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ABSTRACT

In a negative-strand RNA virus, the genomic RNA is sequestered inside the nucleocapsid when the viral RNA-dependent RNA
polymerase uses it as the template for viral RNA synthesis. It must require a conformational change in the nucleocapsid protein
(N) to make the RNA accessible to the viral polymerase during this process. The structure of an empty mumps virus (MuV) nu-
cleocapsid-like particle was determined to 10.4-Å resolution by cryo-electron microscopy (cryo-EM) image reconstruction. By
modeling the crystal structure of parainfluenza virus 5 into the density, it was shown that the �-helix close to the RNA became
flexible when RNA was removed. Point mutations in this helix resulted in loss of polymerase activities. Since the core of N is
rigid in the nucleocapsid, we suggest that interactions between this region of the mumps virus N and its polymerase, instead of
large N domain rotations, lead to exposure of the sequestered genomic RNA.

IMPORTANCE

Mumps virus (MuV) infection may cause serious diseases, including hearing loss, orchitis, oophoritis, mastitis, and pancreatitis.
MuV is a negative-strand RNA virus, similar to rabies virus or Ebola virus, that has a unique mechanism of viral RNA synthesis.
They all make their own RNA-dependent RNA polymerase (RdRp). The viral RdRp uses the genomic RNA inside the viral nu-
cleocapsid as the template to synthesize viral RNAs. Since the template RNA is always sequestered in the nucleocapsid, the viral
RdRp must find a way to open it up in order to gain access to the covered template. Our work reported here shows that a helix
structural element in the MuV nucleocapsid protein becomes open when the sequestered RNA is released. The amino acids re-
lated to this helix are required for RdRp to synthesize viral RNA. We propose that the viral RdRp pulls this helix open to release
the genomic RNA.

Many negative-strand RNA viruses (NSVs) are important hu-
man pathogens that frequently cause outbreaks. The Ebola

virus outbreak in West Africa in 2014 (1) and the pandemic influ-
enza A virus H1N1 outbreak in 2009 (2) are two recent examples.
Some pathogens appear to reemerge in spite of available vaccines,
such as mumps virus and measles virus (3–5). Effective controls
are needed to combat these pathogens. In order to develop more
effective countermeasures, the mechanism of NSV replication
should be better understood. One of the unique features in NSVs
is that the genomic RNA is sequestered in the nucleocapsid (6).
During transcription and replication, the viral RNA-dependent
RNA polymerase (vRdRp) must be able to gain access to the se-
questered genomic RNA in order to use it as the template. For
Rhabdoviridae and Paramyxoviridae, the virus encodes a single
nucleocapsid protein (N) that polymerizes as a linear capsid to
encapsidate the genomic RNA (7). The viral polymerase complex
consists of the large protein (L) and the phosphoprotein (P).

The structure of the nucleocapsid or a nucleocapsid-like par-
ticle has been solved for several members of Rhabdoviridae and
Paramyxoviridae by X-ray crystallography or cryo-electron mi-
croscopy (cryo-EM) three-dimensional (3D) reconstruction (8–
12). The common features among various structures are that the
N protein has an N-terminal domain and C-terminal domain in
its core, composed mostly of �-helices. When the N subunits as-
semble into a polymeric capsid, they are aligned in parallel in a
linear fashion (13). There are extensive side-by-side interactions
between the neighboring domains and domain swaps of extended
loops and long termini. The genomic RNA is encapsidated in a

cavity formed between the two core domains. Most of the RNA
bases are stacked, some of which face the exterior and some the
interior of the N protein core. The tight assembly of the nucleo-
capsid clearly suggests that vRdRp must open the N protein core
in order to unveil the genomic RNA. How this action is carried out
remains to be discovered. The interaction of the polymerase co-
factor P with the nucleocapsid may provide some insights on this
subject. The C-terminal domain of vesicular stomatitis virus
(VSV) P protein binds between the extended loops in the C-ter-
minal domains of two neighboring parallel N subunits (14). Since
the P protein is a part of the vRdRp complex, this binding will
place the polymerase in a close proximity to the “gate” covering
the genomic RNA. However, the binding of VSV P protein does
not seem to induce a significant conformational change in the N
protein. It has also been shown that an N-terminal fragment of
VSV P protein binds in a truncated empty capsid with an �-helix
that sits in the RNA cavity and an extended N-terminal polypep-
tide that occupies the space vacated by the deletion of the N-ter-
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minal arm of VSV N protein (15). However, this fragment of the
VSV P protein could not bind the nucleocapsid or release the
genomic RNA. It seems that the P protein can bind the nucleocap-
sid but is not able to unveil the genomic RNA alone.

Mumps virus (MuV) and parainfluenza virus 5 (PIV5) are
members of Rubulavirus, a genus of Paramyxoviridae. The nucleo-
capsids of these two viruses tend to coil into a helical structure
even when packaged inside the virion. There are on average 13
subunits per turn in the helical structure (16). A unique charac-
teristic of viruses like rubulaviruses is that the length of the RNA
genome should be an integer with 6 as a divisor, the so called “rule
of six,” suggesting that the single N subunit repeat corresponds to
a repeat of 6 nucleotides in the encapsidated genomic RNA (17).
In previous studies, it was shown that the MuV N protein forms a
ring of 13 subunits when it is coexpressed with the P protein in
Escherichia coli (16). A 78-nucleotide piece of RNA presumably
having random sequences was found encapsidated in the ring
structure. The packaged RNA could be easily removed by high salt
concentrations, low pH, or RNase A, in contrast to the case for
VSV nucleocapsid. The C-terminal domain of MuV P protein
binds between the two neighboring N subunits in the nucleocap-
sid, having a similar stoichiometry as VSV P protein. However, the
binding site for MuV P protein is closer to the N-terminal domain
of its N protein, whereas the binding site for VSV P protein is
closer to the C-terminal domain of its N protein. Moreover, the
N-terminal domain of MuV P protein also binds and uncoils the
nucleocapsid (18). The P N-terminal domain alone can enhance
viral RNA synthesis, which has not been reported for other NSVs.
Recently, the crystal structure of a truncated PIV5 N-RNA ring
was reported (12). The N protein of PIV5 has the same typical
two-domain fold as the N protein of other NSVs and is most
homologous to that of Nipah virus (NiV) (19). In each N subunit,
six nucleotides were covered, with three stacked bases facing the
interior and three facing the exterior of the N protein. By compar-
ing the structure of the PIV5 N protein with that of the mono-
meric NiV N protein, which seems to have a more open confor-
mation between the two N domains, it was hypothesized that the
C-terminal domain of PIV5 N protein needs to rotate out in order
for the viral polymerase complex to unveil the sequestered RNA
(12). In this report, we show that a loop-helix �7 region in MuV N
protein is the most flexible region when the sequestered RNA is
released. Mutation of a few residues in this region also diminished
or reduced viral RNA synthesis. These data suggest an alternative
mechanism, namely, that the viral polymerase complex needs only
to induce a local conformational change of the loop-helix �7 to
unveil the sequestered genomic RNA and does not need to bend
open a very stable N protein core.

MATERIALS AND METHODS
Expression and purification of recombinant MuV N protein. All plas-
mid sequences were based on MuV isolated during an outbreak in Iowa in
2006 (GenBank accession no. JN012242). The coding sequence corre-
sponding to residues 1 to 379 of MuV N protein was coexpressed with the
His tagged P protein using plasmid pET28b. After purification of the
protein complex with an Ni column, the N379 protein was purified by
ion-exchange chromatography (HiTrap Q HP; GE Healthcare). The pu-
rified N379 protein sample that contains random RNA was dialyzed
against 20 mM HEPES, pH 7.5. The packaged RNA was removed from the
purified N379 protein by treatment with 1 mg/ml of RNase A overnight at
room temperature.

Cryo-EM structure of the empty MuV N assembly. Cryo-EM images
of the N379-RNA complex and the empty N379 complex were collected at
the National Resource for Automated Molecular Microscopy (NRAMM)
in the Scripps Research Institute. Data were acquired on a Tecnai F20
electron microscope operating at 200 kV, with a Gatan 4kx4k charge-
coupled device (CCD) camera to record the images at a pixel size of 1.21 Å.
A total of 191 images were included in the final data set for the empty N379

complex. Segments of the empty capsid helices were selected with helix-
boxer from the SPARX/EMAN2 package, using 10% overlap between par-
ticles. Particles were aligned using a mask. Contrast transfer function
(CTF) corrections were performed with EMAN2. The IHRSR method was
used to refine the 3D reconstruction using a noisy cylinder of 220 Å in
diameter as the initial model. The initial parameters used for the helical
refinement were from the cryo-EM structure of the authentic nucleocap-
sid (18). The final structure was refined with 5,578 particles, and the
resolution was determined to be 10.4 Å using FSC � 0.5. The helical
structural model was constructed using PyMol (20) and PIV5 N coordi-
nates from PDB code 4XJN. NiV N coordinates were from PDB code
4CO6. Fitting of the model coordinates into the density was carried out
with Chimera (21). Segmentation and superposition of densities were also
performed with Chimera.

Minigenome assays. The point mutations in the loop-helix �7 region
of MuV N were generated by introducing point mutations into the MuV
N gene previously cloned into the pCAGGS expression vector (22). Mu-
tations were introduced by splicing by overlap extension (SOE) mutagen-
esis using Phusion polymerase (Thermo Scientific), as previously de-
scribed (23). All constructs were confirmed by sequencing at Genewiz.

The minigenome assay was performed as previously described (23). In
short, BSR-T7 cells (1 day, 60 to 80% confluent, 24-well plate) were
transfected with pCAGGS-P (80 ng), pCAGGS-L (500 ng), pT7-MG-
RLuc (100 ng), and pFF-Luc (1 ng), along with various amounts of
pCAGGS-N (wild type [wt], Tyr185Pro, Ala197Gln, or Gln200Arg at 25,
50, 100, or 200 ng) using jetPRIME (Polyplus) according to the manufac-
turer’s specifications. After 48 h, cells were lysed and a dual-luciferase
assay (Promega) was performed using a portion of the lysate. Lumines-
cence was measuring using a GloMax 96 microplate luminometer (Pro-
mega). The ratio of Renilla to firefly luciferase was reported for 4 experi-
mental replicates.

Expression levels of N were determined by Western blotting using a
portion of the minigenome lysate. All four experimental replicates were
combined and mixed with 2� Laemmli sample buffer (Bio-Rad) contain-
ing �-mercaptoethanol. Samples were heated at 95°C, resolved on 10%
mini-Protean TGX protein gels (Bio-Rad) by SDS-PAGE, and transferred
to Amersham Hybond LFP polyvinylidene difluoride (PVDF) mem-
branes (GE Healthcare Life Sciences). Immunoblotting was performed
with an anti-N monoclonal antibody (MAb), followed by incubation with
a Cy3-conjugated goat anti-mouse IgG (Jackson ImmunoResearch). The
blot was visualized on a Typhoon FLA 7000 instrument (GE Healthcare
Life Sciences), and densitometry was performed using ImageQuant TL
(GE Healthcare). Values were normalized to wt N at 50 ng/well.

RESULTS
Structure of a truncated empty capsid. In a previous study, the
MuV N protein was coexpressed with the P protein, and a ring of
13 subunits that packages random RNA inside was isolated (16).
When the purified ring was stored for a few weeks at 4°C, it was
found that the N protein was truncated after residue 379 (N379)
(24). The same truncation could be generated by trypsin treat-
ment. Here, a vector was constructed to coexpress N379 with the P
protein that has a His6 tag at the N terminus. The N379-P complex
was purified using an Ni column, and the N379 protein was further
purified with an ion-exchange column. N379 still forms a ring of 13
subunits with random RNA packaged. However, the rings of N379-
RNA can stack and transform into a nucleocapsid-like helical
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structure (Fig. 1A). The random RNA sequence could be removed
with RNase A, and long helical empty capsids were formed by N379

(Fig. 1B). The structure of the empty capsid formed by N379 was
determined to a 10.4-Å resolution by cryo-EM 3D image recon-
struction (Fig. 1C). The diameter of the left-handed truncated
empty capsid is about 218 Å, similar to that of the authentic nu-
cleocapsid purified from mumps virions (18). The pitch height,
however, is much lower, at about 49 Å (a rise of 3.7 Å per subunit),
compared to 67 Å for the authentic nucleocapsid. The rotation of
one subunit to the next is 27° about the central axis, making 13.3
subunits per turn, compared to 12.7 subunits per turn in the au-
thentic nucleocapsid. The crystal structure of the PIV5 N-RNA
ring complex contains only the fragment of N401 (12). Since the
sequence of MuV N379 is highly homologous to the sequence of
N401, the coordinates of residues 3 to 379 without RNA from this
crystal structure were used to construct an atomic model by rotat-
ing a subunit by 27° counterclockwise about the central axis and
downshifting by 3.7 Å. The model as a rigid body fits our density
map well (Fig. 1D). The empty space between the N- and C-ter-
minal domains of the N protein density is consistent with removal
of RNA by RNase A treatment. It appears that transition from a
ring structure to a helical structure does not require significant

conformational changes in the subunits. In this model, no rota-
tion was introduced in either the N- or C-terminal domain of the
N protein.

Comparison with the authentic nucleocapsid. The structure
of the truncated empty capsid was compared with that of the au-
thentic nucleocapsid determined at an 18-Å resolution (18). The
density of the two structures was segmented at about the 2� con-
tour level. As shown in Fig. 2A, the two segments can be superim-
posed fairly well except for two regions. The authentic nucleocap-
sid has more density between the N- and C-terminal domains,
consistent with having genomic RNA encapsidated in the nucleo-
capsid. As shown in Fig. 2B, there is no density corresponding to
the location of RNA when the coordinates of PIV5 N are super-
imposed in the segment. There is also a piece of extra density in the
authentic nucleocapsid near the C-terminal end of N379. When the
density of an N379 segment is superimposed onto the helical struc-
ture of the authentic nucleocapsid (Fig. 2C), this extra piece of
density is involved in the contact between the successive turns.
The extra density seems to be responsible for increasing the pitch
height of the authentic nucleocapsid. Part of residues 380 to 549,
missing from N379 (also known as the N-tail), corresponds to this
piece of density, but the size of the density is too small to account

FIG 1 (A and B) Cryo-EM images of the N379-RNA helical structure (A) and the empty N379 helical structure (B). Scale bars are 50 nM. (C) The density of the
reconstructed empty N379 helical structure contoured at 2.0� level, corresponding roughly to the volume of the model coordinates in panel D. A left-handed helix
with four consecutive turns is shown. (D) The structural model constructed with the PIV5 coordinates 4XJN, fitted in the density the empty N helical structure.
One turn of 13 subunits is constructed using the coordinates of PIV5 N. The entire turn was fitted into the density as a rigid body (blue ribbons). The electron
density is shown by a semitransparent contour. One subunit of the N protein is shown in red.
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for all residues. While some of the N-tail residues make contacts
between the successive turns, the rest of the N-tail is likely to point
to the exterior of the helical structure, where it was shown to
interact with the nucleocapsid binding domain of the P protein
(18).

How is the encapsidated genomic RNA unveiled by the viral
polymerase? As shown for a number of negative-strand RNA vi-
rus nucleocapsid-like structures, the genomic RNA is sequestered
in the nucleocapsid with some of the stacked nucleotide bases
facing the interior of the N protein (25). In order to use the se-
questered genomic RNA as a template for viral synthesis, a con-
formational change must be induced by the viral polymerase com-
plex to temporarily release the RNA from the N protein. It has
been suggested that one of the two N protein domains surround-
ing the genomic RNA can swing open so the template RNA be-
comes accessible by vRdRp (12). The N structure from the PIV5
N401-RNA complex was compared with that of a truncated N pro-
tein (N32–383) of NiV in complex with a fragment of the P protein.
There is no RNA in the NiV N32–383 structure. The comparison
showed that the N- or C-terminal domain of the two N proteins
can be superimposed separately. If the N-terminal domains were
superimposed, it would require a 20° rotation to bring the C-ter-
minal domain of PIV5 N to overlap that of NiV N. This observa-
tion was the basis for the hypothesis that the C-terminal domain of
PIV5 N is the domain that rotates upon polymerase binding, not
the N-terminal domain (12). To examine this hypothesis, the co-
ordinates of PIV5 N and NiV N32–383 were superimposed onto the
density of the truncated empty capsid of MuV. The PIV5 N struc-
ture can be superimposed well without any conformational
changes in the two domains. On the other hand, only one of the
two domains in NiV N32–383 may be properly superimposed in
the density each time. If the N-terminal domain is superimposed,
the C-terminal domain of NiV N32–383 will stick out of the density
toward the interior of the helical empty capsid. If the C-terminal
domain is superimposed, the N-terminal domain of NiV N32–383

will be outside density. However, the motion that may bring the
N-terminal domain back into the density requires mostly a rota-
tion about the helical axis (Fig. 3C). The two sets of coordinates
were also mapped based on the B factor, a factor that correlates
with structural stability (Fig. 3A and D). The core of the PIV5
N-RNA complex has very low B factors, suggesting a high struc-
tural stability. This will make it very hard to open either the C- or
N-terminal domain because of the high energy requirement. Sim-
ilarly, the core of NiV N32–383 also has lower B factors. However,
the surface residues in the N-terminal domain NiV N32–383 have
relatively higher B factors. This is consistent with the fact that the
truncated monomeric NiV N protein has neither neighboring
subunits nor RNA to stabilize it. It was also observed that when the
RNA was removed from the authentic nucleocapsid, the MuV
empty capsid became more flexible (18). We noticed, however,
that residues in helix �7 and the prior loop of PIV5 N also have
very high B factors comparable to the residues in the N and C
termini, among which residues 183 to 186 were actually disor-
dered (Fig. 3B). The homologous region in the NiV N has similar
B factors and disordered residues. When the coordinates of PIV5
N are superimposed with the structure of the MuV truncated
empty capsid, there is no density corresponding to the loop-helix
�7 (Fig. 2B). The same observation was made with superposition
of the NiV N32–383, in which there is no corresponding density for
the homologous loop-helix. We propose that the viral polymerase

FIG 2 (A) Superposition (central image) of the segmented density of the
empty N379 helical structure (transparent gray) with that of the authentic nu-
cleocapsid (cyan). (B) The coordinates of PIV5 N without RNA (red ribbon)
were superimposed with the segmented density. Half of the segmented density
was removed by slicing through the center. The loop-helix �7 region is labeled.
The cleft in the MuV density corresponds to the location where the RNA would
be released. (C) Superposition of the segmented density of the empty N379

helical structure (gray) with the helical density of the authentic nucleocapsid
(cyan). The density of the authentic nucleocapsid is clipped through the
center.
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complex is required only to open this loop-helix �7 region in
order to gain access to the sequestered RNA, instead of bending
open a very stable protein core by rotating either the N- or C-ter-
minal domain.

Residues in the loop-helix �7 are critical. We compared the
sequence of the MuV N protein with that of the PIV5 N protein
and found that in the loop-helix �7, three residues are different
between the two proteins: residues Tyr185, Ala197, and Gln200
(Fig. 3A). Since vRdRp of one virus could not work with other
nucleocapsids, we argue that changing these three amino acids of
MuV to those of PIV5 would compromise viral RNA synthesis if
they are required for vRdRp interactions with the N protein. Three
mutant N proteins were therefore generated, corresponding to the
changes Tyr185Pro, Ala197Gln, and Gln200Arg. The minige-
nome activity assay and Western blotting for quantitating the ex-
pression of mutant MuV N proteins were carried out, and the
results are summarized in Fig. 4. According to Western blot anal-

ysis, the mutant N proteins have levels of expression similar to or
even higher than that of the wt sequence (Fig. 4A). However, the
minigenome activities using the mutant N proteins were signifi-
cantly reduced compared to that using the wt N protein (Fig. 4B).
Gln200Arg had almost no activity, consistent with the fact that
mutation from Gln to Arg represents a large side chain change
from a polar residue to a positively charged residue.

DISCUSSION

Transition of the MuV N-RNA complex to a helical structure
suggests that the helical nucleocapsid is a very stable structure. By
changing to a helical structure, most of the lateral interactions
observed in the N-RNA ring are likely to be preserved, especially if
the N subunit is allowed to rotate itself. The interactions observed
in the crystal structure of NSV N-RNA rings are therefore valid for
interpreting N subunit interactions in the authentic nucleocapsid.
The protein-protein contact between the neighboring N subunits

FIG 3 (A) Ribbon drawing of the PIV5 N structure (4XJN) colored by the B factor (side view). The blue color corresponds to a low B factor, whereas the red color
corresponds to a high B factor. N and C, N terminus and C terminus, respectively, of the PIV5 N-RNA complex. The encapsidated RNA is shown for one N
subunit as a stick model. Residues Ala197 and Gln200 are displayed as sticks and labeled. Residue Tyr185 is not present in the crystal structure. (B) A close-up view
of helix �7 and the loop prior to helix �7 in the PIV5 N structure. Residues Lys180 and Ala192 are at each end of this flexible region. Disordered residues183 to
186 are not present. (C) Ribbon drawings to illustrate the motion required to fit the coordinates of NiV N (PDB code 4CO6) with the density of the empty N379

helical complex. The structure of NiV N is represented by a ribbon in cyan. The structure of PIV5 N as fitted in the density of the empty N379 helical complex is
represented by a ribbon colored from blue to red by B factors. The view is approximately down the axis of the empty N379 helical complex. The C-terminal
domains of the two structures were superimposed together. The red arrow indicates the rotational motion required for the N-terminal domain of NiV N to be
superimposed with that of PIV5 N. N and C, N and C termini of PIV5 N, respectively. RNA is encapsidated in the center of PIV5 N. (D) Ribbon drawing of the
NiV N structure colored by the B factor (side view). The blue color corresponds to a low B factor, whereas the red color corresponds to a high B factor. N and C,
N terminus and C terminus, respectively.
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is massive in the nucleocapsid, provided by side-by-side interac-
tions and domain swaps. Deletion of these interactions will result
in disassembly of the capsid and loss of RNA encapsidation (26).
In the structure of empty capsids shown here and reported previ-
ously (26), the same interactions are retained, suggesting that re-
lease of sequestered RNA may not require global conformational
changes in the N protein. As shown in the PIV5 N-RNA structure,
each C-terminal domain has an interface of 327 Å2 with both sides
and domain swapping of its C-terminal arm (residues 373 to 401)
with another neighboring N subunit. The interactions of the N-
terminal domain are even more extensive (883 Å2). A global con-
formational change of either domain will cost a large amount of
destabilization energy. In addition, the integrity of the nucleocap-
sid must be restored when the viral polymerase finishes RNA syn-
thesis at the region where RNA is unveiled. It may not be reversible
if large conformational changes are induced in the N protein dur-
ing viral RNA synthesis.

The conformation of the two domains in NiV N appears to be
more open than that in the N protein of respiratory syncytial virus
(19). However, the two N domains may become more closed in
other NSV N proteins, such as bunyaviruses (27–30). The degree
of openness of the two domains may not necessarily be related to
the mode of RNA encapsidation by the N protein or the flexibility
of the N protein core. If a hinge is present between the two N
domains, it is likely that a more flexible linker is present in the N
protein core. Based on the B factors, there is no such flexible linker
between the two domains in either PIV5 or NiV N. Moreover, the
crystal structure of a measles virus Ncore-P complex shows that

the RNA-free monomeric N protein has a more collapsed confor-
mation than that in the nucleocapsid (31). The conformation of
the RNA-free N protein is therefore not related to how the seques-
tered RNA is unveiled during viral RNA synthesis.

An N-terminal fragment of NiV P could bind the RNA-free
monometric truncated N32–383, but no evidence supports that this
fragment could bind the nucleocapsid (19). The P protein func-
tions as a chaperone to keep the N protein monomeric before
nucleocapsid assembly. The published structures showed that the
N-terminal regions can bind at the sites that are involved in stabi-
lizing the nucleocapsid, such as interactions for domain swapping
or RNA binding (19, 31). Once the monomeric N subunit is in-
corporated in the nucleocapsid, the P protein must be dissociated,
and the interactions of the N subunits are established. There is no
evidence to suggest that the P protein can compete with such
cooperative interactions. Our results showed that the loop-helix
�7 is the most flexible region when sequestered RNA is released.
When RNA is removed, this region becomes more flexible. Single-
amino-acid mutations of the MuV N sequence to those of the
PIV5 N sequence significantly reduced the minigenome activity
(Fig. 4), reaffirming the involvement of this region in viral RNA
synthesis. We suggest that specific interactions of this MuV N
region with the polymerase are required for unveiling the RNA for
viral RNA synthesis. These observations are consistent with the
proposed mechanism that the viral polymerase complex can un-
veil the sequestered RNA by inducing a local conformational
change of the loop-helix �7. The loop-helix �7 should be able to
readily restore the structure of the nucleocapsid after viral RNA
synthesis because it is only a local conformational change.
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