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Abstract

The understanding of capsid (C) protein interactions with itself would provide important data on how the core is organized in
flaviviruses during assembly. In this study, West Nile (WN) virus C protein was shown to form homodimers using yeast two-hybrid
analysis in conjunction with mammalian two-hybrid and in vivo co-immunoprecipitation assays. To delineate the region on the C
protein which mediates C—C dimerization, truncation studies were carried out. The results obtained clearly showed that the internal
hydrophobic segment flanked by helix I and helix III of WN virus C protein is essential for the self-association of C protein. The
crucial role played by Trp 69 in stabilizing the self-association of C protein was also demonstrated by mutating Trp to Gly/Arg/Phe.
Substitution of the Trp residue with Gly/Arg abolished the dimerization, whereas substitution with Phe decreased the self-associ-
ation significantly. The results of this study pinpoint a critical residue in the C protein that potentially plays a role in stabilizing

the homotypic interaction.
© 2005 Elsevier Inc. All rights reserved.
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The family Flaviviridae comprises of more than 70
closely related RNA viruses and is one of the most med-
ically important groups of emerging arthropod-borne
viruses that includes West Nile (WN), dengue (DEN),
yellow fever (YF), and tick-borne encephalitis (TBE)
viruses [1-3]. Flaviviruses are small, enveloped animal
viruses containing a single positive-strand genomic
RNA [4]. The positive-stranded RNA genome, enclosed
within the nucleocapsid, is approximately 11kb in
length. The genome encodes a single large polyprotein,
which is processed by viral and host proteases to three
structural proteins; the capsid (C), membrane (M), and
envelope (E) as well as seven non-structural (NS) pro-
teins. The order of these proteins on the polyprotein is

* Corresponding author. Fax: +65 67766872.
E-mail address: micngml@nus.edu.sg (M.-L. Ng ).

0006-291X/$ - see front matter © 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2005.01.121

5" C-prM-E-NS1-NS2a-NS2b-NS3-NS4a-NS4b-NS5 3’
[4,5].

The C protein is distinctly made up of four o helices
and comprises of an internal hydrophobic domain that
is flanked by two stretches of positively charged amino
acids. Such arrangement is highly conserved among
the flaviviruses, which is suggestive that the hydropho-
bic and positively charged clusters may play important
roles in virus capsid assembly and RNA recruitment.
In DEN-4 virus, the conserved internal hydrophobic do-
main was shown to assist in the anchoring of the capsid
to the cellular ER membrane [6]. Although large dele-
tions in the internal hydrophobic domain of TBE im-
paired the formation of infectious virus particles, it
was still capable of secreting significant amounts of sub-
viral particles [7]. Impact of the removal of the entire
hydrophobic domain can also be limited by mutating
the remaining amino acids to increase the overall
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hydrophobicity, which demonstrated the importance of
the internal hydrophobic cluster [8].

Secondary structures in C proteins of YF and DEN
viruses were recently characterized by nuclear magnetic
resonance spectroscopy (NMR) [9,10] to reveal the di-
meric nature of flavivirus C protein. Crystal structures
of Kunjin virus (subtype of WN virus) C proteins in
both dimeric and tetrameric forms were also determined
[11] but the study on the functional domains on the WN
virus C protein is limited. The mechanism involved in
the nucleocapsid formation and encapsulation is still
poorly understood. Thus, the molecular and biochemi-
cal characterization of the C protein and its interaction
with itself and other viral proteins could be very helpful
in suggesting how the core is organized in this important
group of viruses.

In this study, the yeast two-hybrid in conjunction with
mammalian two-hybrid and in vivo co-immunoprecipi-
tation techniques were employed to delineate the region
on the C protein, which mediates C-C dimerization.
We have also shown the importance of Trp 69 in
mediating/stabilizing the dimerization of C protein.

Materials and methods

Cells and viruses. Vero cells (African green monkey kidney) used
throughout all experiments were grown in medium 199 (M199) con-
taining 10% heat-inactivated foetal calf serum (FCS). All cell cultures
were carried out in a humidified 5% CO, incubator at 37 °C. WN
[(Sarafend) WIN(S)] virus, a kind gift from E.G. Westaway (Sir Albert
Sakzewski Virus Research Laboratory, Queensland, Australia), was
used for the extraction of the viral RNA.

Plasmid construction. The cDNA coding sequences of WN(S) virus
C were amplified by PCR using Advantage 2 polymerase mix (Clon-
tech). The primers used for amplification and cloning of WN(S) virus
genes are listed in Tables 1A and B. The PCR products were digested
with EcoRI and BamHI or EcoRI1 and Xhol, gel purified by Qiagen
kit, and ligated with T4 ligase (Promega) into the yeast expression
vectors pGBKT7 and pGADT7 or the mammalian expression vectors
pCMV-Myc and pCMV-HA (Clontech), respectively. These vectors
had previously been digested with EcoRI and BamHI or EcoRI and
Xhol. The ligation mixture was transformed into E. coli DH5a cells,
which were subsequently grown under either kanamycin or ampicillin
selection. Plasmid DNA was extracted from selected transformants
and screened using restriction digestion and sequencing.

To mutate the amino acid Trp 69 of the C protein, primer based
site-directed mutagenesis was carried out using the primers listed in
Table 1C and ligated into pCMV-HA vector. We chose Gly to check
whether the smaller size of the residue has an effect on the self-asso-
ciation of the C protein. Trp to Arg mutation was performed to
illustrate whether hydrophilicity or positive charges affect the dimer-
ization. Trp to Phe substitution was carried out to mark the impor-
tance of hydrophobicity at the dimer interface.

Yeast two-hybrid analysis. Yeast two-hybrid experiments were
performed as described in the Clontech Manual for the MATCH-
MAKER GAL4 Two-Hybrid System and in the Clontech Yeast Pro-
tocols Handbook (Clontech, USA). The yeast strain S. cerevisiae
AHI109 (Clontech) was transformed by using the lithium acetate
method with pGBKT?7 (TRP!) and pGADT7 (LEU2) constructs car-
rying C proteins, in every possible pairwise combination. Control
plasmids used were pGBKT7-Lamin C, pGBKT7-53, pGADT7-T,

and empty vectors [(pGBKT7 and pGADT?7) (Clontech)]. This re-
sulted in 7 pairwise transformations that were plated onto SD-Trp/-
Leu/-His medium (Triple dropout = TDO). About 18 colonies from
each transformation were subsequently plated onto SD-Trp/-Leu/-
His/-Ade medium (Quadruple dropout=QDO, high stringency
plates) to assess the transcriptional activation of the ADE2 reporter
gene. All the experiments were performed in triplicate. In order to
eliminate false positives, colonies from QDO plates were assayed for
lacZ reporter gene activity on nitrocellulose filters using X-gal sub-
strate in a P-galactosidase (B-gal) assay. The pCL1 was used as a po-
sitive control in B-gal assay. Each enzyme activity assay was performed
with at least 12 independent colonies. Protein expression was con-
firmed using Western immunoblot analysis probed with either anti-HA
or anti-c-Myc antibodies (Clontech).

Mammalian two-hybrid assay. Mammalian two-hybrid (M2H) as-
says were performed using Invitrogen’s Mammalian Two-Hybrid kit
with TOPO tools technology. The bait genes were amplified by PCR
primers (Tables 1D and E) according to TOPO tools protocol which
was subsequently joined to the pSV40-GAL4 5’ element and SV40 pA
3’ element to create a linear expression construct for the bait protein of
interest. Similarly, a linear expression construct for the prey proteins
was constructed using the pSV40-VP16 5’ element and the SV40 pA 3’
element. Co-transfection was performed using the DNA linear con-
structs generated from above along with the reporter plasmid; pGAL/
lacZ using the Lipofectamine reagent (Invitrogen). Appropriate con-
trols were included in this assay (Fig. 1A). The experiments were
performed at least eight to twelve times for each transfection. The
pSV40-GAL4 5’ element carries a Gal4 DNA binding domain (BD),
while the pSV40-VP16 5’ element carries a VP16 DNA activation
domain (AD). In the case of an interaction between the two proteins,
the BD and AD domains form a transcriptional activation complex
and activate the lacZ reporter gene on the reporter plasmid pGAL/
lacZ. Reporter activity was measured by B-gal assay.

p-Gal assay (M2H). The B-gal assay was carried out using B-Gal
Assay Kit (Invitrogen) following manufacturer’s protocol. In brief,
48 h post-transfection, cell monolayers were harvested by scraping cells
into phosphate-buffered saline (PBS) and centrifuged at 250g for
7 min. After discarding the supernatant, the pellet was resuspended in
lysis buffer. The sample was then freeze-thawed for four times. The
supernatant (cell lysate) was separated from the insoluble material by
centrifugation at 15,000g for 5 min. Cleavage buffer with B-mercap-
toethanol and ortho-nitrophenyl-fB-p-galactopyranoside (ONPG) was
added to the cell lysate and mixed. Stop buffer was added after incu-
bating the sample at 37 °C for 5-15min. Absorbance at 420 nm
against a blank containing ONPG and cleavage buffer without the
lysate was measured using a spectrophotometer. The specific activity of
B-gal activity was calculated as described in the kit.

In vivo co-immunoprecipitation and Western blotting. To reaffirm the
results observed from yeast two-hybrid and mammalian two-hybrid
assays, another independent assay, co-immunoprecipitation was car-
ried out. Vero cells were co-transfected with the plasmids expressing
epitope (Myc/HA) tagged C/truncated C proteins using the Iipofect-
amine reagent (Invitrogen). At 48 h post-transfection, cells were washed
with PBS and lysed using cold mild lysis buffer. Cell lysate was then
mixed with either anti-HA or anti-c-Myc magnetic microbeads for
30 min on ice and purified using a tMACs separator column (Miltenyi
Biotec, Germany). The column was further rinsed thrice with wash
buffer and eluted with pre-heated elution buffer. For Western blotting,
samples obtained from co-immunoprecipitation assays or co-transfec-
ted cell lysates were electrophoresed in a 10% sodium dodecyl sulphate—
polyacrylamide gels (SDS-PAGE) and transferred onto polyvinylidene
difluoride membranes. The membrane was then incubated with anti-
HA or anti-c-Myc antibodies (3:10,000; Clontech) followed by goat
anti-rabbit or goat anti-mouse IgG conjugated with alkaline phos-
phatase (1:1000; Chemicon) and the immunoreactive bands were visu-
alized by development with 5-bromo-4-chloro-3-indolylphosphate
(BCIP) and p-nitroblue tetrazolium (NBT) substrates (Chemicon).
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Table 1

Primers used for cloning of WN(S) virus genes
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Primer

Nucleotide sequence (5'-3")

Polypeptide

(A) Yeast two-hybrid analysis

Y2HCF (F)
Y2HC5' Al5 (F)
Y2HCS' A20 (F)
Y2HC5' A25 (F)
Y2HC5' A30 (F)
Y2HC5' A45 (F)
Y2HC3' Al8 (R)
Y2HC3' A39 (R)
Y2HC3' A54 (R)
Y2HC3' A63 (R)
YTCREV (R)

CGTTGAATTCATGTCTAAGAAACCAGGA
CGTTGAATTCATGCTAAAACGCGGTATGC
CGTTGAATTCATGCCCCGCGGATTGTCCT
CGTTGAATTCTCCTTGATTGGACTGAAGA
CGTTGAATTCAAGAGGGCTATGCTGAGTCTG
CGTTGAATTCTTCGTGTTGGCTCTTCTGG
CGGGATCCTTATCTTTTCTTTTGTTTTGTGC
CGGGATCCTTAGAAACTCAAGAGATGCTTC
CGGGATCCTTACCATCTGTCCAGCACCGCACG
CGGGATCCTTAAGCAATTGCAGTGAATCT
CGGGATCCTTAAGCTCCAGCACAGGCGA

(B) In vivo co-immunoprecipitation

HACF (F)

HACS' Al5 (F)
HACS' A20 (F)
HACS' A25 (F)
HACS' A30 (F)
HACS' A40 (F
HACS' A5 (F)
HAC3' Al18 (R)
HAC3' A39 (R)
HAC3' A54 (R)
HAC3' A63 (R)
HACREV (R)

CCGGAATTCGGATGTCTAAGAAACCAGGA

CCGGAATTCGGATGCTAAAACGCGGTATGC
CCGGAATTCGGATGCCCCGCGGATTGTCCT
CCGGAATTCGGTCCTTGATTGGACTGAAGA
CCGGAATTCGGAAGAGGGCTATGCTGAGT
CCGGAATTCAAGGGCCCAATACGTTTC
CCGGAATTCGGTTCGTGTTGGCTCTTCTG
CCGCTCGAGTTATCTTTTCTTTTGTTTTGTGC
CCGCTCGAGTTAGAAACTCAAGAGATGCTTC
CCGCTCGAGTTACCATCTGTCCAGCACCGCACG
CCGCTCGAGTTAAGCAATTGCAGTGAATCT
CCGCTCGAGTTAAGCTCCAGCACAGGCGAT

(C) In vivo co-immunoprecipitation-mutagenesis primers

CO-IPCF (F)

CO-IPCR69 (R)
CO-IPCR68 (R)
CO-IPCRGly (R)
CO-IPCRArg (R)
CO-IPCRPhe (R)

CCGGAATTCGGTCCTTGATTGGACTGAAGAGG

CCGCTCGAGTTACCATCTGTCCAGCACCGCA
CCGCTCGAGTTATCTGTCCAGCACCGCACG

CCGCTCGAGTTACCCTCTGTCCAGCACCGCA
CCGCTCGAGTTACCGTCTGTCCAGCACCGCA
CCGCTCGAGTTAAAATCTGTCCAGCACCGCA

(D) Mammalian two-hybrid analysis

M2HCF (F)

M2HC5' Al5 (F)
M2HCS5' A20 (F)
M2HC5' A25 (F)
M2HCS5' A30 (F)
M2HC5' Ad5 (F)
M2HC3' Al18 (R)
M2HC3' A39 (R)
M2HC3' A54 (R)
M2HC3' A63 (R)
M2HCR (R)

CGGAACAAGGGATGTCTAAGAAACCAGGA
CGGAACAAGGGATGCTAAAACGCGGTATGC
CGGAACAAGGGATGCCCCGCGGATTGTCCT
CGGAACAAGGGTCCTTGATTGGACTGAAGA
CGGAACAAGGGAAGAGGGCTATGCTGAGTCTG
CGGAACAAGGGTTCGTGTTGGCTCTTCTGG
TGAGTCAAGGGTCTTTTCTTTTGTTTTGTGC
TGAGTCAAGGGGAAACTCAAGAGATGCTTC
TGAGTCAAGGGCCATCTGTCCAGCACCGCACG
TGAGTCAAGGGGCAATTGCAGTGAATCT
TGAGTCAAGGGGCTCCAGCACAGGCGA

(E) Mammalian two-hybrid analysis-mutagenesis primers

M2HCF26 (F)
M2HCR69 (R)
M2HCR68 (R)
M2HCRGly (R)
M2HCRArg (R)
M2HCRPhe (R)

CGGAACAAGGGTCCTTGATTGGACTGAAGA
TGAGTCAAGGGCCATCTGTCCAGCACCGCA
TGAGTCAAGGGTCTGTCCAGCACCGCACG
TGAGTCAAGGGCCCTCTGTCCAGCACCGCA
TGAGTCAAGGGCCGTCTGTCCAGCACCGCA
TGAGTCAAGGGAAATCTGTCCAGCACCGCA

FC, C3' Al8, C3’' A39, C3’ A54, and C3’ A63
C5" A5

C5" A20

C5" A25

C5' A30

C5' A45

C3' A18

C3' A39

C3' A54

C3' 163

FC, C5' Al15, C5' A20, CS" A25, C5" A30, C5' A4S

HA-C, Myc-C, HA-C3' A18, HA-C3' A39,
HA-C3’ A54, HA-C3' A63

HA-C5' Al15

HA-C5" A20

HA-C5" A25

HA-C5" A30

HA-C5' A40

HA-C5" A45

HA-C3" A18

HA-C3" A39

HA-C3" A54, HA-C40-69

HA-C3’ A63

HA-C, Myc-C, HA-C5' A 15, HA-C5' A20,
HA-C5" A25, HA-C5' A30, HA-C5' A45

HAC26-69, Myc-C26-69, HAC26-68,
HACphe, HACgly, HACarg

HAC26-69

HAC26-68

HACgly

HACarg

HACphe

FC, C3' Al8, C3’ A39, C3’ A54, and C3’ A63
C5' A15

C5" A20

C5" A25

C5" A30

C5' A45

C3' A18

C3' A39

C3' A54

C3' A63

FC, C5' AlS, C5' A20, C5" A25, C5" A30, C5' A4S

C26-69, C26-68, Cphe, Cgly, Carg
C26-69

C26-68

Cgly

Carg

Cphe

(F) denotes forward primer and (R) denotes reverse primer. Restriction site in each primer used for yeast two-hybrid and co-immunoprecipitation
studies is in bold. The sequence complementary to the topoisomerase I recognition site is shown bold in the primers used in the mammalian two-
hybrid analysis. Mutations were introduced in the primers which are underlined.
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Results
Interactions between WN virus capsid proteins

Yeast two-hybrid analysis
In our first approach, the C protein of WN virus was
cloned into the yeast two-hybrid vectors resulting in an
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N-terminal in-frame fusion of the GAL4-DNA binding
domain and the GAL4 activation domain to the C pro-
tein. Capsid-encoding pGADT7 was co-transformed
into Saccharomyces cerevisiae AH109 strain with
pGBKT?7 plasmids expressing C proteins. AH109 strain
contains four reporter genes; HIS3, ADE2, LacZ, and
MELI, and each comes under different distinct GAL4-
responsive promoter elements. Co-transformants that
grew on TDO plates were scored as potential positive
interactors, confirmed by restreaking on QDO plates,
and tested for B-gal production (first row in Table 2).
To eliminate autoactivation, all the pGBKT7 fusion
plasmids were co-transformed with empty pGADT7
vector. Likewise, specificity of interaction was tested
by co-transforming C-encoding pGADT7 with
pGBKT7 containing human lamin C or empty pGBKT7
vector. No intrinsic or non-specific activation for all the
fusions was observed (first row in Table 2).

This confirmed that the positive results obtained by
yeast two-hybrid assay are specific for WN virus capsid
proteins. Positive interaction control (PIC) used was a
co-transformation of pGBKT7 with murine p53 se-
quences and pGADT?7 containing SV40 large T-antigen.
The PIC transformants showed obvious growth on
TDO or QDO within 3 or 4 days of incubation and gen-
erated strong B-galactosidase signals. Strong homotypic
interaction for C protein was detected within 3 days
(first row in Table 2).

Mammalian two-hybrid assay

As some post-translational processing may be absent
in yeast, mammalian two-hybrid system was used to cor-
roborate the findings in yeast two-hybrid assay. The C
protein constructs were generated as described under
Materials and methods. Both linear constructs (bait
and prey) and the reporter plasmid, pGAL, which en-

<

Fig. 1. Interaction between the C proteins of WN virus. (A) B-Gal
assay (M2H). BCy,. and NC are negative controls. PC and PIC are
positive controls. BCc represents the background control for the C
protein (bait). The black bar represents the background controls to
check if the C protein functions as a transcriptional activator in the
absence of the interacting partner. C—C’ proteins represent the
interacting partners. Strong interaction signal was observed for C-C’
pair. (B) In vivo co-immunoprecipitation. Vero cells were co-transfec-
ted with (i) Myc-C and HA-C; (ii) Myc-C and pCMV-HA vector; (iii)
pCMV-c-Myc vector and HA-C; (iv) pCMV-c-Myc vector and pPCM V-
HA vector; and (v) mock-transfected cells. Homotypic association of C
protein was detected by immunoprecipitation with anti-c-Myc Ab
followed by Western blotting of the precipitated immune complexes
using anti-HA Ab (i). Anti-c-Myc Ab precipitated proteins were also
reacted with anti-c-Myc Ab (ii) to ensure successful precipitation of the
Myc-C. Similarly, immunoprecipitation was carried out with anti-HA
Ab followed by probing the blot with anti-c-Myc Ab (iii). Anti-HA Ab
precipitated proteins were also reacted with anti-HA Ab (iv) to ensure
successful precipitation of the HA-tagged C protein. The results
showed the C-C protein self-association. Open arrows denote HA-C
(i and iv) and solid arrows indicate Myc-C proteins (ii and iii).
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Table 2

Interactions between the full length C and C/truncated C proteins of WN virus in the yeast two-hybrid system, assayed for B-galactosidase activity

and HIS autotrophy

AD fusion BD fusion
C Lamin-C No insert 53

C +4++ (+++) -(-) -(-) ND (ND)
C5' AlS +++ (+++) - (=) - (- ND (ND)
C5" A20 ++ (+) - (=) -(-) ND(ND)
C5' A25 ++ (+4) - () - () D (ND)
C5" A30 -(=) -(-) -(-) D (ND)
C5' A45 -(=) -(=) -(=) D (ND)
C3" A18 +++ (++) -(-) -(-) D (ND)
C3’ A39 ++ (++) - (=) - (=) D (ND)
C3' A54 ++ (+) - (=) -(-) D (ND)
C3' A63 =) =(=) =(=) D (ND)
No insert -(-) -(-) -(-) D (ND)
SV40 T ND (ND) ND (ND) ND (ND) +++ (+++)

Positive control (pCL1)

+++

The results obtained from the B-galactosidase assay are shown in bold. The relative strength of the interaction was judged by the intensity of the blue
phenotype after 8 h when the positive control showed deep-blue colonies. +++, deep-blue colonies (strong interaction); +-+, light-blue colonies

(weak interaction); —,

white colonies (no interaction); and ND, not determined. All results shown are representative of at least 12 independent

transformants. The results obtained from the HIS autotrophy assay are shown in brackets. Growth was recorded after 2 days when the positive
control showed clear growth. +++, clear growth (strong interaction); ++, moderate growth (moderate interaction); +, slow growth (weak inter-
action), —, no growth (no interaction); and ND, not determined. All results shown are representative of at least 12 independent transformants.

coded for LacZ gene, were co-transfected into Vero
cells. To ensure that neither the bait nor prey constructs
functioned as transcriptional activators, they were indi-
vidually co-transfected with only the reporter plasmid to
serve as background controls. Cells transfected with
only the reporter plasmid served as background control
for LacZ activity (BCp,.) in Vero cell line. To verify
induction of the reporter gene, positive control plasmid
(PC), pCR 2.1/Gal4 containing VP16, was co-transfec-
ted with the reporter gene. The pCR 2.1/LgT Prey con-
trol and pCR 2.1/p53 Bait control plasmids served as
positive interaction control (PIC) while pCR 2.1/
VP16-CP plasmid and pCR 2.1/p53 bait control served
as the negative control (NC). As depicted in Fig. 1A,
high level of B-gal activity was detected only for full-
length C-C’ transfection.

In vivo co-immunoprecipitation

To ensure that the interaction of the structural pro-
teins was not limited by the requirement of nuclear
translocation in two-hybrid systems, the C genes were
cloned in mammalian expression vectors pCMV-Myc
and pCMV-HA. Vero cells were then co-transfected
with plasmids expressing Myc-tagged C (Myc-C) and
HA-tagged C (HA-C) proteins. Cell lysates from the
co-transfected cells were first immunoprecipitated with
anti-c-Myc monoclonal antibody (mAb) followed by
Western blotting using anti-HA polyclonal Ab. Lane 1
in Fig. 1B(i) was loaded with a sample co-transfected
with Myc-C and HA-C and confirmed that the HA-C
protein was precipitated with the anti-c-Myc Ab. Co-
transfection with empty vector (pCMV-Myc or
pCMV-HA) and each of the plasmids (Myc-C and

HA-C) was carried out to check for non-specific interac-
tion brought about by the epitope tags (lanes 2 and 3).
Lysates from mock-transfected cells as well as from cells
transfected with both vectors (pCMV-Myc and pCMV-
HA) served as negative controls (lanes 4 and 5). To en-
sure the successful precipitation of the Myc-C proteins,
the anti-c-Myc Ab precipitated immune complexes were
also probed with anti-c-Myc antibody [Fig. 1B(ii)]. To
verify the specificity of the co-immunoprecipitation per-
formed using anti-c-Myc antibodies, reciprocal co-im-
munoprecipitations were performed using the anti-HA
antibodies followed by Western blotting using either
anti-c-Myc Ab [Fig. 1B(iii))] or anti-HA Ab [Fig.
1B(iv)]. These results demonstrated that the interacting
proteins were specifically co-immunoprecipitated with
both the anti-HA and anti-c-Myc antibodies, and con-
firmed that the C proteins do interact with each other.

Truncation studies to map the homotypic association
domain of WN virus C protein

Yeast two-hybrid analysis

To further the understanding on how the capsid
monomers self-interact, the constructs of C protein mu-
tants containing varying lengths of deletions from the
amino (N) and carboxy (C) termini were constructed.
Three truncated mutants from the N terminus, which
carried terminal 15, 30, and 45 amino acid deletions,
were generated in conjunction with 2 mutants carrying
18 and 39 amino acid deletion from the C terminus as
depicted in Fig. 2. All the truncated mutants were sub-
cloned into a pGADT?7 vector and the fusion plasmids
were co-transformed with pGBKT7 encoding full-length
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Fig. 2. Deletion mapping of the regions in C protein responsible for
homologous interaction. (A) Deletion mapping of the regions in WN
virus C protein responsible for homologous interaction. The high-
lighted region represents the homotypic interaction domain of C
protein. (B) Truncated mutants containing the homotypic interaction
domain alone (C26-69) and Trp 69 (C26-68) and helix 1 (C40-69)
deleted mutants.

C protein to test for their interactions. Interaction be-
tween the full-length capsid (FC) with C5' A15, C3’
A18, and C3’ A39 was detected in high stringency
QDO plates and showed significant B-gal activity (Table
2). No positive interaction was observed in co-transfor-
mation of full length C (FC) and C5" A30 or C5" A45.
Initial truncation study indicated that the first 15 amino
acids from the N-terminal of the C protein and the last
39 amino acids from the C-terminal were not required
for C-C homodimerization. Further truncation of 30
amino acids and 45 amino acids from the N-terminal
abolished C-C interaction. These results suggested the
domain responsible for homomeric association of capsid
lies between the amino acids 16 and 84.

In order to delineate the actual domain that is
responsible for C-C homotypic interaction, four addi-
tional mutants were constructed. Two of the mutants
carried 20 (C5’ A20) and 25 amino acid (C5" A25) dele-
tion from the N terminal and the other two mutants car-
ried 54 (C3’ A54) or 63 amino acid (C3" A63) deletion
from its C terminal (Fig. 2). When these four constructs
were co-transformed with FC, interactions were de-
tected for all the pairings, except the combination of
FC and C3’ A63. To ensure that there was no non-spe-
cific transactivation of the reporter genes, all the con-
structs were concurrently assayed for reporter gene
activation by transforming singly or with the control

pGBKT7-Lamin or empty pGBKT7 plasmids. As de-
picted in Table 2, no intrinsic or non-specific activation
for all the fusions was observed. This narrowed the
homointeracting domain for C down to the amino acids
2669 of the capsid polypeptide.

Likewise, similar truncated C constructs (Fig. 2) were
created for mammalian two-hybrid assay and in vivo co-
immunoprecipitation. As shown in Fig. 3A (p-gal assay-
M2H) and Fig. 3B (in vivo co-immunoprecipitation),
the results obtained from these two assays corroborated
with the results from yeast two-hybrid analysis. All these
observations confirmed that the domain most critical for
homotypic interaction of the C protein is located at ami-
no acids 26-69.

Homotypic interaction ability of amino acids 2669 of
WN virus C protein and the role of helix I in stabilizing
the self-association

To demonstrate further the homotypic interaction
ability of amino acids 26-69 of the C protein, two
recombinant plasmids encoding the HA-tagged HA-
C26-69 and the Myc-tagged Myc-C26-69 were
constructed (Fig. 2B). These two plasmids were co-
transfected into Vero cells to determine whether HA-
C26-69 and Myc-C26—69 could bind to each other using
in vivo co-immunoprecipitation.

In order to elucidate the role of helix I in stabilizing
the homotypic interaction between C proteins of WN
virus, the recombinant plasmid encoding the HA-tagged
HA-C40-69 was constructed (Fig. 2B). Together with
Myc-C26-69, HA-C40-69 was co-transfected into Vero
cells and immunoprecipitation was then performed
using anti-c-Myc mAb and the precipitated antigen—an-
tibody complexes were analysed by Western blotting
using anti-c-Myc mAb (Fig. 4A) or anti-HA Ab (Fig.
4B). The immunoblot probed with anti-c-Myc mAb
showed the bands, indicating that Myc-C26-69 was pre-
cipitated with the antibody (Fig. 4A, lanes 1-3). On the
other hand, the blot probed with anti-HA Ab showed
the immuno-reacting band corresponding to HA-C26-
69 protein (Fig. 4B, lane 1). No band was seen in the
control lanes that were co-transfected with Myc-C26—
69 and HA-C40-69/pCMV-HA vector (Fig. 4B, lanes
2 and 3, respectively). The positive interaction between
HA-C26-69 and Myc-C26-69 (Fig. 4B, lane 1) illus-
trated that the homotypic interaction domain lies be-
tween the amino acids 26 and 69 and is functional.
The lack of interaction between HA-C40-69 and Myc-
C26-69 (Fig. 4B, lane 2) showed the importance of helix
I in the self-association of WN virus C proteins.

Role of Trp 69 in stabilizing the dimer interface

The amino acid tryptophan at position 69 is conserved
among the flaviviruses. To elucidate the importance of
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Fig. 3. Determination of C protein self-interacting domain. (A) B-Gal assay (M2H). BC|,. and NC are negative controls. PC and PIC are positive
controls. BCc is the background control for the C protein. The black bar represents the background controls to check if one of the truncated C
proteins functions as a transcriptional activator in the absence of the interacting partner. Strong interaction signal was observed for all the truncated
proteins, except for the C-C5’ A30, C-C5’ A45, and C-C3’ A63 pairs. (B) In vivo co-immunoprecipitation. Vero cells were co-transfected with Myc-
C and HA-C (lane 1)/HA-C5" A15 (lane 2)/HA-C5’ A20 (lane 3)/HA-C5’' A25 (lane 4)/HA-C5’ A30 (lane 5)/HA-C5’ A45 (lane 6)/HA-C3’ A18
(lane 7)/HA-C3’ A39 (lane 8)/HA-C3’ A54 (lane 9)/HA-C3’ A63 (lane 10)/pCMV-HA vector (lane 11). Lane 12 is loaded with mock-transfected cell
lysate. Immunoprecipitation was performed using anti-HA Ab and the precipitated complexes are analysed by Western blotting using anti-HA Ab (i)
or anti-c-Myc Ab (ii). Open arrow denotes HA-tagged C protein or its truncated mutants and solid arrows indicate Myc-C proteins. These results
demonstrated that amino acids from 26 to 69 are important for the homotypic interaction of C protein.

Trp 69 in the self-association of C protein, we either de-
leted this amino acid from the functional dimerization
domain (amino acids 26-69) or mutated the Trp 69 to
Gly or Arg or Phe. Mammalian two-hybrid analysis
(Fig. 5A) in conjunction with co-immunoprecipitation
studies (Fig. 5B) showed the significance of Trp 69 in sta-
bilizing the dimer interface of the C protein. Trp to Gly
or Arg substitution in the self-association domain
completely abolished the ability of the C protein to form
dimers whereas Trp to Phe substitution restored the
property of homodimerization albeit partially (p =
0.001; Student’s ¢ test was performed using Minitab
Release 14) as shown in Fig. 5A. This suggested that
the indole ring of Trp 69 may play a crucial role in medi-
ating self-association.

Based on these results, it is concluded that the homo-
typic interaction domain in WN virus lies between the

amino acids 26 and 69 which include the internal hydro-
phobic domain and few positively charged amino acids
and Trp 69 are crucial for the self-association of WN
virus C protein.

Discussion

The mechanism of nucleocapsid assembly in flavivi-
ruses is still poorly understood, despite the recent publi-
cations of various NMR and X-ray crystallography of
capsid structures in DEN, YF, and Kunjin viruses
[9-11]. In order to form the virus core, it is critical for
C protein monomers to associate with one another prior
to viral RNA recruitment and virus particle packaging.
Although structural studies have postulated the ability
of capsid monomers to intermingle, there are no
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merization in WN virus. The ability of C protein to form
dimers is important as this triggers the cascade of oligo-
merization that leads to the formation of the viral nucle-
ocapsid which protects the genome from extracellular
agents. Dimerization of C proteins also suggested that
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WB: Anti-HA Ab the assembly of nucleocapsid core could occur in the ab-
1 2 3 sence of other viral proteins. Indeed, in many viruses,

nucleocapsid proteins have been shown to dimerize and

=4 multimerize [13-22]. Kiermayr et al. [23] recently demon-

strated that in vitro production of core-like particles was
possible just by expressing only C protein of TBE virus.
In addition, N terminus of Hepatitis C protein was also

Fig. 4. Tllustrating the role of helix I and the homotypic interaction . . .
shown to contain all the necessary information for nucle-

ability of the amino acids 26-69. Vero cells were co-transfected with

Myc-C26-69 and HA-C26-69 (lane 1)/HA-C40-69 (lane 2)/pCMV- ocapsid formation in vitro and in vivo [24]. These obser-
HA vector (lane 3). Immunoprecipitation was performed using anti-c- vations strengthened the possibility of capsid proteins to
Myc Ab followed by probing the blot with anti-c-Myc Ab (A) or anti- catalyse self-assembly in WN virus.

HA Ab (B). Solid arrows indicate the protein Myc-C26-69 and open
arrow denotes HA-C26-69. The positive interaction between HA-C26—
69 and Myc-C26-69 illustrated that the homotypic interaction domain

Truncation studies have clearly defined the localiza-
tion of C protein dimerization domain as the segment

lies between the amino acids 26 and 69, and is functional. The lack of that lies between the amino acids 26 and 69 of the virus
interaction between HA-C40-69 and Myc-C26-69 showed the impor- C protein. Further inward deletion beyond these amino
tance of helix I in the self-association of WN virus C proteins. acid locations from either ends obliterated C protein
association (Figs. 4 and 5). The identified homo-interac-
biochemical studies to confirm the domain on WN tion domain included o helix I to IIT which was reflective
virus C protein that catalysed the formation of complete of the structural stability prediction of the three helices in
virus core. Furthermore, the process by which the nucle- DEN virus C protein [10]. Although deletion of o helix I
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Fig. 5. Importance of Trp 69 in stabilizing the dimer interface. (A) B-Gal assay (M2H). BCp ,. and NC are negative controls. PC and PIC are positive
controls. BCC26-69 represents the background control for the functional self-association domain (bait). The black bar represents the background
controls to check if one of the mutant functions as a transcriptional activator in the absence of the interacting partner. Strong interaction signal was
observed for C26-69 + C26-69'pair, whereas Trp to Phe substitution (C26-69 + Cphe pair) restored the property of homodimerization but
significantly reduced (p = 0.001; Student’s ¢ test was performed using Minitab Release 14. The data shown here are representative of 10 independent
experiments). On the other hand, removal or mutation of Trp 69 to Gly (Cgly) or Arg (Carg) completely abolished the ability to form the dimers
which explains the crucial role played by Trp 69. (B) In vivo co-immunoprecipitation. Vero cells were co-transfected with Myc-C26-69 and HA-C26—
69 (lane 1)/HA-Cphe (lane 2)/HA-C26-68 (lane 3)/HA-Cgly (lane 4)/HA-Carg (lane 5). Immunoprecipitation was performed using anti-c-Myc Ab
followed by probing the blot with anti-HA Ab. The positive interaction between Myc-C26-69 and HA-C26-69 (lane 1)/HA-Cphe (lane 2) explained
the importance of hydrophobicity at position 69. Twice the amount of Myc-C26-69 + HA-Cphe was loaded to visualize the band clearly on lane 2
which highlights the importance of indole ring.
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reduced C and C protein interaction in DEN-2 virus [12],
it totally abolished homotypic C interaction in WN virus.
This indicated the importance of flanking positive resi-
dues/helix I in mediating the stability of the C protein
for WN virus (Fig. 4B). It is of some interest to note that
deletion of helix IV did not affect dimerization, even
though the structural evidence shows that helix IV is in-
volved in dimer formation [10,11]. However, we did ob-
serve that deletion of helix IV (C3' A54) slightly
weakened the self-association of the C proteins (Fig. 3A
and Table 2). The amino acids participating in stabilizing
the interaction in WN virus C protein were relatively sim-
ilar to the predicted amino acids in DEN virus C protein
by structural studies [10]. The possibility of false positive
was highly minuscule as stringent controls were employed
in all three assays and results that were obtained, corre-
lated consistently from all three techniques.

The amino acid tryptophan at position 69 is conserved
among the flaviviruses. Mutagenesis studies clearly
showed that the removal of Trp 69 from the functional
homotypic interaction domain completely abolished
the process of homodimerization, which supported the
importance of Trp 69 in capsid protein. Several experi-
ments demonstrated that the change of hydrophobicity
to hydrophilicity of amino acid residues exposed to the
solvent at the surface of proteins is an efficient strategy
to stabilize proteins [24-28]. Strub et al. [29] also showed
that the stability of the proteins might be increased by
mutating the exposed hydrophobic amino acids to argi-
nine. However, both the mutations Trp 69 to Arg 69
and Trp 69 to Gly 69 disrupted the functional ability
of the homotypic interaction domain.

This suggested that Trp 69 at the dimer interface has
some stabilization effects or mutation to Arg or Gly dis-
rupted the hydrophobic interior of the 3-helix core.
When Trp 69 was replaced by another hydrophobic res-
idue Phe, the self-association of WN virus C protein was
significantly decreased (p = 0.001) as shown in Fig. SA.
This might be due to the significant alteration of the
backbone structure, changes in solvent accessible surface
area, solvent transfer free energy or the conformational
changes induced by the substitution [30]. When Trp 69
was replaced with Phe, dimerization was retained, dem-
onstrating the importance of a hydrophobic environ-
ment at this position. The significant reduction in
dimerization process after the substitution of Phe indi-
cated that the indole ring of Trp 69 might play a
critical role in stabilizing the interaction. Structural stud-
ies [10] also suggested that Trp 69 might play a role in the
structural stabilization of the dimer interface. This ex-
plains the loss of dimerization after mutation or removal
of Trp 69 from the functional domain in this study.

In summary, this study using three independent pro-
tein interaction assays has demonstrated the homotypic
association of capsid proteins in WN virus and delin-
eated the internal segment from the amino acids 26 to

69 as the functional domain that mediates C—C dimer-
ization. We also showed the importance of helix I and
Trp 69 in mediating and stabilizing the self-association
of WN virus C protein. Mutagenesis studies clearly re-
vealed the importance of a hydrophobic environment
at the position of 69th amino acid (Trp 69). The signif-
icant reduction in dimerization process after the substi-
tution of Phe indicated that the indole ring of Trp 69
might play a critical role in stabilizing the interaction.
These findings helped to expand the current understand-
ing of nucleocapsid assembly and pinpoint the internal
hydrophobic domain flanked by few positively charged
amino acids (helix I, helix II, and helix III) of WN virus
capsid as potential target of future antiviral agents.

Acknowledgments

We thank Terence Tan and Li Jun for their com-
ments and discussions. This work is supported by grants
from Biomedical Research Council, Singapore (BMRC/
01/1/21/18/003) and National University of Singapore
(R-182-000-055-112).

References

[1] F.X. Heinz, S.L. Allison, Structures and mechanisms in flavivirus
fusion, Adv. Virus Res. 55 (2000) 231-269.

[2] D.S. Burke, T.P. Monath, Flaviviruses, in: D.M. Knipe, P.M.
Howley (Eds.), Fields Virology, Lippincott Williams & Wilkins,
Philadelphia, 2001, pp. 1043-1125.

[3] B.D. Lindenbach, C.M. Rice, Flaviviridae: The viruses and their
replication, in: D.M. Knipe, P.M. Howley (Eds.), Fields Virology,
Lippincott Williams & Wilkins, Philadelphia, 2001, pp. 991-1041.

[4] T.J. Chambers, C.S. Hahn, R. Galler, C.M. Rice, Flavivirus
genome organization, expression, and replication, Annu. Rev.
Microbiol. 44 (1990) 649-688.

[5] E.G. Westaway, M.A. Brinton, S. Gaidamovich, M.C. Horzinek,
A. Igarashi, L. Kaariainen, D.K. Lvov, J.S. Porterfield, P.K.
Russell, D.W. Trent, Flaviviridae, Intervirology 24 (1985) 183—
192.

[6] L. Markoff, B. Falgout, A. Chang, A conserved internal hydro-
phobic domain mediates the stable membrane integration of the
dengue virus capsid protein, Virology 233 (1997) 105-117.

[7] R.M. Kofler, F.X. Heinz, C.W. Mandl, Capsid protein C of tick-
borne encephalitis virus tolerates large internal deletions and is a
favorable target for attenuation of virulence, J. Virol. 76 (2002)
3534-3543.

[8] RM. Kofler, A. Leitner, G. O’Riordain, F.X. Heinz, C.W.
Mandl, Spontaneous mutations restore the viability of tick-borne
encephalitis virus mutants with large deletions in protein C, J.
Virol. 77 (2003) 443-451.

[9] C.T. Jones, L. Ma, J.W. Burgner, T.D. Groesch, C.B. Post, R.J.
Kuhn, Flavivirus capsid is a dimeric alpha-helical protein, J.
Virol. 77 (2003) 7143-7149.

[10] L. Ma, C.T. Jones, T.D. Groesch, R.J. Kuhn, C.B. Post, Solution
structure of dengue virus capsid protein reveals another fold,
Proc. Natl. Acad. Sci. USA 101 (2004) 3414-3419.

[11] T. Dokland, M. Walsh, J.M. Mackenzie, A.A. Khromykh, K.H.
Ee, S. Wang, West nile virus core protein; tetramer structure and
ribbon formation, Structure 12 (2004) 1157-1163.



R. Bhuvanakantham, M.-L. Ng | Biochemical and Biophysical Research Communications 329 (2005) 246-255 255

[12] S.H. Wang, W.J. Syu, S.T. Hu, Identification of the homotypic
interaction domain of the core protein of dengue virus type 2, J.
Gen. Virol. 85 (2004) 2307-2314.

[13] F. Birnbaum, M. Nassal, Hepatitis B virus nucleocapsid assembly:
Primary structure requirements in the core protein, J. Virol. 64
(1990) 3319-3330.

[14]J. Luban, K.B. Alin, K.L. Bossolt, T. Humaran, S.P. Goff,
Genetic assay for multimerization of retroviral gag polyproteins,
J. Virol. 66 (1992) 5157-5160.

[15] S. Zhou, D.N. Standring, Hepatitis B virus capsid particles are
assembled from core-protein dimer precursors, Proc. Natl. Acad.
Sci. USA 89 (1992) 10046-10050.

[16] B. Beames, R.E. Lanford, Carboxy-terminal truncations of the
HBYV core protein affect capsid formation and the apparent size of
encapsidated HBV RNA, Virology 194 (1993) 597-607.

[17] C. Chang, S. Zhou, D. Ganem, D.N. Standring, Phenotypic
mixing between different hepadnavirus nucleocapsid protein
reveals C protein dimerization to be cis preferential, J. Virol. 68
(1994) 5225-5231.

[18] E.K. Franke, H.E.H. Yuan, K.L. Bossolt, S.P. Goff, J.
Luban, Specificity and sequence requirements for interactions
between various retroviral gag proteins, J. Virol. 68 (1994)
5300-5305.

[19] M. Matsumoto, S.B. Hwang, K.S. Jeng, N. Zhu, M.M. Lai,
Homotypic interaction and multimerization of hepatitis C virus
core protein, Virology 218 (1996) 43-51.

[20] O. Nolandt, V. Kern, H. Muller, E. Pfaff, L. Theilmann, R.
Welker, H.G. Krausslich, Analysis of hepatitis C virus core
protein interaction domains, J. Gen. Virol. 78 (1997) 1331-1340.

[21] R. He, F. Dobie, M. Ballantine, A. Leeson, Y. Li, N. Bastien, T.
Cutts, A. Andonov, J. Cao, T.F. Booth, F.A. Plummer, S. Tyler,
L. Baker, X. Li, Analysis of multimerization of the SARS
coronavirus nucleocapsid protein, Biochem. Biophys. Res. Com-
mun. 316 (2004) 476-483.

[22] M. Surjit, B. Liu, P. Kumar, V.T. Chow, S.K. Lal, The
nucleocaspid protein of the SARS coronovirus is capable of self-
association through a C-terminal209 amino acid interaction
domain, Biochem. Biophys. Res Commun. 317 (2004) 1030-1036.

[23] S. Kiermayr, R.M. Kofler, C.W. Mandl, P. Messner, F.X. Heinz,
Isolation of capsid protein dimers from the tick-borne encephalitis
flavivirus and in vitro assembly of capsid-like particles, J. Virol. 78
(2004) 8078-8084.

[24] N. Majeau, V. Gagne, A. Boivin, M. Bolduc, J.A. Majeau, D.
Ouellet, D. Leclerc, The N-terminal half of the core protein of
hepatitis C virus is sufficient for nucleocapsid formation, J. Gen.
Virol. 85 (2004) 971-981.

[25] D. Bashford, C. Chothia, A.M. Lesk, Determinants of a protein
fold. Unique features of the globin amino acid sequences, J. Mol.
Biol. 196 (1987) 199-216.

[26] J.F. Reidhaar-Olson, R.T. Sauer, Functionally acceptable substi-
tutions in two alpha-helical regions of lambda repressor, J. Mol.
Proteins 7 (1990) 306-316.

[27] M. Schwehm, E.S. Kristyanne, C.C. Biggers, W.E. Stites,
Stability effects of increasing the hydrophobicity of solvent-
exposed side chains in staphylococcal nuclease, Biochemistry 37
(1998) 6939-6948.

[28] D.B. Wigley, A.R. Clarke, C.R. Dunn, D.A. Barstow, T.
Atkinson, W.N. Chia, H. Muirhead, J.J. Holbrook, The engi-
neering of a more thermally stable lactate dehydrogenase by
reduction of the area of a water-accessible hydrophobic surface,
Biochim. Biophys. Acta 916 (1987) 145-148.

[29] C. Strub, C. Alies, A. Lougarre, C. Ladurantie, J. Czaplicki, D.
Fournier, Mutation of exposed hydrophobic amino acids to
arginine to increase protein stability, BMC Biochem. 5 (2004) 9.

[30] P.B. Rupert, A.K. Mollah, M.C. Mossing, B.W. Matthews, The
structural basis for enhanced stability and reduced DNA binding
seen in engineered second-generation Cro monomers and dimers,
J. Mol. Biol. 296 (2000) 1079-1090.



	Analysis of self-association of West Nile virus capsid protein and the crucial role played by Trp 69 in homodimerization
	Materials and methods
	Results
	Interactions between WN virus capsid proteins
	Yeast two-hybrid analysis
	Mammalian two-hybrid assay
	In vivo co-immunoprecipitation

	Truncation studies to map the homotypic association domain of WN virus C protein
	Yeast two-hybrid analysis

	Homotypic interaction ability of amino acids 26 ndash 69 of WN virus C protein and the role of helix I in stabilizing the self-association
	Role of Trp 69 in stabilizing the dimer interface

	Discussion
	Acknowledgments
	References


