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VP26 of White Spot Syndrome Virus Functions as a Linker Protein between
the Envelope and Nucleocapsid of Virions by Binding with VP51"
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The envelopment of the nucleocapsid is an important step in white spot syndrome virus (WSSV) assembly.
Previous studies showed that VP26, a major envelope protein of WSSV, can interact with viral nucleocapsid.
In this study, using the biotin label transfer technique, we found that the biotin label was transferred from
Bio-rVP26 to the viral capsid protein VP51 or from Bio-MBP-VP51 to VP26. Far-Western analyses provided
further evidence for direct interaction between VP26 and VP51. Therefore, we conclude that VP26 functions as
a matrix-like linker protein between the viral envelope and nucleocapsid, which suggests that VP26 is a key

factor in the envelopment of WSSV virion.

White spot syndrome virus (WSSV) is among the largest
bacilliform viruses and has a very complex structure, in which
the nucleocapsid containing a double-stranded circular DNA
genome is surrounded by a lipid-containing envelope (24).
WSSV is a very virulent pathogen which is responsible for high
mortality in cultured shrimp populations (3, 22) and can also
infect most species of crustaceans (1, 4, 9, 10). So far, three
geographic WSSV isolates have been sequenced, and the com-
plete genome sequence contains approximately 180 putative
open reading frames (2, 14, 21). On the basis of phylogenetic
analysis, WSSV has been classified as the sole member in a
novel virus genus, Whispovirus, of the family Nimaviridae (16).

It is known that the structural proteins play very important
roles in virus infection and the morphogenesis process. In
recent years, there has been considerable progress in deter-
mining the protein composition of WSSV virions. First, 18
structural proteins of WSSV were discovered by matrix-as-
sisted laser desorption ionization-time of flight (MALDI-
TOF) mass spectrometry (MS) or electrospray ionization-qua-
drupole TOF-MS (5). After that, 33 viral structural proteins
were identified by liquid chromatography—nano-electrospray
ionization-tandem MS (13). Later, by separating WSSV virions
into envelope and nucleocapsid fractions, we identified 22 pro-
teins in the envelope fraction by MALDI-TOF MS, with 7 in
the nucleocapsid fraction and 1 in both fractions (20). Re-
cently, about 50 viral structural proteins were identified by
using shotgun proteomics (8). However, due to the absence of
appropriate cell lines, little is known about the organization of
viral envelope and nucleocapsid components and how they
functionally connect. In this study, we proposed to elucidate
the assembly mechanism of WSSV by studying the interaction
between structural proteins.

VP26 was first believed to be a nucleocapsid protein (15),
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but later it was identified as a viral envelope protein by immu-
noelectron microscopy (23). Recently, VP26 was regarded as a
tegument protein because it could be solubilized by increasing
salt concentration in Triton X-100 buffer, and it lies between
the virus envelope and nucleocapsid, as determined by immu-
nogold labeling electron microscopy (12). In our laboratory,
when purified virions were treated with low-salt buffer contain-
ing 1% Triton X-100, VP26 was found present mainly in the
envelope fraction and less in the nucleocapsid fraction (18). In
addition, VP26 was found to interact with viral nucleocapsid in
vitro (18), as well as with VP28 (the most abundant WSSV
envelope protein) (20). Therefore, we consider VP26 to be the
best candidate to act as a molecular bridge between the enve-
lope and nucleocapsid of WSSV.

To determine which viral capsid protein(s) interacts directly
with VP26, the biotin label transfer assay was performed using
a ProFound Sulfo-SBED biotin label transfer kit (Pierce) ac-
cording to the manufacturer’s instructions. The advantage of
this approach is that the target protein can be identified within
a large protein complex. In brief, the recombinant VP26
(rVP26) protein with His tag was expressed and purified as
previously described (18) and conjugated with Sulfo-SBED in
the dark for 30 min at room temperature (RT). The excess
cross-linking reagent was removed by dialysis overnight at 4°C
in 1X label transfer buffer (supplied with the kit). Highly pu-
rified WSSV virions, as well as viral envelope and nucleocapsid
fractions, were prepared according to previously described
procedures (19, 20). After Sulfo-SBED-conjugated rVP26
(Bio-rVP26) was incubated with the viral nucleocapsid frac-
tion, the reaction mixture was then cross-linked by exposure to
a 365-nm 6-W hand-held UV lamp for 15 min at a distance of
5 cm. Protein samples were separated by 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (7)
and either stained with Coomassie blue or blotted onto a
polyvinylidene fluoride (PVDF; GE Healthcare) membrane.
Biotin-labeled protein was detected with streptavidin-alkaline
phosphatase (AP) (Promega). After incubation with NBT/
BCIP substrate (Roche), a distinct band (Fig. 1, lane 3, upper
band) was visible, which corresponds to VP51 (Fig. 1, lane 4),
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FIG. 1. The biotin label is transferred from Bio-rVP26 to VP51, as
determined by biotin transfer assay. The left panel shows the Coomas-
sie blue-stained SDS-PAGE gel of the WSSV nucleocapsid fraction
(lane 1) and rVP26 (lane 2). The middle panel shows that rVP26
conjugated with Sulfo-SBED is mixed with the nucleocapsid fraction
and was subjected to UV cross-linking. The protein mixtures were
separated by SDS-PAGE, transferred onto PVDF membranes, and
detected with streptavidin-AP (lane 3). The right panel shows that the
VP51 protein present in the nucleocapsid fraction is visualized by
Western blotting using anti-VP51 antibody (lane 4). The star indicates
the position of rVP26. The triangle indicates the position of Bio-
rVP26. The VP51 bands are indicated by arrows. Lane M, molecular
mass reference markers (kDa).

as detected by Western blotting with anti-VP51 antibody, be-
sides Bio-rVP26 itself (Fig. 1, lane 3, lower band). The result
suggests that the biotin label was transferred exclusively from
Bio-rVP26 to its interacting protein, VP51.

VP51, also termed VP466 or VP51C, is encoded by the
wsv308 gene (21) and was initially thought to be a viral enve-
lope protein (5). However, Tsai et al. (12) and Li et al. (8)
demonstrated by immunoblotting that VP51 was present in the
viral nucleocapsid fraction. Likewise, Wu et al. (17) found that
VP51 was located exclusively in the viral capsid by Western
blotting and immunoelectron microscopy. Moreover, MALDI-
TOF MS results also showed that VP51 was one of eight viral
nucleocapsid components (20). To verify the above-described
interaction, VP51 was cloned by PCR amplification (with prim-
ers 5'-GCATGGATCCTCTGCATCTTTAATATTGGAC-3’
and 5'-GCGCAAGCTTTTATGACACAAACCTATTCC-3’
[BamHI and HindlIII sites, respectively, are underlined]) and
expressed in Escherichia coli strain BL21(DE3), using the
PMAL-c2x vector (New England Biolabs) to generate N-ter-
minal maltose-binding protein (MBP)-tagged fusion protein.
The MBP-VP51 or MBP purified by amylose resin (New En-
gland Biolabs) was also labeled using Sulfo-SBED. The results
showed that a strong biotin-labeled band (Fig. 2, lane 5) that
corresponds to VP26 (Fig. 2, lane 6), as determined by West-
ern blotting with anti-VP26 antibody, was detected when the
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FIG. 2. The biotin label was transferred from Bio-MBP-VP51 to
VP26 as determined by biotin transfer assay. The left panel shows the
Coomassie blue-stained SDS-PAGE gel of MBP-VP51 (lane 1), MBP
(lane 2), and the WSSV envelope fraction (lane 3). The middle panel
shows that biotin-labeled MBP and MBP-VP51 react with the enve-
lope fraction and were detected with streptavidin-AP (lanes 4 and 5).
The right panel shows that the VP26 protein contained in the envelope
fraction was visualized by Western blotting using anti-VP26 antibody
(lane 6). The four major envelope proteins, VP28, VP26, VP24 and
VP19, are marked with stars. Biotin-labeled MBP and MBP-VP51
bands are indicated by arrows. Lane M, molecular mass reference
markers (kDa).

viral envelope fraction was incubated with Bio-MBP-VP51 but
not with Bio-MBP (Fig. 2, lane 4). Moreover, the biotin moiety
was not found to transfer to other viral envelope proteins,
suggesting that the interaction between VP26 and VP51 is
specific.

To further confirm the interaction between VP26 and VP51,
far-Western blotting was performed as described previously
(6), with some modifications. The protein sample (viral enve-
lope or nucleocapsid fraction) was separated by SDS-PAGE,
transferred onto PVDF membranes, and renatured by incuba-
tion with renaturation buffer (20 mM Tris-HCI, 150 mM NaCl,
1 mM EDTA, 1 mM dithiothreitol, 2% nonfat milk, 0.1%
Tween 20, 10% glycerol [pH 7.5]) containing 6 M, 3 M, 1.5 M,
0.75 M, 0.375 M, and 0.15 M guanidine-HCI at RT for succes-
sive 30-min periods, respectively. Finally, the membrane was
immersed in renaturation buffer overnight at 4°C. Subse-
quently, the membrane containing viral envelope proteins was
incubated with MBP-VP51 or MBP alone as the negative con-
trol in renaturation buffer for 2 h at RT, followed by incubation
with anti-MBP monoclonal antibody (1:2,000; BioLabs) for 30
min at RT. After three washes with phosphate-buffered solu-
tion, the membrane was incubated with AP-conjugated goat
anti-mouse immunoglobulin G (diluted 1:7,500) for 30 min at
4°C. The immunoblot signals were visualized by the AP reac-
tion. As shown in Fig. 3A, MBP-VP51 did specifically bind to
VP26 (Fig. 3, lane 3) in the viral envelope fraction, as visual-
ized by Coomassie blue staining or Western blotting (Fig. 3,
lane 1 or 4, respectively), while MBP alone did not (Fig. 3, lane
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FIG. 3. The interaction between VP26 and VP51 is confirmed by far-Western analysis. (A) The WSSV envelope fraction was separated by
SDS-PAGE and transferred onto PVDF membranes. The MBP-VP51 or MBP (negative control) is used as an overlay protein and detected with
anti-MBP monoclonal antibody (lanes 2 and 3). The position of VP26 was visualized by Coomassie blue staining (lane 1) or Western blotting (lane
4). (B) The WSSV nucleocapsid fraction was separated by SDS-PAGE and transferred onto PVDF membranes. The rVP26 was used as the overlay
protein and detected with anti-His monoclonal antibody (lane 2). The position of VP51 is visualized by Coomassie blue staining (lane 1) or Western
blotting (lane 3). The four major envelope proteins, VP28, VP26, VP24 and VP19, are marked with stars. Biotin-labeled MBP and MBP-VP51
bands are indicated by arrows. Lane M, molecular mass reference markers (kDa).

2). Similarly, when the membrane containing viral nucleocap-
sid proteins was incubated with the rVP26 protein and immu-
noblotted with anti-His monoclonal antibody (1:3,000; GE
Healthcare), one immunoreactive band (Fig. 3B, lane 2, upper
band) corresponding to VP51 was observed. This result further
indicates that the interaction that occurs between VP26 and
VP51 is direct and does not require other virus proteins. In-
terestingly, a band (Fig. 3B, lane 2, lower band) corresponding
to VP26 was detected. We suppose this was due to rVP26
binding to the residual VP26 present in the nucleocapsid frac-
tion, suggesting that VP26 can self-interact and form homo-
multimers. This is consistent with a recent report that VP26
crystallizes as trimers (11). VP26 homomultimers might be
important for the interaction with other viral structural pro-
teins, such as VP28.

Previous studies have shown that the VP28, VP26, and VP24
proteins can form a complex (20). To understand the physical
association of VP28 or VP24 with the viral capsid, we also
performed biotin label transfer assays and far-Western blotting
as described above using rVP28 or rVP24 as a probe. All test
results were negative (data not shown), indicating that there
were no interactions occurring between the capsid proteins and
VP28 or VP24.

In this study, using biotin label transfer and far-Western
blotting techniques, we demonstrated for the first time the
interaction between the viral envelope protein VP26 and the
capsid protein VP51. Therefore, we conclude that VP26 func-
tions as a linker protein interacting directly with VP51 to
bridge the envelope to the nucleocapsid of WSSV, which sug-
gests that VP26 is a key factor in the envelopment of the
WSSV virion. Taken together, our finding not only lays the
foundation for understanding the mechanisms of morphogen-
esis and assembly of WSSV but also provides potential targets
for antiviral drug design. However, many interesting questions

still require further research, such as determining the exact
domains of VP26 and VP51 involved in the interaction, which
capsid protein(s) can bind with VP51, and whether the process
of envelopment was blocked or was interfered with when either
VP26 or VP51 was silenced by RNA interference.
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