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Abstract 

The genomes of many positive stranded RNA viruses and of all 

retroviruses are translated as large polyproteins which are proteolytically 

processed by cellular and viral proteases. Viral proteases are structurally 

related to two families of cellular proteases, the pepsin-like and trypsin-like 

proteases. This thesis describes the proteolytic processing of several 

nonstructural proteins of dengue 2 virus, a representative member of the 

Flaviviridae, and describes methods for transcribing full-length genomic 

RNA of dengue 2 virus. Chapter 1 describes the in vitro processing of the 

nonstructural proteins NS2A, NS2B and NS3. Chapter 2 describes a system 

that allows identification of residues within the protease that are directly or 

indirectly involved with substrate recognition. Chapter 3 describes 

methods to produce genome length dengue 2 RNA from eDNA templates. 

The nonstructural protein NS3 is structurally related to viral trypsin

like proteases from the alpha-, picorna-, poty-, and pestiviruses. The 

hypothesis that the flavivirus nonstructural protein NS3 is a viral 

proteinase that generates the termini of several nonstructural proteins was 

tested using an efficient in vitro expression system and antisera specific for 

the nonstructural proteins NS2B and NS3. A series of eDNA constructs 

was transcribed using T7 RNA polymerase and the RNA translated in 

reticulocyte lysates. Proteolytic processing occurred in vitro to generate 

NS2B and NS3. The amino termini of NS2B and NS3 produced in vitro 

were found to be the same as the termini of NS2B and NS3 isolated from 

infected cells. Deletion analysis of eDNA constructs localized the protease 

domain necessary and sufficient for correct cleavage to the first 184 amino 

acids of NS3. Kinetic analysis of processing events in vitro and experiments 

to examine the sensitivity of processing to dilution suggested that an 
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intramolecular cleavage between NS2A and NS2B preceded an 

intramolecular cleavage between NS2B and NS3. The data from these 

expression experiments confirm that NS3 is the viral proteinase 

responsible for cleavage events generating the amino termini of NS2B and 

NS3 and presumably for cleavages generating the termini of NS4A and NS5 

as well. 

Biochemical and genetic experiments using viral proteinases have 

defined the sequence requirements for cleavage site recognition, but have 

not identified residues within proteinases that interact with substrates. A 

biochemical assay was developed that could identify residues which were 

important for substrate recognition. Chimeric proteases between yellow 

fever and dengue 2 were constructed that allowed mapping of regions 

involved in substrate recognition, and site directed mutagenesis was used 

to modulate processing efficiency. 

Expression in vitro revealed that the dengue protease domain 

efficiently processes the yellow fever polyprotein between NS2A and NS2B 

and between NS2B and NS3, but that the reciprocal construct is inactive. 

The dengue protease processes yellow fever cleavage sites more efficiently 

than dengue cleavage sites, suggesting that suboptimal cleavage efficiency 

may be used to increase levels of processing intermediates in vivo. By 

mutagenizing the putative substrate binding pocket it was possible to 

change the substrate specificity of the yellow fever protease; changing a 

minimum of three amino acids in the yellow fever protease enabled it to 

recognize dengue cleavage sites. This system allows identification of 

residues which are directly or indirectly involved with enzyme-substrate 

interaction, does not require a crystal structure, and can define the 

substrate preferences of individual members of a viral proteinase family. 
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Full-length eDNA clones, from which infectious RNA can be 

transcribed, have been developed for a number of positive strand RNA 

viruses, including the flavivirus type virus, yellow fever. The technology 

necessary to transcribe genomic RNA of dengue 2 virus was developed in 

order to better understand the molecular biology of the dengue subgroup. A 

5' structural region clone was engineered to transcribe authentic dengue 

RNA that contains an additional 1 or 2 residues at the 5' end. A 3' 

nonstructural region clone was engineered to allow production of run off 

transcripts, and to allow directional ligation with the 5' structural region 

clone. In vitro ligation and transcription produces full-length genomic 

RNA which is noninfectious when transfected into mammalian tissue 

culture cells. Alternative methods for constructing eDNA clones and 

recovering live dengue virus are discussed. 
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Historical and medical overview: The dengue viruses comprise an 

antigenic subgroup of the flaviviruses which are responsible for worldwide 

epidemics of increasing proportion (9, 10, 36). The first documented 

outbreak of dengue-like illness in the Americas occurred in Philadelphia 

in 1780, and major epidemics of dengue-like illnesses have been reported 

throughout the tropical and subtropical world over the last two centuries 

(11, 29, 34, 35, 68). In 1903, dengue-like illness was shown to be 

transmissible by mosquitoes and was identified as a filterable agent (virus) 

in 1926. Dengue virus was isolated from the blood of infected soldiers in 

1944 and was the second flavivirus to be isolated (the type virus, yellow 

fever, was isolated in 1926). Viral isolates were serologically 

distinguishable and were designated as the prototypic dengue 2 (New 

Guinea C) and dengue 1 (Hawaii) strains. Dengue 3 and 4 serotypes were 

isolated in Manila, in 1956, during an epidemic of dengue hemorrhagic 

fever (67). 

The three primary hosts of dengue viruses are man, lower primates 

and mosquitoes. Transmission to man by mosquito occurs during a blood 

meal taken by an infected female of the genus Aedes. Classical dengue 

fever ensues suddenly after a 3- to 15-day incubation period. Chills, 

headache, postorbital and lower back pain are usually observed and the 

most severe manifestations are accompanied by extreme joint pain and 

prostration. The fever and other symptoms persist for two to three days, 

then decrease and are followed by a second attack of fever, which is 

usually accompanied by a rash. The presence of fever, headache and 

rash constitute what is known as the the dengue triad, and are 

characteristic for positive diagnosis (69). 
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Simple uncomplicated dengue fever is rarely fatal, but a secondary 

manifestation of shock (dengue shock syndrome or DSS) or hemorrhagic 

fever (DHF) is more serious and can be fatal (5, 8, 16). The factors 

contributing to DSS and DHF are not well understood, but it is widely held 

that secondary infection with a different serotype of dengue virus is 

necessary. An immune response directed against one serotype will 

cross-react extensively with the other three serotypes but will not provide 

cross-protection. It has been proposed that subneutralizing titers of 

cross-reacting antibodies aid the establishment of infection by a secondary 

serotype (39, 40). 

Dengue hemorrhagic fever is the second leading cause of death 

attributed to infectious disease in southeast Asia and efforts to identify 

molecular markers of virulence and biochemical targets for antiviral 

therapy have intensified as the world-wide risk has increased. The 

incidence of dengue infection, dengue shock syndrome and dengue 

hemorrhagic fever has been increasing rapidly over the last few decades 

and with over 1.5 billion people at risk, dengue represents a serious health 

concern for people who live in tropical or subtropical areas. Unfortunately 

there is no animal model for either classical dengue fever or the more 

severe hemorrhagic fever and the presence of four different, but related 

serotypes has hampered development of an efficacious vaccine. The 

techniques of molecular biology have provided a much better 

understanding of dengue gene expression and have offered new hope for 

the development of effective antivirals and vaccines (2, 39, 77). 
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Virion structure and gene expression: The dengue virion is 

composed of three protein species (C, M and E), and a single RNA 

molecule (80). The major structural protein of the virion is a glycosylated, 

membrane bound envelope protein that is capable of eliciting neutralizing 

antibodies and is responsible for hemagglutination and cell fusion 

acitivities (7 4, 78, 83). The membrane or M protein is a small hydrophobic, 

integral membrane protein whose role in virion structure is not well 

understood. A small, basic capsid protein complexes the genomic RNA 

with roughly icosahedral symmetry. The 5' end of the positive stranded 

genomic RNA has a type 1 cap and the 3' end is not polyadenylated (14, 38, 

90). 

Dengue viruses are capable of entering cells through simple fusion 

with cellular membranes, although receptors may be utilized to enter 

specialized cells (41, 82). Once internalized, the genomic RNA is released 

into the cytoplasm and viral gene expression begins. Viral gene 

expression does not shut down host cell synthesis and induces the 

proliferation of Golgi-associated membranous vesicles (79). Genomic RNA 

is copied from a full-length minus strand template and is the sole 

detectable viral messenger RNA (15, 81). After a latent period of eight to 

twelve hours, mature virions are assembled and released from the surface 

of infected cells by an unknown mechanism ( 42). 

The genomic organization and polyprotein processing of the dengue 

2 PR159 81 vaccine strain are detailed in Figure 1 (3, 4, 27, 28, 38, 71). A 

single large polyprotein is translated from an approximately ten kilobase 

long open reading frame. The structural proteins are translated before 

the nonstructural proteins and all proteins are translated 



5 

Fig. 1. Genome organization and expression of dengue 2 vi.nls. The 

upper half of the figure details the genome organization of the PR159 81 

vaccine strain. The lower half of the figure depicts the processing events 

generating the structural and nonstructural proteins. Virion structural 

proteins are designated by dark cross-hatched boxes and nonstructural 

proteins are designated by open boxes. Cleavages after basic residues are 

designated by downward facing arrowheads. Host cell signalase 

cleavages are designated by open ball and stick icons and potential viral 

encoded signalase-like cleavages are designated by a shaded ball and stick 

icon. A late, membrane associated cleavage generating the membrane 

structural protein and mature capsid protein are designated by a ball and 

arrowhead. 
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in stoichiometric amounts. The dengue polyprotein is co- and 

posttranslationally processed by cellular and viral proteinases into ten 

identifiable gene products (73). 

Membrane associated processing: Historically flaviviral polyprotein 

processing has been difficult to study because of fast processing kinetics in 

vivo, and in vitro expression experiments have been hampered by poor 

fidelity and low efficiency. Recently several groups have utilized improved 

expression systems to analyze signalase mediated cleavage events (31, 51, 

56, 65, 66) and have identified the flaviviral nonstructural proteinase 

(Chapter 1). 

Cleavages maturing the dengue polyprotein can be classified into 

two main groups, membrane associated and cytosolic cleavages. 

Membrane associated cleavages can be further classified into three 

subgroups; cotranslational host cell signalase cleavages, posttranslational 

host cell or viral signalase-like cleavages, and late cleavages associated 

with virion assembly. Several groups have studied the processing events 

generating the structural proteins and have concluded that host cell 

signalases process the structural and some of the nonstructural proteins 

(51, 56, 66). Host cell signalases cleave co-translationally between the 

capsid protein and prM, between prM and E, and between E and NS1 to 

generate the amino termini of prM, E and NSl. Closely spaced and 

alternating hydrophobic stop transfer and signal sequences lie between 

prM and E, and between E and NS1, to direct the processed proteins into 

the lumen of the endoplasmic reticulum. 
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The cleavage event which generates the carboxy terminus of the 

nonstructural protein, NS1 and the amino terminus of NS2A is not well 

understood. Residues preceeding the 1/2A cleavage site are not preferred 

by signalase and cleavage is not always cotranslational (59, 85). NS2A 

sequences are required in cis for processing to occur at the 1/2A boundary, 

and it has been suggested that NS2A may be a viral proteinase (31). The 

amino terminus of NS4B may also be generated by a posttranslational host 

cell or viral signalase-like cleavage. A polyprotein consistent in molecular 

weight and immunoreactivity with NS4A4B can be detected in infected 

cells suggesting that the signalase-like cleavage is not cotranslational and 

it is possible that the amino termini of NS2A and NS4B are generated by 

the same proteinase (13). 

The virion structural proteins C and M are processed late in the 

assembly process by unidentified proteinases. Processing occurs between 

two basic amino acids and a small side chain amino acid, which is similar 

to the processing of the nonstructural proteins (see below). prM is initially 

glycosylated in the Golgi aparatus and then moves to the cell surface 

where it forms a heterodimer with the envelope protein (89). A late 

cleavage event removes the glycosylated segment of prM to generate 

mature M protein (72). The cleavage of prM is sensitive to inhibition by 

acidotropic amines and it has been hypothesized that prM could be an 

autoprotease (60, 64). Intracellular forms of the capsid protein possess a C 

terminal membrane spanning segment that is cleaved prior to assembly of 

the virion, by an unknown mechanism (56, 75). Cleavage occurs after 

several basic amino acids and is presumed to be mediated by the same 

proteinase which processes the nonstructural proteins (64). 
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Processing in the cytosol: Processing of viral proteins in the cytosol 

is usually mediated by a viral proteinase. Many positive strand RNA 

viruses encode one or more proteinases which process the structural and 

nonstructural proteins (44, 48, 87). Viral proteinases exhibit strict 

substrate specificity and this selectivity is used to regulate the production 

of viral proteins from a polyprotein precursor. Processing intermediates 

may have functions distinct from the end products and proteinases provide 

a mechanism for fine tuning viral gene regulation (21, 92). 

The amino termini of NS2B, NS3, NS4A and NS5 are generated in 

the cytosol, by cleavage between an arginine or lysine, and a serine, 

glycine or alanine. In an effort to identify the flaviviral nonstructural 

proteinase, two laboratories proposed models which identified the amino 

terminus of NS3 to be a trypsin-like protease, based upon limited sequence 

and potential secondary structure similarity with known cellular and 

viral proteinases (7, 32). Sequence alignments and structural predictions 

ofthe model are presented in Figure 2. 

A 180 amino acid domain at the amino terminus of the 

nonstructural protein, NS3, can be aligned using a relaxed sequence and 

secondary structure profile to known cellular and viral trypsin-like 

proteinases. The classification of NS3 as a trypsin-like serine proteinase 

identified it as a member of a large family of viral and cellular proteinases 

that use either a catalytic serine or cysteine at the active site. The trypsin

like serine proteinase family includes proteinases from the alpha-, flavi- , 

picorna-, poty-, and pestiviruses. The sequence/structure model predicts 

that amino acids 51, 75 and 135 of NS3 are elements of a classic histidine, 
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aspartate and serine catalytic triad. Five amino acids within the putative 

substrate binding pocket are predicted to be in direct contact with bound 

substrate, and in particular aspartate 129 is proposed to interact directly 

with arginine or lysine residues within cleavage sites. 

The protease model was tested by in vitro experiments which 

examined cleavages generating the amino termini of NS2B and NS3. 

Monospecific antisera reactive with NS2B and NS3 were raised in rabbits 

and were used to study processing in an in vitro expression system. 

Deletion analysis of the protease domain localized the sequences necessary 

and sufficient for cleavage at the 2A/2B and 2B/3 junctions to the first 184 

amino acids of NS3. Cleavages generating NS2B and NS3 occur 

intramolecularly and with a defined order and complete fidelity in vitro. 

The implications of these results with respect to the nature and order of 

flaviviral polyprotein cleavage are discussed in Chapter 1. 
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Figure 2. Sequence and structural alignment of cell and viral 

proteinases: The large cellular proteases and the amino terminal protease 

domains of flaviviruses (NS3) are aligned according to the protease model 

to emphasize sequence and structural conservation. Dots represent 

matches and dashes represent insertions. The cellular proteases are 

aligned relative to elastase and the flavivirus NS3 protease domains are 

aligned relative to dengue 2. The catalytic residues are numbered using 

chymotrypsin (above) and dengue NS3 (below) numbering schemes, and 

are boxed and designated using an asterisk. Core beta strands that are 

conserved among the trypsin-like serine proteinases are indicated by wavy 

lines below the sequence alignment. Residues which are predicted to be in 

direct contact with bound substrate are designated by an accent symbol ( "). 

Cellular proteinase sequences are referenced in (7). Virus abbreviations 

and sequences used for viral proteinase alignments are as follows: DEN2, 

dengue 2 PR159 81 (38); DEN3, dengue 3 (57); DEN4, dengue 4 (49); MVE, 

Murray Valley encephalitis (19); KUN, Kunjin (17); SLE, Saint Louis 

encephalitis (84); WN, West Nile (12); YF, yellow fever Asibi strain (37); JE, 

Japanese encephalitis Beijing 1 strain (43) and TBE, tick borne 

encephalitis (50). 
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The nature of substrate recognition: Viral proteinases have been 

chemically synthesized or purified from bacterial and eukaryotic systems, 

and biochemical assays have been developed to investigate enzyme

substrate interactions (47, 55, 70, 91). Purified proteinases have been used 

to cleave synthetic or natural substrates (46, 47, 58), and site-directed 

mutagenesis has provided a genetic approach for defining the sequence 

and position requirements of cleavage (24, 25). Biochemical and genetic 

studies using retro-, picorna-, and potyviral proteinases have shown that 

the substrate requirements of viral proteinases can vary widely and the 

molecular basis of viral proteinase specificity is not understood. In 

general, it is clear that the sequence surrounding the scissile bond (Pl and 

P'l residues) and the local structural context of a viral polyprotein are 

important determinants of proteinase specificity. 

The HIV (human immunodeficiency virus) and RSV (Rous 

sarcoma virus) proteinases are small aspartic proteinases whose crystal 

structures and biochemical properties have been intensively studied ( 46, 

52, 53). The Pl and P'l positions of retroviral cleavage sites are not 

conserved between retroviruses or even within a retroviral polyprotein, yet 

HIV proteinase can discriminate between HIV and RSV synthetic peptide 

substrates ( 4 7). This suggests that sequence (however poorly conserved) as 

well as structural context are important for substrate recognition. 

Molecular modeling studies using the HIV crystal structure have 

provided clues as to how retroviral proteinases can recognize a wide 

variety of cleavage sites and still maintain high selectivity (86). 

The TEV (tobacco etch virus) 49kDa proteinase is a member of a 

large trypsin-like proteinase family (6). Site-directed mutagenesis and 
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biochemical inhibition studies have provided evidence that the active site 

contains a catalytic cysteine residue (26). The 49kDa proteinase processes 

five sites within the TEV polyprotein and it is unique among the viral 

proteinases in that it recognizes an extended seven amino acid cleavage 

site. The P6, P3 and Pl positions within TEV cleavage sites are conserved 

and are absolutely required for cleavage, while nonconserved residues 

modulate cleavage efficiency (24). A small cleavage site cassette can be 

moved to a new position within a polyprotein and will function as a 

substrate, suggesting that sequence and not structure dominates substrate 

recognition (25). 

The poliovirus 3C proteinase is a trypsin-like proteinase (with a 

catalytic cysteine residue) which cleaves nine out of thirteen potential 

glutamine-glycine pairs within the poliovirus polyprotein (54). Purified 3C 

will also cleave between glutamine-alanine, glutamine-serine, glutamine

leucine and glutamate-glycine pairs, suggesting that structural 

determinants play an important role in substrate recognition (55, 93). The 

role of structural determinants in enzyme-substrate interactions has been 

investigated using site-directed mutagenesis and chimeric proteinases. 

Site-directed mutagenesis of the 3C/D cleavage site provided evidence that 

3CD and not 3C is the proteinase responsible for cleaving the structural 

(Pl) polyprotein and that processing intermediates have substrate 

specificities different than products (92). Experiments with chimeric 

polio-, rhino-, and coxsackie virus 3C and 3CD proteinases provided 

additional evidence that determinants of structural polyprotein processing 

are different than those of nonstructural polyprotein processing (22). 
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All of the genetic and biochemical experiments discussed above 

have concentrated on defining what constitutes a cleavage site and have 

not identified residues within proteinases which are important for 

substrate recognition. If the three-dimensional structure of the proteinase 

is known, then residues which are in direct or close contact with 

substrates can be changed by site-directed mutagenesis and the effect of 

each individual mutation can be assayed for using biochemical methods 

(30, 33, 88). Molecular modeling techniques would be potentially useful in 

predicting which amino acid substitutions are allowable, but the ultimate 

proof would lie with a biochemical test of each individual mutation (18). 

RNA-dependent RNA polymerases lack the ability to proofread the 

RNA that they synthesize, therefore proteins encoded by RNA viruses 

undergo rapid evolutionary change (23, 61, 76). Selective pressures operate 

to conserve protein function but residues which are not absolutely required 

to maintain structure or catalytic function are freely substituted. Viral 

proteinases which are released from polyproteins by autocatalytic cleavage 

are both enzymes and substrates and therefore the substrate binding 

pocket of the proteinase and cleavage sites must coevolve. A change in the 

substrate binding pocket of the proteinase must be counterbalanced by a 

change in a cleavage site to maintain proper order and kinetics of 

polyprotein processing. 

Even though the yellow fever and dengue protease domains have 

diverged significantly, we took advantage of conserved restriction sites 

within the NS3 gene to create chimeric protease domains. We asked 

whether dengue and yellow fever protease domains could process 

heterologous cleavage sites. Using a series of chimeric eDNA constructs 
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we localized a region within the protease domain that played an important 

role in substrate recognition. The polymerase chain reaction (PCR) was 

used to interchange residues between the dengue and yellow fever protease 

domains, and the effects of single and multiple mutations were assayed 

for using an in vitro expression system. We concluded that residues 141 to 

147 of dengue NS3, corresponding to residues 144 to 150 ofyellow fever NS3, 

define an intragenic locus that is an important determinant of substrate 

specificity for the flaviviral proteinases. The techniques described in 

Chapter 2 can be applied to map enzyme-substrate interactions within 

other viral proteinases. 

Infectious clones and reverse genetics: The application of eDNA 

technology has revolutionized the study of RNA virus genetics. eDNA 

clones of RNA viruses can be mutagenized and the biological effects of 

individual mutations can be studied in vitro or in vivo. Infectious RNA 

can be transcribed from eDNA clones of a number of positive strand RNA 

viruses, including the flavivirus type virus, yellow fever (1, 20, 45, 62, 63). 

In order to better understand the molecular biology of the dengue 

subgroup we have developed methods to transcribe full-length genomic 

RNA of dengue 2 virus. Chapter 3 details the techniques and reagents that 

are necessary to produce full-length genomic RNA. 
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Abstract 

We have tested the hypothesis that the flavivirus nonstructural 

protein NS3 is a viral proteinase that generates the termini of several 

nonstructural proteins, using an efficient in vitro expression system and 

monospecific antisera directed against the nonstructural proteins NS2B 

and NS3. A series of eDNA constructs was transcribed using T7 RNA 

polymerase and the RNA translated in reticulocyte lysates. The resulting 

protein patterns indicated that proteolytic processing occurred in vitro to 

generate NS2B and NS3. The amino termini of NS2B and NS3 produced in 

vitro were found to be the same as the termini of NS2B and NS3 isolated 

from infected cells. Deletion analysis of eDNA constructs localized the 

protease domain within NS3 to the first 184 amino acids. Kinetic analysis 

of processing events in vitro and experiments to examine the sensitivity of 

processing to dilution suggested that an intramolecular cleavage between 

NS2A and NS2B preceded an intramolecular cleavage between NS2B and 

NS3. The data from these expression experiments confirm that NS3 is the 

viral proteinase responsible for cleavage events generating the amino 

termini of NS2B and NS3 and presumably for cleavages generating the 

termini of NS4A and NS5 as well. 
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Introduction 

The dengue viruses belong to the Flaviviridae, a family of 

approximately 70 viruses, most of which are arthropod-borne, which can 

be grouped into 8 antigenic complexes (6, 7). There are four serotypes of 

dengue, and all are involved in worldwide epidemics of increasing 

proportion (17, 23, 44). Our laboratory has been working with the PR159 81 

(candidate vaccine) strain of dengue 2 virus (1, 2, 16, 26, 45). The PR159 

genome is a positive stranded RNA molecule 10,712 nucleotides in length 

that is capped at the 5' terminus with a type 1 cap and has at the 3 ' 

terminus a uridine residue (11, 26, 52). Translation begins at nucleotide 97 

and continues for 10,173 bases to produce a 3391 amino acid polyprotein 

that is both co- and posttranslationally processed into at least 10 different 

polypeptides ( 46). 

Sequence analysis of flavivirus proteins and in vitro expression 

experiments have implicated host cell signalases in the amino terminal 

processing ofprM, E, NS1 and possibly NS2A and NS4B (4, 9, 12, 18, 22, 34, 

36, 43, 53). These host cell signalases cleave on the carboxy terminal side 

of hydrophobic leader sequences and function in the lumen of the 

endoplasmic reticulum (50). On the other hand, the cleavages that 

generate the amino termini of NS2B, NS3, NS4A and NS5, which follow 

two basic amino acids and occur in the cytosol, are believed to be due to a 

viral proteinase (38, 39). 

The short half-lives of polyprotein precursors in vivo combined with 

the poor fidelity of in vitro expression systems has made the study of 

flaviviral polyprotein processing difficult. Early experiments that 

translated genomic RNA in vitro did not produce detectable amounts of 



nonstructural proteins and correct processing of structural proteins 

occurred only in the presence of exogenously supplied microsomal 

membranes (49, 51). In vivo pulse chase experiments that utilized amino 

acid analogs or starved cells prior to amino acid labeling were successful 

at detecting dengue-specific higher molecular weight proteins, but the lack 

of specific immune reagents and the inability to chase these putative 

precursors limited the experimental analysis (10, 37). Recent studies 

utilizing improved expression systems have made progress in analyzing 

signalase mediated cleavage events but have not addressed the cleavages 

that occur after dibasic amino acids (18, 34, 36, 43). 

Recently two laboratories have proposed models predicting that the 

amino terminus of NS3 is a trypsin-like protease (3, 19), based upon limited 

sequence similarity to cellular serine proteases and more extensive 

similarity to the protease domain of the capsid protein of the alphavirus 

Sindbis virus (24, 25). These molecular modeling studies predict that His-

51, Asp-75, and Ser-135 of NS3 form a classic serine protease catalytic 

triad, and that the entire protease domain lies within the first 180 amino 

acids of this protein. The proteolytic activity of this NS3 enzyme is thought 

to be responsible for cleavages generating the amino termini of NS2B, NS3, 

NS4A, and NS5, and possibly the carboxy terminus of the capsid protein. 

To test this model, we have developed an efficient in vitro expression 

system for NS2B and NS3 and generated specific immune reagents 

reactive with these proteins. In this system, the processing events that 

generate the amino termini of NS2B and NS3 occur faithfully in vitro, 

mediated by the nonstructural protein NS3. By deletion analysis the 

protease domain has been mapped to within the first 184 amino acids of 
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NS3, and from the kinetics of cleavage we propose that an intramolecular 

cleavage between NS2A and NS2B precedes an intramolecular cleavage 

between NS2B and NS3. 
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Materials and Methods 

Construction of trpE fusions: eDNA clones of the PR159 strain of 

dengue 2 virus were used for all plasmid constructions (26). All plasmids 

were constructed using standard recombinant DNA techniques and were 

purified on CsCl density gradients (33). To create a gene fusion between 

trpE and dengue NS2B, the vector pATH3 (48) was digested with BamHI, 

the 3' recessed end was filled in using Escherichia coli DNA polymerase I 

Klenow fragment, and then digested with Clal. A Stui to Hpall fragment 

(from eDNA clone 2, referred to here as pDN2) containing nucleotides 4077 

to 4463 of the dengue genome was inserted to yield the construct pTNS2. 

To create a gene fusion with NS3, the vector pATH3 was digested 

with EcoRI, Klenow treated, and digested with Sall. An Asp718 (Klenow 

treated) to Sall fragment (from eDNA clone pDN2) containing nucleotides 

4497 to 4944 of the dengue genome was inserted to produce pTNS3. 

Recombinant clones were screened by analysis of protein expression 

patterns, restriction endonuclease digestion, and DNA sequencing of 

miniprep DNAs. 

Expression of fusion proteins and immunizations: trpE fusion 

proteins were prepared from large-scale induced cultures essentially as 

described (27) with the following modifications. All trpE plasmids were 

propagated in bacterial strain XLI (Stratagene). After induction, pelleted 

cells were twice frozen and thawed in 50 mM Tris (pH 7.5), 0.5 mM EDTA, 

300 mM NaCl (TEN) buffer. To promote efficient lysis cells were treated for 

15 minutes in a sonicating water bath (Bransonic 12) at 4°C. Insoluble 

inclusion bodies were purified by two successive pelletings through a 25% 
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sucrose, 1 mM EDTA cushion and were solubilized directly into sodium 

dodecylsulfate (SDS) loading buffer (32) for electrophoresis in preparative 

10% polyacrylamide SDS gels (SDS PAGE). Proteins were visualized by 

staining with 250 mM KCl at 4°C. Gels were homogenized in sterile 

phosphate buffered saline (pH 7 .5) and mixed with MPL adjuvant (RIBI 

Immunochem) prior to injection. New Zealand white rabbits were injected 

intramuscularly and subcutaneously on a 3 to 4 week schedule using 100 to 

150 ~g of fusion protein per injection session and were bled 10 to 14 days 

after boosting. Serum aliquots were stored at -20°C until further use. 

Cells and virus stocks: Stocks ofthe PR159 dengue 2 S1 isolate (1, 2, 

45) were prepared on Aedes albopictus C6/36 cells (13). C6/36 cells were 

propagated at 30°C in Dulbecco's modified Eagle medium containing 10% 

fetal calf serum and supplemented with nonessential amino acids. BHK-

21 clone 15 cells, obtained from Dr. Joel Dalrymple, USAMRIID, Bethesda 

MD, were used to plaque purify the virus and to prepare infected cell 

lysates for immunoprecipitation. BHK cells were propagated at 37°C in 

minimum essential medium supplemented with nonessential amino 

acids and containing 5% fetal calf serum. Plaque assays were performed 

at 34°C on BHK cells using a 1% low melting temperature agarose 

(Seakem) overlay containing minimum essential medium and 5% fetal 

calf serum. Plaques were readily visible after 4 days by direct visualization 

or after staining the monolayer with neutral red. 

Labeling of infected cells: Equivalent conditions were used to 

prepare labeled viral proteins for immunoprecipitation assays and amino 



terminal sequencing. BHK cells were infected with a multiplicity of 5 in 

minimum essential medium. At 30 hours post-infection cells were labeled 

in minimum essential medium containing 2% dialyzed fetal calf serum, 

1/40 the normal concentration of methionine and 7 5 J..LCi/ml of 

[3 5 S]methionine (Amersham) for 12 hours. For preparation of 

leucine-labeled proteins, cells were incubated in minimum essential 

medium containing 2% dialyzed serum, 1/100 the normal amount of 

leucine and 75 J..LCilml of [3H]leucine (New England Nuclear) for 12 hours. 

Celllysates were prepared by solubilizing the monolayers in a denaturing 

lysis buffer containing 0.5% SDS, 50 mM Tris pH 7.5, 150 mM NaCl, 1 mM 

EDTA, 20 J..Lg/ml PMSF (Sigma), 2 J..Lg/ml aprotinin (Boehringer 

Mannheim), and 2 J..Lg/ml leupeptin (Sigma). 

Translation constructs: Vector p5'L213 was constructed to facilitate 

high level expression of dengue sequences in an in vitro translation 

system. Briefly an EcoRI to Pstl fragment encoding nucleotides 16 to 213 of 

the dengue 2 genome (from pDNC3) was cloned into EcoRI and Pstl 

digested pGEM1 (Promega) to yield pGem16/213. A double stranded DNA 

oligonucleotide was synthesized that contained a T7 RNA polymerase 

promoter immediately adjacent to the first 55 nucleotides of the dengue 

genome (the sequence of the first 15 nucleotides was assumed to be the 

same as for the dengue 2 Jamaica strain (14), and was inserted into 

Saci/Pvuii digested pGem16/213, yielding vector p5'213. p5'213 and 

pGEM4 were digested with Pstl and Nhel and polylinker sequences of 

pGem4 (a Pstl to Nhel fragment) were inserted to yield vector p5'L213. 
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Vector p5'L213 contains several unique restriction sites that allow fusion of 

heterologous sequences with the dengue capsid gene reading frame. 

Vector p5'L213 was digested with Pstl, the 3' overhang made blunt 

by treatment with T4 DNA polymerase, and digested with EcoRI. An Asel 

(Klenow treated) to Xhol digested fragment containing nucleotides 3778 to 

5427 of the dengue genome, from eDNA clone pDN2, and a Xhol to EcoRI 

fragment containing nucleotides 5428 to 6351 of the dengue genome, from 

eDNA clone pDN5, were inserted to create pT10. This construct contains 

the 5' untranslated region of the dengue genome and the nucleotides 

encoding the first 37 amino acids of the dengue capsid protein fused in 

frame to the 101st codon of NS2A, followed by the sequences encoding the 

remainder of NS2A (amino acids 101-218), the complete coding sequences 

of NS2B (amino acids 1-129), and the first 610 amino acids of NS3 (the 

carboxy terminal 8 amino acids of NS3, amino acids 611-618, are not 

present). 

Proteins produced in vitro with the same termini as in vivo have 

been designated by the prefix NS whereas proteins with an altered 

structure have been designated by the prefix P and the use of a prime 

superscript. For example, pT10-programmed translations yield the 

precursor P2A2B3, the processing intermediate P2B3, and the products 

P2A, NS2B and P3. Precursors, intermediates and products generated by 

the proteolytically active deletion constructs pT11 and pT12 described 

below, are designated P2A2B3', P2A2B3", P2B3', P2B3", P2A, NS2B, P3' 

and P3", respectively. 

Plasmid pT10 was used to produce deletion clones to map the 

boundaries of the protease domain, using Xhol, Asuii, Sal! and Kpnl 



(Asp 718) restriction sites within NS2B and NS3. In each case pT10 was 

digested with EcoRI and the second enzyme (Xhoi, Asuii etc.), the 3 ' 

recessed ends were filled in with Klenow, and the plasmid recircularized 

using T4 DNA ligase to create the deleted constructs designated pT11, 

pT12, pT13, and pT14 respectively. 

Two additional deletion clones were constructed that together 

removed almost all of the NS2A and NS2B coding sequences represented in 

pT10. pT11 was digested with Kpni, blunted with T4 DNA polymerase, 

then digested with SnaBI and cyclized to create pT15. pT12 was digested 

with Pvuii and SnaBI, then cyclized to create pT16. 

In vitro transcription and translation: All plasmids used for in vitro 

transcription and translation were purified by CsCl density gradient 

centrifugation. After linearization with appropriate restriction enzymes, 

templates were digested with proteinase K and phenol extracted. Ethanol 

precipitated templates were resuspended in diethylpyrocarbonate treated, 

ribonuclease free water at a concentration of 0.5 j.lg/ml. Transcription 

reactions containing 0.5 mM rNTPs (Pharmacia), 0.5 mM cap analog 

m 7 G(5')ppp(5')G (New England Biolabs), 50 ng/IJ.l of template, and 2 

units/IJ.l of T7 RNA polymerase (Pharmacia) in 1X transcription buffer (41) 

were incubated at 37°C for 45 minutes. Quality of synthesized RNA was 

routinely checked by gel electrophoresis prior to in vitro translation, and 

the mass of RNA synthesized was quantitated by inclusion of trace 

amounts of [3H]rGTP in the transcription mix. RNA yields were 

approximately 5 to 10 j.lg of RNA per j.lg of input template. Micrococcal 

nuclease treated rabbit reticulocyte lysates containing 0.025 Eq/jJ.l 
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microsomal membranes (Promega) were programmed with in vitro 

transcribed RNA at a concentration of 5 to 10 J.lg/ml. All translations were 

carried out at 30°C for 90 minutes unless otherwise noted. Products of 

pT10-programmed translations were excised from SDS PAGE gels and the 

radioactivity was quantitated by liquid scintillation counting. 

Immunoprecipitation: The amount of antiserum necessary to 

quantitatively immunoprecipitate radiolabeled viral proteins from cell 

lysates and in vitro translation mixes was empirically determined. 

Labeled cell lysates were diluted 5 fold with radioimmune precipitation 

(RIPA) buffer (1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 0.15 M 

NaCl, 50 mM Tris HCl pH 7.5) prior to immunoprecipitation, and protein 

A agarose beads (Boehringer Mannheim) were used at a 5-fold binding 

excess over immune sera (30). After a 1-hour incubation at room 

temperature, the immune complexes were washed twice with a RIPA 

buffer containing 1 mg/ml bovine serum albumin and once with a RIPA 

buffer lacking albumin. For immunoprecipitation of in vitro translations, 

reticulocyte lysates were diluted 25-fold in denaturing lysis buffer and 

heated to 70°C for 5 minutes prior to dilution 5-fold with a RIPA buffer. 

Immunoprecipitated proteins were eluted by boiling in an SDS loading 

buffer. Samples were analyzed by 15% SDS PAGE and gels were 

fluorographed at -80°C (8). 

Sequencing of viral proteins: Radiolabeled NS2B was prepared from 

infected BHK celllysates by preparative immunoprecipitation. 2 x 107 cells 

labeled with [35S]methionine or 6 x 107 cells labeled with [3H]leucine were 



41 

lysed in 4 ml of denaturing lysis buffer, then diluted in a RIPA buffer for 

immunoprecipitation. Immunoprecipitates were washed three times with 

RIPA and twice with 10 mM ammonium bicarbonate buffer (pH 7.0) prior 

to being eluted into 250 ~1 of 0.1% trifluoroacetic acid and blotted onto glass 

fiber discs (29). In vitro processed NS2B was isolated by preparative 

immunoprecipitation of denatured reticulocyte lysates. 50 ~1 of a 

pT11-programmed [35S]methionine- or 200 ~1 of a [3H]leucine-labeled 

translation mix were denatured and diluted in RIPA buffer prior to 

immunoprecipitation. For sequencing of P2B3' precursors, 50 ~1 of a pT11 

[35S]methionine-labeled translation was fractionated by SDS PAGE, then 

electroblotted onto Immobilon PVDF (Millipore) membranes using a 

carbonate-based buffer system (15, 35). 

For sequencing of P3' produced in vitro, 200 ~1 of a 

pT11-programmed [3H]leucine-labeled or 300 ~1 of [3H]valine-labeled 

translation mix was fractionated by SDS PAGE, then electroblotted onto 

Immobilon membranes. Immobilon membranes were autoradiographed 

to locate [35S]methionine-labeled P3' markers and adjacent lanes 

containing [3H]leucine or [3H]valine-labeled P3' were excised. Samples 

labeled in vivo or in vitro were sequenced on an Applied Biosystems 4 77 A 

gas phase sequenator without PTH derivatization using a customized ATZ-

1 program. Radioactivity in the eluate of each cycle was determined in a 

liquid scintillation counter and 3H counting efficiency was determined to 

be 40% using calibration standards. 
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Results 

Production of fusion proteins and specificity of antisera. We have 

produced monospecific immune reagents reactive with NS2B and NS3 by 

constructing plasmids (pTNS2 and pTNS3) which express these moieties 

as fusion proteins with trpE. The locations in the dengue genome of the 

inserts used are shown in Fig. 1, which also illustrates schematically the 

posttranslational processing of the dengue polyprotein to give the mature 

structural and nonstructural proteins. When bacterial cultures harboring 

either pTNS3 or pTNS2 were induced and insoluble inclusion bodies were 

purified and analyzed by SDS PAGE, fusion proteins of 51 and 54 kDa, 

respectively, were found (Fig. 2A), indicating that the fusion proteins were 

stable when overexpressed. Fusion proteins were purified by preparative 

SDS PAGE and used to inject two rabbits each. High titer antiserum was 

usually obtained with three injections. 

Denatured lysates of dengue infected cells were analyzed using 

antisera directed against pTNS2 and pTNS3 fusion proteins. Serum from 

a rabbit injected with the pTNS2 fusion protein immunoprecipitated a 

protein of approximately 14 kDa, identified as NS2B from its molecular 

size, immunoreactivity, and N-terminal sequence (see below), from 

infected but not from mock infected cell lysates (Fig. 2B), and the serum 

was therefore designated aNS2B serum. NS2B was immunoprecipitated 

from denatured but not from nondenatured lysates, implying that its 

immunoreactive epitopes are linear in nature or are masked 1n 

nondenatured lysates (data not shown). Since pTNS2 contains the last 19 

amino acids of NS2A as well as the first 111 amino acids of NS2B (Table 1), 

antiserum raised against the encoded fusion protein could theoretically 
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Fig. 1. Genome organization and expression of dengue 2 virus. A 

schematic diagram aligning the trpE eDNA fusions to their corresponding 

regions of the dengue genome is shown. The upper third of the figure 

details the genome organization of the PR159 strain. The middle third of 

the figure depicts the processing events generating the structural and 

nonstructural proteins. Virion structural proteins are designated by dark 

crosshatched boxes and nonstructural proteins are designated by open 

boxes. Cleavages after dibasic residues are designated by downward 

facing arrowheads. Host cell signalase cleavages are designated by open 

ball and stick icons and a potential viral encoded signalase-like cleavage is 

designated by a shaded ball and stick icon. A late, cell 

membrane-associated cleavage generating the membrane structural 

protein is designated by a ball and arrowhead. The boundaries of the 

dengue inserts in the pTNS2 and pTNS3 eDNA fusions are mapped on the 

expanded view of NS2A, NS2B and NS3 shown in the lower third of the 

figure. Full details of constructs pTNS2 and pTNS3 are given in Table 1. 
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have reacted with NS2A sequences. However, no NS2A protein (predicted 

molecular weight, 24kDa) was detected when either denatured or 

nondenatured lysates were immunoprecipitated with aNS2B (Fig. 2B). 

Serum from a rabbit injected with the pTNS3 fusion protein 

precipitated a polypeptide of 69 kDa, identified as NS3, from infected cell 

lysates (Fig. 2B). In addition three larger proteins were present in 

significant amounts in the immunoprecipitates, of sizes 85, 93, and 130 

kDa. All four species were also immunoprecipitated by a polyvalent 

anti-dengue dengue mouse hyperimmune ascites fluid (Fig. 2B, lane 

HIS). The 93 kDa protein appears to be NS5, and the reason it should 

precipitate with the a.NS3 antiserum is obscure. The size and reactivity of 

the 85 kDa protein are consistent with it being polyprotein NS34A. The 

identity of the 130 kDa species is unknown; it may be a polyprotein 

containing NS3. 

Since pTNS3 encodes the last 8 amino acids of NS2B as well as the 

first 141 amino acids of NS3 (Table 1), antiserum raised against the 

encoded fusion protein could in theory also precipitate proteins containing 

NS2B sequences. aNS3 serum immunoprecipitated small amounts of 

NS2B from nondenatured lysates (data not shown) but not from denatured 

lysates (Fig. 2B). Thus with denatured lysates, the aNS2B and aNS3 sera 

described here are essentially monospecific, and denatured lysates were 

used for all the subsequent immunoprecipitations shown. 

In vitro translation and processing kinetics. Processing of 

flavivirus nonstructural proteins occurs very rapidly in vivo, and 

viralpolyproteins can only be detected in pulse chase experiments under 
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Fig. 2. trpE/dengue fusion proteins and characterization of antisera. 

Panel A: A Coomassie blue stained SDS PAGE gel with samples of purified 

inclusion bodies from induced cultures of XL1 alone and XL1 cultures 

containing plasmids pTNS3 and pTNS2, respectively. The positions of 

protein standards (Biorad) are shown to the left with the molecular 

weights in kDa indicated. Panel B: lmmunoprecipitates of [35s] 

methionine-labeled infected and uninfected BHK cells analyzed by PAGE. 1 

X 105 infected (I and PI) or mock infected cells (U) were labeled for 12 

hours beginning at 30 hours post-infection. Lysates were 

immunoprecipitated with a polyvalent mouse hyperimmune ascites (HIS) 

or monospecific a.NS2B and a.NS3 immune (I) and preimmune (PI) sera. 

Locations of bands containing the viral proteins E, NS1, NS2B, NS3, NS5 

and the putative precursor NS34A are indicated. The molecular weights 

of 14C-labeled protein markers (Amersham) are shown. 
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Table 1: trpE/dengue eDNA fusions. 

Construct I Vector a I Genes I Insert b l A.A. 
b I Protein c 

pTNS3 pATH3 NS2B3 4497-4944 122-129/1-141 NS3 
Eco(K)/Sal Asp(K)/Sal 

pTNS2 pATH3 NS2A2B 4077-4463 200-218/1-111 NS2B 
Bam(K)/Cla Stu/Hpall 

Footnotes 

a 
Vector and insert DNAs were prepared as described in materials and methods. 
5' overhangs that were blunted by Klenow treatment are designated with a (K). 

b 
Nucleotides are numbered relative to the dengue genomic sequence and 
amino acid numbers of individual gene products are listed. 

c 
Dengue specific protein recognized by each antiserum under denaturing conditions. 
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special labeling conditions (10). However, it seemed likely that these 

processing events could be followed upon translation in vitro. Our initial 

expression experiments used RNA transcripts of dengue 2 eDNA clones 

that were not engineered to have specific 5' leader sequences or initiation 

codons in an appropriate context. Only low levels of protein synthesis were 

obtained in vitro and variable amounts of specific (i.e., at the 5' methionine 

in the RNA) versus nonspecific (internal) initiation of translation was 

observed. Levels of expression were increased approximately 5-fold by 

inserting the dengue 5' nontranslated region upstream of the region to be 

translated. The efficiency of translation was increased an additional 2- to 

3-fold whenthe reading frame of interest was fused to that of the dengue 

capsid protein, such that the mRNA translated had the authentic dengue 2 

leader and the initiation codon in the normal dengue context (data not 

shown). The yellow fever 5' nontranslated region has also been shown to 

enhance expression of heterologous coding sequences by reticulocyte 

lysates (42). 

The first construct tested for protease activity was pT10. RNA 

transcribed from this construct with T7 RNA polymerase is translated into 

a polyprotein (P2A2B3) containing the first 37 amino acids of the capsid 

protein, the C-terminal 118 amino acids of NS2A, all of NS2B, and most of 

NS3 (Fig. 3 and Table 2). Protein patterns resulting from different times of 

translation of this RNA in reticulocyte lysates are shown in Fig. 4A. A 

protein with the molecular weight predicted for the slightly truncated NS3 

(P3) was produced (Fig. 4A), showing that proteolytic processing had 

occurred in this in vitro system. Proteins with molecular weights 
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Fig. 3 . Schematic diagram of dengue 2 protein and nucleic acid sequences 

expressed in the translation vector pT10. T7 RNA polymerase transcribes 

a chimeric RNA which contains nucleotides 1-213 fused to nucleotides 

3778-6351 of the dengue genome. An initiator methionine codon at position 

96 is designated by a solid diamond. Upon translation the encoded 

polyprotein contains amino acids 1-37 of the dengue capsid proten, 101-218 

of NS2A, all of NS2B and the first 610 amino acids of NS3. The predicted 

protease domain of NS3 is indicated by the solid black region. 
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predicted for the full-length (unprocessed) translate P2A2B3 and for the 

processing intermediate P2B3 were also observed (Fig. 4A). 

In order to study the kinetics of polyprotein processing, bands 

P2A2B3, P2B3 and P3 in Fig. 4A were excised from the dried gel, 

solubilized, and assayed for radioactivity (Fig. 4B). The resulting kinetics 

of accumulation and processing exhibited two phases. All three species 

accumulated with similar half-times during the first 30 minutes. After 30 

minutes of translation (post synthesis phase) there was no further 

incorporation of label into newly synthesized protein. The label in the 

full-length P2A2B3 band remained constant between 30 and 90 minutes, 

indicating that these molecules were stable and were not processed, 

whereas P2B3 decayed with a half-life of 42 minutes and P3 accumulated 

at the same rate suggesting a precursor product relationship between 

these two species. The fact that P2A2B3 appeared to be processed rapidly 

in the first 30 min but to be stable thereafter suggests that folding of this 

protein does not occur optimally during translation in reticulocyte lysates, 

and that those molecules that fold correctly during the initial synthesis 

phase are processed rapidly while misfolded molecules are processed 

slowly or not at all. The fraction of P2A2B3 that was processed varied from 

experiment to experiment, being sensitive to the lot of reticulocyte lysate 

used and to other unknown variables. 

Since the pTlO construct contains two cleavage sites, different 

processing intermediates would be predicted depending upon the temporal 

order in which the cleavages occur. If the cleavage between P2A and NS2B 

preceded cleavage between NS2B and P3, intermediate P2B3 would be 

generated. Conversely, if cleavage between NS2B and P3 preceded 
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cleavage between P2A and NS2B, P2A2B rather than P2B3 would be 

produced. The potential precursor P2A2B was not observed by SDS PAGE 

(Fig. 4A) nor by immunoprecipitation with aNS2B serum (data not 

shown), but P2B3 was readily detected as described above, suggesting that 

cleavage at the 2A/2B junction occurred first. The amounts and 

processing kinetics of P2B3 were also consistent with the view that it is the 

major intermediate in the processing pathway. 

Cleavage of the dengue polyprotein in cis. Intermolecular (trans) 

cleavages exhibit second-order kinetics and are concentration-dependent, 

whereas intramolecular (cis) cleavages are first-order and 

concentration-independent. To determine whether the cleavages at the 

dengue 2A/2B and 2B/3 sites were concentration-dependent, we examined 

the protein products obtained upon translating differing amounts of input 

RNA,which effectively changes the concentration of the proteinase (Fig. 

4C). At the highest concentrations of RNA tested the components of the 

translation system were limiting (28) and processing appeared to proceed 

more rapidly. At lower concentrations of RNA, total incorporation 

appeared to increase between 25 and 90 minutes of translation and 

proportionately more label was present in a 46 kDa reticulocyte-specific 

band. The ratio of P2A2B3 to P3 after 90 minutes of translation at 30°C 

appeared to be independent of the concentration of input RNA (Fig. 4C), 

however, this suggests that cleavage occurs in cis, although extremely 

efficient trans cleavage by the dengue proteinase cannot be ruled out. 

We have also used a second approach to examine whether the 

dengue polyprotein can be cleaved in trans. Polyproteins produced by 
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Fig. 4 . Processing of proteins during in vitro translation of construct pT10. 

Panel A: aliquots of a pT10-programmed translation were removed at the 

designated times after initiation of translation and analyzed by SDS PAGE. 

Precursors P2A2B3 and P2B3 as well as mature P3 are indicated. Panel B: 

bands containing P2A2B3, P2B3, and P3 were excised from gels like that 

shown in A and quantitated as described in Materials and Methods. Panel 

C: aliquots of RNA transcribed from pT10 were serially diluted and 

translated in vitro. Aliquots of the translation mixtures were analyzed by 

PAGE. In order to equalize for [35S] methionine incorporation, varying 

amounts of lysate were loaded in each lane. Lanes 1-4 contain 1 J.ll of 

lysate, lanes 5, 6, 8 and 10 contain 2 J.ll of lysate and lanes 7, 9 and 11 

contain 4 J.ll of lysate. Mass of RNA per ml and the length of the 

translation incubation are indicated. Locations of bands containing 

nonstructural protein precursors P2A2B3 and P2B3 as well as mature P3 

are indicated. 
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pT13- and pT14-programmed translations contain an inactive protease but 

the potential cleavage sites are intact (see below). These polyproteins were 

used as substrates for the active proteinase produced by a 

pTlO-programmed translation, and no detectable cleavage of these 

polyproteins occurred (data not shown). The lack of detectable trans 

cleavage in these experiments is consistent with the results of the kinetic 

and dilution sensitivity experiments which suggested that cleavage 

occurred at the 2N2B and 2B/3 junctions only in cis. 

Deletion mapping of the dengue protease. Based upon molecular 

modeling studies, both Bazan and Fletterich (3) and Gorbalenya et al. (20) 

have predicted the precise boundaries of the flavivirus protease domain. 

This predicted domain is illustrated schematically in Fig. 5 in relation to 

the dengue polyprotein. The entire domain is hypothesized to span the 

first 180 amino acids of NS3 (black shading) and to contain 4 subregions or 

boxes of homology with serine proteases, the first three of which contain 

the three elements of the catalytic triad and the fourth is involved in 

substrate binding. To test these predictions, we constructed a series of 

deletion constructs that together span the entire length of NS3 and that 

delete large regions of P2A and NS2B (Fig. 5 and Table 2); translation 

mixes were programmed with RNA transcribed from these constructs, 

and the resulting protein products immunoprecipitated with aNS2B and 

aNS3 sera and analyzed by SDS PAGE (Fig. 6). 

Constructs pTlO, pTll, and pT12 contain all of the proposed protease 

domain (see Fig. 5), and from these constructs polypeptides with the 

molecular weights and immunoreactivities of mature NS2B and of the 
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Fig. 5. Schematic map of deletion constructs used to map protease activity. 

The relative positions of the four homology boxes proposed by Bazan and 

Fletterick (3), and Gorbalenya et. al. (20) are shown. The proposed 

catalytic histidine, aspartate and serine residues are listed within boxes 1, 

2, and 3 and indicated by vertical lines on the schematic. SBP refers to the 

proposed substrate binding pocket. Gene products, P2A and NS2B are 

designated by open and lightly shaded boxes respectively. The putative 

protease and helicase domains of NS3 are designated by solid and deeply 

shaded boxes respectively. The restriction sites used to generate deletion 

constructs are indicated as follows; A for Asel, P for Pvull, Sn for SnaBI, 

K for Kpnl (Asp718), D for Dralll, S for Sall, As for Asull, X for Xhol and 

E for EcoRI. The structures of deletion clones are mapped below. 

Cleavages at the 2A/2B or 2B/3 junctions which occur are indicated by 

arrows. A detailed description of each construct is given in Table 2. 
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Table 2: Deletion constructs. 

Construct Position of deleted amino acids a 

pT10 NS3 611-618 

pT11 NS3 303-618 

pT12 NS3 184-618 

pT13 NS3 141-618 

pT14 NS2B/NS3 122-129/1-618 

pT15 NS2B/NS3 43-121, 303-618 

pT16 NS2A/NS2B/NS3 146-218/1-42/184-618 

Footnotes 

a Genes affected by deletion. The amino acids deleted in individual 
gene products are listed. When more than one gene product contains a 
deletion, amino acid numbers are separated by a"/". When separate 
deletions are present in the same gene product, the amino acid 
numbers are separated by a comma. 



truncated forms of NS3 (P3, P3' and P3") were detected (Fig. 6A). In 

contrast pT13 programmed translations did not produce any (truncated) 

NS3 or NS2B (Fig. 6B), indicating that this deletion abolished activity, 

presumably by invading the protease domain (see Fig. 5). Thus the 

protease domain encompasses a maximum of 183 amino acids at the N

terminus of NS3 . Polypeptides consistent in molecular weight and 

immune reactivity with a P2B3-processing intermediate could also be 

detected in pTlO-, pTll- and pT12-programmed translations, but not 

pT13-programmed translations (Fig. 6). 

Translation of RNA transcribed from pT14 yielded a polypeptide 

which was consistent in molecular weight and immunoreactivity with 

that predicted for P2A2B'. Processing did not occur at the 2A/2B site. The 

location of the band and the amount expressed from pT14 were such that if 

this precursor had been present upon translation of RNA from constructs 

such as pTlO, it would have been readily detected. This supports the 

earlier conclusions that P2A2B was never generated during processing in 

vitro. 

To examine the amino terminal boundary of the protease domain, 

that is whether sequences in P2A or NS2B are required for proteolytic 

activity, we analyzed the in vitro translation patterns produced from two 

deletion constructs, pT15 and pT16, which together delete almost all of the 

P2A and NS2B sequences. When pT15-programmed translations were 

fractionated using aNS2B only low levels of immunoreactive species were 

observed upon overexposure of autoradiographs (Fig. 6B). The molecular 

weights of these species were not consistent with correct processing at the 

2A/2B or 2B/3 cleavage sites. The low level of immunoreactivity suggests 
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Fig. 6. Immunoprecipitations of in vitro translations programmed with 

RNA transcribed from NS3 deletion constructs. 

Panel A: aliquots of reticulocyte lysates were denatured and 

immunoprecipitated with aNS2B (2) or aNS3 (3) immune sera, immune 

complexes were dissolved in SDS-containing loading buffer and analyzed 

by PAGE. The construct from which RNA was transcribed is indicated 

above each lane. Protein species which were identified as P2A2B3", 

P2B3", P3, P3', P3" and NS2B by immunoreactivity and molecular weight 

are indicated. The molecular weights of 14C-labeled protein standards 

(Amersham) are indicated. 

Panel B: immunoprecipitations of in vitro translations from proteolytically 

inactive templates. Unprocessed precursors P2A2B3'" and P2A2B' are 

designated as are the positions of molecular weight markers. 
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that the major antigenic epitopes recognized by aNS2B have been deleted in 

this construct. Upon precipitation with aNS3, a small amount of 

aberrantly processed P3' was detected. When pT16-programmed 

translations were immunoprecipitated and analyzed by SDS PAGE, both 

aNS2B and aNS3 immunoreactive species of aberrant molecular weight 

could be detected. Since the 2N2B cleavage site had been removed by this 

deletion only cleavage at the 2B/3 boundary could be examined. Thus it is 

unclear whether sequences in P2A or NS2B are required for proteolytic 

activity or whether the deletions induce misfolding of the molecule such 

that the correct cleavage sites are not recognized. 

Sequencing of viral proteins. In order to confirm that the cleavage 

events observed in vitro occur at the same sites as utilized in vivo, and to 

confirm the identities of the proteins produced in vitro, we compared the 

amino terminal amino acid sequences of NS2B and NS3 produced in vitro 

with those of proteins isolated from infected cell lysates, and obtained the 

N -terminal sequence of P2B3'. NS2B from dengue 2-infected cells labeled 

with [35S]methionine or [3H]leucine was isolated by preparative 

immunoaffinity chromatography. Approximately 85% of the label in the 

purified NS2B used for sequencing consisted of mature NS2B, as 

determined by electrophoresis. The results clearly showed that serine 1345 

of the dengue polyprotein is the amino terminal residue of NS2B produced 

in vivo (Fig. 7 A) This assignment is in agreement with data for other 

sequenced NS2B species (9, 47, 53), based upon sequence homology. 

In order to sequence NS2B produced in vitro, pTll-programmed 

translations were immunoprecipitated with aNS2B. Approximately 85% 



of the NS2B immunoprecipitated was fully cleaved, and approximately 10% 

of the label was in P2B3', which is coterminal with mature NS2B and 

contributes to the observed NS2B signal (see below). The amino terminus 

of in vitro produced NS2B was indistinguishable from that found in vivo. 

(Fig. 7B). 

Sequencing of P3' labeled in vitro in pT11-programmed translations 

identified the amino terminal residue of P3' as Ala-1476 of the dengue 2 

polyprotein (Fig. 7C). Peaks of [3H]leucine at cycles 4 and 18 and of 

[3H]valine at cycles 3, 7, and 13 make this assignment unambiguous. This 

result agrees perfectly with the sequence of NS3 isolated from dengue 2 

infected cells (4). 

The P3' results are also of interest because the cleavage which 

produces the amino terminus of dengue 2 NS3 is unique in that it appears 

to occur after a single basic amino acid; the cleavages to produce NS3 in all 

other sequenced flaviviruses occur after dibasic residues. The fact that the 

amino terminus of P3' produced in vitro is the same as that of NS3 isolated 

from infected cells suggests that the dengue 2B/3 cleavage site is in fact 

different, and that the observed terminus of NS3 does not arise from 

cleavage at an upstream site characterized by dibasic residues followed by 

amino-terminal nibbling (4). 

In order to further define the specificity of cleavage events and 

definitively identify processing intermediates, the putative P2B3' was 

isolated from pT11-programmed translations by preparative SDS-PAGE 

and sequenced. Peaks of 35s were observed at positions 9 and 13, aligning 

this species perfectly with the amino terminus of NS2B and confirming the 



Fig. 7. Amino terminal sequencing of viral proteins. Data in each panel 

are plotted as radioactivity per Edman degradation cycle versus cycle 

number. Panel A: in vivo labeled NS2B; panel B: in vitro labeled NS2B; 

panel C: in vitro labeled P3'; panel D: precursor P2B3'. The amino 

terminal sequence of NS2B, NS3 and NS2B3 deduced from the nucleotide 

sequence of the RNA genome is indicated below each sequence panel with 

the leucine, valine and methionine residues identified by Edman 

degradation highlighted in bold, capital letters. The burst of [35S] dpm 

observed in the first sequencing cycle of immunoaffinity purified NS2B 

(both in vivo and in vitro) is not consistent with the deduced sequence of 

NS2B and is presumably contributed by contaminants which coprecipitate 

with NS2B. The single letter amino acid code used is as follows: A, 

alanine; C, cysteine; D, aspartate; E, glutamate; F, phenyalanine; G, 

glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; 

N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, 

threonine; V, valine; W, tryptophan andY, tyrosine. 
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previous identification based on gel mobility and immunoreactivity (Fig. 

7D). 

Discussion 

Cleavage of the dengue polyprotein in vitro. The kinetic experiments 

indicated that in vitro cleavage at the 2A/2B junction precedes that at the 

2B/3 junction. These junctions were inactive as substrates in a trans 

cleavage assay and cleavage was insensitive to dilution, implying that 

cleavage at these two junctions occurs by an intramolecular mechanism. 

It is formally possible that NS3 is extremely active in trans such that 

sensitivity to dilution could not be demonstrated and that the negative 

results of the trans processing experiments resulted from the perturbed 

tertiary structure of substrates, although we have used similar methods to 

demonstrate trans cleavage of the Sindbis virus nonstructural polyprotein 

(28). Differences in the rate of translation and in the association of 

membranes with processing intermediates could also influence the 

observed rate of cleavage in vivo. 

Cleavage at the 2A/2B and 2B/3 junctions in vitro proceeds with the 

same specificity as found in vivo. Translation products are cleaved at the 

correct sites of cleavage and nonspecific cleavage is rarely observed. While 

the kinetics of cleavage in vitro are much slower than those observed in 

vivo, it is highly probable that the fidelity and order of in vitro cleavage are 

a true reflection of in vivo processing. The use of improved expression 

systems and in vitro mutagenesis of cleavage sites will be useful In 

establishing whether the order of cleavage observed is obligatory or 

whether it simply represents the kinetically favored order. 
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Testing the flavivirus protease modeL Positive identification ofNS3 

as a flavivirus proteinase will stimulate research on the nature of the 

catalytic and substrate recognition residues involved in proteolysis. The 

specific predictions as to which histidine, aspartate and serine residues 

form the catalytic triad are testable through site specific mutagenesis, and 

mutants which are catalytically active in vitro can be tested for biological 

activity in vivo through the use of infectious eDNA clones (40). NS3 

shares the greatest amount of sequence similarity with the Sindbis virus 

capsid protein protease domain and site-directed mutagenesis of the NS3 

protease domain will be greatly assisted by molecular modeling studies 

once the coordinates of the Sindbis capsid protein become available (5). 

Four specific predictions of the protease model were addressed by 

experiments presented here (3, 20). Our experimental results are 

consistent with the predictions that the protease domain consisted of 

approximately 180 amino acids at the amino terminus of NS3 and could 

retain function when severed from the remainder of NS3, which forms a 

putative helicase domain. However our results are not consistent with the 

prediction that an internal conserved cleavage site in NS3 is utilized to 

separate the helicase and protease domains, or the prediction that 

cleavage of the flavivirus polyprotein by NS3 is an ATP-dependent process. 

The antiserum used in our experiments was directed specifically against 

the protease domain, and therefore any internal cleavage of NS3 in vitro or 

in vivo should have been detected. Secondly, proteolysis occurred even in 

those cases where the helicase domain had been deleted, making it 

unlikely that hydrolysis of ATP is absolutely required for proteolysis, 



although the possibility that it has an effect m vwo has not been 

eliminated. 

The presence of protease and helicase domains within a single viral 

protein is a common structural motif found in alpha-, pesti-, poty-, and 

coronavirus proteins as well as flaviviruses (21). The primary function of 

a viral proteinase is to posttranslationally regulate the production of 

individual gene products from a polyprotein precursor. The viral 

proteinase can also produce processing intermediates which may 

themselves be functional components of the viral life cycle. The choice 

between emphasizing proteinase or helicase function would depend on the 

specific needs of the virus at that point in the life cycle. It appears likely 

that the main function of mature NS3 is as a helicase, since the initial 

cleavages releasing NS2B and NS3 most likely occur in cis and mature 

NS3 does not appear to work efficiently in trans. 

Implications for dengue polyprotein processing. A number of viral 

proteinases function both in cis and in trans to cleave polyproteins in vivo 

(31). Like other positive strand RNA viral proteinases, NS3 may also 

function both in cis and in trans. The amino terminus of NS4B is believed 

to be generated by a signalase cleavage event which presumably occurs co

translationally upon insertion of the hydrophobic tail of NS4A into the 

lumen of the endoplasmic reticulum (9, 47). Once this event occurs the 

dengue polyprotein backbone is severed and by definition any processing 

events that occur downstream of this scission must occur in trans, and if 

NS3 is the proteinase responsible for cleavage at the 4B/5 boundary then it 

must cleave in trans. 
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Processing events consistent with scission at the 3/4A junction are 

observable in vitro (F. Preugschat unpublished data) and putative NS34A 

intermediates can be detected in vivo (Fig. 2B). This implies that the 

kinetics of 3/4A cleavage are slower than the kinetics of 2A/2B and 2B/3 

cleavage. It is possible that NS34A is a precursor that is restricted to the 

plane of the endoplasmic reticulum by a carboxy terminal membrane 

spanning segment, and that this is the form of proteinase that is 

responsible for trans cleavage at the 4B/5 junction. By restricting the 

proteinase to the plane of the endoplasmic reticulum, the 

concentration-dependence of the trans cleavage step would be reduced and 

result in rapid kinetics of cleavage in infected cells. 

The flavivirus capsid protein undergoes a complex two-step 

maturation process in infected cells. As the carboxy terminus of the 

capsid protein is translated it acts as a membrane insertion sequence for a 

cotranslational signalase mediated cleavage that generates the amino 

terminus of the prM protein. Nascent, intracellular capsid protein 

possesses a C-terminal membrane-spanning segment that is cleaved prior 

to assembly of the virion (36). This cleavage event occurs on the carboxy 

terminal side of several basic residues and could be potentially mediated in 

trans by NS3. The initial signalase mediated cleavage can be observed 

using an in vitro translation system but the secondary maturation 

cleavage that removes the membrane insertion sequence has not been 

observed in vitro (36, 43). By using an in vitro expression system designed 

to analyze cleavages at the 3/4A, 4B/5 and C/prM junctions, it should 

possible to reconstruct the flaviviral protein processing pathway using the 

experimental approaches described in this paper. 
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Abstract 

Flaviviruses encode their structural and nonstructural proteins as a 

single long polyprotein which is cotranslationally and posttranslationally 

processed by both cellular enzymes and a viral-encoded protease. The viral 

protease is located within the N-terminal 184 amino acids of the NS3 

protein and efficiently cleaves the sites separating protein NS2A from 

NS2B and NS2B from NS3 itself, acting primarily autocatalytically. To 

study the nature and specificity of the flaviviral protease, we have 

constructed recombinant polyproteins in which part or all of the protease 

domains have been exchanged between the yellow fever and dengue 

genomes. Expression in vitro revealed that the dengue protease domain 

efficiently processes the yellow fever polyprotein between NS2A and NS2B 

and between NS2B and NS3, but that the reciprocal construct is inactive. 

The dengue protease processes heterologous cleavage sites more efficiently 

than homologous cleavage sites, suggesting that suboptimal cleavage 

efficiency may regulate the production of processing intermediates in vivo. 

By mutagenesis within the putative substrate binding pocket it was 

possible to change the substrate specificity of the yellow fever protease; 

changing a minimum of three amino acids in the yellow fever protease 

enabled it to recognize dengue cleavage sites. This system allows 

identification of residues which are directly or indirectly involved with 

enzyme-substrate interaction, that does not require a crystal structure, 

and can define the substrate preferences of individual members of a viral 

proteinase family. 



82 

Introduction 

The Flaviviridae are a family of positive stranded RNA viruses 

whose genomes contain a single large open reading frame that is 

translated into a polyprotein. Co- and posttranslational processing of the 

polyprotein by viral and host cell proteinases produces ten individual 

proteins (32). The structural proteins are cotranslationally processed in 

the lumen of the endoplasmic reticulum by host cell signalases (21, 27, 33). 

The nonstructural proteins are processed in the cytosol by a virally 

encoded trypsin-like serine proteinase (NS3), as well as in the lumen of the 

endoplasmic reticulum by host cell or virally encoded signalases (10) 

(Chapter 1). NS3 cleaves between a lysine or arginine and a glycine, 

serine, or alanine to generate the amino termini of NS2B, NS3, NS4A, and, 

presumably, NS5. NS3 processes the 2A/2B cleavage site before processing 

the 2B/3 cleavage site, and the protease domain of NS3 is functionally 

contained within the amino terminal 184 amino acids (Chapter 1). 

Sequence comparisons of viral proteinases and their cleavage sites 

are instructive for what they tell us about the evolution of proteinases and 

cleavage sites. Some regions of the NS3 protease domain are well 

conserved, but other regions are quite divergent. Presumably the rapidly 

evolving regions of the protease domain are not absolutely required to 

maintain structure or catalytic function, or alternatively some of these 

changes may be important for substrate recognition. Sites cleaved by NS3 

are not well conserved, which suggests that a limited subset of amino 

acids and an unknown structure define a cleavage site. The rapid 

evolution of viral proteinases and cleavage sites suggests that viral 

proteinases should process homologous cleavage sites with greater 



efficiency than heterologous cleavage sites and recent studies using 

chimeric picornavirus 3C proteinases and cassette mutagenesis to 

investigate enzyme-substrate interactions have provided support for this 

view (7, 8). 

Viral proteinases are both enzymes and substrates, and the 

proteinase and cleavage sites coevolve to maintain the proper order and 

kinetics of polyprotein processing. A change in the substrate binding 

pocket must be counterbalanced by a compensating change in a cleavage 

site and vice versa . Viral proteinases regulate the production of 

processing intermediates by generating modified proteinases with altered 

substrate specificities and by varying the sequence of target cleavage sites 

to modulate the efficiency of cleavage (6, 41). The delicately regulated 

production of processing intermediates must be preserved during 

coevolution of proteinases and their cleavage sites. 

A number of viral proteinases have been purified and their 

biochemical and physical properties have been extensively studied (24, 25, 

26, 34, 40). Biochemical and genetic experiments to examine enzyme

substrate interactions have concentrated on defining what constitutes a 

cleavage site and have not identified residues within a proteinase that 

interact with substrates (16, 17, 29). We were interested in developing a 

biochemical assay that could identify residues which were important for 

substrate recognition. Chimeric protease domains (between yellow fever 

and dengue 2) were constructed that allowed mapping of regions involved 

in substrate recognition, and site-directed mutagenesis was used to 

modulate processing efficiency. 



Materials and Methods. 

Plasmid constructions: All plasmids were constructed using eDNA 

clones of the PR159 strain of dengue 2 and the Asibi strain of yellow fever 

virus, using standard recombinant DNA techniques (11, 12, 20). The 

plasmids pDD1 (which was named pT11) and p5'L213 have been previously 

described (Chapter 1). Recombinant polyproteins were created taking 

advantage of a Dralll site conserved between dengue and yellow fever, or 

using a Hpal site in yellow fever that corresponds to a Sall site in dengue. 

Nomenclature: All constructs beginning with pD contain the 

cleavage sites of dengue, and all constructs beginning with pY contain the 

cleavage sites of yellow fever. The next letter specifies whether part or all 

of the protease domain of dengue (D) or yellow fever (Y) is present in the 

construct. Proteins produced by in vitro translation have been designated 

by the prefix P and the use of a prime superscript. For example, 

pDD1-programmed translations yield the precursor P2A2B3 ', the 

processing intermediate P2B3', and the product P3' (Chapter 1). Substrate 

binding pocket mutants of pDD1, pDY1 and pYD1 are designated using a 

decimal and a number. Substrate binding pocket residues are defined 

using a single letter to specify the wild-type amino acid, followed by a 

number specifying position within NS3, followed by a letter specifying the 

mutant amino acid. 

pDD1 was digested with Dralll and Nhel, and a Dralll to Nhel 

fragment containing nucleotides 4 720 to 5463 of the yellow fever genome 

(from eDNA clone 29) (11) was inserted to yield pDYl. In vitro 

transcription and translation of RNA from pDY1 produces a chimeric 



polyprotein that contains the dengue 2A/2B and 2B/3 cleavage sites, the 

first 49 amino acids of dengue NS3, and the catalytic triad and substrate 

binding pocket of yellow fever. 

pDYl was digested with Hpal and Nhel, and a HincH to Nhel 

fragment containing nucleotides 4942 to 5427 of the dengue genome (from 

plasmid pDDl) was inserted to yield pDY2. In vitro transcription and 

translation of RNA from pDY2 produces a chimeric polyprotein that 

contains the dengue 2A/2B and 2B/3 cleavage sites, the catalytic triad of 

yellow fever and the substrate binding pocket of dengue. 

Yellow fever eDNA clone 29 was partially digested with Hpal and 

completely digested with Nhel to generate a fragment containing 

nucleotides 5000 to 5463 of the yellow fever genome. Vector pDDl was 

completely digested with Nhel and partially digested with HincH, and was 

ligated to the fragment described above to yield pDY3. In vitro 

transcription and translation of RNA from pDY3 produces a chimeric 

polyprotein that contains the dengue catalytic triad and the substrate 

binding pocket of yellow fever. 

Yellow fever eDNA clone 29 was digested with Ava!, the 3' recessed 

end was filled in using Escherichia coli DNA polymerase I Klenow 

fragment, and then digested with BamHI to generate a fragment 

containing nucleotides 3801 to 5463 of the yellow fever genome. Vector 

p5'L213 was digested with Pstl, the 3' overhang was made blunt by 

treatment with T4 DNA polymerase and then digested with BamHI. 

Vector p5'L213 was ligated to the fragment described above to yield pYYl. 

In vitro transcription and translation of RNA from pYYl produces a 

polyprotein that contains the first 37 amino acids of the dengue capsid 



protein, the last 127 amino acids of yellow fever NS2A, all of yellow fever 

NS2B, and the first 299 amino acids of yellow fever NS3. 

p YY1 was partially digested with Draiii, and completely digested 

with Nhel, and a Draiii to Nhel fragment containing nucleotides 4665 to 

5427 of the dengue genome (from plasmid pDD1) was inserted to yield 

pYDl. In vitro transcription and translation of RNA from pYD1 produces 

a chimeric polyprotein that contains the yellow fever 2A/2B and 2B/3 

cleavage sites, the first 50 amino acids of yellow fever NS3 , and the 

catalytic triad and substrate binding pocket of dengue. 

PCR mutagenesis: The polymerase chain reaction (PCR) was used 

to amplify eDNA containing nucleotides 4940 to 5071 of the dengue genome 

and nucleotides 5000 to 5112 of the yellow fever genome. Substrate binding 

pocket mutants were created using individual mutagenic oligonucleotide 

primers and an oligonucleotide primer of constant sequence to synthesize 

the plus and minus strands, respectively. pDD1 and pYY1, at 100 ng per 

ml, were used as templates for PCR amplification. Mutagenic and 

constant primers were used at a concentration of 1 nanomole per ml. A 

standard PCR cycle consisted of a 1 minute, 94° C denaturation step, 

followed by a 1 minute 50° C hybridization step, and a 2 minute 72° C 

polymerization step. After 15 cycles, PCR reaction mixes were phenol 

extracted, ethanol precipitated and resuspended in restriction 

endonuclease digestion buffer. 

All PCR products and vectors used for cloning were isolated from 

low melting temperature agarose gels (Seakem) prior to ligation. 

Mutagenized dengue PCR products were digested with Sal! and Asuii 



and ligated to Sall and Asull digested pYDl. Mutagenized yellow fever 

PCR products were digested with HincH and Sac! and ligated to Hpal 

(partially digested) and Sac! digested pDYl. Recombinant mutagenized 

plasmids were analyzed by DNA sequencing and by in vitro transcription 

and translation of encoded RNAs (see below). 

In vitro transcriptions and translations: Nhel linearized templates 

were digested with proteinase K, phenol extracted and ethanol 

precipitated. Templates were resuspended in diethylpyrocarbonate 

treated, ribonuclease free water at a concentration of 0.5 ~g/ml. 

Transcription reactions containing 0.5 mM rNTPs (Pharmacia), 0.5 mM 

cap analog m7G(5')ppp(5')G (New England Biolabs), 50 ng/~1 of template, 

and 2 units/~1 of T7 RNA polymerase (Pharmacia) in 1X transcription 

buffer were incubated at 37°C for 45 minutes (31). Micrococcal nuclease 

treated rabbit reticulocyte lysates containing 0.025 Eq/~1 microsomal 

membranes (Promega) were programmed with in vitro transcribed RNA 

at a concentration of 5 to 10 ~g/ml (5). All translations were carried out at 

30°C for 90 minutes unless otherwise noted. 



Results 

In vitro processing of chimeric proteinases: The high error 

frequency of RNA-dependent RNA polymerases is reflected in the 

divergence rates of proteins encoded by RNA viruses (9, 14, 35). The 

protease domain of NS3 and the small hydrophobic proteins NS2A and 

NS2B are 55%, 19%,and 33% conserved respectively between dengue 2 and 

yellow fever. The aligned amino acid sequences of the protease domains 

found in theN-termini of the NS3's of DEN and YF are shown in Fig. lA. 

and sequence for several flaviviruses of the amino acids surrounding two 

of the cleavage sites processed by this protease are displayed in Fig. lB. It 

is evident that the cleavage sites and some portions of the polyprotein are 

less well conserved than the central core of the protease. NS3 cleaves 

between a basic residue (usually arginine) and a glycine, serine or 

alanine, but helix breaking and acidic residues (boxed in Fig. lB) may also 

be important for substrate recognition. 

We have previously described the construction of a expression 

plasmid, pDDl; in vitro transcription and translation of RNA from pDDl 

produces protein products that are cleaved at the 2A/2B and 2B/3 sites 

(Chapter 1). For this project we also constructed plasmid pYYl, in which 

the leader sequence and the domain encoding the first 37 amino acids of 

the capsid protein of dengue virus were fused in frame to the sequences 

encoding the C-terminal region of NS2A, all of NS2B, and most of NS3 

from yellow fever virus. These constructs are illustrated in Figure 2A. In 

vitro transcription and translation of RNA from pYYl resulted in correct 

processing of the yellow fever proteins at the 2A/2B and 2B/3 sites (Fig 2B). 

The yellow fever protease is more efficient than the dengue protease at 



Fig 1: Sequence comparisons of enzymes and substrates. 

Panel A: The amino acid sequences of theN-terminal domains of the NS3 

proteins of dengue 2 PR159 S1 (DEN2) and yellow fever Asibi (YF) have 

been aligned. Residues are numbered from theN-terminus of the protein. 

The three enzymatic domains and the substrate binding pocket as 

postulated by Bazan and Fletterick (1989) are boxed, and the amino acids 

which form the putative catalytic triad (His, Asp, and Ser) are shaded. 

Proposed contact residues are circled. The Draiii and Sali/Hpal 

restriction sites which were used to make chimeric proteases are 

indicated. The single letter amino acid code is used throughout: A, 

alanine; C, cysteine; D, aspartate; E, glutamate; F, phenyalanine; G, 

glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; 

N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, 

threonine; V, valine; W, tryptophan and Y, tyrosine. 

Panel B: Aligned 2A/2B and 2B/3 cleavage sites for several flaviviruses. 

Cleavage usually occurs between two basic residues (shaded) and a 

glycine, serine, or alanine (shaded). Conserved prolines and acidic 

residues downstream of the cleavage site are boxed. Virus abbreviations 

and sequences used are: DEN2, dengue 2 PR159 S1 (12); DEN3, dengue 3 

(28); DEN4, dengue 4 (18); MVE, Murray Valley encephalitis (4); KUN, 

Kunjin (3); SLE, Saint Louis encephalitis (36); WN, West Nile (2); YF, 

yellow fever Asibi strain (11); JE, Japanese encephalitis virus Beijing 1 

strain (13) and TBE, tick borne encephalitis (19). 
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processing homologous 2A/2B and 2B/3 cleavage sites in vitro. 

In order to investigate whether the two NS3 proteases, which have 

diverged significantly, could process heterologous cleavage sites which 

have also diverged we constructed plasmids expressing chimeric 

polyproteins of yellow fever and dengue 2 (Fig. 2A). Complete details of the 

NS3 amino acids represented in these constructs are listed in Table 1. 

The first constructs tested were two reciprocal chimeras, pDYl and 

pYDl, that were made using a conserved Draiii restriction site (which 

lies just upstream of the putative catalytic histidine residue, Fig. lA). In 

essence, the 2A/2B and 2B/3 sites in each chimera are derived from one 

virus and the enzymatic domains from the other, so that we can examine 

the activity of each protease on a heterologous substrate. Since in vitro 

transcription and translation of pDYl produced an unprocessed 

full-length translation product (Fig. 2B), we concluded that the the yellow 

fever protease could not cleave dengue sites. (The full-length polyprotein 

contains sequences within P2A and NS2B that cause the polyprotein to 

migrate as a heterogeneous smear in SDS PAGE gels.) In contrast, in 

vitro transcription and translation of pYDl produces fully processed P3', 

suggesting that the 2A/2B and 2B/3 cleavage sites were correctly processed. 

Small amounts of higher molecular weight P3' polypeptides are 

sometimes observed, suggesting that cryptic cleavage sites within P2A or 

NS2B of yellow fever were recognized with a low frequency. The 

processing of the precursors in the translation mix of the chimera pYDl is 

more complete than processing by the parental dengue construct (compare 

lane pYDl with lane pDDl), suggesting that the dengue protease domain 
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Fig. 2: Structure and phenotypes of chimeric proteinases. 

Panel A: Parental and chimeric proteinase constructs are displayed. 

Processing at the 2A/2B and 2B/3 cleavage sites is indicated by downward 

facing arrowheads. Dengue and yellow fever catalytic histidine, aspartate, 

and serine residues are indicated by vertical bars and asterisks within 

open boxes, respectively. The dengue and yellow fever substrate binding 

pockets are indicated by open and solid boxes, respectively. Dengue capsid 

protein, P2A, NS2B and P3' sequences are designated by light diagonally 

shaded, open, lightly shaded, and solid boxes, respectively. Yellow fever 

P2A, NS2B, and P3' sequences are designated by lightly shaded, heavy 

diagonally shaded, and open boxes, respectively. 

Panel B: An autoradiograph of a SDS PAGE gel displaying protein 

patterns from in vitro translation mixes programmed with RNA 

transcribed from constructs in panel A. Unprocessed precursor P2A2B3' 

species (lanes pDYl, 2, 3 and pDDl), intermediate P2B3' species (lanes 

pDY2 and pDDl), product P3' species (lanes pDY3, pDDl, pYYl and 

pYDl), and a 46 kDa reticulocyte lysate specific-band are indicated. 
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Table 1: Translation constructs. 

Construct I C.S.a I Catalytic b I SBPc I DEN2 d I YF 

pDD1 DEN2 DEN2 DEN2 1-303 NA 

pYY1 YF YF YF NA 1-299 

pDY1 DEN2 YF YF 1-49 52-299 

pDY2 DEN2 YF DEN2 1-49, 141-303 52-143 

pDY3 DEN2 DEN2 YF 1-140 144-301 

pYD1 YF DEN2 DEN2 50-303 1-51 

Footnotes 

a, b, c The catalytic triad, substrate binding pocket (SBP), and 2A/2B, 
2B/3 cleavage site (C.S.) residues represented in each construct. 

d Dengue 2 (DEN2) and yellow fever virus (YF) NS3 amino acids 
represented in each construct. 



processes heterologous cleavage sites more efficiently than homologous 

cleavage sites. 

The yellow fever substrate binding pocket of pDY1 was replaced with 

the dengue substrate binding pocket in plasmid pDY2. This construct 

contains the catalytic triad of yellow fever combined with the substrate 

binding pocket and cleavage sites of dengue 2. In vitro transcription and 

translation of pDY2 produces the processing intermediate P2B3' and the 

expected P3' product. The precursor (P2A2B3' and P2B3') to product (P3') 

ratio suggest that the efficiency of polyprotein processing is lower than that 

of the parental construct, pDD1 (compare lane pDY2 and lane pDD1) This 

result suggested that the yellow fever substrate binding pocket does not 

efficiently recognize dengue cleavage sites. In plasmid pDY3 the substrate 

binding pocket of pDD1 was replaced with the yellow fever substrate 

binding pocket. Translation of pDY3 RNA produced an unprocessed 

full-length polyprotein (Fig. 2B). These results clearly showed that 

residues 141 to 184 of the dengue protease domain are important for 

dengue cleavage site recognition. 

Mutagenesis of the substrate binding pocket: Bazan and Fletterick 

recently proposed a model for the flavivirus proteinase that is based upon 

structural and functional analogies with the trypsin-like serine 

proteinases (1). The model predicts that five conserved residues are in 

direct contact with bound substrate (circled in Fig.1A). Three of these are 

located within the proposed substrate binding pocket; the other two are 

located just upstream of the putative catalytic serine. The nonreciprocal 

processing of dengue and yellow fever 2A/2B and 2B/3 cleavage sites 



suggested that other nonconserved residues were also important for 

substrate recognition. 

The chimeric proteinase expression experiments pinpointed amino 

acids 141 to 184 of the dengue protease domain as being important for 

substrate recognition. Residues 155 to 161 and 170 to 184 have diverged 

significantly between yellow fever and dengue whereas residues 141 to 154 

which are predicted to form part of a loop and beta strand structure 

surrounding the proposed catalytic serine (1) contain interspersed 

conserved and nonconserved residues (Fig. 1A). Five amino acid 

differences between dengue and yellow fever virus, three of which are 

nonconservative, are found within this loop and beta strand. To test the 

importance of these residues in substrate recognition, PCR mutagenesis 

was used to interchange four of the dengue, and five of the yellow fever 

residues. D141 of dengue was not changed to the corresponding 

asparagine residue of yellow fever because of cloning considerations. In 

order to ascertain which amino acids played a dominant role in substrate 

recognition, sets of conservative and nonconservative mutations were 

made, and nonconservative mutations were made individually. The 

strategy used to generate mutants is schematically presented in Fig. 3 and 

full details of the templates and primers used are presented in Table 2. 

pDD1 was mutagenized to change K142, K143, K145 and V147 to the 

corresponding yellow fever amino acids (R, N, E, and I respectively), to 

produce plasmid pDDl.l. The precursor (P2A2B3' and P2B3') to product 

(P3') ratio of a pDD1.1-programmed translation was greater than a 

parental pDD1-programmed translation, suggesting a lower cleavage 

efficiency (Fig 4A). 



Fig. 3: PCR mutagenesis strategy used to generate substrate binding 

pocket mutants. 

Panel A: Dengue and yellow fever NS3 protease domains are displayed as 

in Fig. 2. The relative positions of Sall, Asuii, Hpal I HincH and Sac I 

restriction sites used for cloning are shown. 

Panel B: Four and five residues respectively were changed individually 

and in sets within the dengue and yellow fever substrate binding pockets to 

generate eleven different mutants. Sequences of wild-type and mutant 

substrate binding pockets are shown (mutant residues are shaded). Full 

details of the primers used are described in Table 2. 
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Table 2: Substrate binding pocket mutagenesis primers. 

Parent Progeny I Oligonucleotide a 

pYDl pYDl.l Dl CAATCGTCGACAGAAACGGAGAAGTTATAGGTCTCTA 

pYDl pYD1.2 D2 ATCGTCGACAGAAAAGGAAAAGTTATAG 

pYDl pYD1.3 D3 ATCGTCGACAAAAACGGAGAAG 

pYDl pYD1.4 D4 ATCGTCGACAAAAACGGA 

pYDl pYD1.5 D5 ATCGTCGACAAAAAAGGAGAA 

pDYl pDYl.l Yl TCTCCTATTGTTGACAAGAAAGGAAAGGTGGTTGGGCTGTA 

pDYl pDY1.2 Y2 TATTGTTGACAGGAAAGGAAAGGT 

pDYl pDY1.3 Y3 ATTGTTAACAAGAACGGAGAGGTGGTTG 

pDYl pDY1.4 Y4 TATTGTTGACAGGAAC 

pDYl pDY1.5 Y5 ATTGTTAACAGGAAAGGA 

pDYl pDYl.G YG ATTGTTAACAGGAACGGAAAG 

DM GTGGAGATCCATGATAG 

YM TCTCTTGGAGCTCCTCC 

Footnotes 

a The name and sequence (5' to 3') of oligonucleotide primers used to generate 
substrate binding pocket mutants are listed in upper and lower case respectively. 
DM and YM are minus strand primers that were used to synthesize dengue and 
yellow fever mutant SBPs, respectively. Primers Y2, Y4 and YS were hybridized at 
40° C (see Materials and Methods). 
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pDYl was mutagenized to change N144, R145, N146, E148 and !150 

to the corresponding dengue amino acids (D, K, K, K, and V respectively) 

to produce plasmid pDYl.l. Changing these amino acids allowed the 

yellow fever protease domain to process dengue cleavage sites (Fig. 4A). 

The processing efficiencies of pDYl.l- and pYDl-programmed 

translations were very similar (see below). The presence of fully cleaved 

P3' suggested that the 2A/2B and 2B/3 cleavage sites had been correctly 

processed. 

pYDl was mutagenized to change K142, K143, K145 and V147 to the 

corresponding yellow fever amino acids (R, N, E, and I respectively), to 

produce plasmid p YD 1.1. Changing these amino acids appeared to 

change the efficiency of processing and eliminated the production of 

several minor P3' species. The precursor (P2A2B3' and P2B3') to product 

(P3') ratios of pYDl.l- and pDDl.l-programmed translations were very 

similar. Changes in the electrophoretic mobilities of P3' and P2B3' 

translated from pYDl.l are presumably due to the amino acid 

substitutions in this mutant. 

Since processing efficiency was clearly affected by multiple 

mutations in the dengue and yellow fever substrate binding pockets, we 

wondered whether the effects observed could be attributed to a single 

amino acid or to some subset of amino acid changes. One, two or three 

amino acids in pDYl, pYDl and pDDl (data not shown) were changed and 

their affects on processing were assayed in vitro. 

pDYl mutagenesis: Three amino acid substitutions in mutant 

pDY1.2, (N144D, N146K and E148K) were sufficient to allow the yellow fever 
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protease domain to process dengue cleavage sites. The processing 

patterns produced by pDY1.2- and pDYl.l- programmed translations were 

very similar, suggesting that these three residues played a dominant role 

in changing the substrate specificity of the yellow fever protease domain 

(Fig 4B). The yellow fever protease domain was not activated when each of 

the nonconservative amino acid changes were made individually in 

mutants pDY1.4 (N144D), pDY1.5 (N146K), pDY1.6 (E148K). Two amino 

acids changes in mutant pDY1.3 (R145K and I150V) did not change the 

specificity of the yellow fever protease domain. In summary a minimum 

of three nonconservative amino acid changes were necessary in order to 

activate the yellow fever protease domain towards processing dengue 

cleavage sites. Changing these residues individually or making 

conservative amino acids changes in tandem had no effect. 

pYDl mutagenesis: pYD1.2- (K142R and V147I), pYD1.3- (K143N 

and K145E), pYD1.4- (K143N) and pYD1.5- (K145E) and pYDl-programmed 

translations patterns were very similar. The processing efficiency was 

only significantly altered when all four amino acids (pYDl.l) were 

changed simultaneously. Similar results were observed when the 

equivalent mutations were introduced into a pDDl background (F. 

Preugschat, unpublished data). 
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Fig.4: In vitro translation of substrate binding pocket mutants. 

Mutagenized plasmids were linearized, transcribed and translated in 

reticulocyte lysates as described in Materials and Methods. 

Panel A: pDDl, pDDl.l, pDYl, pDYl.l, pYDl, and pYDl.l programmed 

in vitro translations were resolved on an SDS PAGE gel and 

autoradiographed. Unprocessed P2A2B3' species (lanes pDDl.l, pYDl.l 

and pDYl), intermediate P2B3' species (lanes pDDl.l, pDDl and pYDl.l) 

processed P3' species (lanes pDDl.l, pDDl, pYDl.l, pYDl and pDYl.l) 

and a 46kDA reticulocyte lysate-specific band are indicated. The left 

pDDl.l lane, and lanes pYDl.l and pDYl, have been overexposed to 

emphasize the reduced cleavage efficiency exhibited by these constructs. 

Panel B: The left side of panel B displays pDYl.l, pDY1.2, pDY1.3, 

pDY1.4, pDY1.5 and pDY1.6 programmed in vitro translations that were 

resolved on an SDS PAGE gel and autoradiographed. The right side of 

panel B displays pYDl.l pYD1.2, pYD1.3, pYD1.4 and pYD1.5 

programmed in vitro translations that were resolved on an SDS PAGE gel 

and autoradiographed. Lane B is a blank, unprogrammed reticulocyte 

lysate in vitro translation. Unprocessed P2A2B3' species (lanes pDY1.3, 

1.4, 1.5, 1.6 and pYDl.l), processed P3' species (lanes pDYl.l, 1.2, pYD1.2, 

1.3, 1.4 and 1.5), and a 46kDA reticulocyte lysate-specific band are 

indicated. 
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Discussion 

Structure-function relationships: Molecular chimeras have been 

used to exchange antigen binding loops, DNA recognition helices, or whole 

domains involved in ligand binding and have demonstrated that 

mini-domains of large proteins can function independently of the whole 

(15, 22, 38, 39). Experiments with bacterial subtilisins proved that the 

substrate specificity of two serine proteases (which are 69% conserved, but 

which have virtually superimposable three-dimensional structures), could 

be interconverted by mutagenizing selected amino acids within the 

substrate binding pocket (37). We have used chimeric protease domains 

which express a portion or all of the protease domain of one virus, and the 

cleavage sites of another to map residues which are important for 

substrate recognition. Mutagenesis of substrate binding pocket residues 

enabled us to modulate the cleavage efficiency of an active protease, and to 

exchange the substrate specificity of one protease with that of another. 

The cleavage generating the amino terminus of dengue NS3 1s 

unique to the dengue virus subgroup. Cleavage occurs between a single 

arginine and an alanine or serine, whereas other flaviviruses generate the 

amino terminus of NS3 by cleaving betweeen two basic amino acids and a 

serine, or glycine (Fig. 1B). The yellow fever protease domain does not 

process dengue cleavage sites whereas the dengue protease domain 

appears to process yellow fever cleavage sites more efficiently than its own 

cleavage sites. This suggests that dengue cleavage sites have not evolved 

an optimal sequence or structure, and that the suboptimal efficiency may 

be used to regulate the production of processing intermediates (which can 

have different functions than end products) (6, 41). The dengue protease 
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has a broader substrate specificity than the yellow fever protease, and 

would be potentially useful in assaying for a broad spectrum flavivirus 

proteinase inhibitor. 

The small, hydrophobic nonstructural proteins NS2A and NS2B, 

which are only 19% and 33% conserved between yellow fever and dengue 2, 

are active substrates for proteolysis, which suggests that they have similar 

structures. Since the P2B3' intermediate is seen in both pYD1- and 

pDY1.1-programmed translations, cleavage occurs with the correct order 

and presumably the same specificity as in vivo (Chapter 1). The protease 

domain of NS3 is 55% conserved between dengue and yellow fever, and our 

data suggests that these proteases must have similar structures. The 

pDY1 and pDY3 chimeric proteases are not active, presumably because the 

substrate binding pocket of yellow fever does not efficiently recognize 

dengue cleavage sites, but it is possible that long- or short-range folding 

effects have perturbed the protease structure. It is important to note that 

any negative effects caused by misfolding can be suppressed by changing 

only three amino acids in the substrate binding pocket (see pDY1.2 

translation Fig. 4B.). 

Fine-scale mapping of the protease domain: Site-directed 

mutagenesis and crystallography studies of the bacterial subtilisins have 

produced the most detailed picture of serine protease enzyme-substrate 

interactions. Four short stretches of amino acids (which are distributed 

over a 126 amino acid segment of the protease) are brought into close 

proximity with substrate by tertiary folding of the polypeptide chain (37). 

By analogy, it seems likely that multiple determinants of substrate 
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specificity are distributed throughout the flaviviral nonstructural 

proteinase. The molecular chimeras allowed us to localize one region of 

the protease domain that was important for substrate recognition and we 

found that residues which differed between yellow fever and dengue could 

account for some of the differences in cleavage efficiency. 

Only multiple, simultaneous changes within the protease domain 

noticeably affected cleavage efficiency or specificity. Individual mutations 

and many of the multiple mutations had no effect. The phenotype of the 

mutant also depended on the genetic background in which the mutations 

were made. Protease activity was not observed in pDY3-programmed 

translations, and therefore it was surprising that pDDl.l-programmed 

translations produced an active protease. We would have predicted that 

changing four residues in the substrate binding pocket to their yellow fever 

counterparts would inactivate the dengue protease, but the pDDl.l results 

suggest that there are other residues in the protease that are involved in 

enzyme-substrate interaction. These residues could act directly by 

interacting with bound substrate, or indirectly by altering the 

conformation of the protease domain. The in vitro expression assay used 

in our experiments is not sensitive enough to detect small changes in 

efficiency and will only readily detect a gain or loss of function. The subtle 

effects of multiple or single mutations could be assayed biochemically 

using purified proteases, or biologically using infectious clones (30) 

(Chapter 3). 

We have identified one intragenic locus that is involved in enzyme

substrate interaction, but there are probably other loci which were not 

mapped by our experiments. The yellow fever protease domain will 
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process dengue cleavage sites when a minimum of three amino acids are 

changed, and the gain of function argues strongly that the introduced 

mutations are important for substrate recognition. There are a total of 54 

amino acid differences between the protease domains of pDYl and pYDl. 

By taking advantage of endogenous or engineered restriction sites it is 

possible to systematically exchange all of the divergent residues and to 

map other dominant loci that determine substrate specificity. 

Designer proteases: The remarkable cleavage specificity of viral 

proteinases make them ideal biochemical targets for antiviral drugs, and 

recently developed proteinase inhibitors offer hope for the treatment of 

incurable disease (23). Knowledge of the sequence and structure of 

cleavage sites, and of the nature of the substrate binding pocket of the 

proteinase are necessary in order to design effective biochemical 

inhibitors. Designing a group-specific proteinase inhibitor for a viral 

family would require knowledge of the substrate preferences of individual 

family members. We have described a system that allows identification of 

residues which are directly or indirectly involved with enzyme-substrate 

interaction, that does not require a crystal structure, and can define the 

substrate preferences of individual members of a viral family. Our studies 

can be extended to other members of the flavivirus family to expand our 

understanding of substrate recognition. Our approach has limitations but 

can be useful for identifying residues which are important for enzyme

substrate interactions in other viral families. 
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Abstract 

Dengue viruses are members of the flavivirus family, a diverse 

group of viruses responsible for a number of human and veterinary 

diseases. The dengue 2 PR159 Sl strain is a first-generation candidate 

vaccine strain that has been used successfully in human subjects. We 

have developed techniques to produce full-length genomic RNA from 

cloned dengue 2 PR159 Sl eDNA templates. Methods are described for the 

transcription, transfection and detection of infectious dengue RNA. These 

experiments lay the foundation for a second-generation approach for the 

development of dengue virus vaccines. 
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Introduction 

The dengue viruses are members of the flavivirus family, and are 

responsible for rapidly expanding disease outbreaks in the tropical and 

subtropical worlds. The four serotypes of dengue viruses are transmitted 

to man during a blood meal taken by infected female Aedes mosquitoes. 

Dengue infection causes fever, rash, and joint pain, and the most severe 

forms invoke a general fatigue that can last for months after the initial 

attack. Dengue fever is rarely fatal, but roughly 5% of infected individuals 

develop a secondary shock syndrome (DSS) or hemorrhagic fever (DHF) 

which can be fatal (5, 6, 8). The factors contributing to the development of 

DSS and DHF are not understood, but it has been suggested that 

cross-reacting antibodies aid the establishment of a secondary infection by 

a different serotype (19, 20). 

All four serotypes of dengue viruses are present in the Americas 

and conditions for a DHF epidemic resemble those present in southeast 

Asia, where over 600,000 cases were reported in 1987 alone (17, 19). The 

worldwide incidence of DSS and DHF is increasing, and with over 1.5 

billion people at risk for infection the need for an effective vaccine has 

increased proportionally. There is no animal model for dengue fever, and 

an additional complication for vaccine development is that each of the four 

serotypes is comprised of a number of groups or topotypes which have 

diverged genetically by approximately 10% (7, 35). Recently a number of 

dengue viral genomes have been partially or completely sequenced, and we 

now have a better understanding of the genetic relationships between sero

and topotypes, which will be useful for the design of second-generation 

vaccines (11, 12, 16, 18, 21, 24, 26, 27, 36, 37). 
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In 1969 a temperature-sensitive dengue 2 virus was isolated from 

the blood of an infected Puerto Rican, and after 19 passages in cell culture 

a candidate vaccine strain was developed (13, 14). The dengue 2 PR159 81 

strain exhibits a small plaque phenotype and has reduced virulence for 

monkeys and suckling mice. 70% of vaccinated human volunteers 

developed antibodies against dengue 2 and the seroconversion percentage 

was even higher for individuals that had been previously immunized 

against yellow fever. The vaccine strain has not been put into general use 

because the virus has not been completely attenuated (2, 3, 4, 33). 

The sequence of all but the 5' terminal 15 nucleotides of the dengue 2 

PR159 81 genome was derived from virus that had been passaged 21 times 

in cell culture (18). The randomly primed eDNA library contains 

approximately 50-75 genome equivalents and should be representative of 

the small plaque vaccine strain. The eDNA library was used to construct 

several clones that can be transcribed to produce full-length genomic 

RNA, and this chapter describes the development of a number of methods 

and reagents that lay a foundation for the construction of infectious eDNA 

clones. 

Infectious eDNA clones and eDNA clones from which infectious 

RNA can be transcribed, have been constructed for a number of positive 

stranded RNA viruses (1, 10, 22, 28, 30, 34). The flaviviruses differ from 

other positive stranded RNA viruses in that full-length eDNA copies of the 

genome can not be propagated using plasmid vectors. Full-length yellow 

fever genomes have been constructed in lambda vectors, but are genetically 

unstable (29). Insertions, deletions and nucleotide substitutions have been 

observed with large dengue eDNA clones, but smaller subgenomic eDNA 



clones appear to be stable. The dengue genome can be propagated as two 

plasmids, a structural region clone containing nucleotides 1 to 2505 and a 

nonstructural region clone containing nucleotides 2040 to 10712. 

Site-directed mutagenesis was used to insert a T7 RNA polymerase 

promoter at the 5' end of the structural region clone, and to engineer 

unique restriction sites in the nonstructural region clone. In vitro ligation 

and transcription of overlapping clones was used to produce full-length 

genomic RNA, which was transfected into several different cell lines. 

Conditions were established for the transfection of viral RNA that allowed 

recovery of dengue virus and alternative methods for isolating biologically 

active eDNA clones are discussed. 
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Materials and methods 

Structural and nonstructural region clones: All recombinant 

plasmids were constructed with eDNA from the PR159 81 vaccine strain, 

using standard recombinant DNA techniques (18, 25). Our initial 

approach for constructing an infectious clone used eDNA clones that were 

partially or completely sequenced. Several polymorphisms were noted 

during the original sequencing of the dengue genome and additional 

polymorphisms were detected during the construction of dengue 

transcription vectors. Nucleotides 65 and 103 are A residues in pDNC3 

and are A residues in all other sequenced dengue viruses. The published 

PR159 sequence lists positions 65 and 103 as G residues. The 

polymorphism at position 103 results in an aspartate to asparagine change 

in the capsid protein, whereas the polymorphism at position 65 occurs in 

the 5' noncoding region. Asparagine is found at this position in all other 

sequenced dengue viruses. Nucleotide 4208 is aT residue in pDN2 which 

changes a threonine to isoleucine in NS2B, destroying a potential 

glycosylation site. The published PR159 sequence lists position 4208 as a C 

residue. An additional change in the 5' noncoding region was detected 

during the engineering of the 5' end, and is discussed below. 

pBSK 5427 was constructed using fragments from three different 

dengue eDNA clones. Clone pDNP7 was digested with Xmnl and EcoRI to 

generate a fragment containing nucleotides 10232 to 10712 of the dengue 

genome. This fragment also contains a 21-nucleotide-long poly (A) tract 

and an EcoRI linker at the 3' end. pDN8 was digested with Ava! and 

Xmnl to generate a fragment containing nucleotides 7058 to 10231 of the 

dengue genome, and pDN5 was digested with Xhoi and Ava! to generate a 



fragment containing nucleotides 5427 to 7057 of the dengue genome. These 

three fragments were ligated together and were then ligated to Xhol and 

EcoRI digested Lambda Zap (Stratagene). After packaging, recombinant 

phage were isolated by plaque hybridization and were converted into 

plasmids by superinfection with filamentous phage R408. pBSK 5427 

contains nucleotides 5427 to 10712 of the dengue genome in vector 

Bluescript SK (-). A sequence polymorphism at nucleotide 6845 in pDN8 

(which causes a frame shift) was avoided by using the Aval site. The 

Xmnl site was chosen to avoid an asparagine to histidine mutation (at 

nucleotide 10030) present in clone pDNP7. Clone pDN5 contains a valine to 

leucine polymorphism at position 5815; valine and threonine residues are 

observed at this position in other flaviviruses . 

pBSK 5427 was digested with Xhoi and treated with bacterial 

alkaline phosphatase. Clone pDN2 was digested with Xhoi and a 

fragment containing nucleotides 3552 to 5426 was ligated to the vector to 

generate pBSK 3552. pBSK 3552 was digested with Spel and Pstl to 

generate a fragment containing nucleotides 3580 to 10712 of the dengue 

genome (Pstl cuts within the vector polylinker). The insert was ligated to 

Spel and Pstl digested pBSK (-) to generate pBSK 3580. This cloning 

maneuver flips the transcriptional orientation of the insert, removes 

several redundant restriction sites, and was necessary to facilitate 

construction of a complete nonstructural region clone. pBSK 3580 was 

digested with Spel and Xbal and was ligated to a Spel to Xbal fragment 

(from clone pDN2) containing nucleotides 2040 to 3579 of the dengue 

genome to generate pBSK 2040. pBSK 2040 contains the entire 

nonstructural region of the dengue genome and is a composite of four 



dengue eDNA clones, pDN2, pDN5, pDN8 and pDNP7. A silent sequence 

polymorphism at nucleotide 4965 (in pDN2) eliminates a Stul site, making 

the Stul site at nucleotide 4077 unique. 

pDNC3 was digested with Hindiii to generate a fragment 

containing nucleotides 16 to 154 7 of the dengue genome, and pDNC8 was 

digested with Hindiii and EcoRI to generate a fragment containing 

nucleotides 1548 to 2505 of the dengue genome. Vector pGEM1 (Promega) 

was digested with Hindiii and EcoRI and was ligated to the fragments 

described above to generate pDNC38. This clone contains the entire 

structural region of the dengue genome with the exception of the 5' 

terminal 15 nucleotides. pDNC38 is stable in MC1061.1 but is unstable in 

XL1 Blue (Stratagene) Escherichia coli cells. An asparagine to serine 

polymorphism at nucleotide 959 occurs in pDNC8, but it is not known 

whether this mutation is present in pDNC3 or pDNC38. The 

polymorphism is found within the envelope protein gene, and asparagine 

is found at this position in other dengue viruses. 

We tried several different methods to generate a plasmid containing 

a full-length copy of the dengue genome but all of these attempts failed 

because the plasmids were unstable in Escherichia coli. Since it was clear 

that the dengue genome was stable in two pieces, we concentrated on 

developing methods that would allow production of full-length RNA from 

in vitro ligated templates. In order to do so, a BstXI restriction site in the 

nonstructural clone was eliminated by site-directed mutagenesis and an 

Xbal site was created at the 3' end of the genome. A T7 RNA polymerase 

promoter and 15 nucleotides were added to the 5' end of pDNC38 to allow 
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transcription of dengue RNA. These methods and the cloning steps are 

detailed below. 

5' end engineering: pDNC3 was digested with EcoRI and Pstl and a 

fragment containing nucleotides 16 to 213 of the dengue genome was 

cloned into EcoRI and Pstl digested pGEM1 to yield pGEM16/213. 

Oligonucleotide FP72 (containing the sequence 5 ' 

dTAATACGACTCACTATAGGAGTTGTTAGTCTACGTGGCCCGACAA 

AGACAGATTCTTTGAGGGAGCTGAGCT) was kinased and gel 

purified, prior to annealing with a kinased, complementary 

oligonucleotide, FP5A (containing the sequence 5' 

dCAGCTCCCTCAAAG). The annealed product was made double 

stranded using Escherichia coli DNA polymerase Klenow fragment and 

was digested with Sac!. The double stranded DNA oligonucleotide 

contains a T7 RNA polymerase promoter immediately adjacent to the first 

55 nucleotides of the dengue genome (the sequence of the first 15 

nucleotides was assumed to be the same as for the dengue 2 Jamaica 

strain (12), and was inserted into Saci!Pvuii digested pGEM16/213, 

yielding vector p5'213 . p5'213 and pGEM4 were digested with Pstl and 

Nhel and polylinker sequences of pGem4 (a Pstl to Nhel fragment) were 

inserted to yield vector p5'L213. Vector p5'L213 contains several unique 

restriction sites that allow cloning of sequences adjacent to the 5' end of the 

dengue genome (Chapter 1). 

p5'L213 was digested with Bglii and EcoRI, and a Bglii- and 

EcoRI-digested fragment from pDNC38 (containing nucleotides 89 to 2505 

of the dengue genome), was inserted to yield p5'TOTOA. p5'TOTOA was 
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digested with Bglll and BstEII, and a Bglii- and EstEll-digested fragment 

from pDNC2 (containing nucleotides 89 to 1648 of the dengue genome) was 

inserted to yield p5'TOTOB. p5'TOTOB was constructed to generate an 

independent clone containing the envelope gene (to minimize any effects of 

sequence polymorphism at nucleotide 959). 

When the 5' ends of p5'TOTOA and pDNC38 were sequenced it was 

noted that the published sequence for nucleotide 19 was incorrect (18). 

This nucleotide is an A residue in clones pDNC38 and pDNC2 and is 

absolutely conserved among the dengue viruses. The incorrect sequence 

had been incorporated in the design of the 5' end and was corrected by 

site-directed mutagenesis. The original T7 RNA polymerase promoter 

was designed for maximum transcription efficiency and included two 

additional G residues which are not found in dengue RNA. In order to 

minimize the affect of additional residues on infectivity, one of the 

additional G residues was removed by site-directed mutagenesis. Two 

oligonucleotide primers and the polymerase chain reaction (PCR) were 

used to amplify nucleotides 1 to 2422 of the dengue genome. A minus 

strand primer (FP20) containing the sequence 5' 

dCGGCCTGCACCATAACTCCC, and a plus strand primer (FP42GA) 

containing the sequence 5' 

dTAATACGACTCACT ATAGAGTTGTT AGTCT ACGTGGACCG were 

used to amplify fragments from pools I and III of the original dengue 

eDNA library (32). The plus strand primer removes an additional G at the 

transcription start site and changes position 19 to an A. PCR products 

were kinased, digested with BstXI, and were gel purified using low 

melting temperature agarose (Seakem). pDNC38 was digested with BstXI 
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and EcoRI and a fragment containing nucleotides 2255 to 2505 was gel 

purifed. pGEM1 was digested with Pvuii and EcoRI, and was ligated with 

the two gel isolated fragments to create 5'TOT042GA. Several independent 

clones were isolated and were used as a pool in transcription reactions. 

3' end engineering: pBSK 5427 was digested with Sac! and Pstl and 

a fragment containing nucleotides 9601 to 10712 was ligated to Sac! and 

Pstl digested M13mp18 (replicative form) to yield pM18 9601. Kinased 

oligonucleotide primers FP15.1 (containing the sequence 5' 

dCACCACCCTGCTCCCTG) and FP18 (containing the sequence 5 ' 

dTTTTTTTTCTAGAACCTG) were used to mutagenize single strand M18 

9601 essentially as described (23). Primer FP15.1 destroys a BstXI site at 

position 9800 and primer FP18 creates an Xbal site at the 3' terminus of the 

dengue genome. The replicative form of a double mutant was digested 

with Sac! and Xbal, and was ligated to Sac! and Xbal digested pGEM1 to 

generate pGEM 9603. pBSK 2040 was digested with BstXI and Sac! to 

generate a fragment containing nucleotides 2255 to 9600, and pDN2 was 

digested with EcoRI and BstXI to generate a fragment containing 

nucleotides 2040 to 2254 of the dengue genome. These fragments were 

ligated to Sac! and EcoRI digested pGEM 9603 to yield p3'TOTO. p3'TOTO 

contains the entire nonstructural region of the dengue genome, and can be 

ligated (using a unique BstXI site) with a 5'TOTO series clone to generate a 

full-length genomic template for RNA transcription. 

Transcription of RNA from Xbal linearized templates produces 

RNA that contains two additional nucleotides at the 3' terminus. Xbal 

digested 3'TOTO was partially filled in with Klenow, dATP, dCTP, dGTP 
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and ddTTP, then phenol extracted and ethanol precipitated. DNA was 

resuspended in 81 nuclease digestion buffer (50 mM sodium acetate pH 

4.5, 250 mM sodium chloride, 5 mM zinc chloride) and was treated with 

100 units per ml of 81 nuclease (Boehringer Mannheim) for 5 minutes at 

room temperature. 81 nuclease digestions were phenol extracted, ethanol 

precipitated and resuspended in restriction endonuclease digestion buffer. 

Mter digestion with BstXI, linearized fragments containing nucleotides 

2256 to 10,712 of the dengue genome were purified using low melting 

temperature agarose gels . 

Structural and nonstructural region shuttle vectors: Vector p5'213 

was digested with Bglii, the 5' overhang was made blunt by Klenow 

treatment and was then digested with Hindiii. pBSK 2040 was digested 

with Smai and BamHI to generate a fragment containing nucleotides 2040 

to 10,019, and pGEM 9603 was digested with BamHI and Hindiii to 

generate a fragment containing nucleotides 10,020 to 10712 of the dengue 

genome. Ligation of these two fragments with vector produces p5'3' 2040. 

BstXI digested PCR or eDNA fragments can be cloned unidirectionally into 

BstXI digested p5'3' 2040 to generate a library of nonstructural region 

clones. A three-piece ligation is required to produce a full-length genomic 

template using this vector. Bglii and BstXI digested PCR or eDNA 

fragments can be cloned into Bglii and BstXl digested p5'TOTO clones to 

generate a library of structural region clones. 

PCR amplification of dengue eDNA: Independent structural and 

nonstructural region clones can be assembled using existing eDNA, newly 



1.28 

synthesized eDNA, or by amplifying portions of an existing eDNA library 

with PCR technology. Several primers were designed to amplify 2 to 3. 7 

kilobase fragments of dengue eDNA that contained unique restriction sites 

for directional ligation and cloning. eDNA from pools I and III of the 

dengue library were mixed and amplified using standard PCR reaction 

conditions, as recommended by the manufacturer (Cetus). Primers were 

used at a concentration of 1 nanomole per ml and templates were 

amplified using a starting mass of 200 nanograms per ml. A standard 

PCR cycle consisted of a 1 minute, 94° C denaturation step, followed by a 1 

minute 50° C hybridization step, and a 2 minute 72° C polymerization step. 

After 25 cycles, PCR reaction mixes were phenol-extracted, 

ethanol-precipitated and resuspended in restriction endonuclease 

digestion buffer. Fragments were gel isolated and ligated to appropriately 

digested p5'TOT042GA and p5'3'TOTO vectors to create libraries of 

structural and nonstructural region clones. 

In vitro ligations and transcriptions: 251-lg of p5'TOTOA was 

digested with BstXI and EcoRI to generate a fragment containing 

nucleotides 1 to 2254 of the dengue genome. 50 11g of p3'TOTO was treated 

as described earlier to generate a fragment containing nucleotides 2255 to 

10712 of the dengue genome. The gel isolated fragments were resuspended 

in a total volume of 25 111 and were ligated using 10 U/ml of T4 DNA ligase 

(New England Biolabs) for 2 hours at 15°C. Ligated templates were 

digested with 50 11g per ml of proteinase K (Boehringer Mannheim), and 

were then phenol-extracted and ethanol-precipitated. Templates were 

resuspended to a mass of 0 .5 11g/ml in diethylpyrocarbonate treated, 
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ribonuclease free water. Transcription reactions containing 0.5 mM 

rNTPs (Pharmacia), 0.5 mM cap analog m 7 G(5')ppp(5')G or 

m 7 G(5')ppp(5')A (New England Biolabs), 50 ng/~1 of template, and 2 

units/~1 of T7 RNA polymerase (Pharmacia) in 1X transcription buffer 

were incubated at 37°C for 45 minutes. Quality of transcribed RNA was 

checked by nondenaturing agarose electrophoresis. Transcription 

reactions were treated with RNase free DNase I prior to electrophoresis. 

Cells and virus stocks: Stocks ofthe PR159 dengue 2 81 isolate (3, 4, 

33) were prepared on Aedes albopictus C6136 cells essentially as described 

(9). C6/36 cells were propagated at 30°C in Dulbecco's modified Eagle 

medium containing 10% fetal calf serum and supplemented with 

nonessential amino acids. BHK-21 clone 13 cells were obtained from the 

American Type Culture Collection. BHK-21 clone 15 cells were obtained 

from Dr. Joel Dalrymple, USAMRIID, Bethesda MD, and were used for 

plaque purifying virus and RNA transfections. BHK cells were propagated 

at 37°C in minimum essential medium supplemented with nonessential 

amino acids and containing 5% fetal calf serum. Plaque assays were 

performed at 34°C on BHK-21 clone 15 cells using a 1% low melting 

temperature agarose (Seakem) overlay containing minimum essential 

medium and 5% fetal calf serum. Plaques were readily visible after 4 days 

by direct visualization or after staining the monolayer with neutral red. 

Preparation of viral RNA and transfection assays: C6/36 cells were 

infected using a multiplicity of infection of 0.1, and the culture medium 

was harvested 3 and 6 days after infection. 3 x 109 plaque forming units 



were concentrated by precipitation with 8% polyethylene glycol and were 

resuspended in TNE buffer (50 mM sodium chloride, 100 mM Tris pH 8.6, 1 

mM EDTA, and 0.02% w/v bovine serum albumin) Virus was isolated 

using linear velocity potassium tartrate gradients (31). Gradients were 

centrifuged for 3 hours at 24,000 rpm using an SW27 rotor. Bands 

containing virus were diluted tenfold in a proteinase K buffer (20 mM Tris 

pH 7.5, 1 mM EDTA, 0.2% sodium dodecyl sulfate and 50 IJ.g per ml 

proteinase K) and were digested for 30 minutes at 50°C. The viral RNA 

was phenol-extracted, ethanol-precipitated, and stored under 70% ethanol 

at -20°C. The yield of genomic RNA was estimated by comparison with 

ethidium bromide stained markers and was 1.5 IJ.g per 1 x109 PFU. 

5 to 10 ng of dengue viral RNA, 200 ng of in vitro transcribed dengue 

RNA, or 50 ng of in vitro transcribed Sindbis virus RNA was diluted with 

distilled water to a volume 25 IJ.l and was mixed with 25 111 of lipofectin 

(BRL) (15). Sindbis virus RNA was transcribed from an infectious eDNA 

clone (TOT051) essentially as described (30). Transfection mixes were 

incubated for 10 minutes at room temperature before applying to nearly 

confluent 35 or 60 mm tissue culture plates of BHK-21 clone 13, or clone 15 

cells. Monolayers were washed twice with Opti-MEM (GIBCO-BRL), and 

were transfected with a 50 111 mixture of RNA and lipofectin in 1 ml of Opti

MEM for one hour at 37°C. Cells were washed once with minimum 

essential medium containing 5% fetal calf serum, and were either 

processed for a plaque assay (see above) or were incubated for four days at 

34°C. Plaque assays were performed on tissue culture supernatants from 

solution infections, as described above. 
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Results and Discussion 

Transcription of genome length RNA: We and others have 

empirically determined that full-length genomes of flaviviruses can't be 

propagated as plasmids in Escherichia coli (29). The cause of plasmid 

instability is unknown, but presumably the dengue genome contains 

protein or DNA sequences that are deleterious to the host or plasmid. 

Structural region clones were stable in MC1061.1 (this was the parental 

strain for the dengue eDNA library) but underwent deletions and 

rearrangements when transfected into XLl Blue. These strains have 

compatible restriction-modification and recombination systems and the 

reason for the strain-dependent instability is not understood. 

Strain-independent rearrangements and deletions were observed when 

full-length genomes were assembled using plasmid or lambda vectors. 

An in vitro ligation approach was developed that enabled 

transcription of full-length genomic RNA from two stable plasmid 

templates. Our initial approach used eDNA clones (from a randomly 

primed eDNA library) that had been partially or completely sequenced. 

Several potentially lethal sequence polymorphisms were avoided by 

choosing appropriate restriction sites and by constructing independent 

clones (Fig. lA). A bacteriophage T7 RNA polymerase promoter was 

placed at the 5' end of structural region clones to allow transcription of 

dengue genomic RNA containing one or two additional G residues at the 5 ' 

end (Fig. lB). The first 15 nucleotides of the dengue 2 Sl genome have not 

been sequenced and was assumed to be the same as the dengue 2 Jamaica 

strain. The original T7 RNA polymerase promoter was designed for 

maximal transcription efficiency and transcribed RNA contains 2 
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Fig.l. Schematic of dengue eDNA clones and modifications used in 

constructing transcription templates. 

Panel A: Individual eDNA clones used for constructing 5' and 3' 

structural and nonstructural region clones. Individual eDNA clones and 

restriction sites used for generating structural and nonstructural region 

clones are aligned with a diagram detailing the genomic organization of 

the dengue 2 Sl strain. Restriction sites are designated by name and a 

vertical bar between individual eDNA clones. The single large open 

reading frame is depicted as an open box and is functionally divided into 

structural and nonstructural regions. The 5' and 3' untranslated regions 

are depicted as thin lines protruding from either end of the open box. The 

relative positions of sequence polymorphisms are displayed by asterisks 

within individual eDNA clones. 

Panel B: 5' and 3' end modifications necessary for production of 

full-length genomic RNA. The upper half of Fig. lB depicts the promoter 

and partial 5' untranslated leader sequences of clones p5'TOTOA and B, 

and p5'TOT042GA. The transcription start site of p5'TOTOA and B is 

indicated by a rightward facing arrow. The T7 RNA polymerase promoter 

of p5'TOT042GA and the first nucleotide of the dengue genome are 

indicated by underlining and a rightward facing arrow, respectively. The 

lower half of Fig. lB details the cloning steps necessary to produce run off 

transcripts identical to dengue genomic RNA. After Xbai digestion of 

p3'TOTO the 5' overhang is partially filled in, then blunted with Sl 

nuclease. The terminal ddTTP residue is designated in bold type. Full 

details of the conditions used to engineer the 5' and 3' ends are listed in 

Materials and Methods. 
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additional G residues at the 5' terminus. A second promoter was designed 

that removed one of the G residues and corrected the sequence at position 

19. Transcription efficiency is approximately one-third that of the 2 G 

promoter and is decreased 2- to 3-fold when transcripts are initiated with 

the cap analogue m7G(5')ppp(5')A (data not shown). 

An Xbal restriction site was added to the 3' end of a nonstructural 

clone, and run off transcripts contain 2 additional residues at the 3 ' 

terminus. Partial fill in of the 5' overhang with Klenow and ddTTP, 

followed by S1 nuclease digestion removes the additional residues and run 

off transcripts terminate with the correct residue. It is not known whether 

this step is necessary for the production of infectious RNA, as yellow fever 

RNA transcripts containing extra 3' residues are fully infectious (29). 

Transfection of viral and transcribed RNA: A number ofp5'TOTO 

clones were ligated with p3'TOTO and transcribed to produce full-length 

genomic RNA. A full-length run off transcript of 10.7 kilobases and a run 

off transcript (from the 5' structural region clone) of 2.25 kilobases were 

observed, when gel purified templates were used for transcription.(Fig. 2). 

Virus could not be recovered when transcribed RNAs were transfected into 

BHK-21 clone 13 or 15 cells. SP6 transcribed Sindbis virus genomic RNA 

and dengue viral RNA were used as positive controls for transfection 

(Table 1). Transfection efficiency varied from experiment to experiment 

and was particularly low for the dengue viral RNA positive control. This 

may reflect the quality of the RNA preparation or the methods used to 

quantitate viral and transcribed RNAs. Alternatively the dengue RNA 

may have a low endogenous transfection efficiency. Apparently our 
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Fig. 2. In vitro ligation and transcription strategy used to produce genome 

length RNA. 

The upper half of Fig. 2 describes the structure of p5' and p3'TOTO 

clones. The T7 RNA polymerase promoter of a p5'TOTO clone is 

designated by a rightward facing arrowhead. Nucleotides 1 to 2505 of the 

dengue genome are designated by a closed box, and the positions of BstXI 

and EcoRI sites used to prepare the 5' structural clone for ligation are 

indicated. Nucleotides 2506 to 10712 of the dengue genome are designated 

by an open box and the positions of BstXI and Xbal sites used to prepare 

the 3' nonstructural clone for ligation are indicated. The individual steps 

necessary to prepare the 5' and 3' clones for ligation are summarized on 

the left and right sides of the downward facing arrow. Full details are 

found in the Materials and Methods. The lower half of Fig. 2. describes the 

in vitro transcription methodology. The lower left quadrant of Fig. 2. 

schematically diagrams the linear structure of a full-length transcription 

template. The rightward facing arrowhead delineates the 5' end, and the 

Xbal restriction site delineates the 3' end of the dengue genome. The lower 

right quadrant of Fig. 2. displays a nondenaturing agarose gel containing 

in vitro transcribed RNA and BHK-21 cell RNA. One tenth of a 

p5'TOTOA/3'TOTO programmed transcription reaction (lane 1) and one 

J.l.g of BHK-21 total cellular RNA (lane 2) are displayed. In vitro 

transcriptions produce full-length genomic RNA from ligated, and a 2.25 

kilobase RNA from unligated p5'TOTOA templates. 28 and 188 ribosomal 

RNA markers are labeled. Lane A contains a Hindiii digest of A DNA. 
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Table 1: Transfection of viral and transcribed RNAs. 

a b 
RNA source PFU/J.Lg PFU/ml 

5'TOTOA and 3'TOTO 0 0 

5'TOTOB and 3'TOTO 0 0 

5'TOT042GA and 3'TOTO 0 0 

TOTO 51 2-5000 N.T. 

Dengue2 RNA 1-5000 20,000-100,000 

Footnotes: 

a 

b 

Transfections and plaque assays were performed as described in Materials 
an d Methods. Viral and transcribed RNAs were quantitated 
by comparison with ethidium bromide stained standards. BHK-21 clone 13 
and clone 15 cell lines were used for transfections. 

Four days after transfection, tissue culture supernatants were assayed for the 
presence of dengue virions. BHK-21 clone 13 cells consistently gave lower titers 
(about fivefold) than clone 15 cells. N.T. indicates not tested. 
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lipofectin transfection assays can be optimized further to increase the 

sensitivity of detection. Solution infections of BHK clone 15 cells produced 

viral titers three orders of magnitude lower than those obtained using 

mosquito cells. Mosquito cells are a superior cell line for the detection of 

virus produced by solution transfection and methods need to be adapted to 

optimize the transfection efficiency with this cell line. 

Alternative strategies for isolating infectious eDNA: Our initial 

attempts at constructing full-length genomic templates used clones that 

had been completely or partially sequenced. Once it became evident that 

our eDNA clones did not produce infectious RNA, it became necessary to 

construct independent p5' and p3'TOTO clones. Newly synthesized eDNA 

or PCR amplified eDNA from an existing library can be cloned into 

p5'TOTO or p5'3' 2040 (Fig. 3). All but the 5' terminal 89 nucleotides of 

p5'TOTO and the 3 ' terminal 912 nucleotides of p5'3' 2040 are unique to 

each independent structural and nonstructural clone. Nucleotides 1 to 89 

and 9800 to 10,712 of the dengue genome were resequenced (to ensure that 

no mutations had occurred during cloning), and no nucleotide changes 

were detected. Several primers were designed to amplify a large portion of 

the dengue genome using PCR technology. The primers were designed in 

such a way that the PCR segments could be digested with restriction 

endonucleases to generate unique 5' or 3' overhangs (to facilitate 

directional cloning) (Table 2). This increases the probability of a productive 

ligation event and minimizes the effort needed in screening for 

independent 3 ' nonstructural region clones. Libraries of 5' and 3' clones 

have been constructed, but have not been fully characterized. It is unclear 
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at this time whether this approach will produce eDNA clones that can be 

transcribed to produce infectious RNA. 

The nature of lethal mutations: A large portion of the eDNA used 

for the construction of structural and nonstructural region clones was 

sequenced during the original characterization of the dengue genome and 

later during construction of transcription vectors. The integrity of the 

eDNA was tested independently by constructing trpE fusions that 

expressed over 60% of the dengue polyprotein, and by in vitro translations 

expressing all of the dengue polyprotein. All of the trpE fusions and in 

vitro translations produced polypeptides of the expected molecular weight, 

indicating that no in-frame deletions or frameshifts had occurred. Point 

mutations that alter a critical amino acid are the most likely cause of 

lethality. These can be relatively conservative changes (a valine for 

alanine) yet can have severe effects (30). The high error frequency of the 

viral RNA polymerase and reverse transcriptase used to synthesize eDNA, 

suggest that screening libraries of ligated 5' and 3' clones for their ability 

to transcribe infectious RNA would be an efficient method to isolate 

biologically active eDNA clones. 
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Fig. 3. An alternative strategy for the construction of independent 

structural and nonstructural region clones. 

Panel A: The upper half of panel A displays a schematic diagram of the 

dengue genome along with the relative positions of primers and restriction 

sites used to generate independent 5' and 3'clones. Four plus strand and 

four minus strand primers are used to amplify four segments of dengue 

eDNA. Appropriately digested segment 1 and p5'TOTO can be ligated 

together to generate independent structural region clones. Appropriately 

digested segments 2, 3, 4 and p5'3'2040 can be ligated together to generate 

independent nonstructural region clones. Full details of the primers and 

methods used are found in Table 2 and in the Materials and Methods. 

Panel B: Agarose gel displaying dengue eDNA that was amplified using 

the polymerase chain reaction. Pools I and III of the dengue eDNA library 

were pooled and amplified with the primers listed in Table 2 and the 

Materials and Methods. Lanes 1 and 2 contain segment 1 that was 

amplified using FP72 and FP42GA plus strand primers. Lanes 3, 4 and 5 

display segments 2, 4 and 3 respectively. The plus and minus strand 

primers used to amplify all four segments are listed in Table 2. Lane A 

contains a Hindiii digested A marker. 
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Table 2: PCR amplification of dengue eDNA. 

a b c 
Segment Primers Primer Sequence Size R.E. Digestion 

1 FP42GA or FP72 FP20-dcggcctgcaccataactccc 2.3 kB Bglll and BstXI 
and FP20 

2 FP19 and FP5087 A FP19-dtgggcgacacagcctggga 3.0kB BstXI and Draiii 

3 FP44 77 and FP4BS FP44 77 -dccggtatcaataccaa 3.0 kB Dralll and Earl 
FP4BS-dttatgcggccaccactgtga 

4 FP6366 and FP22 FP6366-datgctaaccctgaacctaatc 3.7kB Earl and BstXI 
FP22-dgagccgcaccatggtcttctc 

Footnotes: 

a The sequences of primers FP72, 42GA and 5087 A (Chapter 2) are 
described in Materials and Methods. 

b Size of the eDNA segment amplified. 

c 
Restriction enzymes used for digestion of PCR fragments. 
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