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The nucleocapsid of vesicular stomatitis virus serves as the genomic template for transcription and replication. The viral ge-
nomic RNA is sequestered in the nucleocapsid in every step of the virus replication cycle. The structure of the nucleocapsid 
and the entire virion revealed how the viral genomic RNA is encapsidated and packaged in the virus. A unique mechanism for 
viral RNA synthesis is derived from the structure of the nuleocapsid and its interactions with the viral RNA-dependent RNA 
polymerase. 
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Negative strand RNA viruses (NSV) have a single strand 
RNA genome that is encapsidated by a virally encoded pro-
tein, called the nucleocapsid protein (abbreviated as NP or 
N). The complex structure formed by the viral RNA ge-
nome and the nucleocapsid protein is termed as nucleocap-
sid. Most NSVs have a genome of one single RNA strand, 
such as Rhabdoviridae and Paramyxoviridae, and others 
may have multiple fragments of single RNA strands, such 
as Orthomyxoviridae and Bunyaviridae (see ICTV; 
http://ictvonline.org). The RNA genome of NSV has a neg-
ative sense (or antisense) because the genes in a NSV ge-
nome must be first transcribed into mRNAs by the viral 
RNA-dependent RNA polymerase (RdRp). As a result, the 
virion of a NSV contains not only the nucleocapsid, but also 
the viral RdRp. During infection, the viral RdRp enters the 
host cell together with the nucleocapsid and immediately 
starts transcription of viral genes. The key characteristic that 
separates NSV from all other viruses is that the template 
used by the viral RdRp for synthesis of virus-specific RNA, 
both in transcription and replication, is not the free form of 

the viral RNA genome, but the nucleocapsid. If a copy of 
free viral genomic RNA is exposed to the viral RdRp, the 
viral RdRp cannot recognize it as a template for RNA syn-
thesis. The viral RdRp binds only the nucleocapsid and is 
capable of using the genomic RNA sequestered inside the 
nucleocapsid as the template to carry out viral RNA synthe-
sis. It is therefore essential to understand the molecular 
mechanism of the assembly of NSV nucleocapsid and its 
implications in virus replication. The study of the vesicular 
stomatitis virus (VSV) nucleocapsid in my laboratory may 
be an example to illustrate this mechanism since VSV has 
been used as the prototype NSV for many studies.  

1  Replication cycle of VSV 

VSV has a single strand RNA genome that comprises ap-
proximately 11K nucleotides. The VSV encodes five viral 
proteins: the nucleocapsid protein (N), the phosphoprotein 
(P), the matrix protein (M), the glycoprotein (G), and the 
large protein of the viral RdRp (L) (Figure 1A). There is a 
leader sequence (Le) at the 3′ end and a trailer sequence (Tr) 
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Figure 1  A, The genomic structure of vesicular stomatitis virus. Starting from the 3′ end of the viral RNA genome, five viral genes are encoded: nucle-
ocapsid (N), phosphoprotein (P), matrix (M), glycoprotein (G) and the large protein of the viral RNA-dependent RNA polymerase (L). There is a leader 
sequence at the 3′ end and a trailer sequence at the 5′ end. The crystal structure of N, M and G has been solved as shown above the genome sketch. The crys-
tal structure of P has been solved as fragments and is shown as a possible composition of the fragments. The crystal structure of L is unknown (black box). B,  

A schematic illustration of the replication cycle of vesicular stomatitis virus. 

at the 5′ end. There are a significant degree of sequence 
complementarity between Le and Tr that is required for 
efficient virus replication and assembly [1]. All five viral 
proteins are packaged in the virion, which suggests that all 
of them play a role in virus assembly. VSV initiates its in-
fection by attachment to a host receptor on the cell surface 
(Figure 1B). A specific molecule on cell surface has not yet 
been identified as the host receptor for VSV [2]. Since VSV 
can infect a large number of cell types, the VSV host re-
ceptor is either a common molecule among different cell 
types or VSV may be able to use a number of different sur-
face molecules as a receptor. Attachment of the host recep-
tor by VSV triggers endocytosis that leads to VSV update in 
partially clathrin-coated vesicles [3]. When the interior of 
virus-containing vesicles becomes acidic after entry, the 
conformation of the glycoprotein G on the virus membrane 
envelope undergoes a dramatic change, which induces fu-
sion of viral membrane with the cellular membrane of the 
vesicle. The membrane fusion resulted in the release of the 

nucleocapsid packaged in the virion, together with the viral 
RdRp, and viral transcription is then initiated. During the 
entry process, the viral RNA genome is never unprotected 
from the nucleocapsid. The structurally stable nucleocapsid 
is, however, a functional template for viral transcription.  

2  Structure of the nucleocapsid 

To find out how the viral RdRp gains access to the RNA 
genome encapsidated in the nucleocapsid, the first step is to 
unveil the structure of the nucleocapsid. When the nucle-
ocapsid is released from the virion, it looks like a linear 
thread, with a somewhat coiled appearance (Figure 2A) [4,5]. 
The nucleocapsid is composed of subunits of a single viral 
protein, N, and the genomic RNA. The integrity of the nu-
cleocapsid could not be destroyed unless 3 mol L1 guani-
dine was used to treat the purified nucleocapsid [6]. The 
capsid formed with subunits of N is thus very stable 
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Figure 2  A, An electron micrograph of purified nucleocapsid of VSV. B, A ribbon drawing of the crystal structure of an N subunit in complex with a piece 
of 9 nucleotide RNA. The amino acid sequence is traced by color from the N-terminus in blue to the C-terminus in red. The six residues that coordinate with 
the backbone phosphate groups of RNA are drawn as stick models with labels. The N-terminal arm and the C-terminal lobe extended loop are also marked. 
The RNA is shown as stick models. C, A schematic illustration of the interactions between neighboring N subunits in the nucleocapsid. The N-terminal arm 
of the red N subunit makes contacts with the back of the C-terminal lobe of the green N subunit (Contact I). The C-terminal lobe extended loop makes con-
tacts with the back of the C-terminal lobe of the blue N subunit (Contact II). The N-terminal arm of the red N subunit also makes contacts with the 
C-terminal lobe extended loop of the yellow N subunit (Contact III). The small gap between the N-terminal lobes indicates lesser side-by-side interactions  

compared to those between the C-terminal lobes. The encapsidated RNA is shown as an orange ribbon in the center of the N subunits. 

and can protect the RNA genome from digestion by RNA 
nuclease [7,8]. To study the atomic structure, we set out to 
crystallize a nucleocapsid-like particle (NLP) of VSV. We 
first designed a unique vector to express recombinant pro-
teins of N and P simultaneously at a 1:1 stoichiometry in E. 
coli [9]. The coding regions for the two genes were cloned 
in one transcription unit with a separate ribosomal binding 
site in front of the P gene, following the end of the N gene. 
This design is based on the observation that the1:1 ratio of 
N and P expression was optimal for supporting VSV repli-
cation [10,11]. A his(6) tag was fused at the N-terminus of P 
to assist in purification. When the recombinant protein was 
purified with a Nickel-affinity column, a large complex of 
N and P proteins was found to correspond to 10 subunits of 
N and P, respectively. A single strand of RNA is present in 
the complex and its length is 90-bases. It was shown later 
that the sequence of the 90-base RNA is random (Luo M, 
unpublished data). The P protein could be dissociated from 
the complex when the complex was incubated at pH 4.0, 
yielding an N-RNA complex. However, the RNA remains 

to be protected from RNA nuclease in this N-RNA complex 
and the complex is hard to disrupt. We therefore named this 
N-RNA complex a NLP. When the NLP was examined un-
der electron microscope, its appearance is like a donut. The 
3D reconstructed structure using negatively stained electron 
micrographs revealed that the NLP is built with the N subu-
nit parallely aligned side-by-side in a circular manner, with 
one end of the N subunits tightly associated together, and 
the RNA strand in the middle of the ring formed by the N 
subunits [12]. The purified NLP can be easily crystallized, 
but the quality of X-ray diffraction was poor initially. When 
a deliberated procedure of soaking the crystals of NLP in a 
uranyl acetate solution was developed, high resolution 
X-ray diffraction data could be collected from the treated 
crystals [13]. The atomic structure of NLP revealed all the 
details of the remarkable arrangement of the N subunits and 
its mechanism of encapsidating the RNA [14]. The ring 
structure formed by the N subunits has the C-terminal part 
tightly associated together, similar to what was observed in 
the EM structure [12]. The N-terminal part still involves 
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subunit interactions within the ring, but the area of contact 
is one third of that between the C-terminal ends. The N 
protein can be divided into two lobes, the N- and C-terminal 
lobe, with each primarily composed of α-helices. The two 
lobes are linked together by one helix from each lobe angled 
like a letter V (Figure 2B). There is an extended arm in the 
N-terminal lobe comprising the first 22 amino acids, and an 
extended loop in the C-terminal lobe comprising residues 
340 to 375. These extra structural features play important 
roles in the construction of the nucleocapsid. The NLP con-
tains only 10 subunits of N arranged in a ring. To extrapo-
late the structure of the NLP to that of the nucleocapsid, one 
can imagine that the NLP is cut open and straightened as a 
linear structure, like a tube of protein capsid with a single 
strand RNA inside of it. A schematic illustration is present-
ed in Figure 2C. The N subunits are associated with each 
other in a parallel orientation, with the C-terminal lobe on 
top and the N-terminal lobe at the bottom. The back of the 
protein capsid faces the reader and the opening to the ge-
nomic RNA is on the opposite side. If the red N subunit is 
used as the reference, its N-terminal arm interacts with the 
back of the C-terminal lobe of the green N subunit on its left. 
We term this patch of interactions Contact I. Meanwhile, 
the C-terminal extended loop of the red N subunit interacts 
with the C-terminal lobe of the blue N subunit on its right 
(Contact II). Finally, the N-terminal arm of the red N subu-
nit interacts with the C-terminal extended loop of the yellow 
N subunit two units on its left (Contact III). The unique 
contacts across N subunits are repeated in group of four 
subunits throughout the entire nucleocapsid. The symmetry 
of the NSV nucleocapsid is therefore linear, as compared to 
spherical (icosahedral) and helical symmetry of other virus 
capsids. These cross-molecular interactions, together with 
the side-by-side interactions of the parallel N subunits, 
maintain the integrity of the viral capsid.  

This pattern of virus capsid architecture is universal in all 
virus capsids, including spherical viruses and helical viruses. 
The virus capsid is built with repeated protein subunits ar-
ranged in symmetry. The protein subunits contact each oth-
er in the capsid to put together a shell in order to protect the 
nucleotide viral genome inside. In addition, it has been ob-
served in many virus structures that the capsid protein sub-
unit always has extended structural features (such as long 
termini and large loops) that make cross-molecular interac-
tions to stabilize the virus capsid. The VSV capsid is no 
exception [15]. Experiments by our lab and others showed 
that if these interactions are interrupted by mutation, such as 
deletion of the N-terminal arm or portion of the C-terminal 
loop, and mutations to alanines at the side-by-side contact 
between neighboring C-terminal lobes, no stable nucleocap-
sid can be formed and the mutant N protein no longer forms 
a complex with RNA [16,17]. This confirms that the N pro-
tein of NSV assembles a capsid to encapsidate the viral ge-
nomic nucleotide following the principle that is the same as 
other virus capsid proteins.  

Inside the tube of VSV capsid, the encapsidated RNA is 
situated in a cavity that is mainly framed by five α-helices 
from the N-terminal lobe and three α-helices from the 
C-terminal lobe, with the V-shaped two helix linker in the 
center (Figure 2B). Each N subunit covers 9 nucleotides in 
the VSV nucleocapsid. If the first nucleotide at the 5′ is 
numbered as 1, the bases of the first four nucleotides in the 
9 nucleotide stretch are stacked together as half of the A 
form double stranded RNA. On the other hand, bases 5, 7, 8 
and 9 are stacked together and more importantly face the 
interior of the RNA cavity. The structure of the RNA in the 
nucleocapsid strongly suggests that the cavity must be 
opened and RNA must be released temporarily during viral 
RNA synthesis in order to allow the viral RdRp to access 
the sequence of the genomic RNA sequestered in the nu-
cleocapsid. This relationship also provides an explanation 
why the viral RdRp must use the nucleocapsid as the tem-
plate for RNA synthesis. There must be conformational 
changes induced by interactions between the N protein and 
the viral RdRp when RdRp binds the nucleocapsid. There 
are no specific interactions between the residues in the cav-
ity and the RNA, except the sidechains of six positively 
charged residues, Arg143, Arg146, and Lys155, Lys286, 
Arg317, and Arg408, that coordinate with the phosphate 
groups of the RNA backbone. However, these residues are 
not conserved in the N protein of even closely related rabies 
virus [14,15,18]. There are in general a number of positively 
charged residues in the RNA cavity, but the pattern of these 
residues interacting with RNA is rather variable. The inter-
actions with these residues are not required for RNA encap-
sidation either [19]. The viral genomic RNA is largely a 
resident in the nucleocapsid, rather a molecule tightly bound 
by the N protein. This observation is further confirmed by 
two experiments. First, an N protein mutant, Ser290→Trp, 
was made in our laboratory. The sidechain of Ser290 does 
not have specific interactions with the RNA, but its position 
is close to the RNA backbone. Substitution of a serine resi-
due with tryptophan introduces a bulky sidechain that im-
poses steric hindrance to RNA. As the result, a ring structure 
similar as the NLP was produced when the mutant N protein 
was coexpressed with P, but it was devoid of RNA [16].  
Second, the RNA encapsidated in the NLP or authentic nu-
cleocapsid may be completely removed by extensive treat-
ment of RNase A, especially at high temperature [20]. The 
empty NLP generated by RNase A treatment and the mutant 
N (Ser290→Trp) ring have the same structure as that of the 
NLP, indicating the assembly and the structural integrity of 
the protein capsid do not necessarily require encapsidation 
of RNA. This notion does not, however, preclude the role of 
encapsidated RNA in stabilization of the nucleocapsid. The 
fact that RNA is encapsidated in the NLP when wt N pro-
tein is coexpressed with the P protein implies that the RNA 
contributes positively to the assembly of a stable NLP. In 
the case of a N-terminus truncated N protein fused with 
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maltose-binding-protein, a ring structure similar to the NLP 
was only stable when the encapsidated RNA was replaced 
by the N-terminal fragment of P that restored to a large ex-
tent Contact I and III in the mutant capsid [17]. 

Currently, the structure of a NLP has been solved for 
three NSVs, including VSV [14], rabies virus [18], and res-
piratory syncytial virus [21]. The amino acid sequence ho-
mology is fairly low among the three N proteins. In addition, 
the N subunit in the NLP of respiratory syncytial virus co-
vers only 6 nucleotides instead of 9. Despite these differ-
ences, the RNA cavity and the RNA stacking are highly 
homologous in their NLP structures. It is possible that the N 
proteins in NSV have a conserved structural motif for the 
assembly of the nucleocapsid that effectively encapsidates 
viral genomic RNA. We name this structural motif (5H+3H) 
since the RNA cavity is supported by the V-shaped two 
helices that are grouped with 4 helices in the N-terminal 
lobe (1+4=5H) and 2 helices in the C-terminal lobe 
(1+2=3H), respectively [22]. This motif is readily visible in 
the structure of Borna disease virus N protein [23]. The mo-
tif is likely to be present in the N protein of other NSV 
when the structure of N in complex with RNA becomes 
available.  

3  Nucleocapsid as the template 

As shown by the crystal structure, the viral genomic RNA is 
sequestered in the nucleocapsid. How the viral RdRp recog-
nizes the nucleocapsid as the template and gains access to 
the genomic RNA is a puzzling question. The recognition of 
the nucleocapsid by viral RdRp requires the cofactor, P. The 
P protein (265 amino acids in length) can be associated with  
the L protein to form a stable complex. The P protein in the 
complex allows it to recognize the nucleocapsid [2428]. 
The pattern of the P protein interactions with the L protein, 
the RNA-free N protein and the nucleocapsid is complicated. 
The P protein is present in multiple phosphorylation forms. 
When the P protein is phosphorylated near its N-terminus at 
sites Ser60, Thr62 and Ser64, it is involved in viral tran-
scription [29,30], whereas phosphorylation at sites Ser226 
and Ser227 is required for viral replication [31]. The P pro-
tein is therefore divided into three domains, the N-terminal 
domain (PNTD), the central domain (PCD), and the C-terminal 
domain (PCTD). Each domain can function independently. For 
instance, PCTD was shown to bind the nucleocapsid [32,33]. 
On the other hand, PNTD could bind probably the L protein 
to support transcription [3335]. However, the P protein 
always functions in a dimer form as shown by complemen-
tary experiments by coexpression of two P mutants [36]. 
Structural analyses also support the domain division of the 
P protein and its functional form as a dimer [17,3740] 
(Figure 3). PCD is the key domain for the formation of a P 
dimer. The crystal structure of a P fragment corresponding 
to residues 107177 revealed that the dimer is constructed 

by domain swapping of a β-hairpin in each subunit that par-
ticipates in collating a β-sheet of four antiparallel strands on 
each side of the dimer [38] (Figure 3A). The core of the P 
dimer is consisted of two parallel α-helices brought together 
by many hydrophobic interactions. Interruption of the dimer 
association is detrimental to P functions [41,42].  

To initiate transcription or replication, the RdRp of the 
L/P complex binds the nucleocapsid and reads the 3′ end for 
replication or the promoter for transcription. However, the 
two different types of RNA synthesis may require the viral 
RdRp to interact with the nucleocapsid template in a differ-
ent manner. What factors influence the choice of transcrip-
tion over replication by the viral RdRp has been studied 
extensively. It has been postulated that the viral RdRp is 
first loaded at the 3′ end and initiates RNA synthesis. This 
corresponds to an event of replication initiation. If there is 
present a sufficient amount of encapsidation competent N 
protein, called N0 that is kept RNA free by association with 
the P dimer (N0-P2) [16,17,43], elongation of replication 
continues [44]. Otherwise, the RNA synthesis terminates 
and a leader sequence is produced [45]. This termination 
may completely release the RdRp from the nucleocapsid, or 
allow it to move toward the first promoter to initiate tran-
scription of the N gene [46]. In fact, transcription initiation 
of each gene in the VSV genome is always restarted when 
the transcription of the prior gene is terminated [4749]. 
The reinitiation results in that each transcript is capped by a 
unique capping mechanism carried within the L protein [50] 
and polyadenylated at the 3′ end. At the same time, the 
amount of each mRNA is reduced by approximately 30% 
sequentially in the order of N, P, M, G and L because the 
initiation of any transcription run always starts at the pro-
moter for the N gene. However, it has been discovered later 
that the viral RdRp in the transcriptase form can enter the 
promoter for the N gene directly [51,52]. In contrast, the 
replicase is actually composed of L/P/N that initiates repli-
cation at the 3′ end [51]. The tripartite replicase is produced 
in sufficient amounts when the N protein is fully expressed, 
consistent with the requirement of de novo synthesis of N to 
sustain replication [44]. In any event, the viral RdRp must 
specifically recognize the nucleocapsid template. This 
unique recognition relies on the association of PCTD with the 
nucleocapsid. The crystal structure of PCTD in complex with 
the NLP presented a clear picture how this specific associa-
tion is achieved [40] (Figure 3B). PCTD consists of four 
α-helices and two antiparallel β-strands, and is sandwiched 
between two neighboring C-terminal lobes of N when P is 
associated with the nucleocapsid. The main contact areas 
between PCTD and the nucleocapsid are the C-terminal ex-
tended loop and the last α-helix in one C-terminal extended 
lobe, and the C-terminal extended loop in another neigh-
boring C-terminal lobe. The last α-helix of the C-terminal 
lobe builds the bottom of the PCTD binding site and the two 
C-terminal extended loops erect the walls to accommodate 
PCTD. If the N protein is monomeric as a RNA-free protein, 
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Figure 3  A, A ribbon drawing of the structure of the PCD dimer. The N terminus of the green subunit and the C-termini of the green and yellow subunits 
are labeled for the PCD dimer. The domain swab of the β–hairpin can be seen in the green and yellow PCD dimer. Two parallel α-helices are in the center of 
the PCD dimer. A second PCD dimer (blue and purple) is also shown indicating the formation of the β-sheet in the dimer of PCD dimers. B, The ribbon drawing 
of the structure showing the interaction of PCTD (yellow) with the C-terminal lobe extended loops of the red and green N subunits. The helix α13 of the red N 
subunit is at the bottom of the PCTD binding site. The access to the RNA cavity is facing the reader. C, A schematic illustration for the replication model. The 
N subunit is shown as a horse shoe. The viral RNA is in the center of the nucleocapsid. A P dimer lodges the L protein on the nucleocapsid, which leads to 
unveiling the viral RNA inside the nucleocapsid. The template viral RNA is temporarily released from up to three N subunits to allow copying of the viral 
genome. The newly synthesized viral RNA is concomitantly encapsidated by the N subunits delivered to the replication site by other P dimers (in the form of 
N0-P2) while the viral RdRp proceeds along the viral genome. D, The electron density (wire cage) for the tightly stacked adenine bases of a poly(rA) in NLP.  

The orientation of the N subunit and RNA is the same as in (B) with the C-terminal lobe on top and the N-terminal lobe at the bottom. 

two third of this PCTD binding site is still present, which 
could be part of the P-N interactions in the N0-P2 complex, 
but the interactions may be weak. It is therefore required 
that the N-terminal domain of P participates in the interac-
tions with the N groove corresponding to the RNA cavity in 
order to keep N free of RNA [17]. The PCTD binding site 
walled by the two neighboring C-terminal lobes in the nu-
cleocapsid must have a higher affinity in order to render the 
recognition of the nucleocapsid by the L/P RdRp complex. 
Since this site can only be created by N subunits that are in 
the nucleocapsid, this unique feature of the nucleocapsid 
establishes the mechanism for the viral RdRp to bind only 
the nucleocapsid. In the crystal structure of the PCTD-NLP 
complex, there are significant conformational changes in P 
and N when compared to that of the uncomplexed structures 
[14,39,40], which further confirmed that the PCTD binding 
site is a high affinity site because of induced fit in the com-
plex structure. In addition, the two phosphorylation sites in 
PCTD, Ser226 and Ser227, are located closely to the opening 
of the RNA cavity, a position consistent with its role of 
bringing the viral RdRp to bind the nucleocapsid template 

and gain access to the genomic RNA.  
It has been shown that the assembly of the nucleocapsid 

is concomitant with the replication of the viral RNA ge-
nome [44]. The crystal structure of the NLP showed that the 
N protein has no interactions with specific bases in the RNA, 
and thus there could be no encapsidation signal in the viral 
RNA genome, which is different from what was previously 
thought. It is conceivable that the specific encapsidation of 
the genomic RNA is the result of nucleocapsid assembly at 
the site of replication, as suggested in a model [40] (Figure 
3C). The P dimer may play a critical role in this process. 
First of all, the newly synthesized N protein is kept 
RNA-free and encapsidation competent by the P dimer. 
Otherwise, the N protein will likely encapsidate random 
RNA sequences as shown by expression of the N protein 
alone [53]. Most importantly, we propose that the P dimer 
actually shuttles the N protein subunits to the site of replica-
tion in order to encapsidate newly synthesized genomic 
RNA. The implication of this P protein function can be de-
rived from the observation that the oligomerization domain 
(PCD) dimer may be further associated to generate a tetramer 
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of two P dimers through the extension of the β–sheets [38]. 
Since a P dimer is already present in the viral RdRp as a 
cofactor to bind the nucleocapsid template, the additional 
interactions between the P dimers, one from the RdRp, and 
the other from the N0-P2 complex, may serve as a docking 
platform for the newly synthesized N subunits to be deliv-
ered to the viral RdRp for the nucleocapsid assembly. It is 
likely that other interactions also participate in implement-
ing the nucleocapsid assembly site, but the association be-
tween the two P dimers is a key for correct N orientation. 
Once the N subunit is added to the nucleocapsid under con-
struction, the P dimer may be released and recycled for de-
livery of more N subunits. This active process makes the 
encapsidation of the viral genomic RNA much more effi-
cient and rapid so that the majority of N subunits will be 
utilized before encapsidation of random RNA sequences 
may occur. There is no requirement for an encapsidation 
signal in the viral genome during this process. Some of the 
P dimers may remain associated with the fully assembled 
nucleocapsid, in addition to being present in the nucleocap-
sid associated viral RdRp, to facilitate its transportation to 
the budding site at the plasma membrane [54]. 

For transcription, de novo synthesis of the N protein or 
the P protein is not required [28,44]. The P dimer present in 
the viral RdRp renders RdRp binding to the nucleocapsid 
template, but the viral RdRp must be able to distinguish the 
promoter sequence in the nucleocapsid. Recent studies 
showed that mutations in the C-terminal extended loop of N 
that interacts with the P protein, or in the N protein near the 
RNA cavity have a profound effect on the level of tran-
scription, but no effects on replication [55,56]. This indi-
cated that the N protein plays a critical role in transcription 
initiation. There must be a unique feature near the promoter 
sequence in the nucleocapsid that allows a productive tran-
scription initiation complex to be organized. We developed 
a novel experiment to map the structural details near the 
promoter sequence [20]. By extensive RNase A treatment, 
the random RNA molecules could be completely removed 
from the NLP. A NLP with a specific RNA sequence can be 
reconstituted by incubating the empty NLP with RNA mol-
ecules of a specific sequence. Our initial structures included 
those reconstituted with poly(rA), poly(rG), poly(rC), and 
poly(rU). Again, no specific interactions between the RNA 
bases and the N protein were observed in these structures. 
However, the stability of the RNA motifs has significant 
differences for different RNA sequences. For instance, the 
base stacking of poly(rA) in the NLP is most stable among 
the four types of ribonucleotides, contrary to poly(rA) in 
solution [20] (Figure 3D). The environment in the RNA 
cavity, including, for instance, the shape of the space in the 
cavity, hydrophobic patches, or neutralization of the back-
bone phosphate groups by the positively charged residues, 
could together favor the formation of a more stable RNA 
structure near the promoter sequence. Such a stable struc- 

ture can induce the viral RdRp that is scanning the nucle-
ocapsid to pause and change its structure so that the pro-
moter sequence is used for initiation of transcription. On the 
other hand, when the viral RdRp reaches the end of a viral 
gene which has a poly(rU) track prior to the gene junction 
site, the structure of poly(rU) stacking motifs is less stable, 
preventing RNA synthesis from preceding. This model    
is consistent with the observation that mutations that  
dampened RNA transcription were associated with decreas-
es in the stability of the nucleocapsid RNA cavity or the 
complex formed between the viral RdRp and the nucle-
ocapsid [55,56]. Studies of the structure for the promoter 
and gene junction sequences are in progress (Luo M, un-
published data). 

4  Packaging the nucleocapsid in the virion 

To spread infection, the newly formed nucleocapsid needs 
to be packaged in the virion. The first step is to transport the 
nucleocapsid to the site of virion assembly at the interior of 
plasma membrane. This transportation involves other viral 
proteins, probably M, P dimer and/or the viral RdRp con-
taining L and P, and is microtubule-mediated [56,57]. The 
viral glycoprotein G is separately transported to the plasma 
membrane via the ER/Golgi system, and is clustered in the 
membrane raft with the ectodomain on the outside and the 
cytoplasmic tail on the inside [58]. The M protein plays the 
role of driving virion assembly. The M protein is first clus-
tered at microdomains of the plasma membrane, whereas 
the nucleocapsid is associated with the microdomains where 
the G protein is clustered [59]. The M protein is then re-
cruited to the budding site and the virion assembly is initi-
ated. The virion of VSV has a unique bullet shape, with a 
pointed head budding from the plasma membrane first and 
ending with a blunt bottom. Based on the cryoEM structure 
of VSV virion, it is concluded that the M protein drives this 
budding process to create the bullet shape [60]. At the cen-
ter of the budding site starting with the 3′ end of the viral 
genome, the nucleocapsid is likely to initiate budding with a 
circular structure with 10 N subunits which is similar to that 
of the NLP found in the crystal structure. In order to con-
tinue to package the nucleocapsid, a second turn needs to be 
added surrounding the initial circle leading to a spiral struc-
ture. The second turn must have a larger radius and its in-
teractions with the first turn must be sufficient to stabilize 
the structure (Figure 4A). The cryoEM structure showed 
that a turn of M subunits is situated between the two turns 
of the nucleocapsid, with the N-terminal lobes of N facing 
the M protein and the C-terminal lobes facing the helical 
interior (Figure 4B). The M protein bridges the two turns of 
the nucleocapsid, thus stabilizing the spiral structure. As 
each turn is added to package the nucleocapsid into the vi-
rion, a turn of M subunits is continuously added between 
the consecutive turns to stabilize the spiral structure, but the   
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Figure 4  A, A schematic illustration of the assembly process of the nucleocapsid during budding. The N subunit is represented by a spherically ended 
cylinder. The viral genomic RNA is represented by a red string. The orientation of the N subunits in the 1st, 2nd, and 3rd turns, and the tangent angle be-
tween them to indicate the radius are illustrated at the upper right corner. B, Five M subunits from three turns are shown as cyan surface rendered objects 
(labeled M), and two N subunits underneath the M subunits are shown as green surface rendered objects (labeled N). The yellow portion of the central M 
subunit represents its N-terminal hob. Numbers 1 and 2 indicate interactions of M with the top and bottom N subunits, respectively, whereas numbers 3 and 
4 indicate interactions of M with the M subunits on the left and at below, respectively. B, Surface rendered illustration of the cylindrical portion of the VSV 
virion. The nucleocapsid is in the center and the mesh formed by the M subunits (blue) surrounds the helix of the nucleocapsid. The purple layer indicates  

the inner leaflet of the viral membrane. 

radius of each consecutive turn is larger than the prior turn 
up to the 7th turn. Following the 7th turn, the nucleocapsid 
is wound up as cylindrical turns of the same radius finishing 
up at the 5′ end of the viral genome, with each turn contain-
ing 37.5 N subunits, or with 75 N subunits to complete two 
turns (Figure 4C). The N subunit in each turn is interdigi-
tated with the N subunits in the turn above and below, with 
neighboring turns stabilized by the M subunits.  

The M subunits follow the same symmetry as the N sub-
units, but the close contacts between turns are provided by 
the M subunits only. The bullet shaped structure of the nu-
cleocapsid packaged in the virion must be stabilized by the 
M protein. Otherwise, the nucleocapsid would not be able to 
shape like a bullet [5,61]. The M subunits establish a com-
plete two-dimensional mesh covering over the nucleocapsid. 
In the 2D mesh, M subunits maintain four points of close 
contacts with each other laterally and vertically [60,62]. The 
rigidity, the shape and the separation between turns of the 
bullet shaped nucleocapsid are entirely dictated by the M 
subunits. Meanwhile, the back of the M subunit (the 
C-terminal domain of M [63]) interacts with the cytoplas-
mic tail of the trimeric G protein, thus completing the as-
sembly of an infectious virion. The match between the 
3-fold symmetry of the G protein trimers and the helical 
symmetry of the M protein mesh is coincidental due to the 
dimension of the M-nucleocapsid structure in bullet shape, 
resulting in the most stable virion. 

5  Conclusion 

The nucleocapsid of VSV is formed by the N subunits 
lined-up in a parallel fashion. The side-by-side and 
cross-molecular interactions among the N subunits maintain 
the integrity of the capsid to sequester the viral RNA ge-
nome. The nucleocapsid is packaged in the virion in a bullet 
shape and is released together with the viral RdRp into the 
cytoplasm during virus entry. The linear nucleocapsid in the 
cytoplasm serves as the template for viral transcription and 
replication. With the help of the polymerase cofactor, the P 
protein, the viral RdRp can recognize the nucleocapsid and 
access the viral RNA genome encapsidated in the nucle-
ocapsid. The nucleocapsid of VSV, and also other NSVs, is 
functionally the same as other viral nucleocapsids, with a 
protein capsid that encapsidates the viral RNA genome in-
side. There are no fundamental differences between the nu-
cleocapsid of NSVs and that of other viruses, except for 
symmetry. The VSV nucleocapsid has a linear symmetry, 
whereas other viral nucleocapsids may have a spherical 
(icosahedral) symmetry, e.g., poliovirus, or a helical sym-
metry, e.g., tobacco mosaic virus. The general properties of 
VSV nucleocapsid are common among the nucleocapsid of 
all NSVs. For further reading, please see [64]. The ribbon 
drawing for the protein structure in all figures in this publi-
cation was done with PyMol [65]. 
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