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The innermost core of rotavirus is composed of VP2, which forms a protein layer that surrounds the two
minor proteins VP1 and VP3, and the genome of 11 segments of double-stranded RNA. This inner core layer
surrounded by VP6, the major capsid protein, constitutes double-layered particles that are transcriptionally
active. Each gene encoding a structural protein of double-layered particles has been cloned into baculovirus
recombinants and expressed in insect cells. Previously, we showed that coexpression of different combinations
of the structural proteins of rotavirus double-layered particles results in the formation of virus-like particles
(VLPs), and each VLP containing VP1, the presumed RNA-dependent RNA polymerase, possesses replicase
activity as assayed in an in vitro template-dependent assay system (C. Q.-Y. Zeng, M. J. Wentz, J. Cohen, M. E.
Estes, and R. F. Ramig, J. Virol. 70:2736–2742, 1996). This work reports construction and characterization of
VLPs containing a truncated VP2 (VPD2, containing amino acids [aa] Met-93 to 880). Expression of VPD2
alone resulted in the formation of single-layered D2-VLPs. Coexpression of VPD2 with VP6 produced double-
layered D2/6-VLPs. VLPs formed by coexpression of VPD2 and VP1 or VP3, or both VP1 and VP3, resulted in
the formation of VLPs lacking both VP1 and VP3. The presence of VP6 with VPD2 did not result in encapsi-
dation of VP1 and VP3. To determine the domain of VP2 required for binding VP1, far-Western blot analyses
using a series of truncated VP2 constructs were performed to test their ability to bind VP1. These analyses
showed that (i) full-length VP2 (aa 1 to 880) binds to VP1, (ii) any N-terminal truncation lacking aa 1 to 25
fails to bind VP1, and (iii) a C-terminal 296-aa truncated VP2 construct (aa 1 to 583) maintains the ability to
bind VP1. These analyses indicate that the N terminus of rotavirus VP2 is necessary for the encapsidation of
VP1 and VP3.

The rotaviruses, members of the family Reoviridae, are tri-
ple-layered viruses with a genome of 11 segments of double-
stranded RNA (dsRNA) (for a review, see reference 10) and
are the most important cause of severe viral gastroenteritis in
humans and animals (1, 15). Morphologically and biochemi-
cally, the triple-layered virus particles consist of three concen-
tric proteinaceous capsid layers: (i) an outer protein layer of
780 molecules of VP7 from which 60 dimers of the spike
protein VP4 project; (ii) a middle protein layer of 260 trimers
of VP6; and (iii) an inner protein layer of 120 molecules of
VP2 (6, 28). The VP2 inner shell encapsidates the two minor
proteins VP1 and VP3 and the 11 segments of genomic
dsRNA, and this structure has been called the core of the
virion. VP1, VP3, and the 11 segments of genomic dsRNA
have been proposed to be organized into a subcore (27). This
proposal is supported by the demonstration that much of the
genomic dsRNA is organized, forming a dodecahedral struc-
ture that is organized around VP1-VP3 complexes located at
the fivefold vertices (29).

The VP2 shell of rotavirus plays important roles in the struc-
ture and function of the rotavirus core. For example, VP2
interacts with trimers of VP6 that surround the VP2 layer and
are perforated by 132 aqueous channels (30, 35), transporting
metabolites in and nascent RNA out during transcription. VP2
also binds to viral RNA and may function in the replication
and encapsidation of dsRNA (2, 5, 16, 23). The nucleic acid

binding domain in VP2 is located between amino acids (aa) 1
and 132 (17), and the bond between Gln-92 and Lys-93 in VP2
is a protease-accessible site (37). Interactions between VP2 or
VP1 and nucleic acids appear to be critical for the endogenous
enzymatic activity of the core (23, 24). VP1, the minor core
protein, is thought to be the viral RNA-dependent RNA poly-
merase (transcriptase) because (i) temperature-sensitive mu-
tants mapping to gene 1 have an RNA-negative phenotype
(13); (ii) VP1 sequences contain the common motif of all RNA
polymerases (8, 26); (iii) cross-linking of azido-ATP to VP1
causes a corresponding decrease in the ability of native double-
layered particles to synthesize mRNA (33); and (iv) 1/2-VLPs
(previously designated VP1/2 particles [38]; VLPs are virus-
like particles) expressed from baculovirus recombinants have
replicase activity that synthesizes negative-stranded RNA on
positive-stranded RNA templates, while VP2 alone lacks this
activity (7, 38). Recently, VP1 alone has been reported to lack
replicase activity, but VP2 stimulates this activity (24). VP3,
the other minor core protein, binds GTP specifically and is
thought to be a guanylyltransferase (22, 25). VP1 and VP3
appear to form a complex located on the inner surface of the
VP2 layer at the icosahedral fivefold axes (29). Expression of
VP2 lacking the N-terminal 92 aa in Spodoptera frugiperda Sf9
cells results in changes of the three-dimensional structure
along the inner surface of the 2-VLPs (20).

In this study, N-terminally truncated forms of VP2 expressed
from baculovirus recombinants were used to show that inter-
actions with VP2 are necessary for encapsidation of VP1 and
VP3 and to map the VP2 domain necessary for these interac-
tions.
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MATERIALS AND METHODS

Viruses and cells. S. frugiperda Sf9 cells were grown and maintained in
TNM-FH (Hinks) medium containing 10% fetal bovine serum (FBS) (31). Bac-
ulovirus recombinants encoding the following rotavirus proteins were used:
pVL941/RF-1 (VP1 of virus strain RF) (8), BacRf2A (VP2 of virus strain RF)
(16, 18), BVP2C24 (VP2 Met-93 to aa 880 of virus strain RF) (this work),
BVP2D185 (VP2 aa 186 to 880 of virus strain RF) (this work), Bac2AT1777
(VP2 aa 1 to 583 of virus strain RF) (17), Bac2M16.9 (VP2 aa Met-26 to 583 of
virus strain RF) (17), Bac2M16.3 (VP2 aa Met-45 to 583 of virus strain RF) (17),
pVL1393/SA11-3 (VP3 of virus strain SA11) (22), and pAc461/SA11-6 (VP6 of
virus strain SA11) (11, 12).

Construction of baculovirus recombinants encoding VPD2 (VP2 aa Met-93 to
880) and VPD2* (VP2 aa 186 to 880). Two mutants of VP2 with deletions from
the N terminus of 92 and 185 aa (designated VPD2 and VPD29, respectively)
were constructed by using a strategy described previously (17). For VPD2, an
extra starting codon was added. For VPD29, the starting codon corresponds to
Met-186. Briefly, a set of oligonucleotides was designed to amplify the corre-
sponding region of the full-length cDNA encoding VP2 and to generate a
BamHI site at the end of the PCR product. These products were cloned into
pBS, and part of the recombinant plasmids (pBS2C24D and pBSRF2D185, cor-
responding to VPD2 and VPD29, respectively) were sequenced to check the
junctions. The absence of premature termination mutations in the open reading
frame was confirmed by transcription translation using the TnT-T7 coupled
system from Promega (Madison, Wis.). Recombinant baculoviruses BVP2C24
and BVP2D185, encoding VPD2 and VPD29, respectively, were constructed as
previously described (17).

Production and purification of rotavirus single-layered VLPs. Single-layered
VLPs, i.e., D2-, D29-, 2-, 1/D2-, 1/2-, 1/D2/3-, 1/2/3-, D2/3-, and 2/3-VLPs, were
prepared as previously reported for production of VP2 VLPs (18, 37). For each
VLP, 2 3 107 Sf9 cells in a T-75 flask were infected at a multiplicity of infection
of 10 PFU per cell for each recombinant and were incubated for 2 h at 27°C for
adsorption. The inoculum was removed, and the indicated VLPs were expressed
in TNM-FH–10% FBS for 3 to 4 days in the absence or presence of protease
inhibitors. Protease inhibitors aprotinin and leupeptin, each at 1 mg/ml, were
added daily. The cells were lysed with 2% sodium deoxycholate (DOC) lysis
buffer (10 mM Tris-HCl [pH 7.4], 0.1 mM EDTA, 2% DOC). The expression
levels of VP1 and VP3 in the lysates of VP1/2 versus VP1/D2, VP1/2/3 versus
VP1/D2/3, and VP2/3 versus VPD2/3 were examined by testing dilutions of
samples, using a dot blot assay for VP1 and [a-32P]GTP binding for VP3. The
VLPs were purified and fractionated from the cell lysates by centrifugation for
2 h at 30,000 rpm in a Beckman SW41 rotor through a 5 to 20% sucrose gradient
containing 0.2% DOC. Fractions (0.7 ml each) were collected. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and silver staining
showed that unassembled soluble proteins were located in the top fractions 1 to
4. Although VPD29 (aa 186 to 880) did not form VLPs, all other eight types of
single-layered VLPs sedimented as a broad band with a peak at fraction 9, as
previously described (37). The yields of the various single-layered VLPs were
between 40 and 70 mg per 8 3 107 Sf9 cells. The single-layered VLPs in fraction
9 were kept at 4°C and used within 2 weeks for further experiments.

Production and purification of rotavirus double-layered VLPs. Double-lay-
ered VLPs, i.e., D2/6-, 2/6-, 1/D2/6-, 1/2/6-, D2/3/6-, 2/3/6-, 1/D2/3/6-, and 1/2/3/
6-VLPs, were prepared essentially as described previously (9, 38). Briefly, Sf9
cells were infected at a multiplicity of infection of 5 PFU per cell for each
recombinant. Viruses were adsorbed for 2 h at 27°C. The inoculum was removed
by low-speed centrifugation, and VLPs were expressed for 6 days in Grace’s
medium–0.5% FBS in the absence or presence of protease inhibitors. The pro-
tease inhibitors aprotinin and leupeptin, each at 1 mg/ml, were added daily from
days 2 through 5 postinfection. The expression levels of VP1 and VP3 in the
lysates of VP1/2/6 versus VP1/D2/6, VP1/2/3/6 versus VP1/D2/3/6, VP2/3/6 versus
VPD2/3/6 were examined by testing dilutions of samples 80 h postinfection, using
a dot blot assay for VP1 and [a-32P]GTP binding for VP3. The infected cells were
harvested 6 days postinfection. The VLPs were released into the medium and
purified by pelleting through a 35% sucrose cushion followed by banding by CsCl
(refractive index, 1.3610) isopycnic centrifugation. Double-layered VLPs com-
posed of VPD2 showed two bands in CsCl gradients, identical to those composed
of VP2 (38). The densities were 1.27 g/cm3 for the light particles and 1.30 g/cm3

for the heavy particles. The VLPs in the two bands were pooled, diluted with 10
mM Tris-buffered saline (pH 7.4), and pelleted for 2 h at 30,000 rpm in a
Beckman SW41 rotor. The pellets were resuspended in the same Tris-buffered
saline and kept at 4°C until used. The yields of the various doubled-layered VLPs
were between 200 and 400 mg per 6.5 3 108 Sf9 cells. Double-layered VLPs
composed of VPD2, like those composed of VP2, were stable for at least 8
months as examined by electron microscopy (EM).

SDS-PAGE. The protein profiles of all VLPs except those detected by far-
Western blotting (see below) were determined by reducing SDS-PAGE using
10% resolving and 4% stacking gels (3, 19). Protein locations were stained with
a silver staining kit (Sigma, St. Louis, Mo.) according to the manufacturer’s
instructions.

GTP binding assay. The presence of VP3 in VLPs was determined by a GTP
binding assay. The reaction was performed in a 20-ml reaction volume containing
;2.5 mg of VLP protein, 10 mCi of [a-32P]GTP (Amersham Life Science, Inc.,

Arlington Heights, Ill.), 2 mM MgCl2, and 10 mM Tris-HCl-buffered saline (pH
7.4) as described previously (22). After a 30-min incubation at room tempera-
ture, the reaction was terminated by addition of 5 ml of 53 Laemmli sample
buffer. After being boiled for 5 min, the proteins were resolved by SDS-PAGE on
a 10% gel and electroblotted onto a nitrocellulose membrane (32). Proteins that
bound [a-32P]GTP were visualized by autoradiography.

Production and purification of VP1. Sf9 cells were infected with baculovirus
recombinant pVL941/RF-1 at a multiplicity of infection of 10 PFU per cell and
incubated for 2 h at 27°C for adsorption. The inoculum was removed by low-
speed centrifugation, and VP1 was expressed for 7 days in serum-free medium
SF900 II SFM (Gibco BRL, Grand Island, N.Y.). After 7 days postinfection, the
medium containing VP1 was equilibrated by dialysis against 20 mM Tris-HCl
(pH 8.1), clarified by high-speed centrifugation, filtered through a 0.22-mm-pore-
size filter (Costar Co., Cambridge, Mass.), and then semipurified by fast protein
liquid chromatography (FPLC) with a quaternary methylamine anion-exchange
column (Water Chromatography Division, Milford, Mass.). Quaternary methyl-
amine-bound proteins were eluted with an NaCl linear gradient, 0 to 1.6 M, and
VP1 was eluted with 0.12 M NaCl. VP1-rich fractions were pooled and further
purified by passage through an immunoaffinity column containing rabbit immu-
noglobulin G (IgG) against wild-type baculovirus proteins made in this labora-
tory. VP1 eluted in the unbound protein portion flowthrough. SDS-PAGE (10%
gel) and silver staining were used to analyze the purity of VP1. Analysis of 1 mg
of purified VP1 showed a single band with an apparent molecular weight of
about 125,000.

Guinea pig antiserum to VP1. A guinea pig anti-VP1 serum was made by
inoculating animals with ;20 mg of purified VP1 in complete Freund’s adjuvant
(Gibco BRL) once, followed by five boosts of ;20 mg of VP1 each at 3-week
intervals in incomplete Freund’s adjuvant (Gibco BRL). The final bleed as
primary antibody (1:500 dilution) showed a single VP1 band in VP1 lysates of Sf9
cells infected with baculovirus recombinant pVL941/RF-1 and with 1/2/6-VLPs,
as examined by Western blotting. This anti-VP1 serum was used for far-Western
blotting to verify the presence of VP1 binding proteins.

Far-Western blotting and VP1 binding test. A far-Western blotting procedure
was established essentially as reported by Lee et al. (21) and Homann et al. (14).
Purified VLPs were either denatured with SDS in the presence of b-mercapto-
ethanol (bME) (Laemmli sample buffer) and boiled for 5 min or denatured with
SDS in the absence of bME and kept at 4°C. All the subsequent steps were
performed at 4°C. The denatured VLP proteins were resolved on a SDS–10%
polyacrylamide gel (19). After electrophoresis, the proteins were blotted to a
polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, Mass.) (32).
Proteins on the blots were subsequently renaturated by incubation in standard
binding buffer (SBB; 10 mM HEPES [pH 7.4], 10 mM MgCl2, 50 mM EDTA, 1
mM dithiothreitol, 10% [vol/vol] glycerol) for 12 h and then incubated for 6 h in
SBB–5% bovine serum albumin (BSA) to saturate and block any free binding
sites. For probing, BSA-blocked blots were incubated for 24 h with purified VP1
(10 mg/ml) in SBB, followed by reaction with the guinea pig anti-VP1 serum
(1:500 dilution). Reactivity of the anti-VP1 serum was visualized by addition of
a goat anti-guinea pig IgG-alkaline phosphatase conjugate (Sigma) and substrate
5-bromo-4-chloro-3-indolylphosphate–p-nitroblue tetrazolium chloride (Amer-
sham Life Science).

EM. The morphology of all VLPs was examined by EM (37). Collodion-
carbon-coated and freshly glow discharged copper grids were used for sample
adsorption. Each grid was floated on a drop of sample for 30 min, excess fluid was
removed by blotting with filter paper, and the grid was washed for 2 s on a drop
of phosphate-buffered saline, floated on a drop of 1% ammonium molybdate for
15 s to stain the VLPs, and finally air dried. All electron micrographs were taken
with a Philips CM10 electron microscope operating at 60 kV.

Protein determinations. Protein concentrations were determined by using the
Bio-Rad (Hercules, Calif.) protein assay according to the manufacturer’s instruc-
tions. Bovine albumin fraction V (Calbiochem, La Jolla, Calif.) was used as the
standard.

RESULTS

The N terminus of VP2 is not required for formation of
single- and double-layered VLPs. Bovine rotavirus strain RF
VPD2 containing aa Met-93 to 880 was expressed from bacu-
lovirus recombinant BVP2C24 by infection of Sf9 cells. VPD29
containing aa 186 to 880 was expressed from baculovirus re-
combinant BVP2D185 by using the same expression system.
VPD2 and VPD29 were expressed at comparable levels. Su-
crose gradient fractionation followed by EM examination did
not detect any particles in VPD29 (data not shown) but showed
that purified VPD2 made spherical single-layered core-like
particles (D2-VLPs) with a smooth surface (Fig. 1A) identical
to 2-VLPs (individual particles in Fig. 1E). The apparent di-
ameter of the D2-VLPs was 520 6 20 Å. The purified D2-VLPs
were morphologically stable for 3 to 4 weeks at 4°C, as re-
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ported previously for 2-VLPs (37). Following speed vacuum
concentration, D2-VLPs revealed a conversion of the structure
from individual spherical particles (Fig. 1A) to elongated bris-
tly helix-like structures (Fig. 1B), which has been previously
seen to occur in 2-VLPs (Fig. 1E and reference 37). CsCl
isopycnic centrifugation banding of D2/6-VLPs followed by
EM examination showed that purified D2/6-VLPs were empty
double-layered particles (Fig. 1C) similar to native SA11 dou-
ble-layered particles (Fig. 1D) and 2/6-VLPs (Fig. 1F). SDS-
PAGE followed by silver staining was used to confirm the
presence of each structural protein in the purified D2-VLPs
and D2/6-VLPs. Each of the expected proteins was incorpo-
rated into the appropriate VLP structure (Fig. 2, lanes 3 and
6).

Analysis of the protein profiles of the VLPs containing the
VPD2 revealed a single band by SDS-PAGE (Fig. 2, lanes 3
and 6) that comigrated with a previously characterized proteo-
lytic cleavage product of VP2 (37). This cleavage product,
called band C (Fig. 2, lanes 1 and 4), represents aa 93 to 880
that is derived from the full-length VP2 (band A) (37).

The N terminus of VP2 is required for encapsidation of VP1.
We next examined if VP1 could be encapsidated in a VLP
containing the VPD2. VLPs obtained from cells infected with
recombinants expected to express 1/D2-VLPs were structurally
composed of only VPD2 (Fig. 3, lane 3), while 1/2-VLPs were
composed of both VP1 and VP2 (Fig. 3, lane 4). Morpholog-
ically both were single-layered types of VLPs appearing to be
similar to the particles shown in Fig. 1A, B, and E (data not
shown). The VP1 that was not assembled into D2-VLPs was
found in the top fractions of 5 to 20% sucrose gradients and
did not comigrate with D2-VLPs (data not shown). Analyses of
purified VLPs from cells expressing VP1/D2/6 and VP1/2/6
both were morphologically double layered, resembling those
seen in Fig. 1C and F (data not shown), but VP1 was present
only when the VLPs contained full-length VP2 (Fig. 3, lanes 1
and 2). The expression levels of VP1 in the lysates of VP1/2/6
and VP1/D2/6 were comparable at 80 h postinfection. VP1 was
still not detected even if a threefold-greater amount of 1/D2/
6-VLPs and 1/D2-VLPs was analyzed (data not shown).

FIG. 1. Electron micrographs of the VPD2-containing VLPs and their VP2-containing counterparts. D2-VLPs were expressed from the recombinant baculovirus
BVP2C24 by infection of Sf9 cells and purified on a 5 to 20% sucrose gradient. D2/6-VLPs were coexpressed from the recombinant baculoviruses BVP2C24 and
pAc461/SA11-6 by infection of Sf9 cells and purified by CsCl isopycnic centrifugation. Shown are the negative-stained structures of the VLPs containing the indicated
protein species. (A to C) VPD2-containing VLPs; (D) native rotavirus double-layered particles (DLP); (E and F) VP2-containing VLPs as the counterparts of panels
A to C. All micrographs are at the same magnification. Bar, 100 nm.
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The N terminus of VP2 is required for encapsidation of VP3.
We also examined if VP3 could be encapsidated in a VLP
containing VPD2. VLPs obtained from cells infected with re-
combinants that express D2/3-VLPs were structurally com-
posed of only VPD2 (Fig. 4A and B, lanes 3), while 2/3-VLPs
were composed of both VP2 and VP3 (Fig. 4A and B, lanes 4).
Morphologically, both types of VLPs were single layered, sim-
ilar to the particles shown in Fig. 1A, B, and E. Analyses of the
VLPs expected to contain VPD2/3/6 and VP2/3/6 showed that
both were morphologically double layered, similar to those
shown in Fig. 1C and F, but VP3 was present only when the
VLPs contained full-length VP2 (Fig. 4A and B, lanes 1 and 2).
The expression levels of VP3 in the lysates of VP2/3 versus
VPD2/3 and of VP2/3/6 versus VPD2/3/6 were comparable at
80 h postinfection (data not shown). It also appeared that VP3
was encapsidated in parallel to the amount of full-length VP2
in VLPs. Thus, the intensities of labeling of VP3 were compa-
rable (Fig. 4B, lanes 1 and 4) when the amounts of the full-
length VP2 in VLPs were comparable (Fig. 4A, lanes 1 and 4).

VP1 and VP3 are not, or not efficiently, encapsidated into
VLPs lacking the N terminus of VP2. We further examined if
coexpressed VP1 and VP3 could be encapsidated into a VLP
containing the VPD2. VLPs obtained from cells infected with
recombinants expected to express 1/D2/3-VLPs were structur-
ally composed of only VPD2 (Fig. 5A and B, lanes 3), while
1/2/3-VLPs were composed of VP1, VP2, and VP3 (Fig. 5A
and B, lanes 4). Morphologically, both were single-layered
types of VLPs resembling the particles shown in Fig. 1A, B,
and E. Analyses of the VLPs expected to contain VP1/D2/3/6
and VP1/2/3/6 showed that both were morphologically double
layered, resembling those seen in Fig. 1C and F, but VP1 and
VP3 were present only when the VLPs contained full-length
VP2 (Fig. 5A and B, lanes 1 and 2). The expression levels of
VP1 and VP3 in the lysates were comparable at 80 h postin-
fection, and the unassembled VP1 was found in the top frac-
tions of 5 to 20% sucrose gradients of VP1/D2/3 (data not
shown).

Analyses of interactions between VP1 and other proteins in
VLPs. We next investigated the interactions of VP1 with the
different proteins in the VLPs by far-Western blotting on
PVDF membranes. The blotted proteins, including full-length
VP2, VP2 cleavage products, VPD2, VP6 monomer, and VP6
trimer, were tested for the ability to bind VP1. A purified
preparation of VP1 (Fig. 6A) was used as a probe. To clearly
visualize all of the proteins blotted to the PVDF membrane,
duplicate samples of those on the PVDF membrane were an-
alyzed by SDS-PAGE (10% gel) followed by silver staining
(Fig. 6B). The VP1 binding proteins are shown in Fig. 6C. By
comparison with the silver-stained gel (Fig. 6B), only full-
length VP2 (VP2-A [Fig. 6C, lanes 1 to 4]) and VP6 trimers
(Fig. 6C, lanes 2, 4, and 8) were capable of binding VP1, while
the VP2 cleavage products (bands B to D), VPD2, and VP6
monomers did not bind VP1 (Fig. 6C). The VP1 visualized in
lane 3 in Fig. 6C is thought to be detected by interaction
between the anti-VP1 and the VP1 molecules of the 1/2/6-
VLPs rather than from the interaction of VP1 as the probe
with itself in the VLPs.

To determine the domain of VP2 required for binding VP1,
three truncated constructs of VP2 (aa 1 to 583, aa Met-26 to
583, and aa Met-45 to 583 [truncation constructs P2AT1777,
P2M16.9, and P2M16.3 in reference 17) were expressed in Sf9
cells. None of these truncated VP2 construct forms self-assem-
bled into VLPs (17). Cell lysates were Western blotted to
nitrocellulose to confirm that the truncated VP2 peptides were
expressed. The lysates also were blotted to PVDF membranes
for the VP1 binding test. Western blot analysis with monoclo-

FIG. 3. Protein content of the coexpressed 1/D2-, 1/2-, 1/D2/6-, and 1/2/6-
VLPs. Shown is a silver-stained SDS–10% polyacrylamide gel with proteins of
the purified VLPs resulting from the coexpression of indicated genes in the
absence or presence of protease inhibitors. Protease inhibitors aprotinin and
leupeptin, each at 1 mg/ml, were added daily. VP1/D2 and VP1/2 were coex-
pressed from the baculovirus recombinant pVL941/RF-1 with recombinant
BVP2C24 or BacRF2A, respectively, and purified by centrifugation on a 5 to
20% sucrose gradient. VP1/D2/6 and VP1/2/6 were coexpressed from the bacu-
lovirus recombinants of pVL941/RF-1, pAc461/SA11-6 with recombinants
BVP2C24 and BacRF2A, respectively, and purified by CsCl isopycnic centrifu-
gation. To compare VP1 encapsidation, the protein amount loaded onto each
lane was adjusted so that the amount of VPD2 was similar to or higher than that
of VP2 band A, the VP1 binding protein (Fig. 6C). To create a cleaved VP2 band
C for a marker of VPD2, 1/2/6-VLPs in lane 1 (also in lanes 1 of Fig. 4 and 5)
were produced in the absence of protease inhibitors.

FIG. 2. Protein content of single- and double-layered VPD2-containing VLPs
and their VP2-containing counterparts. Shown is a silver-stained SDS–10% poly-
acrylamide gel with the proteins of purified VLPs resulting from the expression
of the indicated genes in the absence or presence of protease inhibitors. Protease
inhibitors aprotinin and leupeptin, each at 1 mg/ml, were added daily.
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nal antibody (MAb) 164AE22, a MAb directed against an
epitope on VP2RF between aa 45 and 92, showed that the three
truncated forms of VP2RF were expressed well (Fig. 7A). VP1
binding was seen only with VP2 aa 1 to 583 and some of its
cleavage products (Fig. 7B, lane 1), while VP2 aa Met-26 to
583 and VP2 aa Met-45 to 583 did not bind VP1 (Fig. 7B, lanes
2 and 3). Six additional truncated constructs of VP2 (aa 1 to
285, aa Met-290 to 880, aa Met-51 to 583, aa Met-61 to 583, aa
Met-99 to 583, and aa Met-177 to 583) also were tested for
VP1 binding. Only the construct containing aa 1 to 285 showed
the ability to bind VP1 (data not shown). These results suggest
that (i) a domain within the N terminus of VP2 aa 1 to 25 is
essential for binding VP1, (ii) some conformations that form
after VP6 trimerization are favorable for VP1 binding, and (iii)
VP2 aa 26 to 880 are not sufficient for binding VP1.

DISCUSSION

The native rotavirus VP2 layer, the innermost core shell,
serves important roles in the formation of transcriptionally
active particles, with VP6 trimers forming the outside shell and
VP1, VP3, and the genome of 11 segments of dsRNA being
inside the shell. Our goals in this study were (i) to determine
the peptide fragment of VP2 necessary for the formation of a
single-layered VLP; (ii) to investigate the possible functions of
the protease-accessible peptide fragment at the VP2 N termi-
nus; and (iii) to map the domain of VP2 required for the
binding and encapsidation of VP1, the RNA-dependent RNA
polymerase, and VP3, the guanylyltransferase.

Expression of VP2 from baculovirus recombinants encoding
the full-length VP2 by infection of Sf9 cells in the absence of

protease inhibitors produces single-layered empty 2-VLPs
identical in size and shape to its authentic counterpart (18, 37).
This expressed single-layered 2-VLP contains two major cleav-
age products. One of them represents the peptide fragment of
aa 93 to 880. Characterization of various truncated VP2 con-
structs by Labbé et al. (17) showed that expression of truncated
VP2 constructs containing aa 1 to 583, aa 290 to 880, and aa 1
to 290 plus 589 to 880, as well as several other shorter VP2
constructs, did not lead to particle formation in insect cells.
Previous work has shown that the rotavirus proteins expressed
from baculovirus recombinants in Sf9 cells generally represent
their cognate native proteins in both biochemical and func-
tional characteristics (9, 38), and so the inability of those trun-
cated VP2 peptides to form VLPs suggested that these trun-
cations lacked the peptide domain necessary for the formation
of single-layered 2-VLPs. To study this possibility, two trun-
cated forms of VP2 that contain aa Met-93 to 880, called
VPD2, and aa 186 to 880, called VPD29, were created. Expres-
sion of VPD29 in Sf9 cells did not result in particle assembly
(data not shown). In contrast, expression of VPD2 resulted in
the formation of single-layered core-like particles, identical to
2-VLPs in yields, appearance, size, and stability, designated
D2-VLPs. This result suggests that the VP2 N-terminal aa 1 to
92 are not involved in the formation of single-layered 2-VLPs,
and aa 93 to 185 are directly or indirectly needed for VP2
self-assembly into a particle. VPD2 was capable of forming not
only VLPs but also elongated helix structures following con-
centration as seen previously for 2-VLPs (37). Coexpression of
VPD2 with VP6 resulted in the formation of double-layered
D2/6-VLPs identical to 2/6-VLPs in yields, size, shape, and

FIG. 4. Protein content of the coexpressed D2/3-, 2/3-, D2/3/6-, and 2/3/6-
VLPs. (A) Silver-stained SDS–10% polyacrylamide gel with proteins of the
purified VLPs resulting from the coexpression of the indicated genes in the
absence or presence of protease inhibitors. Protease inhibitors aprotinin and
leupeptin, each at 1 mg/ml, were added daily. (B) Autoradiogram of [a-32P]GTP-
bound VP3 to visualize the presence of VP3 in the VLPs shown in panel A.
VPD2/3 and VP2/3 were coexpressed from the baculovirus recombinant
pVL1393/SA11-3 with recombinants BVP2C24 and BacRF2A, respectively, and
purified on a 5 to 20% sucrose gradient. VPD2/3/6 and VP2/3/6 were coexpressed
from the baculovirus recombinants pVL1393/SA11-3 and pAc461/SA11-6 with
recombinant BVP2C24 or BacRF2A, respectively, and purified by CsCl isopycnic
centrifugation. To compare VP3 encapsidation, the protein amount loaded onto
each lane was adjusted so that the amount of VPD2 was similar to or higher than
that of the VP2 band A, the VP1 binding protein (Fig. 6C).

FIG. 5. Protein content of the coexpressed 1/D2/3-, 1/2/3-, 1/D2/3/6-, and
1/2/3/6-VLPs. (A) Silver-stained SDS–10% polyacrylamide gel with proteins of
purified VLPs resulting from the expression of indicated genes in the absence or
presence of protease inhibitors. Protease inhibitors aprotinin and leupeptin, each
at 1 mg/ml, were added daily. (B) Autoradiogram of [a-32P]GTP-bound VP3 to
visualize the presence of VP3 in the VLPs shown in panel A. VP1/D2/3 and
VP1/2/3 were coexpressed from the baculovirus recombinants pVL941/RF-1 and
pVL1393/SA11-3 with recombinant BVP2C24 or BacRF2A, respectively, and
purified by centrifugation on a 5 to 20% sucrose gradient. VPD2/3/6 and VP2/3/6
were coexpressed from the baculovirus recombinants pVL941/RF-1, pVL1393/
SA11-3, and pAc461/SA11-6 with recombinants BVP2C24 and BacRF2A, re-
spectively, and purified by CsCl isopycnic centrifugation. To compare VP1 and
VP3 encapsidation, the protein amount loaded onto each lane was adjusted so
that the amount of VPD2 was similar to or higher than that of VP2 band A, the
VP1 binding protein (Fig. 6C).
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stability. This finding suggests that D2-VLPs retain the char-
acteristics necessary for the encapsidation of VP6 trimers and
that aa 1 to 92 at the N terminus of VP2 are not involved in the
assembly of VP6 trimers into D2/6-VLPs.

Coexpression of VPD2 plus VP1, VPD2 plus VP1 plus VP3,
or VPD2 plus VP3 resulted in the formation of only single-
layered D2-VLPs which lacked VP1 and VP3. Coexpression of
VPD2 plus VP1 plus VP6, VPD2 plus VP1 plus VP3 plus VP6,
or VPD2 plus VP3 plus VP6 produced only double-layered
D2/6-VLPs which also lacked VP1 and VP3. The expression
levels of VP1 and VP3 in 1/D2- versus 1/2-VLPs, 1/D2/3- versus
1/2/3-VLPs, and D2/3- versus 2/3-VLPs, and in 1/D2/6- versus
1/2/6-VLPs, 1/D2/3/6- versus 1/2/3/6-VLPs, and D2/3/6- versus
2/3/6-VLPs, were comparable as determined by dot blot assays
for VP1 and by [a-P32]GTP binding for VP3 of dilutions of
samples examined at 80 h postinfection. VP1 was detected only
in the top fractions of gradients when 1/D2- and 1/D2/3-VLPs
were analyzed by centrifugation through 5 to 20% sucrose
gradients, while VP1 or VP3 comigrated with VP2 in the broad
band obtained with a peak at fraction 9 when 1/2-, 1/2/3- and
2/3-VLPs were centrifuged in 5 to 20% sucrose gradients (data
not shown). It is known that [a-32P]GTP does not label 2-, 1/2-,
2/6-, and 1/2/6-VLPs (38). Therefore, these results clearly sug-
gest that VP2 lacking the N-terminal 92 aa has lost its capa-
bility to encapsidate VP1 alone, VP3 alone, or a VP1-VP3
complex. Prasad et al. (29) reported that a flower-shaped VP1-
VP3 complex is seen attached to VP2 at the fivefold axes
between the 160- and 220-Å radii in both 1/2/3/6-VLPs and
native double-layered particles. Recently, Lawton et al. (20)
reported a comparison of the inner surface structures between
2-VLPs and D2-VLPs; i.e., a loss of mass adjacent to the
fivefold axes and a redistribution of mass along the fivefold
axes were seen. These results imply that the portion of VP2 at
the fivefold axes seen in three-dimensional reconstructions
computed from EM images could represent a portion of the N
terminus of VP2 extending out from the 2-VLP inner surface

FIG. 6. Interactions between VP1 and other VLP proteins tested by far-
Western blotting. (A) Silver-stained SDS–10% polyacrylamide gel of purified
VP1 used for far-Western blotting to verify the VP1 binding proteins. VP1 was
purified by FPLC followed by passage through an immunoaffinity column of
rabbit IgG against wild-type baculovirus proteins. (B) Silver-stained SDS–10%
polyacrylamide gel of the proteins in the indicated VLPs. Each purified VLP was
(i) mixed with Laemmli buffer containing bME and boiled for 5 min or (ii) mixed
with sample buffer without bME, kept at 4°C, and then resolved on an SDS–10%
polyacrylamide gel at 4°C. (C) VP1 binding proteins detected on far-Western
blots. A duplicate of the gel in panel B was run, and the proteins were transfered
to a PVDF membrane for far-Western VP1 binding assay. After renaturation of
the proteins blotted to the PVDF membrane and blocking of free binding sites,
10 mg of VP1 per ml was added to probe the proteins capable of binding VP1.
The bound VP1 was detected by guinea pig anti-VP1 antibody followed by goat
anti-guinea pig IgG-alkaline phosphatase conjugate and enzyme substrates.

FIG. 7. Mapping the domain of VP2 required for binding VP1 by far-West-
ern blotting. (A) Western blot of three truncated forms of VP2. Lysates of
infected cells expressing three N- and C-terminus truncations of VP2 (aa 1 to
583, aa Met-26 to 583, and aa Met-45 to 583) were boiled with Laemmli sample
buffer containing bME, resolved on an SDS–10% polyacrylamide gel, and blot-
ted to nitrocellulose. They were probed by MAb 164AE22, which directs a VP2Rf
epitope located between aa 45 and 92. (B) VP1 binding of truncated forms of
VP2. Three VP2 truncation mutants were mixed with Laemmli buffer containing
bME, boiled for 5 min, resolved on an SDS–10% polyacrylamide gel, and blotted
to a PVDF membrane. After renaturation of the blots, 10 mg of VP1 per ml was
added to probe the peptide fragments capable of binding VP1 as described for
Fig. 6C.
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to anchor the VP1-VP3 complexes. This could explain why
fragments consisting of VP2 aa 93 to 880 are capable of form-
ing stable empty single-layered VLPs.

To map the domain of VP2 required for binding VP1, far-
Western blotting, a method to probe protein-protein interac-
tions, was used. Since full-length VP2 (band A) and its three
cleavage products (band B [aa 43 to 880], band C [aa 93 to 880,
and band D [aa 369 to 880]) are always detected when VP2 is
expressed in the absence of protease inhibitors (37, 38) (see
below), full-length VP2 and its cleavage products were useful
probes for VP1 binding. Far-Western blotting showed that
VP1 binds only to full-length VP2 (band A), not to the cleav-
age bands B, C, and D and VPD2. VP1 binding assays with the
truncated VP2 consisting of aa 1 to 583, aa Met-26 to 583, and
aa Met-45 to 583 showed that only VP2 from aa 1 to 583 is
capable of binding VP1. No bands were seen when the BSA-
blocked blots were only incubated with the primary or second-
ary antibody alone before or after incubation with VP1 (data
not shown). These facts suggest that (i) a domain at aa 1 to 25
of the VP2 N terminus is required for binding VP1, (ii) aa 584
to 880 at the C terminus of VP2 are not sufficient for VP1
binding, and (iii) the lack of ability of D2-VLPs and D2/6-VLPs
to encapsidate VP1 was not because of an added Met in front
of VP2-C. In addition to VP2-A, VP6 trimers, but not VP6
monomers, were capable of interacting with VP1. This finding
suggests that (i) a VP1-interacting conformation may exist in
VP6 trimers but not in VP6 monomers; (ii) this VP1 binding
site on the VP6 trimers may be located close to the VP2 layer,
and some portion of VP1 may be associated with VP2 and
extend across the VP2 layer into the VP6 layer; and (iii) the
preformed VP1-(VP6)3 complexes could not be encapsidated,
because D2/6-VLPs did not show any evidence of VP1 associ-
ation. We also probed VP1 from 1/2/6-VLPs with purified VP6
by far-Western blotting. Guinea pig anti-VP6 was used as the
primary antibody. The VP6 bound to VP1 and also to the VP2
bands A to C (data not shown). The function, if any, of this
interaction between VP1 and VP6 trimers remains unknown.
In addition, although it is clear that VP2 aa 1 to 92 are nec-
essary for VP3 encapsidation, we were not able to further map
the domain of VP2 required for binding VP3 because the
required reagents, e.g., purified VP3, are not available.

In the discussion of a previous report (37), based on its
apparent molecular weight in SDS-PAGE, we speculated that
VP2-B represented aa 1 to 789 and had a blocked N terminus.
This conclusion was reached because the amount VP2-B avail-
able was low and difficult to be clearly sequenced. Recently, we
obtained additional VP2-B material, blotted it onto an Immo-
bilon-P transfer membrane (Millipore), and sequenced the
protein by using an Applied Biosystems 477A protein se-
quencer in the Protein Sequencing Core Facility of Baylor
College of Medicine. An N-terminal sequence was obtained
and found to be KKEEVVTDS; this sequence begins at aa 44
of VP2 (16, 36). Recent studies have also detected another
cleavage product of VP2 that has a molecular weight of
;58,000, designated VP2-D. Its N terminus has been se-
quenced as GINSQAAND beginning at aa 369 of VP2 (4, 16).
The significance of these cleavage products remains to be de-
termined.

VP1 is thought to be the RNA-dependent RNA polymerase
of rotavirus. It, together with VP3, binds to VP2 at the fivefold
axes (29). VP1 also specifically binds to the 39 end of viral
mRNA (24), and the seven nucleotides at the 39 terminus
provide the minimum requirement for replication, at least, of
the segment 9 mRNA (34). RNA also binds to the N terminus
of VP2 (17), to which VP1 and VP3 also bind (this study).
Thus, we know that the polymerase VP1, the guanylyltrans-

ferase VP3, and template mRNA all colocalize at the N ter-
minus of VP2 at the fivefold axes, but we do not yet know
precisely how they function to bring about RNA transcription,
elongation, and exiting from particles.

In summary, we have expressed VPD2, an N-terminal 92-aa-
deleted VP2, alone and with other species of proteins existing
in the single- and double-layered capsids of rotavirus in the
baculovirus system, and we have purified and characterized the
resulting VLPs. The VP1 and VP3 are not assembled into
VLPs with VPD2. The N-terminal peptide of VP2 is required
for encapsidation of VP1 and VP3.

ACKNOWLEDGMENTS

We gratefully acknowledge the helpful discussions and critical re-
view of the manuscript provided by Sue E. Crawford, J. A. Lawton, and
B. V. V. Prasad. We also thank Marie Labbé for preparing the recom-
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17. Labbé, M., P. Baudoux, A. Charpilienne, D. Poncet, and J. Cohen. 1994.
Identification of the nucleic acid binding domain of the rotavirus VP2 pro-
tein. J. Gen. Virol. 75:3423–3430.
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