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FIG. 4. Electron microscopic analysis of NV capsid mutants. For each mutant, the top panel shows the region mutated (red) on a rope
representation (white) of the full-length NV capsid protein crystal structure (38), and the lower panel shows an electron micrograph of the different
mutant particles purified from undiluted supernatant material from the Sf9 cell cultures. The electron micrographs show a representative area of
grids prepared with gradient fractions. Ammonium molybdate (1%) was used for staining. (A) NT20 forms VLPs that resemble full-length capsid
protein VLPs. (B and C) CT20 and CT74 form VLPs that are 45 nm in diameter. (D and E) CT230 and CT303 form VLPs that lack the
characteristic arches formed by the protruding domains and resemble smooth particles. (F and G) ID285 and ID328 form VLPs that are 45 nm
in diameter. (H) ID375 forms VLPs that are 45 nm in diameter, as well as VLPs that are morphologically similar to full-length capsid protein VLPs
when purified over iodixanol gradients. Bar, 50 nm.

it is difficult to assess the involvement of amino acids 20 to 34 on the assembly of the VLPs. As expected from the sedimen-
in assembly. Next, we analyzed the NT98 deletion, which lacks tation results, assembled particles were not detected by elec-
98 amino acids, 48 of which are located in the B-barrel motif. tron microscopy in NT98 preparations from the sucrose or

We predicted that this deletion would have a dramatic effect iodixanol gradient peak protein fractions (data not shown).
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FIG. 5. Comparison of the structure of full-length and mutant NT20 and CT303 rNV VLPs. Surface representation of the cryoelectron
microscopic reconstruction of full-length INV VLPs (A) at 22 A and its cross-section (D), the NT20 mutant structure (B) and its cross-section (E),
and the CT303 mutant structure (C) and its cross-section (F). The five- and threefold axes are indicated.

(ii) C-terminal deletions. VLPs were visualized in prepara-
tions containing the sedimented C-terminal CT20 and CT74
mutant capsid proteins (Fig. 4B and 4C), and as predicted by
the sedimentation on sucrose and iodixanol gradients, the par-
ticles had a larger diameter (approximately 45 nm) than the
VLPs made from the full-length capsid protein. The surface
morphological features of these particles appeared different
from those in the full-length capsid protein VLPs: the arches
are less evident than in the full-length TNV VLPs. A better
characterization of structural differences will require cryoelec-
tron microscopy studies. However, such an analysis has not
been feasible because of low concentrations of particles.

The CT230 mutant assembled into archless smooth particles
that had a diameter of approximately 30 nm (Fig. 4D). The
morphology of the particles seen after purification over iodixa-
nol gradients was the same as that of particles purified over
sucrose gradients, but a greater number of particles were seen
when iodixanol gradients were used, suggesting a low stability
of these particles when exposed to high osmotic pressure.
Moreover, the 45-nm particles and the CT230 smooth particles
were not stable when purified over CsCl gradients (data not
shown) as opposed to the full-length capsid VLPs.

The CT303 deletion mutant lacks the 303 amino acids cor-
responding to the entire P domain. Conventional negative-
stain electron microscopy analysis of the VLPs assembled from

the CT303 mutant revealed that these VLPs lacked the char-
acteristic arches formed by the protruding domain (Fig. 4E),
similar to the CT230 particles. This observation was further
confirmed by cryoelectron microscopy of these particles (Fig.
5C and 5F). The cryoimaging of the CT303 smooth particles
revealed that they have a diameter of 27 nm and the core has
a thickness of 4 nm. The diameter was smaller than expected
(30 nm) for the icosahedral shell of the TNV particles. The
shrinkage was confirmed by imaging a mixture of smooth par-
ticles and the native rNV particles, eliminating the possibility
that the difference was due to magnification differences during
the cryoimaging procedure. The total protein mass inside the
shell calculated from the volume of the shell in the smooth
particle reconstruction, assuming a protein density value of
1.30 g/ml, is consistent with 180 molecules of the CT303 pro-
tein of 20K. This strongly suggests that the shell in the CT303
mutant has a T=3 icosahedral organization.

(iii) Internal deletions. The particles containing the internal
deletions ID285 and ID328 had a larger diameter (approxi-
mately 45 nm) than the VLPs made from the full-length capsid
protein (Fig. 4F and 4G), and they were similar to the particles
observed with the C-terminal mutants CT20 (Fig. 4B) and
CT74 (Fig. 4C). Forty-five-nanometer particles were obtained
for ID285 and ID328 independently of the type of gradient
(iodixanol or sucrose) used for their purification (Fig. 4F and
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4G). In contrast, for the ID375 mutant, which lacks a region
that forms a loop on top of the P2 domain, 38-nm VLPs were
observed when purified over iodixanol gradients (Fig. 4H), but
45-nm particles were observed when the particles were purified
over sucrose gradients (data not shown). Furthermore, none of
the 45-nm particles formed by the internal deletions or the
CT20 and CT74 mutant proteins remained assembled when
purified over CsCl gradients. Therefore, deletions in the pro-
truding domains affected the stability of the particles.

DISCUSSION

NV is a prototypical T=3 icosahedral virus. Near-atomic
resolution structures of several T=3 viruses (20, 42), including
that of NV capsid (38), have been determined by X-ray crys-
tallography. These studies have provided valuable information
about the structural organization in these viruses as well as
important insights into possible mechanisms of capsid assem-
bly. The simple architecture of the capsid made from a single
gene product and the ability of the expressed protein to spon-
taneously assemble into a T=3 capsid make NV an excellent
model system to further our understanding of the structural
requirements for the assembly of a T=3 capsid. Close struc-
tural relatives of NV, a human virus, are the tombusviruses,
which are plant viruses. The capsid protein in these viruses,
including NV, has two distinct domains. The S domain, which
forms an eight-stranded B-barrel, is involved exclusively in
icosahedral contacts, and the other, more external P domain is
involved in dimeric contacts. In contrast, capsid proteins of
other T=3 viruses, like sobemoviruses and nodaviruses, such
as southern bean mosaic virus and flock house virus, respec-
tively, have only one domain which is structurally homologous
to the S domain (20). An interesting question is whether the S
domain alone in NV can form an icosahedral capsid. This study
reports the design and characterization of several mutants to
begin to map the role of different domains of the capsid pro-
tein in the assembly and structural integrity of the NV capsid.

Role of N-terminal residues in the assembly of NV VLPs.
The effect of deleting N-terminal residues has been studied in
a number of other T=3 viruses. The N-terminal 60 residues in
tomato bushy stunt virus (17), 52 residues in turnip crinkle
virus (25, 45), and 25 residues in cowpea chlorotic mottle virus,
a bromovirus (49), which are not part of the eight-stranded
B-barrel domain are oriented toward the interior of the parti-
cle and have been shown to be required for the encapsidation
of RNA but not for assembly of empty particles (25, 49).
Proteolytic digestion of the N-terminal portions of the capsid
protein of southern bean mosaic virus, a sobemovirus, leads to
the assembly of T=1 particles instead of T=3 particles (6, 44).
Likewise, deletions of 31 amino acid residues from the N
terminus of flock house virus, a T=3 virus member of the
family Nodaviridae, resulted in the formation of variously
shaped particles (4).

Our study shows that the N-terminal 20 residues are dis-
pensable for T=3 particle assembly. This finding is similar to
that reported for the capsid protein of the Physalis mottle
virus, a T=3 plant tymovirus, which does not switch the assem-
bly of particles to T=1 when the N-terminal 30 amino acid are
deleted, suggesting that the determinants for the T=3 capsid
assembly for some of the T=3 viruses may lie outside of the N
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terminus (43). While we were studying the assembly of N-
terminal mutants of NV capsid protein, it was reported that the
N-terminal 30 amino acid residues of VP60, the rabbit hem-
orrhagic disease virus capsid protein, can be deleted without
affecting the assembly of the particles (32, 33); however, the
capsid protein of rabbit hemorrhagic disease virus, although
similar to the NV capsid protein, is larger (49 extra amino
acids) and has an extended N-terminal domain (37, 48).

A switching region that is postulated to control the varia-
tions in the conformation of the coat protein of the T=3
viruses involves either the N-terminal arm of the capsid protein
or the genomic RNA (18, 19, 42). Elimination of this “molec-
ular switch” is expected to result in a loss of precision in viral
assembly. In tombusviruses and sobemoviruses, the N-terminal
arm of the S domain is ordered in the C subunits and disor-
dered in the A and B subunits, allowing the required switch for
the establishment of the T=3 icosahedral symmetry (19, 21,
41). The ordered portions of the C subunits prevent C/C
dimers from assuming a bent conformation that is seen in the
A/B dimers. In the case of nodaviruses, ordered RNA inter-
acting with C/C dimers has been suggested to play an impor-
tant role in modulating the curvature by constraining the C/C
dimers to a flat conformation (8, 9).

The NV particles are different from either of these classes
of T=3 capsids because neither the interactions involving or-
dered N-terminal residues of the C subunit nor the interactions
with RNA are observed. The rNV capsid protein readily forms
T=3 capsids without RNA. In the native NV VLPs, the N-
terminal residues (amino acids 10 to 14) of the B subunit
interact with the F-strand of the eight-stranded B-barrel of the
neighboring C subunit in the T=3 lattice (38). Similar (quasi-
equivalent) interactions between the neighboring A subunits
around the fivefold axis or the C subunits around the threefold
axis are lacking because the first 29 residues of the A and C
subunits are disordered.

Our studies presented here with the NT20 mutant, in which
the N-terminal 20 residues are deleted, clearly indicate that
this interaction between the B and the C subunits is not oblig-
atory for the formation of the T=3 capsid. In the NT20 mu-
tant, a compensatory conformational change, such as further
ordering of the C subunit that interacts with the B subunit, may
retain the requirements for icosahedral assembly. The N ter-
mini of the neighboring B and C subunits are spatially close to
each other in the native NV structure. In the native structure,
it appears that ordering of the N-terminal residues of the B
subunit forces the N-terminal residues of the C subunit to
adapt different conformations. In the case of NT20, it is pos-
sible that instead of the B subunit’s interacting with the C
subunit, the N-terminal residues of the C subunit may interact
with the B subunit to provide similar interactions as in the
native structure.

Contrary to the NT20 mutant, NT98 did not assemble into
detectable particles. This deleted region of the capsid protein
consists of three of the eight B-strands in the eight-stranded
B-barrel motif and a pivotal a-helix. Some of the residues in
this region are well conserved across calicivirus sequences and
are involved in interactions between the dimeric subunits. It is
therefore not unexpected that the integrity of the particle is
compromised in the NT98 mutant. The level of protein expres-
sion of the NT34 mutant was significantly lower than for the
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other mutants. If a minimal amount of protein is required to
trigger particle assembly, it is possible that the low yields of this
mutant may be the reason for the lack of assembly. Therefore,
we cannot make conclusions about the involvement of the first
21 to 34 residues in particle formation.

Role of the P domain in the assembly of NV VLPs. Our
studies clearly indicate that the role of the P domain is not only
to confer increased stability to the icosahedral capsid, but also
to provide a control for the size of the particle. Deletion of all
the dimeric contacts, as in CT303, or individual contacts, as in
the internal deletion mutants, produces particles which lack
native dimensions. The larger 45-nm particles, which are pro-
duced in low yields, appeared to be less stable and structurally
heterogeneous when examined by electron microscopy. It re-
mains unclear if these particles are icosahedral or if they are
aggregates of the mutated capsid proteins. It is possible that
elimination of the dimeric contacts in some of these mutants
may force the P domain to adopt alternate conformations,
which directly influence the packing of the S domains and
result in increased size and lower stability. In the ID375 mu-
tant, which lacks 10 amino acids (375 to 385), some particles
purified over iodixanol gradients looked similar to full-length
NV capsid VLPs, in addition to 45-nm particles. It is likely that
the region composed of amino acids 375 to 385 will tolerate the
insertion of heterologous peptides better than a deletion. If
this proves to be true, INV VLPs could be used as carriers of
heterologous epitopes for the induction of mucosal immunity
using oral or intranasal vaccine protocols in mice or humans
(13, 32).

Our results also clearly indicate that interaction between the
P and S domains plays an important role in capsid assembly.
Small deletions in the protruding domain, as in the CT20 and
CT74 mutants, affect only the interactions between the P1 and
S domains and result in the production of particles that are 45
nm in diameter. The same was observed when the C-terminal
48 amino acids were removed (data not shown). Notice that all
these mutants retain a significant portion of the P domain. In
the deletion mutants in which either the entire P domain
(CT303) or a significant portion of the P domain (CT230) was
deleted, eliminating the interactions between the P and S do-
mains, the effect is different. The size of the formed particle is
compromised, but it is in the opposite direction. These mutants
produce well-formed archless smooth particles. Cryoelectron
microscopic analysis of CT303 indicated that the particles
formed are indeed icosahedral but with a noticeably smaller
diameter than the diameter expected from the rNV shell struc-
ture.

Thus, in all these particles, an absence of interactions be-
tween the P and the S domains compromised the size of the
particles. It is plausible that the hydrogen bond interactions
between the C-terminal residues of the P domain with the S
domain residues, as observed in the crystal structure of the
rNV capsid, control the size of the icosahedral capsid, and the
lack of such interactions may be responsible for the observed
alterations in size. Another interesting feature is that the
CT303 particles appear to be more stable than the CT230
particles, as they maintain their integrity in CsCl gradients.
One reason may be that the 73 residues of the P domain still
remaining in the CT230 may adversely affect the S domain
interactions and make these particles less stable than the
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CT303 particles, which contain only the S domain portion of
the capsid protein. Taken together these results indicate that
while the S domain by itself has all the attributes to assemble
a stable icosahedron, the interactions between the entire P
domain and the S domain enhance the stability of the assem-
bled particles and perhaps help in conferring the appropriate
size on the particle.

Biological significance of smooth particles. The ability of the
S domain alone to form an icosahedral structure may have
some biological implications. In the liver of infected rabbits,
the calicivirus rabbit hemorrhagic disease virus forms archless
particles, which are believed to be composed of the N terminus
of the capsid protein (10), which resemble CT230 or CT303
smooth particles. Furthermore, Hillman et al., in 1982 (23),
reported that chymotrypsin digestion of calicivirus-like viruses
that infect worms transformed the particles into smooth par-
ticles.

Although smooth particles have thus far not been described
for NV, NV may be similar to rabbit hemorrhagic disease virus
and the virus described by Hillman et al. For example, the 32K
soluble protein present in high concentrations in stool samples
of NV-infected patients represents the C terminus of the cap-
sid protein that forms the protruding domains. The trypsin
cleavage site in the protein is at amino acid 227 and is highly
conserved in NV-like caliciviruses (16). Although trypsin cleav-
age of the capsid in vitro is not possible when the particles are
intact, there may be factors during natural infection that mod-
ify the conformation of the capsid and expose the trypsin
cleavage site and result in production of smooth particles. In
addition, since the shell domain that forms the smooth parti-
cles is highly conserved among the Norwalk-like viruses, the
smooth particles may represent a valuable tool for the produc-
tion of cross-reactive antibodies for use in diagnostic assays
that will allow the capture and detection of different strains of
Norwalk-like viruses.
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