.5-h post-transfection, 5 ml of fresh media

containing 4 Ag of actinomycin-D/ml (Act-D) (Calbio-

chem, San Diego, CA.) was added to 25-cm2 flasks of

cells (~5 � 106 cells) and incubated at 37 8C for 1 h. The

flasks were then washed with 5 ml of room temperature

PBS-D and placed into 5 ml of starvation medium (MEM

deficient in methionine and cysteine, supplemented with 2

mM glutamine, 3% FBS) and returned to 37 8C for 1 h.

The transfected cells were then labeled with 50 ACi of

[35S]methionine-cysteine (Met/Cys)/ml in 5 ml of starva-

tion medium and incubated at 37 8C until advanced CPE

was visible. For labeled infections, an 85%–90% confluent

monolayer was treated as described above. The monolayer

was then infected with 1 ml of virus diluted in 1� PBS-D/

3% FBS to an MOI of 0.03–0.3 pfu/ml at room temper-

ature for 1 h. The remaining metabolic labeling protocol is

essentially as described for the transfected cells described

above and previously (Hernandez et al., 2000). For CHO

RPE.40 cells, proline was added to the starvation media to

a final concentration of 34.50 mg/l. The labeled virus was

removed and stored 48. The cells were washed once with

cold PBS-D. Labeled cell associated proteins were

processed for immunoprecipitation similar to that

described previously. Two Al of anti-whole virus antibody

were added to the cell supernatants and rocked at 4 8C
followed by the addition of 200 Al of Protein-A beads and

the tubes were rocked overnight at 4 8C and immunopre-

cipitated as described previously (Mulvey and Brown,

1994). Polyacrylamide gel electrophoresis (PAGE) analysis

of the supernatant of the precipitation and the labeled
media was done to confirm the efficiency of the antibody

to remove viral proteins.

SDS-PAGE

SDS-PAGE of radiolabeled proteins was carried out

under denaturing conditions (0.1% SDS) in 10.8% or 12.5%

polyacrylamide or 10% tricine gels as described previously

(Liu and Brown, 1993). SDS-PAGE gels were run overnight

at 4 W/gel in standard gel running buffer. Autoradiographs

of labeled proteins were processed as described previously

(Liu and Brown, 1993).

Gradient purification and particle/PFU ratio determination

of furin mutant viruses

Labeled infections were carried out as described above.

The supernatants from infected monolayers were harvested

and centrifuged to equilibrium on 15–35% potassium

tartrate gradients in PBS-D for the purification of virus

particles. Centrifugation was done using a Beckman SW-28

rotor at 24,000 � g overnight. If a purified virus band was

visible, the band was collected in a minimum volume. If no

band was visible, 0.5-ml to 1-ml fractions were collected

and 5 Al of each fraction was counted by scintillation

spectrometry for detection of labeled virus. To isolate the

truncated E1V protein, a 1–20% sucrose gradient in PBS-D

over a 65% cushion was used. For these gradients an SW-40

rotor was used and run at 26K overnight. The fraction(s),

which were determined to contain the maximum-labeled

virus, were dialyzed in PBS-D containing 8% polyethylene

glycol (PEG). In some cases, the virus was run directly on

an SDS-PAGE without dialysis. Purified virus protein

concentrations were determined using the Micro BCA

protein assay reagent kit (Pierce, Rockford, IL). Titration

of the same virus fraction was performed on BHK-21 cells

as described above. The number of particles in a preparation

of wild-type virus was determined using electron micro-

scopy by the agar filtration protocol described by Kellen-

berger and Bitterli (1976), and the particle count was

correlated to the protein concentration (Hernandez et al.,

2003). These calculations were used to determine the

particle/pfu ratio.

Transmission electron microscopy

BHK-21 and CHO RPE.40 cells were transfected with

RNA transcribed from either wild type or individual furin

mutants as specified or in some experiments the cells were

infected with virus from the transfections. Incubation

proceeded at 37 8C for 16 to 18 h, after which the cell

monolayers were scraped from the flasks and pelleted by

low-speed centrifugation. Cell pellets were washed twice

with PBS-D and fixed with 3% glutaraldehyde (Ladd

Research Industries, Williston, VT) in 0.1M cacodylic acid

buffer (pH 7.4) (Ladd Research Industries, Williston VT).
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After cells were washed three times with 0.1 M cacodylic

acid, the cells were stained with 2% osmium tetroxide in

cacodylic buffer for 1 h. Cells were then washed as before

and embedded in 2% agarose. The agarose containing the

cell sample was then prestained with 1% uranyl acetate

(Polaron Instruments, Inc., Hatfield, PA) overnight at 4 8C.
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

were stained with 5% uranyl acetate in distilled water for 60

min and in Reynolds lead citrate (pH 12) (Mallinkrodt

Baker Inc., Paris, KY.) for 4 min. The samples were

examined at 80 kV in a JEOL JEM 100S transmission

electron microscope.
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Abstract 

Sindbis is an Alphavirus capable of infecting and replicating in both vertebrate and 

invertebrate hosts.   Mature Sindbis virus particles consist of an inner capsid surrounded by a 

host-derived lipid bilayer, which in turn is surrounded by a second protein shell consisting of 

the E1 and E2 glycoproteins. While a homolog of the E1 glycoprotein has been structurally 

characterized, the amount of structural data on the E2 glycoprotein is considerably less.  In 

this study, the organization of the E2 glycoprotein was probed by surface biotinylation of 

intact virions.  The virus remained fully infectious, demonstrating that the biotinylation did 

not alter the topology of the proteins involved in infection.  Seven sites of modification were 

identified in the E2 glycoprotein (K70, K76, K97, K131, K149, K202, and K235), while one 

site of modification in the E1 glycoprotein (K16) was identified, suggesting that the E1 

protein is almost completely buried in the virus structure.  
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Introduction 

Sindbis is an arthropod-borne old world Alphavirus capable of infecting an array of 

dissimilar organisms. This relatively small virus (approximately 70nM in diameter) is 

vectored primarily by mosquitoes, and has a lifecycle that includes both vertebrate and 

invertebrate hosts (Brown and Condreay, 1986). A mature virion is comprised of 240 copies 

of three structural proteins E1, E2 and capsid in a 1:1:1 stocheometric arrangement (Paredes 

et al., 1993). These proteins form two distinctive T=4 icosahedral shells which sandwich a 

host derived lipid bilayer. These distinctive shells interact with each other through protein-

protein interactions and help the virus maintain its icosahedral shape as well as provide 

stability (Paredes et al., 1993). The 49S RNA genome of the virus is enclosed within its inner 

capsid shell, formed solely by copies of the capsid protein, and encodes four nonstructural 

proteins (nsP1-nsP4) as well as the three structural proteins (Strauss and Strauss, 1994).  The 

Sindbis virus envelope is comprised of a host-derived lipid membrane bilayer and two type-

one integral membrane glycoproteins E1 and E2. The E1 and E2 glycoproteins form trimers 

of heterodimers in the endoplasmic reticulum of the host cell prior to being exported to the 

plasma membrane (Carleton et al., 1997). In a mature particle, these trimers of heterodimers 

are seen as 80 spike complexes adorning the surface of the virion. Current data suggest that 

the centrally positioned protruding spike is predominantly composed of E2 proteins while the 

skirt region, the area which surrounds the base of the protruding spike, is formed by E1 

proteins engaged in E1-E1 protein interactions. These interactions help form the surface of 

the virus as well as act as a stabilizing base for the E2 spike (Figure 1) (Anthony and Brown, 

1991; Zhang et al., 2002).   
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In the Sindbis virus infection cycle, the principal roles of the E2 and E1 glycoproteins 

are host receptor recognition and genome delivery (Paredes et al., 2004; Strauss and Strauss, 

1994) with the binding of the 423 amino acid E2 glycoprotein to the host receptor being the 

initial step. Several candidate receptors have been reported but none have been proven to be 

the definitive receptor responsible for infection (Klimstra et al., 2003; Klimstra, Ryman, and 

Johnston, 1998; Strauss et al., 1994; Wang et al., 1992; Wang et al., 1991). The ability of 

Sindbis to infect such a broad and diverse range of host organisms would seem to suggest 

that the interaction between E2 and the undefined receptor(s) might be malleable or 

universal. E1 is a transmembrane protein that is 439 amino acids in length, di-glycosylated 

and contains an internal putative fusion peptide (residues 75-91) (22). This peptide is 

proposed to be responsible for the fusion of the viral membrane to the host endosomal 

membrane during infection. Other published data however, suggest a different role for E1 in 

the infection cycle. In that model, E1 participates in the formation of a pore structure at the 

plasma membrane of the host through which the RNA genome of the virus is delivered to the 

cytoplasm of the host to initiate the replication process (9). With the help of crystal 

structures, E1 has been characterized structurally. However, there are no crystal structures for 

E2, and the amount of three-dimensional structural data on this protein is also lagging in 

comparison to the E1 glycoprotein. This lack of data has made it difficult to fully understand 

and describe which E2 domains are critical for maintaining the structural integrity of the 

virus, as well as those responsible for virus-host interactions, penetration, and antibody 

binding. Because Sindbis serves as the model system for the Alphavirus genus, a complete 

understanding of these aspects of E2 is critical and will play a major role toward the 

development of a vaccine for Sindbis and like viruses.  
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Sindbis virus glycoproteins are dynamic and can undergo dramatic conformational 

changes (Anthony and Brown, 1991; Pletnev et al., 2001). Using a limited proteolysis and 

amino acid chemical modification in combination with mass spectrometry  method, our lab 

has previously demonstrated that at neutral pH, domains containing amino acids 31–84, 134–

148, 158–186, 231–260, 299–314, and 324–337 of the E2 protein were accessible to 

proteolytic cleavage and chemical modifications (Phinney, Blackburn, and Brown, 2000). In 

addition, monoclonal antibody experiments have shown that E2 amino acids 173 to 220 and 

186–212 are major viral antigenic regions and are found on the surface of the spike complex 

at neutral pH (8). We have also identified conformational changes in the E1-E2 proteins 

interactions on the surface of the virion which may play critical roles in the infection process 

(Paredes et al., 2004). Taken together, these data establish the fact that there are domains of 

the protein that are accessible to solvent and other molecules but do not produce amino acid 

specific information in the context of mature infectious virus particles. In an effort to 

elucidate information on the tertiary structure of the Sindbis virus surface, a novel solution-

phase approach was utilized.  Lysines located on the surface of the virion were biotinylated at 

neutral pH.  Previous work with model proteins has shown that lysines can be modified as a 

function of solvent accessibility of the epsilon amine (Glocker et al., 1994; Steiner et al., 

1991; Suckau, Mak, and Przybylski, 1992).  The effects of biotinylation on the infectivity of 

the virus were measured, and the sites of biotinylation on the fully infectious virus were then 

determined by a combination of affinity chromatography and reverse-phase chromatography 

coupled to tandem mass spectrometry (LC-MS/MS).  The resulting data indicate that several 

lysine residues from both E1 and E2 were accessible to solvent.  By limiting the extent of 

biotinylation to maintain wild-type levels of infectivity, we are able to show that this 
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technique can be used to probe a biologically active structure, and labeled amines that are 

predicted or known not to be directly involved in the virus-host interface or in 

conformational changes involved in the infection process. In addition, these data allows for a 

better understanding of the orientation of individual lysine residues within specific epitopes 

and thus may aid in the generation of novel more specific antibodies. 

 

Results 

Effects of biotinylation on Sindbis virus infectivity 

In order to ensure that the biotinylations observed would reflect a native structure, we 

performed the labeling experiments using different concentrations of Sulfo-NHS-Biotin on 

aliquots of gradient purified virus particles.  The virus was prepared as stated below, and 

aliquots of virus from the same preparation were utilized to determine the effect of different 

concentrations of label on the infectivity of the virus.  The concentration of biotinylation 

reagent was increased by factors of ten from a molar ratio of one molecule of Sulfo-NHS-

Biotin to one viral particle to a maximum of 106 (with one additional concentration of 5x105) 

molecules of Sulfo-NHS-Biotin to one viral particle, along with a control with no label 

added.  Plaque assays were performed as previously described (Renz and Brown, 1976) using 

each aliquot of labeled virus.   

The dosage dependent effect of labeling the virus on its infectivity is shown in Figure 

2.  The plot shows that virus infectivity is essentially unaffected up to a concentration of 

10,000 to 100,000 molar excess of Sulfo-NHS-Biotin label.  Above a concentration of 

100,000 molar excess of label, the infectivity drops precipitously.  Overall, the virus remains 
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very infectious at the highest concentration of Sulfo-NHS-Biotin measured, while the 

infectivity of the virus sample has dropped by almost three orders of magnitude.   

To examine the effect of biotin labeling on the overall morphology of the virus, 

transmission electron microscopy was performed on unlabeled virus, virus labeled with 104 

molar excess Sulfo-NHS-Biotin (a point at which the virus maintains wild-type levels of 

infectivity), and virus labeled with 1,000,000 molar excess Sulfo-NHS-Biotin (a point at 

which virus infectivity is sharply reduced). As depicted in Figure 3, no differences in the 

gross morphology of the virus were detected at even the highest concentration of label. The 

observed loss in infectivity could be attributed to several factors including increased 

hydrophobic interactions between the virus and the reaction vessel. However, since the 

observed drop in titer was observed with the three highest consecutive data points and the 

micrographs appeared normal, it’s more likely that the observed drop in infectivity is related 

to an unfavorable excess labeling of the virus and not sample loss or conformational changes.  

For the purposes this study, we limited all of our analyses to virus labeled with 104 molar 

excess Sulfo-NHS-Biotin. By limiting our analyses to a molar excess of label were the virus 

is known to remain as infectious as wild-type, we were able to ensure that we were probing a 

biologically-relevant structure. 

LC-MS/MS and LC-LC-MS/MS of biotinylated Sindbis virus 

In order to identify the sites of biotinylation, Sindbis virus that were labeled with 104 

molar excess biotin were denatured and digested using either trypsin or GluC.  The resulting 

peptides were analyzed by two methods.  One aliquot was examined by C18 reverse phase 

liquid chromatography coupled to a quadrupole ion trap mass spectrometer run in data-

dependant MS/MS mode, as described above.  The other aliquot was run over a gravity flow 
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monomeric avidin column to enrich the biotinylated peptides, and the eluant was analyzed by 

C18 reverse phase LC-MS/MS.   

The tandem mass spectra were screened using the SpectrumMill software, which was 

set-up to detect the presence or absence of biotinylated lysines, in addition to the presence or 

absence of oxidized methionine (a major target for many oxidants), and the presence or 

absence of pyroglutamate (necessitated by the software).  All tandem mass spectra that 

passed the automated screening process were manually verified for accuracy, as described in 

the Materials and Methods section.  A representative MS/MS spectrum of a biotinylated 

peptide is shown in Figure 4.  When vibrational energy is added to a protonated peptide in 

the gas phase, the peptide tends to fragment at the amide bond; these fragments are labeled 

according to the nomenclature of Roepstorff and Fohlman (Roepstorff and Fohlman, 1984).  

The presence of a biotin molecule is revealed by a mass shift of 226 Da in fragments 

containing the labeled lysine, along with a lack of a mass shift in fragments not containing 

the labeled lysine.  By examining the fragmentation pattern of a biotinylated peptide and 

comparing it with the in silico fragmentation pattern of the unmodified peptide, the site(s) of 

biotinylation can be assigned to a specific amine.  In Figure 4, a peptide that matched the 

mass of peptide 231-245 of the E2 glycoprotein plus 226 Da was fragmented.  The 

fragmentation pattern matched the peptide with the inclusion of a biotin tag at K235.  Spectra 

such as this allowed us to definitively determine sites of biotinylation in the E1 and E2 

glycoproteins. 

In an attempt to improve the number of sites of modification that we could identify, 

we attempted to enrich the biotinylated peptides by affinity chromatography using a 

monomeric avidin affinity column.  Unfortunately, the peptide yield from this column was 
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poor, and we were only able to identify one modified peptide from this column.  This peptide 

contained two biotinylated lysines on the same peptide, one of which had not been previously 

identified by LC-MS/MS.  As such, the use of affinity chromatography prior to LC-MS/MS 

did add to our knowledge of the virus structure. 

A summary of the identified biotinylation sites is given in Figure 5.  In total, 26% 

sequence coverage of the E1 glycoprotein and 41% sequence coverage of the E2 

glycoprotein were obtained, which is not atypical of membrane proteins in LC-MS/MS 

analyses.  In addition to the sites of biotinylation, lysines that were identified as being 

unmodified (either by direct observation in MS/MS, or by inference from observation of a 

tryptic cleavage site following a lysine) are highlighted.  Sites that were observed to be 

biotinylated are known to have an epsilon amine that is at least partially accessible to the 

biotinylation reagent.  The accessibility of sites that were determined to be unmodified is 

more nebulous.  It is possible that these lysines have fully accessible epsilon amines, and that 

the biotinylated peptide was simply undetected by LC-MS/MS.  Stable salt bridges, in 

addition to lowering the accessibility of the lysine epsilon amine, also inactivate the lysine 

for biotinylation, causing a very low rate of reaction.  However, it is more likely that the 

epsilon amines of these residues are at least partially protected from the biotinylation reagent.  

Data based on the lack of biotinylation at a site are very useful; however, it is important that 

these data be handled carefully, and with due skepticism.   

 

Discussion 

Sindbis virus has a lifecycle that involves both vertebrates and invertebrates with 

mosquitoes serving as the primary vector (Brown and Condreay, 1986; Strauss and Strauss, 
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1994). The ability to manipulate the positive polarity single-stranded RNA genome of 

Sindbis has made it the prototype Alphavirus utilized in a wide range of virus research fields 

including investigations of virus pathogenesis and vaccine development (12). The precise 

T=4 icosahedral symmetry of the virus has afforded many detailed structural characteristics 

of the virus to be analyzed and quantified. The three-dimensional structures of the capsid and 

E1 proteins, both of which are involved in virion formation, have been modeled either based 

on direct X-ray crystallographic data or homology modeling based on an X-ray crystal 

structure of a closely related protein. Previously published data by our lab has shown E1 to 

be a dynamic protein that undergoes disulfide bond rearrangements under unfavorable 

conditions (3). Analysis of procedures utilized to generate the E1 crystal structures revealed 

that the proteins crystallized were exposed to some of these unfavorable conditions thus 

raising the possibility that the crystals obtained were of the protein in a non-native low 

energy configuration (3). Furthermore, both published and unpublished data by our lab have 

shown several amino acid residues to be exposed on the surface of the virus, while in the 

crystal structure these residues are buried (9). Thus, using the crystal structure of E1 to 

generate three-dimensional reconstructions of the virus should be approached with caution. 

There are two additional structural proteins found in the mature virion that play a critical role 

in the in the virus lifecycle and close attention should be given to both, particularly E2. 

The three-dimensional structure of the E2 protein has not been accurately described 

or modeled to date and in an effort to better understand both the functional and structural 

aspects of this protein, we’ve employed a solution-phase lysine topology mapping method 

for the characterization of intact viruses.  Several previous studies have used lysine amine 

labeling to examine the tertiary and quaternary structure of proteins and protein-protein 
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complexes (e.g. (D'Ambrosio et al., 2003; Suckau, Mak, and Przybylski, 1992; Zappacosta et 

al., 1997)).  However, this is the first example to our knowledge of lysine amine modification 

being used to analyze the structural traits of an intact, infectious virus.  As such, the 

structural data gathered from these studies represents a true insight into the in vivo structure 

of the Sindbis virus, and provides a powerful tool for future analysis of viral topology.  

Additionally, as the labeling technique was shown to provide structural information without 

compromising the infectivity of the virus, the methodology can prove of particular value to 

those who wish to study conformational changes of the virus in order to understand the 

infection process. 

Using this lysine biotinylation methodology, some lysines were detected in both 

biotinylated and non-biotinylated states.  Examination of the spectra over several different 

runs suggests that the sites that were detected in both biotinylated and non-biotinylated states 

were on the peptides that were most readily detected in all runs.  These data, combined with 

the knowledge that we are not labeling all primary amine sites to completion, suggest that all 

detected sites are labeled sub-stoichiometrically.  Given sufficient signal, we believe that we 

would detect all labeled sites in both the labeled and unlabeled version, and that the only 

detectable difference between the two would be the rate of labeling.  However, the 

biotinylation of a strongly basic site such as the amine of a lysine will dramatically affect the 

ionization of the peptide in positive ion mode.  In addition, the modification of a charged 

lysine with a long-chain group will alter the retention time on a reverse phase column, 

causing the modified and unmodified peptide to elute at different times, in different solvent 

compositions, and in the presence of different eluants, all competing for charge in the 

electrospray process.  The combination of the change in ionization of the modified peptide, 
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as well as the change in the matrix from which that peptide is analyzed, makes any direct 

examination of the rate of biotinylation impossible.   

The data gathered by this method correspond well to previously published data 

(Phinney, Blackburn, and Brown, 2000; Phinney and Brown, 2000).  As expected, no lysine 

residues were labeled in the capsid protein, or in the capsid-interacting and membrane-

spanning regions of E2, nor in the membrane spanning region of E1.  Similarly, the only E1 

residue detected as biotinylated was Lys16, which was previously suggested by limited 

proteolysis studies to be accessible to the surface (Phinney, Blackburn, and Brown, 2000).  

We detected Lys202 of the E2 glycoprotein as biotinylated, which is in an area known to be 

an antigenic region located at the periphery of the virion (8,12).  Although both approaches 

yielded valuable data, our method allows for a more detailed and nuanced analysis of Sindbis 

structure in comparison to partial proteolytic digestion.  For example, partial protease 

digestion showed that the region from 134-148 was at the surface of the protein (Phinney, 

Blackburn, and Brown, 2000).  However, our data from a biotinylated non-standard tryptic 

cleavage product clearly shows that Lys148 is not highly accessible, while Lys149 is highly 

accessible to the biotinylation reagent. This facilitates a better understating on the orientation 

of individual amino acids on the surface of intact infectious virus particles. A probable 

explanation for this discrepancy lies in the mechanism of partial proteolytic digestion.  The 

initial cleavage in the proteolytic digestion experiment was probably at Lys149; however, 

after release of the 134-149 peptide, Lys149 could then be rapidly cleaved from the peptide, 

resulting in the detected 134-148 peptide and free lysine, which would not be detected under 

the conditions used in the partial proteolysis experiment.  As this method retains the intact, 

functional nature of the virus during labeling, we know that our data reflects the biologically-
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relevant structure. In addition, we also detected two lysines in regions not previously 

implicated to be on the surface of the virus (K97 and K131).  These lysines were clearly 

accessible to the label in our assay.  Their exact location in the quaternary structure of the 

virion cannot be determined solely by these experiments, but these data show that the epsilon 

amines of these lysines are accessible to the biotinylation reagent, and therefore must be on 

the surface of the virion. 

Finally, further conclusions can be drawn from our data due to the fact that the 

labeling process did not alter the infectivity of the virus.  The labeling process eliminated a 

basic site on the lysine, and added a bulky, flexible aliphatic group with a biotin moiety at the 

end.  As such, the likelihood of the lysines residues labeled in this experiment being directly 

involved in host-virus interactions necessary for infection, or in conformational changes that 

are necessary for infection is low. It should be noted however, that a mature virus particle 

contains 240 copies of E1 and E2 and the accessibility of a given lysine residue will not be 

equal in all 240 copies of these structural proteins. Since we are targeting only the epsilon 

amine of lysine residues, slight changes in conformations can make a difference in terms of 

the accessibility of a given lysine residue in all 240 copies of E1 and E2. This nonequivalent 

aspect of the virus structural proteins is a limiting factor for this and other methods. 

However, we can state with certainty that lysine residues with their epsilon amines exposed 

were labeled and this resulted in the elimination of the basic site and subsequently would 

eliminate any potential ionic interactions between the labeled lysine and an opposite base, 

and the large, flexible group added to the lysine would disrupt any tight hydrophobic 

interactions.  As such, a direct role of these lysines in any essential step in the infection cycle 

can be eliminated. 
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Materials and Methods 

Cell culture and virus infectivity assay.  

Baby hamster kidney cells (BHK-21) were utilized as previously described (7, 8, 9). 

Briefly, these cells were grown at 370 C in 5% CO2 and maintained in minimal essential 

medium containing Earl’s salts (Invitrogen, Carlsbad CA.) supplemented with 10% fetal 

bovine serum (FBS) (Invitrogen, Carlsbad, CA), 5% tryptose phosphate broth (Becton 

Dickinson Microbiology Systems, MD), and 2 mM glutamine. Titers of all virus stocks 

produced were determined by plaque assay on BHK-21 cells as previously described (7, 8). 

Gradient purification and particle/PFU ratio determination of viruses. 

Supernatants from infected monolayers were harvested and centrifuged to equilibrium 

on 15%-35% potassium tartrate step gradient in PBS-D (pH 7.4) for the purification of virus 

particles. Centrifugation was done using a Beckman SW-28 rotor at 24,000 RPM for 15-18 

hours. The tube containing the virus was punctured and the purified virus band was collected 

in a minimum volume.. The virus was then centrifuged over an additional linear 15%-35% 

potassium tartrate gradient in an SW-40 rotor at 26,000 RPM for 5 hours. The purified virus 

band was then collected in a minimal volume and dialyzed against PBS-D containing 8% 

polyethylene glycol (PEG). Purified virus protein concentrations were determined using the 

Micro BCA protein assay reagent kit (Pierce, Rockford, IL.). Titration of the same virus 

fraction was performed on BHK-21 cells as described above. The number of particles in a 

preparation of wild-type virus was as determined previously using electron microscopy by 

the agar filtration protocol described by Kellenberger and Bitterli (8,9), and the particle count 
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was correlated to the protein concentration (8,9). These calculations were used to determine 

the particle/plaque forming unit (pfu) ratio. 

Biotinylation of virus 

To determine the effects of labeling the virus with sulfosuccinimidobiotin on viral 

infectivity, purified virus particles were adjusted to final concentration of 85 μg/mL and kept 

on ice. Just prior to labeling, a stock solution of sulfosuccinimidobiotin solution (Pierce 

Biotechnology, Inc. Rockford, IL) was made and adjusted to a final concentration of 13.7 

μg/μL. Serial dilutions of the label were made in 1X cold PBS-D and used to label the virus 

at 28oC for 1 hour with an increasing molar excess of label. The virus is then incubated at 

28oC for 1 hour followed by the addition of 1mM Tris-HCl pH 7.4 to quench any unreacted 

label. The biotin-labeled virus is then titered immediately. A working molar concentration 

(10,000x M excess of label to total virus protein) was established from this assay. For further 

experiments, this working molar concentration was utilized and plaque assays were not 

repeated. 

Transmission electron microscopy and negative staining.  

BHK-21 cells were infected with wild-type virus were incubated at 37°C for 16 to 18 

hr, after which the cell monolayers were scraped from the flasks and pelleted by low-speed 

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

(Ladd Research Industries, Williston, VT) in 0.1M cacodylic acid buffer (pH7.4) (Ladd 

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

were stained with 2% osmium tetroxide in cacodylic buffer for 1 hr. The cells were then 

washed as before and embedded in 2% agarose. The agarose containing the cell sample was 
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then prestained with 1% uranyl acetate (Polaron Instruments, Inc., Hatfield, PA) overnight at 

4°C. 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 were stained with 5% uranyl acetate in distilled water for 60 min and in 

Reynolds lead citrate (pH 12) (Mallinkrodt Baker Inc., Paris, KY.) for 4 min. The samples 

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

USA, Inc.). Virus particles to be viewed by negative staining were prepared by infection of 

75-cm2 flasks as described in references 7 and 8. For these samples virus preparations were 

then purified as described above on 35% to 15% potassium tartrate linear gradients. Virus 

collected from the gradients was directly attached to carbon-coated grids, washed three times 

with sterile H2O, and negatively stained with 1% uranyl acetate. 

Enzymatic Digestion 

Biotinylated Sindbis virus was incubated with 8M guanidine HCl (Sigma-Aldrich, St. 

Louis, MO) and 5 mM TCEP (Tris(2-carboxyethyl)phosphine hydrochloride, Sigma-Aldrich) 

at 65º C for one hour.  The denatured, reduced virus was then diluted 10x with 10 mM 

ammonium acetate, pH 6.8 (Mallinckrodt, Hazelwood, MO).  Fifty µg of either 

endoproteinase GluC (Roche Diagnostics, Indianapolis, IN) or sequencing-grade modified 

porcine trypsin (Promega, Madison, WI) was added to the sample, and the sample was 

incubated at overnight at room temperature for GluC, and at 37º C for trypsin.  Aliquots were 

removed from this digest for direct LC-MS/MS analysis, and the remainder was used for 

monomeric avidin affinity chromatography. 

Monomeric Avidin Affinity Chromatography 
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SoftLink Monomeric Avidin resin (Promega, Madison, WI) was used to pour a 1.5 ml 

bed volume gravity-flow column using a Poly-Prep chromatography column vessel (Bio-

Rad, Hercules, CA).  Prior to analysis of biotinylated digested virus, the column was 

incubated with 4.5 ml of 10 mM biotin in wash buffer (10 mM ammonium acetate, 5 mM 

TCEP, pH 6.8) at 4º C overnight.  The column was then washed with 7.5 ml of wash buffer at 

room temperature.  The biotin was then eluted with 7.5 ml of elution buffer (10% acetic acid, 

Caledon Laboratories, Georgetown, Ontario), and re-equilibrated with wash buffer until the 

pH returned to 6.8.  This procedure blocked all irreversible biotin binding sites.  The 

biotinylated peptides were added to the column and allowed to bind at 4º C overnight.  The 

column was then washed with 7.5 ml of wash buffer at room temperature.  The column was 

then eluted with 7.5 ml of elution buffer.  The eluant was collected in five 1.5 ml fractions.  

These fractions were concentrated in a vacuum centrifuge prior to analysis by LC-MS/MS. 

Quadrupole Ion Trap LC-MS/MS 

All samples for LC-MS/MS analysis were analyzed using an Agilent Technologies 

(Palo Alto, CA) LC/MSD Trap XCT mass spectrometer coupled to an Agilent Technologies 

1100 Series capillary HPLC system.  Forty µl of sample was injected onto a C18 trapping 

column (Agilent Technologies) using an autosampler.  The sample was washed over the 

trapping column for ten minutes with 95% Buffer A (water, 0.1% formic acid), 5% Buffer B 

(acetonitrile, 0.1% formic acid) at a flow rate of 10 µl/minute.  Flow was then reversed over 

the trapping column, and sample was eluted onto a 150 mm x 75 µm Zorbax 300SB capillary 

analytical C18 column with 3.5 µm particle size (Agilent Technologies) at a flow rate of 0.3 

µl/min.  The analytical column was directly plumbed into a nanoelectrospray ionization 

source, which was sampled into the mass spectrometer.  A linear gradient of 5% Buffer B to 
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50% Buffer B was run over a period of 65 minutes, followed by a seven minute gradient 

from 50% to 65% Buffer B.  The column was then washed with a ten minute gradient from 

65% to 95% Buffer B, followed by an eight minute hold at 95% Buffer B.  The column was 

then re-equilibrated in 5% Buffer B prior to future analyses. 

Quadrupole ion trap mass spectrometry was performed in UltraScan mode, with data-

dependant MS/MS activated.  The software was set to prefer doubly-charged ions for MS/MS 

analysis to enrich for useful MS/MS spectra.  After switching on an ion and performing one 

MS/MS scan, this ion was excluded from future analysis for one minute, to help prevent 

redundant analyses.  MS/MS isolation width was set at 10 m/z units, with fragmentation 

energy ramped to enrich the fragment ion spectrum.  Under these conditions, the biotin label 

was found not to fragment significantly when coupled to a peptide (data not shown); 

therefore, there were no fragment ions that could be screened for a product ion scan. 

MS/MS Spectra Data Analysis 

LC-MS/MS data were analyzed using the SpectrumMill software package (Agilent 

Technologies).  Spectra were extracted using the Data Extractor tool, with no spectra 

combining allowed.  Spectra were searched against a custom database consisting of only the 

Sindbis virus structural proteins, as well as porcine trypsin and endoproteinase GluC.  

Spectra were searched for peptides containing either biotinylated or unmodified lysines, as 

well as oxidized or unoxidized methionine and potential pyroglutamic acid residues using 

very liberal settings for an initial screening.  No minimum sequence tag length was required, 

and a minimum of four matched peaks were required for acceptance.  The precursor mass 

tolerance was set to 2.5 Da, with a fragment mass tolerance of 1.4 Da.  Peptides with a score 

>8, and an SPI >50% were passed from the initial automated screening process.  These 
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peptides that were initially identified by SpectrumMill were then verified manually for 

accuracy.  The isotopic distribution of the parent ion was examined when possible for the 

correct spacing between 13C isotopes for the assigned charge states.  All abundant product 

ions from the MS/MS spectra were manually compared with an in silico fragmentation of the 

putative peptide.  After all major product ions were identified, additional product ions of 

lower abundance were examined for proper isotopic distribution and correct spacing between 

13C isotopes until sufficient fragment ions were identified to unambiguously assign the 

peptide identity and the site(s) of modification (if applicable). 
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Figure 1
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Figure 1. Cryo-EM reconstruction of a Sinbis virus particle. The inner most capsid shell 

of the virus particle is shown in blue and outer most E1/E2 glycoprotein shell is shown in 

yellow. The host derived lipid bilayer is sandwich between the layers and is shown in red 

with the 6, 5 and 2 axes labeled in the upper right image. (Image provided by Dr. Angel 

Parades, Baylor College of Medicine) 
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Figure 2. Log-log plot of the number of plaque-forming units of Sindbis virus 
per mL. This is shown as a function of the amount of label that was allowed 
to react for a period of one hour at 28º C.
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Figure 3
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Figure 3. Transmission electron micrograph of purified Sindbis virus particles A. 

unlabeled; B. after labeling with 104 molar excess Sulfo-NHS Biotin; C. after labeling 

with 106 molar excess Sulfo-NHS Biotin. 
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Figure 4. Representative MS/MS spectrum of a biotinylated peptide from the E2 

glycoprotein. Fragments that contain the biotin tag are marked with a dagger. Analysis of 

the peptide fragmentation pattern demonstrates that the biotinylation occurred on K235. 
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Figure 5 
 
E-1 structural protein 
 
  1 YEHATTVPNV PQIPYKALVE RAGYAPLNLE ITVMSSEVLP STNQEYITCK FTTVVPSPKI 
 61 KCCGSLECQP AAHADYTCKV FGGVYPFMWG GAQCFCDSEN SQMSEAYVEL SADCASDHAQ 
121 AIKVHTAAMK VGLRIVYGNT TSFLDVYVNG VTPGTSKDLK VIAGPISASF TPFDHKVVIH 
181 RGLVYNYDFP EYGAMKPGAF GDIQATSLTS KDLIASTDIR LLKPSAKNVH VPYTQASSGF 
241 EMWKNNSGRP LQETAPFGCK IAVNPLRAVD CSYGNIPISI DIPNAAFIRT SDAPLVSTVK 
301 CEVSECTYSA DFGGMATLQY VSDREGQCPV HSHSSTATLQ ESTVHVLEKG AVTVHFSTAS 
361 PQANFIVSLC GKKTTCNAEC KPPADHIVST PHKNDQEFQA AISKTSWSWL FALFGGASSL 
421 LIIGLMIFAC SMMLTSTRR 
 
 
E-2 structural protein 
 
  1 SVIDDFTLTS PYLGTCSYCH HTVPCFSPVK IEQVWDEADD NTIRIQTSAQ FGYDQSGAAS 
 61 ANKYRYMSLK QDHTVKEGTM DDIKISTSGP CRRLSYKGYF LLAKCPPGDS VTVSIVSSNS 
121 ATSCTLARKI KPKFVGREKY DLPPVHGKKI PCTVYDRLKE TTAGYITMHR PRPHAYTSYL 
181 EESSGKVYAK PPSGKNITYE CKCGDYKTGT VSTRTEITGC TAIKQCVAYK SDQTKWVFNS 
241 PDLIRHDDHT AQGKLHLPFK LIPSTCMVPV AHAPNVIHGF KHISLQLDTD HLTLLTTRRL 
301 GANPEPTTEW IVGKTVRNFT VDRDGLEYIW GNHEPVRVYA QESAPGDPHG WPHEIVQHYY 
361 HRHPVYTILA VASATVAMMI GVTVAVLCAC KARRECLTPY ALAPNAVIPT SLALLCCVRS 
421 ANA 
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Figure 5. Sites of biotinylation mapped onto the sequences of the E1 and E2 glycoproteins. Lysines that were only observed as biotinylated are shown in red. Lysines that were only observed as unmodified (either through direct observation, or by inference from enzymatic cleavage sites) are shown in green. Lysines that were observed in both the labeled and unlabeled state are shown in blue. A summary of all peptides detected is underlined in the sequence. Residues in either the transmembrane region or the capsid-interacting region are colored brown.
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Abstract 

Sindbis is an Alphavirus that is capable of infecting and replicating in both vertebrate and 

invertebrate host organisms. Mature Sindbis virus particles contain a positive sense RNA 

genome surrounded by a capsid shell. This inner capsid shell is surrounded by an envelope 

consisting of a host-derived lipid bilayer in which the glycoproteins E1 and E2 are anchored 

and arranged as trimers of heterodimers. E2 has been shown to be responsible for host 

receptor recognition and thus plays a critical role in the virus lifecycle. To expand our 

previous study which characterized the effects of furin sensitive site installation in E1, we 

installed furin protease recognition sites at various positions in the ectodomain of E2 and 

characterized the effects associated with the introduction of the furin protease recognition 

motifs. Mutants were analyzed for production of infectious virus particles and the generation 

of truncated proteins. In addition, the effects of the mutations on virus assembly and budding 

were also characterized. In contrast to our experiments with glycoprotein E1, the insertion of 

the furin sensitive sequence in E2 effected the folding of the protein directly.  Processing of 

the furin sensitive E2 proteins by the enzyme furin results in production of truncated proteins 

from the membrane to which it was associated with. This processing was also observed to 

impact envelopment of nucleocapsids with modified plasma membrane at a step consistent 

with an early event in the envelopment process. The data demonstrate that furin processing of 

E2 generates truncated proteins which provide valuable information on the mechanism of 

virus assembly without altering crucial early events in protein folding, assembly, 

oligomerization and maturation. 
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Introduction 

As the most well characterized member of the Alphavirus genus, Sindbis is an 

arthropod-borne virus capable of thriving in dissimilar vertebrate and invertebrate host 

systems (ref). A mature Sindbis virion is comprised of 240 copies of three structural proteins 

E2, E1 and capsid in a 1:1:1 stocheometric arrangement (ref). The structural proteins are 

synthesized as a polyprotein precursor with the primary processing step resulting in the 

release of capsid by an autoproteolitic activity (ref). This results in the generation of an 

intermediate polyprotein composed of NH2-PE2 (E3-E2)-6K-E1-COOH (ref). Subsequent 

processing by signalase releases PE2 from 6K and E1, while furin processing releases E3 

from E2. E1 is progressively folded in to a compact high energy configuration as it is paired 

with PE2 and assembled into homotrimers.  These processing events result in the formation 

of a complete set of structural proteins capable of participation in the construction of a 

mature particle. The structural proteins form two distinctive T=4 icosahedral shells which 

sandwich a host derived lipid bilayer (ref). The outer most shell is comprised of the two 

integral membrane glycoproteins E1 and E2 engaged in homotrimeric associations. The inner 

capsid protein shell encloses the 49S positive sense single stranded RNA genome of the virus 

which encodes the four nonstructural proteins (nsP1-ns4) as well as the three structural 

proteins. The two shells of the virus interact through protein-protein interactions that are 

mediated by the 33 amino acid endodomain tail of E2 interacting with capsid protein in a 1:1 

molar ratio (ref). This interaction helps mature particles maintain their overall T=4 

icosahedral symmetry when assembled from both mammalian and insect cells. 

Structural protein-protein interactions are required to generate the three-dimensional 

surface of the virus and this necessitates E1 and E2 to interact specifically. E1-E1 protein 

interactions serve to stabilize the protruding spikes seen on the surface of the virus and 

compose the skirt region surrounding the base of the spike (ref). These E1 interactions are 

crucial for the formation of the flat surface of a mature metastable virus particle (ref). Within 

an infectious particle, E2 functions include docking of the virus to the host receptor. Previous 

analyses of the spike complexes seen adorning the surface of the virus using various 

approaches reveled these to be formed predominantly by E2 (ref). One approach, using 

mutants which disrupted cleavage of the naturally occurring furin site between E3 and E2 in 
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the precursor PE2 were shown to have additional electron densities lying at the periphery of 

the spike complex which were absent wild type virus (ref). Additional data from our lab 

using a site specific biotinylation labeling strategy also indicate that E2 is more exposed than 

E1 in a mature particle (ref, submitted). These data support previous studies demonstrating 

the spike to be composed predominantly of E2 with little E1 exposed. E2 has also been 

shown to posses the major neutralizing antigenic sites for Sindbis virus. Thus this 

underscores the importance of full characterization of all structural and functional aspects of 

E2 as well as the overall protein-protein interactions involved in maintaining the structural 

integrality of a mature virion. 

 The cumulative structural data for E1 is more advanced than that of E2 due in large 

part to the production of a crystal structure of E1 generated using proteins extracted from 

intact virions and solubilized with SDS (ref).  Without a crystal structure, several attempts 

have been made to generate models for E2 (ref). In some cases, these homology models rely 

on molecular fits and three dimensional reconstructions to characterize the protein (ref). In an 

effort to produce truncated E2 proteins for structural analysis and bypass some of the 

inherent difficulties associated with characterizing transmembrane proteins in general, we 

have applied the method of installing furin protease sensitive sites. This method has been 

previously used successfully to release truncated E1 ectodomain proteins for analysis.  

Furin is a calcium dependent endoprotease that recognizes and cleaves at the 

conserved motif Arg-X-Arg/Lys-Arg (ref). We have previously studied the biological and 

biochemical effects associated with the installation of furin protease sensitive sites into the 

ectodomain of the E1 glycoprotein (ref). We have shown that processing of these E1 furin 

sensitive sites resulted in the secretion of truncated protein domains into the media and that 

these domains retained a disulfide bonding pattern speculated to be similar to that of 

unprocessed protein. We also found that furin truncated E1 proteins may have been 

incorporated into developing virions resulting in arrested assembly. This phenotype also 

resulted in a decrease in infectious virus production and an increase in non-infectious virus 

particles. When grown in the furin deficient CHO RPE.40 cells, these E1 furin sensitive 

mutants produced wild type levels of infectious virus indicating that installed sites were not 

responsible for the observed drop in titer when these mutants were grown in the BHK-21 
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cells. In an effort to produce results similar to those observed in E1, we installed furin 

protease sensitive sites into E2. Two furin sensitive E2 mutants (furin E2 299, and 341) and a 

double furin sensitive mutant (furin E1 392/ E2 341) were generated. The double mutant 

incorporated the previously characterize the E1 392 furin sensitive site as well as an 

additional furin sensitive site around amino acid 341 of E2. The installed furin protease 

sensitive sites in E1 and E2 were recognized and processed by the cells and truncated protein 

products were observed when the mutants were grown in the furin positive BHK-21 cell line. 

When E1 furin sensitive mutants were grown in the permissive, furin deficient CHO RPE.40 

cell line, no truncated E1 proteins were observed. However, E2 furin sensitive mutants did 

not grow to wild type titers in the CHO RPE.40 cell line. The mechanism of recognition and 

processing of the installed furin protease sensitive sites in E2 appears to be more complex 

compared to the processing in E1. The installation and processing of these sites were 

however found to have profound effects on the final events of virus assembly resulting in the 

production of aberrant virus particles and an arrested envelopment of nucleocapsids and the 

formation of tubular structures with partially enveloped particles.  

 

Materials and Methods 

Tissue culture and plaque assay.  

 Baby hamster kidney cells (BHK-21) were utilized as previously described (ref). 

Briefly, these cells were grown at 370 C in 5% CO2 and maintained in minimal essential 

medium (MEM-E) containing Earl’s salts (Invitrogen, Carlsbad CA.) supplemented with 

10% fetal bovine serum (FBS) (Invitrogen), 5% tryptose phosphate broth (Becton Dickinson, 

MD), and 2 mM glutamine as described previously. The furin protease deficient Chinese 

Hamster Ovary (CHO RPE.40) cell line (ref) was cultured under identical conditions in 

Ham’s F-12 MEM medium (Invitrogen, Carlsbad, CA ) containing 10% fetal bovine serum 

(FBS) (Invitrogen, Carlsbad, CA), and 2 mM glutamine. Titers of viruses produced from 

either host cell line were determined on BHK-21 cells by plaque assay (ref). 

Mutagenesis and production of infectious virus transcripts.  

 Using Quick Change site-directed mutagenesis (Stratagene, La Jolla, CA.), furin 

sensitive mutants were generated. A combination of natural occurring nucleic acids, deletions 
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and insertions were utilized to generate the furin protease recognition motif (Arg-X-Arg/Lys-

Arg). The primers used to generate the mutations were as follows: furin341 mutant (5’-

GCACACTCGCGCGCGGAAAGTAGGACTGC-3’), furin299 mutant (5’-

CCGCGATGAAAGTAAAACGCCGTATTGTGTACGG-3’), and furin392 mutant (5’-

GAGCACCCCGAGACACAAAAGAGACCAAGAATTTC-3’). The wild type virus cDNA 

utilized in these experiments was TOTO1101, and has been described previously (x). Using 

Pfu polymerase (Stratagene, La Jolla CA) in a two-step process previously described (x) the 

desired mutations were made, confirmed by sequencing and subcloned into the full length 

vector using the BsiW1 and XHOI (New England Biolabs, Beverly, MA.) unique sites. In 

vitro transcription reactions using SP6 RNA polymerase (New England Biolabs, Beverly, 

MA) were utilized after sequence confirmation, to generate infectious RNA that is introduced 

into BHK-21 and CHO RPE 40 cells by electroporation (x-x). Viruses from either cell lines 

were harvested once cytopathic effect was evident or 24 - 40 hrs post-transfection. Mutant 

virus infected cultures were buffered with 10 mM HEPES pH 7.4 to maintain neutral pH in 

the culture media. Virus harvested from infected monolayers was stored in 1-ml aliquots and 

flash frozen in liquid N2 as described in (ref). Virus aliquots were thawed only once after 

freezing. 

Metabolic labeling and immunoprecipitation. 

 Anti-whole virus antibody was produced in rabbits and IgG and purified using a Hi 

Trap, protein-A column (Amersham Pharmacia Biotech, Piscataway, N.J.), and virus proteins 

were immunoprecipitated using Protein-A beads immobilized on sepharose CL 4B (Sigma, 

St. Louis MO) as described in (ref). The beads were stored in lysis buffer (0.5% NP-40, 0.02 

M Tris [pH 7.5], 0.2 mM phenylmethylsulfonyl fluoride) until needed. For metabolically 

labeled transfections, BHK-21 or CHO RPE.40 cells were electroporated as previously 

described (ref). At 6.5 h post-transfection, 5 ml of fresh media containing 4ug of 

actinomycin-D (Act-D) (Calbiochem, San Diego, CA.)/ml was added to 25-cm2 flasks of 

cells (~5 X 106 cells/flask) and incubated at 37°C for 1 hr. The flasks were then washed with 

5 ml of room temperature PBS-D and placed into 5 ml of starvation medium (MEM deficient 

in methionine and cysteine, supplemented with 2 mM glutamine, 3% FBS) and returned to 

37°C for 1 h. The transfected cells were then labeled with 50 �Ci of  [35S]methionine-
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cysteine (Met/Cys)/ml in 5 ml of starvation medium and incubated at 370C until advanced 

CPE was visible. For labeled infections, an 85%-90% confluent monolayer (about ~1 X 107 

cells/flask) was treated with Act-D as stated above and the monolayer was then infected with 

1ml of virus diluted in 1X PBS-D with 3% FCS to an MOI of 0.01-1 pfu/ml at room 

temperature for 1 hour. The remainder of the protocol is identical to that described for 

transfected cells (ref). For CHO RPE.40 cells, proline was added to the starvation media to a 

final concentration of 34.50mg/L.  The labeled virus was harvested and stored at 40 for up to 

7 days, The cells from the transfections, or infections were washed once with cold PBS-D 

and the labeled cell associated proteins processed for immunoprecipitation as described 

previously (ref).  

SDS-PAGE. 

 SDS-PAGE of radiolabeled proteins was carried out under denaturing conditions 

(0.1% SDS) in 10.8% or 12.5% polyacrylamide as described in (ref). Autoradiograms of 

labeled proteins were processed as described previously (ref). 

Virus gradient purification and particle /PFU ratio determination. 

 Labeled infections were carried out as described (ref) and virus from the supernatants 

of infected monolayers was harvested and centrifuged to equilibrium on 15%-35% potassium 

tartrate gradients in PBS-D. Centrifugation was done using a Beckman SW-28 rotor at 24K 

RPM for 12 to 18hrs and the tube containing the virus is punctured and the purified virus 

band was collected in a minimum volume. If no band was visible, 0.5-ml to 1ml fractions 

were collected and 5 µl of each fraction was counted by scintillation spectrometry for 

detection of labeled virus. The fraction(s) which were determined to contain the maximum 

labeled virus were dialyzed against PBS-D containing 8% polyethylene glycol (PEG). Micro 

BCA protein assay (Pierce, Rockford, IL) analysis was used to measure the purified virus 

protein concentrations. To determine the particle/pfu ratio, the same virus fraction was 

titrated and the number of particles in a preparation calculated as described (ref). These 

calculations are based on ratios established observing wild-type virus by electron microscopy 

and the agar filtration protocol (ref). Using this method, the particle count is correlated to the 

protein concentration (ref) which is then and used to determine the particle/pfu ratio. 

Transmission electron microscopy and negative staining.  
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 BHK-21 and CHO RPE.40 cells were transfected with RNA transcribed from either 

wild type virus or the individual furin mutants as specified. In some experiments the cells 

were infected with virus from the transfections and incubated at 37°C for 16 to 18 hr, after 

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

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

(Ladd Research, Williston, VT) in 0.1M cacodylic acid buffer (pH7.4) (Ladd Research, 

Williston, VT). Cells were washed three times with 0.1 M cacodylic acid, and stained with 

2% osmium tetroxide in cacodylic buffer for 1 h. Cells were then washed as before and 

embedded in 2% agarose. This cell sample was then prestained with 1% uranyl acetate 

(Polaron Instruments, Inc., Hatfield, PA) overnight at 4°C. The samples were then washed 

and carried through ethanol dehydration. Infiltration was done using SPURR compound 

(LADD Research, Williston, VT)). Blocks were ttrimmed on an LKB NOVA Ultrotome 

(Leica Microsystems, Deerfield, IL). Ultra-thin sections were stained with 5% uranyl acetate 

(in water) for 60 min and in Reynolds lead citrate (pH 12) (Mallinkrodt Baker , Paris, KY.) 

for 4 min. The samples were examined at 80 kV in a JEOL JEM 100S transmission 

microscope were prepared by infection of 75-cm2 flasks as described in references 7 and 8. 

For these samples virus preparations were then purified as described above the purified virus 

was directly attached to carbon-coated grids, washed three times with sterile H2O, and 

negatively stained with 1% uranyl acetate (ref). 

 

Results 

Furin mutant virus production from BHK-21 and CHO RPE.40 cell lines.  

 Analysis of infectious virus produced from furin positive BHK-21 cells revealed that 

virus production for the E2 furin sensitive mutants that is lower than that observed for wild 

type virus (Table 1). Wild type virus levels from the BHK-21 cells were established at 7.4 X 

109 pfu/mL which was in agreement with previously published data (ref). The furin E2 341 

mutant produced a virus titer of 1.06 X 108 pfu/mL, 1.7 logs lower than wild type virus 

(Table 1). Analysis of the furin E2 299 mutant revealed a similar pattern of growth producing 

an infectious virus titer of 1 X 108 pfu/mL. The largest reduction in infectious virus 

production was associated with the double mutant (furin E2 341/E1 392) which produced a 

80

 



titer of 2.56 X 106 pfu/mL. Subsequent analysis of virus growth in the CHO RPE.40 cells 

revealed that the furin sensitive E2 mutants did not produce wild type levels of virus. The 

furin E2 341 and the furin E2 341/E1 392 double mutant produced titers of approximately 9 

X 104 pfu/mL and 9 X 103 pfu/mL respectively while the furin E2 299 produced a titer of 6.5 

X 105 pfu/mL. (Table 1). All of these titers were 5 to 7 logs lower compared to wild type 

virus which produced infectious titer of 1.25 X 1010 pfu/mL.  

Particle/pfu ratios.  

 The particle/pfu ratio describes the relative infectivity of a virus population. Particle 

to pfu ratios were determined for the mutants as described in methods. Wild type Sindbis 

virus yielded a particle/pfu ratio of approximately 1 X 102 (Fig 2) which is similar to 

previously published data (ref). The E2 furin 299 mutant yielded a particle/pfu ratio similar 

to that of wild type although the amount of infectious virus produced by this mutant is about 

1.7 logs lower. These data indicate that this mutant is producing fewer particles but these 

particles are as infectious as wild type virus. The E2 furin 341 mutant produced a particle/pfu 

ratio of 8 X 102 particles/pfu indicating that a greater number of non-infectious particles are 

being produced (approximately 8 folds more) compared to wild type. The highest particle/pfu 

ratio was observed from the E2 341/E1 392double mutant which produced a ratio of 1.6 X 

105 particles per infectious unit. This double mutant appears to be hindered in its ability to 

produce infectious virus particles but not viral proteins (See below and Fig. 2 and 3).  

Analysis of secreted viral proteins.  

 To determine if the E2 furin sensitive mutants secreted truncated E2 protein 

ectodomains as was predicted and was seen with E1 mutants, BHK-21 cells were infected 

with each of the mutant viruses and the viral proteins secreted from the cells were analyzed 

on SDS gels. The results are shown in Fig. 3A. Figure 3A lane 1 shows E1 and E2 (~50kDa 

each) and capsid (~30kDa) virus proteins from the supernatant of a wild type infection.  

Proteins produced from mock infected cell are shown in the adjacent “mock” lane (Fig 3A 

lane 2) and did not show any comigrating contaminating protein bands. The furin 341 and 

double mutant E2 341/E1 392 (Figure 3A, lanes3 and 4) showed protein processing similar to 

wild type, which was unexpected. The lower infectious virus titer produced by these mutants 

(1.06 X 108 and 2.56 X 106 pfu/ml respectively) suggests that some error in protein 
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production not detected in the gels is occurring. Analysis of the furin 299 mutant revealed 

that this mutant produced an additional band (E2’) which migrated faster than the wild type 

E2 protein (Figure 3A lane 5). The relative migration of the truncated E2’ band produced by 

the processing of the furin E2 299 mutant corresponds to a cleavage product which would be 

expected if processing occurred at the newly installed furin sensitive site but not at the 

naturally occurring furin site found between E2 and E3.  

Immunoprecipitation of virus proteins from infected BHK-21 cells 

 The processing of proteins containing the furin protease sensitive sites was 

determined by analysis by PAGE. Immunoprecipitations were carried out on 35S labled 

infected monolayers and viral proteins were analyzed on SDS gels as described in Methods. 

Shown in Figure 3B, lane 1 are proteins immunoprecipitated from cells infected with wild 

type virus which served as the positive control.  The adjacent mock infected cell extract 

served as the negative control (Fig. 3B lane 2). Wild type virus infection produced a normal 

virus protein profile and the mock infected sample showed no bands comigrating with the 

virus structural proteins. Cells infected with the furin sensitive mutants expressed all the 

normal viral structural proteins. (Fig. 3B, lane3)  However, the lower titer produced by these 

mutants suggests that some aberrant processing is occurring and that this processing is 

undetected in the protocols employed.. Analysis of the double mutant, however, (Fig. 3B, 

lane 4) revealed the presence of truncated proteins that remained associated with the cell. 

Interestingly, while the previously characterized furin E1 392 mutant, containing a single 

inserted furin site was processed by furin and secreted a truncated protein into the media, 

when combined with the furin protease sensitive site in E2 341, the truncated protein is no 

longer secreted. Analysis of the effect of the furin site in the 299 E2 furin sensitive mutant 

revealed a processing pattern similar to that of wild type.  

Thin sections of virus infected monolayers and negative stains of purified viruses. 

 Electron microscopy of BHK-21 cell monolayers infected with the furin sensitive 

mutants or wild type virus, and electron microscopy of negative stains of virus produced 

from infected cells revealed several interesting and atypical phenotypes. Ultra thin sections 

of wild type virus infected BHK-21 monolayers displayed typical images of enveloping 

virions and numerous nucleocapsid structures associated with the membranes of intracellular 
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vesicles (Fig. 4A). Virus produced from wild type infection produced particles of uniform 

size and typical in appearance (Fig 6A). Thin section electron micrographs of furin sensitive 

E2 mutant infected BHK-21 monolayers revealed several distinct morphologies related to 

virus envelopment (Fig. 4B to 4D). The E2 341 mutant (Fig.4B) exhibited the formation of 

many multi-cored particles in addition to tubular structures containing particles that appear 

partially enveloped.  Both of these structures are absent in the images of wild type infected 

monolayers shown in Fig.4A. Analysis of the virus particles produced by this mutant by 

negative stain electron microscopy revealed the presence of several different virus like 

particles (VLPs) among the normal appearing particles (Fig 6B and D). These VLPs appear 

to contain extra cellular materials and lacked the distinctive T=4 icosahedral symmetry 

associated with mature Sindbis virus particles. The E2 341/E1 392 double mutant did not 

exhibit the individual morphological phenotypes associated with either the E2 341 or the E1 

392 single mutants as shown in figure 4D. Nucleocapsids can be detected in association with 

the inner surface of the protein modified host plasma membrane (Fig.4D) as is typical of wild 

type infections however infectious virus production is very low. The low titers generated by 

this double mutant made it impossible to purify and analyze mature virus particles using 

negative staining. The furin E2 299 (Fig 4C) mutant produced a phenotype in thin section 

more similar to wild type than the other furin E2 mutants. This mutant also produced 

particles (Fig. 6C) that appeared wild type in morphology and possessed no discernable 

altered features as seen by negative stain.  

 

Discussion 

 Sindbis virus has a lifecycle that involves both vertebrates and invertebrates host 

organisms with mosquitoes serving as the primary vector. The two distinctive T=4 

icosahedral shells of the virus sandwich a host derived lipid bilayer. The inner most shell is 

composed of capsid proteins encapsidating a positive sense RNA genome and the outer most 

shell encloses the host derived lipid membrane bilayer and is comprised of two type one 

integral membrane proteins (E1 and E2) embedded into the lipid membrane bilayer. 

Expanding on a previous technique aimed at developing a method to produce and 

characterize truncated viral membrane protein ectodomains, we provided evidence for 
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processing of furin protease sensitive sites installed in E2 by furin and the release of 

truncated E2 proteins. This method avoids some of the inherent difficulties associated with 

isolation and characterization of membrane glycoproteins as well as obviates any problems 

related to the synthesis of the protein in the absence of the partner protein, or from the 

transient expression of a truncated species (ref).  

Two E2 furin sensitive mutants (furin E2 299, 341) and one double mutant (furin E1 

392/E2 341) were generated with the goal of producing mutations which would release 

correctly folded truncated proteins into the medium. In the experiments described above, we 

show that the TGN resident furin endoprotease recognizes and cuts at the conserved amino 

acid motif Arg-X-Arg/Lys-Arg and release E2 proteins from the membrane in which they are 

assembled. We have also demonstrated that possible incorporation of truncated proteins into 

developing virions may affect the processes of virus envelopment. 

The effects of changing the amino acid sequence of E2 on infectious virus production 

were analyzed by growth in the furin positive BHK-21 cell line and the furin negative cell 

line CHO RPE.40. Analysis of infectious virus production from BHK-21 cells revealed that 

the mutants produced lower amounts of infectious virus compared to wild type virus (Table 

1). The 299 mutant produces truncated proteins and these truncated proteins do not appear to 

be incorporated into the virions at a high level, since we propose that this would result in the 

production of a large number of non-infectious particles. The similarities in the furin E2 299 

and 337 mutant titers may reflect the close proximity of the respective furin sensitive sites. 

The furin E2 341/E1 392 double mutant produced the least amount of infectious virus in 

comparison to wild type as well as the other furin E2 mutants. Collectively, the observed 

decrease in the production of infectious virus by the furin sensitive mutants suggests that they 

are being processed by furin in the BHK-21 cell line and that this processing affects the 

amount of infectious virus produced. 

Unexpectedly, when grown in the furin deficient CHO RPE.40 cell line, the mutants 

did not produce wild type levels of infectious virus particles. Originally developed by 

Moehring and collogues, CHO RPE.40 cells are deficient in furin activity and also 

glycosylate proteins differently in comparison to BHK-21 cells. When grown in this cell line, 

mature Sindbis virus particles contain the precursor PE2 instead of E2 (ref). It is possible that 
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the combination of PE2 and the introduced mutations near the transmembrane domain of E2 

(furin sensitive sites) may cause the reduction in infectious virus production seen from this 

cell line. The extremely low levels of infectious virus produced from the CHO RPE.40 cell 

line severely limits characterization of this virus and precluded further analysis of the causes 

of the observed drop in mutant titers from this cell line.  

The possibility of the amino acid sequence changes alone having a direct effect on the 

reduced titer and aberrant budding phenotypes observed from the BHK-21 cell line does 

exists. However, when taken in its totality, the data suggest that incorporation of low levels 

of defective or truncated E2 proteins is more likely responsible for the altered processes of 

assembly.  We propose that the disruption the precise association of the E2 endodomain with 

nucleocapsids by truncated or defective proteins at the modified membrane (Fig. 5 step A 

and B) causes assembly to become arrested early in the envelopment process. This is 

supported by the ability of some of the E2 furin sensitive mutants to form semi-enveloped 

particles at the plasma membrane of infected monolayers. These semi-enveloped particles 

appear to have a greater portion of the nucleocapsids located within membranous tubular 

structures (Fig.5). As a corollary, the assembly of virus particles may better tolerate defective 

or truncated E1 proteins which do not directly contact the nucleocapsids and whose 

involvement in the envelopment process occurs after initial events involving E2. This may 

allow the envelopment and budding processes to proceed a step beyond capsid recognition 

before becoming arrested (Fig 5 step C). This proposal is supported by the ability of some of 

the E1 furin sensitive mutants to also form semi-enveloped particles at the plasma membrane 

of infected monolayers. The majority of these particles however, are observed on the outside 

of the membranous tubular structures indicating more advanced envelopment (Fig.5 step c). 

It is our hypothesis that the number of truncated or defective proteins incorporated into 

developing virions are random for each particle assembled, or arrested during assembly. 

Accordingly, it would follow that some particles below an undefined threshold of 

incorporation of defective protein will be able to bud whereas those above this threshold will 

not. We speculate that the particles observed in association with the plasma membrane 

represents those above the threshold of aberrant protein incorporation and those that produce 

virus particles fall below this level. The numbers of aberrant proteins which will result in the 
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production of an assembled, noninfectious particle would be valuable information but was 

not determined by these studies. 

The particle/pfu ratio is a ratio of infectious virus to total virus produced. Large 

particle/pfu ratios are indicative of defects in mutant viruses’ ability to assemble properly or 

a defect in the structural stability of that mutant. Analysis of the data produced by the double 

mutant indicates that the lower titer produced by this mutant is indirectly reflective of the 

mutants’ ability to assemble infectious virus particles. This mutant is able to produce cellular 

associated viral proteins (Fig 3A lane 4) but the low infectious virus titer produced by this 

mutant is indicating that mature infectious virus particles are not being assembled and 

produced. The particle/pfu ratios of the furin E2 299 and 341 mutants revealed them to be 

hindered in assembly, but not as deficient in the assembly and budding processes as the 

double mutant. The furin E2 299 mutant produced infectious particles at a ratio similar to that 

of wild type virus although the titer for this mutant is about 1.7 logs lower than wild type. 

These data show a decrease in the productions of infectious particles but the particles that are 

produced by this mutant are as infectious as wild type virus and thus may have incorporated 

none or very low levels of truncated proteins. Because the truncated products do not contain 

the protein anchors, it is unlikely that these proteins are incorporated into mature virions at 

high levels. From these data we surmise that the E2 furin sensitive mutants are restricted in 

their ability to produce infectious virus particles in BHK-21 cells.  

BHK-21 cells infected with the furin sensitive mutants were found to express all the 

viral structural proteins present in the wild type infection. The pattern of protein processing 

observed with the furin E2 341 mutant (Fig. 3B, lane3) was very similar to that seen with the 

wild type virus. No cell associated truncated virus proteins were detected for furin E2 341. 

However, the lower titer produced by this mutant suggests that some inefficient processing is 

occurring and that this processing is undetected on the gels. Analysis of the double mutant, 

however, (Fig. 3B, lane 4) revealed the presence of truncated proteins that remained 

associated with the cell and were not secreted. Interestingly, while the previously 

characterized furin E1 392 mutant, containing a single inserted site was processed by furin 

and secreted a truncated protein into the media, when combined with the newly installed 

furin protease sensitive site in E2 341, the truncated E1 protein is no longer secreted. 
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Processing of the furin sensitive site in the 299 E2 furin sensitive mutant produced a secreted 

truncated product noted at E2’ (Fig. 3A lane 5). This size protein corresponds to a truncated 

product processed at amino acid 299 in which PE2 is not cleaved by furin. This unexpected 

result may have been generated by an alteration in protein associations or conformations.   

 Analysis of the substructure of mutant and wild type virus infected BHK-21 cells 

revealed a particular characteristic associated with the furin E2 341 mutant that were 

dissimilar to wild type virus but are reminiscent to structures seen with the previously 

characterized E1 392 mutant. The observed phenotype (insert in Fig 4D) for the furin E1 392 

mutant was proposed to result from partially enveloped particles closely packed along 

glycoprotein modified membrane arrested during the process of budding by incorporation of 

truncated proteins into the developing virus particle. As was seen with the E1 furin site 

containing mutants, negative stains of gradient purified virus did not reveal altered 

morphology in mature virus particles from the E2 furin mutants except for the E2 341 mutant 

(Fig 6 B and D). This mutant does produce some atypical virus like particles in addition to 

normal particles. Visual analysis of the micrograph of these particles revealed them to be 

comprised of a nucleocapsid structure and cellular material. These structures are dissimilar in 

appearance, size, and the amount of cellular material associated with them. The appearance a 

regular repeated geometric pattern can be seen in association with the nucleocapsid and 

tubular regions of some of these structures (Fig 6B and D). The observation of these 

divergent structures supports the contention that the amino acid changes alone are not 

responsible for the observed phenotypes. If this were the case, one would expect the particles 

for a given mutant to be fairly similar in appearance, and they are not. The insertion of an 

undefined and varying amount of truncated or defective proteins resulting in the disruption of 

the envelopment and budding processes provides a better explanation for the observed 

phenotypes. Overall, the majority mature virus particles of the E2 furin sensitive mutants 

may either be composed of proteins that escaped processing by furin or alternatively did not 

incorporate sufficient amounts of truncated proteins to alter their assembly or density. While 

a particular mutant may be inefficiently processed by furin at the installed furin protease 

sensitive site, insertion of undetectably low amounts of truncated protein may result in the 

observed morphology.  
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 The lack of direct correlation between the level of processing and the lack of aberrant 

virus assembly could be an indication that incorporation of truncated or defective proteins is 

random in nature. This is because the furin E2 299 and furin E2 341/392 double mutant 

appear to be cleaved more efficiently in comparison to the furin E2 341 mutant, aberrant 

assembly was more visible with the furin E2 341 mutant. Additionally, the likelihood of 

generating virus particles with a limited number of truncated proteins and that some 

truncated E2 proteins are preferentially incorporated while others are excluded is an 

interesting notion but one that is not easily demonstrated. The additive effect of all these 

possibilities may be responsible for the observed phenotype of arrested envelopment and may 

depend on the level of incorporation of the aberrant proteins. How these events would affect 

the processes of envelopment and budding is shown schematically in Fig. 5. Particles that 

may have incorporated very few truncated proteins may be released from the cell while those 

containing a greater number of E2 truncated proteins (Fig 5 step a or b) or E1 truncated 

proteins (Fig 5 step c) may remain associated the plasma membrane.  

While the E2 furin sensitive site containing mutants are of interest for the study of 

virus maturation and assembly, we were particularly interested in the generation of truncated 

E2 proteins correctly processed and folded prior to egress from the ER. These proteins will 

be the focus of structural studies on E2 since it is postulated that they may retain native 

conformation. The data collectively produced by the study above suggest that insertion of 

furin protease sensitive sites in E2 result in the production of truncated E2 proteins but 

processing appears to be more complex in comparison to processing in E1. In addition, 

possible insertion of truncated E2 proteins into developing virions resulted in the arrest of the 

budding process at an early point in the process consistent with the requirement of E2-capsid 

interaction. Comparison of the structural data from the truncated E1 and E2 proteins obtained 

using this method to the existing set of data obtained from crystals will provide important 

information on the dynamic properties of these energy rich proteins. The insertion of furin 

sensitive sites in the ectodomains of virus membrane proteins continues to prove very 

serviceable as a new method for studying Alphavirus virus assembly and the generation of 

membrane glycoprotein for structural analysis.  
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Figure 1. Schematic representation of Sindbis virus E1 and E2 membrane 
glycoproteins. Depicted in tubular form is a heterodimer of E1 and E2 with no 
specific tertiary structure is being implied. The open lollipop shapes represent 
carbohydrates, N-139, N-245 of E1 and N-196, and N-318 of E2. The location of the 
engineered furin protease recognition motifs are represented by the open circles and 
are numbered according to the first amino terminal Arg in the recognition motif 
beginning at the amino terminus of E2. 
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1.00X108E2 Furin 299

9.75 X 1032.56 X 106E2 Furin 341/E1-392

9.75 X 1041.06 X 108E2 Furin 341

1.25 X 10107.38 X 109Wild type

Titer from BHK-21 cells
(pfu/ml)

Titer from CHO RPE.40 cells
(pfu/ml)

Table 1 
Infectious virus production from BHK-21 and CHO RPE.40 cell lines

Virus

Nelson Table 1. 
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Figure 2. A graph depicting the particle/pfu ratios of BHK-21 grown wild type virus 
and furin sensitive E2 mutants. The furin E2 299 mutant produced a particle/pfu ratio 
that is slightly higher than wild type while the furin E2 341 / E1 392 double mutant 
produced the highest number of noninfectious particles of all of the mutants, at a 
ratio of 1 X 105 particles/pfu. Mutant 341 produced 8 folds more noninfectious virus 
particles when compared to wild type. 
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Figure 3. SDS-PAGE analysis of proteins produced by furin sensitive mutants. 
Shown in (A) is the autoradiograph of secreted proteins from transfected BHK-21 
cells expressing wild type virus (lane 1 ), a mock transfection (lane 2), furin 
sensitive mutant 341 (lane 3), furin sensitive double mutant E2 341/ E1 392 (lane 
4), and furin sensitive mutant 299 (lane 5). An additional band for the mutant 299 
can be seen in the migrating below the normal E2. (B) Depicts an 
immunoprecipitation from wild type transfections (lane 1) and mock (lane 2). The 
wild type lane shows proper structural protein processing and the mock shows no 
comigrating contaminating bands. The 341 (lane 3) shows proper processing of 
the structural proteins while four protein bands can be seen in the double mutant 
lane 4. Also, mutant 299 shows processing although the product is not as 
expected. (C) SDS-Page of purified virus of metabolically labeled: wild type (lane 
1), mock (lane 2), 341 (lane 3), 341/392 (lane 4) and 299 (lane 5) infected 
monolayers. All the purified virus particles contained the structural proteins with 
the truncated or defective protein levels being too low to detect.  
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Figure 4. Electron micrographs of BHK-21 monolayers transfected with furin 
sensitive E2 mutants and wild type virus. (A) is showing a typical wild type Sindbis 
virus infection with many nucleocapsid structures associated with intracellular 
vesicles (closed arrowheads), and free cores within the cytoplasm. Particles budding 
at the plasma membrane (open arrow) can also be detected. Shown in (B) is a 
monolayer transfected with the furin sensitive 341 mutant. Boxed and magnified is a 
long tubular structure with partially enveloped virus particles contained within. (C) A 
monolayer infected with the 299 furin sensitive mutant. This monolayer contains 
some particles arrested at the plasma membrane but overall appeared as wild type. 
(D) A monolayer transfected with double mutant 341/392.  This mutant also 
displayed the formation of tubular structures but much less defined in comparison to 
the individual mutants which its comprise of. 
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Figure 5. Proposed model for envelopment and budding of Sindbis. Incorporation of 
truncated or defective proteins are hypothesized to arrest this process various 
points.  
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Figure 6. Electron micrographs showing particles produce by wild type virus (A), 
mutant 299 (c) and the 341 mutants (B and D). Mutant 341 was more prone to 
produce atypical particles and these particles appeared to possess symmetry 
although non-uniform.  
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SUMMARY OF CONCLUSION AND FUTURE DIRECTIONS 
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Summary of Conclusions 

 

There remains considerable controversy regarding the precise route utilized by 

Alphaviruses (e.g. Sindbis Virus) to introduce their genome into the cytoplasm of a host 

(Chapter 1). The currently proposed mechanism relies heavily on the observed and 

controversial three-dimensional conformation of the crystallized E and E1 proteins from TBE 

and SFV. Although not as controversial, the processes of Alphavirus virus envelopment and 

budding are still points of contention with intriguing and valuable questions yet to be 

addressed. The studies presented in this thesis address some of the molecular mechanisms 

involved in Sindbis virus envelopment and budding. In addition, evidence is presented for a 

novel methodology which results in the production of truncated membrane glycoproteins for 

structural analysis and the effects of truncated protein insertion into developing virions are 

characterized.  

One of the first objectives of this thesis was the development of a method capable of 

separating and purifying nanogram quantities of nucleic acids for viral genome manipulation 

(Chapter 2). Chapter 2 describes an innovative method that allowed for rapid preparative 

purification of West Nile and Sindbis virus PCR products utilizing a novel microbore anion-

exchange column. We demonstrated that the use of the PolyWAX LP microbore column, in 

conjunction with miniaturization of the HPLC apparatus tubing and small fraction volume 

collection (50μl) is a sensitive and efficient method for the purification of PCR products at 

mM concentrations. After fractionation, only desalting and fraction concentration using a 

Microcon spin column was necessary after chromatography for preparation of the PCR 

product prior to final manipulations. This protocol eliminated the necessity to gel-purify PCR 

products. Agarose gels are only employed to analyze product peaks and to estimate the DNA 

concentration and yield. Characterization of the specific PCR reaction profiles and 

purification of the desired product(s) at a sufficient concentration for downstream 

manipulations can be accomplished in a few hours, compared to several days by traditional 

methods. Additionally, we have observed that subtle interactions with linear PEI of PCR 

products of different size and composition may play a significant role in their elution 

profiles. The shorter WNV product (202 bp) was reproducibly retained 2 min longer than the 
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longer Sindbis virus 274 bp product. The use of this method greatly aided the process of 

obtaining several of the mutants characterized and subsequently discussed in Chapters 3 and 

5. 

In the experiments described in Chapter 3, we examined the feasibility of using the 

TGN resident endoprotease furin to release virus proteins from the membrane in which they 

are assembled. The conserved Arg-X-Arg/Lys-Arg motif recognized by furin was introduced 

into the ectodomain of the E1 glycoprotein from Sindbis virus at amino acid positions 130, 

133, 139 (functional domain mutants) and 392 and 393 (ectodomains mutants). In these 

initial experiments, the furin sensitive sites were engineered outside of domains predicted to 

be linked by disulfide-bridges. We demonstrated that furin recognized and cut at the 

conserved amino acid motif Arg-X-Arg/Lys-Arg. We achieved the goal of producing 

mutations which released the amino terminal portion of the processed protein from the virus 

membrane. Two general conclusions arose from these studies. First: E1 furin-sensitive 

mutants are dramatically restricted in their ability to produce infectious virus in BHK-21 

cells, however, some of these mutants produce large numbers of non-infectious virus 

particles. Second: the presence of the truncated proteins interrupts the process of virus 

assembly. It was also determined  that atypical virus assembly was not due to the changes in 

the amino acid sequence as demonstrated by the efficient production of infectious virus in the 

permissive (furin negative) CHO RPE.40 cell line. These data collectively suggested that 

insertion of furin sensitive sites can result in the production truncated E1 protein functional 

domains and ectodomains possibly in a native configuration and that the truncated proteins 

may be suitable for structural analysis. 

 In Chapter 5, the furin studies were expended to include the E2 protein and 

subsequently showed that furin recognized and cut at the conserved furin sensitive motif 

inserted in E2 and released truncated E2 proteins from the membrane in which they were 

assembled. We also proposed that incorporation of defective or truncated E2 proteins into 

developing virions may affect the processes of virus envelopment and budding. The E2 furin-

sensitive mutants were also found to be restricted in their ability to produce infectious virus 

from BHK-21 cells.  Unexpectedly, when grown in the furin deficient CHO RPE.40 cell line, 

the mutants did not produce wild type levels of infectious virus particles. When grown in this 
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cell line, the virus produced contains the precursor PE2 instead of E2. It is feasible that the 

combination of the naturally occurring furin site in PE2 and the introduced mutations near 

the transmembrane domain of E2 (furin sensitive sites) caused the reduction in infectious 

virus production seen. The extremely low levels of infectious virus produced from the CHO 

RPE.40 cell line severely limits characterization of this virus and precluded further analysis 

of the causes of the observed drop in mutant titers from this cell line. The possibility that the 

amino acid sequence changes alone were responsible for the reduced titer and aberrant 

budding phenotypes does exists. However, taking together the data observed with the E1 

furin mutants, the fact that the E2 mutants can assemble infectious particles from BHK-21 

cells and the particle/pfu ratios: the data indicates that the sequence alterations alone are not 

altering the processes of transcription and translation nor effecting the production of 

infectious virus particles. It is more likely that the lower titers exhibited by the E2 mutants 

are the result of processing by furin and that the aberrant budding observed is the result of 

truncated protein incorporation. Collectively, the data produced by the E2 studies suggested 

that insertion of furin protease sensitive sites in E2 result in the production of truncated E2 

proteins but processing appears to be more complex in comparison to processing observed in 

E1. In addition, possible insertion of truncated E2 proteins into developing virions resulted in 

the arrest of the budding process at an early point in the process consistent with the 

requirement of E2-capsid interaction. Overall, the insertion of the furin protease recognition 

motif into the ectodomains of glycoproteins represents a novel method for analyzing virus 

assembly and budding as well as the production of truncated proteins suitable for further 

structural analysis. 

The studies in Chapter 4 provide evidence of the first example, to our knowledge, of 

the use of lysine amine modification to study an intact infectious virus by mass-spectrometry. 

Using reverse-phase liquid chromatography followed by tandem mass spectrometry 

methodology, seven sites of modification were identified in the E2 glycoprotein (K70, K76, 

K97, K131, K149, K202, and K235), while one site in the E1 glycoprotein (K16) was 

identified. This method allowed for a more detailed and nuanced analysis of Sindbis structure 

in comparison to previous partial proteolytic digestions and facilitated a better understating 
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of the orientation of individual lysine residues on the surface of intact infectious virus 

particles. 

 

Model of aberrant virus budding and atypical particle formation 

 

Knowledge of the molecular mechanisms involved in the envelopment and budding 

processes of Alphaviruses is far from complete. In this thesis, a model is developed and put 

forth which correlates well with several other current assembly models. In the present model, 

nucleocapsids known to assemble in the cytoplasm of the host initiate envelopment and 

budding by binding to the 33 amino acid endodomain of E2 glycoproteins oligomerized into 

a homotrimeric spike (Fig.5 step A) at the plasma membrane.  An initial interaction with E2 

is propagated and eventually requires an increasing involvement of E1 at subsequent stages 

of envelopment. Once envelopment nears completion and all the specific E1 and E2 

interactions are established, an undefined signal triggers the ‘pinching off” of the mature 

particle containing the characteristic T=4 icosahedral symmetry. (Garoff and Simons, 1974; 

Brown, 1980). Diagramed in Fig.5, further details added to this model by the work described 

above predict that incorporation of even low levels of defective or truncated E2 proteins 

might be sufficient to alter the processes of assembly.  We propose that by disrupting the 

precise association of the E2 endodomain with nucleocapsids at the modified membrane (Fig. 

5 step A and B) assembly can be arrested early in the envelopment process. This is supported 

by the ability of some of the E2 furin sensitive mutants to form semi-enveloped particles at 

the plasma membrane of transfected monolayers. These semi-enveloped particles appear to 

have a greater portion of the nucleocapsids located within membranous tubular structures 

(Fig.5). As a corollary, the assembly of virus particles may better tolerate defective or 

truncated E1 proteins which do not directly contact the nucleocapsids and whose 

involvement in the envelopment process occurs after initial events involving E2. This may 

allow the envelopment and budding processes to proceed a step beyond capsid recognition 

before becoming arrested (Fig 5 step C). This proposal is supported by the ability of some of 

the E1 furin sensitive mutants to also form semi-enveloped particles at the plasma membrane 

of transfected monolayers. The majority of these particles however, are observed on the 
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outside of the membranous tubular structures indicating more advanced envelopment (Fig.5 

step C). It is our hypothesis that the number of truncated or defective proteins incorporated 

into developing virions are random for each particle assembled, or arrested during assembly. 

Accordingly, it would follow that some particles below an undefined threshold of 

incorporation of defective protein will be able to bud whereas those above this threshold will 

not. We speculate that the particles observed in association with the plasma membrane 

represents those above the threshold of aberrant protein incorporation and those that produce 

virus particles fall below this level. The numbers of aberrant proteins which will result in the 

production of an assembled, noninfectious particle would be valuable information but was 

not determined by these studies. 

 

Future Directions 

 

Structural analysis of truncated E1 and E2 proteins obtained using our novel method 

of furin site insertions and comparison to the structural data obtained using the existing 

structure and models for E1 and E2 have provided valuable insight into the native 

conformation of these proteins. The methodologies currently utilized to obtain purified 

Sindbis virus structural proteins for structural analysis involves extraction of the proteins 

from mature virions, exposure to detergent or expression in bacterial systems as truncated 

species. Although valuable information has been obtained using these approaches, there are 

inherent deficiencies associated with these protocols and it is expected that the methods 

described herein will provide an improved method to isolate sufficient protein, possibly 

retaining native conformation, to be useful for additional structural studies. While valuable 

information about Sindbis virus structure and assembly was obtained during the course of 

this work, many critical questions regarding the structure of E1 and E2 remain to be 

addressed. The isolation of truncated E1 and E2 proteins should provide excellent starting 

material for structural analysis. Recent advances in protein crystallography should make it 

feasible to characterize low quantities of the truncated proteins. In addition, expression in a 

cell system that is furin negative but capable of producing a greater amount of virus than the 

CHO RPE.40 system will provide great opportunity for further in vitro analysis. In vitro 
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cleavage and gel analysis in conjunction with mass spectrometry analysis of cleaved products 

is a valuable approach and should be further investigated. A greater understanding of the 

mechanisms responsible for the differential cleavage observed in the E2 furin mutants should 

also be addressed.  When installed in E2, furin processing of the furin recognition motif 

appears to be more complex in comparison to processing in E1. The differences in protein 

conformation which results in these processing differences could provide valuable 

information with respect to the accessibility of the protease and thus may speak to the 

orientation and association of the proteins during the maturation process. Exploring different 

combinations of protease sensitive sites installed at various locations in E1 and E2 might be 

of value. Furthermore, this approach might reveal a pattern of preferred cleavage patterns or 

point to a mechanistic pattern.  

When exposed to low pH, the glycoproteins of Sindbis virus undergo drastic 

conformational changes resulting in the exposure of previously hidden epitopes. The 

combination of low pH treatment and the labeling of exposed lysine residues can be utilized 

to investigate the effect of conformational changes on three-dimensional protein array 

formed by E1 and E2. This will undoubtedly address some valuable structural questions and 

reveal subtle differences that exist between low pH treated particles and wild type particles.  
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