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Fig. 1.1 The approximate global distribution and spread of medically
important flaviviruses.

lhe map was adapted from a map of the distribution of major neurotropic
flaviviruses, St. Louis encephalitis virus (SLEV), West Nile virus (WNV), Japanese
encephalitis virus (JEV) and Murray Valley encephalitis virus (MVEV), but altered
to reflect the Dengue virus (DENV) endemic areas in Asia and Australia
(Mackenzie et al., 2004; Solomon, 2004; Solomon et al., 2000).


















Chapter 1
cause an increase or decrease in virulence (Cecilia and Gould, 1991; Hanna et al.,
2005; Monath et al., 2002; Sumiyoshi et al., 1995) and mutations in domain Ill are
associated with alteration in neuroinvasiveness (Lee and Lobigs, 2000, 2002;
Lobigs et al., 1990), and modulate virus binding and entry into host cells (Hung et
al., 2004, Liu et al., 2004; Modis et al., 2004; Vlaycheva et al., 2004).
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51 137 190 285/303 395 496

Fig. 1.3 Soluble ectodomain of TBEV E protein.

(A) Linearized of the polypeptide of the E protein ectodomain. (B) Monomeric pre-
fusion arrangement of E protein found in mature TBEV. The three domains in E
protein are shown as DI (shaded in pink), DIl (shaded in blue) and DIl (shaded in
brown). Fusion loop (FL) is in light blue and transmembrane domain (TM) in
shaded brown. The TBEV monomer is coloured as in panel A. The figure was
created using Cn3D with PBD file 1SVB (TBEV) (Rey et al., 1995).
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Materials and Methods
























Chapter 2

’ PpuMi Xbal
5 * 3!
in # inl

pRc/CMV. NS1-NS2A.HA

PpuMI

Fig. 2.2. Site-directed mutagenesis using fusion PCR.

(A) To generate a nucleotide mutation at (*), the pRc/CMV.NS1-NS2A HA vector
was used as the template for the first PCR. The unique restriction sites, PpuMI and
Xbal, in this vector are shown and were used for exchange of mutated PCR
fragments with the corresponding region in the wt plasmid. (B) The mutagenesis
primers (arrow 3 and 4) were used to generate the first PCR product harbouring a
specific mutation at (*). Arrow 1 and 2 designate the upstream and downstream
primers, respectively (C) Both fragments from the first PCR were used as
templates for the fusion PCR by utilizing the upstream and downstream primers
(arrow 1 and 2). The final product from the fusion PCR contained the specific
mutation and was flanked by the PpuMI and Xbal restriction sites.
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AMEIRPEKSEKOQG --GCERNERESSOSGIEA F N D G L V SEAGVZPG
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Fig. 3.1. Comparison of NS1-NS2A cleavage site sequences among flaviviruses.
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Cleavage sequence: L-V-K-S-R-V-Q-A ‘LF

Fig. 3.3. Effect of mutations at position P1 of the octapeptide sequence motif
on NS1-NS2A cleavage.

Proteins precipitated with an anti-HA Ab from cells mock transfected (M) or transfected
with plasmid DNA of wt or mutants with single mutations at P1 were subjected to SDS-
PAGE (12.5 % acrylamide). Nomenclature for each construct is given by the amino acid at
that position that is shown at the top of each lane. Bands correspond to cleaved NS2A
protein and uncleaved NS1-NS2A precursors (shown in box) are indicated on the right,
and the positions of the'*C-labeled marker proteins (in kDa) are given on the left. Cleavage
percentage is shown at the bottom of each lane. Cleavage sequence at the NS1-NS2A

junction is shown at the bottom with amino acid in bold letter indicating the position for

substitution.
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30 —
NS2A*
NS2A
20.1— g SO i .
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Cleavage sequence: L-V-K-S-R-V-Q-A F

Fig. 3.4. Effect of mutations at position P2 of the octapeptide sequence motif
on NS1-NS2A cleavage.

Proteins precipitated with an anti-HA Ab from cells mock transfected (M) or transfected
with plasmid DNA of wt or mutants with single mutations at P2 were subjected to SDS-
PAGE (12.5 % acrylamide). Nomenclature for each construct is given by the amino acid at
that position that is shown at the top of each lane. Bands correspond to uncleaved NS1-
NS2A precursors (shown in box), cleaved NS2A protein, NS2A* and an unknown band (?)
are indicated on the right, and the positions of the'“C-labeled marker proteins (in kDa) are
given on the left. Cleavage percentage is shown at the bottom of each lane. Cleavage
sequence at the NS1-NS2A junction is shown at the bottom with amino acid in bold letter

indicating the position for substitution.
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Cleavage sequence: L-V-K-S-R-V-Q-A F

Fig. 3.6. Effect of mutations at position P4 of the octapeptide sequence motif
on NS1-NS2A cleavage.

Proteins precipitated with an anti-HA Ab from cells mock transfected (M) or transfected
with plasmid DNA of wt or mutants with single mutations at P4 were subjected to SDS-
PAGE (12.5 % acrylamide). Nomenclature for each construct is given by the amino acid at
that position that is shown at the top of each lane. Bands correspond to uncleaved NS1-
NS2A precursors (shown in box), cleaved NS2A protein and an unknown band (?) are
indicated on the right, and the positions of the'*C-labeled marker proteins (in kDa) are
given on the left. Cleavage percentage is shown at the bottom of each lane. Cleavage

sequence at the NS1-NS2A junction is shown at the bottom with amino acid in bold letter

indicating the position for substitution.
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30~
NS2A*
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Cleavage sequence: L-V-K-S-R-V-Q-A F

Fig. 3.7 Effect of mutations at position P5 of the octapeptide sequence motif
on NS1-NS2A cleavage.

Proteins precipitated with an anti-HA Ab from cells mock transfected (M) or transfected
with plasmid DNA of wt or mutants with single mutations at PS5 were subjected to SDS-
PAGE (12.5 % acrylamide). Nomenclature for each construct is given by the amino acid at
that position that is shown at the top of each lane. Bands correspond to uncleaved NS1-
NS2A precursors (shown in box), cleaved NS2A protein, NS2A* and an unknown band (?)
are indicated on the right, and the positions of the'*C-labeled marker proteins (in kDa) are
given on the left. Cleavage percentage is shown at the bottom of each lane. Cleavage

sequence at the NS1-NS2A junction is shown at the bottom with amino acid in bold letter

indicating the position for substitution.
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Mr M wt A E K

NS1-NS2A
30 —
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Cleavage sequence: L-V-K-S-R-V-Q-A F

Fig. 3.9. Effect of mutations at position P8 of the octapeptide sequence motif
on NS1-NS2A cleavage.

Proteins precipitated with an anti-HA Ab from cells mock transfected (M) or transfected
with plasmid DNA of wt or mutants with single mutations at P8 were subjected to SDS-
PAGE (12.5 % acrylamide). Nomenclature for each construct is given by the amino acid at
that position that is shown at the top of each lane. Bands correspond to uncleaved NS1-
NS2A precursors (shown in box), cleaved NS2A protein, NS2A* and an unknown band (?)
are indicated on the right, and the positions of the '*C-labeled marker proteins (in kDa) are
given on the left. Cleavage percentage is shown at the bottom of each lane. Cleavage

sequence at the NS1-NS2A junction is shown at the bottom with amino acid in bold letter

indicating the position for substitution.
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Table 3.2. Efficiency of cleavage at the MVEV NS1-NS2A junction containing

amino acid mutations.
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Calculation for the determination of cleavage efficiency is described in detail in the
section 3.2.1. The wt amino acid sequence at the NS1-NS2A cleavage site is
shown in bold (at the top) and the amino acid substitutions at each position are
given below. Mean values of at least three independent experiments are given and

the standard error (S.E) is indicated. Amino acid highlighted in grey indicates non-

conservative substitution.
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Table 3.3. Efficiency of cleavage at the MVEV NS1-NS2A junction containing

amino acid mutations.

P8 | P7 [ P6 | P5 | P4a|P3|P2|pP1|P1 e e
cleavage efficiency
LIVIK][S][R|IV]IQ[A]TF 88 = 1
Al A 91 + 2
& A 6= 5
AL A 60 = 5
4 & 4 A 28 + 4

Efficiency of cleavage at the MVEV NS1-NS2A junction containing multiple Ala
substitutions at various positions at the octapeptide motif. The wt amino acid
sequence at the NS1-NS2A cleavage site is shown in bold (at the top) and the
amino acid substitutions at each position are given below. Mean values of at least

three independent experiments are given and the standard error (S.E) is indicated.
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Fig. 3.14. Analysis of N- linked glycosylation of NS1-NS2A precursor and
NS2A by endo H enzyme treatment.

Lysates of *°S labelled COS-7 cells transfected with wt or mutant construct (P3-
Phe) were immune precipitated with an anti-HA Ab and were treated with endo H
(+) or mock treated (-) and the proteins were subjected to SDS-PAGE (12.5 %
acrylamide). The '“C-protein marker standard is shown on the left. The bands
correspond to cleaved NS2A protein and uncleaved NS1-NS2A precursors are
indicated on the right. A similar result was observed when the experiment was

conducted in parallel with PNGase F treatment. The data are representative of

three independent experiments.
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MVEV variants with mutation in the octapeptide at the
NS1-NS2A junction
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Apal (2) g, (717)

T7 promoter
5" NCR

Modified pBR322

Xbal (1967)

Nsil (11038)

3'NCR OMVEV

(13822 bp)

Nael (3240)

Nhel (4016)

MVE ORF

Fig. 4.1. Full-length infectious cDNA clone of MVEV (pMVEV).

Schematic drawing of the genome-length MVEYV infectious cDNA clone of MVE 1-
51 (Lee and Lobigs, 2000; Lobigs et al., 2010). The infectious cDNA clone contains
modified pBR322 as the vector backbone and the full-length sequence of MVE 1-
51 (11,013 nucleotides) encompassing an open reading frame (ORF) encoding a
polyprotein of C, prM, E, NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 (solid
grey line). Restriction enzyme sites in the E-NS2A region used for subcloning and
the unique Nsil site used to produce linearized cDNA for in vitro RNA transcription
are shown. The 5 non-coding region (NCR) follows the T7 promoter sequence.
The position of the 3" NCR is shown, where the MVEV genome sequence ends at

the engineered Nsil site. All numbering shown is from the 5§’ terminal nucleotide in

MVE 1-51.
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rP7,8-Ala

Fig. 4.2. Plaque morphology of rMVEV and NS1-NS2A cleavage site mutant

viruses.
Samples of culture supernatant from BHK cells transfected with rMVEV, rP2-Gly,

rP3-Gly, rP8-Ala or rP7,8-Ala were subjected to plaque assay on Vero cells. The
corresponding plaque morphology on Vero cell monolayers stained with 0.02%
neutral red on day 4 p.i and recorded the following day are given.

Table 4.1. Sequence analysis and plague size of rMVEV and NS1-NS2A
cleavage site mutant viruses

Construct  Octapeptide sequence’ Plaque size? ':zl?;“;ﬁ
rMVEV LVKSRVQA 4 mm 88%
rP2-Gly LVKSRVGA <1 mm 37%
rP3-Gly LVKSRGQA 4 mm 83%
rP8-Ala AVKSRVQA 4 mm 80%

rP7,8-Ala AAKSRVQA <1mm 60%

'Sequence analysis of the NS1 and NS2A genes revealed that each mutant virus
contained the input mutation without any additional changes in the NS1-NS2A region.
plaque morphology on Vero cell monolayers stained with 0.02% neutral red on day 4 p.i
and recorded the following day are given.

3data from in vitro cleavage (Chapter 3)
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rP7,8-
Ala

Fig. 4.7. Immunofluorescence analysis of E and NS1 protein expressions in

Vero cells following a low multiplicity infection.

Vero cells were infected at multiplicity of 0.05 with wt or NS1-NS2A cleavage site
variants or were mock infected, as indicated on the left. Viral protein expression
was detected after cell permeabilization and indirect IF staining with mAb 8E7 or
4G4 specific for MVEV E and NS1 proteins, respectively, at 24, 48 and 72 h p.i

The cells were magnified x400
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Fig. 4.8. Inmunofluorescence analysis of E and NS1 protein expressions in

Vero cells following a high multiplicity infection.

Vero cells were infected at multiplicity of 5 with wt or NS1-NS2A cleavage site
variants or were mock infected, as indicated on the left. Viral protein expression
was detected after cell permeabilization and indirect IF staining with mAb 8E7 or
4G4 specific for MVEV E and NS1 proteins, respectively, at 24 to 72 h p.i. The

cells were magnified x400
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rP7,8-Ala, traces amount of E and NS1 proteins were detected at 72 h p.i by

Western blotting. However, the overall protein expression level was relatively

poorer than that for wt, coherent with the poor RNA synthesis for these small-
plaque variants.






Chapter 4

A A Y
(S 4 =
50 — -
' E
-4
B o
= <
! L S
SUEECH R ke
50 —

37 ”.’ nstinst

Fig. 4.10. Western blot analysis of E and NS1 proteins.

Vero cells were mock-infected (M) or infected at MOI of 1 with either rMVEV, rP2-
Gly, rP3-Gly, rP8-Ala or rP7,8-Ala. Infected cells were lysed at 72 h p.i, subjected
to Western blot analysis and viral proteins were detected using specific anti-E (A)
or anti-NS1 (B) mAbs. The positions of E and NS1 are marked on the right. The

positions of molecular weigh marker proteins are indicated on the left (in kDa).
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determinants for central nervous system (CNS) invasion by encephalitic

flaviviruses in the mammalian host, where the latter is often associated with
lethality; the deficiency in the IFN response in the IFN-a-R” mouse model for
flaviviral encephalitis eliminates one of the key innate immune pathways that
restricts virus growth in extraneural tissues, and thereby allows measurement of
the viscerotropism of wt and mutant virus strains (Lee et al., 2004; Lobigs et al.,
2003). Notably, the mouse model discriminated between the viscerotropism of wt
rMVEV and variants rP3-Gly and rP8-Ala and demonstrated a significant (~10-fold)

difference in viremia at day 2 p.i, although this was not reflected in a difference in
mortality.

—
(9%)
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Selection and characterization of the MVEV NS1-NS2A

cleavage site variants with enhanced virus growth
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rP2-Gly/V1 rP2-GlyN2

rP7,8-Ala rP7.8-Ala/V1 rP7.8-Ala/V2

Fig. 5.1. Plaque morphology of NS1-NS2A  cleavage site mutants and
variants with increased plaque size.

Plaque assay on Vero cells of samples of culture supernatant from BHK cells
transfected with rP2-Gly and rP7,8-Ala predominantly showed small plaque
phenotype. Heterogenous plaque populations were observed following stocks
amplification on Vero or C6/36 cells. Two plaques were isolated from rP2-Gly or
rP7,8-Ala, namely rP2-Gly/V1 and V2 or P7,8-Ala/V1 and V2, respectively.
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Table 5.1. Recovery of rP2-Gly and rP7,8-Ala variants with increased plaque size.

Original mutant (bold) and

Amino acid change (nucleotide change)

variants derived thereof Celiissse oRgicRR.aiitgesgse S E protein® NS1 protein®  Plaque size’
rP2-Gly
(P2-Gly/V1 Vero 1 Tyrs—His (TAC—CACJ* 3-4 mm
rP2-Gly/V2 Vero 4 Vals—Ala (GTG—-GCG)g 3-4 mm
rP7,8-Ala
(P7 8-AlalVA Vero 2 Phe,—Leu (TTT—CTT)! 1-2 mm
rP7 8-Ala/V2 C6/36 1 Pros;s—Ser (CCA—TCA)® 1-2 mm
1P7 8-Ala/V3 Vero 1 Leug,—Ser (TTG-TCG)® 1-2mm
rP7,8-Ala/V4 Vero 1 lle1zs—Asn (ATC—AAC)® 1-2 mm
rP7 8-Ala/V5 Vero 1 llezig—Met (ATA—ATG)® 1-2 mm
s, s 1P7,8-Ala/V6 Mouse brain 1 Tyre—Cys (TAT-TGT)®  Alage—Val (GCT=GTT)  1-2 mm

# Amino acid numbering from the first residue in the E protein.

® Amino acid numbering from the first residue in the NS1 protein.

° Plague morphology on Vero cells stained with 0.02% neutral red on day 4 p.i and recorded the following day are given.

Plague size for wt rMVEV was 3-4 mm.

¢ Based from sequencing result from codon 1 in C to codon 900 in NS5. Amino acid numbering from the first residue in the
indicated protein.

® Based from sequencing result from codon 1 in C to codon 286 in NS3. Amino acid numbering from the first residue in the

indicated protein.

138






Chapter 5
As expected from the determinations in Chapter 4 (see Table 4.2), the particle-to-

PFU ratio for rMVEV was ~1000-fold greater than those for rP2-Gly and rP7,8-Ala
(Table 5.2). This difference was not found for the variant pairs derived from the two
mutants: each variant displayed a specific infectivity, which was ~3 log greater than
that of the respective mutants and similar to wt virus (Table 5.2 and Fig. 5.4).
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5.2.5 Analysis of MVEV-specific E and NS1 protein synthesis by
immunofluorescence staining

To demonstrate that the increase in RNA synthesis observed for the two variant
pairs is reflected in increased viral protein expression, Vero cells were infected with
rP2-Gly/V1 and V2, rP7,8-Ala/V1 and V2, and control viruses at a low (0.05) MOI
and subjected to IF staining against the E or NS1 proteins at 24, 48 and 72 h p.i
(Fig. 5.6 and 5.7). For wt rMVEV and both variant pairs, infected cells were
apparent at 24 h p.i and detected by E- or NS1 protein-specific staining, and the
number and size of infectious foci increased during the course of the experiment.
In contrast and as reported in Chapter 4, no evidence of infection with mutants P2-
Gly and P7,8-Ala was obtained even at 3 days after infection.
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Fig. 5.6. Immunofluorescence analysis of viral E and NS1 protein

expressions in Vero cells following low multiplicity of infection.

Vero cells were infected at a multiplicity of 0.05 with rMVEV, rP2-Gly, rP2-Gly/\V1
rP2-Gly/V2 or were mock infected as indicated on the left. Viral protein expression
was detected after cell permeabilization and indirect IF staining with mAb (8E7 or

4G4) specific for MVEV E and NS1 protein, respectively at 24 to 72 h p.i. The cells

were magnified x400
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Fig. 5.7. Immunofluorescence analysis of viral E and NS1 protein
expressions in Vero cells following low multiplicity of infection.

Vero cells were infected at a multiplicity of 0.05 with rMVEV, rP7 8-Ala, rP7 8-
Ala/V1, rP7.8-Ala/VV2 or were mock infected as indicated on the left. Viral protein
expression was detected after cell permeabilization and indirect IF staining with
mAb (8E7 or 4G4) specific for MVEV E and NS1 protein, respectively at 24 to 72 h

p.i. The cells were magnified x400.
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Fig. 5.9. Immunoprecipitation with anti-NS1 mAb of metabolically labelled
viral proteins.

Vero cells were mock-infected or infected at MOI of 5 PFU with either rMVEV, rP2-
Gly variants or rP7,8-Ala variants. At 24 h p.i, cells were labelled with 3°S-
methionine for 45 min and chased for (1) 5 min or (2) 3 h and then lysed with RIPA
lysis buffer. Lysates were immunoprecipitated with MVEV-specific anti-NS1 protein
mAb and analysed with 10% SDS-PAGE as described in Materials and Methods.
The positions of molecular weigh marker are indicated on the left (in kDa) and

MVEV-specific proteins on the right.
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Fig. 5.11. Virulence of rP2-Gly variants in six-week old IFN-a-receptor
knockout mice.

(A) Groups of six-week old of IFN-a-R  mice were infected intraperitoneally with
1000 PFU of rMVEV, rP2-Gly, rP2-Gly/V1 or rP2-Gly/V2 and morbidity and
mortality were recorded daily for a period of 28 days. (B) Sera were collected on
day 2 p.i, and frozen at -70 °C. Viremia titers were determined by plague assay on
Vero cells. Each symbol represents an individual mouse and mean titers are
indicated by a horizontal line. Interrupted line indicates the plague assay detection

limit. Data for rMVEV and rP2-Gly was accumulated from animal experiments in

Chapter 4 and 5.
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Fig. 5.13. Summary of compensatory mutations in the MVEV E protein on a
plane view, three-dimensional representation of the WNV E protein.

Location of amino acid changes occurred on rP2-Gly and rP7,8-Ala variants are
mapped on the WNV E protein structure (Nybakken et al., 2006). Mutations with
rP2-Gly background are labeled in blue and for rP7 8-Ala background are labeled
in green. Dots indicate the locations of amino acids which were altered in the rP2-
Gly and rP7,8-Ala variants. Numbers in the bottom of the structure indicate the

domains of monomeric E protein.
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Confirmation of complementation of a deleterious mutation
at the NS1-NS2A cleavage site by a single amino acid

change in E protein
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Fig. 6.3. Western blot analysis of E and NS1 protein.

Vero cells were mock-infected (M) or infected at MOI of 5 with either wt rMVEV,
rP2-Gly/V2, rP2-Gly or rV65AF™, Cells were lysed at 48 h p.i, subjected to Western
blot analysis and viral proteins were detected using specific anti-E (A) or anti-NS1
(B) mAbs. The positions of E and NS1 are indicated on the right. The positions of

molecular weigh marker proteins (in kDa) are indicated on the left.
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