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SUMMARY

The protein NS3 of Dengue virus type 2 is the second largest nonstructural

protein specified by the virus and is known to possess multiple enzymatic activities,

including a serine proteinase located in the amino terminal one third, and a NTPase

and helicase in the remaining carboxy terminal two thirds of the protein. One aim of

this work was to identify changes in the DEN-2 NS3 gene that restrict virus

replication. This involved the incorporation of mutations into a genomic length DEN-

2 cDNA clone from which (infectious) RNA could be transcribed. Thirteen sites

distributed throughout NS3 were mutagenized in this study.

The effects of four clustered charged-to-alanine mutations (K63RIE66,

E91GEE94, E109KSIE173 and E179DD181) and the mutation of a highly conserved

hydrophobic region (G32YSQI36) in the NS3 proteinase on viral replication in cell

culture were analyzed. Infectious virus was recovered for all five mutants albeit with a

reduced plaque size. Two of the five mutant viruses showed significantly reduced

plaque titres. The substitutions to alanine in the conserved hydrophobic region were

more disruptive to virus production than changes at hydrophilic sites by charged-to-

alanine mutagenesis.

Another aim was to investigate the importance of residues in the DEN-2 NS3

helicase region for enzymatic activity and viral implication. DEN-2 NS3 lacking the

proteinase region was synthesized as a fusion protein with glutathione S-transferase in

E. coli. The effect of ten mutations on ATPase and RNA helicase activity were

examined. Residues at four sites within helicase motifs I, II and VI were substituted,

and six sites outside motifs were altered by clustered charged-to-alanine mutagenesis.
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Summary

The mutations were also tested for their effects on virus replication by incorporation

into genomic length cDNA.

Two mutations, both in motif I (G198A and K199A) abolished both ATPase

and helicase activity. Two further mutations, one in motif VI (R457A,R458A) and the

other a clustered charged-to-alanine substitution at R376KNGK380, abolished helicase

activity only. No virus was detected for any mutation which prevented helicase

activity, demonstrating the requirement of this enzyme for virus replication. The

remaining six mutations resulted in varying levels of enzyme activities and four

permitted virus replication. For the two non-replicating viruses, encoding clustered

changes at R184KR186 and D436GEE439, these residues may be surface-located and

therefore the viruses may be defective through altered interaction of NS3 with other

components of the viral replication complex. Two of the replicating viruses displayed

a temperature sensitive phenotype. One contained a clustered mutation at D334EE336

and grew too poorly for further characterization. However, virus with a M283F

substitution in motif II was examined in a temperature shift experiment (33°C to

37°C) and showed reduced RNA synthesis at the higher temperature. This study

demonstrated that mutagenesis in the viral NS3 proteinase and helicase can be used to

produce growth-restricted flaviviruses that may be useful in the production of

attenuated vaccine strains.
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CHAPTER ONE: INTRODUCTION

1.1 The family Flaviviridae

1- . 1

The family Flaviviridae consists of the Flavivirus, Pestivirus and Hepacivirus

genera (reviewed in van Regenmortel, 2000). There are about 80 members of the

genus Flavivirus, which can be further sub-divided based on serological relatedness

and sequence comparisons of flaviviral genomes (Blok et al., 1989; Calisher et ai,

1989; Kuno et al, 1998; Zanotto et al, 1996). Most flavivimses are arthropod borne,

being transmitted by mosquitoes or ticks. Other flavivimses are transmitted between

bats or rodents without known insect vectors, and for some, the mode of transmission

is not known (reviewed in Monath & Heinz, 1996).

Calisher et al (1989) performed cross-neutralization tests on 66 flavivimses,

and grouped serologically related vimses into one of eight antigenic complexes. The

four serotypes of Dengue virus (DEN-1 to 4) were grouped into a single antigenic

complex. Similar groupings to the serological classifications have been produced

following sequence analysis of flaviviral genomes (Blok et al, 1989; Kuno et al,

1998; Monath & Heinz, 1996; Zanotto et al, 1996). The four dengue vimses are more

closely related to each other than to the other flavivimses, with dengue strains of the

same serotype varying by < 10% at the nucleotide (nt) level and < 4% at the amino

acid (aa) level (Blok et al, 1992; Monath, 1994). A recent study by Worobey et al

(1999), which compared 71 published dengue sequences, predicted that recombination

occurs in natural populations of dengue vims. A second study by Tolou et al. (2001)

presented evidence, based on the analysis of DEN-1 genome sequences, for
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recombination in natural populations of one Asian and two African DEN-1 strains.

Therefore, it is likely that flaviviruses have evolved by recombination and divergent

mutational change (Blok et al, 1992; Zanotto et al, 1996).

Throughout this thesis the term flavivirus is used exclusively to refer to

members of the genus Flavivirus, and not to members of other genera within the

family Flaviviridae.

1.2 Medical aspects of dengue

The first epidemic of a dengue-like disease was recorded in Philadelphia in

1780 (Rush, 1789). Since then, the principal vector of dengue, the Aedes acgypti

mosquito, has spread the virus to most of the tropical and sub-tropical regions of the

world, exposing more than half the world's human population to the disease

(Halstead, 1988). Dengue fever (DF) and the more severe forms of secondary disease,

dengue haemorrhagic fever (DHF) and dengue shock syndrome (DSS) are currently

the most important human diseases caused by arboviruses (Monath, 1994). It is

estimated that up to 100 million cases of DF and 250,000 cases of DHF occur

annually on a worldwide basis (Monath, 1994).

The symptoms of DF appear two to seven days after the bite of an infected

mosquito. The self-limited infection is often subclinical in children, but most adult

infections result in disease (Sinniah & Igarashi, 1995). Symptoms may include fever,

headache, muscle and joint pains, anorexia, severe fatigue and variable skin rashes

(Monath, 1994; Sinniah & Igarashi, 1995). Dengue infections can also cause

encephalitis (Lum et al, 1996; Miagostovich et al, 1997). Although DF can be
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debilitating, it is seldom fatal, with improvement usually seen by the second week.

However, convalescence can be protracted (Monath, 1994).

The more severe form of dengue virus infection, DHF/DSS was first observed

in the Philippines in the 1950s (Hammon et al, 1960). DHF is characterized by high

continuous few*, blood-clotting abnormalities, increased vascular permeability and

abnormal haemostasis. Progression to DSS is associated with multi-organ failure,

haemorrhagic diathesis, hepatomegaly and circulatory disturbances leading to shock

(Nimmannitya, 1987). The fatality rate of untreated DHF/DSS was initially as high as

20-50%, but the introduction of intravenous fluid replacement therapy has reduced the

fatality rate to between 0.5-4% (Sinniah & Igarashi, 1995).

All four dengue virus serotypes cause DHF/DSS. However, the reasons for the

variability in the morbidity and mortality experienced with dengue virus infections is

not well understood. There are several factors that may influence the severity of a

dengue infection. These include antibody dependent enhancement (ADE) of viral

infection and the virulence of the dengue strain.

Dengue infection induces long term immunity to the infecting serotype, but

only short term immunity to the others (Halstead, 1988). ADE of viral infection is

characterized by enhanced infection of cells bearing Fc receptors. Mononuclear

phagocytic cells are target cells of dengue virus, and virus complexed with non-

neutralizing antibodies gains additional entry into these cells via Fc receptors

(Halstead & O'Rourke, 1977a; Halstead & O'Rourke, 19776; Halstead et al, 1977).

Subsequent activation of infected monocytes and other immune cells directed against

dengue antigens may lead to the release of host immune factors such as cytokines and

other chemical modulators, that in turn may result in haemorrhage and increased

vascular permeability (Kurane et al, 1994).



Chapter One: Introduction

Recently Leitmeyer et al. (1999) sought to identify differences between

viruses associated with DF (the American genotype) and those with the potential to

cause DHF/DSS (the Southeast Asian genotype) by sequence analysis of 11 dengue

viruses. This study found 55 amino acid changes consistently detected between the

two DEN-2 genotypes that had been associated with distinct clinical presentations in

humans. However, only 11 of these resulted in a charge or side chain polarity

difference. Furthermore, sequence differences (which may affect initiation of

translation) were observed within the 5' untranslated region (UTR), and changes were

also present in the 3' UTR. The latter were predicted to change RNA secondary

structures and possibly affect RNA replication. A study by Shurtleff et al. (2001)

compared the 3' UTR sequences of 50 DEN-2 strains from a range of geographical

regions, including Southeast Asia and the Americas. Their data showed no correlation

between variation in the 3' UTR and disease severity.

Recently Pryor et al. (2001) demonstrated that a DEN-2 strain from the

Americas, which had not been associated with severe disease, replicated less well in

monocyte-derived macrophages (MDMs) than Asian strains. This study also

demonstrated that amino acid 390 in the E glycoprotein is important for virus

replication in MDMs. Viruses with Asp 390 (present in American strains) showed

reduced replication in MDMs when compared with viruses with Asn 390 (found in

Thai strains). Identification of amino acid residues associated with disease severity

may aid vaccine design.

VJA



Chapter One: Introduction

1.3 The flavivirus virion

Flavivirus virions are approximately 50 nm in diameter, with 5-10 nm surface

projections. The nucleocapsid, composed of the structural capsid (C) protein and

genomic RNA, is about 30 nm in diameter and is surrounded by a host cell derived

lipid bilayer (Murphy, 1980). The other viral structural proteins, membrane (M) and

envelope (E), are embedded in the bilayer by carboxy terminal hydrophobic anchors

(Rice, 1996). More details on the structural proteins are described later in this chapter.

1.4 The flavivirus genome

\ I

it

Yellow fever virus (YFV) is the prototype flavivirus, and the genome of the

17D vaccine strain of YFV was the first flavivirus genome to be sequenced (Rice et

al, 1985). Since then, the nucleotide sequences of many other flaviviruses, including

all four serotypes of dengue virus, have been determined and all have a common

genomic structure (reviewed by Chambers et al., 1990a; Rice, 1996).

The flavivirus genome is an infectious single-stranded (ss) RNA of

approximately 11 kb (Stollar et al., 1967). The 5' end of the genome has a type I

methyl cap (m7GpppAmp) followed by the conserved dinucleotide AG. Mosquito and

tick borne flaviviruses lack a 3' terminal poly(A) tail and terminate with the

dinucleotide CU. Some isolates of Tick borne encephalitis virus (TBE) contain an

internal poly(A) tract within the 3' UTR (Mandl et al, 1991; Wallner et al, 1995).

The flavivirus genome RNA contains a single long open reading frame (ORF)

flanked by 5' and 3' UTRs with the potential to form specific secondary structures
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possibly required for translation, replication and packaging of the genome (Brinton et

al., 1986; Mandl etal, 1998).

The 5' UTRs of flaviviruses are 95-132 nt in length with significant

conservation among flaviviruses of the same serocomplex but with little sequence

conservation between serocomplexes (Brinton & Dispoto, 1988). Despite this,

predicted secondary structures are similar, suggesting an important function for the 5'

UTR. The 3' UTRs of flaviviruses are 114-750 nt in length, with the 3' terminal 90 nt

forming a stable secondary structure (Brinton et al, 1986; Hahn et al, 19876). This

90 nt region of the genomic RNA of Japanese encephalitis virus (JEV) was sufficient

to bind the RNA polymerase protein NS5 (Chen et al, 1997a).

1.5 Viral entry and translation

Flaviviruses are able to infect and replicate in a range of hosts and cultured

cells. The flavivirus E protein mediates the binding of virus to cells (Anderson et al,

1992; Chen et al, 1996). It is known that DEN-4 binds to glycoproteins of Mx 40,000

and 45,000 on the surface of Aedes albopictus C6/36 mosquito cells (Salas-Benito &

del Angel, 1997), and DEN-2 binds to a highly sulfated form of heparan sulfate on

Vero cells (Chen et al, 1991 b). In addition, a complex of flavivirus and

subneutralizing concentrations of antibody may bind to Fc receptors, facilitating virus

uptake in cells with such receptors (Porterfield, 1985). This entry mechanism is

termed ADE, and may have a role in the development of DHF/DSS.

Following attachment, virus particles accumulate in coated pits on the plasma

membrane, which pinch off to form prelysosomal vesicles. The low pH within these

vesicles activates membrane fusion via E, and release of the nucleocapsid into the
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cytoplasm (reviewed by Greber et al, 1994). The E protein of TBE virus is

irreversibly rearranged from a homodimeric to homotrimeric form at acidic pH; this

process appears to be required for fusion (Allison et al, 1995).

Direct fusion of DEN-2 virions with the cell membranes of baby hamster

kidney (BHK), Aedes albopictus C6/36 mosquito and monkey kidney (LLC-MK2)

cells and human peripheral blood monocytes has been observed (Hase et al, 1989;

Lim & Ng, 1999; Se-Theo et al, 2000).

Following the uncoating of nucleocapsids and the release of viral RNA into

the cell, translation begins. Translation of genomic RNA is associated with the rough

endoplasmic reticulum, and usually occurs at the first AUG in the ORF, but

potentially could also occur at a second AUG located immediately downstream in

those flavivirus species where it is present (Castle et al, 1985; Osatomi & Sumiyoshi,

1990).

1.6 Proteolytic processing: an overview

The polyprotein is cleaved co- and post- translationally by host and viral

proteinases to produce the virion and replicase components (Chambers et al, 1990a;

Crawford & Wright, 1987; Rice et al, 1985). The three structural proteins C, M

(which is derived from the precursor prM) and E are encoded in the 5' end of the

genome, and the seven nonstructural genes, NS1, NS2A, NS2B, NS3, NS4A, NS4B

and NS5 are located after the structural genes (Rice, 1996) (Fig. 1.1).

Four proteinases are involved in flavivirus polyprotein processing: the host

enzymes signalase and furin, an additional host proteinase with a similar specificity to

signalase, and the viral NS2B/3 proteinase. The cleavage mechanisms of each of these
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proteinases to generate the individual viral proteins will be discussed in detail in

section 1.7.

Briefly, the host signal peptidase or signalase, associated with the endoplasmic

reticulum (ER), is responsible for cleavage at the C/prM, prM/E, E/NS1 and

NS4A/NS4B junctions (Lin et al, 19936; Markoff, 1989; Nowak et al, 1989).

Maturation of prM to M is mediated by the cellular endoproteinase furin, in the acidic

post-Golgi vesicles, at a late stage of virus assembly (Murray et al, 1993; Randolph et

al, 1990; Ruiz et al, 1989; Stadler et al, 1997). Cleavage at the NS1/NS2A junction

is effected by a host membrane-bound ER proteinase, possibly a signalase or another

unknown proteinase (Falgout & Markoff, 1995).

The remaining primary cleavages at the NS2A/NS2B, NS2B/NS3, NS3/NS4A

and NS4B/NS5 junctions occur in the cytosol and are mediated by the virus-encoded

chymotrypsin-like serine proteinase NS2B/3 (Cahour et al, 1992; Falgout ei al,

1991; Preugschat et al, 1990; Rice & Strauss, 1990). The consensus sequence at the

junction of these proteins consist of a pair of basic amino acids preceeding the

cleavage site (Arg-Argi, Arg-Lysi, Lys-Argi) or Gln-Argl at the NS2B/NS3

junction in dengue viruses, and followed by either a Gly, Ser or Ala (Biedrzycka et

al, 1987; Mackow et al, 1987; Rice et al, 1985; Speight et al, 1988). The viral

proteinase also cleaves at additional sites within C and the nonstructural proteins

NS2A, NS4A and NS3, in the latter case producing NS3' and NS3" (Arias et al,

1993; Lin et al, 1993a; Nesiorowicz et al, 1994; Nowak et al, 1989; Pugachev et al,

1992; Teo & Wright, 1997; Yamshchikov & Compans, 1994).
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1.7 Flavivirus proteins

1.7.1 The C protein
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The virion C proteins are small (9-14 kDa) and are highly positively charged,

being enriched with Arg and Lys residues, presumably for interaction with the

negatively charged viral RNA to form the flavivirus nucleocapsid (Chang, 1997, Rice

et al, 1985). Sequence identity of the C proteins is low among flavivinises, however,

the hydrophilicity profile is conserved (Mandl et al, 1988). The carboxy terminus of

full length C has a hydrophobic sequence that serves as a membrane anchor, and also

functions as a signal sequence for prM (Ruiz et al., 1989).

Processing of the full length C protein may involve three separate cleavages.

Firstly, cellular methionine aminopeptidase removes the initial Met from the amino

terminus for some flavivinises (e.g. YFV and JEV) (Rice et al, 1985), although the

initial Met of others (e.g. DEN-3) is not cleaved (Osatomi & Sumiyoshi, 1990).

There are two possibilities for the order of the two cleavages that generate and

remove the carboxy terminus of full length C to produce virion C. Nowak et al

(1989) proposed that following translocation of prM into the ER lumen via the

carboxy terminal hydrophobic domain of the full length C, co-translational cleavage

at the amino terminus of prM by host signalase generates an membrane-anchored

form of full length C. This protein then undergoes secondary cleavage at a conserved

cluster of basic residues by the NS2B/3 viral proteinase (14 aa upstream of the C/prM

signalase site for DEN-2) to form the carboxy terminus of mature virion C. Others

support this order of processing, and suggest upregulation of signal peptidase

cleavage by interaction with the nonstructural proteins, particularly NS2B, and that
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the NS2B/3 proteinase cleavage depends on, or is facilitated by, interaction of C with

viral RNA (Yamshchikov & Compans, 19931; Yamshchikov & Compans, 1995;

Yamshchikov et al, 1997).

An alternative model is that of coordinated cleavages in which the viral

proteinase NS2B/3 cleaves at the conserved cluster of basic residues upstream of the

carboxy terminus of the full length C protein, followed by a secondary cleavage

mediated by the host signal peptidase to generate the amino terminus of prM. This

model is supported by data which shows that signal peptidase cleavage cannot occur

efficiently at the C/prM junction in the absence of an active viral proteinase (Amberg

et al, 1994; Amberg & Rice, 1999; Lobigs, 1993; Stocks & Lobigs, 1995; Stocks &

Lobigs, 1998). In addition, Lee et al. (2000) demonstrated that substitutions in the

prM signal sequence which disrupt coordinated cleavages at the C/prM junction,

when incorporated into a genomic length cDNA clone, had a negative effect on

mutant virus replication. All recovered viruses had reversions and second site

mutations in the prM translocation signal sequence.

1.7.2 The prM and M proteins

The prM protein (21-26 kDa) is the glycosylated precursor to the structural

protein M (7-9 kDa) (Rice, 1996). The prM protein is translocated into the ER lumen

using the carboxy terminal hydrophobic signal sequence of C. Here glycosylation of

prM occurs. The carboxy terminus of prM has two hydrophobic domains separated by

a charged residue, providing a stop transfer sequence for prM, and a signal sequence

for translocation of the E protein into the ER lumen (Gruenberg & Wright, 1992;

Mandl et al, 1989a; Markoff, 1989; Ruiz et al, 1989). It is in the ER lumen that the

10



Chapter One: Introduction

prM/E junction is cleaved by host signal peptidase (Chambers et al, 1990a). The host

proteinase furin is involved in the secondary cleavage of prM to the mature form M

(Stadler et al, 1997) after the conserved cleavage sequence Arg-X-Arg/Lys-Arg,

where X is variable (Coia et al, 1988; Rice et al, 1985). The amino terminal pr is

hydrophilic and contains one to three glycosylation sites and six conserved Cys

residues (Chambers et al, 1990a; Murray et al, 1993; Nowak & Wengler, 1987).

The prM protein is important in preserving the conformation of the E protein

at acidic pH (Heinz et al, 1994) with prM and E association (Wengler & Wengler,

1989) preventing immature virions exhibiting fusion activity before leaving the cell

(Guirakhoo et al, 1991). Antibodies directed against prM and M proteins may be

important in flavivirus infections, since Takegami et al. (1982) showed that

polyclonal antibodies against the M protein of JEV had neutralising activity, while

Kaufman et al. (1989) demonstrated that prM-specific monoclonal antibodies

protected mice against dengue infection.

1.7.3 The E protein

The E protein (55-60 kDa) is the major protein of the virion and is

glycosylated in most but not all flaviviruses (Castle et al, 1985; Coia et al, 1988).

The protein is the most conserved structural protein and is important for virion

assembly, receptor binding (Anderson et al, 1992; Chen et al, 1997b; Summers et

al, 1989), membrane fusion (Guirakhoo et al, 1989; Kimura & Ohyama, 1988),

haemagglutination (Shapiro et al, 1971), and is the main target for neutralizing

antibody in the protective immune response (reviewed in Gould et al, 1990).

11
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Rey el al (1995) determined the X-ray crystal structure of a soluble fragment

of E (amino acids 1-395) of TBE. The protein has three domains. Domain I includes

the only glycan of TBE and several surface exposed regions. Domain II is believed to

be involved in E protein dimerization and viral and endosomal membrane fusion.

Domain III is likely to be involved in cellular attachment (Chen et al, 19976; Rey et

al, 1995).

The carboxy terminus of prM contains hydrophobic domains for translocation

of*". E protein across the ER (Markoff, 1989; Nowak et al, 1989; Ruiz et al, 1989).

The E protein is then processed at its amino and carboxy termini by a host signal

peptidase (Chambers et al, 1990a). The E protein contains two adjacent hydrophobic

regions at the carboxy terminus for stop transfer and membrane anchoring of E, and

signal sequences for NS1 translocation (Faigout et al, 1989; Markoff, 1989; Nowak

et al, 1989: Ruiz et al, 1989; Wright et al, 1989).

1.7.4 The NS1 protein

The NS1 protein (42-51 kDa) is the first nonstructural protein in the flavivirus

polyprotein. It follows the E protein, which contains a hydrophobic signal sequence

for the translocation of NS1 into the ER (Biedrzycka et al, 1987; Cauchi et al, 1991).

After translocation into the lumen of the ER, the E/NS1 junction is cleaved by

a host signalase, and NS1 undergoes core glycosylation at up to three N-linked

glycosylation sites (Chambers et al, 1990a; Falgout et al, 1989; Nowak et al, 1989;

Wright et al, 1989). The NS1/NS2A junction is cleaved by an unidentified

which requires a minimum length of eight amino acids at the carboxy terminus

NS1 as well as downstream NS2A sequences (at least the amino terminal 145 aa)

12
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(Falgout ef a/., 1989; Falgout & Markoff, 1995; Iiori & Lai, 1990; Pethel et al,

1992).

A study by Jacobs et al (2000) showed, that in the presence of the first 26 aa

of NS2A, the DEN-2 NSl glycoprotein can be processed to a glycosyl-

pbosphatidylinositoi (GPI)-linked form that can be expressed on the surface of DEN-2

infected cells. The authors "Mggest that subsequent antibody-induced signal

transduction by GPI-linked NSl may contribute to the pathogenesis of dengue

viruses.

Newly synthesised NSl. is a monomer and rapidly dimerizes, becoming

membrane bound and more hydronhobic (Winkler et al, 1988; Winkler et al, 1989).

Dimerization and secretion of the protein is dependent on the carboxy terminal

portion of the protein which contains several strictly conserved Cys residues (Coia et

al, 1988; Pryor & Wright, 1993).

Muylaert et al (1997) demonstrated, by mutagenesis of the first glycosylation

site of YFV NSl, that translocation and modification of YFV NSl is important for

efficient virai RNA replication. Studies using immunofluorescence and

immunoelectron microscopy provide evidence that NSl may be involved in RNA

replication (Mackenzie et al, 1996; Westaway et al, 19976). The role of NSl in

replication may include direct interaction with other viral proteins (particularly

NS4A) during assembly of the replication complex (RC) and diiecting the RC to

membranes (Lindenbach & Rice, 19*7; Lindenbach & Rice, 1999).

13
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1.7.5 The NS2A and NS2B proteins

The flavivirus NS2A (23-25 kDa) and NS2B (13-15 kDa) proteins are small

hydrophobic proteins with low overall sequence conservation but with similar

hydrophobicity profiles amongst flaviviruses, suggesting membrane association (Coia

et al, 1988; Hahn et al, 1988; Mandl et al, 19896). A role for NS2A in replication

has been proposed as it appears to De associated with double stranded (ds) RNA and

the RC (Chu & Westaway, 1992; Mackenzie et al, 1998; Westaway et al, 19976).

For DEN-2, the amino terminal 26 aa of NS2A can act as a GPI-anchor addition

signal sequence forNSl (Jacobs et al, 2000).

NS2A is also required for correct cleavage of NS1 at its carboxy terminus (see

above) (Falgout et al, 1989), although the proteinase responsible for cleavage of

NS1/NS2A, as stated earlier, is unknown (Falgout & Markoff, 1995). Processing at

the NS2A/NS2B and NS2B/NS3 junctions occurs in the cytosol and is mediated by

the viral NS2B/3 proteinase which can cleave in cis and in trans with varying

efficiencies (Chambers et al, 1991; Falgout et al, 1991; Lobigs, 1992; Preugschat et

al, 1990). An additional cleavage within NS2A by the viral proteinase NS2B/3 has

been reported for YFV and JEV (Chambers et al, 1990a; Jan et al, 1995;

Nestorowicz et al, 1994). Nestorowicz et al (1994) identified a cleavage site, Gln-

LyslThr (designated NS2Aa) at residues 132-134 of YFV NS2A (length 167 aa) that

generates the smaller 20 kDa form of NS2A. Mutations which abolished this or the

normal NS2A/NS2B cleavage were introduced into genomic length YFV cDNA and

virus was not recovered indicating the importance of the different forms of NS2A in

virus replication (Nestorowicz et al, 1994). There seems to be no obligate order for

processing of YFV NS2A, as processing at the NS2A/NS2B junction occurred in

14
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polyproteins containing mutations that abolished the NS2Aa site, and vice versa

(Nestorowicz et al., 1994).

The NS2B protein is required as a cofactor to enhance or modulate the NS3

proteinase activity, possibly by enabling NS3 to form a stable conformation for

activity (Chambers et al, 1993; Falgout et al, 1993; Falgout et al, 1991; Preugschat

el al, 1990). The sequences in NS2B required for interaction with NS3 have been

studied (Chambers et al, 1993; Droll et al, 2000; Falgout et al, 1993). Falgout et al

(1993) identified a sequence of 40 aa (overall hydrophilic) in DEN-4 NS2B (Leu53-

Thr92) which contains some residues highly conserved among flaviviruses, and which

is required for both proteinase activity and association of NS2B with the NS3

proteinase (Chambers et al, 1993) (Fig. 1.2). For the hepacivirus Hepatitis C virus

(HCV) NS3/4A proteinase, which is activated by the downstream NS4A protein, the

cofactor activity resides in a hydrophobic 12 aa central region of NS4A

(Bartenschlager et al, 1995; Butkiewicz et al, 1996; Failla et al, 1994; Koch et al,

1996; Lin et al, 1995). By comparisons of sequence alignments, Brinkworth et al

(1999) identified the central hydrophobic region of 12 aa (within the previously

identified 40 aa segment) of DEN-2 NS2B (Gly69-Glu80) analogous to the NS4A

cofactor sequence of HCV proteinase (Fig. 1.2). The NS2B/3 viral proteinase is

described in more detail later in this chapter.

In addition to activating proteolytic activity, NS2B may promote membrane

association of the NS3/NS2B complex by way of hydrophobic regions (Brinkworth et

al, 1999; Clum et al, 1997; Droll et al, 2000). Immunocytochemical analysis of cells

infected with Kunjin virus (KUN) has shown that NS2B and NS3 are present within

specific virus-induced cytoplasmic convoluted and paracrystalline membrane

structures where polyprotein processing is proposed to occur, releasing nonstnictural

15
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proteins for assembly of the RC (Mackenzie e/ al, 1999; Mackenzie ef a/., 1998;

Westaway et al, 1999; Westaway et al, 19976). This complex probably consists of

the viral proteins NS1, NS2A, NS3, NS4A and NS5 (Khromykh et al, 19996).

Evidence for a function of NS2B in addition to proteolysis has been obtained

for YFV. Deletion metagenesis of hydrophobic regions of YFV NS2B resulted in

unchanged levels of proteolytic activity in a cell-free translation system, but no virus

replication when introduced into genomic bngth YFV cDNA (Chambers et al, 1993).

It is possible that these mutations disrupt the assembly or function of the replication

complex. Chu and Westaway (1992) have also shown that NS2B can be isolated in

fractions containing the NS5 protein, the RNA dependent RNA polymerase (RdRp).

1.7.6 The NS3 protein

NS3 is the second largest (68.5-69.5 kDa) nonstructural protein and is highly

conserved among flavivirases (Coia et al, 1988; Deubel et al, 1988; Mandl et al,

19896; Rice et al, 1986). NS3 is a multifunctional protein with enzymatic motifs for

proteinase, helicase, nucleoside triphosphatase (NTPase) and RNA triphosphatase

activities (Fig. 1.3) (Bazan & Fletterick, 1989; Koonin & Dolja, 1993; Wengler &

Wengier, 1993).

Site directed mutagenesis, deletion analysis, and the recently reported X-ray

crystal structure of the NS3 proteinase of DEN-2 indicate that the proteinase region is

contained within the ammo terminal 181 amino acids of NS3 (Chambers et al, 19906;

Li et al, 1999; Murthy et al, 1999; Preugschat et al, 1990). The carboxy terminal

two-thirds of NS3 has seven moti% characteristic of RNA helicsses of the DExH

subfamily. Several forms of recombinant proteins containing the carboxy terminal

16
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helicase region of flavivirus NS3 have been shown to possess RNA stimulated

NTPase activity (Borowski et al, 2001; Kuo et al, 1996; Li et al, 1999; Takegami et

al, 1994; Warrener et al, 1993; Wengler & Wengler, 1991) and RNA helicase

activity (Borowski et al, 2001; Li et al, 1999; Utama et al, 20006). The RNA

helicase activity of NS3 will be discussed further in section 1.9.

Both termini of the NS3 protein are generated by the viral NS2B/3 proteinase

(Chambers et al, 1995). The NS2B/3 proteinase cleaves after a Gln-Arg doublet at

the carboxy terminus of NS2B in dengue viruses, whereas cleavage usually occurs

after a pair of basic amino acids (Arg-Arg , Lys-Arg, Arg-Lys) (Biedrzycka et al,

1987; Mackow et al, 1987; Speight et al, 1988).

A truncated form of NS3, the 50 kDa NS3' protein can be detected in lysates

of flavivirus infected cells (Arias et al, 1993; Pugachev et al, 1992; Zhang &

Padmanabhan, 1993). For DEN-2, NS3' contains the amino terminal approximately

450 aa of NS3 and is produced by cleavage within helicase motif VI, after two

conserved Arg residues at NS3 positions 457-458 (Arias et al, 1993; Teo & Wright,

1997). The remainder of NS3 (NS3") was detected as a 19 kDa protein (161 aa) and

prior cleavage at the NS2B/NS3 site was not required for formation of NS3' and NS3"

(Teo & Wright, 1997).

1.7.7 The NS4A and NS4B proteins

The flavivirus NS4A (16-16.4 kDa) and NS4B (26.5-28 kDa) proteins are

small hydrophobic proteins which show little sequence conservation amongst

flaviviruses, although their hydrophobicity plots amongst flaviviruses are remarkably

similar (Chambers et al, 1990a; Coia et al, 1988; Mandl et al, 19896).

17
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Cleavage at the NS3/NS4A junction is mediated by the viral proteinase

(Cahour et al, 1992; Falgout et al, 1991; Lin et al, 1993a; Preugschat & Strauss,

1991). Cleavage at the NS4A/NS4B junction has been studied for YFV and DEN-4

(Cahour et al, 1992; Falgout et al, 1991; Lin et al, 19936; Preugschat & Strauss,

1991). Lin et al. (19936) demonstrated that the amino terminus of YFV NS4B is

generated by a signalase cleavage. However, it appears that this cleavage requires

prior cleavage by the NS2B/3 viral proteinase at a conserved site called 4A/2K,

located 23 residues upstream of the signalase cleavage site (Preugschat & Strauss,

1991). In contrast, the results obtained with DEN-4 showed that signalase cleavage at

the NS4A/NS4B junction could occur in the absence of the NS2B/3 viral proteinase

(Cahour et al, 1992; Falgout et al, 1991). The NS4B/NS5 cleavage is effected by the

viral proteinase, and may occur when the proteinase is present in trans (Cahour et al,

1992; Chambers etal, 1991).

NS4A is predicted to be membrane spanning and was shown by

cryoimmunoelectron microscopy to be associated with vesicle packets, (within which

the KUN RC is located) and enriched in convoluted membranes and paracrystalline

structures (Mackenzie et al, 1998; Westaway et al, 19976). It has been proposed that

NS4A may play a targeting or membrane anchoring role within the RC (Khromykh et

al, 1999a; Khromykh et al, 19996; Lindenbach & Rice, 1999; Mackenzie et al,

1998). NS4A binding to other proteins of the RC, particularly NS3, NS5, NS2A, and

possibly NS1 and also strongly to itself, has been demonstrated (Mackenzie et al,

1998). The colocalization of NS4A in vesicle packets is consistent with evidence

obtained by Lindenbach and Rice (1999), using the YFV infectious clone, which

demonstrated that an NS1-NS4A interaction is important for viral RNA replication.

18
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The NS4B protein is the largest of ihe four small hydrophobic proteins of

flaviviruses. NS4B is membrane associated in the cytoplasm, and has been shown to

migrate to the nucleus and spread throughout the nucleoplasm (Khromykh et al,

2000; Westaway et al, 1997a). A role for NS4B in viral replication has not yet been

shown, and NS4B is not present in the proposed KUN RC (Khromykh et al, 2000;

Mackenzie et al, 1998; Westaway et al, 1997a; Westaway et al, 1991 b).
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1.7.8 The NS5 protein

The NS5 protein (103-105 kDa) is the largest and most conserved flavivirus

protein (Coia et al, 1988; Hahn et al, 1988). The carboxy terminal half of NS5 has

eight conserved RdRp motifs (Koonin, 1991; O'Reilly & Kao, 1998). These motifs are

presumed to be involved in RNA binding, catalytic activity and the formation of

correct secondary structures of RdRps (Koonin, 1991; O'Reilly & Kao, 1998).

Recombinant NS5 of DEN-1 and KUN has been shown to possess RdRp activity in

vitro (Guyatt, 1999; Tan et al, 1996).

The amino terminal half of the flavivirus NS5 protein contains two conserved

regions characteristic of methyltransferases that use S-adenosylmethionine (SAM) as

the methyl group donor (Koonin & Dolja, 1993). Deletion of the SAM binding site in

the NS5 gene of the KUN genomic length clone abolished viral replication

(Khromykh ef al, 1998).

Forwood et al. (1999) identified a bipartite nuclear localization sequence

spanning 37 aa (residues 369-405 of DEN-2) within the linker region between the

SAM binding site and RdRp region. Studies have shown that the NS5 protein can be

detected in the nucleus of infected cells (Buckley et al, 1992; Kapoor et al, 1995).
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This nuclear localization sequence may play a role in targeting NS5 to the nucleus in a

regulated manner during the virus infectious cycle (Forwood et al, 1999; Kapoor et

al, 1995).

There is also evidence that NS5 interacts with both NS3 and stem loop

structures in the 3' UTR, possibly playing a role in the initiation of negative strand

RNA synthesis (Chen et al, 1997a; Kapoor et al, 1995). The involvement of NS5 in

viral replication is further discussed in section 1.10.

1.8 The viral proteinase

1.8.1 Constitution of the viral proteinase

The flavivirus-encoded proteinase has been shown to consist of two of the

nonstructural proteins, NS2B and NS3. Site directed mutagenesis and deletion

analysis have established that the proteinase region is contained within approximately

the amino terminal 181 aa of NS3 (Chambers et al, 19906; Preugschat et al, 1990).

For DEN-2, the minimal NS3 proteinase region required for cleavage of the

NS2B/NS3 site is 167 residues (Li et al, 1999). Four regions were identified within

the amino terminal 181 aa of flaviviruses which shared homology with chymotrypsin-

like serine proteinases (Bazan & Fletterick, 1989; Gorbalenya & Koonin, 1989).

Three of these regions contain one amino acid of the catalytic triad (Hissi, Arg75,

Serns in DEN-2), while the fourth is proposed to be part of the substrate binding

region (Fig. 1.3) (Preugschat & Strauss, 1991; Valle & Falgout, 1998). The X-ray

crystal structure for this part of DEN-2 NS3 was described recently by Murthy et al

(1999), and will be discussed in section 1.8.2.
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The NS3 protein alone exhibits little proteinase activity and the cofactor NS2B

protein is needed to enhance or modulate proteinase activity (Chambers et al, 1991;

Falgout et al, 1991; Preugschat et al, 1990). The NS2B and NS3 protons of DEN-2

form a stable complex, suggesting that the enzymatically active proteinase is a

heterodimer (Arias et al, 1993).

1.8.2 Proteinase X-ray crystal structure

Murthy et al. (1999) reported the X-ray crystal structure at 2.1 A resolution of

residues 1-185 of the NS3 proteinase domain from the New Guinea C (NGC) strain of

DEN-2. Brinkworth et al (1999) constructed a homology model of the DEN-2

NS2B/3 proteinase based on the structure of the HCV complex of NS3 and NS4A

(Yan et al, 1998). These structures confirmed earlier predictions that the NS3

proteinase adopts a chymotrypsin-like fold and showed the enzyme active site and the

cofactor binding site.

The NS3 proteinase folds into two structural domains which are separated by a

substrate binding cleft which contains the active site with the catalytic triad (Murthy

et al, 1999). In the homology model of DEN-2 NS2B/3, the cofactor is located within

a hydrophobic core formed by the amino terminal region of the NS3 proteinase

(Brinkworth et al, 1999). Although there are structural similarities between the DEN-

2 and HCV NS3 proteinases, there are also notable differences. The HCV NS3

proteinase structure has a zinc binding site and a long hydrophobic amino terminal

loop which are absent in the DEN-2 proteinase structure (Kim et al, 1996; Love et

al, 1996; Murthy et al, 1999; Yan et al, 1998). These differences may be

characteristic of significant differences in the mode of catalysis by HCV and DEN-2
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proteinases. Substrate specificities, particularly at the PI position are different i.e.

HCV prefers a Cys at PI for some cleavages, whereas DEN-2 prefers a basic residue

(Lys or Arg) for all cleavages (Bartenschlager et al, 1993; Chambers et al, 1990a;

Eckart et al, 1993). In addition, a 40 aa segment of NS2B that was overall

hydrophilic is required for DEN-4 NS3 proteinase activation, whereas the HCV NS4A

activation peptide is 12 largely hydrophobic amino acids (Butkiewicz et al, 1996;

Falgout et al, 1993; Lin et al, 1995; Tomei et al, 1996). Brinkworth et al (1999)

identified a largely hydrophobic 12 aa region corresponding to the shorter

hydrophobic cofactor of HCV NS4 within the previously described 40 aa hydophilic

segment of DEN-2 NS2B. Recently, the hydrophobic 12 aa sequence, located within

the conserved 40 aa NS2B sequence of YFV was mutated by charged-to-alanine

mutagenesis. Three residues were changed individually and did not significantly

reduce proteinase activity in a cell-free system, indicating this region is not critical for

cofactor-proteinase interaction or enzyme activity in vitro; however the effects of the

mutations on virus replication was not analyzed (Droll et al, 2000).

Previously, deletion mutagenesis of the entire NS2B protein (both within and

external to the overall hydrophilic 40 aa segment) was used to analyze the regions

within NS2B important for proteinase activity. Deletions of as few as three amino

acids had a deleterious effect on protein conformation and therefore may impair

NS2B-NS3 association (Chambers et al, 1993; Falgout et al, 1993). Thus the precise

region of NS2B required for NS2B-NS3 association and hence for optimal NS3

proteinase activity is still unknown.

"•4
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1.9 The viral helicase
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RNA viruses evolve rapidly, leading to sequence divergence even among

related viruses within a family (Koonin & Dolja, 1993). Thus, only critical functional

motifs are conserved between virus groups, primarily the motifs within proteins

involved in various aspects of viral replication, transcription and translation, such as

RNA helicases (Gorbalenya & Koonin, 1989; Koonin & Dolja, 1993).

RNA helicases catalyze the unidirectional unwinding of duplex RNAs in vitro

(containing a ssRNA region of at least 3 nt) in the presence of a divalent cation and

require the hydrolysis of the (3-y bond of a suitable NTP or deoxy-NTP (usually ATP)

as an energy source (Lain et al, 1990; Paolini et al., 2000a). Assays of the NTPase

and RNA binding activity of putative viral RNA helicases have also been extensively

studied, and are discussed in later sections.

Although definitive experiments for a flavivirus have not been reported, RNA

helicase activity is thought to be essential for virus growth. This was shown for the

pestivirus Bovine viral diarrhea virus (BVDV) by Gu et al. (2000), who demonstrated

that mutagenesis of two invariant residues in motifs I and II, and deletion of motif VI,

abolished virus replication and more specifically minus strand synthesis.

Replication of the flavivirus positive-sense RNA genome initially requires the

translation of virion RNA to produce the viral proteins, especially those needed for

replication. The incoming RNA also serves as a template for the synthesis of a

complementary negative-sense RNA strand. Negative-sense RNA strands are, in turn,

used as templates to synthesize positive strands. RNA synthesis occurs

asymmetrically in a semiconservative fashion. This semiconservative replication

involves two RNA species: the replicative form (RF), defined as a duplex RNA
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molecule, which serves as a recycling template, and the replicative intermediate (RI)

which is partially double-stranded, with nascent single-stranded tails (for a review see

Westaway, 1987). These RNA species are detected both in infected cells and in in

vitro assays (Brinton, 1986; Chambers et al, 1990a). As the negative and positive

RNA strands are complementary, NS3 RNA helicase is thought to be required for

strand separation. NS3 RNA helicase may also be involved in translation by removing

positive strand RNA secondary structures and allowing progression of the ribosomes

on template RNA.

1.9.1 Classification of NS3 helicase

DNA and RNA helicases of prokaryotic, eukaryotic, and viral origin have

unique arrays of conserved amino acid sequence motifs enabling their classification

into three distinct superfamilies (Gorbalenya & Koonin, 1989; Koonin & Dolja, 1993;

Lain et al, 1989). Classification is mainly based on sequence motifs that are shared

among proteins in each superfamily, but not across superfamilies. Superfamilies 1 and

2 possess seven conserved motifs, with members of superfamily 3 possessing only

three such motifs (Fig 1.4) (Koonin & Dolja, 1993). Although the number of motifs

may not be conserved across the superfamilies, some specific motifs are (motifs I and

II) (Fig. 1.4), and are presumably required for replication (Eagles et al, 1994; Fuller-

Pace, 1994). DEN-2 NS3 heJicase and related NS3-like proteins in the family

Flaviviridae are classified in helicase superfamily 2 (Gorbalenya & Koonin, 1989).
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1.9.2 The NS3helicase

For flaviviruses, RNA helicase activity has been demonstrated for DEN-2,

JEV and West Nile virus (WNV) (Borowski et al, 2001; Li et al, 1999; Utama et al,

20006). Details of the helicases of the virus family Flaviviridae will be presented later

in this section.

The ilavivirus serine proteinase and RNA helicase domains of NS3 can be

synthesized independently and are catalytically active (Chambers et al, 1993;

Chambers et al, 19906; Droll et al, 2000; Falgout et al, 1993; Falgout et al, 1991;

Kuo et al, 1996; Li et al, 1999; Preugschat et al, 1990; Utama et al, 20006;

Warrener et al, 1993; Wengler & Wengler, 1991). The NS2B and the amino terminal

proteinase domain of NS3 are not required for the in vitro enzyme activity of the NS3

helicase domain.

1.9.3 Basal and nucleic acid stimulated NTPase activity

RNA stimulated NTPase activity has been demonstrated for the putative RNA

helicase proteins of flaviviruses (Borowski et al, 2001; Kuo et ai., 1996; Li et al,

1999; Takegami et al, 1994; Utama et al, 20006; Warrener et al, 1993; Wengler &

Wengler, 1991), pestiviruses (Tamura et al, 1993; Warrener et al, 1995), HCV

(Gallinari et al, 1998; Gwack et al, 1999; Hong et al, 1996; Jin & Peterson, 1995;

Kim et al, 1995; Kim et al, 1997a; Lin & Kim, 1999; Preugschat et al, 1996; Suzich

et al, 1993; Wardell et al, 1999), and Hepatitis G virus (Laxton et al, 1998).

For the flavivirus NS3 proteins synthesized and assayed for NTPase activity to

date, the majority were truncated and demonstrated a dependence on the addition of 2-
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3 mM Mg2+ or Mn2+. Activity could be stimulated for JEV, WNV, YFV, and DEN-2

NS3 proteins by the addition of single stranded polynucleotides (Borowski et al,

2001; Kuo et al, 1996; Li et al, 1999; Warrener et al, 1993; Wengler & Wengler,

1991). The exception was the full length NS3 protein of DEN-1 which was not

stimulated by the addition of poly(A) or poly(U), but was shown to be specifically

stimulated by the DEN-1 NS5 protein (Cui et al, 1998). A summary of flavivirus

ATPases is shown in Table 1.1.

1.9.4 RNA binding activity

The DEN-1 full length NS3 is the only flavivirus protein assayed for RNA

binding activity to date. This protein was shown to bind specifically to the 3' UTR of

DEN-1 in RNA band shift assays (Cui et al, 1998). Furthermore, it bound

preferentially to a 94 nt RNA transcript from the 3' UTR of DEN-1 in the presence of

various unlabelled competitor RNAs (Cui et al, 1998).

1.9.5 RNA helicase activity

Li et al (1999) first demonstrated NS3 helicase activity for a flavivirus using a

His-tagged polyprotein corresponding to the carboxy terminal 458 (amino acids 161-

618) residues of DEN-2 NS3, synthesized in E. coli. Recently, helicase activity was

demonstrated for the flaviviruses JEV and WNV. The JEV helicase assayed was also

a truncated (amino acids 163-619) form of the NS3 protein with a His-tag,

synthesized in E. coli (Utama et al, 2000a; Utama et al, 20006). The WNV helicase

was purified from virus infected Vero cells (Borowski et al, 2001).
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Mutational analyses of JEV, Vaccinia virus and HCV helicases have shown

that viral RNA helicase activity requires the energy released during NTP hydrolysis,

but NTPase activity does not require helicase activity (Gross & Shuman, 1995; Heilek

& Peterson, 1997; Preugschat et al, 1996; Utama et al, 2000a). In contrast, recently

Borowski et al (2001) showed that by using compounds that are potent modulators of

enzyme activity, the WNV NTPase/helicase activities could be inhibited or activated

independently of each other, implying that NTPase activity is not directly coupled to

helicase activity. In common with other helicases, the flavivirus NS3 helicase requires

the Mg2+ or Mn2+ dependent hydrolysis of NTPs to provide the energy for unwinding

(Borowski et al, 2001; Li et al, 1999; Utama et al, 2000a; Utama et al, 20006).

Previous work on Vaccinia virus NTP phosphorylase II (NPH-II), BVDV and

HCV NS3 helicases have shown a requirement of a minimum 3 nt single stranded

region (3' extension) in order to unwind double stranded RNA, in a 3' to 5' direction

(defined by the strand with the extension) (Gross & Shuman, 19966; Hong et at..,

1996; Paolini et al, 2000a; Warrener & Collett, 1995). In addition to double stranded

RNA unwinding, these enzymes demonstrate RNA-DNA heteroduplex unwinding,

with the HCV and BVDV NS3 helicase proteins also unwinding double stranded

DNA (Gross & Shuman, 19966; Gwack et al, 1996; Gwack et al, 1997; Heilek &

Peterson, 1997; Tai et al, 1996). Double stranded RNA and DNA substrates have

been used as templates to demonstrate unwinding by flavivirus NS3 helicases

(Borowski et al, 2001; Li et al, 1999; Utama et al, 2000a; Utama et al, 20006). To

date, assays of helicases in vitro have not shown any sequence specificity in their

nucleic acid substrate requirement.
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1.9.6 Function of the conserved motifs in NS3 helicase

Mutational and structural analyses of the conserved helicase proteins of

viruses of the Flaviviridae have begun to elucidate roles for the various motifs in

NTPase/helicase enzymatic activities. Motifs I and II (also known as Walker motifs A

and B respectively) (Fig. 1.4), are common to members of all three helicase

superfamilies (Koonin & Dolja, 1993; Walker et al, 1982). Motifs la, IV and V have

not, as yet, been ascribed a function. Motif VI, although present in both superfamilies

1 and 2, is quite different between superfamilies (Koonin & Dolja, 1993). The roles of

motifs I, II, III and VI in enzyme activity will be discussed in later sections.

1.9.6(a) Helicase motif I

Motif I is characterized by an amino acid sequence of 2-5 hydrophobic

residues followed by G/AxxGxGKS/T (x represents any amino acid) (Fuller-Pace,

1994; Gorbalenya & Koonin, 1989). This motif forms an NTP binding pocket and is a

common motif in NTP binding proteins (Saraste et al, 1990). Mutational and

crystallographic studies show motif I forms a phosphate binding loop or P loop (Fig.

1.5), and that the invariant Lys residue in the purine binding consensus sequence

GxGKT contributes to the binding of purine nucleotides by interaction with the p and

y phosphoryl group(s) of the nucleotide (Clertant & Cuzin, 1982; Gross & Shuman,

1995; Kim et al, 1998; Subramanya et al, 1996). Substitution of the corresponding

Lys residue of helicase motif I in HCV and BVDV inhibited or abolished basal and

nucleic acid stimulated NTPase and RNA helicase activities (Gu et al, 2000; Heilek

& Peterson, 1997; Kim et al, 19976; Min et al, 1999; Wardell et al, 1999) and also
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stopped virus replication when incorporated into a BVDV genomic length cDNA (Gu

et al, 2000).
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1.9.6(b) Helicase motif II

Helicases can be further classified into DEAD, DExH, and DExx subfamilies

based on the sequence of motif II (Luking et al, 1998; Schmid & Linder, 1992).

DEN-2, along with other flaviviruses, belong to the DExH (DEAH) subfamily. Three

X-ray crystal structures of the related HCV NS3 helicase show that motif II is

positioned close to motif I (Cho et al, 1998; Kim et al, 1998; Yao et al, 1997). For

several kinases, the first conserved Asp has been shown to bind a Mg2+-NTP complex

for NTP hydrolysis (Black & Hruby, 1992; Pai et al, 1990; Yan & Tsai, 1991).

Mutational studies of motif II DExH helicases of HCV and JEV have shown this

motif is important for helicase activity (Gross & Shuman, 1995; Heilek & Peterson,

1997; Kim et al, 19976; Min et al, 1999; Utama et al, 2000a; Utama et al, 20006;

Wardell et al, 1999). Interestingly, Ala substitution of the conserved His residue in

motif II of HCV and JEV NS3, and Vaccinia virus NPH-II, had little effect on

NTPase, but abolished helicase activity, uncoupling the two activities (Gross &

Shuman, 1995; Gu et al, 2000; Heilek & Peterson, 1997; Utama et al, 2000a). In

contrast, in a separate study, Kim et al (19976) showed mutation of the same HCV

NS3 His residue to Ala did not abolish helicase activity, but oniy reduced it to 60% of

parental activity. The authors speculate that the reason for the disparity may be due to

variation in the methods of expression (types of fusions and truncations), the

purification procedures, assay conditions and/or any additional mutation within the

mutant HCV NS3 protein which was not fully sequenced.
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1.9.6(c) Helicase motif III

Motif III contains a conserved TATPP sequence which is unique to helicase

superfamily 2 (Fig. 1.4) (Koonin & Dolja, 1993). Analysis of the HCV NS3 X-ray

crystal structure indicates this motif functions as a switch or hinge region to couple

conformational changes accompanying NTP hydrolysis (Yao el al, 1997). To date,

this motif has not been targeted for mutagenesis in any flavivirus NS3 protein, but

Kim et al (19976) mutated the first Thr in the related HCV NS3 protein to Ala. This

mutant possessed parental levels of basal ATPase activity. Unlike the parental protein,

the ATPase activity of the mutant protein was not stimulated by the addition of

poly(U). The mutant protein retained RNA binding activity, but had RNA helicase

activity only 50% of the parental protein.

1.9.6(d) Helicase motif VI

The role of the final motif VI, QRxGRxGR, in flavivirus NS3 helicase is

unresolved. Mutational studies of motif VI in other helicases have resulted in

conflicting data. Initial mutagenesis studies of motif VI of eIF-4A resulted in a loss of

RNA binding and reduced ATPase activity (Pause et al, 1993). It was suggested this

region is necessary and sufficient for RNA binding. However, the RNA binding

activity of Vaccinia virus NPH-II protein was largely unaffected following

mutagenesis of motif VI, while ATPase and RNA helicase activity were abolished

(Gross & Shuman, 1996a).

Mutagenesis of this motif in HCV NS3 helicase also generated conflicting

results. Table 1.2 shows a summary of mutagenesis studies performed on the HCV
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RNA helicases. A variety of assays and truncated versions of NS3 have been used.

Wardell et al (1999) demonstrated that Arg467 is required for both ATPase and

helicase activities, whilst replacement of Gln460 significantly reduced ATPase activity

and abolished helicase activity (subscript numbers are amino acid positions in HCV

NS3). The researchers did not investigate RNA binding activity of these mutants.

Kim et al (19976) extensively mutated motif VI, changing all six residues

between, and including, Gln^o and Arg467. GI11460 was required for the helicase and

ATPase enzymatic activity, but not for RNA binding. This was consistent with the

helicase but not the ATPase assay results obtained by Wardell et al (1999), using

full-length NS3. Kim et al. (19976) demonstrated that mutagenesis of Arg46i residue

had little effect on enzymatic activity. However, Arg462 was shown to be important for

RNA binding by both Kim et al. (19976), and Chang et al. (2000). Gly463 and Trp465

appeared to be less important for helicase activity (Kim et al., 19976). Arg464 was

shown to be critical for enzyme activity following substitution with Ala (Kim et al,

19976; Min et al, 1999). Chang et al (2000) and Min et al (1999) both demonstrated

significant reduction in RNA binding by the substitution of Arg464 with Ala. However,

Kim et al (19976) reported parental levels of RNA binding for this mutation. In

general, these studies indicate a role of motif VI in RNA binding probably involving

Arg462 and/or Arg464-

In two separate studies (not shown in Table 1.2), researchers constructed

truncated forms of the HCV NS3 protein (both retaining and lacking all or parts of

motif VI) and showed that the truncated proteins bound to RNA (Kanai et al, 1995;

Kim et al, 1991 a). These authors then hypothesized that other regions outside motif

VI may also be involved in RNA binding, and that the HCV NS3 protein can bind to

RNA regardless of its NTPase and RNA helicase activity.

31



Chapter One: Introduction

1.9.7 Helicase X-ray crystal structure

To date, no X-ray crystal structure or homology model of a flavivirus NS3

helicase has been reported, but three X-ray crystal structures of the related HCV NS3

helicase domain have been solved (Cho et al, 1998; Kim et al, 1998; Yao et al,

1997). In addition, one of these studies solved the structure of the HCV NS3 helicase

domain complexed with a single stranded DNA oligonucleotide (dU)s (Fig. 1.5) (Kim

et al, 1998). The X-ray crystallographic structures of four other non-viral helicases

have also been reported: the DNA helicases PcrA, Rep, UvrB and eIF-4A (Caruthers

et al, 2000; Korolev et al, 1997; Machius et al, 1999; Subramanya et al, 1996;

Theis et al, 1999). The structures of RNA and DNA helicases have similar folding

topologies and tertiary structures, and conserved motifs superimposed at the same

spatial positions within the structures, even though there is limited amino acid

sequence homology (Caruthers et al, 2000; Korolev et al, 1998).

The HCV helicase consists of three structural domains with residues

conserved amo.ig superfamily 2 helicases lining an interdomain cleft between the first

two domains. These first two domains have an adenylate kinase-like fold, and a

phosphate-binding loop in the first domain. The structure reported by Kim et al.

(1998) showed the bound (dU)8 oligonucleotide lying in a groove between the first

two domains and the third, contacting relatively few conserved residues with no

strong sequence specific interactions. Most of the interactions between the enzyme

and bound (dU)g oligonucleotide involved hydrogen bonds with the phosphate

backbone but not the bases of the oligonucleotide. However, a significant enzyme-

base interaction involves a hydrophobic stacking interaction between Trp5Oi of the

HCV helicase and the (dU)g base at the 3' end of the bound oligonucleotide, and
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Val432 interacts with the (dU)4 base (Kim et al, 1998). Additionally, the helicase

protein contacts the phosphate backbone via structurally equivalent and symmetrical

residues in domains 1 and 2. That is, Ser370 and Thr4n in domain 2 interact with (dU)3

and (dU)5 respectively, and these interactions are nearly identical to those between

Ser23i and Thr269 with (dU)7 and (dU)8 of domain 1. All of these helicase residues are

conserved in all HCV NS3 helicases (Kwong et al, 2000) which show an overall

variation in amino acid sequence of up to approximately 10%.

Motifs I and II are positioned in domain 1 which is connected to domain 2 by

a flexible linker region which corresponds to motif III (Cho et al, 1998; Kim et al,

1998; Yao et al, 1997). Motif II is proximal to the motif I phosphate binding loop and

both motifs are thought to be involved in binding of the Mg2+-ATP substrate. The side

chains of the conserved Asp29o and GIU291 of motif II point towards an open area

thought to be occupied by this substrate. Also, the motif II His293 residue is located at

the bottom of the interdomain cleft and has been shown by mutational analysis to be

important for the coupling of enzymatic activities. Kim et al (1998) showed that

residues in motif V line the interface between domains 1 and 2, and also contact the

(dU)8 oligonucleotide, particularly Thr4n which makes a hydrogen bond to the

phosphate of (dU)3.

The conserved Gln^o in motif VI (QRxGRxGR) is positioned at the bottom of

the cleft between domains 1 and 2, and is predicted to interact with the His293 of the

DExH motif located on the inner cleft face of domain I (Kim et al, 1998). The

conserved Arg residues of motif VI lie on the inner face of domain 2, facing motifs I

and II on the inner face of domain 1 (Kim et al, 1998).
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1.9.8 Structure directed mutagenesis of hepatitis C virus helicase motif VI

As previously mentioned, Kim et al. (1998) identified several interactions

between the conserved residues Ser23i, Thr269> Ser370, Thr4n and Trp5oi of the helicase

and a (dU)8 oligonucleotide. Lin and Kim (1999) studied the roles of these residues in

enzymatic activity and RNA binding using a truncated NS3 protein. The results

showed that mutation of the Ser residues to Ala had no effect on protein function,

with enzymatic activity and RNA binding being indistinguishable from parental HCV

helicase. In contrast, mutagenesis of the Thr and Tip residues to Ala resulted in

reduced RNA binding and abolished RNA helicase and poly(U) stimulated ATPase

activity, although basal ATPase activity remained intact. Paolini et al. (20006) also

mutated the Trp50i residue to Ala in a full length NS3 protein, and their results

confirmed the essential role of Trpsoi in stabilizing the enzyme-ssRNA complex.

However, the reduction in helicase activity of this full length NS3 mutant protein was

less than that seen for the truncated mutant protein reported by Lin and Kim (1999),

possibly due to stabilization of the helicase mediated by the presence of the amino

terminal region of NS3.

In addition to Ala substitution, Lin and Kim (1999) also substituted Trp5oi

with Leu and Phe to test protein-ssRNA interaction. The substitution with Leu

resulted in a protein with enzymatic and RNA binding activities similar to that of the

Ala mutant described above, whereas, substitution with Phe resulted in a protein

preparation with parental levels of enzymatic and RNA binding activities. These

findings suggest that the phenyl ring is critical for stacking interactions with the

uridine ring. Paolini et al. (20006), also substituted Val432 with Gly and found that

interaction with RNA and poly(U) stimulated ATPase activity only slightly.
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Therefore, Val432 appeared to form less extensive interactions with the (dU)8

oligonucleotide than the aromatic ring of Trp5Oi. These mutational analyses are

consistent with the mechanistic model of RNA unwinding proposed by Kim et al

(1998) described below.

1.9.9 Models of unwinding

To date, three models for the mechanism of HCV NS3 helicase have been

proposed, one for each of the published crystal structures (Cho et al, 1998; Kim et

al, 1998; Yao et al, 1997). However, the Yao et al (1997) and Cho et al. (1998)

models were based on X-ray crystal structures of HCV helicase without

oligonucleotide. Therefore, only the model proposed by Kim et al (1998) based on

the HCV NS3 helicase domain complexed with a single stranded DNA

oligonucleotide (dU)s will be presented here.

In a recent review by Kwong et al (2000), this model was discussed using the

additional results obtained following mutagenesis studies of both motif VI (Kim et al,

19976) and the RNA binding channel (Lin & Kim, 1999) (Fig. 1.6).

In this model, a 3' single stranded tail of a duplex nucleic acid substrate binds

to the groove which separates domain 3 from domains 1 and 2. In the absence of ATP,

the HCV helicase adopts an open form, in which the interdomain cleft between

domains 1 and 2 are apart. Upon binding of the p phosphate group of ATP to the

phosphate binding loop (motif I), Asp29o of motif II binds to Mg2+ and orientates the

ATP-Mg2+complex for hydrolysis. Arg464 and Arg467 of motif VI in domain 2 interact

with the y and a phosphate groups of the bound ATP thereby closing the cleft

between domains 1 and 2. Formation of the closed conformation results in the

35



Chapter One: Introduction

movement of domains 1 and 3 as a rigid unit along the bound polynucleotide strand in

a 3' to 5' direction. The VaL^ and Trp5Oi serve to lock the polynucleo'ide in place

while the hydrolysis of ATP facilitates opening of the cleft releasing ADP and

resetting domain 2, which remains flexible relative to the other two domains. This

restores the open form of the helicase and results in the unidirectional movement of

the helicase in a 3' to 5' direction.

Dimerization or oligomerization of NS3 helicase has been suggested to be

important for optimal helicase activity (Levin & Patel, 1999). A dimer model for the

HCV NS3 helicase has been proposed based on an X-ray crystal structure reported by

Cho et al. (1998), and dimerization was recently supported by a mutational study by

Khu et al. (2001), who demonstrated strong NS3-NS3 interactions using a yeast two-

hybrid assay. Mutants which disrupted the interaction between two helicase molecules

correlated with a loss of helicase activity (Khu et al, 2001).

However, other structural (Kim et al, 1998; Yao et al, 1997), mutational (Lin

& Kim, 1999) and sedimentation centrifugation experiments (Porter et al, 1998),

indicated that the HCV helicase appears to act as a monomer and dimerization is not

required for activity. Khu et al (2001) suggest that the discrepancy may reflect a

difference in unwinding efficiencies of higher oligomers, being more efficient than

monomers at unwinding duplex nucleic acids.

1.10 Replication of viral RNA

Flaviviral RNA synthesis begins with the translation of virion RNA, followed

by production of negative strands which serve as templates for positive strand

synthesis. A model for the formation of the flavivirus replication complex and
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initiation of RNA negative strand synthesis was recently proposed (Khromykh et al,

19996) (Fig. 1.7). Following translation of the viral positive sense RNA on the rough

endoplasmic reticulum, the polyprotein is cleaved by signal peptidases in the ER

lumen or by the viral proteinase NS2B/3 in the induced convoluted membranes and

paracrystalline arrays (Westaway et al, 19976). Individual nonstrucrural proteins

either migrate to the nucleus (NS4B) or are transported to vesicle packets (NS1, NS3,

NS5, NS2A and NS4A). NS3 probably binds NS5 and may also bind NS2A forming a

complex which possibly attaches to stem loop structures within the 3' UTR via NS2A

(Chen et al., 1997a; Cui et al, 1998; Kapoor et al., 1995; Khromykh et al., 19996;

Mackenzie et al, 1998). This RNA-protein complex is transported to the membrane

site of replication by affinity of the hydrophobic regions of NS2A interacting with

those of homodimeric NS4A. NS4A, in turn, is bound by hydrophilic extensions in

the lumen of the ER between transmembrane domains to dimeric NS1 in the ER

lumen (Khromykh et al, 19996; Lindenbach & Rice, 1999; Mackenzie et al, 1996;

Mackenzie et al, 1998). The assembled replication complex enables the NS5 RdRp to

bind to the template positive strand and negative strand synthesis commences. This is

then followed, late in replication, by the synthesis of progeny infectious positive

strands on the nascent template negative strand (Rice, 1996).

f s.1

1.11 Vaccine development and use of genomic length cDNA of flaviviruses

An effective vaccine against DEN virus is currently not available, and the

ideal DEN vaccine would protect against all four serotypes (Halstead, 1988; Sinniah

& Igarashi, 1995). A live attenuated virus is used as a safe, effective and cost efficient

vaccine against YFV but no other live flavivirus vaccines have been licensed.
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Approved inactivated virus vaccines are available for TBE and JEV (Rice, 1996).

Several strategies have been used toward the development of a DEN vaccine,

including recombinant subunit protein vaccines, DNA plasmid vaccines, whole virus

inactivated vaccines and live attenuated virus vaccines. Here, only the live attenuated

virus vaccines and the related use of flavivirus genomic length cDNAs and chimeric

viruses will be briefly discussed.

Early attempts to develop DEN virus vaccines focussed on attenuation of the

virus by serial passage in mouse brain. However, this produced monovalent candidate

vaccines of limited usefulness (Trent et al, 1997).

The U.S. Army sought to produce live, attenuated DEN vaccines by serial

passage in primaiy dog kidney (PDK) cells. The candidate vaccines had several

biological markers usually associated with attenuation in the high passage viral

strains. These include temperature sensitivity, reduced plaque size, loss of

neurovirulence for suckling mice and decreased viremia in monkeys. However, all

were found to be either over-attenuated and poorly immunogenic, or to cause varying

degrees of dengue-like illness when tested in humans (Eckels et al, 1984; Edelman et

al, 1994; Rice, 1996). This suggested that the biological markers were not completely

predictive of attenuation in humans.

The molecular basis of viral virulence has been studied by sequencing the

genomes of these modified viruses and the parental virulent viruses from which they

were derived, and comparing nucleotide and amino acid differences following

passage. For example, Puri et al (1997) deiuonstrated that there were 25 nt and 11 aa

changes between a virulent DEN-1 strain and a candidate vaccine strain obtained

following 27 passages in PDK cells. DEN-1 viruses passaged 10 and 20 times in PDK

cells were also tested in humans (Edelman et al, 1994), and sequencing of cDNA

38



Chapter One: Introduction

••Aw
ft;

from all viruses located multiple mutations that were probable markers of attenuation

(Puri et al, 1997). However, when multiple changes are present, defining which

combinations of mutations are important for attenuation requires the construction of a

series of viruses containing single point mutations or combinations of mutations by

site directed mutagenesis of genomic length cDNAs (Gritsun et al, 2001; Gualano et

al, 1998; Kapoor et al, 1995; Lai et al, 1991).

Live attenuated vaccine candidates have been developed for all four serotypes

of DEN by serial passage of wild-type viruses in PDK cells or other cell types at

Mahidol University, Bangkok, Thailand (Bhamarapravati et al, 1987; Yoksan et al,

1986). The Mahidol candidate DEN-2 vaccine virus (PDK-53) was derived from the

virulent parental strain 16681 following 53 passages in PDK cells. The PDK-53 virus

vaccine was successfully tested in humans, being safe, immunogenic and inducing a

T-cell memory response (Bhamarapravati et al, 1987; Dharakul et al, 1994; Vaughn

et al, 1996). Kinney et al (1997) showed there are nine nucleotide and five amino

acid differences between the two viruses. A recent study by Butrapet et al (2000)

used an infectious DEN-2 genomic length cDNA clone to construct 18 recombinant

viruses to analyse four mutations within the 5' UTR, prM, NS1 and NS3. It was

concluded that the attenuation markers are in the 5' UTR, NS1 and NS3.

Several studies have shown that there are no universal markers of flavivirus

attenuation (Barrett et al, 1990; Butrapet et al, 2000; Hahn et al, 1987a; Kinney et

al, 1997; McMinn et al, 1995; Ni et al, 1994; Puri et al, 1997). It is likely that an

overall attenuated phenotype is due to the combined effects of several mutations.

Another approach has sought to generate live, attenuated genetically

engineered vaccines using infectious cDNAs encompassing the whole viral genome.

This technique enables the identification of specific mutations that modify viral
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functions and may have potential in producing attenuated viruses (Bonaldo et al,

2000).

Another approach has been the construction of chimeric flaviviruses, using

infectious cDNAs derived from viruses of known attenuation. Huang et al (2000)

constructed a chimeric virus containing the structural genes of DEN-1 16007 virus or

its vaccine candidate PDK-13, combined with the nonstructural genes of DEN-2

16681 virus or its vaccine candidate PDK-53. The chimeric virus containing the

parental DEN-1 16007 virus structural genes with the DEN-2 PDK-53 virus

nonstructura! genes induced higher mouse neutralizing antibodies against DEN-1

virus than did the DEN-1 PDK-13 vaccine vims or chimeric viruses which had DEN-

1 PDK-13 structural genes, while retaining attenuation markers. Therefore, assuming

attenuating markers of DEN-2 PDK-53 are retained in other chimeric viruses

containing the DEN-2 PDK-53 nonstructural genes, infectious clones derived from

DEN-2 PDK-53 are promising vectors for the development of chimeric vaccines

containing the structural genes of all dengue serotypes (Huang et al, 2000).

The DEN-2 (strain PUO-218) prM and E genes have been inserted into the

infectious cDNA clone of the YFV vaccine strain YF 17D, generating the chimeric

virus ChimeriVax-D2. The chimeric virus was shown to replicate efficiently and to be

attenuated in mice (exhibiting less encephalitis) and producing less viraemia in

monkeys (Guirakhoo et al, 2000). It was genetically stable, immunogenic and initial

challenge experiments showed good protection. However, human trials are still being

evaluated. The researchers have recently described the construction of three additional

YF 17D/DEN chimeras using the prM and E genes of DEN-1, DEN-3 and DEN-4

clinical isolates (Guirakhoo et al, 2001). These viruses were tested as monovalent or

tetravalent formulations in non-human primates, with almost all animals producing
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neutralizing antibodies against all four DEN serotypes, demonstrating effective

simultaneous immunization.

1.12 Clustered charged-to-alanine mutagenesis

Cunningham and Wells (1989) originally described the method of alanine-

scanning mutagenesis in which single Ala mutations were introduced into the human

growth hormone protein at sites that had been implicated in receptor recognition. Ala

was chosen as it eliminates the side chain beyond the p carbon without altering the

main-chain configuration and does not cause extreme electrostatic or steric effects.

Clustered charged-to-alanine scanning mutagenesis is a variant of this method (Bass

et al, 1991; Gibbs & Zoller, 1991). It involves scanning the sequence of a protein for

clusters of two or more charged residues within a stretch of five residues. Each

charged residue within a cluster is then substituted with Ala. Substitutions of charged

residues with Ala have generally been shown to exert little effect on protein

conformation (Gibbs & Zoller, 1991) as most charged residues, particularly those

found in clusters, are expected to reside on the solvent-exposed surfaces of folded

proteins contributing little to the overall protein stability (Diamond & Kirkegaard,

1994). Therefore disruption of such clusters of surface charges might not disrupt the

overall protein stability, but instead interfere with electrostatic or hydrogen-bonding

interactions with other molecules, or with the solvent, making these interactions more

thermosensitive (Alber, 1989; Wertman et al, 1992).

Diamond and Kirkegaard (1994) used clustered charged-to-alanine

mutagenesis of the 3D protein of poliovirus (which has polymerase activity and forms

part of the replication complex) to generate several temperature sensitive (ts) mutants
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with defects in viral RNA synthesis. This allowed identification of regions required

for RNA replication and for interaction between the polymerase and other

components of the replication complex.

Droll et al. (2000) recently completed charged-to-alanine mutagenesis of YFV

NS2B and the proteinase region of NS3 in order to define regions of the proteins

important for the formation of the proteinase complex and enzymatic activity. This

study did not, however, test any of the mutants for their effect on virus replication.

The only reported ts mutant of a flavivirus was obtained following charged-to-alanine

mutagenesis of the YFV NS1 protein (Muylaert et al, 1997).

1.13 Aims and experimental approaches

Dengue is the most important arthropod borne viral disease in tropical and

subtropical regions of the world, and a safe and effective vaccine is not yet available.

Mutagenesis of genomic length cDNA has the potential to produce genetically defined

attenuated dengue viruses. The highly conserved and multifunctional NS3 protein,

described in the preceding literature survey, is a possible target for the production of

attenuated viruses. It is also a target for the design of antiviral drugs, thus providing

an incentive for investigating the DEN-2 NS3 protein in detail.

A major goal of this project was to generate growth-restricted and potentially

attenuated mutant DEN-2 viruses. Mutations that restrict, but do not prevent, viral

replication are candidates for incorporation into live virus vaccine strains including

DEN-2 and other flaviviruses (Chambers et al, 1997). The main aim of the

experiments described in chapter three was therefore to produce such mutations in the

NS3 proteinase. Since previous studies on several flaviviruses have targeted the four
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conserved proteinase motifs and the cleavage sites (Chambers et al, 19906; Valle &

Falgout, 1998), in this work, locations outside these regions of NS3 were chosen. In

particular, by avoiding motifs, it was reasoned that proteinase activity may be retained

and that mutations may not be lethal.

To this end, five sites distributed through the amino terminal proteinase region

of DEN-2 NS3 were mutagenized. The effects of four clustered charged-to-alanine

mutations and the mutation of a highly conserved hydrophobic region in the NS3

proteinase on viral replication in cell culture were analyzed. The results were

interpreted with reference to the location of the mutations mapped on the X-ray

crystal structure of the DEN-2 NS3 proteinase (Murthy et al, 1999) and a model of

the NS2B/3 complex (Brinkworth et al, 1999). Chapter three describes the production

of these growth-restricted mutant viruses and evaluation of their replicative properties.

Another aim was to investigate the importance of selected residues in the

DEN-2 NS3 helicase region for ATPase and RNA helicase activity in vitro, and viral

replication, with the goal of generating growth-restricted DEN-2 viruses containing

mutations within the NS3 helicase. Two types of mutations were analyzed: (i) point

mutations within helicase motifs I, II and VI; and (ii) clustered charged-to-alanine

mutations external to helicase motifs. Mutant proteins were synthesized as amino

terminal truncated fusion proteins in E. coli, purified and assayed for ATPase and

RNA helicase activities. Mutations were also incorporated into genomic-length DEN-

2 cDNA to investigate their effects on viral replication. Chapter four describes the

production of mutant proteins and contains the results of enzymatic assays. It also

describes the production of the viruses containing helicase mutations and the

evaluation of their replicative properties.
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Fig. 1.1 Schematic of the flavivirus genome structure and polyprotein processing.

The top depicts the viral genome with the 5' and 3" untranslated regions (UTRs). Boxes below the genome

indicate mature proteins generated by polyprotein processing. Proteolytic cleavage sites and the viral and

host proteases responsible are shown. The internal cleavage sites within C, prM, NS3, NS2A and NS4A

are shown.
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Fig. 1.2 Alignment of several flavivirus NS2B amino acid sequences and HCV NS4A.

Dots stand for identical amino acid residues while dashes represent gaps introduced to allow

maximal homology. The hydrophilic 40 amino acid cofactor domain of NS2B is shown in red;

in green is the central hydrophobic region, which was identified in DEN-2 by Brinkworth et al.

(1999) as the probable homologue to the HCV NS4A peptide in the HCV NS3/4A proteinase

(Yan et al, 1998). The position of amino acids in the consensus NS2B sequence are listed

above the sequence, while the position of amino acids within HCV NS4A are listed below

the sequence. Amino acid sequences derived from the following viruses are aligned (GenBank

accession numbers are shown in brackets): DEN-1 (AF180817); DEN-2 (AF038403);

DEN-3 (AF317645); DEN-4 (AF326573); JEV (AF045551); WNV (AF196835); YFV

(YFU21055); TBE (L40361) and HCV (D17763).



Fig. 1.3 Alignment of several flavivirus NS3 amino acid sequences and

hepacivirus HCV NS3. Dots stand for identical amino acid residues while dashes

represent gaps introduced to allow maximal homology. The four serine proteinase

boxes are shown in blue boxes, with the catalytic triad indicated with asteriscks above

each residue. The seven helicase motifs are shown as pink boxes. The conserved

sequence element proposed to be involved in 5' terminal RNA triphosphatase activity

is shown for the flaviviruses in an orange box. The position of amino acids in the NS3

consensus sequence are listed above the sequence. The same virus GenBank accession

numbers were used for this NS3 sequence alignment as was for the NS2B alignment

(Fig. 1.2).
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Fig. 1.4 Conserved sequence motifs in the distantly related positive strand RNA virus helicases of supcrfamilies 1, 2 and 3. The consensus patterns are shown

separately for the three superfamilies (consl, 2 and 3). Residues present in all three patterns (upper case), U designates a bulky aliphatic residue (I,L,V,M), @

designates an aromatic residue (F,Y,W), & designates a bulky hydrophobic residue (either aliphatic or aromatic), and (.) dot designates any residue. Asterisks indicate

positions where the consensus residues are identical or similar, and colons indicate where the consensus residue(s) of one of the families is not present in the other

families but is still found in a significant proportion of its members. The residues conforming to the consensus are highlighted by bold typing. The motifs are

designated as in (Gorbalenya el al., 1989; Gorbalenya et al., 1990). The number of amino acid residues between the motifs and the distances from the protein

termini are shown. Adapted from (Koonin & Dolja, 1993).



Fig. 1.5 Fold of HCV NS3 helicase domain complexed with ssDNA. Ribbon

diagram illustrating the overall fold of the NS3 helicase with bound (dU)8. Domain

1 is coloured blue, domain 2 red and domain 3 green. The DNA oligonucleotide is

coloured yellow. This figure was adapted from that of K'^ et al. (1998).
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Fig. 1.6 Diagram of the unwinding model proposed by Kwong et a I. (2000). See text

for a detailed explanation of this proposed model of unwinding. The three HCV helicase

domains are shown in the same orientation as for Fig. 1.5. Motifs I, II and VI, the conserved

residues T269, T411, V432 and W501 and the location of the duplex nucleic acid are shown.

The binding of the polynucleotide by NS3 helicase (probably mediated by T269 and T411)

in the absence of ATP leaves a large cleft (open form, bottom left) between domains 1 and

2. Following ATP binding (top) the flexible domain 2 closes onto domains 1 and 3,

reducing the interdomain cleft, mainly because of interactions between ATP-Mg2+ and the

conserved residues of motifs I, II and VI. Closure of the ATP binding cleft probably leads

to the translocation of domains 1 and 3 in a 3' to 5' direction along the bound

polynucleotide strand. Hydrolysis of ATP enables opening of the cleft and release of ADP

(bottom right). The role of V432 and W501 in the RNA binding channel is to lock the

polynucleotide in place while domain 2 resets. This figure was adapted from that of

Kim & Lin (1999).
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Fig. 1.7 Diagram of the formation of the flavivirus RC and initiation of negative (-) strand

synthesis proposed by Khroniykh et al. (I999A). Diagram is taken and modified from

Khroniykh et al. (19996); see text for a more detailed explanation of this model. (A) NS3 is proposed

to bind NS5 at one or more of the conserved regions designated a, b. or c, possibly associated also

with NS2A. (B) Following translation, the complex probably attaches to the 3' terminal stem-loop

of the 3' UTR via NS2A and possibly NS3 and NS5. The complex attached to the RNA positive (+)

strand is transported to the membrane site of replication by affinity of the hydrophobic regions of NS2A

interacting with those of dimeric NS4A, which in turn is bound by hydrophilic extensions in the ER

lumen between transmembrane domains to dimeric NS1 in the lumen. (C) The RC is now complete

and may undergo rearrangement as the RdRp motifs of NS5 bind the template (+) strand, allowing

replication to proceed. The dashed arrow indicates the 5' to 3' direction of synthesis of the nascent RNA

(-) strand.



Table 1.1: Comparison of various flavivirus helicase proteins reported in the literature.

Virus NS3 residues NS3 source NTPase activity Reference

WNV Sequencing
experiments revealed
two amino termini
63-619 and
66-619

WNV 168-619

YFV 1-623
164-623

JEV 1-619
149-619
324-619

JEV 1-619

JEV 163-619

JEV 163-619

DEN-2 1-618
161-618
181-618

DEN-1 1-619

Purified from virus infected Vero cells. Modest stimulation at high ATP concentrations by poIy(dA),
no stimulation and even inhibition with other polynucleotides.

(Borowski et al., 2001)

Purified from virus infected BHI' cells. Stimulation by polyCA).

Synthesized in E. coli with amino
terminal Crc fusion.

Synthesized in E. coli with amino
terminal His fusion.

Synthesized in E. coli with amino
terminal maltose binding protein fusion.

Synthesized in E. coli with carboxy
terminal His fusion.

Synthesized in E. coli with carboxy
terminal His fusion.

Synthesized in E. coli with carboxy
terminal His fusion, analysis performed
using 161-618 truncated fusion protein.

Synthesized in E. coli with amino
terminal GST fusion, GST removed by
thrombin cleavage.

Stimulation by pcly(•'•-}> poly(U), polyi'C) ami'poly(ACU),
no stimulation by poify(dA), poIy(dC) and poly(dG).

324-6.59 truncated fusion protein had no NTPase activity.
Nucleoside triphosphate preference GTP>ATP>UTP>CTP.
Polynucleotide stimulation preference poly(U)>poly(C)>poly(A).

0V«ngler & Wengler, 1991)

(Warrenere/o/., 1993)

(Kuoe/a/., 1996)

Protein possessed basal ATPase activity, however polynucleotide (Takegami et al., 1994)
stimulation was not tested.

Stimulation by poly(U).

Preference for GTP, stimulation by poly(U).

(Utama et al, 20006)

(Utama et al., 2000a)

Nucleoside triphosphate preference ATP>GTP>UTP>CTP. (Li et al., 1999)
Polynucleotide stimulation preference poly(A)>poly(U)>poly(C).
Inhibition by poly(G).

Nucleoside triphosphate preference ATP>GTP>UTP>CTP. (Cui et al., 1998)
No polynucleotide stimulation by poly(A) or poly(U), stimulation
by NS5.



Table 1.2: Mutational analysis of the functional significance of motif VI of the HCV NS3 protein.

HCV residues

1-631

166-631

166-631

16-608

Q46O

H

H

Motif VI
465 G466

K

N

K

D

Basal ATPase1 RNA stimulated RNA binding1 RNA helicase1

ATPase'
Reference

I-*-

f
I
u
u
44
U

nt
I
nt

nt2

nt

I
41
U

U
ii

nt
nt
nt

nt
nt

T
wt
I

wt
wt

t
wt

44
II

wt

u
wt

wt

I

nt

nt

(Wardell et al., 1999)

(Kim etai, 1997)

(Mine/a/., 1999)

(Chang et al., 2000)

1 Activity observed represented by (-) no detectable activity, (wt) parental activity, (T; activity increased compared with parental activity, ( I ) activity reduced compared with
parental activity, (-1^) activity greatly reduced compared with parental activity.

2 nt, not tested.

3 Changes associated with decreased RNA binding are shown in red.

^̂



CHAPTER TWO: MATERIALS AND METHODS

This chapter details the materials and methods that are general to all studies described

in this thesis. Specific procedural details for each study are presented in individual

methods sections accompanying each results chapter.

2.1 Cell lines and cell culture media

Baby hamster kidney (BHK-21) and Aedes albopictus C6/36 cells were grown

in Eagle's basal medium (BME) containing Earle's salts, and supplemented with 7.5-

10% foetal calf serum (FCS), 2 millimolar (mM) glutamine and 100 units per

millilitre (U/ml) of both penicillin and streptomycin. The medium was adjusted to pH

7.2 with NaHCO3. BHK-21 cells were grown at 37°C in an atmosphere of 5% CO2

while C6/36 cells were grown at 28°C in 2.5% CO2.

2.2 Growth and plaque assay of virus stocks

The NGC strain of DEN-2 was first described by Sabin & Schlesinger (1945).

Stocks of DEN-2 were grown and titrated by plaque assay in C6/36 cells. Infected

C6/36 and BHK-21 cells were maintained in BME with 2% FCS. The method for

plaque assays was described by Gualano et al. (1998). Plaque assays were perfomied

using one day old 70% confluent cells in six well trays (Greiner). Serial ten fold

dilutions of virus were prepared in Hanks buffered salts solution (HBSS). The cells

were washed in phosphate buffered saline (PBS) and 150 microlitres (|il) of diluted
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Chapter Two: Materials and Methods

virus was added to each well. The trays were incubated at 28°C for 1 hour (hr) with

rocking every 10 minutes (min) to redistribute the inoculum. The inocula were

removed and the cells overlaid with 5 ml/well of an equal mix of double strength

maintenance medium (preheated to 42°C) and 2% SeaPlaque agarose (FMC

BioProducts) (preheated to 55°C). Five days post infection (p.i.) the cells were

overlaid with 2.5 ml of the overlay mix, containing 0.018% neutral red. Plaques were

counted seven days p.i..

2.3 Polyethylene glycol precipitation of viruses

To produce high titre stocks of DEN-2 viruses, a method of polyethylene glycol

(PEG) precipitation described by Delia & Westaway (1972) was used. Subconfluent

C6/36 cells in 175 cm2 flasks were infected with vims and incubated at 28°C. When

approximately 10-20% of the cells showed cytopathic effects (CPE), the culture

medium was collected and stored at 4°C. Fresh maintenance medium (BME with 2%

FCS) was added to the flask, which was returned to the incubator. Usually within a

further 24 hr, 70% of the cells exhibited CPE and the culture medium was pooled with

the first collection.

Cell debris was removed by centrifugation at 12000 g at 4°C. A one fifth

volume of 40% PEG in IX HBSS was added to the clarified medium and held on ice

for 1 hr with occasional mixing. The medium was again centrifuged at 12000 g at 4°C

and the concentrated virus pellet was resuspended in 2 ml of Tris buffered saline (12

mM Tris-HCl pH 7.5, 120 mM NaCl) with 0.1% bovine serum albumin (BSA). The
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50 fold virus concentrate was kept overnight at 4°C and then dispensed into aliquots

and stored at -70°C.

2.4 Growth of parental and mutant viruses in BHK-21 cells at 33°C and 37°C

BHK-21 cells were seeded into 30 mm2 petri dishes and grown to 70-80%

confluency. Cells were infected with parental and mutant viruses at a multiplicity of

infection (MOI) of 1.0 at either 33°C or 37°C. After a 1 hr incubation, the inoculum

was removed and the cell monolayer was washed twice with PBS. To each petri dish,

3 ml of maintenance media was added, and cells were further incubated at 33°C or

37°C. At 3 days p.i. inoculum from a petri dish for each virus was harvested, and

titred by plaque assay in C6/36 cells at 28°C (see section 2.2).

2.5 Cloning of cDNA

2.5.1 Generation of blunt ends

To generate DNA fragments with blunt ends, the 3' recessed ends were filled in

using the Klenow fragment of DNA polymerase I (New England Biolabs). Following

a restriction enzyme digest, 15 [iM deoxynucleotriphosphates (dNTPs) and 5 units of

DNA polymerase I were added to the digest mixture and incubated at 25°C for 30

min. The reaction was stopped by heating at 75°C for 10 min. DNA was purified by

gel electrophoresis (see section 2.5.3).
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2.5.2 Alkaline phosphatase treatment of vectors for cloning

Vectors were digested with the appropriate restriction enzyme(s) and vectors

were dephosphorylated using calf intestinal phosphatase (CEP) in dephosphorylation

buffer (Boehringer Mannheim), as described by Sai'«:>rook et al. (1989). The DNA

was then purified by electrophoresis (see section 2.5.3).

2.5.3 DNA electrophoresis and purification

Most DNA fragments were separated by electrophoresis in 0.8% agarose gels

(FMC BioProducts) prepared and run in IX TAE buffer (40 mM Tris acetate pH 7.5,

2 mM EDTA). DNA was purified from agarose gels using the QIAEX II Gel

Extraction Kit (QIAGEN), as specified by the manufacturer.

Very small PCR products were separated by electrophoresis in 7.5%

polyacrylamide gels using the mini-Protean II vertical electrophoresis cell (Bio-Rad).

Electrophoresis was carried out in IX TBE buffer (90 mM Tris borate pH 7.5, 2 mM

EDTA) at 200 volts (V) for 25 min. DNA was purified from polyacrylamide gels

using the QIAEX II Gel Extraction Kit (QIAGEN), as specified by the manufacturer.

2.5.4 Ligation of vector and insert DNA

Ligation mixes contained vector and insert DNA at a molar ratio of 1:3. DNA

was ligated in a 15 JLXI volume using 1 unit of T4 DNA ligase in T4 DNA ligase buffer

(Boehringer Mannheim). Ligation reactions were incubated overnight at 15°C.
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2.5.5 Transformation of ligation reactions into competent E. coli

Competent E. coli DH5a cells were prepared using the method of Hanahan

(1985). For transformations, 50 JLL! of thawed competent cells were added to the

ligation mixture, and kept on ice for 40 min. The samples were heat shocked at 42°C

for 90 seconds (sec) and returned to ice for a further 2 min. Cells were then incubated

on a shaker at 37°C for 1 hr in 150 \x\ of SOC (2% tryptone, 0.5% yeast extract, 8 mM

NaCl, 2.5 mM KC1, 10 mM MgCl2, 20 mM glucose). The total volume of transformed

cells was then plated onto Luria-Bertani (LB) agar plates (1% tryptone, 0.5% yeast

extract, 15 g/ml agar, 0.17M NaCl) containg 100 |ng/ml ampicillin (Amp) and

incubated at 37°C overnight.

2.5.6 Small scale preparation of plasmid DNA

Small scale preparations of plasmid DNA for screening of plasmids with DEN-2

cDNA inserts were obtained by the alkaline lysis method from 1.5 ml overnight

cultures in LB broth (1% tryptone, 0.5% yeast extract, 0.17M NaCl) containing 100

|ig/ml Amp (Sambrook et al., 1989). Plasmid DNA to be used as template for

sequencing reactions was purified from 5 ml overnight cultures in LB broth

containing 100 Jig/ml Amp using the Wizard Plus SV Minipreps DNA Purification

System (Promega), according to the manufacturer's instructions.
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2.5.7 Large scale preparation of plasmid DNA

Large scale preparations of plasmid DNA were prepared from 500 ml overnight

cultures in LB broth containing 100 Jig/ml Amp, using the QIAGEN Plasmid Midi

Kit, as specified by the manufacturer.

2.6 Automated sequencing of DNA

Automated DNA sequencing reactions were performed according to the

manufacturer's instructions, as described in the PRISM™ Big Dye™ Terminator

Cycle Sequencing Ready Reaction Kit (Applied Biosystems). Resulting DNA

sequences were analyzed using the GeneJockey II software program (BIOSOFT).

2.7 Plasmids used in this study

The plasmid containing the parental genomic length DEN-2 cDNA (NGC) is

named pDVWS501 and is in a modified low copy number vector pWSK29 (described

in Gualano et ah, 1998). For this study, virus derived from the parental plasmid

pDVWS501 was named V2. Plasmids containing clustered charged-to-alanine

mutations in the NS3 protein were named according to the NS3 amino acid numbers

of regions mutagenized (e.g. pDVWS501NS363-66), and derived virus was designated

with a V (e.g. V63.66)- Alternatively, plasmids containing amino acid substitutions

within helicase motifs were named according to the residue mutated, its amino acid

number within NS3, and the replacement residue (e.g. PDVWS501NS3KI99A), and

derived virus was designated with a V (e.g. VKI99A). All nucleotide and amino acid
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numbering refers to the DEN-2 NGC sequence published by Irie et al. (1989):

GenBank accession number Ml9727.

2.8 Mutagenesis by overlap extension PCR

Site-directed mutagenesis was performed by overlap extension PCR (OE-PCR)

(Ho et al, 1989). The procedure is illustrated in Fig. 2.1. The procedure required two

rounds of PCR. The first round of PCR involved two separate PCR reactions using

flanking primers (a or d), and mutagenic primers (b or c) amplifying two precursor

fragments from template DNA. The precursor fragments were analyzed by

electrophoresis and the desired fragments were cut from the gel, and used as templates

to produce the OE-PCR fragment, using the flanking primers a and d in the second

round of PCR. This joins the two PCR fragments produced initially, via their

complementary overlapping regions (Fig. 2.1).

Amplification of the two overlapping precursor fragments was performed using

a Corbett Research Capillary FTS-1 Thermal Sequencer. The 50 (il reaction contained

template DNA at a concentration of 5 ng, 0.5 uM of each primer, 50 jiM of each

dNTP, 2.5 units of PWO DNA polymerase (Boehringer Mannheim) and 5 \i\ of PWO

10X reaction buffer, supplied by the manufacturer. At IX concentration, the reaction

buffer contains 10 mM Tris-HCl pH 8.8, 25 mM KC1, 5 mM (NH4)2SO4 and 2 mM

MgSO4. The PCR program was: 4 cycles of 94°C (10 sec), 55°C (30 sec), 72°C (1

min), 30 cycles of 94°C (5 sec), 55°C (5 sec), 72°C (40 sec), and 1 cycle of 94°C (5

sec), 55°C (5 sec) and 72°C (2 min).
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The PCR products were analyzed by electrophoresis through 1% low melting

point agarose (Progen) and the desired fragments were cut from the gel, placed in a

microcentrifuge tube and incubated at 70°C for 5 min. A 1 JJ.1 aliquot of each of the

precursor fragments was added to a new tube containing 100 \\M dNTPs, 5 uM of

each primer a and d, 5 units of PWO polymerase and 10 jil of 10X PWO buffer in a

final volume of 100 jul. This second round PCR was performed in a Corbett Research

FTS-320 Thermal Sequencer in 500 jil tubes overlayed with paraffin oil. The PCR

program was 2 cycles of 94°C (2 min), 45°C (2 min), 72°C (2 min), 28 cycles of 94°C

(1 min), 50°C (30 sec), 72°C (1 min), and 1 cycle of 72°C (4 min). Finally, OE-PCR

products were purified by gel electrophoresis (see section 2.5.3).

2.9 Transcription of RNA from plasmids containing gcnomic length DEN-2

Procedures for transcription of RNA have been described previously by

Gualano et al. (1998). In brief, parenta* and mutant pDVWS501 plasmids were

linearized at a unique Xba I site at the 3' end of the DEN-2 insert, by digestion for 3

hr at 37°C. The DNA was purified by phenol/chloroform extraction and ethanol

precipitation. The DNA pellet was resuspended in nuclease free water.

Transcription was carried out using the Promega T7 RiboMAX™ kit according

to manufacturer's instructions. The 20 jil reaction contained 2.5 jug template DNA, 1

mM m7G(5')ppp(5')G cap analogue (New England Biolabs), 7.5 mM each of rATP,

rCTP, rUTP and 2.5 mM rGTP. The reaction was incubated for 2 hr at 37°C.

Transcript size and yield was analyzed by agarose gel electrophoresis. RNA was
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stored at -70°C in 200 ul aliquots of approximately 10 jug RNA mixed with 5 |il of

M <\iium acetate (pH 5.2) and 150 jil of ethanol. RNA for electroporation was

pelleted, washed in 75% ethanol and resuspended in nuclease free water immediately

prior to use.

2JO Electroporation of genomic length RNA into BH* !1 cellr

Conditions used to electroporate BHK-21 cells were described by Gualano et al.

(1998). Briefly, BHK-21 cells were grown in 175 cm2 flasks until the monolayers

were 60-80% confluent (two days). Cells were then trypsinized, pulled and washed

twice in cold PBS. The cells were ^suspended in 2 ml of cold PBS and kept on ice

while 20 JJ.1 of the cell suspension was counted in a haemocytometer. The cells were

diluted in cold PBS to a concentration of 1 x 107 cells/ml, and 0.5 ml aliquots were

dispensed into 0.4 cm GENE Pulser cuvettes (Bio-Rad). Approximately 50 jig of high

grade yeast tRNA (Boehringer Mannheim) and 7-10 \xg of transcribed virus RNA

were added to each aliquot of cells. The cuvettes were kept on ice for 10 min and then

cells were electroporated using a GENE pulser I apparatus (Bio-Rad), which was set

to deliver a single pulse at 500 jaF and 300-350 V. After electroporation, cells were

kept on ice for 10 min prior to being recultured in two 60 mm2 petri dishes containing

5 ml of growth medium (BME with 10% FCS), and incubated at 33°C or 37°C. A 15

JLLI aliquot of each sample of electroporated cells was also replated in duplicate in a

chamber slide for later immunofluorescence (IF).

Growth medium was changed 16-24 hr post electroporation (p.e.). When

monolayers were ?-J-80% confluent, growth medium was removed and replaced with
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maintenance medium. Seven days p.e., the culture medium from the BHK-21 cells

was harvested. For some samples, medium was harvested earlier than seven days p.e.

(when most cells showed CPE) and kept at -70°C. For each sample, 250 JLX! of

harvested medium was used undiluted as inoculum to infect C6/36 cells. The cells

were incubated at. 28°C for 1 hr with rocking every 15 min to redistribute the

inoculum. The inoculum was removed and cells maintained in 5 ml of maintenance

medium. Five days later, the culture medium from these C6/36 cells was used to set

up a second passage in C6/36 eel?* The medium from the second C6/36 passage was

harvested when most of the cells showed CPE (between two and five days p.i.) or at

day five if little or no CPE was evident. The titre of the vims twice passaged in C6/36

cells was determined by plaque assay in C6/36 cells, as described in section 2.2. Each

virus was derived at least twice from its parental construct.

2.11 Indirect immunofluorescence

To determine the percentage of cells transfected by the RNA transcripts, the

synthesis of viral protein was assayed by monitoring the production of E using a mix

of anti-E monoclonal antibodies (Gruenberg & Wright, 1992).

At five or six days p.e., BHK-21 cells in chamber slides were washed with

PBS and fixed in cold acetone for 2 min. Slides were kept for 1 hr at room

temperature with 30 jil of a mixture of anti-E monoclonal antibodies added to each

well. The slides were washed three times in PBS and 30 JJ.1 of a 1/50 dilution of

fluorescein isothiocyanate conjugated anti-mouse immunoglobulin (Silenus) was

added to each well. The slides were incubated in the dark for 1 hr at room
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temperature, and washed three times in PBS. The slides were mounted in 20%

glycerol in PBS and viewed using a Zeiss IM-35 inverted microscope.

2.12 RT-PCR of viral RNA

To confirm that the desired mutation was still present in viral RNA after

electroporation and passaging, RNA was extracted from second passage infected

C6/36 cells or culture medium, and RT-PCR and sequencing were performed.

The acid-guanidine isothiocyanate method (Lewis et al, 1992) was used for

RNA extraction. To extract RNA from infected cells, the cells were scraped from a

60 mm2 petri dish into 1 ml of PBS. The cells were pelleted at 16000 g and

resuspended in 250 ^1 of lysis buffer (4M guanidine isothiocyanate, 25 mM sodium

citrate, 100 mM 2-mercaptoethanol, 0.5% sodium sarkosyl), 25 JJ.1 of 2 M sodium

acetate (pH 4.0), 250 JLXI of phenol (pH 5.6), and 50 JLLI of chloroform/isoamyl alcohol

(24:1). To extract RNA from the supernatant of infected cells, an initial 10000 g spin

clarified the medium. RNA extracted from cell culture medium involved mixing 250

|il of medium with 100 \i\ of lysis buffer, 35 u.1 of 2 M sodium acetate (pH 4.0), 350

JLLI of phenol (pH 5.6), and 70 jil of chloroform/isoamyl alcohol (24:1).

The samples were vortexed and kept on ice for 15 min, and centrifuged at 16000

g at 4°C for 15 min. The aqueous phase was mixed with an equal volume of

isopropanol and kept at -20°C for 1 hr before pelleting the preciptated RNA by a

20 min 16000 g spin at 4°C. The pellet was washed with 75% ethanol and air dried.

The pellet was resuspended in 50 jul of nuclease free water and stored at -70°C.
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A 10 JLII sample of RNA was mixed with 3 pmol of a specific primer or 1 jil of

200 mM random primers (hexamers) synthesized with the Amplified Biosystems 394

DNA/RNA synthesizer [ABI] (by Mrs Kliim Ho) in a final volume of 20 JJ.1, followed

by denaturation at 70°C for 10 min. Samples were immediately placed on ice and

buffer containing 10 mM DTT, 0.5 mM dNTPs, 50 mM Tris-HCl, 75 mM KC1 and 3

mM MgCb was added. The reverse transcription (RT) reaction was initiated upon

addition of 200 units of Superscript™ II (Life Technologies) to each sample. After

incubation at 42°C for 1 hr, the RT was inactivated by heating at 95°C for 5 min. PCR

reactions were set up in a volum-; of 50 jil, using 5 \i\ of the RT reaction, 2.5 units of

DynaZyme™ DNA polymerase (Finnzymes), 200 \iM dNTPs and 0.5 jxM of forward

and reverse primers. The conditions for cDNA synthesis by PCR, ware different to

those in section 2.8. Amplification was performed using a Corbett Research Capillary

FTS-1 Thermal Sequencer. The PCR program was: 1 cycle of 94°C (2 min), 48°C (1

min), 72°C (1 min), 4 cycles of 94°C (1 min), 48°C (1 min).. 72°C (1 min), 30 cycles

of 94°C (5 sec), 48°C (5 sec), 72°C (30 sec), and 1 cycle of 94°C (5 sec\ 48°C (5 sec)

and 72°C (2 min).

The complete NS2B and NS3 genes were ;>equenced \o confirm the presence

of the introduced mutation and the absence of any other changes that may have been

introduced during virus passaging.
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Fig. 2.1 Site-directed mutagenesis by overlap extension PCR. This involves a total of

three separate PCR reactions and four oligonucleotide primers. Primers a and d are forward

and reverse flanking primers respectively, primer b is the reverse mutagenesis primer and

primer c is the forward mutagenesis primer. The asterisk signifies the introduced mutation.

(1) In separate PCR reactions, two overlapping precursor products which contain the

mutation are amplified. The products are purified by gel electrophoresis to remove the

original template.

(2) The products are used in a third overlap PCR reaction.

(3) The final PCR product contains the introduced mutation.



CHAPTER THREE: MUTATIONAL ANALYSIS OF THE PROTEINASE

REGION OF THE DEN-2 VIRUS NS3 PROTEIN

3.1 Introduction

The focus of this chapter is the DEN-2 viral proteinase, NS2B/3, that cleaves

at the NS2A/NS2B, NS2B/NS3, NS3/NS4A and NS4B/NS5 junctions.

Mutations that restrict, but do not prevent, viral replication are candidates for

incorporation into live virus vaccine strains including DEN-2 and other flaviviruses

(Chambers et al, 1997). The main aim of the experiments described in this chapter

was to produce such mutations in the NS3 proteinase. Since previous studies on

several flaviviruses have targeted the four conserved proteinase motifs and the

cleavage sites (Chambers et al, 19906; Valle & Falgout, 1998), here locations outside

these regions of NS3 were chosen. In particular, by avoiding motifs, it was reasoned

that proteinase activity may be retained and that mutations may not be lethal.

Hydrophilic regions were targeted using clustered charged-to-alanine

mutagenesis (Diamond & Kirkegaard, 1994; Wertman et al, 1992). Charged amino

acids are likely to occupy exposed positions in the tertiary structure and therefore

interact with other proteins. Previous experiments with DEN-4 identified a 40 aa

segment of NS2B that was largely hydrophilic and essential for proteinase activity

(Falgout et al, 1993). Therefore it was possible that changes to the hydrophilicity of

NS3 might modify the interaction of NS3 with NS2B and the proteinase activity of

the NS2B/3 complex.
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The first 181 aa of NS3 were scanned for clusters of five residues which

contained at least three charged amino acids, namely Asp, Glu, Lys and Arg (Bass et

ai, 1991; Wertman et al, 1992) (Fig. 3.1). Four such clusters (K63RIE66, E9iGEE94,

E169KSIE173, and Ej79DDi81) outside proteinase motifs (Bazan & Fletterick, 1989)

which also exhibited distinct peaks on a hydrophilicity plot (Hopp & Woods, 1981)

(Fig. 3.2) were chosen for mutagenesis and the underlined charged residues were

changed lo Ala. Ala was chosen as the replacement amino acid since it removes the

side chain beyond the beta carbon and also minimizes any steric effects within the

polypeptide caused by the replacement (Cunningham & Wells, 1989). In addition, a

hydrophobic region was chosen, G32YSQI36 based on a hydropathy plot (Kyte &

Doolittle, 1982) (Fig. 3.3) and conservation of sequence across the flaviviruses, with

G32 being invariant at this position (Fig. 3.1) (Dalgarno et al, 1986; Fu et al, 1992;

Osatomi & Sumiyoshi, 1990; Pletnev et al, 1990; Westaway & Blok, 1997).

Previous work in our laboratory by Kelley (1996) had examined the effects of

three of these mutations G32YSNI36, K63RIE66 and E179DD181 on cis cleavage at the

internal NS3 and NS2B/NS3 sites, using a COS cell (Gluzman, 1981) transient

expression system (Matusan et al, 2001). All three mutants retained significant

proteinase activity in COS cells.

Hence these three mutations and two additional charged-to-alanine mutations

KE91GEE94 and E169KSIEJ73 were incorporated into DEN-2 genomic length cDNA, to

investigate their effects on virus replication and plaque forming ability (Fig. 3.4).
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3.2 Materials and methods

Sections 3.2.1 and 3.2.2 describe the construction of genomic length DEN-2 clones

(pDVWS501) containing mutations within the proteinase region of NS3. These

constructs were needed to study the effects of the mutations on virus replication. A

summary of the mutant constructs can be found in Fig. 3.4. A copy of Fig. 3.4 is

removable for the reader's convenience from the pocket at the back of the thesis.

Table 3.1 summarizes the mutant constructs produced by OE-PCR and the sequences

of primers used. After cloning of OE-PCR products was complete, each PCR derived

region was completely sequenced, and the primers used for sequencing are listed in

Table 3.2.

3.2.1 Construction of the proteinase mutant pDVWS501NS332-36

For cloning strategies, the locations of restriction enzyme sites cleaving in

DEN-2 cDNA (Irie et ai, 1989) are shown in superscript, and sites present in plasmid

vectors are not numbered. The plasmid pDVWS501, containing genomic length DEN-

2 (NGC strain) cDNA in a modified low copy number vector pWSK29 has been

described in detail (Gualano et al., 1998).

cDNA encoding the mutation G32YSNI36 (underlined residues changed to Ala)

in the NS3 hydrophobic region was cloned into pDVWS501 following the PCR

synthesis of two fragments from two different templates, and the synthesis of the final

fragment containing the mutation by OE-PCR (Fig. 3.5). The mutant was previously

constructed in a pSV.SPORT 1 background in our laboratory by P. Kelley to test for
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proteinase activity using transient expression of the pSV construct in COS cells. This

mutation was present in the construct pSV.NS2B/332-36, however an additional 136V

change at position 36 was also present, introduced during PCR (Matusan et al, 2001).

Both this construct and pDVWS501 were used as template. DNAs for OE-PCR. The

2279 bp fragment, which contained the changes was generated using Amplitaq™

DNA polymerase (Perkin Elmer), rather than PWO DNA polymerase (Boehringer

Mannheim) which due to its proofreading capabilities was used to generate all other

PCR fragments (as described in section 2.8). In this instance, PWO DNA polymerase

was unable to generate the desired fragment. The 2279 bp OE-PCR fragment was

cleaved at the Nhe I and Nsi I sites located within the NS1 and NS3 genes

respectively, and ligated into the plasmid pDVWS501 which had been digested with

the same enzymes at these two unique sites. PCR derived regions were sequenced

(Tables 3.1 and 3.2).

3.2.2 Construction of the charged-to-alanine mutants pDVWS501NS363-66>

pDVWS501NS39i-94, pDVWS501NS3,69-i73 and pDVWS501NS3179-i8i

Due to an absence of suitable restriction enzyme sites for cloning an

appropriate fragment directly into pDVWS501, these four mutations were initially

constructed in the plasmid pDVSO8298 prior to ligation of a subfragment into

pDVWS501.
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3.2.2(a) Construction of the plasmid pDVSO8298

The construction of pDVSO8298 is illustrated in Fig. 3.6. A 4243 bp Kpn I4497 -

Avr II8740 DEN-2 fragment was isolated and cloned into Xba VKpn I-digested

pSPORT 1 (Gibco BRL) to produce pDVSO8298. Avr II and Xba I produce sticky

ends that are complementary, enabling ligation.

3.2.2(b) Construction of the clustered charged-to-alanine mutants

pDVWS501NS363-66 and pDVWS501NS3,79-i8i

Fragments of cDNA encoding mutations in the NS3 hydrophilic regions,

K63RIE66 or Ei'9DDi8i were cloned into pDVSO8298 by removing the mutagenized

Nsi I - Ppu MI fragments from the corresponding pSV.NS2B/3 plasmids (Kelley,

1996), and ligating them into pDVSO8298 digested with Nsi I and Ppu MI (Fig. 3.7).

To introduce these mutants into the genomic length DEN-2 clone, Nsi I - Stu I

mutated fragments were then removed from the appropriate pDVSO8298 plasmid and

ligated into pDVWS501 cleaved with Nsi I4700 and Stu I7874 at these unique sites (Fig.

3.7).

3.2.2(c) Construction of the clustered charged-to-alanine mutants

pDVWS501NS39i-94 and pDVWS501NS3i69-i73

The two remaining charged-to-alanine muUv;;ons, E91GEE94 and Ei69KSIEi73,

were introduced into Nsi VPpu Mi-digested pDVSO8?^S -is OE-PCR fragments. For

both mutations, Nsi I - Stu I fragments were then removed from the appropriate*
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pDVSO8298 plasmid and ligated into Nsi lmo/Stu I7874-digested pDVWS501 (Fig. 3.8

A and B).

3.2.3 RT-PCR of viral RNA

To confirm that the desired mutation was present in viral RNA obtained as

described in section 2.10, RNA was extracted from infected C6/36 cells or culture

medium. The cells were infected with virus obtained by electroporation of RNA into

BHK-21 cells (maintained at 33°C or 37°C) and in previous passages in C6/36 cells

(section 2.10). RT-PCR and sequencing was performed as described in section 2.12.

Table 3.3 shows the primers used in reverse transcription (random hexamers were also

used), PCR and sequencing of each virus. The sequence of each primer is shown in

Table 3.2.

3.2.4 Growth curves of parental and mutant DEN-2 viruses

C6/36 cells were seeded into 30 mm2 petri dishes and infected with parental

and mutant viruses at an MOI of 1.0 when cells reached 70-80% confluency.

Following a 1 hr incubation at 28°C, the virus inoculum was removed, and the cells

washed twice with PBS. To each petri dish, 3 ml of maintenance medium was added.

Supernatant from a petri dish for each virus at each time point (0 hr, 24 hr, 48 hr, 72

hr and 96 hr p.i.) was harvested and titred by plaque assay in C6/36 cells (see section

2.2).
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3.2.5 Serial passage of V32.36 and V9i.94 in C6/36 cells

C6/36 cells were seeded into 60 mm2 petri dishes and infected with 250 jul

aliquots of first passage supernatant stocks of each mutant virus. Following a 1 hr

incubation at 28°C, the virus inoculum was removed, and 5 ml of maintenance

medium was added. The cells were maintained at 28°C for five days (or until cell

monolayers exhibited extensive CPE). On day 5, 250 jal of supernatant was then

removed form the appropriate petri dish and fresh C6/36 cells were infected. Virus

was serially passaged up to 12 times in C6/36 cells.

3.2.6 Coordinates and calculations

The crystal structures of the DEN-2 NS3 serine proteinase (protein data bank

identifier 1BEF; Murthy et al, 1999) and the HCV NS3/NS4A proteinase/cofactor

complex (protein data bank identifier 1NS3; Yan et al, 1998) were obtained from the

protein data bank (Berman et al, 2000; Bernstein et al, 1977) by Dr. J. Whisstock

(Department of Biochemistry and Molecular Biology, Monash University).

The model between the DEN-2 NS3 proteinase and a portion of the NS2B

cofactor was generated by Dr. J. Whisstock using the Quanta/CHARMm suite of

software (M.S.I. Inc., San Diego). The sequence GGQSSPILSITISESO within NS2B

corresponds to the portion of the NS4A cofactor seen in the structure of the HCV

proteinase (Brinkworth et al, 1999) (Fig. 1.2). The DEN-2 and HCV proteinases were

superposed and the NS4A peptide within the HCV proteinase structure used as a

template to homology model the NS2B sequence (GSSPILSITISE) into the DEN-2
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NS3 proteinase. The model was subjected to rounds of CHARMm minimization,

initially with constraints applied to the proteinase and the co-factor allowed to move

freely. Later rounds were performed to convergence with no constraints. Dihedral

constraints were applied to four residues in non-allowed conformations. A

Ramachandran plot of the final model indicated that all residues were in allowed

conformations. The position of the mutations described in Fig. 3.4 were examined

with respect to the crystal structure of the DEN-2 NS3 proteinase and the model

between the NS3 proteinase and the NS2B cofactor.

3.3 Results

3.3.1 Analysis of virus replication

Previous experiments showed that mutations which abolished or strongly

reduced YFV NS2B/3 proteinase activity usually prevented or greatly reduced viral

replication (Amberg & Rice, 1999; Chambers et al, 1993; Chambers et al, 1995;

Nestorowicz et al, 1994), whereas mutations with less severe effects on cleavage

generally allowed the recovery of infectious virus, albeit with reduced plaque titres

and small plaque phenotypes (Amberg & Rice, 1999; Chambers et al, 1995;

Nestorowicz et al, 1994).

Previous work by Kelley (1996) showed that the charged-to-alanine mutants,

K63RIE66, E179DD181, and the mutation within the hydrophobic region, G32YSNI36, did

not show severe inhibition of proteinase activity when tested using transient

expression of parental and mutant pSV.SPORT 1 constructs in COS cells. Hence
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these mutations and a further two of the charged-to-alanine-type (without prior testing

in COS cells) were chosen for incorporation into genomic length cDNA.

Virus was produced from genomic length cDNA cloned in the pDVWS501

series of plasmids (Fig. 3.4) by established procedures (Gualano et al, 1998) (sections

2.9 and 2.10) as follows. RNA was transcribed and electroporated into BHK-21 cells

and the cells were incubated at 33°C or 37°C. BHK-21 cells were tested for

immunofluorescence with anti-E monoclonal antibodies. Medium from the transfected

BHK-21 cells was passaged twice in C6/36 cells at 28°C, and the virus titre

determined after the second passage by plaque assay in C6/36 cells (Table 3.4). Viral

RNA was then amplified by RT-PCR and sequenced to check that the mutation was

retained during the passaging. For the four charged-to-alanine mutant viruses, the

entire NS2B and NS3 genes were sequenced and no additional changes were detected.

Due to the low vims yield of V32-36, RNA levels were very low, and although

sufficient RNA was obtained at 33°C to confirm the presence of the mutation, more

extensive sequencing was difficult and not pursued. These procedures were completed

at least twice for each construct, and the results are summarized in Table 3.4.

The parental virus V2 and mutant viruses V63-66, V]69-i73, and V179.181 grew to

comparable titres of 105 to 106 pfu/ml following initial electroporation at 33°C or

37°C (Table 3.4). All three mutant viruses showed a small plaque phenotype (Fig.

3.9). For viruses V32-36 and V91.94, detectable virus was recovered following

electroporation at 33°C only, and at low titres (3 x 101 and 2.4 x 103 pfu/ml

respectively). These results suggested that V32-36 and V91.94 were severely restricted in

replication and possibly heat sensitive.
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To examine further the properties of these viruses, more concentrated stocks

were prepared by PEG precipitation (section 2.3). We wished to obtain titres

sufficiently high to enable infection of cells at an MOI of 1.0. This proved possible

only for V2, V63-66, V,69-i73, and V179-i8i.

3.3.2 Growth of viruses V2, V63-66, Vi69-i73,and V179.181 in C6/36 and BHK-21 cells

C6/36 cells were infected with recombinant viruses V2, V63.66, V]69-i73, or Vi79.

isi, at an MOI of 1.0, maintained at 28°C and sampled at 24 hr intervals up to 96 hr

p.L Virus titres were determined by plaque assay in C6/36 cells. The resulting growth

curves are shown (Fig. 3.10). The two viruses with small plaque size (Table 3.4, V63-66

and Vi79.]8i) initially lagged in replication, although by 48 hr p.i., their titres had

reached 1 to 8 x 104 pfu/ml, and by 72 hr p.i., the yields of all four viruses were

comparable (Fig. 3.10). The presence of the respective mutations in the recovered

viruses was confirmed by RT-PCR and sequencing.

To analyze the effect of temperature on the replication of V2, V63-66, Vi69.173,

and Vi79_isi in a more rigorous manner than in the experiments summarized in Table

3.4, BHK-21 cells were infected at an MOI of 1.0 and cells were incubated at 33°C or

37°C. Experiments maintaining the BHK-21 cells at 39°C were unsuccessful because

of poor cell survival. The culture medium was sampled at 72 hr p.i. and virus titres

were determined by plaque assay in C6/36 cells (Fig. 3.11). All four viruses showed

no significant iemperature sensitivity, as defined by a 50-fold or greater difference in

titre between temperatures (Fig. 3.11). The integrity of each mutation was

reconfirmed by RT-PCR and sequencing.

65



Chapter Three: Mutagenesis ofDEN-2 protemase

3.3.3 Serial passage of V32-36 and V9,.94 in C6/36 cells

The viruses V32-36 and V91.94 which were severely restricted in replication and

possibly heat sensitive (Table 3.4), were serially passaged in C6/36 cells at 28°C. It

was hypothesized that ongoing passaging of these viruses may select a reversion or

second site mutation that enabled these viruses to replicate more efficiently.

For mutant viruses V32-36 and V91.94, virus was passaged up to 12 times in

C6/36 cells (as described in section 3.2.5). The cells were maintained at 28°C for five

days at each passage (or until cell monolayers exhibited extensive CPE). The virus

V32-36 did not show any significant increase in CPE or virus titre over 10 passages

(Table 3.5). However, following eight passages, on day five of passage number nine,

cells infected with the virus V91.94 exhibited low levels of CPE. Over the next three

passages, the onset of CPE was more rapid, and the levels of CPE increased until

passage number 12. The titre of virus in the supernatant was determined for several

passages (Table 3.5).

To detect one or more mutations that may be restoring virus replication,

genome sequencing of passage 11 virus was commenced. Initially, RT-PCR and

sequencing directly across the site mutated showed it had not reverted during

passaging. Then, in conjunction with Dr. M. Pryor, further sequencing of nucleotides

2180 (in E gene) to 10400 (in the 3' UTR) of V91.94 passage 11 virus was performed to

look for potential supressor mutations in other regions of the genome. The full-length

of the NGC DEN-2 genome is 10,723 nucleotides.
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Apart from the introduced mutations, no other differences between V91.94 and

parental virus V2 were detected in the nonstructural gene sequence. An A to C

nucleotide change was observed in the 3' UTR at position 10344.

3.4 Discussion

I
i

%

Five sites distributed through the amino terminal proteinase region of DEN-2

NS3, and outside conserved enzyme motifs, were mutagenized in these experiments.

They were selected before the publication of the model (Brinkworth et al, 1999) and

X-ray crystal structures (Brinkworth et al, 1999; Kim et al, 1996; Love et al, 1996;

Murthy et al, 1999; Yan et al, 1998) of NS3 proteinase became available. Four sites

were rich in charged amino acids (Fig. 3.2), and were considered possible sites of

interaction with regions of the 40 aa fragment of NS2B essential for activity

(Chambers et al, 1991; Falgout et al, 1993; Falgout et al, 1991; Preugschat et al,

1990).

Of the four charged sites mutated to Ala in DEN-2 NS3, two were previously

examined by transient expression in COS cells and shown to retain proteinase activity

(K63RIE66 and E179DD181) (Kelley, 1996). Mutations related, but not identical, to those

at K63RIE66 (K65K66 in YFV), E91GEE94 (E94EE96 in YFV) and E,69KSIEi73

(E17,VKi73 in YFV), were tested for their effect on the activity of YFV NS2B/3

proteinase (Droll et al, 2000). None reduced proteinase activity significantly. This

indicates that these charged regions individually are not critical for NS2B-NS3

protein-protein interactions and proteinase activity in vitro. However as shown here,

these mutations result in DEN-2 viruses displaying reduced plaque size and hence

growth restriction.
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3.4.1 Virus production

None of the five mutations inserted into the DEN-2 infectious clone abolished

virus production. Five viruses with reduced plaque size on C6/36 cells were obtained;

two of these, V32-36 and V91-94, were possibly ts but did not grow sufficiently well for

adequate testing (Table 3.4). The remaining three viruses grew to good titres (Figs.

3.10 and 3.11), displayed small plaques (Fig. 3.9), but did not show the ts phenotype

that has been observed for some viruses with charged-to-alanine mutations in

nonstructural genes (Diamond & Kirkegaard, 1994; Gavin et al, 1999; Huang et al,

1998; Muylaert et al, 1997; Parkin et al, 1996). In previous studies of flavivirus

NS2B/3 proteinase, the enzyme motifs in NS3 (Chambers et al, 1991; Chambers et

al, 19906; Pugachev et al, 1993; Valle & Falgout, 1998; Wengler & Wengler, 1991),

the NS2B/NS3 cleavage site (Chambers et al, 1995) and parts of NS2B (Chambers et

al, 1993; Falgout et al, 1993; Falgout et al, 1991) were mutated, whereas here,

regions outside the motifs were targeted. Four sites were rich in charged amino acids

(Fig. 3.2), and were considered possible sites of interaction with either NS2B

(Chambers et al, 1991; Falgout et al, 1991; Preugschat et al, 1990) or NS5 (Chen et

al, \997a; Kapoor etal, 1995).

The approach of charged-to-alanine mutagenesis was first used successfully

with Poliovirus to isolate ts polymerase mutants (Diamond & Kirkegaard, 1994). Ten

ts mutants were obtained following mutagenesis of 27 sites and the recovery of 12

viruses. Fewer ts mutants have been reported for other viruses following charged-to-

alanine mutagenesis. Single ts mutants have been described for Human

immunodeficiency virus (HIV) with mutations located in the reverse transcriptase and

integrase genes (Huang et al, 1998; Wiskerchen & Muesing, 1995), and Adeno-
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associated virus type 2 following mutagenesis of the Rep78/68 helicase genes (Gavin

et al, 1999). Mutagenesis of the Influenza A virus polymerase subunit PB2 generated

three ts mutants following mutagenesis often sites (Parkin et al, 1996). The only

reported ts mutant for the flaviviruses was obtained following charged-to-alanine

mutagenesis of the YFV NS1 protein (Muylaert et al., 1997). No analyses of

flavivirus replication following mutagenesis of the viral proteinase by this method

have been reported.

Virus V32-36 replicated too poorly to be of further use, and therefore the viruses

of most interest with respect to growth restriction were V63-66 and V91.94. Both viruses

replicated less well than parental virus and showed small plaque phenotypes. The

mutations contained in these viruses may be suitable for incorporation into growth-

restricted vaccine strains. It may be possible to enhance the yield of V91.94 by reducing

the number of charged residues changed to Ala in the sequence E91GEE94 while

retaining some growth restriction and a small plaque phenotype.

3.4.2 Virus stability on passaging

The mutations that were introduced here required multiple nucleotide and

codon changes. In theory, multiple changes reduce the probability of reversion to

parental phenotype when introduced into a potential vaccine strain. The V32-36 virus

stock was stable over 10 passages, with no increase in titre, or CPE. The V91.94 virus

stock was less stable, with increased titre by serial passage number nine. Further

examination of the high passage V91.94 virus stock with the additional 3' UTR change

would be of interest. The incorporation of the second-site 3'UTR change into genomic

length DEN-2 cDNA with the original NS3 mutation would enable analysis of the
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contribution of the second-site mutation to the restoration of parental levels of virus

replication. Further sequencing of the 3' UTR and the 5' UTR and structural genes

may reveal additional changes contributing to the improved replication of this mutant.

A study by Ryan et al. (1998) showed that sequential passaging of two slow

growing Sindbis viruses, each containing different single amino acid changes in the

envelope E2 protein, resulted in the production of viruses with faster growth rates.

Sequence analysis of these viruses revealed that the original E2 mutations were

retained and that there were additional amino acid changes in the virus capsid protein,

suppressing the effects of the original E2 mutations.

A recent study by Lee et al. (2000) examined the effect of mutagenesis of the

signal sequence of the YFV prM protein on virus replication. The authors isolated ten

mutant virus stocks following five independent transfections of the same genomic

length RNA which contained mutations in the prM signal sequence. Transcripts

containing the prM signal sequence mutations (which enhanced signal peptidase

cleavage /;; vitro) did not allow virus replication. Ten viruses were recovered from

cells transfected with mutant RNA transcripts however, for all viruses, reversions or

second-site mutations restoring the replication of virus were located in the prM signal

sequence. This work demonstrated the importance of the prM signal sequence in virus

replication and the strong selective pressures for second-site mutations in this region.

Only the C and prM coding regions of the mutant virus genomes were sequenced, and

therefore additional mutations within the remainder of the genome affecting virus

replication may have been missed. In comparison the two proteinase mutant viruses

passaged here were comparatively stable with only one virus, V91.94, appearing to alter

upon several passages. A large region of the genome was sequenced before any
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changes were identified. The entire proteinase region (NS2B/NS3) did not contain any

second-site mutations.

As mentioned in section 1.11, serial passage of flaviviruses can lead to an

accumulation of multiple changes in the viral genome which can attenuate the virus.

The best known example is that of the YFV vaccine strain YF 17D, which was

obtained following 236 serial passages of the virulent Asibi strain in mouse

embryonic tissue and primary chick embryo cultures (Theiler & Smith, 1937). The

vaccine strain was shown to be largely homogeneous and extremely stable (Xie et al,

1998). However, another YFV vaccine strain, FNV-1P, derived from the parental

strain FVV, was recently plaque purified and passaged eight times in Vero cells. Virus

passaged twice and eight times in Vero cells was fully sequenced and compared to the

vaccine strain. A total of 37 nt and 10 aa changes were identified, 11 nt changes were

direct reversions back to the parental FVV sequence (Holbrook et al., 2000). The

reason for the instability of this vaccine strain, which is less homogeneous than the

17D strain, is not clear.

Therefore just as serial passaging of flaviviruses may generate attenuated

viruses, passaging of mutant viruses may lead to reversion or the introduction of

second site suppressor mutations.

3.4.3 Structural interpretation

Murthy et al. (1999) reported the X-ray crystal structure of the DEN-2 NS3

proteinase. This structure provides the opportunity to interpret the effects of mutations

within the NS3 proteinase on the structure of the protein. It is also a useful tool for the

more informed selection of amino acid residues for mutation based on their location in
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the crystal structure, e.g. residues predicted to be important for NS2B-NS3

interactions. The model of NS2B/3 in Fig. 3.12 means residues can be more

accurately selected to verify the model and also alter NS2B-NS3 interactions,

proteinase activity and/or generate growth-restricted viruses.

The locations of the four charged sites are shown mapped onto the model of

NS2B/3 in Fig. 3.12 (modelled by Dr. J. Whisstock, who also contributed to the

interpretations given below) which is based on the crystal structure of DEN-2 NS3

proteinase (Murthy et al., 1999) and a fragment of NS2B corresponding to the

fragment of NS4A seen in the structure of HCV proteinase (Brinkworth et al., 1999).

The X-ray crystal structure of DEN-2 NS3 reveals that region E91GEE94,

mutated in the low yielding virus V91-94, does not form part of the active site cleft, nor

does it interact with the fragment of NS2B in the model. E91 and E93 form salt bridges

to R107. The loss of two salt bridges in the A91GAA94 mutation would be predicted to

have a deleterious effect upon proteinase stability and possibly virus yield, however,

we cannot exclude the possibility that E91GEE94 interacts with the full length NS2B.

In HCV the loops equivalent to residues 90-94 and 140-145 in DEN-2 NS3 are linked

via interactions with a zinc ion. Interestingly, in the DEN-2 NS3 structure, the

primary interaction between these loops is a hydrogen bond between the carbonyl

oxygen of E94 and the side chain of K142. These data are in conflict with the prediction

of Brinkworth et al. (1999) that E93 forms a salt bridge with K145. However, this

prediction was based on a homology model developed from the HCV NS3 protein X-

ray crystal structure before the availability of the DEN-2 NS3 proteinase structure.

The residues K63RIE66 (virus V63.66) are located at the amino terminal end of

the NS2B binding cleft. K63, R-64 and E66 are solvent exposed residues located at one

end of the the NS2B binding cleft. In the X-ray crystal structure of NS3, R64 and E66
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i

form a salt bridge. The model of the NS3/NS2B complex predicts that R64 makes a

hydrogen bond to the carbonyl oxygen of the first residue in the NS2B peptide. More

extensive interactions between R64 and E66 may be made with the full-length NS2B

protein. The disruption of any one of these interactions, either alone or in

combination, may explain the observed reduction in yield of \irus V63.66.

The residues E169KSIE173 and E179DD181 lie at the carboxy terminus of the

proteinase, at its junction with the helicase domain of NS3. Both sites are excluded

from the minimal proteinase domain, defined as the amino terminal 167 aa of NS3 by

Li et al. (1999) using in vitro transcription and translation. Residues E169KSIE173 form

an cc-helix (Fig. 3.12), and the individual residues form hydrogen bonds with solvent

molecules, apart from Kno which forms a hydrogen bond to the carbonyl oxygen of

Ei 67. These residues are located at the end of the substrate binding cleft (on the P side;

Schechter & Berger, 1967) and thus may be important for determining substrate

specificity. For E179DD181, the structure of NS3 reveals that E179 and Di8i make

hydrogen bonds to solvent molecules. also forms a hydrogen bond to the

sidechain of W69. The interaction with W69 is of particular interest as this residue is

located six residues amino terminal to the catalytic D75. Disruption of this hydrogen

bond by the introduction of an Ala at position 180 may affect the conformation of the

P-strand containing the catalytic Asp and thus impair proteinase activity.

In addition to the mutagenesis of the four charged sites, substitutions were

made in the hydrophobic region G32YSQI36. The residue G32 lies outside the enzyme

motifs but is highly conserved in members of the genus Flavivinis (Fig. 3.1) (Chang,

1997). The respective mutant protein had autocatalytic activity as determined by

Kelley (1996), but the yield of V32-36 w a s the lowest recorded. G32 and Y33 line the

amino terminal end of the NS2B binding cleft. Interestingly, the crystal structure of
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NS3 reveals that Y33 bridges across the cleft, forming a hydrogen bond to the carbonyl

oxygen of Pi0. Mutation at this position may affect NS2B binding. G32 forms part of a

pocket which contains S3 from the NS2B peptide. Mutation of this residue will

probably affect the size of this pocket.

Overall, the five sites mutagenized were distributed over the primary sequence

of the NS3 proteinase and represented distinct regions in the model of NS3 complexed

with the NS2B cofactor peptide. Two were located at the amino terminus of the NS2B

binding cleft (K63RIE66 and G32YSQI36), two at the carboxy terminus of the proteinase

domain (Ei69KSIEi73 and E179DD181), and one (E91GEE94) was solvent exposed. The

charged region (K63RIE66) was adjacent to the NS2B binding cleft. At present it is

unknown whether any of the other three charged regions interact with full length

NS2B. It is also possible that the basis for their effect on viral replication is unrelated

to proteinase activity, and may lie, for example, in the interaction of NS3 with other

viral proteins such as NS5 (Chen et al., \991a; Kapoor et al, 1995). The substitutions

to Ala in the conserved hydrophobic region were more disruptive to virus production

(virus V32-36), than changes at hydrophilic sites by charged-to-alanine mutagenesis.

3.5 Concluding remarks

The results demonstrated that charged-to-alanine mutagenesis has potential for

obtaining growth-restricted viruses of DEN-2 and other flavivirus species, by the

introduction of mutations in the proteinase and perhaps in other nonstructural

proteins. Infectious virus was recovered for all mutants described in this chapter, and

the viruses displayed a useful range of growth restriction. Comparisons of the deduced

amino acid sequences of flaviviruses show high conservation of hydrophilicity and
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hydrophobicity across the viral polyprotein, regardless of considerable variation in

primary sequence (Westaway & Blok, 1997), and thus it unay be possible to extend

these results to the other dengue serotypes and encephalitic ilaviviruses.

The model of the NS3 complexed with an NS2B peptide cofactor enabled the

definition of some individual residues important in the interaction between the two

proteins.
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Fig. 3.1 Alignment of several flavivirus NS3 proteinase amino acid sequences and

mutations introduced into DEN-2 NS3. Dots stand for identical amino acid residues

while dashes represent gaps introduced to allow maximal homology. The four

proteinase motifs are shown as blue boxes, the catalytic triad is indicated with

asterisks. Each mutant is colour coded, and each colour will be used throughout the

chapter to designate a particular mutant virus. The position of amino acids within

DEN-2 NS3 are shown above the sequence. The same virus GenBank accession

numbers were used for this NS3 alignment as for the NS2B alignment (Fig. 1.2).
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Fig. 3.2 Hydrophilicity plot of the first 200 amino acids of NS3. The positions of

the four serine proteinase boxes and the four hydrophilic regions mutated are shown.
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Fig. 3.3 Hydropathy plot of the first 200 amino acids of NS3. The positions of

the four serine proteinase boxes and the single hydrophobic and four hydrophilic

regions mutated are shown.





Fig. 3.4 Genomic map of DEN-2 and NS3 mutations incorporated into genomic length cDNA. The catalytic residues H, D and S and the

serine proteinase motifs (shaded) are shown (Bazan & Fletterick. 1989); residue numbers within NS3 are given. On the right are the names of the

plasmids containing genomic length cDNA (pDVWS) and derived virus (V). The various mutations are shown in their respective colour coding.

Underlined residues were mutated to Ala (with the exception of I36V). Asterisks denote mutants which were tested for proteinase activity by P.

Kelley (Matusan et al, 2001).
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Fig. 3.5 Construction of the plasmid pDVWS501NS332-36. OE-PCR was used to

insert the G32YSQI36 (parental) to A32ASQV36 (mutant) change within NS3. The

I36->V36 change was present in the plasmid pSV.NS2B/332-36. The 2156bp Nhe I - Nsi

I fragment containing the mutation was directly cloned into pDVWS501.
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Fig. 3.6 Construction of the plasmid pDVSO8298. To produce the plasmid

pDVSO8298, a 4243bp Kpn lAm-Avr IIs740 fragment was removed from pDVWS501

and ligated into Kpn \IXba I-digested pSPORT 1. Avr II and Xba I produce sticky

ends that are complementary.



Fig. 3.7 Construction of the plasmids pDVWS501NS363^6 and pDVWS501NS3n9-

,81. To produce the plasmids pDVWS501NS363-66 and pDVWS501NS3]79-i8i,

fragments of cDNA encoding these mutations were cloned into pDVSO8298 by

removing the 1152bp mutagenized Nsi I - Ppu MI fragments from the corresponding

pSV.NS2B/3 plasmids (previously constructed by P. Kelley), and ligating them into

Nsi VPpu Mi-digested pDVSO8298. To introduce these mutations into the genomic

length DEN-2 clone, 3174bp Nsi I - Stu I mutated fragments were then removed from

the appropriate pDVSO8298 plasmid and ligated into Nsi fm/Stu I7874-digested

pDVWS501.
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Fig. 3.8 (A) Construction of the plasmid, pDVWS501NS39i-94. A 1356bp OE-PCR

fragment containing the mutation (as indicated by the asterisks) was digested with Nsi

I and Ppu MI and the resulting 1152bp mutagenized fragment was ligated into Nsi

VPpu Mi-digested pDVSO8298. To produce the plasmid pDVWS501NS39i-94, a

3174bp Nsi l-Stu I fragment was removed from pDVSO8298c».94 and ligated into Nsi

\mo/Slu I7S74-digested pDVWS501.

if:
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Fig. 3.8 (B) Construction of the plasmid, pDVWS501NS3i69-n3- A 1356bp OE-

PCR fragment containing the mutation (as indicated by the asterisks) was digested

with Nsi I and Ppu MI and the resulting 1152bp mutagenized fragment was ligated

into Nsi VPpu Mi-digested pDVSO8298. To produce the plasmid pDVWS501NS3i69-

173, a 3174bp Nsi J-Stu I fragment was removed from pDVSO8298i69-i73 and ligated

into Nsi fm/Stu I7874-digested pDVWS501.
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Fig. 3.9 Plaques of mutant viruses in C6/36 cells at 28°C.

The plaque morphologies of three mutant viruses compared

with parental virus V2.
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Fig. 3.10 Replication of mutant viruses in C6/36 cells at 28°C.

Cells were infected at an MOI of 1.0 and the culture medium was sampled

at the times indicated; virus titres were determined by plaque assay in C6/36

cells.
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Fig. 3.11 Replication of selected mutant viruses in BHK-21 cells at33°C and 37°C.

Cells were infected at an MOI of 1.0 and the culture medium was sampled at 72hr p.i.;

virus titres were determined by plaque assay on C6/36 cells (28°C). Error bars show

one standard deviation of the plaque titre.
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Fig. 3.12 X-ray crystal structure of the DEN-2 NS3 proteinase (blue) with the

NS2B peptide (pink) modelled into the binding cleft. The active site triad, H51,

D75 and SI35, is shown in green stick. Charged residues that were mutated to

alanine are labelled in their respective colour code and shown on the ribbon diagram

in red. The hydrophobic region mutated is shown in yellow.



Table 3.1: Sequence of the primers used in OE-PCR.

Primer Primer Sequence
number designation1 5'to 3'

Construct

354"

Primers used for
sequencing of OE-PCR
products3

pDVWS50132-36

pDVWS5019i.94

pDVWS501|«M73

3507
4056
5998
3639

3632
3636
3637
752

3632
4095
4096
752

a
b
c
d

a
b
c
d

a
b
c
d

4132

4235

4815

CCTTCAAAACTAGCTTCAG
4155AGCTGGCCACTAAATGAGGCTATC

CCAGCCACTAATGGTCCTGTCATGGG
CAAGACCGCGGCTTCTTCTCCTTCCTTCCATTC

4210

4783

4609

4786

4809,

ATTCTTGCAGCTTCCCAGATCGGAGCCGGAG
TGGAAGGcAGGAGcAGcAGTCCAGGTCTTGGC
CTGGACTgCTgCTCCTgCCTTCCATTCTCC

4639

4818

,4780

5964ATTTTCCAGAGGTTCCCC5947

4609

5020

5045

4639ATTCTTGCAGCTTCCCAGATCGGAGCCGGAG
CAGACTGcAgcAAGTATTGcAGACAATCCAGAGAT
TTGTCTgCAATACTTgcTgCAGTGTGGGCTATAGCA

•5055

5010

5964ATTTTCCAGAGGTTCCCC5947

3632,4056, 838, 3496,
1208,179,1921,60,
1260,775,461,3639

3632, 752, 3682

3632, 752, 3682

1 See Fig. 2.1 for the a-d designation of primers.

2 All sequences are listed 5' to 3', and the substituted nucleotides are written in lower case. Nucleotide numbering refers to the NGC DEN-2

sequence of Irie et al. (1989).

For sequence of primers see Table 3.2.



Table 3.2: Primers used for sequencing of OE-PCR and RT-PCR products.

Primer number

60
179
461
752
775
838
1146
1208
1260
1396
1921
2620
2621
2626
3496
3630
3632
3633
3639
3682
4056
4096
4099
4105
4106
4318
5998

Sequence 5' to 3'1
3462CTCCTTGGCCACAGCCGGACJ481

3654GGTGGGCGCTACTATGACG3672

2823

5964

3263

3099.

6828

2798AGAAAGGTCTGGGCATGAGACTCTG
ATTTTCCAGAGGTTCCCC
TCGCAGAAATCAAAGTCC
'TGGCCAGTGGGCGCTTTTAACT
GTTTGCCATGGTTGCGGCCGCCACTGTGAG

5947

3246

3078

6799

3391AGAGGTGAGGACGGAGCCTGGTACGGGATG3420

3348AGAATGGTGCGCCCGATCTGCCACATTACCAC3379

4837CCAAGAGCCGTCCAAACAAAACCT4860

2856

5107/'-•/--I A r</~*/~i.(T**T A A /~> A o r 1 A A /~< A /-• A T1 A / -< /~I IT"T I /~< /~ ' /~ '5136

5126

5374

GTTGGGGCATTCTGGTGTTTCGGG2"3

GGAGCGGCTAAGACGAAGAGATACCTTCCG
CTCTTCGTCTTAGCCGCTCCTGGGTGGAGG
CGTCGAAGATGATCAGGTTGTAATTTGGC

5096

,5346

3016GGTTATTGGATAGAAAGTGC3035

4565

4609

AGGCTGCACTGGCAGCTGGAGCCTATAGAATC
ATTCTTGCAGCTTCCCAGATCGGAGCCGGAG

bCTGGGAAGCTGCAAGAATCCCTTTTTGCTTG

4596

4639

45964626,
_ 1 UUUAAUL I UV^/\it\U/^Jt\ 1 LLL 11111 U^ 1 1 Vjr

4816CAAGACCGCGGCTTCTTCTCCTTCCTTCCATTC4783

8 ' 77CTCC AT ATTTCCTTTGTAGTGC8156

4132AGCTGGCCACTAAATGAGGCTATC4155

5045TTGTCTGCAATACTTGCTGCAGTGTGGGCTATAGCA5010

I!

5516

5666

5821

6123

4235

5546TCATGGCTGCAGCAAGAGAAATCCCTGAACG
ACTTTCGCTCCATTTGCTGCCAGGCAAGCTGCTATATC
CTAACAGCTGGTGCAGCGCGGGTGATCCTGGC
CACAAAGGTTGCCGCTGCTGCTCCTCTCAAGCG
CCAGCCACTAATGGTCCTGTCATGGG

5629

5852

6090

4210

Nucleotide numbering refers to the NGC DEN-2 sequence of Irie et al. (1989).



Table 3.3: Primers used to amplify and sequence RT-PCR products from C6/36 cells infected with second passage mutant virus.

Virus RT primer PCR primers Location of amplified cDNA Region sequenced3 Sequencing primer4

33°C 37°C

V32-36

^63-66

V91-94

Vl69-173

4096 4096, 4056 nt 4132-5046 no product nt 4431-5006 4096

Random hexamers 179, 3633, 3630, 2626, nt 4132-6375 nt 4132-5374
2620,4318,4106,1146

NS2B and NS3 5998, 4056, 4105, 4099
nt 4132-6375 1146,4106,2621,1396

4096 4096, 4056 nt 4132-5046 no product nt 4548-5007 4096

V,79-181

Random hexamers 179,3633,3630,2626, nt 4132-6375 nt 4609-5374
2620,4318,4106, 1146

Random hexamers 179,3633,3630,2626, nt 4132-6375 nt 4565-5374
2620,4318,4106, 1146

NS2B and NS3 5998, 4056, 4105, 4099
nt 4132-6375 1146, 4106, 2621,1396

NS2B and NS3 5998, 4056, 4105, 4099
nt 4132-6375 1146,4106,2621,1396

1 Numbering follows the sequence of Irie et al. (1989).

2 All sequenced products were from viral RNA obtained following electroporation of RNA into BHK-21 cells (maintained at 33°C or 37°C) and

two passages of virus in C6/36 cells at 28°C.

3 For products obtained from viruses maintained at 37°C, only the region spanning the mutation was sequenced. For viruses V63-66, Vi69-n3> and

V179-181 maintained at 33°C, RT-PCR products covering the entire NS2B and NS3 genes were sequenced.

4 For sequence of primers see Table 3.2.



Table 3.4: Yields of mutant viruses following electroporation of RNA into
BHK-21 cells and two passages of virus in C6/36 cells.

Site
mutated

Virus IF1 Virus titre3

(pfu/ml)
Approximate
Plaque size

(mm)

RT-PCR4

positive cells, (+) 0-25% positive cells, (++) 25-50% positive cells, (+++) 50-75%

positive cells, (++++) 75-100% positive cells.

2 Temperature at which BHK-21 cells were incubated immediately after

electroporation i.e. 33°C or 37°C.

3 Plaque titres are expressed in pfu/ml ± one standard deviation. Each virus was

derived at least twice from RNA transcripts, therefore the result shown for each

virus is the average of two or more experiments.

4 Detection and sequence confirmation of product after RT-PCR. All positive

GYSQI

KR1E

EGEE

EKSIE

EDD

V2

V32.36

V63-66

V91.94

V|69-173

V179.I8]

33°C2 ++++
37°C ++++

33°C +
37°C

33°C ++++
37°C +++

33°C +
37°C

33°C ++++
37°C ++++

33°C +++
37°C +++

1 Immunofluorescence (IF) in BHK-21

(l.l±0.1)x!06

(7.3±0.8)xl06

(3.0 ± 0.9) x 10'
none detected

(4.6±0.9)xl05

(7.0±1.5)xl05

(2.4±0.3)xl03

none detected

(2.7±0.2)xl06

(2.2±0.5)xl06

(4.9±1.0)xl05

(1.4±0.2)xl06

cells at 5-6 days p.e..

4
4

1

1
1

1

3
3

1
1

IF was scored (-) no

yes j
yes §|

yes 1
no i

y e s ;•

yes I

yes :;

no

yes |
yes |

yes ; |
yes : . |

samples retained the required mutation.



I

Table 3.5: Serial passage of the low titre viruses V32.36 and V9,_94.

Passage number

2
3
4
5
6
7
8
9
10
11
12

CPE1

—
—
—
—
—
—
—
—
—

n.t.2

n.t.

Plaque titre3

(8.0±1.6)xl0'
n.t.
n.t.

(1.3 ±0.6) xlO1

n.t.
n.t.
n.t.
n.t.

<1 xlO1

n.t.
n.t.

CPE
—
—
—
—
—
—
—

+(day 5)
+ (day 3)
+ (day 2)4

+ (day 2)4

Plaque titre
(2.8 ±0.2) xlO2

(1.3 ±0.6) xlO2

n.t.
(2.0 ±0.3) xlO2

n.t.
(3.0±1.0)xl02

n.t.
(2.3 ±0.9) xlO3

(1.1 ±0.2) xlO4

(1.4 ±0.2) xlO6

(5.7 ±0.3) xlO5

1 CPE of infected C6/36 cells was scored as (-) no CPE, (+) up to 20% of the cell

monolayer showing CPE.

2 n.t., not tested.

3 Plaque titres are expressed in pfu/ml ± one standard deviation.

4 By day three of passage 11 and 12, V91.94 infected cells demonstrated extensive

(>70%) cell monolayer destruction.



CHAPTER FOUR: MUTATIONAL ANALYSIS OF THE HELICASE REGION

OF THE DEN-2 VIRUS NS3 PROTEIN

4.1 Introduction

The flavivirus genome encodes at least seven nonstructural proteins NS1-

NS2A-NS2B-NS3-NS4A-NS4B-NS5. Biochemical functions have been demonstrated

for some nonstructural proteins. NS5 possesses RdRp activity (Tan et al, 1996). A

complex of NS2B and NS3 acts as a chymotrypsin-like serine proteinase; the amino

terminal one-third of NS3 is sufficient for this activity (Chambers et al, 19906;

Falgout et al, 1991; Preugschat et al, 1990). The carboxy terminal two-thirds of NS3

has seven motifs characteristic of RNA helicases of the DExH subfamily. Several

forms of recombinant proteins containing the carboxy terminal helicase region of NS3

have been shown to possess NTPase activity (Cui et al, 1998; Li et al, 1999;

Takegami et al, 1994; Warrener et al, 1993) and RNA helicase activity (Li et al,

1999; Utamae? al, 20006).

RNA helicases catalyze the unidirectional unwinding of duplex RNAs

(containing a ssRNA region of at least 3 nt) in the presence of a divalent cation and

require the hydrolysis of the (3-y bond of a suitable deoxy-NTP or NTP (usually ATP)

as an energy source (Lain et al, 1990; Paolini et al, 2000a). Known and putative

RNA helicases of viral origin possess conserved amino acid sequence motifs enabling

their classification into three distinct superfamilies (Koonin & Dolja, 1993). The

helicase of the flavivirus DEN-2 is a member of superfamily 2 which includes the

helicases of the pestivirus BVDV and the hepacivirus HCV. Helicases can be further
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Chapter Four: Mutagenesis ofDEN-2 helicase

classified into DEAD, DExH and DExx subfamilies based on the sequence of motif II

(Luking et al, 1998; Schmid & Linder, 1992). The multifunctional flavivirus NS3

helicase protein is believed to be a component of the viral RNA replication complex

with the RdRp NS5 protein (Kapoor et al, 1995). There is evidence that NS3 interacts

with both NS5 and stem-loop structures in the 3' UTR, possibly playing an important

role in the initiation of negative strand RNA synthesis (Chen et al, 1997a; Kapoor et

al, 1995).

Several X-ray crystal structures of the HCV NS3 helicase domain have been

determined (Cho et al, 1998; Kim et al, 1998; Yao et al, 1997), and together with

site-directed mutagenesis have helped to define the function of some helicase motifs.

The first reported mutagenesis studies of HCV and other positive strand viruses

targeted the helicase motifs I, II, III and VI. Motif I (GxGKT), conserved in all three

superfamiHes, is involved in binding the P and y phosphate groups of NTPs. Motif II

(DExH in Dr,i\T-2), also present in all three superfamiHes, is predicted to bind Mg2+,

making a complex with the terminal phosphates of the NTP. Several residues and

motifs have been implicated in the coupling of NTP hydrolysis with RNA unwinding;

they are the His residue of motif II, motif III (TAT box), and the glutamine and Arg

residues of motif VI ([Q/x]RxGRxxR) (Grassmann et al, 1999; Gross & Shuman,

1996a; Gu et al, 2000; Kim et al, 19976; Paolini et al, 20006; Utama et al, 2000a;

Wardeli et al, 1999; Yao et al, 1997).

The initial studies of viral helicase by mutagenesis targeted the helicase motifs

I, II, III and VI, and showed that highly conserved residues within these motifs are

essential for enzymatic activity (Grassmann et al, 1999; Gross & Shuman, 1996a; Gu
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et al, 2000; Kim et al, 19976; Paolini et al, 20006; Utama et al, 2000a; Wardell et

al, 1999). More recently, the roles of residues outside motifs were examined using

site-directed mutagenesis and a crystal structure of the HCV NS3 helicase-(dU)8

complex (Kim et al, 1998; Lin & Kim, 1999; Paolini et al, 20006). Several

conserved HCV helicase residues which contact the oligonucleotide were shown to be

involved in RNA binding, duplex unwinding and polynucleotide stimulated ATPase

activity.

This study investigated the importance of selected residues in the DEN-2 NS3

helicase region for enzyme activity and viral replication. Two types of mutations were

introduced. One type was the substitution of residues within motifs I (G198A and

K199A), II (M283F) and VI (R457A,R458A), and the second type was the

replacement with Ala of amino acids in clusters of charged amino acids outside

motifs. Amino acids 161 to 462 of NS3 were scanned for clusters of five residues

which contained at least three charged amino acids, namely Asp, Glu, Lys and Arg

(Bass et al, 1991, Wertman et al, 1992) (Fig. 4.1). Six such clusters (E169KSIE173,

E179DD181, E184KR186, D334EE336, R376KNGK38o, and D436GEE439) outside helicase

motifs (Koonin & Dolja, 1993) which also exhibited distinct peaks on a hydrophilicity

plot (Hopp & Woods, 1981) (Fig. 4.2) were chosen for mutagenesis ind the charged

residues were changed to Ala (Fig.4.3). Mutant proteins were synthesized as amino

terminal truncated fusion proteins in E. coli, purified and assayed for ATPase and

RNA helicase activities. Mutations were also incorporated into genomic length DEN-

2 cDNA to investigate the effects of changes to the hydrophilicity of NS3 (which may

modify the interaction of NS3 with other proteins within the viral replication

complex) on viral yield, and to study the role of both conserved and non conserved

residues within helicase motifs in viral replication.
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4.2 Materials and methods

4.2.1 The pGEX-3X expression vector

The pGEX-3X plasmid (Pharmacia Biotech) (Fig. 4.4) features a tac promoter

for chemically inducible, high-level expression of genes or gene fragments as fusions

with Schistosoma japonicum glufathione S-transferase (GST). The plasmid contains a

selective marker for ampicillin resistance.

The fusion proteins made in this study contain mutations within the helicase region of

NS3, to study their effects on in vitro ATPase and RNA helicase activities. A

summary of the mutant constructs can be found in Fig. 4.3. A copy of Fig. 4.3 is

removable for the reader's convenience from the pocket at the back of the thesis.

Table 4.1 summarizes the mutant constructs produced by OE-PCR and the sequences

of primers used. After cloning of OE-PCR products was complete, each PCR derived

region was completely sequenced, and the primers used for sequencing are also listed.

4.2.2 Construction of the parental plasmid pGX74%NS3

To obtain a plasmid encoding the carboxy terminal region of the DEN-2 NS3

protein, a Nde lsm~Spe I cDNA fragment (containing nucleotides 5002-6375 of the

DEN-2 NGC genome) was excised from the vector pSV.NS3, which encodes full

length NS3 and contains a stop codon at the 3' end of the NS3 gene (Teo & Wright,

1997). Blunt ends were generated using Klenow DNA polymerase I (section 2.5.1),

which allowed ligation into the Sma I site of pGEX-3X (Fig. 4.5). This plasmid was
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constructed by Dr. Catherine Agius. The resulting piasmid pGX74%NS3 (G2)

encodes the GST protein fused to residues 161-618 of DEN-2 NS3.

In this study, protein derived from the parental piasmid pGX74%NS3 was

named G2. Plasmids containing clustered charged-to-alanine mutations in the

truncated NS3 protein were named according to the NS3 amino acid numbers of

regions mutated (e.g. pGX74%NS3169-173). and derived protein was designated with a

G (e.g. Gi69-173)- Alternatively, plasmids containing amino acid substitutions within

helicase motifs were named according to the residue mutated, its amino acid number

within NS3, and the replacement residue (e.g. PGX74%NS3KI99A)> and derived

protein was designated with a G (e.g. GKI99A)-

4.2.3 Mutagenesis of the parental piasmid pGX74%NS3

4.2.3(a) Construction of the charged-to-alanine mutants pGX74%NS3169-1739

pGX74%NS3i79-i8i and pGX74%NS3,84-i86

The three charged-to-alanine mutations, E169KSIE173, E179DD181 and R

(underlined residues changed to Ala) (Fig. 4.3) were derived from pGX74%NS3 by

replacing the Bam El-XJw I5426 fragment (Bam HI is located in the pGEX-3X multiple

cloning site immediately upstream of Sma I) with a mutated fragment prepared by

OE-PCR (Fig. 4.6). PCR-derived regions were sequenced (Table 4.1).
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4.2.3(b) Construction of the motif I and II mutants pGX74%NS3Gi98A»

pGX74%NS3Ki99A and pGX74%NS3M283F

The three motif mutations, G198A and K199A (motif I) and M283F (motif II)

(Fig. 4.3) were constructed as described above in section 4.2.3(a), by replacing the

Bam El-XJw I5426 fragment of pGX74%NS3 with a mutated fragment prepared by

OE-PCR (Fig. 4.7). PCR-derived regions were sequenced (Table 4.1).

4.2.3(c) Construction of the motif VI mutant pGX74%NS3R4s7A,R458A

The plasmid pGX74%NS3R457A,R45SA (GR457A,R458A) was constructed by

removing the mutated Xlw ls*26-Sna BI fragment from the plasmid pSV.NS2B/3457,458

(Teo & Wright, 1997) which contains the double Arg to Ala mutations at amino acid

positions 457 and 458 of motif VI, and ligating this into Xlw I5i26/Bsa Al-digested

pGX74%NS3 (Fig. 4.8). Both Sna BI and Bsa AI restriction enzymes generate blunt

ends.

4.2.3(d) Construction of tne charged-to-alanine mutants pGX74%N33334-336>

pGX74%NS3376.380 and pGX74%NS3436-439

The .hree remaining charged-to-alanine mutations, D334EE336, F- .5KNGK380,

and D436GEE439 were introduced into Xlw F2f>!Ppu MI5852-digested p-._rX74%NS3 as

mutated OE-PCR fragments (Fig. 4.9). PCR-derived regions were sequenced (Table

4.1).

81



Chapter Four: Mutagenesis ofDEN-2 helicase

4.2.4 Synthesis and purification of NS3 proteins

The recombinant proteins containing an amino terminal GST tag were

expressed in E. coli DH5a cells grown at 37°C in LB medium containing 100 ,ug/ml

ampicillin. Synthesis of the recombinant proteins was induced by the addition of

0.1 mM isopropyl-3-D-thiogalactopyranoside. Two hours later, the cells were

collected by centrifugation, and resuspended in ice-cold PBS containing 33 u.g/ml

lysozyme, and held on ice for 10 min. Triton X-100, at a final concentration of 0.1%,

was added to the cells prior to their sonication on ice for 2 min. The cell lysate was

clarified by centifugation at 12,000g for 10 min. The soluble fraction was mixed with

Glutathione Sepharose 4B beads (Pharmacia Biotech) and gently mixed at 4°C for

30 min. The beads were washed three times with PBS and bound protein was eluted in

1 ml of elution buffer (10 mM glutathione and 50 mM Tris-HCl [pH 8.0]) at 25°C for

15 min. The elution was repeated with 0.5 ml of the same buffer. All protein

preparations were adjusted to 10% glycerol and stored at -70°C. Protein

concentrations were estimated by densitometer scanning (LKB Ultrascan) of

Coomassie blue stained acrylamide gels with co-electrophoresed bovine serum

albumin (BSA) standards of known concentration, and by Biadford assay (Bio-Rad).

4.2.5 Polyacrylamide gel electrophoresis (SDS-PAGE) of recombinant proteins

Protein samples w^re mixed with an equal volume of double strength reducing

buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 10% glycerol, 5% 2 mercaptoethanol,

0.25% bromophenol blue [BPB]). The mix was heated at 100°C for 2 min prior to
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analysis by electrophoresis through discontinuous 10% SDS-polyacrylamide gels

(Laemmli, 1970). SDS-6H protein molecular weight markers (Sigma) were co-

electrophoresed to serve as standards. The markers were: myosin (Mr 200,000), 0-

galactosidase (Mr 116,000), phosphorylase b (Mr 97,400), bovine serum albumin (Mr

66,000), ovalbumin (Mr 45r000), carbonic anhydrase (Mr 29,000).

To visualize proteins, gels were stained by incubation for 30 min at room

temperature in Coomassie blue stain (0.25% Coomassie brilliant blue, 45% methanol

and 10% acetic acid), and destained in a solution of 10% acetic acid and 25%

raethanol.

4.2.6 Immunoblots

After electrophoresis through polyacrylamide gels, proteins were transferred to

0.45 Jim nitrocellulose membranes overnight at 250 rnA using a trans-blot apparatus

(Bio-Rad) The transfer buffer consisted of 25 mM Tris, 190 mM glycine and 20%

methanol. The membranes were blocked in 2% (w/v) skim milk made in PBS for 2 hr

before incubating with the appropriate rabbit antiserum at 37°C for another 2 hr. The

membranes were then washed in PBS-0.05% Tween 20 and incubated with sheep

anti-rabbit IgG antiserum conjugated with horseradish peroxidase (Silenus) for 1 hr.

Finally the proteins were detected by ECL™ (Arnersham) on Fuji film.
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4.2.7 ATPase assay

The assay was a modified procedure of Warrener et al. (1993). The final

volume of the standard assay used to test mutant proteins was 10 ji.1, containing 50

mM Tris-HCl (pH 8.0), 10 mM NaCl, 2.5 mM MgCl2, 1 \lC\ [a-32P] ATP (800

Ci/mmol, DuPont) and 0.4 pmol of protein sample. Reaction mixes were incubated for

1 hr at 25°C, and the reactions terminated by the addition of EDTA to a final

concentration of 20 mM. A 0.5 jil sample of the reaction mixture was spotted onto

plastic-backed polyethyleneimine-cellulose sheets and 32P-labelled ATP and ADP

were separated by ascending chromatography in 0.375 M potassium phosphate (pH

3.5). The sheets were dried and exposed to X-ray film. The percentage conversion of

ATP to ADP was estimated by measuring the radioactivity in separated nucleotides by

liquid scintillation counting.

The values of Km and £Cat were calculated from a Lineweaver-Burk plot of

ATP hydrolysis activity over a range of ATP concentrations from 1 to 5 mM. The

concentration of poly(A), if present, was 0.17 \igl\x\ (0.5 mM measured as

mononucleotide equivalents).

4.2.8 Helicase assay

A partial dsRNA substrate was prepared by using a modified pGEM-4Z

(Promega) plasmid. A 24 bp region of the polylinker was removed by digestion with

Eco RI and Hind III, fill in of recessed ends with Klenow DNA polymerase, and

blunt-end ligation to generate the plasmid pGEM-4ZA24 (Fig. 4.10).
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Nde I digested plasmid pGEM-4ZA24 was transcribed with T7 RNA

polymerase to produce a 259 nt strand. Ban I digested plasmid pGEM-4ZA24 was

transcribed with SP6 RNA polymerase in the presence of [ot-32P] ATP to produce a

radiolabelled 144 nt strand (Fig. 4.10). Reaction mixes were treated with RQI RNase-

Free DNase (Promega), extracted with phenol/chloroform and the RNA was

precipitated with ethanol. Transcripts were combined in annealing buffer containing

10 mM Tris-HCl (pH 7.5), 0.1 mM EDTA and 200 mM NaCl. The mixture was

heated for 5 min at 95°C and 1 hr at 65°C and then allowed to cool to room

temperature over 3 hr. 5X RNA sample buffer (25 mM EDTA, 0.25% BPB, 50%

glycerol and 0.5% SDS) was added to the hybridization mixture, which was then

electrophoresed through a 6% polyacrylamide gel (acrylamide-bisacrylamide [30:0.8],

0.5X TBE [90 mM Tris borate pH 7.5, 2 mM EDTA] and 0.1% SDS). The region of

the gel containing the RNA duplex was localized by autoradiography, excised from

the gel, pulverized and RNA eluted overnight at 37°C with 500 mM ammonium

acetate, 10 mM magnesium acetate, 1 mM EDTA and 0.1% SDS. The eluted RNA

was precipitated with ethanol and resuspended in water.

The RNA helicase assay was carried out in a total volume of 20 jil containing

25 mM MOPS-KOH (pH 6.5), 5 mM ATP, 3 mM MnCl2, 2 mM dithiothreitol,

100 jig/ml BSA, 5U RNasin (Promega), approximately 1500 cpm of radiolabelled

substrate and 1 pmol of protein. Reaction mixtures were incubated for 30 min at 37°C

and terminated by the addition of 5X RNA sample buffer. The reaction mixture was

analyzed by electrophoresis through a 6% polyacrylamide gel. Gels were dried and

exposed to the storage phosphor screen (Molecular Dynamics). The phosphor screen

was analyzed using a STORM Phosphoimager™ system and ImageQuant image
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analysis software® (Molecular Dynamics) was used to estimate the percentage of 32P-

labelled fragment unwound.

The mutated NS3 helicase fusion proteins were examined for ATPase and

RNA helicase activity, and then the mutations were inserted into genomic length

DEN-2 cDNA (described in sections 4.2.9 to 4.2.11) to study their effects on virus

replication (except the G198A mutant). A summary of the mutant constructs can be

found in Fig. 4.3 and at the back of this thesis.

4.2.9 Construction of the charged-to-alanine mutants pDVWS501NS3i69-n3,

pDVWS501NS3179-i8i and pDVWS501NS3,84.i86

Due to an absence of suitable restriction enzyme sites for cloning an

appropriate fragment directly into pDVWS501, these three mutations were initially

constructed in the plasmid pDVSO8298 (Section 3.2.2(a)) prior to ligation of a

subfragment into pDVWS501.

The insertion of the mutations E169KSIE173 and E179DD181 into pDVWS501

was described in sections 3.2.2 (b and c). The additional change R184KR186 was also

initially cloned into pDVSO8298 prior to insertion into pDVWS501. This mutation

was introduced into Nsi VPpu Mi-digested pDVSO8298 as an OE-PCR fragment

using flanking primers 3632 (a) and 752 (d), and mutagenic primers 4097 (b) and

4098 (c) (primer sequences are listed in Tables 3.2 and 4.1). Subsequently an Nsi l-Stu

I mutated fragment was removed from the pDVSO8298iS4-i86 plasmid and ligated into

Nsi tmIStu I7874-digested pDVWS501 (Fig. 4.11). PCR-derived regions were

sequenced.
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4.2.10 Construction of the motif I, II and VI mutants pDVWS501NS3Xi99A,

pDVWS501NS3lV,283F and pDVWS501NS3R457A,R458A

The plasmids pDVWS501NS3Ki99A, pDVWS501NS3M283F, and

pDVWS501NS3R457A,R458A were prepared by removal of the mutated Bst Blm9-Bst

BI6046 fragments from the corresponding pGX74%NS3 plasmids, and ligation into Bst

BI digested pDVWS501 (Fig. 4.12).

4.2.11 Construction of the charged-to-alanine mutants pDVWS501NS3334-3365

pDVWS501NS3376-380 and pDVWS501NS3436-439

The plasmids pDVWS501NS3334-336, pDVWS501NS3376-380 and

pDVWS501NS3436-439 were prepared by replacing the Bst Bl5069-Bst BI6046 fragment

of pDVWS501 with a mutated fragment prepared by OE-PCR using flanking primers

3638 (a) and 4318 (d), and mutagenic primers 4099 (b) and 4100 (c): 4104 (b) and

4105 (c): and 4106 (b) and 4107 (c) respectively. Primer sequences are listed in Table

4.1 (mutagenic primers were the same for generating OE-PCR fragments for ligation

into both pGX74%NS3 and pDVWS501) (Fig. 4.13).

4.2.12 RT-PCR of viral RNA

To confirm that the desired mutation was present in viral RNA obtained as

described in section 2.10, RNA was extracted from infected C6/36 cells or culture

medium. The cells were infected with virus obtained by electroporation of RNA into

BHK-21 cells (maintained at 33°C or 37°C) and previous passage in C6/36 cells
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(section 2.10). RT-PCR and sequencing was performed as described in section 2.11.

Table 4.2. shows the primers used in reverse transcription (random hexanieric primers

were used), PCR and sequencing of each virus. The sequence of each primer is shown

in Table 3.2.

4.2.13 Temperature shift experiments

BHK-21 cells were seeded into 30 mm2 petri dishes and infected with the

parental V2 or mutant VM283F virus at an MOI of 10 when cells reached 70-80%

confluency. Following a 1 hr incubation at 33°C, the virus inoculum was removed,

and the cells washed twice with PBS. To each petri dish, 3 ml of maintenance medium

was added and cells were incubated for 48 hr at 33°C. At 48 hr after infection,

incubations were continued at 33°C or shifted to 37°C. At 0 hr, 16 hr and 24 hr post

shift, supernatant from a petri dish for each virus was harvested and titred by plaque

assay in C6/36 cells (see section 2.2). At the same time points, RNA extracts of

infected cells were prepared using RNeasy columns (Qiagen) for analysis of viral

RNA content by dot blot hybridization.

4.2.13(a) Dot blot hybridizations

RNA samples for dot blot hybridization analysis (prepared as described in

section 4.2.13 above) were diluted in RNA dilution buffer (DEPC-treated H2O:20X

SSC:formaldehyde, 5:3:2) and held at 65°C for 15 min to remove RNA secondary

structure. The samples were applied to a Hybond-N+ nylon membrane (Amersham),
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presoaked in 10X SSC, using an SRC 96 D Minifold I dot blotter (Schleicher and

Schuell). The membrane was allowed to dry at room temperature (15 min), cross-

linked with UV light (3 min) and prehybridized at 68°C for 2 hr in hybridization

solution (5X SSC, 1% S.DS and 1% BSA).

A 32P-labelled DNA probe spanning nucleotides 5364-6123 of the DEN-2

genome was produced by random primed labelling using [a-32P]dATP (3000

Ci/mmol), labeling mix-dCTP and pd(N)6 (Pharmacia Biotech) and the Klenow

fragment of DNA polymerase I (New England Biolabs) at 37°C for 1 hr. 32P-labelled

DNA was purified by chromatography through Sephadex G-50. Labelled DNA probe,

at 107 cpm/ml, was heated at 95°C and added to fresh hybridization solution, and the

membrane was incubated for a further 16 hr in the presence of the probe. The

membrane was then washed twice for 5 min at room temperature in 2X SSC and 0.1%

SDS, followed by two 15 min washes at 68°C in 0.1X SSC and 0.1% SDS. Bound

radioactivity was detected using the STORM Phosphoimager™ system (Molecular

Dynamics).

4.2.13(b) Radiolabelling of infected cells and radioimmunoprecipitation (RIP)

To assess the effect of temperature shift on viral protein synthesis, BHK-21

cells were infected with parental V2 or mutant VM283F viruses and temperature shift

was performed as described in section 4.2.10. At 0 hr and 24 hr post shift, the cells for

each virus at each temperature were washed in PBS and incubated for 2 hr in 2.5 ml

per dish of methionine and cysteine deficient Dulbecco's modified Eagle's medium

(DMEM; ICN) supplemented with 1/50 volume of 200 mM glutamine. The cells were
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labelled for 2 lir with 50 |iCi per dish of TRAN[35S] LABEL™ (ICN; specific activity

1150-1250 Ci/mmol), in 0.5 ml of methionine deficient DMEM. For harvesting, the

dishes were chilled on ice and washed twice in coid PBS. The cells in each dish were

scraped off with a bent pasteur pipelie into 0.5 ml of cold PBS, after which the cells

were pelleted at 16000 g at 4°C. The cells were lysed by vortexing in 0.5 ml of lysis

buffer (150 mM NaCl, 0.5% Na deoxycholate, 1% Triton X-100, 0.1% SDS, 15 mM

Tris-HCl [pH 7.5]). The lysates were passed three times through a 26G needle and

stored at -70°C.

BHK-21 cells that had been mock infected, incubated and radiolabelled (as

described above) were used as negative controls.

The antiserum against NS3 used throughout this chapter for the detection of

NS3 was prepared by Dr. K. F. Teo. DEN-2 cDNA corresponding to nucleotides

5584-6302 was cloned into pGEMEX-2 for production of a bacterial fusion protein

which was used as an antigen to raise anti-NS3 antibodies in rabbits as described

previously (Teo & Wright, 1997). For the following experiment, 5 jxl of the anti-NS3

antiserum was used in each RIP.

Protein A-Sepharose CL-4B beads (Pharmacia) were prepared as a 50% (vV)

solution in RIP wash buffer (150 mM NaCl, 0.25% Na deoxycholate, 0.5% Triton X-

100, 0.05% SDS, 15 mM Tris-HCl [pH 7.5]). For each RIP, a 100 \x\ aliquot of cell

lysate was incubated for 1 hr at 4°C with 2 (ill of 1 jug/jil aprotinin, 1 |Lil of 100 mM

phenylmethylsulfonyl fluoride and 30 fil of Protein A. The beads were pelleted at

16000 g in a microfuge for 5 min at 4°C. The cleared cell lysate was then mixed with

rabbit anti-NS3 antiserum (Teo & Wright, 1997) and incubated overnight at 4°C with

gentle rotation.
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The antigen-antibody complexes were captured by adding 50 jjl of Protein A

and incubating for 45 min at room temperature with gentle rotation. The suspension

was then layered onto 400 jul of a 10% solution of sucrose in wash buffer, and the

beads were left to settle on ice for 10 min. The supernatant was discarded and the

beads were washed three times in wash buffer. The proteins were eluted in 30 |il of

double strength reducing buffer (62.5 mM Tris-HCl [pH 6.8], 2% SDS, 10% glycerol,

5% 2 mercaptoethanol, 0.25% BPB) by heating at 100°C for 5 min.

4.2.13(c) SDS-PAGE of radiolabelled proteins

Radioimmunoprecipitated protein samples were analyzed by electrophoresis

through 10% discontinuous SDS-polyacrylamide gels. Gels were fixed by incubation

for 30 min at room temperature in a solution of 10% acetic acid and 25% methanol.

Gels were then fluorographed with the Amplify reagent (Amersham), which was used

according to manufacturer's instructions. Dried protein gels were autoradiographed

using Fuji Film. A mixture of [14C] methylated proteins (Amersham) were

electrophoresed with the radiolabelled protein samples. The markers were: myosin

{MT 200,000), phosphorylase b {Mr 97,400), bovine serum albumin (Mr 69,000),

ovalbumin (Mr 46,000), carbonic anhydrase (Mr 30,000) and lysozyme {MT 14,300).

4.2.14 Serial passage of ¥334.336 in C6/36 cells

C6/36 cells were seeded into 60 mm2 petri dishes and infected with 250 jil

aliquots of first passage supernatant stock of the mutant virus V334.336. Following a 1
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hr incubation at 28°C, the virus inoculum was removed, and 5 ml of maintenance

medium was added. The cells were maintained at 28°C for five days (or until cell

monolayers exhibited extensive CPE). On day 5, 250 jil of supernatant was then

removed from the appropriate petri dish and fresh C6/36 cells were infected. Virus

was serially passaged up to 11 times in C6/36 cells.

4.3 Results

4.3.1 Mutagenesis of the helicase region of NS3

In order to test the importance of selected residues in the helicase region of

DEN-2 NS3 for enzyme activity and virus replication, two types of mutations were

introduced. First, changes were made in motifs I, II and VI. These were single Ala

substitutions G198A and K199A (motif I) and a double change at R457A,R458A

(motif VI). In motif II, the substitution was M283F; Phe is the second most common

residue (after Met) at this position in positive strand viruses (Koonin & Dolja, 1993).

Based on previous mutational studies and X-ray crystallography data of related viral

RNA helicases (Grassmann et al, 1999; Gross & Shuman, 1996a; Gu et al, 2000;

Kim et al, 1997b; Paolini et al, 20006; Utama et al, 2000a; Wardell et al, 1999),

these motifs are known to be involved in the binding and hydrolysis of ATP and/or

the coupling of helicase and ATPase activities. Thus for the first three mutations, a

reduction in enzyme activity and virus replication was predicted, although there are no

previous studies on the replication of flaviviruses carrying these types of mutations.

The possible effect of the substitution M283F was unknown.
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The second type of mutation was the replacement with Ala of three amino

acids in clusters of charged amino acids. Charged amino acids are likely to occupy

exposed positions in the tertiary structure and therefore interact with other proteins (as

mentioned in sections 1.12 and 3.1). Several studies have demonstrated an association

between the flavivirus NS3 protein and other viral nonstructural proteins including

NS2B and NS5, both in vitro and during viral replication (Chambers et al, 1991;

Chambers et al, 1993; Chen et al, 1997a; Falgout et al, 1993; Falgout et al, 1991;

Kapoor et al, 1995; Westaway et al, 1991b). It was of interest to determine whether

these changes in hydrophilicity outside helicase motifs modified the enzyme activity

of NS3 in the absence of any other viral protein, or whether any effects of the changes

could be detected only by examining virus replication, when not only helicase activity

but also interactions between NS3 and other viral or host proteins may be required.

4.3.2 Synthesis of truncated parental and mutant NS3 in E. coli

To provide a source of flavivirus NS3 protein for biochemical studies,

truncated (amino acids 161-618) parental and mutant polypeptides were synthesized

as GST fusion proteins in E. coli DH5a cells. Proteins were purified from the cell

lysate by affinity chromatography, and purified parental GST:74% NS3 fusion protein

(G2) of 78 kDa was detected following SDS-PAGE (Fig. 4.14A, lane 2). In addition

to the G2 protein, several proteins of lower molecular weight were also detected.

These were possibly generated by either proteolytic degradation or premature

translational termination, as they were recognised by anti-GST and anti-NS3

antibodies (Fig. 4.14B, lane 1; Fig. 4.14C, lane 1). GST (26 kDa) was also

synthesized in E.coli to use as a negative control for the in vitro enzyme assays (Fig.
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4J4A, lane 3; Fig. 4.14B, lane 2). Preparations of all mutant fusion proteins used for

enzyme assays are shown in Fig. 4.15.

4.3.3 NS3-mediated ATPase activity

The ATPase activity of increasing amounts of the parental NS3 fusion protein

G2 was first measured over 45 min in the presence of 5 mM ATP (Fig. 4.16A). The

rate of hydrolysis was directly proportional to the amount of enzyme. Using 1 pmole

of enzyme and 5 mM ATP, the rate of hydrolysis was linear from 15 to 90 min (Fig.

4.16B). To determine Km of G2, the ATPase activity of 1 pmole of G2 was measured

at ATP concentrations from 1 to 5 mM for 60 min in the presence or absence of

poly(A). The Lineweaver-Burk plots were linear in this range (Fig. 4.16C). The Km

values for the parental protein were 3.0 mM or 2.6 mM in the absence or presence of

poly(A) respectively. Corresponding kca{ values were 1.2 and 1.5 sec'1. The measure

of catalytic efficiency k^JKm increased from 4.0 x 102 (mol/T/V1 in the absence of

poly(A) to 5.& x I02 (mol/T/V1 in the presence of poly(A). Thus the stimulation of

ATPase activity (1.45 fold) by poly(A) was low.

The results of testing the ATPase activity of the mutant NS3 fusion

proteins are shown in Fig. 4.17. The chromatographic analyses of a typical experiment

are displayed in Fig. 4.17A, the means of three experiments in Fig. 4.17B, and an

overall summary in Table 4.3. As expected, mutation of the highly conserved G198

and K199 residues within the ATP binding motif I abolished ATPase activity (Fig.

4.17A, lanes 7 and 8). Mutation of the less conserved residues in motifs II and VI,

also reduced ATPase activity (Fig. 4.17A, lanes 9 and 13), although to a lesser extent

than the motif I mutants. The clustered charged-to-alanine mutants located outside
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helicase motifs demonstrated a range of ATPase activities, from levels lower (Fig.

4.17A, lanes 10 and 11) to higher (Fig. 4.17A, lanes 4, 5, 6 and 12) than that of the

parental protein (Fig. 17A, lane 3). It is interesting to note that mutated clusters

located within the linker region (residues 161-188) between the final proteinase box 4

(residues 145-155) (Bazan & Fletterick, 1989) and upstream of the first helicase motif

I (residues 188-205), stimulated ATPase activity. Previous studies have also shown

increased ATPase activity for helicase mutants; Li et al. (1999) produced a

comparable DEN-2 NS3 mutant (R184KRK187 to Q184NGN187) and demonstrated that it

had a 2-fold increase in basal ATPase activity.

4.3.4 RNA helicase activity of NS3 mutants

Helicase activity was tested by using an RNA substrate which consisted of a

259 nt RNA strand hybridized to a 144 nt radiolabelled RNA strand to produce a

partially duplex RNA substrate containing 3' single stranded regions with a 24 bp

duplex region (Fig. 4.10). The G2 protein had RNA helicase activity in the presence

of Mn2+ and ATP shown by the release of the radiolabelled strand (Fig. 4.18, lane 3).

In the absence of the G2 protein (lane 2), or Mn2+ and ATP (lane 4), no activity was

detected.

Next the mutant NS3 proteins were examined in the RNA helicase assay, with

results of a typical experiment shown in Fig. 4.19A (summary shown in Table 4.3).

As expected, mutation of the ATP-binding motif I abolished RNA helicase activity

(Fig. 4.19A, lanes 8 and 9); the extent of unwinding was the same as for GST alone

(lane 3), confirming that no RNA helicase activity was detected in the absence of

ATPase activity. Interestingly, mutation M283F in motif II demonstrated reduced

95



Chapter Four: Mutagenesis ofDEN-2 helicase

ATPase activity (Fig. 4.17A, lane 9) and increased helicase activity (Fig. 4.19A, lane

10) compared to the parental G2 protein (Fig. 4.17A, lanes 3 and 4). Also, the protein

with changes R457A and R458A in motif VI which retained ATPase activity (Fig.

4.17A, lane 13) showed no detectable RNA unwinding (Fig. 4.19A, lane 14). These

results demonstrate that the NTPase and RNA helicase activities of the DEN-2 NS3

protein can be functionally uncoupled by mutations within motifs.

Mutation of the clustered charged regions external to the helicase motifs had

variable effects on RNA unwinding. The three mutants Gj 69-173, G179.181, and Gi84-i86>

located upstream of motif I, demonstrated a large increase in RNA unwinding (Fig.

4.19A, lanes 5, 6, and 7) compared with parental NS3, which corresponded to their

increased ATPase activity (Fig. 4.17). However, the G436-439 mutant, which also

exhibited enhanced ATP hydrolysis, showed only a slight increase in helicase activity

over parental G2 (Fig. 4.19B, lane 13). The remaining two mutants G334-336 and G376-

380 each demonstrated ATPase activity, but low or no RNA unwinding (lanes 11 and

12). These results show uncoupling of ATPase and helicase activity by mutagenesis

outside enzyme motifs. This indicates that other regions external to enzyme motifs

may also be critical in the complexity of NS3 enzymatic activities.

4.3.5 Analysis of virus replication

To test the effects of the mutations described above on virus replication, all

mutants except G198A were incorporated into DEN-2 genomic length cDNA. It was

considered unnecessary to test both the motif I mutants, G198A and K199A.

Virus was produced from genomic length cDNA by established procedures

(Gualano et al, 1998) as described in sections 2.9 and 2.10. RNA was transcribed and
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electroporated into BHK-21 cells and the cells were incubated at 33°C or 37°C. BHK-

21 cells were tested for immunofluorescence with anti-E antibodies. Medium from the

transfected BHK-21 cells was passaged twice in C6/36 cells at 28°C, and the virus

titre determined after the second passage by plaque assay in C6/36 cells. Viral RNA

was then amplified by RT-PCR and the entire NS2B and NS3 genes were sequenced

to check that the mutation was retained during the passaging, and that no other

changes were present within this region. These procedures were completed at least

twice for each construct, and the results are summarized in Table 4.3.

The parental virus V2 and mutant viruses, V\&)-m, and V179.181 grew to

comparable litres of 105 to 106 pfu/ml following initial electroporation at 33°C or

37°C (Table 4.3), although both mutant viruses showed a small plaque phenotype

(Fig. 4.20). These viruses were described in chapter three with respect to their

proteinase activity and viral replication, and will be discussed within this chapter with

respect to their effects on helicase activity and viral replication. The corresponding

NS3 fusion proteins G2 and mutants Gi69-173, and G179-181 all possessed //; vitro

ATPase and RNA helicase activities. Fcr viruses VM283F and V334.336, virus was

detected following electroporation at 33°C only, and at reduced titres (4.7 \ 105 and

7.3 x 102 pfu/ml respectively), and with a small plaque phenotype (Table 4.3, Fig.

4.20). These results suggested that VM283F and V334.336 were restricted in replication

and possibly heat sensitive. The GM283F and G334-336 fusion proteins both had reduced

ATPase activity in vitro (Fig.4.17B), and helicase activity that was either increased or

reduced respectively (Fig. 4.19B).

No virus was detected for five constructs. The lack of virus from the three

constructs containing K199A (motif I), R457A.R458A (motif VI) or clustered

charged-to-alanine changes R376KNGK380 corresponded to the lack of helicase activity
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detected for the corresponding fusion proteins. However, clustered changes at

R184KR186 and D436GEE439 did not reduce helicase activity of the fusion proteins, and

yet no virus was recovered. Therefore these residues may be required for other NS3

runctions, such as the interaction with proteins in the viral replication complex.

4.3.6 Growth of viruses V2, Vi69-173, Vi79.]81 and V>1283F in BHK-21 cells

To examine further the properties of the viruses, more concentrated stocks

were prepared by PEG precipitation of all viruses except V334.336. Virus V334.336 did

not replicate adequately to obtain sufficient titres for further experiments.

BHK-21 cells were infected at an MOI of 1 and cells were incubated at 33°C

or 37°C. Experiments maintaining the BHK-21 cells at 39°C were unsuccessful

because of poor cell survival. The culture medium was sampled at 72 hr after

infection and virus titres were determined by plaque assay in C6/36 cells (Fig. 4.21).

The results for V2, V169-173, have also been presented in chapter three. Of the

four viruses, only VM283F showed significant temperature sensitivity. At 72 hr after

infection, supernatant from cells infected with virus VM283F and maintained at 33°C

contained (3.0 ± 0.4) x 104 pfu/ml, whereas cells maintained at 37°C contained (5.7 ±

0.4) x 102 pfu/ml (Fig. 4.21). The presence of each mutation in recovered virus was

reconfirmed by RT-PCR and sequencing.
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4.3.7 Temperature shift experiments with virus

To assess the effect of temperature shift on viral RNA synthesis and

replication of VM283F, duplicate BHK-21 cell monolayers were infected with the

parental V2 or mutant VM283F viruses at an MOI of 10 and incubated for 48 hr at 33°C.

At this time monolayers were maintained at 33°C or shifted to 37°C. At 0 hr, 16 hr

and 24 hr after the shift, culture fluid was removed for analysis of virus production by

plaque assay, and RNA extracts of the infected cells were prepared for analysis of

viral RNA content by dot blot hybridization.

At 24 hr after the shift (72 hr after infection) the cell culture medium was

assayed for virus yield (Fig. 4.22A). The titres for the mutant and parental viruses

were both higher at 33°C than at 37°C. However, the shift to 37°C clearly had a

greater effect on mutant VM283F than on V2. The reductions in titre (logio) were 1.9

and 0.7 respectively.

The results of the analysis of RNA accumulation by dot blots (Fig. 4.22B)

correlated with the titre of released virus described above. Overall, the V2 infected

cells contained more viral RNA than those infected with the mutant VM283F (Fig.

4.22B), consistent with the higher yield of virus from the former (Fig. 4.22A).

Following the shift, V2 infected cells showed similar viral RNA content at the two

temperatures at 64 hr and 72 hr, whereas for the mutant VM283F5 the cells maintained at

33°C clearly had more viral RNA than at 37°C. Both positive and negative strand

viral RNA were detected by the dsDNA probe.

To assess the effect of the temperature shift on viral protein synthesis, the

accumulation of labelled proteins at the permissive (33°C) and non-permissive (37°C)
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temperatures was compared. The timing of the experiment was similar to that

described above for the dot blot. BHK-21 cell monolayers were infected with the V2

or mutant VM283F viruses at an MOI of 10 and incubated for 48 hr at 33°C. At 48 hr

after infection monolayers were maintained at 33°C or shifted to 37°C. At 0 hr and 24

hr post shift, media was replaced with fresh medium lacking methionine for 2 hr.

Proteins were then radiolabelled with [35S]methionine for a further 2hr. As a measure

of overall viral protein synthesis, the amount of NS3 protein was assessed by RIP of

cell lysates using anti-NS3 polyclonal antiserum (Fig. 4.23). As for viral RNA, less

NS3 was detected in the cells infected by the mutant virus VM283F than by V2. In

addition, cells infected by the mutant contained less NS3 at the higher temperature

(Fig. 4.23A, lanes 7 and 8 compared with lanes 9 and 10), whereas V2 infected cells,

(lanes 11 and 12), were more similar in NS3 content.

Fig. 4.23B shows that the amount of protein in cell lysates before

immunoprecipitation varied little. This demonstrated that the differences in levels of

NS3 seen following RIP were probably due to the availability of template viral RNA

for protein synthesis and not to variation in the number of cells in the monolayer or

efficiency of lysis. Therefore the mutant virus VM283F was temperature (heat) sensitive

in RNA synthesis, protein synthesis and vims yield.

4.3.8 Serial passage of V334.336 in C6/36 cells

The virus V334.336 was severely restricted in replication and possibly heat

sensitive (Table 4.3), and was serially passaged in C6/36 cells at 28°C. It was
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hypothesized that ongoing passaging may select a reversion or second site mutation

that enabled this virus to replicate more efficiently.

An aliquot of virus was passaged up to 11 times in C6/36 cells (see section

4.2.14 for method details). The cells were maintained at 28°C for five days at each

passage (or until cell monolayers exhibited extensive CPE). On day five of passage

number seven, cells infected with V334.336 exhibited low levels of CPE. Over the next

three passages, the onset of CPE was more rapid, and the levels of CPE increased

until passage number ten. The titre of virus in the supernatant was determined for

several passages (Table 4.4).

To detect one or more mutations that may be restoring virus replication, initial

RT-PCR and sequencing directly across the site mutated showed it had not reverted

during passaging Then, further sequencing of nucleotides 4132 (in NS2B) to 6375 (in

NS3) of V334.336 passage 10 virus was performed to look for potential suppressor

mutations.

An A to G nucleotide change was observed in NS2B at position 4573, which

resulted in a He to Met amino acid change. This amino acid residue is not located

within the 40 amino acid hydrophilic region of NS2B shown to be important for

NS2B/3 interactions.

4.4 Discussion

Ten sites distributed through the helicase region of DEN-2 NS3 were mutated

in these experiments. Four were located in enzyme motifs, and a further six that were

rich in charged amino acids were altered by charged-to-alanine mutagenesis of three

residues (Fig. 4.3).
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4,4.1 NS3-mediated ATPase and RNA helicase activity

Ten mutant proteins were synthesized in E. coli and tested in vitro for their

effects on ATPase and RNA helicase activities. The ATPase activity of the parental

protein G2 was stimulated only modestly by poly(A) in these experiments. The

increase in kcJKm was 1.45 fold, corresponding to an increase in Vmax of 1.25 fold.

This was in contrast to the results obtained by Li et al (1999) who showed a 9.7 fold

increase in Vmax for a DEN-2 NS3 in the presence of poly(A), using a protein with a

similar amino terminal truncation but containing a carboxy terminal His tag rather

than the much larger amino terminal GST tag of these experiments. Other significant

differences in NTPase activities among NS3 proteins in the presence of

polynucleotides have also been described (Borowski et al, 2001; Kuo et al, 1996;

Suzich et al, 1993; Tamura et al, 1993; Warrener et al, 1993). The reasons for the

differences have not been identified, but probably reflect variation in the types, sizes

and locations of fused peptides, the degree of truncation of the enzymes, the methods

of expression (e.g. in bacteria, insect or mammalian cells), the purification

procedures, and the assay conditions.

Truncated NS3 synthesized as an amino terminal GST fusion remained largely

soluble and was functional as an ATPase and RNA helicase. Enzymatic activity was

absent/minimal for GST expressed in E.coli from pGEX-3X. This implied that these

activities were authentic functions of NS3 and not those of an E. coli derived

contaminant.

Previous research has focused on either the helicase motifs or the amino acid

residues external to helicase motifs predicted to interact with single stranded nucleic

acids. The findings were related to the proposed mechanism of ATPase and helicase
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activities (Grassmann et al, 1999; Gu et al, 2000; Kim et al, 1998; Lin & Kim,

1999; Min et al, 1999; Paolini et al, 20006; Utama et al, 2000a; Wardell et al,

1999). The majority of these mutations were of HCV NS3, and were only tested in in

vitro assays due to a lack of tissue culture systems permisssive of HCV replication.

In these experiments, both ATPase and helicase activity were tested in vitro.

Five patterns of activity were observed and they are discussed in turn below: (i) no

ATPase and no helicase, (ii) enhanced ATPase and enhanced helicase, (iii) reduced

ATPase and no helicase, (iv) reduced ATPase and reduced helicase and (v) reduced

ATPase and enhanced helicase.

(i) No ATPase and no helicase. Only two of the ten mutant fusion proteins

assayed for enzymatic activity in this study lacked both in vitro ATPase and RNA

helicase activities. They contained a substitution of the invariant G198 or K199 residue

in the NTP-binding motif I. Substitution of the residue corresponding to K199 in

BVDV and HCV was previously shown to greatly reduce ATPase and RNA helicase

activities (Gu et al, 2000; Heilek & Peterson, 1997; Kim et al, 19976; Min et al,

1999; Wardell et al, 1999).

(ii) Enhanced ATPase and enhanced helicase. All six proteins with charged-

to-alanine mutations had ATPase activity. Of these, four proteins G169-173, G179-181,

G184-186 and G436-439 were more active than parental G2 (Fig. 4.17). Increased ATPase

corresponded to increased helicase activity (Fig. 4.19). Previous studies have also

shown enhanced NTPase activity for some flavivirus and poxvirus enzyme mutants.

Li et al. (1999) generated a DEN-2 NS3 mutant QiS4NGNi87, comparable to the

Ri84KRKi87 mutant, and demonstrated that it had a 2-fold increase in ATPase activity

in the absence of poly(A). Substitution of the conserved His residue of motif II with

Ala in NS3 of HCV and JEV, and in the NPH-II of Vaccinia virus, also caused an
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increase in NTPase activity in the absence of poly(A) compared with parental protein

(Gross & Shuman, 1995; Heilek & Peterson, 1997; Utama et al, 2000a).

(iii) Reduced ATPase and no helicase. In this study, the motif VI mutant

GR457A,R458A and the charged-to-alanine mutant G376-380 had reduced ATPase activity

and no helicase activity, identifying two regions required for coupling of the two

activities. The role of the Arg residues of motif VI have been examined in Vaccinia

virus NPH-II and HCV NS3 helicases. In the X-ray crystal structure of the related

HCV NS3 helicase of Kim et al. (1998), residues in motif VI are located in the cleft

between domains one and two. The first Arg (R457 in DEN-2) points away from the

cleft and is hydrogen bonded to HCV D412 and D427 (Kim et al, 1998). Mutation of

this first Arg residue in NPH-II and HCV helicase leads to a decrease in RNA binding

(Gross & Shuman, 1996a; Kim et al, 1991 b), possibly as a consequence of an

alteration in the conformation of D412 which lines the RNA binding channel in HCV

(Kim et al, 1998). An alternative explanation is provided by Chang et al (2000) who

demonstrated by mutagenesis that for HCV only the second Arg (R458 in DEN-2) is

involved in RNA binding. Thus by comparison with these viruses, the lack of

detectable helicase activity of the GR457A,R458A double mutant protein was probably

due to inhibition of RNA binding. In contrast to GR457A,R458A» mutagenesis of the

region corresponding to G376-380 has not been reported, and analysis of the HCV

structure at this location provides no understanding on the role of these residues in

enzyme activity. However, the substitution of basic residues by Ala may also have an

adverse effect on RNA binding. Recent structure based mutagenesis of HCV NS3

helicase demonstrated that substitution with Ala of several residues (external to

helicase motifs) proposed to interact with RNA based on an X-ray crystal structure of
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a binary complex of the HCV helicase with a (dlJlg oligonucleotide, also uncoupled

the two enzyme activities (Lin & Kim, 1999).

(iv) Reduced ATPase and reduced helicase. The remaining charged-to-

alanine mutant G334.336 showed reduced levels of both ATPase and RNA helicase

activities.

(v) Reduced ATPase and enhanced helicase. The only protein which

demonstrated reduced ATPase activity and increased helicase activity with respect to

parental G2 was the motif II mutant GM283F- The mutation in this protein was of

particular interest because the residue at this position (Met in DEN-2 motif II

L280IIMDEAH287) (Koonin & Dolja, 1993), adjacent to the invariant acid residues

D284 and E285, has not been previously mutated for any virus. Phe commonly occurs at

this position in positive strand viruses (Koonin & Dolja, 1993). Analysis of the HCV

NS3 crystal structure indicates that the adjoining Asp and Glu residues potentially

interact with the bound ATP y phosphate and amino acid residues in motif I via Mg2+

binding (Kim et al, 1998) and both residues are required for NTPase and helicase

activities (Utama et al, 2000#; Wardell et al, 1999). However, the reason for the

increased helicase activity observed in this study is unknown. Analysis of the HCV

helicase structure demonstrates that the residue equivalent to DEN-2 M283 is buried

within the secondary structure, suggesting that it is not directly involved in ATPase or

helicase activity (J. C. Whisstock, personal communication).

4.4.2 Virus production

With the availability of genomic length cDNA, the effect on virus replication

of nine mutations modifying ATPase and helicase activity in vitro was tested. As
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described above, the mutations produced five patterns of enzyme activity in vitro, and

their effects on replication were of considerable interest. The introduction of helicase

mutations into viral genomes has been reported for only one positive strand RNA

virus, BVDV (Gu et al, 2000). For BVDV, three mutations, two point mutations in

motifs I and II and a deletion mutant in motif VI, abolished helicase activity and virus

replication (Gu et al, 2000). Likewise for DEN-2, the mutations in motifs I (K199A)

and VI (R457A,R458A) that abolished helicase activity also prevented virus

replication. In addition, the charged-to-alanine mutation at in DEN-2

NS3 also stopped helicase activity and virus replication. Thus for both these members

of the family Flaviviridae, lack of helicase in vitro correlated directly with no

detectable virus replication.

On the other hand, mutations permitting helicase activity /;/ vitro did not

necessarily permit virus replication. There were four mutations that allowed

replication i.e. E169KSIE173, E179DD181, M283F and D334EE336 (although with smaller

plaque phenotype and in two instances temperature sensitivity), and two that did not

i.e. Ri84KRi86 and D436GEE439. With the exception of M283F (motif II mutant), these

mutations were all of the charged-to-alanine type and therefore likely to be located on

the surface of NS3 and involved in protein-protein or RNA-protein interactions

(Alber, 1989; Diamond & Kirkegaard, 1994). NS3 has been identified in NS3/NS5

complexes (Chen et al, 1997a; Kapoor et al, 1995) and associated with the

nonstructural proteins NS1, NS2A, NS4A and NS5 in replication complexes

(Khromykh et al, 1999a; Khromykh et al, 19996; Mackenzie et al, 1998; Westaway

et al, 1997b). It is therefore likely that subtle or substantial changes in these

interactions led to the observed range of phenotypes. In particular, the charged

residues at Ri84KR]86, D334EE336, and D436GEE439 are worthy of further investigation.
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Less severe mutagenesis of these sites would establish the relative contribution of

individual residues to enzyme activity and virus replication. Additional experiments

which may assist in determining the roles of residues, are binding assays in vitro for

analysis of protein-protein and RNA-protein interactions (Cui et al., 1998). Since the

hydrophilicity profiles of proteins specified by viruses within the genus Flavivirus are

highly conserved (Westaway & Blok, 1997), the results obtained using DEN-2 would

be potentially applicable across the genus.

Upon serial passage, vims V334.336 showed evidence of improved replication

(CPE) by passage number seven (Table 4.4). The high passage virus stock was

sequenced across the NS2B and NS3 regions, and a second-site change was

discovered in NS2B. Although not located within the predicted 40 amino acid region

required for NS2B-NS3 interaction and proteinase activity, this residue may be

involved in this or other protein-protein interactions, and therefore have an effect on

proteinase activity or even other replicative requirements. An X-ray crystal structure

of the complex of full-length NS2B-NS3 (currently not available) would also help to

determine the role of both the original NS3 mutation and the second-site NS2B

change in protein-protein mtei';2ci:onr 43'd possibly enzymatic function.

Further sequencing of the remainder of tk genome v :̂.iild also be required to

determine whether there were any other changes introduced dur.ng passaging which

may have contributed to the improved replication cf this mutant. The original V334-336

low passage virus would also need to be fully sequenced to ensure that any additional

second-site changes are unique to the high passage virus stock (the entire NS2B

region of the low passage V334-336 virus stock was sequenced and the second-site

NS2B change was not present). The high passage V334.336 virus stock may be further

characterized by analysis of any altered replicative properties in C6/36 or BHK-21
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cells. The incorporation of the second-site NS2B change into genomic length DEN-2

cDNA both with and without the original NS3 mutation would also enable analysis of

the contribution of the second-site mutation to the restoration of parental levels of

virus replication.

There was limited success in producing ts mutants by charged-to-alanine

mutagenesis. Here one potential mutant (V334.336) was obtained after mutagenesis of

six different sites however, this virus replicated too poorly for further studies (Table

4.3). Only one ts mutant produced by this technique has been reported for the

flaviviruses, in NS1 of YFV (Muylaert et al, 1997). However, a ts mutant, VM283F,

with the M283F substitution in motif II was produced. As noted above for the

hydrophilicity profiles, the conservation of the sequence MDEAH in motif II suggests

the results with VM283F may hold for other flaviviruses. The data shown in Fig. 4.22B

demonstrated that cells infected with this virus were defective in RNA synthesis at the

non-permissive temperature (37°C). Further experiments would be required to

determine the basis of this defect.

4.5 Concluding remarks

This study identified residues in the NS3 helicase region of DEN-2 within and

outside motifs that modify enzyme activities in vitro and alter virus phenotype.

Mutations that abolished helicase but not ATPase activity were identified. In some

instances enhancement of enzyme activities was observed. Absence of helicase

activity in vitro correlated directly with lack of virus replication. Substitutions to

conserved motifs were more disruptive to ATPase and helicase activities in vitro than

changes at hydrophilic sites by charged-to-alanine mutagenesis. Of the nine mutant
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viruses tested, five were lethal (Table 4.3), reflecting the importance of NS3 in viral

replication. The mutations contained within the four viruses which did replicate may

be suitable for incorporation into growth-restricted vaccine strains. It may be possible

to enhance the yield of V334.336 by reducing the number of charged residues changed

to Ala in the sequence D334EE336 wiiib retaining some growth restriction and a small

plaque phenotype.

The results demonstrate that mutagenesis in the helicase region or perhaps in

other nonstructural proteins has potential for obtaining growth-restricted and ts

viruses of other flavivirus species. In our studies with DEN-2 NS3, we recovered

infectious virus for 50% of charged-to-alanine mutants tested. Comparisons of the

deduced amino acid sequences of flaviviruses show high conservation of

hydrophilicity and hydrophobicity across the viral polyprotein, regardless of

considerable variation in primary sequence (Westaway & Blok, 1997), and thus it

may be possible to extend these results to the other dengue serotypes and encephalitic

flaviviruses. The mutations that were introduced here required multiple nucleotide and

codon changes. In theory, multiple changes reduce the risk of reversion to parental

phenotype when introduced into a potential vaccine strain.

The continued analysis of the biological role of the NS3 helicase in viral

replication will aid in the development of anti-viral compounds which may inhibit (i)

NTP binding, (ii) RNA binding, (iii) the coupling of NTPase and RNA helicase

activities, (iv) inhibition of the translocation of the helicase along the polynucleotide,

or (v) block protein-protein interactions within the replication complex, and also

expand our understanding of the role of the NS3 RNA unwinding function in the virus

life cycle.
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Fig. 4.1 Alignment of several NS3 helicase amino acid sequences and mutations

introduced into DEN-2 NS3. Dots stand for identical amino acid residues while

dashes represent gaps introduced to allow maximal identity. The seven helicase motifs

(I-VI) are shown as pink boxes. Each of the ten mutations is colour coded, and each

colour will be used tliroughout the chapter to designate a particular mutant virus.

Residues at four sites within motifs I, II and VI were substituted, in addition to six

sites outside motifs. The position of amino acids within DEN-2 NS3 are shown above

the sequence. The same virus GenBank accession numbers were used for this NS3

helicase alignment as for the NS2B alignment (Fig. 1.2).
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Fig. 4.2 Hydrophilicity plot of the central helicase region of NS3. The positions of

the seven helicase motifs and the five hydrophilic regions mutated are shown. The

underlined residues were mutated to Ala. Amino acid numbers within NS3 are shown

below the plot.



Fig. 4.3 Constructs used to synthesize NS3 fusion proteins and prepare mutated viruses. The seven helicase motifs are shaded (Koonin &

Dolja, 1993); residue numbers within NS3 are given. On the left are the full (pGX) and abbreviated (G) designations of the truncated NS3 gene

constructs in pGEX-3X. The G designations are also used for the corresponding encoded mutant fusion proteins where appropriate. On the right

are the names of the plasmids containing genomic-length cDNA (pDVWS) and derived virus (V). Antiserum raised in rabbits against a bacterial

fusion protein (Teo and Wright, 1997) was directed against a segment of NS3 (vertical stripes). For clustered charged-to-alanine mutants, the

underlined residues were mutated to Ala.
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glutathione S-transferase

laql pGEX-3X
4942 bp

MCS

ampicillin resistance

B

Factor Xa
ATC GAA GGT CGT GGG ATC CCC GGG AAT TCA TCG TGA CTG ACT GAC

Bam HI Sma I Eco RI stop codons

Fig. 4.4 (A) Simplified map of the expression vector pGEX-3X. The multiple cloning

site is located immediately downstream of the GST gene enabling the gene of interest to

be expressed as a GST fusion protein. (B) Map of tho / xCS containing the three available

stop codons.



Ndef

Nde I

Digest with Nde I5200

and Spe I

Klenow extension to
generate blunt ends

1413bp Spe I

Sma I

Digest with Sma I

Sma I
i

4942bp Sma I
i

ligate

Fig. 4.5 Construction of the plasmid pGX74%NS3. To produce the plasmid

pGX74%NS3, a 1413bp Nde I5200- Spe I fragment was removed from pSV.NS3,

recessed ends were filled in using Klenow DNA polymerase I, and the fragment

was ligated into Sma I digested pGEX-3X. The final construct contained 1373bp

of DEN-2 sequence.



2618(a)'

I
Fragment ac

PCR

Isolate PCR fragments
2618(a)

Fragment bd

26I9(d)

PCR I
Fragment ad (588bp)

Bam HI # M i XIw I

Digest with
Bam HI and Xho 14r

pGX74%NS3 ,„„.,„
6,355bp

Xho\

Bam HI T />GX74%NS3
6,355bp

Digest with
Bam HI and Xho I

Ligate if

pGX74%NS3 lw.1M

6,355bp
pGX74%NS3184.1S6

6,355bp

Fig. 4.6 Construction of plasmids pGX74%NS31^173,pGX74%NS3179.,,I and

pGX74%NS3IM.1M. OE-PCR was used to insert the changes E169KSIEm (parental)

to AI69ASIA173 (mutant), E179DD181 to A179AA181 and R184KR186 to AI84AA186 within

NS3. The mutagenic primers used (primers b and c) are listed for each mutant in

Table 4.1. Each respective 432bp Bam HI-Xho I fragment containing the

mutation was directly cloned into pGX74%NS3.



pGX74%NS3
6,355bp

pGX74%NS3
6,

Isolate PCR fragments
2618(a)

Bam H I T pGX74%NS3
6,355bp

Fragment ad (588bp)
Bam HI Xho I

Digest with
Bam HI and Xho l

Digest with
Bam HI and Xho I

pGX74%NS3G198A

6,355bp
pGX74%NS3KI99A

6,355bp

h

Fig. 4.7 Construction of plasmids pGX74%NS3G19gA,pGX?4%NS3KI99Aand

pGX74%NS3MM3F. OE-PCR was used to insert the changes within NS3. The

mutagenic primers used (primers b and c) are listed for each mutant in

Table 4.1. Each respective 432bp Bam HI-Xho I fragment containing the

mutation was directly cloned into pGX74%NS3.



Xho\

pSV.NS2B/34,74,
5,494bp

5426 Xtio I5426

SnaB I

Digest with
Xho I and Sna BI

XholM6 1039bp SnaBl Bsa AI
I

Ligate

Digest with
A7;ol and

5178bp

Fig. 4.8 Construction of the pissjnid pGX74%NS3R457Aj,4$,A. To produce the plasmid

pGX74%NS3R457AR458A, a 1039bp Xh.o I5426- Sna BI fragment was removed from pSV.NS2B/3

and ligated into pGEX-3X digested Xho \M*/Bsa AI. Both Sna BI and Bsa AI restriction

enzymes generate blunt ends. The final construct contained 1147bp of DEN-2 sequence.



PCR

Fragment ac Fragment bd

Isolate PCR fragments

3638(a)

PpuM\

Xho I

4318(d)

PCR

Fragment ad (1331 bp)
Xho\ Ppu Ml

Digest with
Xho I and Ppu MI

Digest with
± Xho I and Ppu MI

Fig. 4.9 Construction of plasmids pGX74%NS33J4_3^pGX74%NS3376.MOand

pGX74%NS343<W39. OE-PCR was used to insert the changes D334EE336 (parental)

to A3 (mutant), R376KNGK3g0 to A376ANGA3g0 and D436GEE439to A436GAA,•439

within NS3. The mutagenic primers used (primers b and c) are listed for each

mutant in Table 4.1. Each respective 426 b^Xho l$426-Ppu MI5852 fragment

containing the mutation was directly cloned into pGX74%NS3.



EcoRI
Sac I
Kpn\
Aval
Sroal
SamHI
A'bal
Sal\
Acc\
Hinc II
Psll
Sp/il
Mod

1. Digest with EcoKL
and///Will

2. Klenow fill-in to produce blunt ends

3. Ligate

\del

4. Digest with Nde I
and transcribe with T7 polymerase

OR
4. Digest with Ban I
and transcribe with SP6 polymerase
in the presence of [a"P] ATP

5. Hybridize

5' 235nt 3'

3'

L

120nt 5'

Fig. 4.10 Construction of the 3'-tailed dsRNA substrate. Initially the

plasmid pGEM-4ZA24 was constructed by digestion of the plasmid pGEM-4Z

with Eco RI and Hind III. The resultant plasmid was then used for in vitro

transcriptions to produce RNA for subseqent hybridization.



Fig. 4.11 Construction of the plasmid, pDVWS501NS3i84-i86. Initially, a 1356bp

OE-PCR fragment containing the mutation (as indicated by the asterisks) was digested

with Nsi I and Ppu MI and the resulting 1152bp mutated fragment was ligated into Nsi

VPpit Mi-digested pDVSO8298. To produce the plasmid pDVWS501NS3i84-is6, a

3174bp Nsi I - Stu I fragment was removed from pDVSO8298i84.i86 and ligated into

Nsi l4100/Stu I7874-digested pDVWSSOl.
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Fragment ac Fragment bd

Isolate PCR fragments

, 752(d)
PCR

Fragment ad (1356bp)
Nsi I PpuMl

Ppu MI

Nsi I

Digest with
Nsi I and Ppu MI dr 1Digest with
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P
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Digest with Nsi 1
and Stu I
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Bst BV BstBf BstBf

Bst BI -, Bst BI

fisf BI

pGX74%NS3M™,
6,355bp

BstB\

1Digest with
fly/BI

Bstfll Bst BI

pDVWS501NS3MauF

16,!23bp
pDV\VS501NS3K19,A

16,123bp

Digest with Bst BI

Fig. 4.12 Construction of plasmids pDVWS501Kl99A> pDVWS501NS3M2MF and pDVWS501NS3R457AR458A. To produce the plasmids

pDVWS501NS3K199A, pDVWS501NS3M283F and pDVWS501NS3R457A R458A, cDNA encoding these mutations was cloned into pDVWS501 by

removing the 977bp mutated Bst Bl5O6VBst BI6046 fragment from the corresponding pGX74%NS3 plasmid, and ligating this into Bst

Bl5069/Bst Bl^-digested pDVWS501.



3638(a

I
Fragment ac

PCR

Isolate PCR fragments
3638(a)

^Fragment bd
6046

4318(d)

PCR

Fragment ad (133lbp)
BstBl _ Bst BI

Digest with
Bst BI and Bst Bl

Ligate V

Digest with
Bst BI and Bst BI

Fig. 4.13 Construction of plasmids pDVWS501NS3334.336,pDVWS501NS3376-3S0

and pDVWS501NS3436^39. OE-PCR was used to insert the changes within NS3.

The mutagenic primers used (primers b and c) are listed for each mutant in

Table 4.1. Each respective 977bp Bst BI5069- Bst BI6046 fragment containing the

mutation was directly cloned into pDVWS501.
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Fig. 4.14 Analysis on 10% polyacrylamide gels of partially purifled parental

G2 protein. (A) Coomassie blue staining. (B) Immunoblot using anti-GST

antibodies (Pharmacia Biotech). (C) Immunoblot using anti-NS3 antiserum. Size

markers are shown on the left.



kDa M
220-

78->
97-

30-

1 2 3 4 5 6 7 8 9 10 11 12 13
§

Fig. 4.15 Analysis ^partially purified parental and mutant GST:74%NS3

fusion proteins. Coomassie blue staining of the GST:74%NS3 mutant fusion

proteins. Size markers are shown on the left.
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Fig. 4.16 ATPase activity of parental G2 fusion proteiR. (A) ATPase activity

of increasing amounts of parental GST:74%NS3 fusion protein measured by the

production of [cc32P] ADP. (B) Rate of ATP hydrolysis using 1 pmol of protein

and 5 mM ATP. (C) Lineweaver-Burk plots of ATPase activity in the presence or

absence of 0.5 mM poly(A). Reaction volume of 10 j.il contained 1 pmol of enzyme.
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Fig. 4.17 ATPase activities of wild-type and mutant 74%NS3 fusion proteins.

(A) Radioactive ADP and ATP were separated by TLC. (B) Percent hydrolysis of

ATP to ADP. Means (columns) and range of values (single line bars) from three

independent experiments are shown.
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Fig. 4.18 RNA helicase activity of the parental G2 protein.

Lane 1, heated RNA substrate (hS); lane 2, untreated RNA

substrate (S); lane 3, RNA helicase activity of 1 pmol of purified

G2 protein; lane 4, a? for lane 3 but omitting ATP and Mn2+.
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Fig. 4.19 RNA helicase assay of 74%NS3 fusion proteins. (A) RNA

helicase activity of mutant fusion proteins. Lane 1, untreated RNA

substrate (S); lane 2, heated RNA substrate (hS). (B) Percent unwinding of

dsRNA to ssRNA. Means (columns) and range of values (single lin.-- bars)

from three independent experiments are shown.
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Fig. 4.20 Repr' entative plaque sizes of mutant viruses in C6/36 cells at 28°C.
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Fig. 4.21 Replication of selected mutant viruses in BHK-21 cells at 33°C and

37°C (MOI of 1.0). The cell culture medium was sampled at 72 hr p.i. and the

virus titres were determined by plaque assay on C6/36 cells (28°C). Error bars

show one standard deviation of the plaque titre.
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Fig. 4.22 Effect of temperature on virus replication and RNA synthesis of

mutant virus VM2J3F. (A) Replication of parental V2 and VM28F viruses in BHK-21

cells shifted from 33°C to 37°C at 48 hr p.L Virus titres in culture fluid at 72 hr p.i.

were determined by plaque assay on C6/36 cells (28°C). Error bars show one

standard deviation of the plaque titre. (B) Dot blot hybridizations of total cell

RNA using a 32P-labeled dsDNA viral probe. Cells were harvested at 48,64 and

72hrp.i..
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Fig. 4.23 Protein synthesis of parental V2 and VM2MF viruses in BHK-21 cells

shifted from 33°C to 37°C at 48 hr p.i.. (A) Analysis by gel electrophoresis of

35S-labelled protein immunoprecipitated by anti-NS3 antiserum (Teo & Wright,

1997). At 0 hr and 24 hr post shift (48 hr and 72 hr p.i.), cells for each virus at each

temperature were starved of methionine for 2 hr and radiolabelled for a further 2

hr. Mock infected cells (lanes 2,5, and 6) and size markers are shown (lane 1). (B)

The bottom panel shows amounts (fig) of total cell protein in cell lysates before

immunoprecipitation. The samples in lanes 7, 8 and 9,10 are from independent

duplicate experiments.
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Table 4.1: Sequence of the primers used in OE-PCR.

Primer Primer Sequence2

number designation1 5 ' to 3 '
Construct Primers used for

sequencing of OE-
PCR products

pGX74%NS3,69-i73

pGX74%NS3I79.18I

pGX74%NS3184.I86

pGX74%NS3GI98A

pGX74%NS3Ki99A

2618J

4095
4096
2619

2618
7538
3640
2619

2618
4097
4098
2619

2618
2620
2621
2619

2618
2624
2625
2619

a
b
c
d

a
b
c
d

a
b
c
d

a
b
c
d

a
b
c
d

ATCGAAGGTCGTGGGATCCCCCTATG5005

5020CAGACTGcAgcAAGTATTGcAGACAATCCAGAGAT5055

5045TTGTCTgCAATACTTgcTgCAGTGTGGGCTATAGCA5010

5568, 5545CTCATGTCCAGAACTCCACGACG

ATCGAAGGTCGTGGGATCCCCCTATG5005

5050GAGATCGcAGcTGcTATTTTTCGAAAGAG5078

5082TTTTCTCTTTCGAAAAATGgCAgCTgCGATCTCTGGATTGTC5041

5568CTCATGTCCAGAACTCCACGACG5545

ATCGAAGGTCGTGGGATCCCCCTATG5005

5065TATTTTTgcAgcGgcAAAATTGACCATCATGGACC5099

5085CAATTTTgcCgcTgcAAAAATATCATCTTCGATCTCTGG5047

5568CTCATGTCCAGAACTCCACGACG5545

ATCGAAGGTCGTGGGATCCCCCTATG5005

5IO7GGAGCGGctAAGACGAAGAGATACCTTCCG5136

5126CTCTTCGTCTTagCCGCTCCTGGGTGGAGG5097

5568CTCATGTCCAGAACTCCACGACG5545

ATCGAAGGTCGTGGGATCCCCCTATG5005

5107GGAGCGGGAgcGACGAAGAGATACCTTCCG5136

5124CTTCGTCgcTCCCGCTCCTGGGTGGAGGTC5095

5568CTCATGTCCAGAACTCCACGACG5545

2618,2619

2618,2619

2618,2619

2618,2619

2618,2619



Construct Primer
number

Primer
designation1

Sequence2

5'to 3'
Prhners used for

sequencing of OE-
PCR products

pGX74%NS3M283F

pGX74%NS3334-336

pGX74%NS3376-38o

pGX74%NS34 ;„.,;,

2618
2627
2626
2619

3638
4099
4100
4318

3638
4104
4105
4318

3638
4106
4107
4318

a
b
c
d

a
b
c
d

a
b
c
d

a
b
c
d

ATCGAAGGTCGTGGGATCCCCCTATG5005

5364

5374/
CATCtTcGACGAAGCCCATTTCACAGACCC5393

"CGTCgAaGATGATCAGGTTGTAATTTGGC5346

5568CTCATGTCCAGAACTCCACGACG5545

4792GAAGAAGCCGCGGTCTTGGCATTGGAGCCTG4822

55I6TCATGGcTGcAGcAAGAGAAATCCCrGAACG5546

5533CTCTTgCTgCAgCCATGATTGGTGCAT5507

6123CACAAAGGTTTTCCTTGCTTCTCCTCTCAAGCGG6090

4792GAAGAAGCCGCGGTCTTGGCATTGGAGCCTG4822

5641TGCCTGgcAgcAAATGGAgcGAAAGTGATACAACTC
5066ACTTTCgcTCCATTTgcTgcCAGGCAAGCTGCTATATC5629

6123CACAAAGGTTTTCCTTGCTTCTCCTCTCAAGCGG6090

4792GAAGAAGCCGCGGTCTTGGCATTGGAGCCTG4822

582ICTAACAGcTGGTGcAGcGCGGGTGATCCTGGC5852

5843ACCCGCgCTgCACCAgCTGTTAGTATAACTGG5812

6123CACAAAGGTTTTCCTTGCrrCTCCTCTCAAGCGG6090

2618,2619

2627

2627

2627

1 a and d are flanking primers, b and c are niutagenic primers in OE-PCR (see Fig. 2.1).

2 All sequences are listed 5' to 3', and the substituted nucleotides are written in lower case. Nucleotide numbering refers to the NGC DEN-2 sequence of Irie et al.

(1989).

3 The first 22 nt of primer 2318 is pGEX-3X sequence.

• [ ' f - i ^ - K . . . •..;-,•-



Table 4.2: Primers used to amplify and sequence RT-PCR products from C6/36 cells infected with second passage mutant virus.

Vims RT primer PCR primers Location of amplified DNA Region sequenced Sequencing primer
33°C 37°C

V169.i73
5 Random hexamers 179,3633,3630,2626, nt 4132-6375 nt 4609-5374

2620,4318,4106,1146

Vi79-i8i5 Random hexamers 179,3633,3630,2626, nt 4132-6375 nt 4565-5374
2620,4318,4106,1146

VM283F Random hexamers 179 ,3633 ,3630 ,2626 , nt 4132-6375 no product
2620,4318,4106,1146

V334.336 Random hexamers 179,3633,3630,2626, nt 4132-6375 no product
2620,4318,4106,1146

NS2BandNS3
nt 4132-6375

NS2BandNS3
nt 4132-6375

NS2BandNS3
nt4132-6375

NS2BandNS3
nt 4132-6375

5998,4056,4105,4099
1146,4106,2621,1396

5998,4056,4105,4099
1146,4106,2621,1396

5998,4056,4105,4099
1146,4106,2621,1396

5998,4056,4105,4099
1146,4106,2621,1396

1 Numbering follows the sequence of Irie et al. (1989).

2 All sequenced products were from viral RNA obtained following electroporation of RNA into BHK-21 cells (maintained at 33°C or 37°C) and two

passages of virus in C6/36 cells at 28°C.

3 For products obtained from viruses obtained by maintaining BHK-21 cells initially at 37°C, only the region spanning the mutation was sequenced.

For viruses V169-173, Vi79.i8i VM283F and V334.336 obtained by maintaining BHK-21 cells initially at 33°C, RT-PCR products covering the entire NS2B

and NS3 genes were sequenced (i.e. nt 4132-6375).

4 For sequence of primers see Table 3.2.

5 The data for these viruses was also presented in Table 3.3.

L.



Table 4.3: Yields of mutant viruses following electroporation of RNA into BHK-21 cells
and two passages of virus in C6/36 cells.

1 Immunofluorescence (IF) in BHK-21 cells at 5-6 days p.e. IF was scored (-) no positive cells, (+) 1-

25% positive cells, (++) 25-50% positive cells, (+++) 50-75% positive cells, (++++) 75-100% positive

cells.

2 Plaque titres after passaging in C6/36 are expressed in pfu/ml + one standard deviation. Each virus was

derived at least twice from RNA transcripts, therefore the result shown for each virus is the average of

two or more experiments.

3 Detection of product after RT-PCR. All positive samples retained the required mutation and had no

other changes in the NS2B/3 genes.

4 Temperature at which BHK-21 cells were incubated immediately after electroporation i.e. 33°C or 37°C

5 Data on these viruses also presented in Table 3.4.

6 ATPase and RNA helicase activities. Activity was scored (-) no activity, (+) parental activity, (T)

Site mutated

EKSIE

EDD

RKR

K199A

M283F

DEE

RKNGK

mm

R457A,R458A

Virus IF'

V2

V169-173

V, 7 g . ] 8 |

v,,,.,B

W

^334-336

^376-380

V'n i->

V R 4 5 7 A . R -

33°C4 +++
37°C +++

33°C5 +++
37°C +++

33°C5 +++
37°C +++

33°C
37°C

33°C
37CC

33°C +++
37°C

33°C +++
37°C

33°C
37°C

33°C
37°C

58A 33°C -
37°C

Virus titre2

(pfii/ml)

1.1 ±0.1 xlO6

7.3±0.8xl05

2.7±0.2xl06

2.2±0.5xl06

4.9+l.OxlO5

1.4±0.2xl05

none detected
none detected

none detected
none detected

4.7±1.0xl0 s

none detected

7 .3±l . lx lO 2

none detected

none detected
none detected

none detected
none detected

none detected
none detected

Approximate Plaque
size (mm)

4
4

3
3

1
1

2

1

RT-PCR3

yes

yes

yes
yes

yes
yes

no
no

no
no

yes
no

yes
no

no
no

no
no

no
no

ATPase
activity6

+

T

t

T

-

i

i

i

t

i

Helicasc
activity'

T

T

T

-

t

i

-

T

—

Kit

n

'.

K I

1 j
i

|

1

I
I

activity increased compared with parental activity, ( I) activity reduced compared with parental activity.



Table 4.4: Serial passage of the low titre virus V334.336.

Passage number V,
CPE1 Plaque titre2

2
3
4
5
6
7
8
9
10
11

+(day 5)
+ (day 3)
+ (day 2)4

+ (day 2)4

+ (day 2)4

(2.2±0.3)xl03

(4.7±1.2)xlO3

n.t.3

(2.6±0.3)xl04

n.t.
(2.0±0.3)xl05

(1.2 ± 0.2) x 10s

(1.6±O.l)xlO5

(1.3±0.2)xl07

(1.4±0.3)xl07

1 CPE of infected C6/36 cells was scored as (-) no CPE, (+) up to

20% of the cell monolayer showing CPE.

2 Plaque titres are expressed in pfu/ml ± one standard deviation.

3 n.t., not tested

4 By day three of passage 9,10 and 11, V334.336 infected cells

demonstrated extensive (>70%) cell monolayer destruction.

j$



CHAPTER FIVE: GENERAL DISCUSSION AND CONCLUSIONS

One aim of this work was to identify changes in the DEN-2 NS3 gene that

restrict virus replication. This involved the incorporation of mutations into a genomic

length DEN-2 cDNA clone from which (infectious) RNA could be transcribed. The

DEN-2 NS3 protein is multifunctional with a serine proteinase domain in the amino

terminal one third, and a NTPase and helicase in the remaining carboxy terminal two

thirds. Thirteen sites distributed throughout NS3 were mutagenized in this study. Five

sites were in the amino terminal proteinase region external to conserved enzyme

motifs (chapter three). Four of these were rich in charged amino acids and were

considered possible sites of interaction with the hydrophilic 40 amino acid fragment

of NS2B essential for proteinase activity, and with other viral proteins. Hence the

approach of clustered charged-to-alanine mutagenesis was used in an attempt to

isolate growth restricted proteinase mutants. In addition to the mutagenesis of the four

charged sites, substitutions were made to the highly conserved hydrophobic region

G32YSQI36 that also lies outside the conserved proteinase motifs.

Six charged sites were distributed through the helicase region and were

considered possible sites of interaction with proteins of the replication complex. An

additional four mutations located within helicase motifs I, II and VI were also

generated to analyze the functions of the conserved motifs in NTPase and RNA

helicase activities, and viral replication.

Previous experiments showed that mutations which abolished or strongly

reduced NS2B/3 proteinase activity usually prevented or greatly reduced viral

replication (Amberg & Rice, 1999; Chambers et al, 1993; Nestorowicz et al, 1994),
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Chapter Five: General discussion and conclusions

whereas mutations with less severe effects on cleavage generally allowed the recovery

of infectious virus, albeit with reduced plaque titres and small plaque phenotypes

(Amberg & Rice, 1999; Chambers et al, 1995; Nestorowicz et al, 1994). Two

charged-to-alanine mutants and the conserved hydrophobic mutant were previously

tested by Kelley (1996) and did not show severe inhibition of proteinase activity in

COS cells (Matusan et al, 2001). These mutants and a further two charged-to-alanine

mutants (previously untested in COS cells) were incorporated into genomic length

cDNA. All mutant viruses showed a range of reduced plaque phenotypes compared

with parental V2 and replicated to variable yields. However, no proteinase mutant

virus demonstrated a clear ts phenotype. It is possible that the very low yields of the

potential ts mutants V32-36 and V91.94 would be improved by less severe mutagenesis

i.e. substituting one or two residues rather than three. It would be of interest to

investigate mutant NS3/NS2B interactions. Expression of recombinant NS2B and

NS3 proteins in cell free systems or in transfected cells, and coprecipitation of an

NS3/NS2B complex using anti-NS3 antiserum, as described by Arias et al. (1993).

would allow investigation in vitro. Interaction may be monitored in vivo using anti-

NS3 antiserum to immunoprecipitate NS3/NS2B protein complex from DEN-2

infected mosquito cells (Arias et al, 1993), or by using immunofluoresence to look

for colocalization (Westaway et al, 19976).

The availability of the NS3/2B model described in chapter three may also

enable the selection of residues which are predicted to be important in NS2B/NS3

interactions, and which can be mutated and assayed for their effects on proteinase

activity, protein-protein interactions and virus replication. Improved knowledge of

proteinase and cofactor interactions is of broad relevance to flaviviruses and may (i)
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aid in the development of antiviral agents such as proteinase inhibitors, and (ii) aid in

the development of a recombinant vaccine.

Interestingly, the charged-to-alanine regions selected for mutagenesis

spanning the helicase region of NS3 had a more detrimental effect on virus

replication, with four out of the six mutant viruses (Vi84.186, V334.336, V376-380, V436̂ 39)

producing very low or undetectable yields of virus (chapter four). The two viruses

which did replicate to parental levels were both located upstream of the first helicase

motif, in the linker region between the helicase and proteinase domains of NS3, and

were discussed in both chapters three and four. It appears that viral replication is more

sensitive to mutation in the helicase than proteinase of DEN-2 NS3.

The charged-to-alanine mutations in the helicase proteins demonstrated

variable effects on NTPase/RNA helicase enzymatic activities. It was evident that the

absence of helicase activity in vitro corresponded with no virus recovery. However,

this study also shows for the first time that mutations within NS3 which permit

helicase activity in vitro may still prevent virus replication. This indicates that these

charged residues may be on the surface of NS3 and involved in protein-protein (host

or viral) or RNA-protein interactions within the replication complex (Chen et al,

1997a; Kapoor et al, 1995; Li et al, 1999) that are required for virus replication. This

type of mutational analysis of the helicase region of a positive strand RNA virus has

not previously been described. It would be desirable to perform //; vitro protein-

protein (e.g. NS3 with NS5) (Kapoor et al, 1995) and protein-RNA binding studies

(Chen et al, 1997a; Cui et al, 1998) using these mutant proteins.

Several studies have used mutational analysis to characterize the role of the

various helicase motifs in enzymatic activity (see chapter one). To date, only a single

study on a positive strand virus (Gu et al, 2000) has investigated the role of motif

112



Chapter Five: General discussion and conclusions

mutants in virus replication using a genomic length cDNA. Gu et al. (2000) showed

that mutation of conserved amino acids within motifs resulted in proteins having no

helicase activity, and no virus was recovered. The researchers demonstrated that

helicase activity was essential for viral minus strand RNA synthesis (Gu et al., 2000).

This present study agreed with the findings of Gu et al. (2000), in that mutation of

conserved residues within helicase motifs abolished both helicase activity and virus

replication. However, the precise helicase mechanism disrupted is unknown, and was

not investigated.

Mutation of the lesser conserved Met2g3 residue within motif II resulted in the

retention of helicase activity for the mutant protein GM283F, and virus VM283F which

replicated less well than parental V2, displaying small plaques and temperature

sensitivity. This is the first report of a ts flavivirus helicase mutant. The ts defect in

virus production reflected reduced viral RNA and protein synthesis in infected cells

following shift to a restrictive higher temperature (chapter four).

This study demonstrated that mutation of residues within motifs I, II and VI of

DEN-2 NS3 can aid in the understanding of the roles of the motifs in NTPase/helicase

activity and viral replication. Therefore a similar mutational analysis of the lesser

investigated motifs la, IV and V (which to date have no clearly defined function)

could shed further light on the role of these motifs in the mechanism of helicase

activity and virus replication.

This work also identified two previously unknown regions (R376KNGK380 and

R457R458) that are required for the coupling of ATPase and RNA helicase activities.

These mutants demonstrated that helicase activity is essential for viral replication, as

ATPase activity alone is not sufficient. Furthermore, this study identified a charged-

to-alanine mutant protein, G334-336, which had reduced enzymatic activity. This is the
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first time that mutations of charged residues, external to helicase motifs, have altered

helicase activity.

It would also be of interest to investigate the cumulative effects of both

proteinase and helicase mutations investigated here, which retained or only minimally

reduced virus replication. Such mutations inserted into the DEN-2 genomic length

cDNA in various combinations may generate viruses with restricted replication.

A dengue vaccine should ideally protect against all four serotypes (Halstead,

1988; Sinniah & Igarashi, 1995). Genomic length cDNA offers the potential of

producing a dengue vaccine that contains several mutations along the length of the

genome which have been extensively studied and are known to attenuate the virus.
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Mutagenesis of the dengue virus type 2 NS3 proteinase and
the production of growth-restricted virus

Anita E. Matusan,1 Peter G. Kelley,1 Melinda J. Pryor,1 James C. Whisstock,2 Andrew D. Davidson1

and Peter J. Wright1
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Australia

The N-terminal one-third of the NS3 protein of Dengue virus type 2 (DEN-2) complexes with co-
factor NS2B to form an active serine proteinase which cleaves the viral polyprotein. To identify sites
within NS3 that may interact with NS2B, seven regions within the NS3 proteinase outside the
conserved flavivirus enzyme motifs were mutated by alanine replacement. Five sites contained
clusters of charged residues and were hydrophilic. Two sites were hydrophobic and hi'-My
conserved among flaviviruses. The effects of five mutations on NS2B/3 processing were examined
using a COS cell expression system. Four retained significant proteinase activity. Three of these
mutations and two more were introduced into genomic-length cDNA and tested for their effects on
virus replication. The five mutant viruses showed reduced plaque size and two of the five showed
significantly reduced titres. All seven mutations were mapped on the X-ray crystal structure of the
DEN-2 NS3 proteinase: three were located at the N terminus and two at the C terminus of the
NS2B-binding cleft. Two mutations were at the C terminus of the proteinase domain and one was
solvent-exposed. The study demonstrated that charged-to-alanine mutagenesis in the viral
proteinase can be used to produce growth-restricted flaviviruses that may be useful in the
production of attenuated vaccine strains.

Introduction
There are four se-.otypes of dengue virus that are

transmitted by the Aedes mosquito in tropical and subtropical
regions (Halstead, 1988; van Regenmortel et al., 2000). The
viruses are classified in the genus Flavivirus of the family
Flaviviridae and are responsible for dengue fever, haemorrhagic
fever and shock syndrome (Monath, 1994). No commercial
dengue virus vaccine is currently available and mosquito
control programs are difficult to implement and maintain,
making the development of new antiviral drills and a safe
vaccine imperative.

The flavivirus genome is a positive-sense RNA molecule of
approximately II000 nucleotides encoding the proteins
C-prM-E-NSl-NS2A-NS2B-NS3-NS4A-NS4B-NS5 in a
single long open reading frame. Co- and post-translational
polyprotein processing by host and viral proteinases generate
three structural proteins, namely C (capsid), M (membrane) and

Author for correspondence: Peter Wright.

E (envelope), and seven nonstructural (NS) proteins, namely
NSl through to NS5 (reviewed by Rice, 1996).

The focus of this paper is the viral NS2B/3 proteinase of
Dengue virus type 2 (DEN-2). NS2B/3 cleaves at the NS2A/
NS2B, NS2B/NS3, NS3/NS4A and NS4B/NS5 junctions. It
also cleaves within C, NS2A, NS4A and NS3, in the latter case
producing NS3' and NS3" (Arias et al., 1993; Teo & Wright,
1997). Proteolysis occurs following a pair of basic amino acids
or Gln-Arg and preceding either Gly, Ser or Ala (Rice, 1996).
The motifs and catalytic triad typical of a trypsin-like serine
proteinase are located in the N-terminal one-third of NS3
(Bazan & Fletterick, 1989); the X-ray crystal structure for this
part of NS3 was described recently (Murthy et al., 1999). The
active form of the viral proteinase is a complex between NS3
and NS2B (Preugschat et al., 1990; Falgout et al., 1991). A
hydrophilic region of 40 amino acids in NS2B containing a
short central hydrophobic segment is required for the as-
sociation of NS2B with NS3 and for enzyme activity (Falgout
et al., 1993; Chambers et al., 1993; Yusoff et al, 2000).
Similarly, an NS3-containing complex is an active proteinase of
Hepatitis C virus (HCV), which also belongs to the family
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Flaviviridae, but to the genus Hepacivinis. In this case the
complex is formed between NS3 and. NS4A (Failla ei al., 1995;
Lin ei al., 1995).

Initial studies on the cleavage of the flavivirus polyprotein
targeted either the four regions of homology shared between
serine proteinases and the flavivirus NS3 protein, or the
cleavage sites in the polyprotein (Chambers el al, ^990; Valle
& Falgout, 199S). However, in this study, seven locations in
NS3 outside these regions and sites were chosen for muta-
genesis. By avoiding motifs containing the catalytic triad and
residues known to be involved in substrate binding, " 'as
reasoned that sites involved in NS2'B-NS3 interaction may be
mutated and that suitable modification at such sites had the
potential In reduce, without abolishing, proteinase activity and
virus replication. Virus mutants of this type are candidates for
incorporation into live vaccine strains of DEN-2 and other
flaviviruses. Mutations were tested for their effects on NS2B/3
proteinase activity by transient expression of the NS2B/3
genes in COS cells, virus replication by the incorporation into
genomic-length DEN-2 cDNA or both. Results are interpreted
below with reference to the location of the mutations mapped
on the X-ray crystal structure cf the DEN-2 NS3 proteinase
(Murthy ei al, 1999) and a model of the NS2B/3 complex.

Methods
• Cells, virus and antisera. Growth of BHK-21, A. albopichis C6/36
and COS cells, the preparation of stocks of DEN-2 viruses and plaque
assays in C6/36 cells at 28 °C have all been described previously
(Gualano el al., 1998; Pryor ei al, 1998). For plaque assays, vims inoculum
was removed from the monolayers and cells were overlaid with medium
containing 1% SeaPlaque agarose (FMC BioProducts). At 5 days after
infection, cells were overlaid with the same mixture containing 0-018%
neutral red. Plaques were then counted 7 days after infection. Concen-
trated stocks of some viruses were produced by precipitation with
polyethylene glycol (PEG) (Della-Porta & Westaway, 1972). The
preparation of rabbit polyclonal antiserum directed against DEN-2 NS3
(residues 355-593) has been described previously (Teo & Wright, 1997).

• Transient expression of DEN-2 genes in COS cells. The
vector pSV.SPORT 1 (Gibco BRL) was used to express DEN-2 cDNA
(strain New Guinea C) encoding NS2B/NS3. The construction of pla.- mid
pSV.NS2B/3 (S2. the parental NS2B/NS3 construct) (Fig. 1) was
described previously (Teo & Wright, 1997). The nucleotide numbering
used to describe the mutants below follows that of Irie ei al. (1989). Four
mut.-.nt constructs derived from pSV.NS2B/3 (S2) were prepared by
replacing the EcoRV4;131-BsfBI5u7° fragment (Fig. 1) with a mutated
fragment prepared by overlap extension PCR (Ho ei al, 1989),
i.e. constructs pSV.NS2B/3,-_ao (S,. ,„), pSV.NS2B/3.t,,_.)0 (S.,,.^,),
pSV.NS2B/3M^6 (S,:i.J and pSV.NS2B/395_nr, (S95.U(.); the plasmid
pSV.NS2B/317u.1R1 (S17iMgl) was prepared by conventional PCR using a
inutagenic prime;- overlapping the BsfBI5070 site. The PCR-derived
regions of a!! clones were sequenced. The plasmid pSV.NS2B/332_.)(i was
initially designed to encode only the substitutions G.,.,A and Y.,.,A.
However, an additional !.1(V change was introduced during PCR.

Coristructs were elecropornted into COS cells as described by Teo &
Wri,., -?97). Cells were mair -ained at 31 °C or 37 °C for 48 h and
then str.. fed of methionine for 2 h prior to radiolabelling with

[;l5S]methionine for either 3 h at 31 °C or 1 h at 37 °C (Pryor & Wright.
1993). Cell lysates were analysed by radioimmunoprecipitation, gel
electrophoresis and fluorography (Pryor & Wright, 1993; Teo & Wright
1997).

• Insertion of mutations into genomic-length DEN-2 cDNA.
The plasmid pDVWS501 containing genomic-length New Guinea C
strain DEN-2 cDNA has been described in detail (Gualano el al, 199?).
For these experiments, transient expression was used to exainine the
effects of five mutations in the NS3 proteinase on proteolytic activity.
Three mutations were selected and then inserted into genomic-length
r^lp.N-2 cDNA to study their effects on virus replication. Two additional
charged-to-alanine mutations that were external to proteinase motifs
were also inserted ;nto the genomic-length DEN-2 cDNA (Fig. 1).

T. i plasmid pDVWS5OlNS3.,.,_,t(. was prepared by replacing the
N/iel'-544 .« "•-;i fragment of pDVWS501 with a mutated fragment
prepared by v'c.lap extension PCR (Fig. 1). The other four mutations
were iniKally constructed in the subclone pDVSO8298 prior to ligation
into pDVWS501. This strategy was devised following consideration of
the available restriction enzyme sites. Plasmid pDVSO8298 contained
DEN-2 cDNA corresponding to nucleotides 4494 (upstream of Nsi'I47"")
to 8744 (downstream of 5rnl7874) cloned into Xfrfll/KpiI-digested
pF'ORT 1 (Gibco BRL). cDNA encoding mutations KRIE (63-6PI
(underlined residues changed to alanine) or EDD (179-181) in the
NS3 hydrophilic regions was cloned into pDVSO8298 by removing
the mutated Nsi'I4'00—P/mMI5834 fragment from the corresponding
pSV.NS2B/3 plasmid and ligating this into NsiI4T°7P/>"MI5!l54-digesied
pDVSO8298. The two remaining charged-to-alanine mutations, EGEE
(91-94) and EKSIE (169-173). were introduced into Ns/I4T"°//';»iiMl:>s:i4-
digested pDVSO8298 as overlap extension PCR fragments. All four
mutants (NsiI4'u"-S/nPif74-mutated riagments) were then removed from
the appropriate pDVSO8298 plasmid and ligated into NsiI47"7Sfi<I:s:l-
digested pD7WS501. PCR-derived regions were sequenced.

• Production of virus from genomic-length cDNA. Procedures
for transcription of RNA, electroporation and immunofluorescence of
BHK-21 cells and passaging of viius in C6/36 cells have been described
previously (Gualano ei al., 1990). Briefly, capped transcripts were
produced from plasmids conlaining genomic-length DEN-2 cDNA using
the Promega RiboMAX kit. Approximately 7-10 u.g of transcript RNA
and 50 Ug of carrirr tRNA were electroporated into BHK-21 cells, which
were then incubated at 33 °C or 37 °C. Cells were examined lor
immunofluorescence 4 to 6 days later using anti-E monoclonal antibodies
(Gruenberg & Wright, 1992). After 7 days, the culture medium was used
to infect C6/36 cells. The culture medium from these infected C6/36 cells
was then used 4 to 5 days later to initiate a second passage. When
approximately 50% of the cells exhibited cytopathic effects, or 5 days
later if no cytopathic effects were visible, these second passage virus
stocks were titred by plaque assay on C6/36 cells.

Each virus was derived at least twice from its parental construct. To
confirm that each mutation was present after electroporation and
passaging, total RNA was extracted from infected C6/36 cells oi
supernatant and RT—PCR of viral RNA was performed (Gualano cl al.
1998; Pryor ei al, 1998). The complete NS2B and NS3 genes were
sequenced to confirm the presence of the introduced mutation and the
absence of any other changes that may have been introduced during vims
passaging.

• Co-ordinates and calculations. The crystal structures of the
DEN-2 NS3 serine proteinase (protein database identifier 1BEF; Murthy
ei al, 1999) and the HCV NS3/NS4A proteinase-co-factor complex
(protein database identifier 1NS3; Yan A al, 1998) were obtained from
the protein database (Bernstein el al, 1977; Berman ei al, 2000).

J • . ' ,
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Fig. 1. Genomic map of DEN-2 and NS3 proteins encoded by mutant constructs. The catalytic residues H, D and S and the
serine proteinase motifs (shaded) are shown (Bazan & Fletterick, 1989); residue numbers within NS3 are given. The full (pSV)
and abbreviated (S) designations of the gene constructs encoding NS2B/3 in pSV.SPORT 1 are shown on the left. S
designations are also used for the corresponding encoded mutant proteins where appropriate. The names of the plasmids
containing genomic-length cDNA (pDVWS) and derived viruses (V) are shown on the right. Antiserum against a bacterial fusion
protein raised in rabbits (Teo & Wright, 1997) was directed against a segment of NS3 (vertical stripes). Underlined residues
were mutated to alanine (with the exception of I36V).

The model between the DEN-2 NS3 proteinase and a portion of the
NS2B co-facto: was generated using the Quanta/CHARMm software
(MSI). The peptide sequence GG9SSPILSITISE80 within NS2B corresponds
to the portion of the NS4A co-factor seen in the structure of the HCV
proteinase (Brinkworth et ah, 1999). The DEN-2 and HCV proteinases
were superimposed and the NS4A peptide within the HCV proteinase
structure was used as a template to model the NS2B sequence
(GSSPILSITISE) into the DEN-2 NS3 proteinase. The model was then
subjected to rounds of CHARMm minimization, initially with constraints
that were applied to the proteinase; the co-factor was allowed to move
freely. Later rounds were performed to convergence with no constraints.
Dihedral constraints were applied to four residues in non-allowed
conformations. A Ramachandran plot of the final model indicated that all
residues were in allowed conformations.

We examined the positions of the mutations described in Fig. 1 with
respect to the interactions seen in the crystal structure of the DEN-2 NS3
proteinase. In addition, the model between the NS3 proteinase and the
NS2B co-factor was used to analyse three groups of mutations that
mapped to the NS2B-binding cleft.

Results
Mutagenesis of the N-terminal 181 amino acids of
NS3

Hydrophilic regions were targeted using clustered charged-
to-alanine mutagenesis (Diamond & Kirkegaard, 1994).
Charged amino acids probably occupy exposed positions in

the tertiary structure and therefore interact with other proteins.
Previous experiments with DEN-4 identified a 40 amino acid
segment of NS2B that was, overall, hydrophilic and essential
for protease activity (Falgout et nl, 1993). This segment also
contained a short, central hydrophobic sequence of approxi-
mately 12 amino acids. It was possible that changes to the
hydrophilicity of NS3 might modify the interaction of NS3
with NS2B and the proteinase activity of the NS2B/3 complex.

The first 181 amino acids of NS3 were scanned for clusters
of five residues that contained at least three charged amino
acids. Five such clusters outside proteinase motifs were chosen
for mutagenesis and the charged residues were changed to
alanine (Fig. 1) (Bass et nl, 1991). The changes made in DEN-2
NS3 were as follows: E17A, E19A and D20A; K63A, R(i4A and
Efi(iA; EinA, E93A and E,,.,A; E,6aA, K170A and E173A; and lastly
E179A, D]80A and D181A. Alanine was chosen as the re-
placement amino acid since it removes the side chain beyond
the ^-carbon and also minimizes any steric effects within the
polypeptide caused by the replacement (Cunningham & Wells,
1989). In addition, two hydrophobic regions were chosen (Fig.
1) on the basis of hydropathy plot data (Hahn etnl, 1988) and
conservation of sequence across the flaviviruses (Westaway &
Blok, 1997; Chang, 1997). They were G32A and Y33A, and
V!)5A and QOfiA. Thus a total of seven sites were mutated.
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Fig. 2. Analysis of NS2B/3 proteinase activity in transfected COS cells.
Cells were transfected with parental S2 (lane 3) or mutant S ] 7 .2 O to
s i79-i8i ( l a n e s 4 ~ s ) constructs and labelled for (a) 1 h at 37 °C or
(b) 3 h at 31 °C. Proteins were immunoprecipitated with antiserum
directed against NS3 and separated by 14% SDS-PAGE. Size markers are
shown on the left.

Transient expression and proteolysis of NS2B/3

The first experiments were designed to test for proteinase
activity of mutant NS2B/3 proteins using transient expression
of the pSV constructs in COS cells. We did not wish to
investigate virus replication with mutations that abolished
proteinase activity. Five constructs were tested. COS cells
were transfected with the pSV plasmids listed in Fig. 1,
radiolabelled and analysed by radioimmunoprecipitation and
electrophoresis (Fig. 2). As reported previously (Teo & Wright,
1997), in cells transfected with the parental construct S2 and
radiolabelled for 1 h at 37 °C, several polypeptides indicative
of proteinase activity were detected using anti-NS3 antiserum
(Fig. la, lane 3). They were uncleaved NS2B/3 (83 kDa) and

the cleavage products NS3 (69 kDa), NS2B/3' (64 kDa), NS3'
(50 kDa) and NS3" (19 kDa). The bands corresponding to
NS2B/3' and NS3' were faint and not well-resolved from host
proteins; however, bands of NS2B/3, NS3 and NS3" were
clear and sufficient for the assessment of proteolysis. NS2B
(14 kDa) was detected by co-precipitation using anti-NS3
antiserum, as described for dengue virus and other flaviviruses
(Arias et al, 1993; Chambers et al, 1993; Jan el al, 1995; Teo
& Wright, 1997). The number and sizes of the observed
proteins demonstrated that cleavage was occurring at the
NS2B/NS3 and NS3'/NS3" sites. Proteinase activity was also
detected in cells transfected by S,7_20, S;12_3n, S63_66 or S17,,_IH)

and maintained at 37 °C (Fig. la, lanes 4-6, 8). However, little
or no cleavage occurred in cells transfected with the construct
S95_!)G; only NS2B/3 was readily detected (Fig. la, lane 7).

To assess the effects of lower temperature on proteolysis,
transfected cells were radiolabelled at 31 °C for 3 h. The results
obtained at 31 °C (Fig. 1b) were similar to those observed at
37 °C (Fig. la). The presence of NS3, NS3', NS3" and NS2B
indicated that cleavage occurred at the NS2B/NS3 and
NS3'/NS3" sites for the parental construct (Fig. 2 b, lane 3) and
mutants S17_2C1, S32_36, S63_6B and S]79_181 (Fig. 21, lanes 4-6, 8).
Again no significant proteolysis was detected for the mutant
construct S95_96 (Fig. 2 b, lane 7).

For all mutants shown in Fig. 2, with the exception of
S95_96, NS2B was co-precipitated with NS3 by anti-NS3
antiserum. The band corresponding to this protein was faint for
Si7-20 (Fig- 2, lanes 4), but was readily seen on longer exposure.
Thus for these mutants, interaction between NS2B and NS3
was retained, consistent with the retention of proteinase
activity.

Analysis of virus replication

Previous experiments showed that mutations that abolished
or strongly reduced NS2B/3 proteinase activity usually
prevented or greatly reduced virus replication (Nestorowicz el
a!., 1994; Chambers el al, 1993; Amberg & Rice, 1999),
whereas mutations that retained activity generally allowed the
recovery of infectious virus, albeit with reduced plaque titres
and small plaque phenotypes (Nestorowicz el al., 1994;
Chambers et al, 1995; Amberg & Rice, 1999). Hence five
mutations were chosen for incorporation into genomic-length
cDNA and examination of their effects on virus replication. Ali
three of the charged-to-alanine mutants tested (Si-_20, S83_6(i

and S179_I81) did not show severe inhibition of proteinase
activity in COS cells. We selected the mutations in two of
these (S63..66 and S179..18]) for incorporation into genomic-
length cDNA and added a further two of the charged-to-
alanine-type mutations (Fig. 1) without prior testing in COS
cells. For the mutations within hydrophobic regions (S32_;i{i and
S05_96), only the changes of S32_3(! (cleavage of NS2B/3
detected) were incorporated into genomic-length cDNA.

Virus was produced from genomic-length cDNA by-
established procedures (Gualano et al, 1998). RNA was
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Table 1 . Yields of mutant viruses

RNA was transcribed from genomic-length cDNA and electroporated into BHK-21 cells maintained at 33 °C or 37 °C. Virus produced at each
temperature was passaged twice in C6/36 cells at 28 °C. Immunofluorescence in BHK-21 cells at 5-6 days post-electroporation was scored as 0
( - ) , 1-25% ( + ), 26-50% ( + + ), 51-75% ( + + + ) or 76-100% ( + + + + ) positive rells. Flaque titres after passaging in C6/36 cells are
expressed in p.f.u./ml±SD. Each virus was derived at least twice from RNA transcripts; therefore, the result shown for each virus is the average
of two or more experiments. All samples testing positive by UT-PCR retained the required mutation and had no other changes in th' * S2B/3
genes.

Mutation site

Parental

GYSQJ

KRIE

EGEE

EKSIE

EDD

Virus*

V2 33 °C
37 °C

V ?? °C
v 32-36 • " *~37 °C

v M °r
v 91-94 - J *-37 °C

v 3? °r

V i3 °C
V 1T9-181 • " *-37 °C

Virus titre
Immunofluoresence (p.f.u./m!)

+ + + + (ri + o-i)xioc

+ + + + (7-3 + 0-8) x 10°
+ (3-0±0-9)xlCI

— ND

+ + + + (4-6 + 0-9) xlO5

+ + + (7-0+1-5) x 10s

+ (2-4±0-3)xl0:l

— ND

+ + + + (2-7 + 0-2) XJOG

+ + + + (2-2 + 0-5) x 10°
+ + + (4-9+rO)xlO r '
+ + + (l-4±0-2)xl0 ( l

Approximate
plaque size

(mm)

4
A

1
—
1
1
1
-
3
3
1
1

RT-PCR

Yes
Yes
Not
Not
Yes
Yes
Yes
Not
Yes
Yes
Yes
Yes

* BHK-21 cells were incubated r.l either 32 °C or 37 °C immediately after electroporation
t RT-PCR product was not obtained due to low litre.
ND, Not detected.

0 24 48 72
Hours after infection

Fig. 4. Replication of mutant viruses in C6/36 cells at 28 °C. Cells were
infecced at an m.o.i. of 1 and the culture medium was sampled at the
times indicated; virus titres were, determined by plaque assay in C6/36
cells. The presence o f the original mirations in the recovered viruses was
confirmed by RT-PCR and .equencing.

Fig. 3. Plaques of mutant viruses in C6/36 cells at 28 °C. The plaque
morphologies of three mutant viruses compared with the parental virus V2
are shown.

transcribed and electrcporated into BHK-21 cells and the cells

were incubated at 33 °C or 37 °C BHK-21 cells were tested for

immunofluorescence with anti-E antibodies. Medium from the

transfected BHK-21 cells war, p-ssaged twice in C6/36 cells at

28 °C and v .̂ais titre was determined after the second passage

by plaque assay in C6/36 cells. Viral RNA was then amplified

by RT-PCR and the complete i IS2B and NS3 yenes were

seque;.ced to check that the mutaHcri was ietairv..>d during
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Fig. 5. X-ray crystal structure of the DEN-2 NS3 proteinase (aquamarine) with the NS2B peptide (pink) modelled into the
binding cleft. The active site, triad, H51, D7S and S,35, is shown in green stick. Charged regions that were mutated to alanine are
labelled and in red. The two conserved hydrophobic regions that were mutated are shown in yellow. The inset shows the
proximity of Q96 to the C-terminal end of the NS2B peptide.

passaging and that no other base substitutions were intro-
duced. Virus was derived at least twice for each construct and
the results are summarized in Table 1. Virus titres were
determined for each experiment and the mean + SD cor-
responding to each construct is shown. Similar results were
obtained consistently for a given construct.

The parental (V2) and mutant (V63_0B, V16a_173 and V17!)_18])
viruses grew to comparable titres of 105 to 106 p.f.u./ml
following initial electroporation at 33 °C or 37 °C (Table 1).
All three mutant viruses showed a reduced plaque size,
particularly V63_66 and V179_lgl (Table 1, Fig. 3). For viruses
^32-36 a p d Vgi-94' detectable virus was recovered only
following electroporation at 33 °C and at low titres (3 x 101

and 2*4 x 103 p.f.u./ml respectively). These results suggested
that V32_36 and Vni_9, were severely restricted in replication
and were possibly heat-sensitive.

To examine the properties of these viruses further, more
concentrated stocks were prepared by PEG precipitation. We
wished to obtain sufficiently high titres to enable infection of
cells at an m.o.i. of 1. This proved possible only for viruses V2,

M- 9_ 1 8 1 .

'169-173 and V179_181 inGrowth of viruses V2, V63_66,
C6 /36and BHK-21 cells

C6/36 cells were infected with viruses V2, V63_(ifi, V,0!,_17.j
at an m.o.i. of 1, maintained at 28 °C and theor V17B-181

medium was sampled at 24 h intervals up to 96 h post-

infection. Virus titres were determined by plaque assay in
C6/36 cells. The resulting curves of released virus are shown
in Fig. 4. The two viruses with the smallest plaque size (Vr

(J3_(i(;
and V17!)_181, Table 1) initially lagged in virus release, although
by 48 h after infection, their titres had reached from 1 to
8 x 104 p.f.u./ml, and by 72 h after infection, the yields of all
four viruses were comparable (Fig. 4). The observed delay in
virus release for V63_66 and V179_181 was consistent with their
very small plaque size. The presence of the respective
mutations in the recovered viruses was confirmed by RT-PCR
and sequencing.

To analyse the effect of temperature on the replication of
V 2 ' VG3-66< vi69-i73 a n d Vi79-isi i n a m o r e rigorous manner
than in the experiments summarized in Table 1, BHK-21 cells
were infected at an m.o.i. of 1 and cells were incubated at 33 °C
or 37 °C. The culture medium was s< npled at 72 h after
infection and virus titres were determined by plaque assay in
C6/36 cells. All four viruses showed no significant temperature
sensitivity, as defined by a 100-fold cr greater difference in
titre between temperatures (data not shown). The integrity of
each mutation in recovered virus was reconfirmed by RT-PCR
and sequencing.

Modelling the interaction of NS3 and NS2B

The 40 amino acid segment of NS2B required for the
activity of the NS2B/3 proteinase is, overall, hydrophilic
(L53-E92) and shares no significant similarity with a protein of
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known structure. It contains a central hydrophobic region
GG!)SSPILSITISE80 (Falgout et al, 1993; Brinkworth et al,
1999), which was identified as the probable homologue to the
HCV NS4A peptide in the HCV NS3/4A proteinase and was
used to construct an homology model of the DEN-2 NS3/2B
proteinase (Brinkworth et al, 1999). The homology model was
based on the structure of the HCV complex of NS3 (N-terminal
179 amino acids) and NS4A (peptide G2,-R34) (Yan et al,
1993). However, an improved model for DEN-2 NS3/2B is
now possible (Fig. 5) using the coordinates for the crystal
structure of the N-terminal 185 amino acids of DEN-2 NS3
(Murthy et al, 1999). This model is useful for analysing the
interactions between the NS2B peptide G(i9-E80 and NS3, but
further predictions on the effect of NS2B binding to the
substrate-binding cleft or any direct interactions between
NS2B and substrate would be overspeculative until the X-ray
crystal structure of the NS2B/3 complex is determined.

Discussion
Seven sites distributed through the N-terminal proteinase

region of DEN-2 NS3 and outside conserved enzyme motifs
were mutated in these experiments. Five sites were rich in
charged amino acids (Fig. 1) and were considered to be possible
sites of interaction with the hydrophilic 40 amino acid fragment
of NS2B that is essential for activity (Falgout et al, 1993). The
approach of charged-to-alanine mutageneiis was first used
successfully with Poliovims to isolate growth-restricted poly-
merase mutants (Diamond & Kirkegaard, 1994). Ten
temperature-sensitive mutants were obtained following muta-
genesis of 27 sites and the recovery of 12 viruses. Fewer
mutants have been reported for other viruses following
charged-to-alanine mutagenesis. Single temperature-sensitive
mutants have been described for Human immunodeficiency virus
with mutations located in the reverse transcriptase and
integrase genes (Wiskerchen & Muesing, 1995; Huang et al,
1998), and Adeno-associated virus type 2 following mutagenesis
of the Rep78/68 helicase genes (Gavin et al, 1999). Muta-
genesis of the polymerase subunit PB2 of Influenza A virus
generated three temperature-sensitive mutants after muta-
genesis of ten sites (Parkin et al, 1996). The only reported
growth-restricted mutant of a flavivirus obtained following
charged-to-alanine mutagenesis was a temperature-sensitive
Yellow fever virus (YFV) mutated in the NSl protein (Muylaert
el /?/., 1997).

Of the five charged sites mutated to alanine in DEN-2 NS3,
three were examined by transient expression in COS cells, four
were tested for their effects on virus replication and three were
tested by both methods. For no mutant tested was proteinase
activity or virus production abolished. Mutations related, but
not identical, to those at E17LED20, KG3RIEGfi, E9,GEE,U and
E1(i!)KSIE]73 were tested for their effect on the activity of YFV
NS2B/3 proteinase (Droll et al, 2000). No mutation reduced
enzyme activity significantly except for those at E21D22 (YFV

numbering). However, for the DEN-2 mutants, the yield of
virus V ^ ^ , and to a lesser extent VG.,_66 (Table 1), were
reduced compared with V1G9_173 and V]79_,81 and the parental
virus V2. All mutant viruses showed reduced plaque size
(Table 1, Fig. 3). The locations of the five charged sites were
then mapped into a model of NS2B/3 (Fig. 5). The model is
based on the crystal structure of DEN-2 NS3 proteinase
(Murthy et al, 1999) and a fragment of NS2B corresponding to
the fragment of NS4A seen in the structure of HCV proteinase
(Brinkworth et al, 1999).

The X-ray crystal structure of DEN-2 NS3 reveals that
region EfllGEE,,.,, mutated in the low-yielding virus V,,,,^,
does not form part of the active-site cleft, nor does it interact
with the fragment of NS2B in the model. E91 and E93 form salt
bridges to R107. The loss of two salt bridges in the A9]GAA,U

mutation would be predicted to have a deleterious effect upon
proteinase stability and possibly virus yield. However, the Q,,G
residue (see below) does foim part of the predicted NS2B-
binding cleft and we cannot exclude the possibility that
E91GEE9i, interacts with full-length NS2B. In HCV, the loops
equivalent to residues 90-94 and 140-145 in DEN-2 NS3 are
linked by interactions with a zinc ion. Interestingly, in the
DEN-2 NS3 structure, the primary interaction between these
loops is a hydrogen bond between the carbonyl oxygen of E94

and the side chain of KU2. These data conflict with the
prediction of Brinkworth et al. (1999) that E9S forms a salt
bridge with K145. However, this prediction was based on an
homology model developed from the HCV NS3 protein X-ray
crystal structure before the availability of the DEN-2 NS3
proteinase structure.

The residues K^RIE,;,.. (virus VG3_Gfi) and E]7LED20 (mu-
tation not tested in virus) are both located at the N-terminal
end of the NS2B-binding cleft. KG;i, RB4 and EGG are solvent-
exposed residues located at one end of the NS2B-binding cleft.
The model of the NS3-NS2B complex predicts that RG4 makes
a hydrogen bond to the carbonyl oxygen of the first residue in
the NS2B peptide. We predict that more extensive interactions
between R(i4 and EGB may be made with the full-length NS2B
protein. The disruption of any one of these interactions, either
alone or in combination, may explain the observed reduction in
yield of virus V,..,,,;,.. The residues E]7LED20 line the N-terminal
end of the NS2B-binding cleft. We predict that E17 directly
interacts with the carbonyl oxygen of Gj in the NS2B peptide.

The residues E1Gi)KSIE173 and E]7()DD18] lie at the C
terminus of the proteinase at its junction with the heiicase
domain of NS3. Both sites are excluded from the minimal
proteinase domain, defined as the N-terminal 167 amino acids
of NS3 (Li et al, 1999) using in vitro transcription and
translation. Residues E1G9KS1E173 form an a-helix (Fig. 5) and
the individual residues form hydrogen bonds with solvent
molecules, apart from K170, which forms a hydrogen bond to
the carbonyl oxygen of E1B7. These residues are located at the
end of the substrate-binding cleft (on the P side; Schechier &
Berger, 1967) and thus may be important for determining

fflSBs^gBsigasssaiEffl^^
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substrate specificity. For E179DD181, the structure of NS3
reveals that D180 forms a hydrogen bond to the side chain of
WG9. The interaction with W69 is of particular interest, as this
residue is located six residues N-terminal to the catalytic D75.
Disruption of this hydrogen bond by the introduction of an
alanine at position 180 may affect the conformation of the
/?-strand containing the catalytic aspartic acid and thus may
impair proteinase activity.

In addition to the mutagenesis of the five charged sites,
substitutions were made in two hydrophobic regions,
G32YSQI36 and V95Q96. The residues G32 and V95Q06 lie
outside the enzyme motifs but are highly conserved in
members of the genus Flavivirus (Chang, 1997). The protein
S32-36 had autocatalytic activity (Fig. 2, lanes 4), but the yield
o f V32-36was the lowest noted. G32 and Y33 line the N-terminal
end of the NS2B-binding cleft. Interestingly, the crystal
structure of NS3 reveals that YS3 bridges across the cleft,
forming a hydrogen bond to the carbonyl oxygen of P lo. We
would expect a mutation at this position to affect NS2B
binding. G32 forms part of a pocket that contains S3 from the
NS2B peptide. We predict that mutation of this residue will
affect the size of this pocket.

The mutations at V95Q9ti are of particular interest as they
are located at the C terminus of the NS2B-binding cleft.
Substitution of these residues by alanine severely reduced self-
cleavage of the S95_96 protein (Fig. 2, lanes 7). Examination of
the structure of NS3 reveals that V95 is buried in the
hydrophobic core of the proteinase and that Q96 is solvent-
exposed. In our model of NS3 complexed with the NS2B
peptide, Q9fi is directly beneath the C terminus of the NS2B
peptide (Fig. 5) and forms part of the binding cleft. The
inability of the S95_9G protein to self cleave suggests that
mutation of these residues may affect the pre-cleavage
interaction between NS3 and the NS2B co-factor and prevent
proper processing at the NS2B/NS3 cleavage site.

Overall, the seven mutated sites were distributed evenly
over the primary sequence of the NS3 proteinase and
represented distinct regions in the model of NS3 complexed
with the NS2B co-factor peptide. Of the mutations located,
three (E17LED20, K03RIE66 and G32YSQI36) were at the N
terminus of the NS2B-binding cleft, one (V95Q9(i) was at the C
terminus of the cleft, two (E169KSIE173 and E179DD181) were at
the C terminus of the proteinase domain and one (E91GEE94)
was solvent-exposed. Thus, two of the charged regions
(E17LED20 and K63RIEC6) were adjacent to the NS2B-binding
cleft. At present, it is unknown whether any of the other three
charged regions interact with full-length NS2B. It is also
possible that the basis for their effect on virus replication is
unrelated to proteinase activity and may lie, for example, in the
interaction of NS3 with other viral proteins such as NS5
(Kapoor et al, 1995; Chen et al, 1997). Substitutions to alanine
in conserved hydrophobic regions were more disruptive to
self-cleavage (protein S95.96) and virus production (virus
V32-3G) than to changes in charged regions. A total of five

viruses with reduced plaque size on C6/36 cells was
obtained; two of these, V32_3G and V!(1_94, were possibly
temperature-sensitive but did not grow sufficiently well for
adequate testing (Table 1). The remaining three viruses grew
to reach good titres (Fig. 4) and displayed small plaques but did
not show the temperature-sensitive phenotype that has been
observed for some viruses with charged-to-alanine mutations
in non-structural genes (Diamond & Kirkegaard, 1994; Parkin
et al, 1996; Muylaert et al, 1997; Huang et al, 1998; Gavin el
al, 1999). Virus V3,_3G replicated too poorly to be of further
use and therefore the viruses of most interest with respect to
growth restriction were VG3_6G and V91_94. Both viruses
contained mutations in charged amino acids, showed small
plaque phenotypes and replicated less well thrn parental virus
(V63-6fi o n l y marginally less). The mutations contained in these
viruses may be suitable for incorporation into growth-
restricted vaccine strains. It may be possible to enhance the
yield of V91_94 by reducing the number of charged residues
changed to alanine in the sequence E91GEE94 while retaining
some growth restriction and a small plaque phenotype.

The results demou-fete that charged-to-alanine muta-
genesis may be useful for obtaining growth-restricted vinises
of other flavivirus species, either with mutations in the
proteinase region or perhaps in other non-structural proteins.
In our studies with DEN-2 NS3, we recovered infectious virus
for all four of the charged-to-alanine mutants tested and the
viruses displayed a useful range of growth restriction.
Comparisons of the deduced amino acid sequences of flavi-
viruses show high conservation of hydrophilicity across the
viral polyprotein, regardless of the considerable variation in
primary sequence (Westaway & Blok, 1997) and thus it may be
possible to extend these results to the other dengue virus
serotypes and encephalitic flaviviruses. The mutations that
were introduced here required multiple nucleotide and codon
changes. In theory, multiple changes reduce the risk of
reversion to parental phenotype when introduced into a
potential vaccine strain. However, it would be necessary
initially to assess each amino acid mutated in a cluster for its
contribution to the mutant phenotype. The preferred situation
is for each amino acid to make some contribution, rather than
for one to be dominant.

The model of the NS3 complexed with an NS2B peptide
co-factor enabled the definition of some individual residues
important in the interaction between the two proteins. We
predict that substitutions of these residues by amino acids
other than alanine, both individually and in clusters, will
confirm these interactions and expand our understanding of
the flavivirus proteinase.
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The protein NS3 of Dengue virus type 2 (DEN-2) is the second largest nonstructural protein specified by the
virus and is known to possess multiple enzymatic activities, including a serine proteinase located in the N-
tenninal region and an NTPase-helicase in the remaining 70% of the protein. The latter region has seven con-
served helicase motifs found in all members of the family Flaviviridae. DEN-2 NS3 lacking the proteinase region
was synthesized as a fusion protein with glutathione 5-transferase in Escherichia coli. The effects of 10 muta-
tions; on ATPase and RNA helicase activity were examined. Residues at four sites within enzyme motifs I, II,
ana VI were substituted, and six sites outside motifs were altered by clustered charged-to-alanine mutagenesis.
The mutations were also tested for their effects on virus replication by incorporation into genomic-lengih
cDNA. Two mutations, both in motif I (G198A and K199A) abolished both ATPase and helicase activity. Two
further mutations, one in motif VI (R457A,R458A) and the other a clustered chargcd-to-alanine substitution
at R376KNGK380, abolished helicase activity only. No virus was detected for any mutation which prevented
helicase activity, demonstrating the requirement of this enzyme for virus replication. The remaining six mu-
tations resuUed in various levels of enzyme activities, and four permitted virus replication. For the two non-
replicating viruses encoding clustered changes at RI84KR,86 and D436GEE439, we propose that the substituted
residues are surface located and that the viruses are defective through altered interaction of NS3 with other
components of the viral replication complex. Two of the replicating viruses displayed a temperature-sensitive
phenotype. One contained a clustered mutation at D334EE336 and grew too poorly for further characterization.
However, virus with an M283F substitution in motif II was examined in a temperature shift experiment (33 to
37°C) and showed reduced RNA synthesis at the higher temperature.

t i

The four serolypes of Dengue virus (types 1 to 4) belong to
the family Flaviviridae, which consists of the genera Flavivinis,
Pestivirus, and Hepacivinis (52). The dengue virus genome is
positive-sense RNA of 1.1 kb and encodes the proteins C-prM-
E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5 in a single open
reading frame. Co- and posttranslational polyprotein process-
ing by host and viral proteinases generates three structural
proteins, namely, C (capsid), M (membrane associated) and E
(envelope), and seven nonstructural (NS) proteins, NS1 through
NS5 (reviewed in reference 45). Biochemical functions have
been demonstrated for some nonstructural proteins. NS5 pos-
sesses RNA-dependenl RNA polymerase activity (49). A com-
plex of NS2B and NS3 acts as a chymotrypsin-like serine pro-
teinase; the N-terminal 30% of NS3 is sufficient for this activity
(15, 42). The C-terminal 70% of NS3 has seven motifs char-
acteristic of RNA helicases of the DExH subfamily. Recombi-
nanl proteins containing the C-terminal helicase region of den-
gue virus NS3 possess nucleoside triphosphatase (NTPase) (10,
33) and RNA helicase activities (33).

RNA helicases catalyze the unidirectional unwinding of du-
plex RNAs (containing a single-stranded RNA region of at
least 3 nucleotides [nt]) in the presence of a divalent cation and
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require the hydrolysis of the (3-7 bond of a suitable deoxynu-
cleoside triphosphate or nucleoside triphosphate (NTP) (usu-
ally ATP) as an energy source (32, 40). Known and putative
RNA helicases of viral origin possess conserved amino acid
sequence motifs enabling their classification into three distinct
superfamilies. Superfamilies 1 and 2 have seven conserved
motifs, while superfamily 3 has only three (30). The helicase of
the flavivirus Dengue virus type 2 (DEN-2) is a member of su-
perfamily 2, which includes the helicases of the pestivirus Bo-
vine viral diarrhea virus (BVDV) and the hepacivinis Hepatitis
C vims (HCV). Helicases can be further classified into DEAD,
DExH, and DExx subfamilies based on the sequence of motif
II (35,46). The multifunctional flavivirus NS3 helicase protein
is believed to be a component of the viral RNA replication
complex with the RNA-depcndent RNA polymerase NS5 pro-
tein (26). There is evidence that NS3 interacts with both NS5
and stem-loop structures in the genomic 3' untranslated re-
gion, possibly playing an important role in the initiation of
negative-strand RNA synthesis (8, 26).

Several X-ray crystal structures of the HCV NS3 helicase
domain have been determined (9, 29, 58) and together with
site-directed mutagenesis have helped to define the function of
some helicase motifs. The first reported mutagenesis studies of
HCV and other positive-strand viruses targeted the helicase
motifs I, II, III, and VI. Motif 1 (GxGKT), conserved in all
three superfamilies, is involved in binding the (3 and 7 phos-
phate groups of NTPs. Motif II (DExH), also present in all
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FIG. 1. Constructs used to synthesize NS3 fusion proteins and prepare mutant viruses. The seven helicase motifs are shaded (29); residue
numbers within NS3 are given. On the left are the full (pGX) and abbreviated (G) designations of the truncated NS3 gene constructs in pGEX-3X.
The G designations are also used for the corresponding encoded mutant fusion proteins where appropriate. On the right are the names of the
plasmids containing genomic-length cDNA (pDVWS) and derived virus (V). Antiserum raised in rabbits against a bacterial fusion protein (50) was
directed against a segment of NS3 (vertical stripes). For clustered charged-to-alanine mutants, the underlin-d residues were mutated to alanine.

three superfamilies, is predicted to bind Mg2+, making a com-

plex with the terminal phosphates of the NTP. Several residues

and motifs have been implicated in the coupling of NTP hy-

drolysis with RNA unwinding; they are the histidine residue of

molif II, motif III (TAT box), and the glutamine and arginine

residues of molif VI ([Q/x]RxGRxxR) (16, 18, 21, 28, 41, 51,

53, 58). More recently, the roles of residues outside motifs

were examined using site-directed mutagenesis and a crystal

structure of the HCV NS3 helicase-(dU)8 complex (29,34,41).

Several conserved HCV helicase residues which contact the

oligonucleotide were shown to be involved in RNA binding,

duplex unwinding, and polynucleotide-stimulated ATPase ac-

tivity.

This study investigated the importance of selected residues

in the DEN-2 NS3 helicase region for enzyme activity and viral

replication. Two types of mutations were introduced. The first

type was the substitution of residues within motifs, I, II, and

VI, and the second type was the replacement with alanine of

amino acids in clusters of charged amino acids outside motifs.

Mutant proteins were synthesized as N-terminally truncated

fusion proteins in Escherichia coli, purified, and assayed for

ATPase and RNA helicase activities. Mutations were also in-

corporated into genomic-length DEN-2 cDNA to investigate

the effects of changes on viral yield. This work is the first report

of extensive mulagenesis of a flavivirus helicase, examining

both enzyme activity and viial replication.

MATERIALS AND METHODS

Cell lints, virus, and antiserum. B1IK-21 and Acdes albopictus C6/36 cells
were grown and maintained as described previously (43). Stocks of DEN-2 vi-
ruses were prepared, and titers were determined by plaque assay in C6/36 cells
at 28"C (22). Concentrated stocks of some viruses were produced by precipita-
tion with polyethylene giycol (12). The preparation of rabbit polyclonal antise-
rum directed against DEN-2 NS3 (residues 355 to 593) hds been described (50).

Constructs encoding NS3 fusion proteins. For the following cloning strategies,
the locations of restriction enzyme sites cleaving in DEN-2 cDNA (25) are shown
in superscript, and sites present in plasmid vectors are not numbered. To obtain a
plasmid encoding the C-terminal region of the DEN-2 NS3 protein, an AWel500--
Spc\ cDNA fragment (containing nt 5002 to 6375 of the DEN-2 New Guinea C
[NGC] genome) was excised from the vector pSV.NS3, which encodes full-length
NS3 and contains a stop codon at the 3' end of the NS3 gene (50), and cloned
into the Smal site of pGEX-3X (Pharmacia Biotech). The resulting pl;ismid
pGX74%NS3 encodes the glutathione S-transferase (GST) fused to residues 161
to 618 of DEN-2 NS3 (Fig. 1). The plasmid pGX74%NS3 was used as a template
for mutagenesis by overlap extension PCR (OE-PCR) (24). Sequences of oligo-
nucleotides used in mutagenesis are shown in Table 1. Six mutant constructs (F.'g.
1) derived from pGX74%NS3 were prepared by replacing the flnmW-.Y/ioI542'1

fragment (flnwiHl is located in the pGEX-3X multiple cloning site immediately
upstream of Sma\) with a mutagenized fragment prepared by OE-PCR; the
constructs were pGX74%NS316,K,7,, pGX74%NS3|7lJ,iK1, pGX74%NS31S4.1Sr,.
pGX74%NS3G1.,sA. pGX74%NS3K1WA and pGX74%NS3M:8,F. 'Hie plasmid
pGX74%NS3K457A,K45SA was constructed by removing the mutagenized AVifll542*-
S/iaBl fragment from the plasmid pSV.NS2B/3j5,.45!, (50; and ligating this into
A'/)oI542A-fls"AI-digested pGX74%NS3. 'Hie remaining three mutant constructs
were derived from pGX74%NS3 by replacing the Xho\M?h-l'pu Ml5**2 fragment
with mutagenized fragments prepared by OE-PCR; they were pGX74%NS3.,:l4..-,.v,,
pGX74%NS3,76.,8l l. pGX74%NS34.1h.4>1. The PCR-derived regions of all
clones were sequenced.
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TABLE 1. Oligonucleolides used in OE-PCR

Mutant Primer no. Primer
designation" Sequence'1 (5' to 3')

G19SA

K199A

M283F

D-iijEE-i-;,.

R,7hKNGK,s.i

2618
4095
4096
2619
2618
7538
3640
2619
2618
4097
4098
2619
2618
2620
2621
2619
2618
2624
2625
2619
2618
2627
2626
2619
3638
4099
4100
4318
3638
4104
4105
4318
363S
4106
4107
4318

a
b
c
d
a
b
c
d
a
b
c
d
a
b
c
d
a
b
c
d
a
b
c
d
a
b
c
d
a
b
c
d
a
b
c
d

4Q!<0ATCGAAGGTCGTGGGATCCCCCTATG5lKI5

^"CAGACTGcAgcAAGTATTGcAGACAATCCAGAGAT5055

5l"5TTGTCrgCAATACTTgcTgCAGTGTGGGCTATAGCA5"10

55hSCTCATGTCCAGAACTCCACGACG5545

49S"ATCGAAGGTCGTGGGATCCCCCTATG5'K1S

5(w'GAGATCGcAGcTGcTATTTTTCGAAAGAG507fi

5C1KTTTTCTCrTTCGAAAAATGgCAgCTgCGATCrCTGGATTGTC'i')41

•^CTCATGTCCAGAACTCCACGACG5*45

4ysoATCGAAGGTCGTGGGATCCCCCTATG5(M)5

50WTATTTTTgcAgcGgcAAAATTGACCATCATGGACC50W

5as5CAATnTgcCgcTgcAAAAATATCATCTTCGATCrCTGG5047

55WCTCATGTCCAGAACTCCACGACG5545

^'ATCGAAGGT'JGTGGGATCCCCCTATG511"5

•""'GGAGCGGctAAGACGAAGACATACCTTCCG51*1

•M2"CTCTTCGTCTTagCCGCTCCTGC.GTGGAGG-S(W

5i:(>CTCTTCGTCTTagCCGCTCCTGGGTGGAGG501'7

^''ATCGAAGGTCGTGGGATCCCCCTATG^15

5IO7GGAGCGGGAgcGACGAAGAGATACCrnJCG5i;>"
5l:4CTTCGTCgcTCCCGCrCCTGGGTGGAGGTC'i(w5

--"CTCATGTCCAGAACTCCACGACG5545

^'ATCGAAGGTCGTGGGATCCCCCTATG'005

5-1wCATCtTcGACGAAGCCCATTTCACAGACCC53W

5374CmCgAaGATGATCAGGTTGTAATTTGGC5W<

•^CTCATGTCCAGAACTCCACGACG5545

a7y:GAAGAAGCCGCGGTCTTGGCATTGGAGCCTG48~
5M7CATGGcTGcAGcAAGAGAAATCCCTGAACG5546

5-wCTCngCTgCAgCCATGATTGGTGCAT55"7

"1-1CACAAAGGTTTTCCTTGCTTCTCCTCTCAAGCGG'>(J1XJ

^GAAGAAGCCOCGGTCHTGGCATTGGAGCCTG4822

5MITGCCTGgcAgcAAATGGAgcGAAAGTGATACAACTCw76

5M>7CACTTTCgcTCCATTTgcTgcCAGGCAAGCTGCTATATC5f'29

61-'CACAAAGGTTTTCCTTGCT1'CTCCTCTCAAGCGGM)9(1

4792GAAGAAGCCGCGGTCTTGGCATTGGAGCCTG4K22

•^'CTAACAGcTGGTGcAGcGCGGGTGATCCTGGCA585-1

5842CCCGCgCTgCACCAgCTGTTAGTATAACTGG5S12

'•'-'CACAAAGGTTTTCCTTGCTTCTCCTCTCAAGCGG'1"90

" Primers designated a and d are flanking primers; primers designated c and b are mutagcnic primers.
* All sequences are listed 5' to 3', and the substituted nucleotides are in lowercase type. Nucleotide numbering refers to the NGC DEN-2 sequence of Irie et al. (25).
'•' For clustered charged-to-alanine mutants, the underlined residues were mutated to alaninc. Amino acid numbering refers to the position of the residue in NS3.

x'i

Synthesis and purification of NS3 proteins. The recombinant proteins con-
taining an N-terminal GST tag were expressed in E. coli DH5a cells grown at
37°C in Luria-Bertani medium containing ampicillin (100 ng/ml). Synthesis of
the recombinant proteins was induced by the addition of 0.1 mM isopropvl-P-
D-thiogalactopyranoside. Two hours later, the cells were collected by centrifu-
gation. resuspended in ice-cold phosphate-bull'ered saline containing lysozyme
(33 |xg/ml), and held on ice for 10 min. Triton X-100, at a final concentration of
0.1%, was added to the cells prior to their sonication on ice for 2 min. The cell
lysate was clarified by centrifugation at 12,000 x g for 10 min. The soluble
fraction was mixed with glutalhionc-Sepharose 413 beads (Pharmacia Biotech)
and gently mixed at 4°C for 30 min. The beads were washed three times with
phosphate-buffered saline, and bound protein was eluted twice in elution buffer
(10 mM glutathione and 50 mM Tris-HCl [pi 1 8.0]) at 2S°C for 15 min. All
protein preparations were adjusted to 10% glyccrol and stored at -70°C. Protein
concentrations were estimated by densilometer scanning of Coomassie blue-
stained acrylamide gels and Bradford assay (Bio-Rad).

ATI'asc assay. The ATPase assay was a modified procedure of Warrener et al.
(54). Briefly, the final volume of the standard assay used to test mutated proteins
was 10 |il, containing 50 mM Tris-HCl (pH 8.0), 10 mM NaCl, 2.5 m.M MgCI-,
1 nCi of [a-<2P]ATP (800 Ci/mmol; OuPunt) and 0.4 pmol of protein sample.
Reaction r.iixes were incubated for 1 h at 24°C, and the reactions were termi-
nated by the addition of EDTA to a final concentration of 20 mM. A 0.5-p.l
sample of the reaction mixture was spotted onto plastic-backed polyelhylenc-
imine-ceUulose sheets, and 3-P-labcled ATP and ADP were separated by as-
cending chromatography in 0.375 M potassium phosphate (pi I 3.5). The sheets
were dried and exposed to X-ray film. The percentage of conversion of ATP to
ADP was estimated by measuring the radioactivity in separated nucleotides by
liquid scintillation counting.

The values of Km and kCM were calculated from a Lineweaver-Burk plot of
ATP hydrolysis activity over a range of ATP concentrations from 1 to 5 mM. The
concentration of poly(A), if present, was 0.17 u.g/u.1 (0.5 mM measured as
mononuclcotide equivalents).

Helicasc assav. A partial double-stranded RNA (dsRNA) substrate was pre-
pared using a modified pGEM-4Z (Promega) plasmid. A 24-bp region of (he
polylinker was removed by digestion with fcoRl and ////idlll, filling in of re-
cessed ends with Klenow DNA polymcrase, and blunt-end ligation to generate
the plasmid pGEM-4ZA24.

AWi'l-digested plasmid pGEM-4ZA24 was transcribed with T7 RNA polymer-
ase to produce a 25y-nt strand. flrt/il-digested plasmid pGEM-4ZA24 was tran-
scribed with SP6 RNA polymera.se in the presence of [n-3;P|ATP to produce a
radiolabelcd 144-nt strand. Reaction mixes were treated with RQI RNasc-Free
DNase (Promega) and extracted with phenol-chloroform, and the RNA was
precipitated with elhanol. Transcripts were combined in annealing b'.tfer con-
taining 10 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, and 200 mM NaCl. The
mixture was heated for 5 min at 95°C and 1 h al 65°C and then was allowed to
cool to room temperature ever 3 h. RNA sample buffer (5x; 25 mM EDTA,
0.25% bromophenol blue, 50% glycerol, 0.5% sodium dodecyl sulfate [SDS]) was
added to the hybridization mixture, which was then electrophorcscd through a
6% polyacrylamide gel (acrylamide-bisacrylamUe [30:0.8], 0.5x TBE [90 mM
Tris borate, pi I 7.5; 2 mM EDTA], 0.1% SDS). The region of the gel containing
the RNA duplex was localized by autoradiography, excised from the gel, and
pulverized, and RNA was eluted overnight at 37°C with a solution containing 500
mM ammonium acetate, 10 mM magnesium acetate, I mM EDTA, and 0.1%
SDS. The eluted RNA was precipitated with ethanol and resuspended in water.

The RNA helicasc assay was carried out in a total volume of 20 \L\ containing
radiolabeled substrate, 25 mM MOPS (morpholinepropanesulfonic acid)-KOH



9636 MATUSAN ET AL. J. VIROL.

(pH 6.5), 5 mM ATP, 3 mM MnCU, 2 mM dithiothreitol, 100 u-g/ml bovine
serum albumin, 5 U of RNasin (Promcga), and 1 pmol of protein. Reaction
mixtures were incubated for 30 min at 37°C and terminated by the addition of 5X
RNA sample buffer. The reaction mixture was analyzed by electrophoresis
through a 6% polyacrylamide gel. Gels were dried and exposed to the storage
phosphor screen (Molecular Dynamics). The phosphor screen was analyzed
usin^ a STORM Phosphorlmager system, and ImagcQuant image analysis soft-
ware (Molecular Dynamics) was used to estimate the percentage of i:P-labelcd
fragment unwound.

Insertion or mutations into gtnomic-lunglh DEN-2 cl)NA. The plasmid
pDVWS501, which contains genomic-length DEN-2 cDNA, was described in
detail (22). For these experiments, the mutated NS3 helicase fusion proteins
were examined for ATPasc and RNA helicase activity, and then the mutations
were inserted into genomic-length DEN-2 cONA to study their effects on virus
replication (except the G19SA mutant) (Fig. 1).

The plasmids pDV\VS501NS3,,4.3, r>, pDV\VS501NS3,7n_1s(1, and
pDV\VS501NS3.,.,ft_,.,., were prepared by replacing the /J«B1!"M-Bs/I3i""-"' frag-
ment of pDV\VS501 with a mutagenized fragment prepared by OE-PCR. Se-
quences of oligonucleotides used in mutagenesis are shown in Table 1. The plas-
mids pDVWS50INS3Kll,)A, pDVWS501NS3M2S3F, and pDV\VS501NS3RJ,7,VR45K,x
were prepared by removing the mutagenized fls/BI5tlfilJ-/fjrfBIMJ4ft fragments
from the corresponding pGX74%NS3 plasmid and ligation into ft/BI-ditjested
pDVWS501 (Fig. 1).

The other three mutations were initially constructed in the plasmid
pDVSO829S (pSPORT 1 containing nt 4494 to S744 of DEN-2 NGC) prior to
ligation into pDVWS501. A cDNA fragment encoding the mutation EDD (res-
idues 179 to 181) (underlined residues changed to alanine) was cloned into
pDVSO8298 by removing the mutagenized Nsil"m-l'i>u Ml5854 fragment from
the corresponding pSV.NS2B/3 plasmid and ligation into AWI-fynMI-digested
pDVSO829S. The two remaining chargcd-to-alanine mutations, EKSIE (169-
173) and RKR (184-186), were introduced into AMI-fyuMI-digested pDVSOS29S
as OE-PCR fragments. For all three mutants, A«I47""-SmI71i74 mutagenized
fragments were then removed from the appropriate pDVSO8298 plasmid and
ligated into A'siI-S/nI-digested pDVWSSOl. PCR-dcrived regions were sequenced.

Production of virus from genomic-length cDNA. Procedures for transcription
of RNA. electroporation, and immunofluorcscencc of BHK-21 cells and passag-
ing of virus in C6/36 cells have been described (22). Brielly, capped transcripts
were produced from plasmids containing genomic-length DEN-2 cDNA using
the Promcga RiboMAX kit. Approximately 7 to 10 u.g of transcript RNA and
50 u.g of carrier tRNA were electroporated into BHK-21 cells, which were then
incubated at 33 or 37°C. The cells were examined for immunofluorescence 4 to 6
days later using anti-E monoclonal antibodies (20). At 7 days the culture medium
was used to infect C6/36 cells. Four to live days later, the culture medium from
the C6/36 cells was used to initiate a second passage in C6/36 cells. When ap-
proximately 50% of the cells exhibited cytopathic effects, or 4 days later if no
cytopathic effects were visible, these second passage virus stocks were collected,
and tilers were determined by plaque assay in C6/36 cells.

To confirm that each mutation was present after electroporation and passag-
ing, total RNA was extracted from infected C6/36 cells or supernatant, and
reverse transcription (RT)-PCR of viral RNA was performed (22,43). The com-
plete NS2B and NS3 genes were sequenced to confirm the presence o. the
introduced mutation and the absence of any other changes that may have been
introduced during virus passaging.

Temperature shift experiments. RNA extracts of infected cells were prepared
using RNeasy columns (Qiagen) for analysis of viral RNA content by dot blot
hybridization. A 32P-labelcd DNA probe spanning nt 5364 to 6123 of the DEN-2
genome was produced by random primed labeling using [a-^PJdATP (3,000
Ci/mmol), labeling mix-dCTP and pd(N)h (Pharmacia Biotech). RNA samples
were diluted in RNA dilution buffer (diethyl pyrocarbonate-treated H;O-20x
SSC [1X SSC is 0.15 M NaCI plus 0.015 M sodium citratej-formaldehyde [5:3:2])
and held at 65°C for 15 min to remove RNA secondary structure. The samples
were applied to a Ilybond-N+ nylon membrane (Amersham), presoaked in 10X
SSC, using an SRC 96 D Minifold 1 dot blotter (Schleicher and Schuell). The
membrane was allowed to dry at room temperature, cross-linked with UV light,
and prehybridized at 68°C for 2 h in hybridization solution (5x SSC, 1% SDS,
1% bovine serum albumin). Labeled DNA probe at 107 cpm/ml was heated at
95"C ;ind added to fresh hybridization solution, and the membrane was incubated
for a further 16 h in the presence of the probe. The membrane was then washed
twice at room temperature in 2x SSC and 0.17e SDS, and this was followed by
two washes at 68°C in 0.1 x SSC and 0.1 % SDS. Bound radioactivity was detected
using the STORM Phosphorlmager system (Molecular Dynamics).

To assess the effect of temperature shift on viral protein synthesis, infected
BHK-21 cells were radiolabeled with /ram-['*S]methionine (1,150 Ci/mmol) lor

2 h. The methods for labeling procedures, cell lysis, radioimmunoprecipitation
(KIP), gel electrophoresis, and fluorography have been described (44, 50).

RESULTS

Mutagenesis of the helicase region of NS3. In order to test
the importance of residues in the helicase region of DEN-2
NS3 for enzyme activity and virus replication, two types of
mutations were introduced. First, changes were made in motifs
1, II, and VI. These were single alanine substitution.- G198A
and K199A (motif I) and a double change at R457A,R458A
(motif VI). In motif II, the substitution was M283F; phenyl-
alanine is the second most common residue (after melhio-
ninc) at this position in positive-strand viruses (30). Based
on previous mutational studies and X-ray crystallography
data of related viral RNA helicases (16, 19, 21, 28, 41, 51,
53), these motifs are known to be involved in the binding
and hydrolysis of ATP and/or the coupling of helicase and
ATPasc activities. Thus, we hypothesized that the first three
mutations would reduce enzyme activity and virus replication,
although there were no previous studies on the replication of
flaviviruses carrying these types of mutations. The possible
effect of the substitution M283F was unknown.

The second type of mutation was the replacement with ala-
nine of three amino acids in clusters of charged amino acids.
Charged amino acids are likely to occupy exposed positions in
the tertiary structure and therefore interact with other proteins
(1, 13). Several studies have demonstrated an association be-
tween the flavivirus NS3 protein and other viral nonstruclural
proteins, including NS2B and NS5, both in vitro and during
viral replication (5, 6, 8, 14, 15, 26, 57). The central region of
NS3, spanning amino acids 161 through 463, was scanned for
clusters of five residues which contained at least three charged
amino acids ^_, 55). Six such clusters outside helicase motifs
(30) were chosen for mutagenesis, and the charged residues
were changed to alanine (Fig. 1). These were as follows: EL69A,
K170A, and E173A; E179A, D180A, and D181A; R184A,
K.1.85A, and R186A; D334A, E335A, and E336A; R376A,
K377A. and K380A; and lastly, D436A, E438A, and E439A.
Alanine was chosen as the replacement amino acid since it
removes the side chain beyond the beta carbon and also min-
imizes any slcric effects within the polypeptidc caused by the
replacement (11). It was of interest to determine whether these
changes in hydrophilicity outside helicase motifs modified the
enzyme activity of NS3 in the absence of any other viral protein
or whether any effects of the changes could be detected only by
examining virus replication, when not only helicase activity but
also interactions between NS3 and other viral or host proteins
may be required.

Synthesis of truncated parental and mutant NS3 in E. coli.
To provide a source of flavivirus NS3 protein for biochemical
studies, truncated (amino acids 161 to 618) parental and mu-
tant polypeptides were synthesized as GST fusion proteins in
E. coli DH5u cells. Proteins were purified from the cell lysate
by affinity chromatography, and purified parental GST:74%
NS3 fusion protein (G2) with a molecular mass of 7S kDa was
detected following SDS-polyacrylamide gel electrophoresis
(Fig. 2A, lane 2). In addition to the G2 protein, several pro-
teins of lower molecular mass were also detected. These were
possibly generated by either proteolytic degradation or prema-
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fusion proteins are shown in Fig. 4. The chromatographic anal-
yses of a typical experiment are displayed in fig. 4A, the means
of three experiments are shown in Fig. 4B, and an overall
summary is presented in Table 2. As expected, mutation of the
highly conserved G198 and K199 residues within ATP binding
motif I abolished ATPase activity (Fig. 4A, lanes 7 and 8).
Mutation of the less-conserved residues in motifs II and VI
also reduced ATPase activity (Fig. 4A, lanes 9 and 13), al-
though to a lesser extent than the motif I mutants. The clus-
tered charged-to-alanine mutants located outside helicase mo-
tifs demonstrated a range of ATPase activities, from levels
lower (Fig. 4A, lanes 10 and 11) to levels higher (Fig. 4A, lanes
4, 5, 6, and 12) than that of the parental protein. It is interest-
ing that mutated clusters located within the linker region (res-
idues 161 to 188) between the final proteinasc box 4 (residues
145 to 155) (3) and upstream of the first helicase motif I
(residues 188 to 205) stimulated ATPase activity.

RNA helicase activity of NS3 mutants. Helicase activity was
tested by using an RNA substrate which consisted of a 259-nt
RNA strand hybridized to a 144-nt radiolabeled RNA strand
to produce a partially duplex RNA substrate containing 3'
single-stranded regions with a 24-bp duplex region (Fig. 5A).
The G2 protein had RNA helicase activity in the presence of
Mn2+ and ATP as shown by the release of the radiolabeled

30- m A

1 3 4 5 6 7 8 9 10 11 12 13

FIG. 2. Analysis on 10% polyaerylamide gels of partially purified
parental and mutant GST:74%NS3 fusion proteins. (A) Coomassic
blue staining. (B) Immunoblot using anti-GST antibodies (Pharmacia).
(C) Immunoblot using anti-NS3 antiserum. (D) Coomassic blue stain-
ing of the GST:74%NS3 mutant fusion proteins used for enzyme
assays. Size markers are shown on the left.

iure translational termination, as they were recognized by anti-
GST and anti-NS3 antibodies (Fig. 2B and C, lanes 1). GST
(26 kDa) was also synthesized in E. coli to use as a negative
control for the in vitro enzyme assays (Fig. 2A, lane 3; Fig. 2B,
lane 2). Prepan tions of all mutant fusion proteins used for
enzyme assays -'.re shown in Fig. 2D.

NS3-mediafjd ATPase activity. The ATPase activity of in-
creasing amoi \nts of the parental NS3 fusion protein G2 was
first measured over 45 min in the presence of 5 mM ATP (Fig.
3A). The >"atc of hydrolysis was directly proportional to the
amount of enzyme. Using 1 pmol of enzyme and 5 mM ATP,
the rat..: of hydrolysis was linear from 15 to 90 min (not shown).
To determine the Km of G2, the ATPase activity of 1 pmol of
G2 was measured at ATP concentrations from 1 to 5 mM for
60 min in the presence or absence of poly(A). The Lineweaver-
Burk plots were linear in this range (Fig. 3B). The Km values
for the parental protein were 3.0 or 2.6 mM in the absence or
presence of poly(A), respectively. Corresponding A:c.lt values
were 1.2 and 1.5 s~'. The measure of catalytic efficiency, kCMl
Km, increased from 4.0 X 102 (mol/lilcr)"^"1 in the absence
of poly(A) to 5.8 x 102 (mol/litcrj-'s"1 in the presence of
poly(A). Thus, the stimulation of ATPase activity (1.45-fold)
by poly(A) was low.

The results of testing the ATPase activity of the mutant NS3
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FIG. 3. (A) ATPase activity of increasing amounts of parental
GST:74%NS3 fusion protein measured by the production of [aMP]
ADP. (B) Lincweaver-Burk plots of ATPase activity in the presence or
absence of 0.5 mM poly(A). A reaction volume of 10 (il contained 1
pmol of enzyme.
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FIG. 4. (A) ATPase activities of parental and mutant 74%NS3
fusion proteins. Radioactive ADP and ATP were separated by thin-
layer chromatography. (B) Percent hydrolysis of ATP to ADP. Means
(columns) and range of values (error bars) from three independent
experiments are shown.

strand (Fig. 5B, lane 3). In the absence of the G2 protein (lane
2), or Mn2+ and \TP (lane 4), no activity was detected.

Next, the mutant NS3 proteins were examined in the RNA
helicase assay (Fig. 5C) (summary shown in Table 2). As ex-
pected, mutation of the ATP binding motif I abolished RNA
helicase activity (lanes 8 and 9); the extent of unwinding was
the same as for GST only (lane 3), confirming that no RNA
helicase activity was detected in the absence of ATPase activ-
ity. Interestingly, mutation M283F in motif II demonstrated
reduced ATPase activity (Fig. 4A, lane 9) and increased heli-
case activity (Fig. 5C, lane 10) compared to the parental G2
protein (Fig. 4A, lane 3, and Fig. 5C, lane 4). Also, the protein
with changes R457A and R458A in motif VI which retained
ATPase activity (Fig 4A, lane 13) showed no detectable RNA
unwinding (Fig. 5C, lane 14). These results demonstrate that
the NTPase and RNA helicase activities of the DEN-2 NS3
protein can be functionally uncoupled by mutations within
motifs.

Mutation of the clustered charged regions external to the
helicase motifs had variable effects on RNA unwinding. The
three mutants GK)9_i73, G179_1S1, and Gi84_18(), upstream of
motif 1, demonstrated a large increase in RNA unwinding (Fig.
5C, lanes 5 to 7) compared with parental NS3, which corre-
sponded to their increased ATPase activity (Fig. 4). However,
the G43(i_,39 mutant, which also exhibited enhanced ATP hy-
drolysis, showed only a slight increase in he.'icase activity over
parental G2 (Fig. 5C, lane 13). The remaking two mutants,

G334-336 and G,7f>_-,S0, each demonstrated ATPase activity but

only low or no RNA unwinding (Fig. 5C, lanes 11 and 12).
These results show uncoupling of ATPase and helicase activity
by mutagenesis outside enzyme motifs.

Analysis of virus replication. To test the eifects of the mu-
tations described above on virus replication, all mutants ex-
cept G198A were incorporated into genomic-lenglh cDNA.
We considered it unnecessary to test both the motif I mutants,
G198A and K199A.

Virus was produced from genomic-length cDNA by estab-
lished procedures (22). RNA was transcribed and elcctropo-
rated into BHK-21 cells, and the cells were incubated at 33 or
37°C. BHK-21 cells were tested for immunofiuorescence with
anti-E antibodies. Medium from the transfected BHK-21 cells
was passaged twice in C6/36 cells at 28°C, and the vims tiler
was determined after the second passage by plaque assay in
C6/36 cells. Viral RNA was then amplified by RT-PCR, and
the entire NS2B and NS3 genes were sequenced to check that
the mutation was retained during the passaging and that no
other changes were present within this region. These proce-
dures were completed at least twice for each construct, and the
results are summarized in Table 2.

The parental virus V2 and mutant viruses V169_173, and
vi79-im g r c w to comparable titers of 10s to 10ft PFU/ml fol-
lowing initial electroporation at 33 or 37°C (Table 2), although
both mutant viruses showed a small-plaque phenotype. The
corresponding NS3 fusion proteins G2 and mutants Glf)9_,73,
and G|7,;_181 all possessed in vitro ATPase and RNA heiicase
activities. For viruses VM2,S,F and V334_336, virus was detected
following electroporation at 33°C only, at reduced titers (4.7 x
105 and 7.3 X 102 PFU/ml, respectively), and with a small-
plaque phenotype (Table 2). These results suggested that
VM283Fand V334.336were restricted in replication and possibly
heat sensitive. Trie GM283F and G334_336 fusion proteins both
had reduced ATPase activity in vitro (Fig. 4B) and helicase ac-
tivity that was either increased or reduced, respectively (Fig. 5D).

No virus was detected for five constructs. The lack of virus
from the three constructs containing mutation K199A (motif I)
or R457A.R458A (motif VI) or clustered charged-to-alanine
changes R37(,KNGK380 corresponded to the lack of helicase
activity detected for the corresponding fusion proteins. How-
ever, clustered changes at R,84KR|86 and D43f)GEE439 did not
reduce helicase activity of the fusion proteins, and yet no virus
was recovered. We hypothesize that these residues are re-
quired for other NS3 functions, such as the interaction with
proteins in the viral replication complex.

Growth of viruses V2, V,r,9_,73, V,79_181, and VM283F in BHK
cells. To examine further the properties of the viruses, more
concentrated stocks were prepared by polyethylene glycol pre-
cipitation of all viruses except V334_3V) Virus V334_33fi did not
replicate adequately to obtain sufficient liters for further ex-
periments.

BHK-21 cells were infected at a multiplicity of infection
(MO1) of 1, and cells were incubated at 33 or 37°C. Experi-
ments maintaining the BHK-21 cells at 39°C were unsuccess-
ful because of poor cell survival. The culture medium was
sampled at 72 h after infection, and virus titers were deter-
mined by plaque assay in C6/36 cells (Fig. 6). Of the four vi-
rusrc, only VM283F showed significant temperature sensitivity.
At /2 h after infection, supernatant from cells infected with
virus VM283F and maintained at 33°C contained (3.0 ± 0.4) X
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TABLE 2. Yield? of mutant viruses following electroporation of RNA into BHK-2I cells and two passages of virus in C6/36 cells

Site(s)
mutated

E,h l )KSIEm

E17l)DD)S|

R|KjKR,UA

K199A

M2S3F

JUKNQK.

IWSEE»

R457A.R458A

Virus

Mutant

V2
V2

V
N 1WM7.1
M W-173

V17«-181

•170-181

"lS4-lSf.

V -

V

v , V

^37fi-3S0

V R 4 S 7 A . R 4 5 8 A

Temp (°C)''

33
37

37

33r

37

33
37

33
37

33
37

33
37

33
37

33
37

33
37

IP"
1 P

W +

tt + t
+ ^

-

-

+ •' '

+ + + +

—

-

-

Virus titer*
(PFU/ml)

(1.1 ± 0.1) X 10"
(7.3 ± O.S) X 10"

(2.7 ± 0.2) X 10"
(2.2 ± 0.5) X 10"

(4.9 ± 1.0) X 10s

(1.4 ± 0.2) X 10"

None detected
None detected

None delected
None detected

(4.7 i 1.0) X 105

None detected

(7.3 ± 1.1) X 102

None detected

None detected
None detected

None delected
None delected

None detected
None detected

Approx plaque
size (mm)

4
4

3
3

1
1

2

1

\>'V I V W

Yes
Yes

Yes
Yes

Yes
Yes

No
No

No
No

Yes
No

Yes
No

No
No

No
No

No
No

ATPase
activity''

+

T

T

T

-

i

i

I

T

i

Mclicase
activity'

+

t

T

T

-

T

I

—

t

—

" Immunofluorescence (IF) in 13HK-21 cells at 5 to 6 days postelectroporalion. IF was scored as follows: - , no positive cells; +, 1 to 25% positive cells; + + ,25 to
50% positive cells; + + + , 50 to 75% positive cells; + + + +, 75 to 100% positive cells.

h Plaque liters after passaging in C6/36 are expressed as means ± one standard deviation. Each virus was derived at least twice from RNA transcripts; therefore, the
result shown for each virus is the average of two or more experiments.

'" Detection of product after RT-PCR. All positive samples retained the required mutation and had no other changes in the NS2B/3 genes.
''Temperature at which BHK-21 cells were incuhaled immediately after electroporalion.
r Data for this virus aw published in reference 37.
-'ATPase and RNA hclisase activities at 25°C. Activity was scored as no activity ( - ) , parental activity (+), activity increased compared with parental activity ( \ ),

or activity reduced compared with parental activity ( I ) (Fig. 413 and Fig. 5D).

104 PFU/ml, whereas cells maintained at 37°C contained
(5.7 ± 0.4) X 1()2 PFU/ml. The presence of each mutation in
recovered virus was reconfirmed by RT-PCR and sequencing.

Temperature shift experiments with vims VM283I... To assess
the effect of temperature shift on viral RNA synthesis and
replication of VM283F, duplicate BHK-21 cell monolayers were
infected with the parental V2 or mutant VV2t!3F viruses at an
MOI of 10 and incubated for 48 h at 33°C. At this time mono-
layers were maintained at 33°C or shifted to 37°C.

At 24 h after the shift (72 h after infection) the cell culture
medium was assayed for virus yield (Fig. 7A). The titers for the
mutant and parental viruses were both higher at 33°C than at
37°C. However, the shift to 37°C clearly had a greater effect on
mutant VM 2 8 3 F than on V2. The reductions in titer (log10) were
0.7 and 1.9, respectively. At 0, 16, and 24 h after the shift (48,
64, and 72 h after infection) RNA extracts of infected cells
were prepared for analysis of accumulated viral RNA content
by dot blot hybridization. Overall, the V2-infected cells con-
tained more viral RNA than those infected with the mutant
VM 2 8 3 F (Fig. 7B), consistent with the higher yield of virus from
the former (Fig. 7A). Following the shift. V2-infected cells
showed similar viral RNA content at the two temperatures at
64 and 72 h, whereas for the mutant VM283F, the cells main-

tained at 33°C clearly had more viral RNA than at 37°C. Both
positive- and negative-strand viral RNA were detected by the
dsDNA probe.

To assess the effect of the temperature shift on viral protein
synthesis, the accumulations of labeled proteins at the permis-
sive (33°C) and nonpermissive (37°C) temperatures were com-
pared. The timing of the experiment was similar to that de-
scribed above for the dot blot assay. BHK-21 cell monolayers
were infected with the V2 or mutant VM2tGF viruses at an MOI
of 10 and incubated for 48 h at 33°C. At 48 h after infection
monolayers were maintained at 33°C or shifted to 37°C. At 0
and 24 h poslshift, media were replaced with fresh medium
lacking methionine for 2 h. Proteins were then radiolabeled
with [35S]methionine for a further 2 h. As a measure of overall
viral protein synthesis, the amount of NS3 protein was assessed
by RIP of cell lysates (Fig. 7C). As for viral RNA, less NS3 was
detected in the cells infected by the mutant virus VM283F than
by V2. In addition, cells infected by the mutant contained less
NS3 at the higher temperature (Fig. 7C. lanes 7 and 8 com-
pared with lanes 9 and 10), whereas V2-infected cells (Fig. 7C,
lanes 11 and 12) were more similar in NS3 content.

The bottom panel of Fig. 7C shows that the amount of
protein in cell lysates before immunoprccipitation varied little.

si
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FIG. 5. RNA helicase assay of 74%NS3 fusion proteins. (A) Struc-
ture of the 3'-tailed dsRNA substrate; the lower strand of RNA vas
labeled with [a-32PlATP. (B) RNA helicase activity of the parental G2
protein. Lane 1, heated RNA substrate (hS); lane 2, untreated RNA
substrate (S); lane 3, RNA helicase activity of 1 pmol of purified G2
protein; lane 4, same as lane 3 but omitting ATP and Mn : + . (C) RNA
helicase activity of mutant fusion proteins. (D) Percent unwinding of
dsRNA to single-stranded RNA (ssRNA). Means (columns) and range
of values (error bars) from three independent experiments are shown.

This demonstrated that the differences in levels of NS3 seen
following RIP were probably due to the availability of template
viral RNA for protein synthesis and not to variation in the
number of cells in the monolayer or efficiency of lysis. RIPs
were also performed with anti-E monoclonal antibodies, and
identical results were obtained with respect to the relative
amounts of viral proteins (data not shown). Therefore, the

mutant virus VM28;iFwas temperature (heat) sensitive in RNA
synthesis, protein synthesis, and virus yield.

DISCUSSION

Ten sites distributed through the helicase region of DEN-2
NS3 were mutagenized in these experiments. Four were lo-
cated in enzyme motifs, and a further six that were rich in
charged amino acids were altered by charged-to-alaninc mu-
tagenesis of three residues (Fig. 1).

Ten mutant proteins were synthesized in E. coli and tested in
vitro for their effects on ATPase and RNA helicase activities.
The ATPase activity of the parental protein G2 was stimulated
only modestly by poly(A) in these experiments. The increase in
the kcal/Km ratio was 1.45-fold, corresponding to an increase in
Vn,m of 1.25-fold. This was in contrast to the results obtained
by Li ct al. (33) who showed a 9.7-fold increase in Vmax for a
DEN-2 NS3 in the presence of poly(A), using a protein with a
similar N-terminal truncation but containing a C-terminal His
tag rather than the much larger N-terminal GST tag of our
experiments. Other significant differences in NTPase activities
among NS3 proteins in the presence of polynucleotides have
also been described (4, 3i, 47, 48, 54). The reasons for the
differences have not been identified, but they probably reflect
variation in the types, sizes, and locations of fused peptides; the
degree of truncation of the enzymes; the methods of expres-
sion (e.g., in bacteria, insect, or mammalian cells); the purifi-
cation procedures; and the assay conditions.

Patterns of activity. In our experiments we examined both
ATPase and helicase activity in vitro. Five patterns of activity
were observed, and they are discussed in turn below: (i) no
ATPase and no helicase, (ii) enhanced ATPase and enhanced
helicase, (iii) reduced ATPase and no helicase, (iv) reduced
ATPase and reduced helicase, and (v) reduced ATPase and
enhanced helicase.

(i) No ATPase and no helicase. Only two of the ten mutant
fusion proteins assayed for enzymatic activity in this study
lacked both in vitro ATPase and RNA helicase activities. They
contained a substitution of the invariant G m or K1W resi-
dues in NTP-binding motif I. Substitution of the residue cor-

V 169-173 V 179-181 ^M283F

Virus

FIG. 6. Replication of selected mutant viruses in BHFC-21 cells at
33 and 37°C (MOI of 1.0). The cell culture medium was sampled at
72 h postinfection, and the virus liters were determined by plaque
assay on C6/36 cells (28°C). Error bars show one standard deviation of
the plaque tiier.
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responding to K]9y in BVDV and HCV was previously shown
to greatly reduce ATPase and RNA helicase activities (21, 23,
28, 38, 53).

(ii) Enhanced ATPase and enhanced helicase. All six pro-
teins with charged-to-alanine mutations had ATPase activity.
Of these, four proteins—G,69_,73, G17g_18,, G1gJ_IS6, and
G43fi_439—were more active than parental G2 (Fig. 4). In-
creased ATPase corresponded to increased helicase activity
(Fig. 5; Table 2). Previous studies have also shown enhanced
NTPase activity for some flavivirus and poxvirus enzyme
mutants. Li et al. (33) generated a DEN-2 NS3 mutant
Q184NGN187, comparable to our R,S4KRK187, and demon-
strated that it had a twofold increase in ATPase activity in the
absence of poly(A). Substitution of the conserved histidine
residue of motif II with alanine in NS3 of HCV and Japanese
encephalitis virus, and in the NTP phosphohydrolase II (NPH-
II) of Vaccinia virus also caused an increase in NTPase activity
in the absence of poly(A) compared with parental protein (17,
23,51).

(iii) Reduced ATPase and no helicase. In this study, the
motif VI mutant GR457A-R458A and the charged-lo-alanine
mutant G376_380 had reduced ATPase activity and no helicase
activity, identifying two regions required for coupling of the
two activities. The role of the arginine residues in motif VI has
been examined in Vaccinia virus NPH-II and HCV NS3 heli-
cases. Mutation of the first arginine (corresponding to R457 in
DEN-2) in NPH-II and of the second arginine (corresponding
to R458 in DEN-2) in HCV decreased RNA binding (7,18,28).
Thus, by comparison with these viruses, the lack of detectable
helicase activity of the DEN-2 GR457A R45HA double mutant
protein was possibly due to inhibition of RNA binding. In
contrast to GR457AR458A , mutagenesis of the region corre-
sponding to G376_380 has not been reported, and analysis of the
HCV structure at this location provides no understanding of
the role of these residues in enzyme activity. However, the
substitution of basic residues by alanine may also have an
adverse effect on RNA binding. Recent structure-based mu-
tagenesis of HCV NS3 helicase demonstrated that substitution
with alanine of several residues (external to helicase motifs)
proposed to interact with RNA also uncoupled the two enzyme
activities (34).

(iv) Reduced ATPase and reduced helicase. The remaining
charged-to-alanine mutant G334_336 showed reduced levels of
both ATPase and RNA helicase activities.

(v) Reduced ATPase and enhanced helicase. The only pro-
tein which demonstrated reduced ATPase activity and in-

FIG. 7. (A) Replication of parental V2 and VM2((,F viruses in BIIK-
21 cells shifted from 33 to 37°C at 48 h postinfection (h p.i.). Virus
liters in cell culture fluid at 72 h p.i. were determined by plaque assay
on C6/36 cells (2S°C). Error bars show one standard deviation of the
plaque titer. (B) Dot blot hybridizations of total infected cell RNA
using a 32P-labeled dsDNA viral probe. Cells were harvested at 4S, 64,
and 72 h p.i. (C) Analysis by gel electrophoresis of ^S-Iabeled protein
immunoprecipitated by anti-NS3 antiserum (50). Mock-infected cells
(lanes 2, 5, and 6) and size markers (lane I) are shown. The bottom
pane! shows amounts of total cell protein in cell lysates before immu-
noprecipitation. RIPs were prepared using anti-NS3 antiserum. The
samples in lanes 7, S, 9, and 10 are from independent duplicate exper-
iments.
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creased helicase activity with respect to parental G2 was the
motif II mutant GM2K3F. The mutation in ihis protein was of
particular interest because the residue at this position (methi-
onine in DEN-2 motif II L^oI lMDEAH^) (30) has not been
previously mutagenized lor any virus. Phenylalanine commonly
occurs at this position in positive-strand viruses (30). Analysis
of the HCV NS3 crystal structure indicates that the adjoining
aspartic and glutamic acid residues potentially interact with the
bound ATP -y-phosphate and amino acid residues in motifl via
Mg2+ binding (29), and both residues are required for NTPasc
and helicase activities (51. 53). However, the reason for the
increase in helicase activity observed in this study is unknown.
Analysis of the HCV helicase structure demonstrates that the
residue equivalent to DEN-2 M2S3 is buried within the second-
ary structure, suggesting that it is not directly involved in
ATPase or helicase activity (J. C. Whisstock, personal commu-
nication).

With the availability of genomic-length cDNA, we were able
to test the effect on virus replication of nine mutations modi-
fying ATPase and helicase activity in vif.ro. As described above,
the mutations produced five patterns of enzyme activity in
vitro, and their effects on replication were of considerable
interest. The introduction of helicase mutations into viral ge-
nomes has been reported for only one positive-strand RNA
virus, BVDV (21). For BVDV, three mutations, two point mu-
tations in motifs I and II and a deletion mutant in motif VI,
abolished helicase activity and virus replication (21). Likewise for
DEN-2, the mutations in motif 3 (K1.99A) and motif VI (R457A,
R458A) that abolished helicase activity also prevented virus
replication. In addition, the charged-to-alanine mutation at
R376KNGK380 in DEN-2 NS3 also stopped helicase activity
and virus replication. Thus, for both these members of the
family Flaviviridae, lack of helicase in vitro correlated directly
with no detectable virus replication.

On the other hand, mutations permitting helicase activity
in vitro did not necessarily permit virus replication. There
were four mutations that allowed replication, i.e., Eu,i,KSlE,73,
E1 7 9DD l 8 1 , M283F, and D334EE336 (although with smaller
plaque phenotype and in two instances temperature sensitivi-
ty), and two that did not, i.e., R184KR1K(, and D4-,6GEE43g.
With the exception of M283F (motif II mutant), these muta-
tions were all i." the charged-to-alanine type and therefore
likely to be located on the surface of NS3 and involved in
protein-protein or RNA-protein interactions (1, 13). NS3 has
been identified in NS3-NS5 complexes (8, 26) and associated
with the nonstructural proteins NS1, NS2A, NS4A, and NS5 in
replication complexes (27, 36, 57). It is therefore likely that
subtle or substantial changes in these interactions led to the
observed range of phenotypes. In particular, the charged res-
idues at R1S4KR186, D334EE336, and D436GEE439 are worthy of
further investigation. Less severe mutagenesis of these sites
would establish the relative contribution of individual residues
to enzyme activity and virus replication. Additional experi-
ments which may assist in determining the roles of residues are
binding assays in vitro for analysis of protein-protein and
RNA-protein interactions (10). Since the hydrophilicily pro-
files of proteins specified by viruses within the genus Flaviv'mis
are highly conserved (56), the results obtained using DEN-2
would be potentially applicable across the genus.

We had limited success in producing temperature-sensitive

mutants by charged-to-alanine mutagenesis. Here, one poten-
tial mutant (V334_3?!)) was obtained after mutagenesis of six
diiferent sites. Only one temperature-sensitive mutant pro-
duced by this technique has been reported for the flaviviruses,
in NS1 of Yellow fever vims (39). However, we were successful
in generating a temperature-sensitive mutant, VM283F, with the
M283F substitution in motif II. As noted above for the hydro-
philicity profiles, the conservation of the sequence MDEAH in
motif II suggests the results with VM ; 8 3 , t may hold for other
flaviviruses. The data shown in Fig. 7B demonstrated that cells
infected with this virus were defective in RNA synthesis at
the nonpermissive temperature. Further experiments are in
progress to determine the basis of this defect.

In summary, we have identified residues in the NS3 helicase
region of DEN-2 within and outside motifs that modify enzyme
activities in vitro and alter virus phenotype. Mutations that
abolished helicase but not ATPase activity were identified. In
some instances enhancement of enzyme activities was ob-
served. Absence of helicase activity in vitro correlated directly
with lack of virus replication. Our results are likely to be ap-
plicable to other flaviviruses and are of importance in the de-
velopment of antiviral strategies directed at the inhibition of
NTP and RNA binding, the coupling of NTPase and RNA he-
licase activities, and protein-protein interactions within the
replication complex.
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Fig. 3.4 Genomic map of DEN-2 and NS3 mutations incorporated into genomic length cDNA.
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Fig. 4.3 Constructs used to synthesize NS3 fusion proteins and prepare mutated viruses.
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