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Ring- and Nucleocapsid-like Particles
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The nucleocapsid (NP) protein of Newcastle disease virus (NDV) and its derivative (NP, ) containing the
myc region and six histidine residues fused to its C-terminus were expressed abundantly in Escherichia coli.
The proteins were purified by sucrose gradient centrifugation. Both the NP and NP, _ proteins self-assem-
bled into ring-like particles with a diameter of 24 = 2 nm around a central hole of 7= 1 nm. Some of these
ring-like particles stacked together to form nucleocapsid-like structures which are heterogeneous in length
with a diameter of 20 = 2 mm and a central hollow of 5 £ 1 nm. Only a very small amount of the monomers
in the particles was linked by inter-molecular disulfide bonds. Fusion of the C-terminal end to 29 amino
acids inclusive of the myc epitope and His-tag did not impair ring assembly but inhibited the formation of
the long herringbone structures. Imrumogold labeling of the particles with the anti-myc antibody showed
that the C-terminus of the NP, protein is exposed on the surface of these ring-like particles.

Key words: protein assembly, fusion protein, NDV, nucleocapsid

Newcastle disease virus (NDV) is the prototype of avian
paramyxovirus (2), which causes the highly contagious
Newcastle disease (IND) in many avian species, resulting
in substantial losses in the poultry industry worldwide. Its
genome is a linear, non-segmented, single-stranded neg-
ative sense RNA with a molecular weight of 5.2-5.7 x 10°
kDa, or approximately 15,186 nucleotides (19, 22) which
encodes six main structural proteins (23). The genomic
RINA is associated with the nucleocapsid (NP), phospho-
(P) and large (L} proteins. These macromolecules form the
transcriptive complex of the virus, which in tum is sur-
rounded by a lipid bilayer membrane derived from the
plasma membrane of its host cell (21). Embedded in the
membrane are the hemagglutinin-nevraminidase (HN) and
fusion (F) glycoproteins. Beneath the lipid bilayer is a
shell of protein known as the matrix (M) protein, which is
believed to interact with the transcriptive complex (20).
Both the HN and F glycoproteins are thought to work
together synergistically in a rather complex manner in
their association with a host cell receptor that has yet to be
identified (253).

Electron microscopic investigations of the isolated NP
of NDV (8) and other paramyxoviruses [Sendai virus
(16), simian virus 5 (9), mumps virus (17), and measles
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virus (10)] revealed that they are of closely similar
appearance resembling classical herringbone morphology.
In virtually all cases, flexible helical structures of about
18 nm in diameter and 1 pm in length were observed. The
essential subunit of the NP is a single polypeptide of
about 500 amino acids with a molecular weight of about
60 kDa (18): NDV (53 kDa), simian virus 5 (56 kDa), Sendai
virus (57 kDa), measles virus (58 kDa), and mumps virus
(61 kDa). It has been suggested that around 2200-2600
NP subunits encapsulate the viral RNA (vRNA) and pro-
tect it against ribonuclease attack (6).

The NP protein of Sendai virus expressed in mamma-
lian cells, in the absence of the VRNA and any other viral
proteins, were shown to assemble into structures morpho-
logically equivalent to those isolated from the intact vir-
ions (5). This observation has also been reported for the
NP protein of measles virs when it is expressed alone in
insect cells (11). However, there is no information available
on the assembly of the NP protein although its sequence
has been reported (18). Therefore, the purpose of this
research was to study the assembly of the full-length and
C-terminal fusion NP proteins expressed in E. coli.

Materials and Methods

Virus propagation and purification
NDV strain AF2240 was grown in the allantoic cavity of



294  Kho et al.

8 to 9-day-old chicken embryonated eggs according to the
procedures of Blaskovic and Styk (4). The allantoic fluid
was then clarified by centrifugation at 6000 x g for 20
min, at 4°C. For virus purification, NDV particles were
first concentrated by spinning at 40,000 x g for 3 h and
dissolved in NTE buffer (10 mM Tris-HCI, pH 7.4, 100
mM NaCl and 5 mM EDTA). The concentrated virus par-
ticles were layered on top of a 10 to 50% (w/v) linear
sucrose gradient in NTE buffer and centrifuged at 100,000
% g for 4 h. The virus band was collected, diluted 5 x with
NTE buffer, pelleted by centrifugating at 100,000 x g for
2 h, and resuspended in a small volume of NTE buffer.

Genomic RNA extraction, RT-PCR and cloning

Total RNA was extracted from 250 pl of the NDV infected
allantoic fluid using the Trizol LS reagent (Gibco BRL,
USA). Three primers: NPfl (5'CCT TCT GCC AAC
ATG TCT TC 39, NPrl (5TCA ATA CCC CCA GTC
GGT GT 3), and NP2 (5' ATA CCC CCA GTC GGT
GTC 3") were used to amplify the NP gene. Incorporation
of primers NPf1 and NPrl produced a PCR product con-
taining a stop codon at its 3-end, while primers NPf1 and
NPr2 gave rise to a gene product which had no stop
codon. Synthesis of the first strand cDNA was carded out
in 30 pl of reaction mixture containing 0.4 UM each of the
primer pairs, 0.2 mM of each deoxynucleoside triphos-
phate (MBI Fermentas, Inc., USA), 5 U of AMYV reverse
transcriptase (Promega, USA), 8 U of RNase inhibitor
(Gibco BRL, USA), 1.5 mM of MgC(l, and 1 X of reaction
buffer [50 mM Tris-HCI, 15 mM (NH,),SO,, and 0.1%
Triton X-100]. The mixture was incubated at 42°C for 30
min and then heated at 94°C for 3 min. A total of 20 ul
PCR mixture containing 1 U DyNAzyme EXT DNA
polymerase (FINNZYMES, Finland), 1.5 mM of MgCl,
and 1 x of reaction buffer was then added to the above
cDNA mixture and subjected to a 30-cycle PCR profile of
94°C/30s, 55°C/50s and 72°C/1min, followed by a final
extension step of 72°C/7 min.

The PCR products were analyzed on 1% TAE agarose
gels; DNA bands were recovered from the gels and
ligated with the pTrcHis2 vector (Invitrogen, USA) at
25°C for 5 min. The ligation mixture was transformed into
E. coli strain TOP10 (Invitrogen, USA). Recombinant
plasmids were isolated from the putative clones which
were screened by PCR and sequencing.

Protein expression, SDS-PAGE and Western blotting

The positively identified clones were cultured in LB medium
containing 50 pg/ml ampicillin at 37°C. When the cul-
tures reached A, around 0.6 to 0.8, 1 mM of IPTG was
added into the cultures and shaking was continued for 3-
5 h. One ml of the cells was pelleted by centrifugation and
resuspended in 100 ul of 1 x SDS-PAGE sample buffer
and boiled for 10 min. Five pl of the samples were then
loaded onto an SDS-12% polyacrylamide gel and elec-

J.. Microbiol.

trophoresed at 32 mA. The proteins on the gel were then
transferred onto a nitrocellulose membrane and blocked
with 1:10 dilution of skim milk (KPL, USA) for 1 h. The
diluted anti-NDV chicken serum or anti-myc monoclonal
antibody (for fusion protein) was added to the membrane
and shaken for 1 h. The membrane was then thoroughly
washed with TTBS washing solution (IBS containing 0.5
% Tween 20) and exposed to peroxidase-labeled antibody
for another 1 h. The membrane was again washed thor-
oughly before BCIP/NBT (5-bromo-4-chloro-3-indolyl phos-
phate/nitro blue tetrazolinm) solution was added as sub-
strate for the peroxidase.

Purification of NP protein

E. coli harboring plasmids pTrcHis2-NP or pTrcHis2-NP-
c, respectively encoding either the wild-type NP protein
or its fusion derivative (NP_ ) were grown at 37°C in LB
medium supplemented with 50 pg/ml ampicillin. Protein
expression was induced by the addition of 1 mM IPTG
when the cultures reached A, around 0.6 to 0.8. After
overnight shaking, the cells were harvested by centrifu-
gation at 10,000 x g for 15 min at 4°C, resuspended in
lysis buffer [50 mM Tris (pH7.9), 0.1% Triton X-100, 0.2
mg/ml lysozyme, and 4 mM MgCL]. The lysate was then
treated with 5 ug/ml RNase and DNase for 30 min at
25°C. The cell extract was recovered by centrifugation at
20,000 x g for 20 min at 4°C and precipitated by ammo-
nium sulphate (0 to 60% saturation). The precipitate was
pelleted by centrifugation under the same conditions and
dialyzed extensively in dialysis buffer (50 mM Tris, 100
mM NaCl, pH 7.8). The dialyzed solution was applied to
10-50% sucrose gradient and centrifuged at 110,000 x g
for 5h at 4°C. Fractions containing the NP protein were
pooled, concentrated with a 100 kDa cut-off Centricon
centrifugal filter (Millipore, USA) and dialyzed.

Immunogold labeling and electron microscopy

About 15 pl of the purified NP proteins were absorbed
to carbon coated grids and incubated with the anti-myc
antibody with a 1 : 50 dilution in blocking buffer [1% (w/
v) BSA in PBS, pH 7.4] at room temperature for 1 h. The
grids were then washed four times with blocking buffer
for 1 min each and followed by incubation with 5 nm gold
particles conjugated with protein A (BBL, UK) ata 1: 10
dilution in blocking buffer. After incubation for 1 h, the
grids were washed four times with blocking buffer and
another three times with dH,O before finally being stained
with 2% uranyl acetate. The grids were viewed under the
Hitachi H-7100 transmission electron microscope (TEM).
The diameters of the ring-like particles were measured as
described (10).

Virus disruption assay
Purified virus particles were disrupted by adding an equal
volume of disruption buffer (1% Triton X-100, 2 mM
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DTT, 150 mM NaCl, 10 mM Tris-HCl, pH7.4) to the
purified virus and incubated for 5 min at room tempera-
ture, Fifteen pl of the disrupted viral particles were then
absorbed to carbon-coated grids, negatively stained with
methylamine tungstate, and examined with the electron
MICroscope.

Results

Expression of NP and its C-terminal fusion proteins in E.
coli

Plasmids pTrcHis2-NP and pTrcHis2-NP-¢, respectively
encoding the NP protein and its derivative (NP, ) which
has a C-terminal extension of 29 amino acids inclusive of
the myc epitope (10 residues) and six His residues were
constructed and introduced into E. coli strain TOP10 cells,
Expression of these proteins was under the control of the
inducible trc¢ promoter with IPTG. Western blot analysis
of cell lysates (Fig. 1a) with the anti-NDV chicken serum
gave rise to protein bands of approximately 53 kDa (lane
3) and approximately 58 kDa (lane 2), which respectively,
correspond to the molecular mass of the NP and NP
proteins. In addition, three to four protein bands with
molecular masses smaller than the NP protein and its
derivative were also observed. These smaller fragments
could have been generated by proteolytic degradation of
the full-length NP protein which were also observed in
protein preparations from NDV grown in chick embryos
(12). In addition, the NP protein carrying the myc
epitope which migrated as a single band at about 58 kDa

Fig. 1. Western blot analysis of the expressed NP and NP,
(a) NP and NP

proteins,
proteins were fractionated on an SDS-12% poly-
acrylamide gel, electrotransferred to a nitrocellulose membrane and
probed with the anti-NDV chicken serum. The size of the recombinant
NP protein (lane 3) corresponds 1o the NP protein of the purified NDV

cfus

clus

(lane 1) which is about 53 kDa. The NP, protein appeared as a sharp
band of about 58 kDa (lane 2). No band was detected in the control cell
lysate from E. coli cell harboring pTrcHis2 vector alone (lane 4). The
NP, protein was also probed with the anti-mye monoclonal antibody
(b) which detects the myc epitope fused to it. Again, a sharp band of
about 58 kDa was detected; no band was observed in the cell lysates
of the controls (lane 2). Lane M, molecular mass markers are indicated

in kDa.
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also gave positive signals with the anti-myc monoclonal
antibody (Fig. 1b, lane 1).

Purification of NP particles

Salting out of the recombinant proteins from the cell
extracts by increasing the concentration of ammonium
sulphate gradually showed that most of the NP and NP
proteins precipitated between 0 to 10% and 10 to 25% sat-
vration, respectively. These precipitated fractions were
then purified by sucrose gradient centrifugation. The sed-
imentation profiles of each of these proteins showed a
peak which contained reasonably pure NP (Fig. 2a; frac-
tions 7 to 18) and NP, proteins (Fig. 2b; fractions 1 to
15) as indicated by SDS-PAGE (Fig. 2¢ and d). This
observation suggests that both the NP and its derivative
C-terminal extension proteins could self-assemble into
particles of different sizes.

NP protein self-ussembles into ring-like particles and
nucleocapsid-like structures

Electron microscopic examination of negatively stained
samples from the tip of the peaks (NP: fractions 12 to 14;
NP, : fractions 11 to 13) revealed that the NP and NP,
proteins associated to form ring particles with a diameter
of 24 £ 2 nm (n=>50), and a central hole of 7+ 1 nm (n=
50) (Fig. 3a and b). As the sedimentation rate is depen-
dent upon particle mass, the early fractions of the peak
should be enriched in larger particles and later fractions in
smaller particles. Fractions from the edge of the peaks
(NP: fractions 7 to 8 and 17 to 18; NP : 2 to 6 and 14
to 15) were therefore pooled, dialyzed and concentrated
separately. Examination of the first two fractions of the
NP protein under a TEM revealed structures (Fig. 3c) that
are morphologically very similar to fractured nucleo-
capsids released from ruptured NDV particles (Fig. 3e).
The nucleocapsid-like structures have a stacked-ring
structure (Fig. 3¢, indicated by arrows) with a width of 20
+ 2 nm (n=10), but are heterogeneous in length. They also
have a central channel with a diameter of approximately
5+ 1nm (n=10). A very small amount of rather short
nucleocapsid-like structures were also observed in the
first few fractions of the NP _protein (Fig. 3d), suggest-
ing that fusion with the extra peptide sequences at the C-
terminal end of the NP protein did, to a certain extent, dis-
rupt the assembly of nucleocapsid-like structures. The last
two fractions of the peaks were found to contain predom-
inantly incomplete ring particles (Fig. 3f and g). The
above structures were not found in protein extracts from
E. coli harboring the expression vector without the NP
coding region (data not shown).

To study whether the C-terminal portion of the NP,
protein is exposed on the surface of the ring-like particles,
the purified samples (Fig. 2b, fractions 11 to 13) from the
sucrose gradient were treated with the anti-myc mono-
clonal antibody, followed by protein A conjugated with 5
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Fig. 2. Protein sedimentation profiles of NP and NP, _ proteins. Afler ammonium sulphate precipitation, both the NP and NP, proteins were sub-
jected to 10-50% sucrose gradient centrifugation at 110,000 x g for 5 h. The respective purified proteins were [ractionated (0.5 ml each) and the total
protein content in each fraction was determined by the Bradford assay. (a) and (b) represent the sedimentation profiles for NP and NP proteins,
respectively. The fractionated NP (c) and NP, (d) proteins were separated by SDS-12% PAGE, and stained with Coomassje brilliant blue.
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from fractions 12 to 14 of the NP protein (Fig. 2a) which constitute the tip of the peak showed ihe presence of ring-like structures. (b) Similar struc-
protein of fractions 11 to 13 (Fig. 2b). (c) Examination of the NP protein from fractions 7 to 8 (Fig. 2a) revealed
the mucleocapsid-like structure. (d) Comparatively short nucleocapsid-like structures (inset, indicated by arrows) were seen in a very small amount
in the NP, protein of fractions 2 to 6 (Fig. 2b). (¢) The nucleocapsid structures which were released from the disrupted NDV particles. (£) and (g)

tures were also observed in the NP

cluy

NP and NP

s PrOteins from fractions 17 to 18 (Fig. 2a) and 14 to 15, (Fig. 2b) respectively. These [ractions mainly consisted of a mixture of complete
and incomplete ring-like particles. The NP

., Droteins were also immunogold labeled with 5 nm gold particles (h) to locate the C-terminal portion
of the NP protein. Gold particles which appeared as black granules seemed 10 be Jocated on the surface of the ring-like structures suggesting that
the C-terminal end is exposed on the surface of the ring-like particles. Each bar represents 100 nm. ) ’
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non-reducing conditions (a), then Western blotted and probed with the anti-NDV chicken serum (b). (a) Under reducing conditions, NP protein
migrated as a major band of about 53 kDDa (lane 2). The protein under non-reducing conditions migrated as three bands with molecular masses of
approximately 51, 53 and 55 kDa (lane 3). (b) A very small portion of the protein under non-reducing conditions migrated as a dimer (about 110
kDa) and a tetramer (about 220 kDa), which could only be seen after prolonged incubation with the anti-NDV chicken serum on a Western blot (lane
3, indicated by arrows). GelBase Sofiware (UVP Inc, USA) was used to estimate the relative amount of each band as percent of total. Lane 1, molec-

ular mass markers are indicated in kDa.

nm gold particles. The gold particles which appeared as
black granules were located on the surface of the ring-like
particles (Fig. 3h), suggesting that the C-terminus of the
NP protein is exposed on the surface of the ring-like par-
ticles.

Reducing and non-reducing SDS-FAGE of NP particle
The ring- and nucleocapsid-like particles migrated as a
major band of monomer, about 53 kDa, under reducing
conditions (Fig. 4a and b, lane 2). Under non-reducing
conditions, more than 95% of the protein migrated as
monomers which appeared as three distinct bands with
apparent molecular masses of about 55 (about 24% of
total protein), 53 (about 48%) and 51 (about 24%) kDa
(Fig. 4a and b, lane 3), and only a very small amount (<
5%) of the protein was detected as dimer (about 110 kDa)
or tetramer (about 220 kDa) on a Western blot after pro-
longed incubation with the anti-NDV chicken serum (Fig.
4b, lane 3). In the presence of 1 mM of CuSO, as the oxi-
dizing agent and analyzed under reducing and non-reduc-
ing conditions, the protein profiles were similar to that of
untreated samples (data not shown).

Discussion

The capsid of viruses comprises many copies of either
one or a few polypeptide chains that package(s) the
nucleic acid genome and protects it from nuclease activ-
ities. A substantial body of evidence showed that capsid
proteins of different viruses synthesized either in the
enkaryotic or prokaryotic system can self-assemble and

encapsulate their nucleic acids. In the case of NDV, a
member of the paramyxovirus, neither the mechanism(s)
of NP assembly nor genome encapsulate is clearly under-
stood. To date, the three dimensional structures of the
paramyxoviral nucleocapsids or their subunits at atomic
resolution have not been resolved. Perhaps the heteroge-
neous length, and inherent fragility and flexibility of the
isolated nucleocapsids, as shown by electron microscopy
(10), do not allow the nucleocapsids to crystallize easily.
In contrast, the capsids of other viruses such as hepatitis
B virus (26), tobacco mosaic virus (15), foot-and-mouth
disease virus (1), common cold virus (3), tomato bushy
stunt virus (13), and polio virus (14) which form either a
rod-shaped or spherical shell have been studied in detail at
atornic resolution.

In order to gain an insight into the architecture of the
NDV nucleocapsid, we therefore employed E. coli to
express high levels of its subunit because the synthesis of
this protein does not require post-translational processing
such as membrane translocation, acylation or glycosyla-
tion. The proteins expressed in this system self-assembled
predominantly into ring-like particles, a phenomenon
which was not inhibited by fusing a peptide of 29 amino
acids containing two antigenic sequences to its C-terminal
end. The diameter (24 £ 2 nm) of the ring-like particles is
significantly larger than the width of the viral nucleo-
capsids that has been reported to be around 18 nm (10).
Besides, the diameter of the central hole (7 £ 1 nm) is
around 2 nm larger than that of the hollow of intact nucle-
ocapsid (5 nm) (10). The ring-like particles which form a
nucleocapsid-like herringbone structure appeared to be
loosely held compared to that of the virion derived nucle-



298 Kho et al.

ocapsid. Moreover, the heterogenous lengths of the nucle-
ocapsid-like structures were significantly shorter than
those of intact virions. These observations imply that the
VRINA may serve as a template for the NP proteins to
associate into a relatively compact and longer nucleo-
capsid. In most orientations, the ring-like particles contain
spikes radiating from the outer edge of the rings, suggest-
ing that these spikes constitute the projections of the viral
nucleocapsid that show a similar herringbone structure to
that of other paramyxoviruses (10). Based on these obser-
vations we propose that several NP monomers form a
ring-like particle and that several of these particles assem-
ble to form a nucleocapsid. It is, however, unclear at this
stage whether the NP subunits assembled to form the
ring- and nucleocapsid-like particles inside the cells or/
and during preparation of the cell lysates. Theoretically,
sectioning of the bacterial cells expressing the protein
subunits with an ultramicrotormne followed by electron
microscopy should be able to provide a clearer picture of
this process.

Both the ring- and nucleocapsid-like particles gave
identical results when analyzed on SDS-PAGE, under
reducing or non-reducing conditions, suggesting that the
particles are made up from the same subunits. It is likely
that these subunits possess at least three different confor-
mations due to intra-molecular disulfide bonds, because
under non-reducing conditions, two extra monomer
bands, each constitute about a quarter of the total protein
were present; one migrated slightly faster (51 kDa) and
another slower (55 kDa) than the reduced sample (53
kDa). This finding accords with that of nucleocapsids iso-
lated from intact virions (24), suggesting that the NP
monomer produced in E. coli folds to its native confor-
mations. Furthermore, the amino acid sequence of the NP
monomer contains 3 cysteine residues (18) which would
allow in different combinations, the formation of three
intra-molecular disulfide bonding patterns. The significance
of the multiple forms of NP monomers is still unknown,
but their existence may reflect requirements for confor-
mationally distinct NP monomers in the assembly of the
ring- and nucleocapsid-like structures.

Only a very small amount of inter-molecular disulfide
bonds was detected, suggesting that the conformations of
the ring- and nucleocapsid-like particles are mainly held
by non-covalent forces, which provide a possible expla-
nation to the observation that the nucleocapsids tend to
fracture randomly and easily during isolation. Further-
more, the contacts between the monomers and the ring-
like particles have to be maintained in a marner that they
remain flexible enough for the nucleocapsid to be tightly
coiled within the irregular shape of the viral particles.
Sequence analysis of the NP proteins of two newly emer-
gent deadly paramyxoviruses, Hendra virus (GenBank
accession number: AF017147) and Nipah virus (GenBank
accession number: AF212302), revealed that they do not
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contain any cysteine residues, but they have been reported
to possess similar herringbone-like structures (18, 7). This
further suggests that inter-molecular disulfide bonds do
not play any important role in the architecture of
paramyxoviral nucleocapsids.

We demonstrate in this report that fusion of the 29
amino acids inclusive of the myc and His-tag sequences to
the C-terminal portion of the full-length NP protein did
not impair ring assembly, but the nucleocapsid-like struc-
tures formed were shorter than those of non-fusion NP
protein, and that they were also present in a very small
amount. Immunogold labeling of the ring-like particles
with the anti-myc antibody proved that the C-termini of
the subunits are exposed on the surface of the particles
and prevent the adjacent rings from stacking onto each
other to form a longer nucleocapsid-like structure. Pre-
vention of the polymerization of the symmetrical ring-like
particles into flexible and heterogeneous nucleocapsids
will ease the study of the three dimensional structures of
the nucleocapsid, in particular, its subunits by crystallog-
raphy and cryo-electron microscopy.

Expression of the NP protein in E. coli and its assembly
into ring- and nucleocapsid-like particles, and the frac-
tionation of these two forms of particles on sucrose gra-
dient centrifugation, can be easily employed to identify
the minimum contiguous sequences that are required for
NP-NP interactions. This can, in principle, be achieved by
deletion mutagenesis of the NP gene, expression of the
mutants in E. coli, and followed by electron microscopy.
The generated mutants can also be used to study the
mechanism of genome encapsidation by allowing the
purified mutants to assemble in vitro, in the presence and
absence of the viral RNA and other nucleic acids. The
system can also be extended to investigate the domains
involved in NP-F, NP-L and NP-M interactions to under-
stand the regulatory events in the life cycle of NDV and
other paramyxoviruses.
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