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CryoEM structure of the Nipah virus
nucleocapsid assembly
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Abstract

Nipah and its close relative Hendra are highly pathogenic zoonotic viruses, storing their
ssRNA genome in a helical nucleocapsid assembly formed by the N protein, a major viral
immunogen. Here, we report the first cryoEM structure for a Henipavirus RNA-bound nucle-
ocapsid assembly, at 3.5 A resolution. The helical assembly is stabilised by previously unde-
fined N- and C-terminal segments, contributing to subunit-subunit interactions. RNA is
wrapped around the nucleocapsid protein assembly with a periodicity of six nucleotides per
protomer, in the “3-bases-in, 3-bases-out” conformation, with protein plasticity enabling
non-sequence specific interactions. The structure reveals commonalities in RNA binding
pockets and in the conformation of bound RNA, not only with members of the Paramyxoviri-
dae family, but also with the evolutionarily distant Filoviridae Ebola virus. Significant struc-
tural differences with other Paramyxoviridae members are also observed, particularly in the
position and length of the exposed a-helix, residues 123-139, which may serve as a valu-
able epitope for surveillance and diagnostics.

Author summary

Nipah virus is a highly pathogenic RNA virus which, along with the closely related Hendra
virus, emerged relatively recently. Due to ~40% mortality rate and evidence of animal-to-
human as well as human-to-human transmission, development of antivirals against the
Nipah and henipaviral disease is particularly urgent. In common with other single-
stranded RNA viruses, including Ebola and coronaviruses, the nucleocapsid assembly of
the Nipah virus safeguards the viral genome, protecting it from degradation and facilitat-
ing its encapsidation and storage inside the virion. Here, we used cryo-electron micros-
copy to determine accurate three-dimensional structure for several different assemblies of
the Nipah virus nucleocapsid protein, in particular a detailed structure for the complex of
this protein with RNA. This structural information is important for understanding
detailed molecular interactions driving and stabilizing the nucleocapsid assembly forma-
tion that are of fundamental importance for understanding similar processes in a large
group of ssRNA viruses. Apart from highlighting structural similarities and differences
with nucleocapsid proteins of other viruses of the Paramyxoviridae family, these data will
inform the development of new antiviral approaches for the henipaviruses.
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Introduction

Nipah virus (NiV) and the closely related Hendra virus are emerging zoonotic RNA viruses
that cause a range of illnesses, from asymptomatic infections to atypical pneumonia and fatal
encephalitis. NiV was first discovered during an outbreak of encephalitis among pig farmers in
peninsular Malaysia in 1998 with a case-fatality rate of ~40%[1]. Whilst the Pteropus fruit bats
serve as the natural reservoir host for NiV, the virus was shown to infect a wide range of ani-
mals, with evidence of human to human transmission[2-4]. As one of the most serious emerg-
ing infectious diseases, NiV disease has been included among a shortlist of the blueprint
priority diseases by the World Health Organisation (WHO), alongside Ebola virus disease,
Zika and severe acute respiratory syndrome (SARS). However, currently there is no approved
treatment or vaccine available.

Along with the Hendra virus, which was discovered in Australia in 1994, NiV is a member
of the newly delineated Henipavirus genus in the Paramyxoviridae family. As with other para-
myxoviruses, the NiV RNA genome conforms to the “rule of six”, where the length of the
genome is a multiple of six nucleotides[5]. The NiV RNA genome is encapsidated by the nucleo-
protein (N), forming a long helical nucleocapsid assembly[1]. This assembly not only safeguards
the viral genome from degradation, but also serves as a template for productive transcription of
mRNA and replication of the nascent viral RNA genome by the viral RNA dependent RNA
polymerase (RdRp)[6]. During the early stage of the Paramyxoviridae viral replication cycle,
viral mRNA transcription predominates and the viral mRNA is translated into the viral proteins
by the host translation machinery. After sufficient amounts of the N proteins have been pro-
duced, viral genome replication occurs[7]. The newly synthesized viral RNA genome is encapsi-
dated co-transcriptionally by nascently translated N protein, driving the formation of a helical
nucleocapsid assembly, making the N protein one of the most abundant viral proteins produced
during infection. During virion formation, the nucleocapsid and RdRp complex are transported
to the plasma membrane for assembly and budding in a process that is mainly driven and coor-
dinated by the interaction of the viral matrix protein (M) with the glycoproteins and the nucleo-
capsid assembly[8,9]. RNA binding by the N protein to form the nucleocapsid, therefore, is an
essential step in viral assembly and understanding this process would inform the development
of antivirals. The N protein is also a highly immunogenic antigen, partly due to its high abun-
dance during infection, making it a vital tool for the serological surveillance required for diag-
nostic and epidemiological studies of new and historic outbreaks[10,11].

Structures of nucleocapsid-like assemblies of several paramyxoviruses, assembled as helical
[12], ring[13] or clam-shaped[14] complexes, have been already reported. However, the nucle-
ocapsid of NiV shares only 32% sequence identity with the nucleocapsid of the Measles virus,
the closest homologue with an available structure. Although the overall fold would be expected
to be preserved, the extent of structural differences due to this considerable evolutionarily
divergence would make it challenging to precisely locate antigenic regions, and relate bio-
chemical findings to the structure, using only a homologous structure. The only structural
information for the NiV nucleocapsid is available for a truncated single subunit lacking N-ter-
minal (residues 1-31) and C-terminal (residues 384-532) regions, which was determined in
complex with a 50 amino acid peptide of the P protein[15]. No structural information is avail-
able for the oligomeric assembly of the NiV nucleocapsid, despite the ability of the recombi-
nant protein expressed in bacteria[16], yeast[17] and insect cells[18] to form nucleocapsid-like
helical structures containing cellular RNA. Here, we report CryoEM structures of several dif-
ferent types of assemblies formed by recombinantly produced NiV N protein, elucidating
detailed information about protein-RNA interactions. These structures also reveal how the N-
and C-terminal segments of the NiV N protein, which were not present in the construct used
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to determine the previous N protein structure, stabilise the assembly, by interacting with the
same surfaces of adjacent subunits that were previously shown to interact with the P-protein
[15]. These new data permit the analysis of similarities and differences with other members of
the Paramyxoviridae family as well as more distantly related members from the Mononegavir-
ales order of ssRNA viruses.

Material and methods
Expression and purification of the NiV nucleocapsid spiral assembly

The NiV nucleocapsid gene, a kind gift from Wen Siang Tan at the Universiti Putra Malaysia,
was cloned into the pET-YSBL-Lic expression vector. N protein was expressed (at 16°C) in E.
coli BL21 Gold (DE3) Rosetta pLysS grown in 2 L of LB media. Cell pellets were resuspended
in 50 mL of lysis buffer containing 20 mM Tris-HCI, pH 8.0, 1 M NaCl, 1 M Urea, 50 mM
Imidazole, and 10% (v/v) glycerol. Cells were lysed by sonication and the lysate clarified by
centrifugation at 25,000 g for 30 min. The supernatant was then applied to a 5mL HisTrap FF
column (GE Healthcare) which had been equilibrated with 5 column volumes (CV) of binding
buffer containing 20 mM Tris-HCI, pH 8.0, 1 M NaCl, 50 mM Imidazole, and 10% (v/v) glyc-
erol. The column was washed with 10 CV of binding buffer containing 50 mM Imidazole, fol-
lowed by 6 CV of binding buffer containing 100 mM Imidazole. The protein was eluted using
a linear gradient from 100 mM to 500 mM imidazole over 20 CV. Eluted proteins was concen-
trated and further purified by size exclusion chromatography (Superose 6, GE Healthcare) in
20 mM Tris pH 8.0, 500 mM NaClL. The protein was concentrated to 1 mg/mlL, flash frozen in
liquid nitrogen, and stored at -80°C. The concentration of the N protein was determined using
the Bradford Assay (Thermo Fisher Scientific).

Negative stain EM

3 uL of sample was applied to glow-discharged continuous carbon grids and stained with 2%
(w/v) uranyl acetate. Negative stained grids were imaged on a Tecnai 12 BioTWIN G2 trans-
mission electron microscope (FEI) operating at 120 keV and equipped with SIS Megaview III
CCD camera. Images were recorded at a magnification of x49,000 and a defocus set to -1 pm.

CryoEM sample preparation and data acquisition

The purified N protein was prepared on UltraAuFoil R1.2/1.3 gold support grids (Quantifoil).

3 ul of sample was applied to glow-discharged grids, blotted for 2 s with -10 force, and vitrified
by plunging into liquid ethane using the FEI Vitrobot Mark IV at 4°C and 100% relative humid-
ity. Micrographs were collected at the Diamond eBIC facility on a Titan Krios microscope (FEI)
operating at 300 keV and equipped with K2 camera and an energy filter slit width of 20 eV
(Gatan). Automated data collection was performed using FEI EPU software. 1879 movies with a
total electron dose of ~41 e-/A? were recorded in counting mode over 11 s (40 frames) with a
pixel size of 1.048 A. The defocus range chosen for automatic collection was 0.5 to 2.1 pm.

Image processing

All datasets were processed in RELION 3.0[19] unless stated otherwise. Micrographs were first
motion-corrected using MotionCor2[20]. CTF parameters were estimated using CTFFIND4
[21]. Autopicking was performed in RELION using references generated from manually
picked particles. All the micrographs were manually inspected to ensure picking of rare views.
A total of 217,522 particles were extracted and subjected to reference-free 2D classification to
remove particles associated with noisy or contaminated classes. The resulting 189,662 particles
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were subjected to 3D classification using a map generated from the Measles N protein
(EMDB:0141)[22], trimmed to a single turn helix using UCSF Chimera’s “Volume Eraser” func-
tion[23] and low-pass filtered to 60 A, as a reference model. The best 3D class was low-pass fil-
tered to 30 A and used as a reference model for a new round of 3D classification against the
same initial set of particles. Reconstruction of the final spiral map was achieved by using all par-
ticles from the spiral classes (124,891 particles) with a 13-protomer spiral turn solvent mask and
imposing local symmetry. This improved the map quality enabling model building. For the
local symmetry, masks around all 13 protomers were created and low-pass filtered to 15 A (S2A
Fig). The local symmetry operators were generated from the search feature of the relion_local_-
symmetry and were applied during the 3D refinement using a regularization T-value of 13 in
RELION. Subsequent per-particle CTF refinement and Bayesian polishing in RELION 3.1beta
led to a final map of 3.5 A resolution, estimated by the 0.143 FSC criterion (S2B Fig). The maps
were postprocessed in RELION 3.1beta[24] and are shown after B-factor sharpening.

The remaining 64,771 non-spiral particles were further subjected to 3D classification using
the “clam-shaped” 3D class, obtained from previous 3D classification, as a reference model.
Two major 3D classes, a spiral clam-shaped assembly (23,029 particles) and a semi-spiral clam
assembly (18,979 particles), were selected. Subsequent per-particle CTF refinement in
RELION 3.1beta, 3D refinement of these two 3D classes resulted in final maps of 4.3 A (spiral
clam-shaped assembly) and 5.2 A (semi-spiral clam-shaped assembly) resolution, respectively.
The local resolution maps were calculated using RELION 3.1beta.

Model building, refinement and analysis

Atomic model building of the NiV nucleocapsid spiral assembly was performed using the pre-
viously reported crystal structure of the RNA free NiV nucleocapsid (pdb:4co6)[15] as an ini-
tial model, which was docked as a rigid body into the 3.5 A resolution CryoEM maps using
UCSF Chimera’s “Fit in map” function[23]. The RNA chain was modelled as poly-uridine,
and the model was adjusted manually using Coot[25]. Model refinement was performed using
REFMACS5[26], phenix.real_space_refine[27], ISOLDE[28] and ERRASER2[29] (https://new.
rosettacommons.org/docs/latest/ ERRASER2). Terminal residue segments 1-4 and 399-532
were not modelled owing to a lack of interpretable map features.

For the “spiral clam” CryoEM maps, the monomeric model of the RNA-bound NiV N pro-
tein (taken from this study) was fitted as a rigid body into the maps[23]. No protein models
were fitted into the seam regions, due to the lack of interpretable map features in the CryoEM
maps. Both models were refined using REFMACS5[26] and phenix.real_space_refine[27].

Protein interfaces were analysed using the COCOMaps server[30]. Protein domain motion
was analysed using the DynDom server[31]. Multiple sequence alignments were performed
using Clustal Omega[32] and visualised in JalView[33] and ESPript 3.0[34]. Phylogenetic tree
was conducted in MEGA X[35]. The sequence identity matrix was performed using MatGAT
[36]. The conserved regions in the structure were analysed using the ConSurf server[37]. Fig-
ures showing protein/RNA structure were created using UCSF ChimeraX[38]. To calculate the
electrostatic potential, the PDB format files were converted to PQR format with the PDB2PQR
server using the PARSE force field and assigned protonation states at pH 7.0. The file was
applied to the APBS server by including 0.15 M of ions in the calculation[39].

Results
Structure of the helical assembly

A spiral assembly of the full length NiV nucleocapsid protein, bound to E. coli cellular RNA,
was purified from recombinant expression in E. coli, and its structure was determined by
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Fig 1. Structure of the NiV nucleocapsid protein-RNA complex. CryoEM structure of the nucleocapsid complex,
determined at 3.5 A resolution. Two orthogonal views of the CryoEM map (left) are shown next to the corresponding
molecular models (right). (B) Schematic representation of the nucleocapsid protein, with the colour-coding as in (A).
Boxed segments correspond to regions with defined structure. Dashed line corresponds to the disordered region.

https://doi.org/10.1371/journal.ppat.1009740.9001

CryoEM single-particle 3D reconstruction. 2D and 3D classification showed that the majority
of the particles represent a spiral assembly comprised of 13 subunits per turn, with minor pop-
ulations of particles representing a longer spiral with multiple turns, and a clam-shaped, face-
to-face assembly of two short spirals[14] (S1 Fig). Reconstruction of the spiral assembly (65%
of the particles) with a mask corresponding to a 13-subunit spiral turn and imposing local
symmetry, resulted in a 3.5 A resolution CryoEM map (S2 Fig). Angular distribution analysis
demonstrated that, while there was a preferred orientation for the particles (viewed along the
central axis of the helical assembly), there was a good distribution of particles across other ori-
entations, including side-views (S2C Fig). The final model shows that 13 nucleocapsid mono-
mers bind to the single-stranded RNA forming a left-handed spiral turn with outer and inner
diameters of 204 and 56 A, respectively (Fig 1). Assuming the NiV nucleocapsid forms a con-
tinuous spiral with the same symmetry, the pitch for NiV nucleocapsid is calculated to be 54 A
with 13.4 subunits per turn (53 Fig). Each N protein monomer is comprised of two main glob-
ular N-terminal and C-terminal Ncore (Nucleocapsid core) domains, with each domain
flanked by the N-terminal arm (NT-arm, residues 1-31) and the C-terminal arm (CT-arm, res-
idues 373-398) subdomains (Fig 1B). The CT-arm is followed by a disordered C-terminal
region (residues 399-532)[40] for which there is no clearly defined density.
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Fig 2. Protomer-protomer interactions within the NiV nucleocapsid assembly. (A) Three adjacent protomers,
where the two outside protomers are presented as ribbons and the central protomer is shown in surface representation,
with the NT-arm in blue, N-terminal Ncore in green, C-terminal Ncore in coral and CT-arm in grey, as in Fig 1B. A
magnified view of the molecular interaction of the NT-arm and the C-terminal Ncore domain is shown on the right
with interacting residues (sticks) displayed within the CryoEM map. (B) The P protein segment from the structure of
the complex with the monomeric NiV N form (yellow ribbon, pdb:4c06)[15] superimposed onto the central subunit in
(A), shown in white surface representation. The two adjacent protomers are presented as dark-blue (n+1) and red (n-
1) ribbons. (C) Alignment of interacting residue segments, shown in the magnified view in (A), for N proteins from
several Paramyxoviruses, with conserved residues highlighted using the ClustalX colour scheme.

https://doi.org/10.1371/journal.ppat.1009740.9002

Protomer-protomer interactions within the helical assembly

The spiral assembly of the NiV nucleocapsid is primarily formed through lateral contacts over
a calculated interface area of ~3000 A? between two adjacent protomers (S1 Table). The con-
tact area includes a hydrophobic core comprising an aromatic residue (F11) from one proto-
mer and a triad of aromatic residues (F267, F268, Y301) in the adjacent protomer (Fig 2A). All
of these aromatic residues are well conserved in the Paramyxoviridae facilitating similar proto-
mer-protomer interactions across all family members[12]. The NT and CT arms, which have
been reported to play a role in the spiral assembly of nucleocapsid[15,41], occupy a hydropho-
bic groove in the C-terminal Ncore domain of the adjacent protomer. In the crystal structure
of the NiV N protein monomer (pdb:4co6), a similar hydrophobic groove is occupied by a 50
amino acid segment of the NiV phosphoprotein (P) which is essential in maintaining the N
protein in its RNA-free, monomeric state (Fig 2B)[15]. Structures of the N-terminal (residues
4-31) and C-terminal (residues 372-398) segments were not resolved in the earlier study of
the monomeric RNA-free form in complex with the P-protein segment, which was based on a
protein construct comprising residues 32-383[15]. Both of these segments, missing in the ear-
lier study, are critical for the oligomer assembly, making bridging interactions with adjacent
subunits (Fig 2B).

Protein-RNA interactions

The CryoEM map shows clear density for the single stranded RNA, modelled as a poly-uridine
chain, wrapped around the nucleocapsid. The RNA molecule is bound to the protein in the
classical “3-base-in, 3-base-out” conformation[12], where the RNA chain twists about 180°
every 3 nucleotides to place three consecutive nucleotides with the bases facing the protein, fol-
lowed by 3 nucleotides with exposed bases. The structure shows that the nucleic acid lies
within the charged cleft of the N protein at the interface between the N-terminal Ncore and
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indicate putative hydrogen bonding interactions; red curves indicate putative hydrophobic interactions.

https://doi.org/10.1371/journal.ppat.1009740.9003

the C-terminal Ncore domains. This groove is lined by the residue segments K178-Q200 and
S344-Y354 that are positioned at the outer edge of the spiral assembly (Fig 3). Within the RNA
binding cleft, a series of basic (K178, R192, R193, R352) and polar (T181, Q319, S344) residues,
with well-defined density, are within hydrogen-bonding distance from the RNA sugar-phos-
phate backbone. Residues Q199 and Q200 from helix H8 also have well-defined density, with
their side chains projected toward the RNA bases. These two amino acids are conserved in the
nucleocapsid proteins of the measles virus (MeV) and parainfluenza virus 5 (PIV5), where
they make similar interactions with RNA bases [13,22]. At the interface between the two proto-
mers, aromatic residues Y258 and Y354, one from each adjacent protomer, are positioned in
close proximity to the RNA chain (Fig 3C), facilitating the twist in its conformation. This twist
in the sugar-phosphate backbone is assisted by a series of additional protein-RNA interactions
contributed by several other polar residues lining the RNA binding cleft. The second twist in
the RNA conformation, spaced by three nucleotides from the first one, occurs in a cleft within
a single protomer and is facilitated by steric hindrance from the side chain of L348 (Fig 3D).
The majority of residues interacting with the RNA within the RNA-binding cleft are highly
conserved among Paramyxovirus N proteins (Fig 3E) indicating a similar mechanism for RNA
coordination.

Several residues connecting the two RNA binding segments (K178-Q200 and S344-Y354)
with the rest of the N-protein are poorly defined. It is likely that the flexible nature of these
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regions serves to provide plasticity to accommodate and interact, in a non-sequence specific
manner, with the varying sequence along the entire length of the RNA strand. This flexibility
may also allow the RdRp to access the ssRNA while bound within the nucleocapsid assembly,
for RNA synthesis.

In the crystal structure of the RNA-free monomeric NiV N protein, the flexible loop, resi-
dues A180-R192, was mostly disordered and positioned such that it would block access to the
RNA binding cleft, suggesting that this loop needs to move out of the cleft to permit RNA
binding. As seen from structure comparison, RNA binding is also accompanied by an approxi-
mately 28° rotation of the N-terminal and C-terminal Ncore domains towards each other,
around a hinge region formed by the H12-H13 loop[15], H15-H16 loop and helix H17 (S4 Fig
and S2 Table). Similar conformational changes have also been observed for the nucleocapsid
of MeV[12].

Comparison with the structure of N protein from other Paramyxoviruses

Within the Paramyxovirus family, the NiV N protein shares about 56%-92% sequence identity
with other members of the Henipavirus genus, with the N proteins from Hendra virus (92%
sequence identity) and Cedar virus (59% sequence identity) being the closest relatives (S5 Fig
and S3 Table). Mapping these sequence differences to the structure (Fig 4) shows that the
RNA-binding surfaces are the most conserved, not only among the henipaviruses, but also for
nucleocapsids of more distantly related viruses such as Measles (S6 Fig). In contrast, the most
variable region is the outer wing area of the assembly, constituted by the N-terminal Ncore
domains of each subunit, where the most exposed part is largely made up of the 51-amino acid
segment 106-156. This segment has a well-defined structure, but its conformation displays sig-
nificant variability among the paramyxovirus family members, with considerable differences
in the position and length of helix H5, residues 123-139 in NiV N (Fig 4, inset). Within the
outer wing, the closely related NiV and Hendra virus N proteins contain four amino acid sub-
stitutions: V701, V108L, D137E and 1236M (S6 Fig), with V108 and D137 being exposed at the
outermost edge.

Clam-shaped assemblies of recombinant NiV N protein

Aside from the common helical assembly, about 35% of N protein particles were found as
clam-shaped assemblies which can be further subclassified into two distinct primary confor-
mations, a spiral clam-shaped assembly, and a semi-spiral clam-shaped assembly. The spiral
clam-shaped assembly is composed of two N protein spirals stacked face to face, as seen for the
Newcastle Diseases virus (NDV) N protein assembly[14]. In contrast, the semi-spiral clam-
shaped assembly features one 14-subunit ring and one 13-subunit N protein spiral stacked as
shown on S7 Fig. Asymmetric reconstruction of both assemblies leads to 4.3 A and 5.2 A reso-
lution maps, respectively. Models for the spiral assemblies were built by rigid-body fitting and
real space refinement of the N protein protomer taken from the protein-RNA complex
described above. The structure of the N protein monomer within these clam-shaped assem-
blies remains largely the same as in the spiral assembly, with an overall RMSD of 0.9 A calcu-
lated over Cot atoms.

For both assemblies, there is a significant surface area buried at the interface between the
two halves of the clam shell, with up to ~670 A* of buried area per monomer (Fig 5A). Interac-
tions across this interface are mediated by hydrogen bonding and polar interactions made by
loop segments A1-H2, A2-H5 and H6-H7 (Fig 5B) from each opposing protomer. The surface
area, buried at the clam-shell interface of each monomer, is about five times larger than seen in
the clam-shaped assembly of NDV, where only one protein loop (residues 104-124) is involved
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(NDV, PDB code 6jc3) and Measles (PDB code 6h5q).
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in the interaction[14]. This likely creates a closer interaction between the halves of the NiV
clam shell as compared to the NDV assembly, similar to that observed in the recently reported
clam-shaped assembly of the Sendai virus (SeV)[42]. Interestingly, although sequences of these
clam-shell interface loops are not conserved between NiV, NDV and SeV, or other members
of the Paramyxoviridae, these loops are rich in glycine and proline which can facilitate confor-
mational flexibility (Fig 5C).

Discussion

Formation of a helical nucleocapsid assembly, that safeguards the viral genome and serves as a
template for RNA replication, is a unifying feature of negative strand RNA viruses. We deter-
mined the CryoEM structure for the assembly of full-length recombinant NiV N protein with
E. coli cellular RNA, presenting the first high resolution structural data on the nucleocapsid
assembly for this virus and the Henipavirus genus. The RNA strand, accommodated in the
groove between the N- and C-terminal Ncore domains, binds with the bases of consecutive
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https://doi.org/10.1371/journal.ppat.1009740.g005

nucleotide triplets alternatively exposed and buried (Fig 3). The spiral assembly is stabilised,
not only by the protein-RNA interactions, but also by subunit-subunit interactions between
contiguously bound N proteins (Fig 2).

The helical assembly has 13.4 subunits per turn, in common with Measles, Parainfluenza
virus 5, and Newcastle disease virus, three of the distant homologues of Paramyxoviridae with
available structures of nucleocapsid assemblies[12-14] with which NiV N protein shares 32%,
28% and 29% sequence identity (S3 Table), respectively. Areas with the highest sequence con-
servation are found at the RNA-binding surfaces and also at subunit-subunit interfaces, with
the outer exposed surfaces of the nucleocapsid displaying the most sequence variation (Fig 4).

The oligomeric assembly, protein-RNA interactions and the conformation of bound RNA
are conserved among the different genera of Paramyxoviridae (Fig 6). Moreover, the N protein
of Ebola virus, a representative of Filoviridae, binds RNA in a conserved manner, wrapping it
around the outer edge of the oligomeric N protein helix, with similarities observed in protein-
RNA interactions and even in the conformation of the bound RNA[43,44] (Fig 6). N proteins
of other Mononegavirales, from families that are more distant than Filoviridae, also display a
highly conserved protein fold, with the highest similarity observed in the N-terminal domain
and more limited, but still detectable, fold similarity within the C-terminal domain[45]. Avail-
able structural information indicates that although N proteins of all Mononegavirales bind
RNA within a groove between adjacent domains, a significant variation is observed in the
number of RNA nucleotides bound per protein protomer (6 to 9 nucleotides) and also in the
relative arrangement of subunits, where the number of subunits per helical turn can vary from
10 to 24, depending on the virus. Interestingly, crystal structures of circular assemblies of the
rabies virus and vesicular stomatitis virus [46,47], members of Rhabdoviridae family, indicated
that the RNA-binding groove faces towards the inside of the central tunnel. However, within
the helical assembly in virions [48,49] the individual N proteins are tilted, compared to their
organization in the rings and the RNA is not positioned inside the helicoidal assembly,
although it does bind closer to the central axis than in the viruses of the Paramyxoviridae (e.g.
NiV), Filoviridae[43,50] and Pneumoviridae[51,52] families, where the RNA-binding grove is
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Fig 6. Phylogenetic relation of the N protein within the Mononegavirales. (A) Phylogenetic tree based on the N
protein sequences of selected Mononegavirales. N proteins with available protein structures are coloured in red. (B)
RNA binding region of Nipah virus, Ebola virus, Respiratory Syncytial Virus, and Vesicular Stomatitis Virus showing
the conserved protein-RNA interaction among these viruses. Residues involved in protein-RNA interactions are
shown as sticks.

https://doi.org/10.1371/journal.ppat.1009740.9006

located closer to the outer edge of the helical assembly. It is interesting to note, that compared
to Paramyxoviridae and Pneumoviridae, Rhabdoviridae also adopt a different strategy to
inhibit non-specific RNA binding of its N protein, by inserting the P protein directly into the
RNA binding groove [15,53,54].

Apart from significant differences between the nucleocapsid assemblies of different mem-
bers of the Mononegavirales, structural differences are observed also for individual viruses. In
particular, for paramyxoviruses, variations have been observed in the helical pitch and diame-
ter of the assembly, depending on the pH and salt concentration[55], as well as, the presence of
the C-terminal disordered region[56]. Likewise, the recombinant full length NiV N protein
helical assembly is highly flexible, with further 3D classification showing significant conforma-
tional and compositional heterogeneity in the NiV N protein spiral assembly within this
CryoEM dataset (S1 Fig). While most of the particles (roughly 85%) represent assemblies with
a single helical turn containing 13 subunits, there is a smaller proportion of particles contain-
ing larger number of subunits with up to ~2.5 helical turns. Further classification of particles
revealed notable variation in the helical pitch, ranging from 53 A to 55 A and ~13.4 subunits
per turn of the helix (S3 Fig). For comparison, the Measles nucleocapsid protein, the closest
homologue with an available structure, forms helical assemblies with a 50-66 A pitch and
12.8-13.5 subunits per turn[56]. Such flexibility in the nucleocapsid assembly may facilitate
conformational rearrangements required for RdRp access to the nucleocapsid bound RNA
during mRNA transcription and genome replication, and/or for binding of host proteins that
regulate this process.

Besides the typical spiral assembly, particles that resemble a clam-shaped assembly are also
present, with a calculated pitch of ~45 A with ~13.1 subunits per turn and at least two distinct
conformations observed (S7 Fig). Since the clam-shaped assembly has not yet been observed
during replication in vivo for NiV, it is also possible that the formation of these assemblies
were induced by the conditions used during production of recombinant N protein. However,
the consistent presence of such assemblies during purification of the NiV nucleocapsid (S8
Fig), indicates an ordered, stable complex, suggesting that they may indeed serve some, as yet
unidentified, biological purpose. Indeed, the N protein is known to bind to a short leader tran-
script and thought to form short ring-like assemblies during the very early stage of viral
mRNA transcription and protein translation [57,58]. Two of these short ring-like assemblies
may assemble in a face-to-face manner to form a highly stable complex. It is also possible that
the interactions underpinning the clam-shaped assembly serve to protect the 5’ end of the
genomic nucleocapsid through interaction with an N-bound-leader RNA ring, as such assem-
blies have been purified from isolated MeV virions[58]. Similarly, these assemblies may also
lead to the budding of virions which contain multiple RARp-nucleocapsid assemblies[59]. Sim-
ilar clam-shaped assemblies were observed for NDV and most recently for the Sendai virus
(SeV) (S9 Fig), both for recombinantly produced protein and for nucleocapsids purified from
virions, and it has been proposed they may act as a seed for formation of a double headed spiral
assembly[14,42], although the possibility cannot be excluded that these NDV and SeV assem-
blies may have formed from damaged fragments of virionic nucleocapsids[60]. Nevertheless,
as NiV N shares only 28% and 29% sequence identity with the NDV and SeV nucleocapsids,
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respectively, the observation of similar clam-shaped assemblies indicates their potential biolog-
ical significance, necessitating further research.

During the paramyxoviral infection, the level of N protein expression is the highest among
the viral proteins[61]. As such, N protein displays strong immunogenicity and thus serves as a
valuable antigen for diagnostics, serological surveillance and, potentially, vaccine development
[62]. Early studies on paramyxoviral N protein had reported that the flexible C-terminus
region was susceptible to proteolysis and hence expected to be surface-exposed[63]. As seen
from the structure presented here, the last defined residue, E398, although situated at the inner
core, points towards the outer edge of the assembly (S6 Fig), indicating that the C-terminal
region, residues 399-532, is indeed at least partially exposed within the nucleocapsid assembly.
Identification of a handful of antibodies that bound to segments within this disordered C-ter-
minus in recent studies, confirmed the importance of this region as a valuable epitope[64]. In
general, however, interactions mediated by disordered protein regions are of lower affinity
than with folded areas owing to the thermodynamic costs associated with folding and binding
[65]. In this regard, the three-dimensional structure presented here allows identification of
areas that are surface exposed, i.e. not buried in protein-RNA or subunit-subunit interactions,
and at the same time have a well-defined fold. Moreover, comparison of structural differences
and mapping sequence variation between paramyxoviruses to the structure (Fig 4), allows the
identification of folded segments that could be potent for specific recognition and ultimately
for virus diagnostics. One such region, residue segment 108-142, and specifically helix H5, res-
idues 123-139 (Fig 4), forms a surface exposed area around the outside of the nucleoprotein
assembly, suggesting it may serve as a valuable epitope for serological surveillance. In accor-
dance, equivalent segments have been identified as antigenic sites in nucleocapsid proteins of
measles virus (residues 122-158 corresponding to 120-156 in NiV N) [66], rinderpest virus
(residues 115-150 corresponding to 113-148 in NiV N)[67] and Sendai virus (residues 119-
134 corresponding to 113-128 in NiV N)[68].

Comparison with the structure of an RNA-free monomer in complex with a segment of the
P-protein[12] indicates a mechanism by which the P-protein can modulate assembly of the
nucleocapsid during viral replication. The P-protein segment is bound in a groove which is
occupied by the N-terminal helix of one adjacent subunit and a C-terminal region of another
adjacent subunit. Thus, binding of the P-protein would directly compete with the nucleocapsid
assembly formation, as has been proposed earlier on the basis of the nucleocapsid-RNA struc-
ture of the measles virus[12].

The first high-resolution structure of the Nipah nucleocapsid assembly reported here,
determined in complex with RNA, will inform the design of inhibitors that disrupt subunit-
subunit or protein-RNA interactions. Future studies on N protein interaction with other fac-
tors such as the P [61,69] and M [70] proteins will allow understanding of the full scale of
molecular events that occur during nucleocapsid assembly and viral replication.

Supporting information

S1 Fig. CryoEM data processing workflow. After the 2D classification, 189,662 particles were
initially sorted by 3D classification using an initial model generated from EMDB-0141 low-
pass filtered to 60 A[22]. The best 3D class (squared on the figure) was used as a reference for a
new round of 3D classification, to sort the 189,662 particles into the spiral assembly (65%) and
clam-shaped assembly (35%) groups. An additional 2D classification was performed to inspect
the selected particles and 2D class averages for each type of assembly. For the spiral assembly, a
mask representing a single turn of spiral assembly was applied to the map, leading to 3.5 A
structure. Further 3D classification without alignment resulted in several spiral assembly
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maps, with different conformations and compositions (S3B Fig). For the clam-shaped assem-
bly, further 3D classification resulted in semi-spiral clam shaped assembly and in a spiral clam
shaped assembly.

(TIF)

S2 Fig. 3D local symmetry refinement of the Nipah N protein spiral assembly. (A) Local
symmetry refinement workflow. (B) “Gold-standard” FSC plot before and after local symmetry
refinement. (C) Angular distribution plot for the spiral assembly.

(TIF)

S3 Fig. Models of the helical and clam shaped assemblies of the NiV N protein. (A) Ribbon
model in white is a duplicate of the helical assembly, generated from the original structure,
aligned using Chimera MatchMaker feature, so that its first subunit matches the last subunit of
the original structure. The resulting spiral turn was used for calculation of the pitch and the
number of subunits per turn. (B) CryoEM maps of the top four 3D classes from the classifica-
tion of NiV N protein helical assembly (S1 Fig), shown along with ribbon diagrams of fitted N
protein subunits. Number of particles contributing to each respective class is indicated above
each model. Overlay of all the fitted NiV N protein models reveals a subtle variation in the
seam region of the helical turn. (C) Overlay of single subunits from the four different assem-
blies shown in (B), calculated and shown for two single subunits of each subunit, taken from
two different positions of the helical assembly. Scale bar, 1 A.

(TIF)

S4 Fig. Comparison of the Nipah N protein structure in the RNA-free and RNA-bound
states. Superimposed models are presented as cartoons. The RNA-free N protein (pdb:4co6)
[15] is in light purple; while the RNA-bound protein is in light grey.

(TIF)

S5 Fig. Multiple sequence alignment of Nipah virus, Hendra virus, Cedar virus and Mea-
sles virus. Multiple alignment graphic was prepared using ESPript 3.0 (http://espript.ibcp.fr/
ESPript/cgi-bin/ESPript.cgi).

(TIF)

S6 Fig. Sequence differences between Nipah virus (NiV), Hendra virus (HeV), Cedar virus
(CeV) and Measles virus (MeV) mapped onto the Nipah N protein assembly surface.
Amino acids differing between the NiV and HeV N proteins, are labelled.

(TIF)

S7 Fig. CryoEM maps for the two major types of clam-shaped assemblies. (A) Local resolu-
tion of CryoEM maps for each of the two assemblies are shown in three different views. Car-
toon illustrations for each view are also presented. (B) “Gold-standard” FSC plots for the semi-
spiral clam and spiral clam-shaped assembly.

(TIF)

S8 Fig. Purification of the Nipah N protein. (A) SEC purification and SDS PAGE profile of
Nipah N protein. Elution retention volume of thyroglobulin is indicated. (B) Negative stained
EM micrograph of the SEC purified N protein from (A). Dashed red boxes represents side-
views of the clam-shaped assembly.

(TIF)

S9 Fig. Comparison of clam-shaped assemblies formed by the Nipah, Newcastle disease
[14], and Sendai viruses[42].
(TIF)
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$10 Fig. Electrostatic surface potential of the Nipah N protein assembly. Calculations were
performed at pH 7.0 and 150 mM salt concentration. Positive and negative charges are colored
in blue and red, respectively.

(TIF)

S1 Table. Interface area between adjacent protomers of the Nipah virus (NiV), Parainflu-
enza virus 5 (PIV5) and Measles virus (MeV). The buried surface area was calculated for the
helical assembly of each virus.

(DOCX)

$2 Table. Domain movements in the NiV N protein around the hinge area associated with
RNA binding. Rotational and translational values were derived from comparison of the RNA-
free (pdb:4co6)[15] and RNA-bound states. All values were estimated as described in Material
and Methods.

(DOCX)

S3 Table. Sequence identity matrix of Paramyxoviral N protein. The genus for each virus is
indicated in brackets.
(DOCX)

$4 Table. Statistics of CryoEM data collection, processing and structure refinement
(DOCX)

S5 Table. RMSD between the RNA-bound (this study) and RNA-free (pdb:4c06)[15] NiV
N protein calculated for Ca atoms.
(DOCX)

Acknowledgments

We thank Wen Siang Tan (Universiti Putra Malaysia) for kindly providing the NiV Nucleo-
capsid gene. We thank Maria Chechik, Sam Hart (University of York), and Svetomir Tzokov
(University of Sheffield) for help in CryoEM grid screening. We acknowledge Diamond Light
Source for access to- and support from- the CryoEM facilities at the UK national electron bio-
imaging centre (eBIC). We are also grateful for computational support received from the Uni-
versity of York High Performance Computing service (Viking) and the Research Computing
team.

Author Contributions

Conceptualization: De-Sheng Ker, Alfred A. Antson.

Data curation: De-Sheng Ker, Huw T. Jenkins, Sandra J. Greive.
Funding acquisition: Alfred A. Antson.

Investigation: De-Sheng Ker, Huw T. Jenkins.

Methodology: De-Sheng Ker, Alfred A. Antson.

Project administration: Sandra J. Greive, Alfred A. Antson.
Supervision: Sandra J. Greive, Alfred A. Antson.

Validation: De-Sheng Ker, Huw T. Jenkins, Alfred A. Antson.

Visualization: De-Sheng Ker.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009740  July 16, 2021 15/19


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009740.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009740.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009740.s012
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009740.s013
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009740.s014
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1009740.s015
https://doi.org/10.1371/journal.ppat.1009740

PLOS PATHOGENS

CryoEM structure of the Nipah nucleocapsid

Writing - original draft: De-Sheng Ker.

Writing - review & editing: De-Sheng Ker, Huw T. Jenkins, Sandra J. Greive, Alfred A.

Antson.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

Chua KB, Bellini WJ, Rota PA, Harcourt BH, Tamin A, Lam SK, et al. Nipah virus: a recently emergent
deadly paramyxovirus. Science. 2000; 288: 1432—5. https://doi.org/10.1126/science.288.5470.1432
PMID: 10827955

Nikolay B, Salje H, Hossain MJ, Khan AKMD, Sazzad HMS, Rahman M, et al. Transmission of Nipah
Virus—14 Years of Investigations in Bangladesh. N Engl J Med. 2019; 380: 1804—1814. https://doi.org/
10.1056/NEJMoa 1805376 PMID: 31067370

Chadha MS, Comer JA, Lowe L, Rota PA, Rollin PE, Bellini WJ, et al. Nipah Virus-associated Encepha-
litis Outbreak, Siliguri, India. Emerg Infect Dis. 2006; 12: 235-240. https://doi.org/10.3201/eid1202.
051247 PMID: 16494748

Harcourt BH, Lowe L, Tamin A, Liu X, Bankamp B, Bowden N, et al. Genetic Characterization of Nipah
Virus, Bangladesh, 2004. Emerg Infect Dis. 2005; 11: 1594—1597. https://doi.org/10.3201/eid1110.
050513 PMID: 16318702

Halpin K, Bankamp B, Harcourt BH, Bellini WJ, Rota PA. Nipah virus conforms to the rule of six in a
minigenome replication assay. J Gen Virol. 2004; 85: 701-707. https://doi.org/10.1099/vir.0.19685-0
PMID: 14993656

Ogino T, Green TJ. RNA synthesis and capping by nonsegmented negative strand RNA viral polymer-
ases: Lessons from a prototypic virus. Front Microbiol. 2019; 10: 1-28. https://doi.org/10.3389/fmicb.
2019.00001 PMID: 30728808

Noton SL, Fearns R. Initiation and regulation of paramyxovirus transcription and replication. Virology.
2015; 479-480: 545-554. https://doi.org/10.1016/j.virol.2015.01.014 PMID: 25683441

Cox RM, Plemper RK. Structure and organization of paramyxovirus particles. Curr Opin Virol. 2017; 24:
105-114. https://doi.org/10.1016/j.coviro.2017.05.004 PMID: 28601688

El Najjar F, Schmitt A, Dutch R. Paramyxovirus Glycoprotein Incorporation, Assembly and Budding: A
Three Way Dance for Infectious Particle Production. Viruses. 2014; 6: 3019-3054. https://doi.org/10.
3390/v6083019 PMID: 25105277

Yong MY, Lee SC, Ngui R, Lim YAL, Phipps ME, Chang LY. Seroprevalence of Nipah Virus Infection in
Peninsular Malaysia. J Infect Dis. 2020; 221: S370-S374. https://doi.org/10.1093/infdis/jiaa085 PMID:
32392323

Yu F, Khairullah NS, Inoue S, Balasubramaniam V, Berendam SJ, Teh LK, et al. Serodiagnosis Using
Recombinant Nipah Virus Nucleocapsid Protein Expressed in Escherichia coli. J Clin Microbiol. 2006;
44:3134-3138. https://doi.org/10.1128/JCM.00693-06 PMID: 16954238

Gutsche |, Desfosses A, Effantin G, Ling WL, Haupt M, Ruigrok RWH, et al. Near-atomic cryo-EM struc-
ture of the helical measles virus nucleocapsid. Science. 2015; 348: 704—707. https://doi.org/10.1126/
science.aaa5137 PMID: 25883315

Alayyoubi M, Leser GP, Kors CA, Lamb RA. Structure of the paramyxovirus parainfluenza virus 5 nucle-
oprotein—-RNA complex. Proc Natl Acad Sci. 2015; 112: E1792—-E1799. https://doi.org/10.1073/pnas.
1503941112 PMID: 25831513

Song X, Shan H, Zhu Y, Hu S, Xue L, Chen Y, et al. Self-capping of nucleoprotein filaments protects the
Newcastle disease virus genome. Elife. 2019; 8: 1-19. https://doi.org/10.7554/eLife.45057 PMID:
31290740

Yabukarski F, Lawrence P, Tarbouriech N, Bourhis JM, Delaforge E, Jensen MR, et al. Structure of
Nipah virus unassembled nucleoprotein in complex with its viral chaperone. Nat Struct Mol Biol. 2014;
21: 754-759. https://doi.org/10.1038/nsmb.2868 PMID: 25108352

Tan WS, Ong ST, Eshaghi M, Foo SS, Yusoff K. Solubility, Immunogenicity and Physical Properties of
the Nucleocapsid Protein of Nipah Virus Produced in Escherichia coli. J Med Virol. 2004; 73: 105—-112.
https://doi.org/10.1002/jmv.20052 PMID: 15042656

Joseph NMS, Tey BT, Tan CS, Shafee N, Tan WS. Production of long helical capsid of Nipah virus by
Pichia pastoris. Process Biochem. 2011; 46: 1871-1874. https://doi.org/10.1016/j.procbio.2011.06.004

Eshaghi M, Tan WS, Ong ST, Yusoff K. Purification and Characterization of Nipah Virus Nucleocapsid
Protein Produced in Insect Cells. J Clin Microbiol. 2005; 43: 3172-3177. https://doi.org/10.1128/JCM.
43.7.3172-3177.2005 PMID: 16000431

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009740  July 16, 2021 16/19


https://doi.org/10.1126/science.288.5470.1432
http://www.ncbi.nlm.nih.gov/pubmed/10827955
https://doi.org/10.1056/NEJMoa1805376
https://doi.org/10.1056/NEJMoa1805376
http://www.ncbi.nlm.nih.gov/pubmed/31067370
https://doi.org/10.3201/eid1202.051247
https://doi.org/10.3201/eid1202.051247
http://www.ncbi.nlm.nih.gov/pubmed/16494748
https://doi.org/10.3201/eid1110.050513
https://doi.org/10.3201/eid1110.050513
http://www.ncbi.nlm.nih.gov/pubmed/16318702
https://doi.org/10.1099/vir.0.19685-0
http://www.ncbi.nlm.nih.gov/pubmed/14993656
https://doi.org/10.3389/fmicb.2019.00001
https://doi.org/10.3389/fmicb.2019.00001
http://www.ncbi.nlm.nih.gov/pubmed/30728808
https://doi.org/10.1016/j.virol.2015.01.014
http://www.ncbi.nlm.nih.gov/pubmed/25683441
https://doi.org/10.1016/j.coviro.2017.05.004
http://www.ncbi.nlm.nih.gov/pubmed/28601688
https://doi.org/10.3390/v6083019
https://doi.org/10.3390/v6083019
http://www.ncbi.nlm.nih.gov/pubmed/25105277
https://doi.org/10.1093/infdis/jiaa085
http://www.ncbi.nlm.nih.gov/pubmed/32392323
https://doi.org/10.1128/JCM.00693-06
http://www.ncbi.nlm.nih.gov/pubmed/16954238
https://doi.org/10.1126/science.aaa5137
https://doi.org/10.1126/science.aaa5137
http://www.ncbi.nlm.nih.gov/pubmed/25883315
https://doi.org/10.1073/pnas.1503941112
https://doi.org/10.1073/pnas.1503941112
http://www.ncbi.nlm.nih.gov/pubmed/25831513
https://doi.org/10.7554/eLife.45057
http://www.ncbi.nlm.nih.gov/pubmed/31290740
https://doi.org/10.1038/nsmb.2868
http://www.ncbi.nlm.nih.gov/pubmed/25108352
https://doi.org/10.1002/jmv.20052
http://www.ncbi.nlm.nih.gov/pubmed/15042656
https://doi.org/10.1016/j.procbio.2011.06.004
https://doi.org/10.1128/JCM.43.7.3172-3177.2005
https://doi.org/10.1128/JCM.43.7.3172-3177.2005
http://www.ncbi.nlm.nih.gov/pubmed/16000431
https://doi.org/10.1371/journal.ppat.1009740

PLOS PATHOGENS

CryoEM structure of the Nipah nucleocapsid

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zivanov J, Nakane T, Forsberg BO, Kimanius D, Hagen WJ, Lindahl E, et al. New tools for automated
high-resolution cryo-EM structure determination in RELION-3. Elife. 2018; 7. https://doi.org/10.7554/
elife.42166 PMID: 30412051

Zheng SQ, Palovcak E, Armache J-P, Verba KA, Cheng Y, Agard DA. MotionCor2: anisotropic correc-
tion of beam-induced motion for improved cryo-electron microscopy. Nat Methods. 2017; 14: 331-332.
https://doi.org/10.1038/nmeth.4193 PMID: 28250466

Rohou A, Grigorieff N. CTFFIND4: Fast and accurate defocus estimation from electron micrographs. J
Struct Biol. 2015; 192: 216-221. hitps://doi.org/10.1016/j.jsb.2015.08.008 PMID: 26278980

Desfosses A, Milles S, Jensen MR, Guseva S, Colletier JP, Maurin D, et al. Assembly and cryo-EM
structures of RNA-specific measles virus nucleocapsids provide mechanistic insight into paramyxoviral
replication. Proc Natl Acad Sci. 2019; 116: 4256—-4264. https://doi.org/10.1073/pnas.1816417116
PMID: 30787192

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera-A
visualization system for exploratory research and analysis. J Comput Chem. 2004; 25: 1605—-1612.
https://doi.org/10.1002/jcc.20084 PMID: 15264254

Zivanov J, Nakane T, Scheres SHW. Estimation of High-Order Aberrations and Anisotropic Magnifica-
tion from Cryo-EM Datasets in RELION-3.1. bioRxiv. 2019. https://doi.org/10.1101/798066

Emsley P, Lohkamp B, Scott WG, Cowtan K. Features and development of Coot. Acta Crystallogr Sect
D Biol Crystallogr. 2010; 66: 486—501. https://doi.org/10.1107/S0907444910007493 PMID: 20383002

Murshudov GN, Skubak P, Lebedev AA, Pannu NS, Steiner RA, Nicholls RA, et al. REFMAC 5 for the
refinement of macromolecular crystal structures. Acta Crystallogr Sect D Biol Crystallogr. 2011; 67:
355-367. https://doi.org/10.1107/S0907444911001314 PMID: 21460454

Afonine P V., Poon BK, Read RJ, Sobolev O V., Terwilliger TC, Urzhumtsev A, et al. Real-space refine-
ment in PHENIX for cryo-EM and crystallography. Acta Crystallogr Sect D Struct Biol. 2018; 74: 531—
544. https://doi.org/10.1107/S2059798318006551 PMID: 29872004

Croll TI. ISOLDE: a physically realistic environment for model building into low-resolution electron-den-
sity maps. Acta Crystallogr Sect D Struct Biol. 2018; 74: 519-530. https://doi.org/10.1107/
S$2059798318002425 PMID: 29872003

Leman JK, Weitzner BD, Lewis SM, Adolf-Bryfogle J, Alam N, Alford RF, et al. Macromolecular model-
ing and design in Rosetta: recent methods and frameworks. Nat Methods. 2020; 17: 665—680. https:/
doi.org/10.1038/s41592-020-0848-2 PMID: 32483333

Vangone A, Spinelli R, Scarano V, Cavallo L, Oliva R. COCOMAPS: a web application to analyze and
visualize contacts at the interface of biomolecular complexes. Bioinformatics. 2011; 27: 2915-2916.
https://doi.org/10.1093/bioinformatics/btr484 PMID: 21873642

Lee RA, Razaz M, Hayward S. The DynDom database of protein domain motions. Bioinformatics. 2003;
19: 1290-1291. https://doi.org/10.1093/bioinformatics/btg137 PMID: 12835274

Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable generation of high-quality
protein multiple sequence alignments using Clustal Omega. Mol Syst Biol. 2011; 7: 539. https://doi.org/
10.1038/msb.2011.75 PMID: 21988835

Waterhouse AM, Procter JB, Martin DMA, Clamp M, Barton GJ. Jalview Version 2—a multiple
sequence alignment editor and analysis workbench. Bioinformatics. 2009; 25: 1189—-1191. https://doi.
org/10.1093/bioinformatics/btp033 PMID: 19151095

Robert X, Gouet P. Deciphering key features in protein structures with the new ENDscript server.
Nucleic Acids Res. 2014; 42: W320-W324. https://doi.org/10.1093/nar/gku316 PMID: 24753421

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X: Molecular Evolutionary Genetics Analysis
across Computing Platforms. Battistuzzi FU, editor. Mol Biol Evol. 2018; 35: 1547—-1549. https://doi.org/
10.1093/molbev/msy096 PMID: 29722887

Campanella JJ, Bitincka L, Smalley J. MatGAT: an application that generates similarity/identity matrices
using protein or DNA sequences. BMC Bioinformatics. 2003; 4: 29. https://doi.org/10.1186/1471-2105-
4-29 PMID: 12854978

Ashkenazy H, Abadi S, Martz E, Chay O, Mayrose |, Pupko T, et al. ConSurf 2016: an improved meth-
odology to estimate and visualize evolutionary conservation in macromolecules. Nucleic Acids Res.
2016; 44: W344-W350. https://doi.org/10.1093/nar/gkw408 PMID: 27166375

Goddard TD, Huang CC, Meng EC, Pettersen EF, Couch GS, Morris JH, et al. UCSF ChimeraX: Meet-
ing modern challenges in visualization and analysis. Protein Sci. 2018; 27: 14-25. https://doi.org/10.
1002/pro.3235 PMID: 28710774

Unni S, Huang Y, Hanson RM, Tobias M, Krishnan S, Li WW, et al. Web servers and services for elec-
trostatics calculations with APBS and PDB2PQR. J Comput Chem. 2011; 32: 1488—-1491. https://doi.
org/10.1002/jcc.21720 PMID: 21425296

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009740  July 16, 2021 17/19


https://doi.org/10.7554/eLife.42166
https://doi.org/10.7554/eLife.42166
http://www.ncbi.nlm.nih.gov/pubmed/30412051
https://doi.org/10.1038/nmeth.4193
http://www.ncbi.nlm.nih.gov/pubmed/28250466
https://doi.org/10.1016/j.jsb.2015.08.008
http://www.ncbi.nlm.nih.gov/pubmed/26278980
https://doi.org/10.1073/pnas.1816417116
http://www.ncbi.nlm.nih.gov/pubmed/30787192
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.1101/798066
https://doi.org/10.1107/S0907444910007493
http://www.ncbi.nlm.nih.gov/pubmed/20383002
https://doi.org/10.1107/S0907444911001314
http://www.ncbi.nlm.nih.gov/pubmed/21460454
https://doi.org/10.1107/S2059798318006551
http://www.ncbi.nlm.nih.gov/pubmed/29872004
https://doi.org/10.1107/S2059798318002425
https://doi.org/10.1107/S2059798318002425
http://www.ncbi.nlm.nih.gov/pubmed/29872003
https://doi.org/10.1038/s41592-020-0848-2
https://doi.org/10.1038/s41592-020-0848-2
http://www.ncbi.nlm.nih.gov/pubmed/32483333
https://doi.org/10.1093/bioinformatics/btr484
http://www.ncbi.nlm.nih.gov/pubmed/21873642
https://doi.org/10.1093/bioinformatics/btg137
http://www.ncbi.nlm.nih.gov/pubmed/12835274
https://doi.org/10.1038/msb.2011.75
https://doi.org/10.1038/msb.2011.75
http://www.ncbi.nlm.nih.gov/pubmed/21988835
https://doi.org/10.1093/bioinformatics/btp033
https://doi.org/10.1093/bioinformatics/btp033
http://www.ncbi.nlm.nih.gov/pubmed/19151095
https://doi.org/10.1093/nar/gku316
http://www.ncbi.nlm.nih.gov/pubmed/24753421
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887
https://doi.org/10.1186/1471-2105-4-29
https://doi.org/10.1186/1471-2105-4-29
http://www.ncbi.nlm.nih.gov/pubmed/12854978
https://doi.org/10.1093/nar/gkw408
http://www.ncbi.nlm.nih.gov/pubmed/27166375
https://doi.org/10.1002/pro.3235
https://doi.org/10.1002/pro.3235
http://www.ncbi.nlm.nih.gov/pubmed/28710774
https://doi.org/10.1002/jcc.21720
https://doi.org/10.1002/jcc.21720
http://www.ncbi.nlm.nih.gov/pubmed/21425296
https://doi.org/10.1371/journal.ppat.1009740

PLOS PATHOGENS

CryoEM structure of the Nipah nucleocapsid

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Habchi J, Mamelli L, Darbon H, Longhi S. Structural disorder within Henipavirus nucleoprotein and
phosphoprotein: From predictions to experimental assessment. PLoS One. 2010; 5. https://doi.org/10.
1371/journal.pone.0011684 PMID: 20657787

Milles S, Jensen MR, Communie G, Maurin D, Schoehn G, Ruigrok RWH, et al. Self-Assembly of Mea-
sles Virus Nucleocapsid-like Particles: Kinetics and RNA Sequence Dependence. Angew Chemie—Int
Ed. 2016; 55: 9356—-9360. https://doi.org/10.1002/anie.201602619 PMID: 27270664

Zhang N, Shan H, Liu M, Li T, Luo R, Yang L, et al. Structure and assembly of double-headed Sendai
virus nucleocapsids. Commun Biol. 2021; 4: 494. https://doi.org/10.1038/s42003-021-02027-y PMID:
33888861

Sugita Y, Matsunami H, Kawaoka Y, Noda T, Wolf M. Cryo-EM structure of the Ebola virus nucleopro-
tein—RNA complex at 3.6 A resolution. Nature. 2018. https://doi.org/10.1038/s41586-018-0630-0 PMID:
30333622

Wan W, Kolesnikova L, Clarke M, Koehler A, Noda T, Becker S, et al. Structure and assembly of the
Ebola virus nucleocapsid. Nature. 2017; 551: 394—397. https://doi.org/10.1038/nature24490 PMID:
29144446

Luo M, Terrell JR, Mcmanus SA. Nucleocapsid Structure of Negative Strand RNA Virus. Viruses.
2020;12. https://doi.org/10.3390/v12080835 PMID: 32751700

Green TJ, Zhang X, Wertz GW, Luo M. Structure of the vesicular stomatitis virus nucleoprotein-RNA
complex. Science. 2006; 313: 357-60. https://doi.org/10.1126/science.1126953 PMID: 16778022

Albertini AAV V., Wernimont AK, Muziol T, Ravelli RBG, Clapier CR, Schoehn G, et al. Crystal Structure
of the Rabies Virus Nucleoprotein-RNA Complex. Science. 2006; 313: 360—-363. https://doi.org/10.
1126/science.1125280 PMID: 16778023

Ge P, Tsao J, Schein S, Green TJ, Luo M, Zhou ZH. Cryo-EM model of the bullet-shaped vesicular sto-
matitis virus. Science. 2010; 327: 689-93. https://doi.org/10.1126/science.1181766 PMID: 20133572

Riedel C, Vasishtan D, Prazak V, Ghanem A, Conzelmann K-K, Riimenapf T. Cryo EM structure of the
rabies virus ribonucleoprotein complex. Sci Rep. 2019; 9: 9639. https://doi.org/10.1038/s41598-019-
46126-7 PMID: 31270364

Su Z, Wu C, Shi L, Luthra P, Pintilie GD, Johnson B, et al. Electron Cryo-microscopy Structure of Ebola
Virus Nucleoprotein Reveals a Mechanism for Nucleocapsid-like Assembly. Cell. 2018; 172: 966—978.
e12. https://doi.org/10.1016/j.cell.2018.02.009 PMID: 29474922

Tawar RG, Duquerroy SS, Vonrhein C, Varela PF, Damier-Piolle L, Castagné N, et al. Crystal Structure
of a Nucleocapsid-Like Nucleoprotein-RNA Complex of Respiratory Syncytial Virus. Science. 2009;
326: 1279-1283. https://doi.org/10.1126/science.1177634 PMID: 19965480

Renner M, Paesen GC, Grison CM, Granier S, Grimes JM, Leyrat C. Structural dissection of human
metapneumovirus phosphoprotein using small angle x-ray scattering. Sci Rep. 2017; 7: 1-16. https:/
doi.org/10.1038/s41598-016-0028-x PMID: 28127051

Renner M, Leyrat C, Paesen GC, Huiskonen JT, Saraiva de Oliveira LF, Grimes JM, et al. Nucleocapsid
assembly in pneumoviruses is regulated by conformational switching of the N protein. Elife. 2016; 5: 1—
12. https://doi.org/10.7554/eLife.12627 PMID: 26880565

Leyrat C, Yabukarski F, Tarbouriech N, Ribeiro EA, Jensen MR, Blackledge M, et al. Structure of the
Vesicular Stomatitis Virus NO-P Complex. PLoS Pathog. 2011; 7: €1002248. https://doi.org/10.1371/
journal.ppat.1002248 PMID: 21960769

Heggeness MH, Scheid A, Choppin PW. Conformation of the helical nucleocapsids of paramyxoviruses
and vesicular stomatitis virus: reversible coiling and uncoiling induced by changes in salt concentration.
Proc Natl Acad Sci. 1980; 77: 2631-2635. https://doi.org/10.1073/pnas.77.5.2631 PMID: 6248857

Bhella D, Ralph A, Yeo RP. Conformational Flexibility in Recombinant Measles Virus Nucleocapsids
Visualised by Cryo-negative Stain Electron Microscopy and Real-space Helical Reconstruction. J Mol
Biol. 2004; 340: 319-331. https://doi.org/10.1016/j.jmb.2004.05.015 PMID: 15201055

Blumberg BM, Leppert M, Kolakofsky D. Interaction of VSV leader RNA and nucleocapsid protein may
control VSV genome replication. Cell. 1981; 23: 837—-845. https://doi.org/10.1016/0092-8674(81)
90448-7 PMID: 6261959

Castaneda SJ, Wong TC. Leader sequence distinguishes between translatable and encapsidated mea-
sles virus RNAs. J Virol. 1990; 64: 222—-230. https://doi.org/10.1128/JV1.64.1.222-230.1990 PMID:
1688383

Loney C, Mottet-Osman G, Roux L, Bhella D. Paramyxovirus Ultrastructure and Genome Packaging:
Cryo-Electron Tomography of Sendai Virus. J Virol. 2009; 83: 8191-8197. https://doi.org/10.1128/JVI.
00693-09 PMID: 19493999

Hosaka Y, Shimizu K. Lengths of the nucleocapsids of Newcastle disease and mumps viruses. J Mol
Biol. 1968; 35: 369-373. https://doi.org/10.1016/s0022-2836(68)80031-2 PMID: 5760566

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009740  July 16, 2021 18/19


https://doi.org/10.1371/journal.pone.0011684
https://doi.org/10.1371/journal.pone.0011684
http://www.ncbi.nlm.nih.gov/pubmed/20657787
https://doi.org/10.1002/anie.201602619
http://www.ncbi.nlm.nih.gov/pubmed/27270664
https://doi.org/10.1038/s42003-021-02027-y
http://www.ncbi.nlm.nih.gov/pubmed/33888861
https://doi.org/10.1038/s41586-018-0630-0
http://www.ncbi.nlm.nih.gov/pubmed/30333622
https://doi.org/10.1038/nature24490
http://www.ncbi.nlm.nih.gov/pubmed/29144446
https://doi.org/10.3390/v12080835
http://www.ncbi.nlm.nih.gov/pubmed/32751700
https://doi.org/10.1126/science.1126953
http://www.ncbi.nlm.nih.gov/pubmed/16778022
https://doi.org/10.1126/science.1125280
https://doi.org/10.1126/science.1125280
http://www.ncbi.nlm.nih.gov/pubmed/16778023
https://doi.org/10.1126/science.1181766
http://www.ncbi.nlm.nih.gov/pubmed/20133572
https://doi.org/10.1038/s41598-019-46126-7
https://doi.org/10.1038/s41598-019-46126-7
http://www.ncbi.nlm.nih.gov/pubmed/31270364
https://doi.org/10.1016/j.cell.2018.02.009
http://www.ncbi.nlm.nih.gov/pubmed/29474922
https://doi.org/10.1126/science.1177634
http://www.ncbi.nlm.nih.gov/pubmed/19965480
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1038/s41598-016-0028-x
http://www.ncbi.nlm.nih.gov/pubmed/28127051
https://doi.org/10.7554/eLife.12627
http://www.ncbi.nlm.nih.gov/pubmed/26880565
https://doi.org/10.1371/journal.ppat.1002248
https://doi.org/10.1371/journal.ppat.1002248
http://www.ncbi.nlm.nih.gov/pubmed/21960769
https://doi.org/10.1073/pnas.77.5.2631
http://www.ncbi.nlm.nih.gov/pubmed/6248857
https://doi.org/10.1016/j.jmb.2004.05.015
http://www.ncbi.nlm.nih.gov/pubmed/15201055
https://doi.org/10.1016/0092-8674%2881%2990448-7
https://doi.org/10.1016/0092-8674%2881%2990448-7
http://www.ncbi.nlm.nih.gov/pubmed/6261959
https://doi.org/10.1128/JVI.64.1.222-230.1990
http://www.ncbi.nlm.nih.gov/pubmed/1688383
https://doi.org/10.1128/JVI.00693-09
https://doi.org/10.1128/JVI.00693-09
http://www.ncbi.nlm.nih.gov/pubmed/19493999
https://doi.org/10.1016/s0022-2836%2868%2980031-2
http://www.ncbi.nlm.nih.gov/pubmed/5760566
https://doi.org/10.1371/journal.ppat.1009740

PLOS PATHOGENS

CryoEM structure of the Nipah nucleocapsid

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Ranadheera C, Proulx R, Chaiyakul M, Jones S, Grolla A, Leung A, et al. The interaction between the
Nipah virus nucleocapsid protein and phosphoprotein regulates virus replication. Sci Rep. 2018; 8:
15994. https://doi.org/10.1038/s41598-018-34484-7 PMID: 30375468

Zivcec M, Safronetz D, Scott DP, Robertson S, Feldmann H. Nucleocapsid protein-based vaccine pro-
vides protection in mice against lethal Crimean-Congo hemorrhagic fever virus challenge. Bente DA,
editor. PLoS Negl Trop Dis. 2018; 12: e0006628. https://doi.org/10.1371/journal.pntd.0006628 PMID:
30011277

Heggeness MH, Scheid A, Choppin PW. The relationship of conformational changes in the sendai virus
nucleocapsid to proteolytic cleavage of the NP polypeptide. Virology. 1981; 114: 555-562. hitps://doi.
org/10.1016/0042-6822(81)90235-x PMID: 6270887

Ryan KW, Portner A, Murti KG. Antibodies to Paramyxovirus Nucleoproteins Define Regions Important
for Immunogenicity and Nucleocapsid Assembly. Virology. 1993; 193: 376—384. https://doi.org/10.
1006/viro.1993.1134 PMID: 7679859

Uversky VN. Unusual biophysics of intrinsically disordered proteins. Biochim Biophys Acta—Proteins
Proteomics. 2013; 1834: 932—-951. https://doi.org/10.1016/j.bbapap.2012.12.008 PMID: 23269364

Buckland R, Giraudon P, Wild F. Expression of measles virus nucleoprotein in Escherichia coli: Use of
deletion mutants to locate the antigenic sites. J Gen Virol. 1989; 70: 435—441. https://doi.org/10.1099/
0022-1317-70-2-435 PMID: 2471789

Bodjo SC, Kwiatek O, Diallo A, Albina E, Libeau G. Mapping and structural analysis of B-cell epitopes
on the morbillivirus nucleoprotein amino terminus. J Gen Virol. 2007; 88: 1231-1242. https://doi.org/10.
1099/vir.0.82424-0 PMID: 17374767

ASANO A, TORIGOE D, SASAKI N, AGUI T. Epitope Mapping of the Nucleocapsid Protein of Sendai
Virus and Application of Antigenic Epitopes for the ELISA-Based Diagnosis of Sendai Virus Infection. J
Vet Med Sci. 2013; 75: 909-916. https://doi.org/10.1292/jvms.12-0496 PMID: 23446107

Habchi J, Blangy S, Mamelli L, Jensen MR, Blackledge M, Darbon H, et al. Characterization of the Inter-
actions between the Nucleoprotein and the Phosphoprotein of Henipavirus. J Biol Chem. 2011; 286:
13583-13602. https://doi.org/10.1074/jbc.M111.219857 PMID: 21317293

Ray G, Schmitt PT, Schmitt AP. C-Terminal DxD-Containing Sequences within Paramyxovirus Nucleo-
capsid Proteins Determine Matrix Protein Compatibility and Can Direct Foreign Proteins into Budding
Particles. Lyles DS, editor. J Virol. 2016; 90: 3650—-3660. https://doi.org/10.1128/JV1.02673-15 PMID:
26792745

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009740  July 16, 2021 19/19


https://doi.org/10.1038/s41598-018-34484-7
http://www.ncbi.nlm.nih.gov/pubmed/30375468
https://doi.org/10.1371/journal.pntd.0006628
http://www.ncbi.nlm.nih.gov/pubmed/30011277
https://doi.org/10.1016/0042-6822%2881%2990235-x
https://doi.org/10.1016/0042-6822%2881%2990235-x
http://www.ncbi.nlm.nih.gov/pubmed/6270887
https://doi.org/10.1006/viro.1993.1134
https://doi.org/10.1006/viro.1993.1134
http://www.ncbi.nlm.nih.gov/pubmed/7679859
https://doi.org/10.1016/j.bbapap.2012.12.008
http://www.ncbi.nlm.nih.gov/pubmed/23269364
https://doi.org/10.1099/0022-1317-70-2-435
https://doi.org/10.1099/0022-1317-70-2-435
http://www.ncbi.nlm.nih.gov/pubmed/2471789
https://doi.org/10.1099/vir.0.82424-0
https://doi.org/10.1099/vir.0.82424-0
http://www.ncbi.nlm.nih.gov/pubmed/17374767
https://doi.org/10.1292/jvms.12-0496
http://www.ncbi.nlm.nih.gov/pubmed/23446107
https://doi.org/10.1074/jbc.M111.219857
http://www.ncbi.nlm.nih.gov/pubmed/21317293
https://doi.org/10.1128/JVI.02673-15
http://www.ncbi.nlm.nih.gov/pubmed/26792745
https://doi.org/10.1371/journal.ppat.1009740

