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Norovirus is the most important cause of nonbacterial acute gastroenteritis. We have shown previously that
the isolated P domain containing the hinge forms a dimer and binds to histo-blood group antigen (HBGA)
receptors with a low affinity (M. Tan, R. S. Hegde, and X. Jiang, J. Virol. 78:6233–6242, 2004). Here, we
reported that the P domain of VA387 without the hinge forms a small particle with a significantly increased
receptor binding affinity. An end-linked oligopeptide containing one or more cysteines promoted P-particle
formation by forming intermolecular disulfide bridges. The binding sensitivity of the P particle to HBGAs was
enhanced >700-fold compared to the P dimer, which was comparable to that of virus-like particles. The
binding specificity of the P particle was further confirmed by strong binding to the Caco-2 cells, a human colon
carcinoma cell line. This binding enhancement was observed in the P particles of both norovirus GI and GII
strains. The P particle is estimated to contain 12 P dimers, in which the P2 subdomain builds up the outer
layer, while the P1 subdomain forms the internal core. Taken together, our data indicate that the P domain is
involved not only in dimerization but also in polymerization of the protein during the capsid assembling. The
enhanced receptor binding of the P particle reflects the intrinsic feature of the viral capsid. The easy
production of the P particle and its strong binding to HBGAs suggest that the P particle is useful in studying
pathogenesis and morphogenesis of norovirus and candidates for antiviral or vaccine development.

Norovirus, previously called Norwalk-like virus or small round
structured virus, is the most important viral pathogen of epidemic
acute gastroenteritis in both developed and developing countries
(9, 10). Recent advances in understanding of norovirus-host in-
teraction and the viral receptors have opened a new approach to
study the host range and pathogenesis (18, 31). Noroviruses rec-
ognize human histo-blood group antigens (HBGAs) as receptors,
which are complex carbohydrates present on red blood cells and
mucosal epithelium or as free antigens in biological fluids, such as
saliva, milk, and intestinal contents (25, 29). The recognition of
HBGAs by noroviruses is strain specific, and eight distinct recep-
tor-binding patterns have been identified (13, 14, 16, 17, 19, 26).
The linkage of norovirus binding to HBGAs with clinical infection
has been demonstrated in human volunteer studies. In the case of
the prototype Norwalk virus (NV), for example, individuals of
nonsecretors were naturally resistant to NV infection following
the challenge (23). It seems logical to predict that each virus strain
of the other binding patterns has its own host range defined by
host blood type, although a recent human volunteer study of
another norovirus, the Snow Mountain virus, did not reveal clear
association between infection and host blood type (22).

Norovirus belongs to the family Caliciviridae. It contains a
positive-strand, polyadenylated RNA genome of �7.7 kb that
is encompassed by a protein capsid. The viral capsid is com-
posed of a single major structural protein forming an icosahe-
dral particle that is believed to have many important functions,
such as host-receptor interaction and host immune recogni-

tion. Biological characterization of human noroviruses has
been hampered by the lack of an in vitro culture and an animal
model for propagation of the viruses. The successful expres-
sion of norovirus capsid proteins and the fact that the capsid
proteins spontaneously form virus-like particles (VLPs) pro-
vided valuable materials for studying norovirus in many aspects
of immunology, epidemiology, and pathogenesis (16, 17, 21).

The atomic structure of the recombinant NV capsid indi-
cated that norovirus capsid contains 180 capsid protein mono-
mers organized into 90 dimeric capsomers that form a T�3
icosahedron (28). Each of the capsid protein is composed of
two major domains, the N-terminal shell (S) and the C-termi-
nal protrusion (P) domains, linked by an eight-amino-acid
hinge. The S domain folds in an eight-stranded �-barrel that
commonly occurs in the capsid proteins of other viral families
and forms the contiguous shell of the capsid. The P domain
builds up the arch-like structures extending from the shell.
Morphogenesis studies showed that the S domain is required for
the assembly of the capsid (2) and participates in multiple inter-
molecular interactions of dimers and pentamers of dimers,
whereas the P domain is involved in dimeric interaction (28). It
has been shown that the isolated P domains with the hinge
form dimers in vitro that maintain binding function to HBGA
receptors (32). The P domain can be further divided into P1
and P2 subdomains, which correspond to the leg and the top of
the arch-like capsomer, respectively (28). Because the P2 sub-
domain contains the most variable sequence and is located on
the surface of the capsid, it has been assumed that the P2
subdomain is critical for host immune and receptor interac-
tions. Indeed, a binding interface has been identified in this
region by computer modeling, followed by site-directed mu-
tagenesis analysis (3, 20, 33).
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Sequence analysis of norovirus capsid protein showed that
there are many trypsin and chymotripsin cleavage sites across
the entire protein. However, proteolytic analysis of the noro-
virus VLPs resulted in only partial digestion of the capsid
protein, in which the S domain was completely digested, while
the P domain remained intact when the NV VLPs were treated
with trypsin (12). Partial digestion of NV capsid protein was
also observed when the recombinant NV capsid protein was
expressed in baculovirus (21). More interestingly, a large
amount of soluble 30-kDa norovirus protein was found in
stools of NV-infected patients (11); this soluble protein was
later demonstrated to be the P domain of the capsid protein
(12). N-terminal sequencing of the NV-soluble P protein
showed that it begins at T227 of the NV capsid protein, which
is the third amino acid of the P domain (12). These data
indicate that the P domain must have folded in certain struc-
tures that are resistant to proteases. The survival of the P
protein through the human intestinal tract suggests that the P
domain possesses some biological functions.

In the current study, we further characterized the norovirus
P domain by biochemical and mutagenesis approaches. We
demonstrated that, when expressed in Escherichia coli, the P
domain without the hinge forms a complex (P particle) that
displays enhanced binding ability to HBGAs. This differs from
the previous observation that the P protein containing the
hinge forms a dimer and has a lower binding affinity to HBGAs
(32). We also showed that the P particle is composed of 12
identical P dimers that organized most likely into a T�1 ico-
sahedron. The mechanism and factors that affect the intermo-
lecular interactions and the stability of the P particles are
discussed.

MATERIALS AND METHODS

Construction of norovirus capsid protein mutants. Various mutants of VA387
and NV capsid proteins used in this study were constructed by cloning the
full-length or partial capsid genes into pFastBac (Bac-to-Bac Baculovirus Ex-
pression system; Invitrogen, Carlsbad, CA) at the BamHI and NotI sites for
expression in baculovirus or into pGEX-4T-1 (GST Gene Fusion system;
Amersham Biosciences, Piscataway, NJ) at the BamHI and NotI sites for ex-
pression in bacteria. All mutants with N- or C-terminal-linked short peptides
were prepared with primers with the peptide-encoding sequences at their 5� or 3�
ends (Table 1). The mutant of VA387 capsid protein with a T338A mutation was
constructed using the QuickChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA) as previously described (33). The mutants CNGRCTTDC-H/P and
CVQPCNGRC-H/P were made from the construct CNGRC-H/P by mutagenesis
using the same QuickChange site-directed mutagenesis kit. The construct for
expressing CNGRC-MBP (maltose-binding protein) was made by amplifying the
MBP-encoding sequence from the plasmid pMALc2 (NEB, Hercules, CA), in
which the forward primer contained the CNGRC-encoding sequence. The mu-
tation sites and cloning conjunctions of all expression constructs were confirmed
by sequencing. Table 1 lists all primers used in this study.

Expression and purification of norovirus VLPs. The capsid proteins of NV
and VA387, representing the norovirus genogroups I and II, respectively, were
expressed in insect cell Spodoptera frugiperda (Sf9) using the Bac-to-Bac bacu-
lovirus expression system (Invitrogen, Carlsbad, CA) as described previously
(16). Briefly, the cDNA sequences of open reading frames 2 and 3 were cloned
into pFastBac donor plasmid and transposed into bacmid. Sf9 cells were then
infected with the recombinant bacmid containing the capsid genes. The VLPs
from the infected insect cells were partially purified by centrifugation through a
sucrose gradient containing 10% to 50% sucrose. The peak fractions containing
VLPs were pooled and stored at �70°C in phosphate-buffered saline (PBS), pH 7.4.

Expression and purification of the recombinant P proteins in E. coli. After
sequence confirmation, the constructs containing different norovirus P protein-
encoding sequences were expressed in E. coli strain BL21 at room temperature
overnight with an induction of 0.5 mM IPTG (isopropyl-�-D-thiogalactopyrano-

side). Purification of the recombinant glutathione S-transferase (GST)-P fusion
protein from bacteria was performed with Glutathione Sepharose 4 Fast Flow
(Amersham Biosciences, Piscataway, NJ) according to the manufacturer’s in-
structions, as described previously (32, 34). The fusion protein was eluted by
glutathione (Amersham Biosciences, Piscataway, NJ), and the P proteins were
released from GST by thrombin (Amersham Biosciences, Piscataway, NJ) cleav-
age at room temperature for 16 h. Further purification was conducted by gel
filtration using a size exclusion column and/or anion exchange (see below).
Protein concentrations were measured spectroscopically or by quantitative so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), depend-
ing on the purity of the proteins.

Gel filtration. To further purify the capsid proteins and/or to measure the
molecular weight of the proteins, the affinity column-purified proteins were
loaded on the size exclusion column Superdex 200 (Amersham Biosciences,
Piscataway, NJ), powered by an AKTA fast-performance liquid chromatography
(FPLC) system (model 920; Amersham Biosciences, Piscataway, NJ). The pro-
teins of each peak were analyzed by SDS-PAGE and/or Western analysis. The
molecular weight of the proteins in each fraction was calibrated with the Gel
Filtration Calibration kit (Amersham Biosciences, Piscataway, NJ). Gel filtra-
tions were run using PBS, pH 7.4, except as otherwise indicated.

Anion-exchange chromatography. The anion-exchange system Q Sepharose
High Performance (Amersham Biosciences, Piscataway, NJ) was packed in a
Flex column with a flow adapter (Kontes, Vineland, NJ) powered by an AKTA
FPLC System (model 920; Amersham Biosciences, Piscataway, NJ). The P pro-
teins purified by affinity column or gel filtration were adsorbed to the anion
exchanger in binding buffer (20 mM Tris-HCl, pH 8.0). The proteins were then
eluted by an increasing salt gradient of elution buffer (1 M NaCl, 20 mM
Tris-HCl, pH 8.0). The proteins of each peak were analyzed by SDS-PAGE
and/or Western analysis.

Nondenatured and nonreduced PAGE. To demonstrate the existence of the P
particles, the P proteins were loaded onto a nondenatured polyacrylamide gel
without boiling the proteins by using a loading buffer without SDS and reducing
reagent. The nondenatured polyacrylamide gel was prepared and electropho-
resed without SDS. The P protein known to form dimer only was used in the
PAGE for a comparison.

Assay of capsid proteins binding to HBGAs. The binding capabilities of wild-
type and mutant capsid proteins to HBGAs were measured by saliva-binding
assays described previously (16). The blood types of the saliva donors whose
saliva were used in this study were determined in a previous study (16). Synthetic
oligosaccharides (Glycorex B, Lund, Sweden) were used as control to ensure that
it was the HBGAs, not other components in the saliva, that reacted with the
capsid proteins.

Quantitative measurement of norovirus capsid proteins binding to HBGAs.
To compare the receptor-binding capabilities of the capsid proteins in different
forms, the binding sensitivity of the VLP, the P dimer, and the P particle were
determined by an end point titration by the standard saliva-binding assays (16,
32) with a cutoff point of an optical density at 450 nm of �0.1. For direct
comparison, all recombinant capsid proteins were adjusted to a starting concen-
tration of 1 mg/ml. Baculovirus-expressed VLPs of VA387 were included in each
plate as an internal standard.

Dissociation of VLPs. To determine the role of the structural integrity of VLP
in the receptor binding, we compared the binding activities of VLPs with their
dissociated forms following a dissociation treatment of the VLPs. In one condi-
tion, VLPs were partially dissociated by dialyzing VLPs with 50 mM Tris (pH 9.0)
for 3 to 6 h at room temperature (36). Alternatively, VLPs in the peak fractions
(containing �30% sucrose) of sucrose gradient were adjusted to contain 50 mM
of Tris (pH 9.0) and then incubated at 4°C for 3 to 6 h. The treated VLPs were
then analyzed by gel filtration as described previously. Fractions containing the
intact VLPs and dissociated capsid proteins were assayed for receptor-binding
abilities after they were adjusted to the same protein concentration with
Centricon (Millipore, Danvers, MA).

EM. Gel filtration-purified P particles were prepared for electron microscopy
(EM) examination using 1% ammonium molybdate as the staining solution (2).
Specimens were examined under an EM10 C2 microscope (Zeiss, Germany) at
80 kV at a magnification of �80,000.

Mass spectrometry. The molecular weights of the P-protein monomer and
dimer were determined by electrospray ionization-mass spectrometry (MS) and
by matrix-assisted laser desorption/ionization-MS (MALDI-MS) performed by
the core facility at the University of Cincinnati, Cincinnati, Ohio. For electro-
spray ionization-MS, the P proteins were diluted in 50% acetonitrile–water–0.1%
formic acid buffer and analyzed through a Micromass Q-TOF II mass spectro-
meter (Waters Corporation Milford, MA). The sample was directly infused
through the instrument with a syringe pump. MALDI-MS was performed by
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a standard protein analysis protocol using sinapinic acid as a matrix. The
MALDI-MS was a Bruker Daltonics Reflex IV (Billerica, MA).

Examination of the P particle binding to Caco-2 cells by fluorescence micros-
copy. Caco-2 cells (a human colon carcinoma cell line) were cultivated using the
conditions described by White et al. (35). The cells were maintained in the
culture for 10 to 14 days postconfluency before being used for the binding assay.
The P dimer (H/P) and the P particle (CNGRC-H/P), as well as a binding-
defective mutant (PC-5) (M. Tan and X. Jiang, unpublished data), were biotiny-
lated using the EZ-link biotinylation kit (Pierce, Rockford, IL). The labeled P
proteins at indicated concentrations were incubated with the cells for 2 h at 37°C.
After wash with Hank’s balanced salt solution with Mg2� and Ca2� (Cambrex
Bio Science, Walkersville, MD), fluorescein isothiocyanate-streptavidin (1:200;
Pierce, Rockford, IL) was added to the cells and incubated for 60 min at 37°C.
After a final wash with Hank’s balanced salt solution, the cells were examined

under a fluorescence microscope (Zeiss Axiovert S100; Germany) equipped with
a SPOT digital camera (Diagnostic Instruments, Inc.).

RESULTS

The isolated P domain without the hinge forms a complex.
We reported previously that the isolated P domain with the
hinge (H/P mutant) of noroviruses forms a dimer that binds to
HBGAs (Fig. 1A and B) (32). Here, we show that the P
domain without the hinge (P mutant) of VA387 formed a
complex of dimers (P particle, see below) (Fig. 1C, D, F, and
G). Gel filtration analysis using Superdex 200 showed that this

FIG. 1. The isolated P domain without the hinge forms P particles. (A to D) Chromatographs of gel filtrations of the H/P mutants (A and B)
and the P mutants (C and D) of strains VA387 (A, C, and D) and NV (B), indicating peaks of the P dimer and the P particle. A minor peak in
the void volume (�45 ml) sometimes occurred and contained proteins that did not react with norovirus-specific antibodies. The gel filtration
column (Superdex 200; Amersham Biosciences) was calibrated by the calibration kit (Amersham Biosciences): 2,000 kDa, 44.3 ml (void); 669 kDa,
51.1 ml; 440 kDa, 56.2 ml; 232 kDa, 65.7 ml; 146 kDa, 70.8 ml; 67 kDa, 76.7 ml; 47 kDa, 82.7 ml; 25 kDa, 92.9 ml; and 13.7 kDa, 97.3 ml.
(E) SDS-PAGE gel stained with brilliant blue (G250) to show P proteins of the P mutants purified by affinity column (lane 1) and by
anion-exchange chromatography (lane 2), as well as the P protein of CNGRC-H/P mutant purified by affinity column, followed by anion-exchange
chromatography (lane 3). (F) Western analysis of gel filtration peaks containing the P dimer and the P particle of VA387 with hyperimmune sera
against the VLPs of VA387. (G) Nondenatured PAGE gel stained with brilliant blue (G250) to visualize the P particles as bands with high
molecular masses. (H and I) Measurements of the molecular weight of the P dimer (P mutant) by electrospray ionization-MS (G) and by
MALDI-MS (H).

TABLE 2. Summary of the receptor-binding sensitivities of the P mutants and their abilities to form P particles

Mutanta Description Dimerb Multimerb
Binding sensitivity to HBGAs (ng/ml)c

O A B N

P domain
P P domain without hinge Varied Varied 3,700d 137.2d 137.2d �105d

H/P P domain with hinge �95% 	5% 3 � 104 3,700 3,700 �105

NGR-H/P H/P with NGR on N terminus �99% 	1% �105 �105 �105 �105

QNGR-H/P H/P with QNGR on N terminus �95% 	1% �105 3,700 3,700 �105

H/P-NGRC H/P with NGRC on C terminus 	15% �85% 411.5 15.3 5.1 �105

CGGGC-H/P H/P with CGGGC on N terminus 	10% �90% 1,230 15.3 5.1 3 � 104

CAGAC-H/P H/P with CAGAC on N terminus 	10% �90% 1,230 15.3 5.1 �105

CNGRC-H/P H/P with CNGRC on N terminus 	5% �95% 1,230 15.3 5.1 �105

H/P-CNGRC H/P with CNGRC on C terminus 	5% �95% 1,230 15.3 5.1 �105

CNGRC-H/P-CNGRC H/P with CNGRC on both ends 	5% �95% 3 � 104 15.3 15.3 �105

CVQPQNGRC-H/P H/P with CVQPQNGRC on N terminus 	5% �95% 1,230 15.3 5.1 �105

CNGRCTTDC-H/P H/P with CNGRCTTDC on N terminus 	5% �95% 3,700 15.3 5.1 �105

H/P-CDCRGDCFC H/P with CDCRGDCFC on C terminus 	5% �95% 3,700 5.1 1.7 �105

GST-CNGRC-H/P CNGRC-P/H with GST on N terminus NDf ND 3 � 104 3,700 3,700 �105

P-NGRC P with NGRC on C terminus �10%e �10%e 411.5 15.3 5.1 �105

P-CGGGC P with CGGGC on C terminus 	10% �90% 411.5 5.1 5.1 �105

H/P-T/A H/P with mutation T338A �95% 	5% �105 �105 �105 �105

CNGRC-H/P-T/A CNGRC-H/P with mutation T338A 	5% �95% �105 �105 �105 �105

CNGRC-MBP MBP with CNGRC on N terminus ND ND �105 �105 �105 �105

Full-length protein
FVLP Wild-type VLPs from insect cells NAg NA 91.8 30.6 10.2 �105

H/P (NV) P domain with hinge �95% 	5% 1,230 1,230 104 �105

CNGRC-HP (NV) H/P with CNGRC on N terminus �50% �50% 45.7 15.2 1,230 �105

VLP (NV) Wild-type VLPs from insect cells NA NA 45.7 45.7 411.5 �105

a All mutants are VA387 related except as otherwise noted.
b Formation of the P dimer or the P particle was determined by gel filtration using a size exclusion column, Superdex 200.
c The binding sensitivity was determined by saliva-binding assays using threefold series diluted recombinant capsid proteins. The values are the minimum protein

concentrations that produce an optical density at 450 nm of 0.1 to 0.29. O, A, B, and N, saliva samples with blood types of O, A, B, and nonsecretor, respectively.
d Value that was measured using a fraction with protein concentration of 0.8 mg/ml.
e A total of 80% of this P protein was eluted in void volume.
f ND, not determined.
g NA, not applicable.
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complex was eluted at the same position as thyroglobilin, a
protein standard with a molecular mass of 690 kDa (Amer-
sham, Piscataway, NJ) (Fig. 1C and D), suggesting that this P
complex contained 12 P dimers, as the P dimer was eluted at a
position corresponding to 55 kDa (Fig. 1A and B) (32). Non-
denatured PAGE confirmed the presence of the P particle
as it appeared as a single high-molecular-mass protein band
(Fig. 1G). There was no major contamination of the P protein
following the affinity purification (Fig. 1E, lane 1). The P par-
ticle was further purified by anion-exchange chromatography
(Fig. 1E, lane 2). The fact that only a single peak of the P
particle and no intermediate product were seen in the gel
filtration (Fig. 1C and D) suggests that the estimated 12 P

dimers must be arranged in a low-energy order in the particle
(see below). The formation of the P particle is P protein con-
centration dependent, as �60% of the VA387 P mutant exis-
ted as dimers at a concentration of 0.8 mg/ml, whereas �90%
of the P protein formed particles at 2.5 mg/ml (compare
Fig. 1C and D). To accurately measure the molecular weights
of the P dimer and the P particle, analytic mass spectrometry
was performed. Both electrospray ionization-MS (Fig. 1H) and
MALDI-MS (Fig. 1I) revealed a mass of �69 kDa of the P
dimer. Accordingly, the estimated molecular mass of the P
particle (12 P dimers) should be �830 kDa.

An end-linked cysteine promotes P particle formation. The
fact that the P domain without the hinge formed P particles

FIG. 2. An end-linked cysteine promotes the P particle formation. (A and B) H/P mutants with an N-terminus-fused short peptide without
cysteine formed only P dimer. (C to J) Chromatographs of gel filtrations of P or H/P mutants with an end-linked cysteine-formed P particle.
The minor peaks in the void volume (�45 ml) contained proteins unrelated to norovirus (Fig. 1). (K and L) Negative controls to demonstrate that
the H/P mutant with GST (K) or MBP with the end-fused cysteines (L) did not form P particles. The gel filtration column was calibrated using
the same calibration kit as described in the legend to Fig. 1.
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indicates that the hinge inhibited P particle formation. In sep-
arate studies, we have observed that addition of a small peptide
to the ends of the P domain greatly affected the receptor
binding of the P protein (Table 2). Since P particle formation
also affects the receptor binding of the P protein (see below),
we tested the effects of these peptides on the formation of the
P particle of VA387. The first peptide tested contained five
amino acids (CNGRC), a ligand of CD13 (aminopeptidase)
found in tumor blood vessels (7, 27). Addition of this peptide
to either the N or the C terminus of the H/P mutant resulted
in nearly exclusive formation of the P particle (Fig. 2D and E).

When the NGR or QNGR motifs without cysteine were
fused to the N terminus of H/P mutants, the P proteins formed
dimer only (compare Fig. 2A and B to Fig. 2D and E). How-
ever, when one or more cysteines were added back to the
peptides, the P proteins mainly formed P particles (Fig. 2C, F,
G, H, and I). These data indicate that the cysteine, but not the
NGR motif, was important for promoting P-particle formation.
A single cysteine is probably sufficient for this promotion, as
more cysteines only resulted in slight increase of the P particle
formation (compare Fig. 2C to Fig. 2D to G). The CNGRC
motif also promoted P particle formation of NV, a GI norovi-
rus (compare Fig. 1B to Fig. 2J), although the efficiency was
lower than that of VA387. This promotion effect was P protein
specific, as fusion of CNGRC to the C terminus of the MBP
(42 kDa) resulted only in aggregates of the protein with vari-
able sizes (Fig. 2L and M). A fusion of the GST tag to the H/P
mutant did not result in P particle formation either (Fig. 2K).

The cysteine-promoted P particle was sensitive to dithiothreitol
(DTT) treatment at concentrations of 1 to 2 mM (Fig. 3A to
C), indicating that an intermolecular disulfide bond is involved
in the formation of the P particle. However, a further increase
of DTT concentration (from 5 to 10 mM) did not lead to
complete dissociation of the P particle (Fig. 3D and E), sug-
gesting that forces other than a disulfide bond may also be
involved in P particle formation. The disulfide bond may also
play a role in P dimer and VLP formations, because degradations
of these molecules have been observed following treatment with
DTT in a dose-dependent manner (Fig. 3A to E, H, and I). In
contrast, treatment of 10% glycerol or 50 mM Tris at pH 9 did not
result in degradation of the P particle (Fig. 3F and G).

The P particle revealed a unique morphology under EM. We
examined the FPLC-purified P particle by a negative staining
EM. As shown in Fig. 4A and B, the P particles revealed ring-
or pentagon-shaped structures with a diameter of �5 nm,
indicating that they are closed, spherical particles with a cavity
inside. The P protein from the dimer fractions did not reveal
these structures (data not shown).

The P particle displays an enhanced ability to bind to HBGA
receptors. In our previous studies, we demonstrated that the
P dimers bound to HBGAs but that the binding affinity was
lower than that of the intact capsid (32). To determine if the P
particle formation affects the receptor binding of the P pro-
teins, we compared the P particles and the P dimers from the
gel filtrations for receptor-binding activity. The results showed
that the P particles of both VA387 and NV bound significantly

FIG. 3. The P particle and VLP of VA387 were dissociated by DTT. (A to E) Chromatographs of gel filtrations of the P particle of the
CNGRC-H/P mutant (A) treated by 1 mM (B), 2 mM (C), 5 mM (D), and 10 mM (E) DTT for 7 h. The three peaks represent the P particle, the
P dimer, and the degraded products (	10 kDa), respectively. (F and G) The same P particles were treated with 10% glycerol (F) or 50 mM Tris,
pH 9 (G). (H and I) VLP of VA387 was treated by 1 mM (H) or 10 mM (I) DTT. The gel filtration column was calibrated using the same calibration
kit as described in the legend to Fig. 1.
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more strongly than the P dimers by the saliva-based assays
(Fig. 5). We then performed a systematic comparison of
receptor-binding sensitivities of different mutant capsids
(Table 2), which basically confirmed the conclusion of higher
binding sensitivities of the P particles than the P dimers. The

estimated binding sensitivity of the VA387 P particle to the B
antigen was �725-fold higher than that of the P dimers, even
higher (�2-fold) than that of the VLPs. Similar binding en-
hancement was also observed with NV P particles, although
the increase was less (81 fold for the A antigen). It was noted
that binding enhancement to the A/B epitopes was significantly
higher than to the H epitope for the VA387 P particle. This
suggests that A/B and H are independent epitopes and that the
VA387 P particles did not have a proper conformation for the
H epitope. This is consistent with the norovirus receptor-bind-
ing model proposed recently by Huang et al. (17), in which the
receptor-binding interface of the capsid possesses different
sites interacting with the A/B and the H epitopes, respectively.

To further determine the role of the structural integrity of the
capsid in receptor binding, we performed binding assays using
different forms of the capsid, following a partial dissociation of
VLPs. Two peaks of the capsid proteins were obtained from gel
filtrations, following the treatments of VA387 VLPs with Tris
buffer at pH 9.0 (36), which corresponded to the intact VLPs and
the capsid protein dimers, respectively (Fig. 6A and B, left pan-
els). A potential capsid intermediate, the pentamer of the capsid
protein dimer, as suggested by Prasad et al. (28), was also ob-
served when the VLPs in sucrose were treated with the Tris buffer
(Fig. 6D). Receptor-binding assays revealed that the binding sen-
sitivities of the dimers and the pentamers of dimers were signif-
icantly lower than those of the VLPs (Fig. 6B and D, right).
Similar results also were obtained for NV VLPs (Fig. 6C). These
data indicate that proper conformation of the capsid and/or the
binding interface is important for receptor binding.

The binding enhancement requires the authentic binding
interface. This conclusion was made from a study of a VA387
H/P mutant whose binding ability was destroyed by a single
amino acid mutation (T338A) at the receptor-binding interface
(32, 33). Addition of the CNGRC motif to this mutant resulted
in P particle formation (Fig. 7A to C) but did not restore the
receptor-binding function of this mutant (Fig. 7D and E).

FIG. 4. Electron micrographs of negatively stained P particle.
(A) FPLC-purified P particle of the H/P-CDCRGDCFC mutant of
VA387. Arrows indicate a typical pentagon-ring structure of the P
particle. The central part of panel A is enlarged in panel B. (C) Su-
crose gradient-purified VA387 VLPs shown at the same magnification
as in panel A.

FIG. 5. The P particle displays enhanced binding to HBGAs. (A and B) Chromatographs of gel filtrations showing two peaks representing the
P particle and the P dimer, respectively, of the P mutant of VA387 (A, left) and the CNGRC-H/P mutant of NV (B, left). Their binding activities
to HBGAs were revealed on the right panels. H, A, B, and N stand for the saliva samples with blood types O, A, B, and nonsecretor, respectively.
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The P particle binds to human intestinal Caco-2 cells. The
enhanced receptor-binding activity of the P particle was also
demonstrated in vivo using human colon carcinoma Caco-2
cells. Differentiated Caco-2 cells express H antigen (26), and
they revealed specific binding to VA387 P particles (CNGRC-
H/P) (Fig. 8, 1A to 2B). In contrast, the P dimers of the H/P
mutant and the PC-5 (a HBGA-binding defective mutant)
(Tan and Jiang, unpublished) did not reveal any binding
(Fig. 8, 3A to 4B). The P particle binding only to a portion of
the cell population indicates that the cells may be in different
stages of differentiation with variable levels of HBGA expres-
sion.

DISCUSSION

In this study, we demonstrated that the isolated capsid P pro-
tein of VA387 spontaneously forms a small particle with a unique

morphology. Based on the molecular mass (�830 kDa), the
shape (round and empty), the size (�5 nm in diameter), the
dynamic of the P particle, as well as information from the litera-
ture (see below), we predicted that the P particle is a T�1 ico-
sahedron. The molecular weight of the P particle suggested
that it contains 24 P monomers organized into 12 identical P
dimers (Fig. 9) (32). “Twelve” is a perfect unit number for an
icosahedral symmetry that occurs frequently in other plant and
animal viruses (15). In fact, when 12 ping-pong balls were put
into a sack with slight pressing and twisting, a perfect T�1
icosahedron was formed (Fig. 9). Structural study of the
Grimsby virus, a strain genetically closely related with VA387,
revealed a spherical structure of the P dimer moiety in a
capsomer (4), suggesting that the isolated P dimer is a spher-
ical structure that fits easily in an icosahedral particle (15). The
single peak of the P particle in gel filtrations indicates that the
P proteins must be arranged into a low-energy order, consis-

FIG. 6. The receptor-binding activities of VLP and its dissociated intermediate. (A) Gel filtration chromatograph of sucrose gradient-purified
VA387 VLPs in PBS shows a single peak in the void volume. (B to D) Gel filtrations of partially dissociated VLPs of VA387 (B and D, left) and
of NV (C, left) by 50 mM Tris, pH 9 (B and C), or by 50 mM Tris containing 30% sucrose (pH 9) (D), showing peaks representing the intact capsid
(void), the potential pentamer of dimer (�440 kDa), capsid protein dimer (�110 kDa), and degraded product (	10 kDa), respectively. For each
gel filtration, the peak fractions were collected and adjusted to the same protein concentration according to the UV reading. The resulting proteins
then were used for binding assays, followed by a serial of threefold dilution (right). The striped columns show the binding of intact VLP, while the
open columns show the binding of the dissociated intermediate to type A saliva. Data were averages of an experiment performed in triplicate.
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tent with the property of an icosahedron. The same T�1 ico-
sahedral structure with 12 pentamers of N-terminally trun-
cated capsid proteins in human papillomavirus has been
reported (5). In addition, a number of studies on other plant
and animal viruses have also demonstrated T�1 subviral par-
ticles from truncated capsid proteins (1, 6, 8, 24, 30). Thus, the
formation of subviral particles by truncated viral capsid pro-
teins is a common phenomenon.

To summarize the available data, we propose the following
model to explain the dynamic of the P particle formation
(Fig. 9). There are probably only two forms of P proteins in
existence: the P dimer and the P particle. The P monomer must
instantly form dimers after their expression or releasing from
the GST tag by thrombin digestion, because we never saw P
monomer in the gel filtration experiment. The P dimers have a
high potential to assemble into P particles, a possible intrinsic
feature of the capsid protein in the capsid formation. The P

dimers and the P particles can exchange dynamically, depend-
ing on P protein concentrations. As a matter of fact, 7 of the 10
putative intermolecular interactive sites of the capsid protein
are located in the P domain, according to the atomic structure
of the NV capsid (28). Thus, there must be multiple dimeriza-
tion or polymerization interactions in the P domain that are
responsible for the P dimer, the P particle, and VLP forma-
tions. Additions of cysteines at the ends of the P protein clearly
favor these interactions and P particle formation. Although it
is not clear how each P monomer is orientated in individual P
dimers, all P dimers should have the same orientation in their
interaction with the five surrounding P dimers (Fig. 9). Since
the P2 subdomain is known to be responsible for receptor
binding, the outer layer of the P particle must be formed by the
P2 subdomain, similar to that on the norovirus VLPs (4, 28),
while the inner layer is made by the P1 subdomain, providing
support to the P2 tip. We predict that the P particle is an empty

FIG. 7. The binding enhancement of the P particle requires the authentic binding interface. (A to C) Gel filtration chromatographs of the
mutants H/P-T/A (A), CNGRC-H/P (B), and CNGRC-H/P-T/A (C), indicating that the mutation T338A does not affect P particle formation of
the CNGRC-H/P mutant. (D and E) Binding curves of H/P, CNGRC-H/P, CNGRC-H/P-T/A, and CNGRC-MBP to saliva of O, A, B, and
nonsecretor blood types (D) or to synthetic A- and B-trisaccharide–bovine serum albumin conjugate (E). The data for binding curves are mean
values of triplicate experiments. Saliva types: ■ , A; Œ, B; and F, O.

14026 TAN AND JIANG J. VIROL.



FIG. 8. The P particle of VA387 binds to differentiated Caco-2 cells. The left panels are phase-contrast micrographs of the differentiated Caco-2
cells after incubation with the biotinylated P particles (CNGRC-H/P) and P dimers (H/P or PC-5). The nonbinding mutant (PC-5) (Tan and Jiang,
unpublished) served as a negative control. The cell-bound P proteins were detected with fluorescein isothiocyanate-streptavidin (Pierce) observed
by fluorescence microscopy (right panels). Cells were 10 days after confluence. Micrographs in both panels show the same fields of the cell cultures.
The yellow numbers indicate the cells bound by the P particle.

VOL. 79, 2005 NOROVIRUS P PARTICLE BINDS HBGA RECEPTOR 14027



particle, based on the ring-like structure of the particles seen
by EM (Fig. 9B). Direct evidence for this prediction requires
cryo-EM or crystallography studies.

It becomes understandable based on the proposed model of
the P particle why the presence of the hinge inhibits P particle
formation. In VLPs, the hinge must provide a limited freedom to
the P domain for the icosahedral capsid structure in the presence
of the S domain (28). In the P particle, however, such freedom is
no longer required because of the absence of the S domain.
Therefore, the presence of the hinge becomes an extra plug in-
terrupting P1-P1 interactions. In contrast, the P1-linked cys-
teine(s) strengthens the P1-P1 interaction by disulfide bonds.

It has been shown that the N-terminal region of the capsid
protein of many plant and animal viruses contain a molecular
switch controlling the conformation of the icosahedral capsid.
When such switch was deleted from the rabbit hemorrhagic
disease virus, an animal calicivirus, the mutant capsid protein
formed a T�1 icosahedral particle (1). This molecular switch is
more common in plant viruses. When the N-terminal arms of
the capsid protein were removed, the mutant capsids of many
plant viruses assembled into T�1 particles (6, 8, 24, 30). How-
ever, additional mechanisms may also exist: the NV mutant
lacking the N-terminal arm is able to assemble into a T�3
capsid (2), while both T�1 and T�3 particles could be ob-
served when the NV full-length capsid protein was expressed in
insect cells (36). Thus, the P particle described here may rep-
resent only one consequence of many potential intermolecular
interactions. A further question would be whether these T�1
particles are biologically relevant.

The finding of a large amount of soluble P domain in the
stools of norovirus-infected patients (11, 12) indicates a favor-
able answer to the above question of the biological relevance
of the P protein. One potential function is that the P protein
may serve as a decoy for the progeny virions to escape host
immunity (12). Such P protein might result from the proteo-
lytic digestion of the capsid protein at the junction between the
S and the P domains. The highly conserved trypsin digestion
site in many noroviruses (12) implies a potential evolutionary
selection. The fact that only the P domain survives in the
intestine indicates that the P protein must be well folded so
that it is resistant to proteolytic digestions. To determine
whether the P protein forms P particles in vivo, we performed
gel filtration analyses of the P protein of stools of norovirus-
infected patients. The results revealed signals in fractions cor-
responding to the P particles and the P dimers (Tan and Jiang,
unpublished). However, further experiments to confirm the
results require collection of a large volume of clinical samples.

The most important observation of this study is the signifi-
cant enhancement of binding affinity of the P particle to
HBGAs compared with that of the P dimer. The increased
receptor-binding sites of the P particle compared with those of
the P dimers could be the major factor for the enhancement.
The even higher binding sensitivity of the P particle than that
of VLP (Table 2) may be due to increased binding units of the
P particles compared with that of the VLPs (Mr � 10.4 mDa),
as �2-fold increases in binding sites in the P particles over
VLPs are expected in a given amount of proteins. As men-
tioned earlier, however, the binding enhancement of the P
particle to the H epitopes was different between different
strains. Little enhancement was observed for VA387, while
significant enhancement was observed for the NV P particle
(Fig. 2 and Table 2). More interestingly, when a cysteine-

FIG. 9. A model of P particle formation. (A) Steps of P particle
formation. P monomers spontaneously form a globular P dimer. Then,
12 identical P dimers assemble into a T�1 icosahedral P particle (P
protein concentration dependent). The intermolecular interactions
among the P domains are the original forces for P particle formation.
An end-linked cysteine(s) stabilizes the P particle by forming intermo-
lecular disulfide bonds. See the text for details. (B) Comparison of the
cross-section of the proposed P particle with the enlarged EM image of
the P particle.
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containing motif, CGAGC, was linked to the C terminus of the
P domain of VA387, the resulting P particles revealed a strong
binding to saliva of all A, B, H, and nonsecretor blood types
(Tan and Jiang, unpublished). Thus, the mechanism of the
enhancement is complicated. In addition to the receptor-bind-
ing interface, the conformation of the surrounding regions and
possibly the overall structure of the P particles also play a role
in binding sensitivity and specificity.

The facts that the P particle binds strongly to human intes-
tinal Caco-2 cells (Fig. 8) and that the P particle of VA387 (a
GII strain) cross blocked the binding of NV VLP (a GI strain)
to HBGAs (Tan and Jiang, unpublished) suggest that the P
particle could be used as a decoy receptor to treat norovirus
infection. Although we are unable to demonstrate blocking
among many strains, due to the lack of the specific antibody, it
seems logical to predict the existence of blocking among ho-
mologous strains between P particle and virions. The easy
production of the cysteine-stabilized P particle and the survival
of the P protein through the intestinal tract make this strategy
more attractive. In addition, the P particle may serve as a
vaccine for an extended protection following this treatment. In
a separate study, we observed that administration of VA387 P
proteins to mice intranasally produced specific antibody that
can block the binding of VA387 to HBGAs (Tan and Jiang,
unpublished).

Using two different buffer conditions, we were able to dis-
sociate the norovirus VLPs into two types of intermediates: the
capsid protein dimer (�116 kDa) and the pentamer of dimers
(�580 kDa) (Fig. 6). Based on the crystal structure of the NV
capsid, Prasad and coworkers (28) proposed a capsid assembly
pathway, in which the capsid protein monomers first form
dimers, and then the dimers polymerize into a pentamer of
dimers, which then further assemble into icosahedral capsids.
To our knowledge, our data are the first experimental findings
supporting the proposed assembly pathway.
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