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Bunyamwera virus (BUNV), which belongs to the genusOrthobunya-
virus, is the prototypical virus of the Bunyaviridae family. Similar to
other negative-sense single-stranded RNA viruses, bunyaviruses pos-
sess a nucleocapsid protein (NP) to facilitate genomic RNA encapsi-
dation and virus replication. The structures of two NPs of members of
different genera within the Bunyaviridae family have been reported.
However, their structures, RNA-binding features, and functions be-
yond RNA binding significantly differ from one another. Here, we
report the crystal structure of the BUNV NP–RNA complex. The poly-
peptide of the BUNV NP was found to possess a distinct fold among
viral NPs. An N-terminal arm and a C-terminal tail were found to
interact with neighboring NP protomers to form a tetrameric ring-
shaped organization. Each protomer bound a 10-nt RNA molecule,
which was acquired from the expression host, in the positively
charged crevice between the N and C lobes. Inhomogeneous oligo-
merization was observed for the recombinant BUNV NP–RNA
complex, which was similar to the Rift Valley fever virus NP–RNA
complex. This result suggested that the flexibility of one NP proto-
mer with adjacent protomers underlies the BUNV ribonucleopro-
tein complex (RNP) formation. Electron microscopy revealed that
the monomer-sized NP–RNA complex was the building block of
the natural BUNV RNP. Combined with previous results indicating
that mutagenesis of the interprotomer or protein–RNA interface
affects BUNV replication, our structure provides a great potential
for understanding the mechanism underlying negative-sense sin-
gle-stranded RNA RNP formation and enables the development of
antiviral therapies targeting BUNV RNP formation.

assembly | packaging

Bunyaviruses constitute the largest segmented negative-sense
single-stranded RNA (–ssRNA) virus family, which is sub-

divided into Orthobunyavirus, Hantavirus, Nairovirus, Phlebovirus,
and Tospovirus genera (1). The genomes of Bunyaviridae members
are featured by three segments, the large (L),middle (M), and small
(S) segments (2, 3). The L segment encodes an RNA-dependent
RNA polymerase (RdRp), the M segment encodes a precursor of
glycoproteins (Gn and Gc), and the S segment encodes a nucleo-
capsid protein (NP). Moreover, a few Bunyaviridae members pos-
sess a nonstructural protein (NSs and/or NSm) using an ambisense
coding strategy by the S and M segments (4).
Similar to other –ssRNA viruses, all members of the Bunyaviri-

dae family contain a ribonucleoprotein (RNP) complex composed
of genomic RNA enwrapped by the NP (4). After entry into the
cytoplasm through membrane fusion mediated by glycoproteins,
the RNP is released from the virion and serves as the template with
which the copackaged RdRp transcribes mRNAs from the viral
genome in the RNP. In the later stage of virus replication, com-
plementary positive-strand RNA (cRNA) is produced in the form
of an RNP. The RNP serves as the template for replication that
generates the viral genomicRNA in the formof anRNP ready to be
packaged in the virion. Throughout the entire virus replication
cycle of a –ssRNA virus, the genome-length viral RNA (cRNA or
viral genomic RNA) is only present in the form of an RNP that

either serves as a template for RNA synthesis or is packaged in
the virion. Therefore, RNP assembly is a critical step in –ssRNA
virus replication.
All bunyaviruses encode NPs to facilitate genome encapsida-

tion. However, the structure, function, and molecular weight of
these NPs show distinct variations (Fig. S1). The crystal structure
of the NP from the Crimean–Congo hemorrhagic fever virus
(CCHFV), which is a member of the Nairovirus genus, revealed an
unusual metal-dependent DNA-specific endonuclease activity but
shared high structural similarity to the N-terminal domain of the
Lassa fever virus (LAFV) NP (1). Moreover, recent studies have
revealed that the NP of the Rift Valley fever virus (RVFV; genus
Phlebovirus) oligomerizes with distinct molecular architectures to
facilitate RNA encapsidation (5–7). A monomeric structure of the
RVFV NP that was purified using a denaturation/renaturation
method was first reported, and a distinct architecture for RNA
encapsidation in –ssRNA viruses was found (6). Subsequently, the
structure of the RVFV NP purified under native conditions was
determined, and the formation of a hexameric ring-shaped struc-
ture was revealed (5). The most significant difference between
these two results appears in the conformations of the N terminus
of the RVFV NP. In the monomeric RVFV NP, the N-terminal
arm (the first 30 amino acids) folds backward to the core region,
which allows the formation of a compact architecture for the entire
molecule, whereas this N-terminal arm was found to extend to the
adjacent molecule to form the ring-shaped architecture of the
hexameric structure. The structures of the RVFV NP complexed
with RNA of variable lengths have been determined recently,
demonstrating that the flexibility of the N-terminal arm of the
RVFV NP underlies higher-order RNP formation (7). Another
interesting observation from crystallographic studies on all of the
bunyavirus-encoded NPs is that all of them cannot properly pro-
tect the packaged RNA against exogenous RNases. This result is
consistent with the finding that bound RNA can be well protected
by NPs from nonsegmented –ssRNA viruses but not by NPs from
segmented –ssRNA viruses (8, 9).
Bunyamwera virus (BUNV), which can cause severe hemorrhagic

fever and other diseases in livestock and humans (10), is the pro-
totypic member of both the Orthobunyavirus genus and the entire
Bunyaviridae family. BUNV is also known to serve as an excellent
model for studying the biology of other Bunyaviridae family
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members (11, 12). BUNV possesses a small NP with a molecular
weight of 25 kDa (2). Numerous investigations have revealed its
biochemical features. However, its potential oligomerization state,
effect on virus replication, specificity and stoichiometry of RNA
binding (12–15), detailed structure of the BUNV NP–RNA com-
plex, and the underlying mechanism for RNP formation remain
unclear. To further understand the NPs encoded by Bunyaviridae
members, particularly the prototypic member of each genus be-
longing to the Bunyaviridae family, we determined the crystal
structure of the BUNV NP–RNA complex. Our findings reveal
a distinct virally encoded NP and provide insight into how NP
oligomerization contributes to the regulation of RNP assembly.

Results
Recombinant BUNV NP Oligomerizes and Binds Cellular RNA. Previous
studies have suggested that bunyavirus NPs cannot well protect the
bound RNA against exogenous RNases (1, 5). These observations
are consistent with the finding that the NPs of nonsegmented
–ssRNAviruses can protect the boundRNA, in contrast to theNPs
of segmented –ssRNA viruses, which cannot (9).
We first analyzed the RNA-binding and solution properties of

the recombinant BUNV NP. We expressed the full-length BUNV
NP (residues M1–M233) in Escherichia coli and purified it under
physiological conditions. The retention volume of the target pro-
tein in size-exclusion chromatography peaks at 14.5 mL (Fig. 1),
corresponding to a molecular weight greater than 100 kDa. An
SDS/PAGE analysis indicated that the major peaks contained
a protein that was the size expected for the BUNV NP (25 kDa),
suggesting that no protein contamination occurred during purifi-
cation. These results revealed that the recombinant BUNV NP
existed as a higher-order oligomer in solution. Moreover, the ratio
of the OD at 260 nm to that at 280 nm (OD260/OD280) for the
major peak was 1.35, which indicated that the recombinant BUNV
NP oligomers possessed encapsidated nucleic acids.
As aforementioned, the NPs of segmented –ssRNA viruses, for

example, bunyavirus, cannot well protect bound RNA against ex-
ogenous RNases. Therefore, we determined whether the BUNVNP

possessed a similar property. Surprisingly, althoughwe incubated the
preliminarily purified BUNV NP–RNA mixture with RNase at a fi-
nal concentration of 0.2 mg/mL for 12 h at 16 °C, we observed that
the bound RNA was not digested. An identical peak at an identical
retention volumewas observed from size-exclusion chromatography,
and an identical OD260/OD280 ratio was obtained from BUNVNP–
RNA mixtures with or without RNase treatment. These results
demonstrated that the BUNVNP can form a higher-order oligomer
and protect the bound RNA against exogenous RNase. Therefore,
we used this BUNV NP–RNA complex in subsequent analyses.

EM of the Recombinant BUNV NP–RNA Complex. Previous studies on
the RVFV NP or NP–RNA complex indicated that the oligo-
merization state of the RVFV NP was inhomogeneous in solu-
tion, that is, pentamers and hexamers were found to be the most
prevalent species of the digested endogenous viral RNP and
recombinant NP–RNA complex (5–7). The recombinant BUNV
NP–RNA complex was found to exist as a multimer; thus, we first
analyzed the RNase-treated NP–RNA sample using negative-
stain EM to assess the homogeneity of the oligomerization state
of the BUNV NP–RNA complex in solution.
From a total of 300 images recorded by EM, we selected 4,037

particles that were categorized into 24 classes by a reference-free
classification. The results indicated that the BUNV NP–RNA com-
plex formed three types of higher-order ring-shaped oligomers with
diameters ranging from 80 Å to 120 Å (Fig. 2 A and B). These par-
ticles consisted of predominantly tetramers (2,363 particles, 59%),
followed by pentamers (1,367 particles, 33%) and very few hexamers
(107 particles, 3%) (Fig. 2C). This observation differed from that for
the RVFV NP–RNA complex, for which the amount of pentameric
and hexameric structures were found to be equivalent followed by
a small amount of tetramers and other higher-order multimers (7).
The inhomogeneous oligomerization of the RVFV NP in-

significantly affected the crystallization of the most abundant spe-
cies (5, 7).Given that the tetramerwas themajor formof theBUNV
NP–RNA complex in solution, we supposed that the contaminants,
namely, the small amount of pentamers and hexamers, would not
influence the crystallization of the BUNVNP–RNAcomplex. Thus,
we used this purified sample for crystallographic study.

Overall Structure of the BUNV NP–RNA Complex. The BUNV NP–
RNA complex was successfully crystallized, and the crystal struc-
ture was subsequently determined using the single-wavelength
anomalous dispersion (SAD) method and refined to 3.2 Å reso-
lution with a final Rwork of 22.0% (Rfree= 27.6%) (Table S1). Each
protomer of the BUNV NP bound one 10-nt RNA, and four NP–
RNA complexes formed a ring-shaped architecture with an inner
diameters of 30Åandouter diameters of 75Å through the fourfold
crystallographic axis. This finding was consistent with the results of
EM analysis (Fig. 3 and Fig. S2).
The polypeptide of the BUNV NP possessed a compact body

part with an additional N-terminal extension and a C-terminal
tail and featured four key regions: an N-terminal arm (termed N
arm, hereafter) (M1–A10), an N lobe (A11–S120), a C lobe
(K121–K214), and a C-terminal tail (termed C tail, hereafter)
(K215–M233) (Fig. 3C and Fig. S3). Topology comparison using
DALI (16) and secondary-structure matching (17) did not gen-
erate evident structural homologs, suggesting a unique protein
fold structure for virally encoded NPs. The compact body of the
BUNV NP protomer consisted of the N and C lobes. The C lobe
was predominantly composed of α-helices, whereas the N lobe
consisted of four α-helices and two β-strands. The one-stranded
N arm and the helical C tail winged the main body and partici-
pate in intermolecular interactions with the adjacent two pro-
tomers. The RNA-binding site was identified as a large positively
charged crevice located at the interface of the N and C lobes with
a 10-nt RNA molecule bound within the inner side of the tet-
rameric ring. Regarding the coexistence of tetramers, pentamers,
and hexamers of the BUNV NP–RNA complex in solution, the
length of the bound RNA ranged from 40 nt to 60 nt, which is
consistent with previous results (12). The body parts of four

Fig. 1. Size-exclusion chromatography (SEC) of the BUNV NP–RNA complex
with RNase pretreatment. The E. coli-expressed BUNV NP (0.2 mg) pretreated
with RNase (0.2 mg/mL at 16 °C for 12 h) was injected onto a Superdex 200 HR
10/30 column. The absorbance at 260 and 280 nm are indicated in red and
blue, respectively. The retention volume for the major peak was 14.5 mL. The
retention volumes for the molecular-weight standards are shown above. SDS/
PAGE analysis of the SEC elution fractions corresponding to the peaks is
shown with standard protein markers.
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molecules in one asymmetric unit are nearly identical with rmsd
values for the Cα atoms of less than 0.7 Å, whereas the rmsd
values for the Cα atoms of N arms and C tails are approximate
2.0 Å, suggesting the flexibility of the N- and C-terminal exten-
sions in the formation of NP–RNA oligomers.

NP–RNA Interaction. Consistent with the OD260/OD280 ratio dur-
ing purification, the continuous experimental electron density
map indicated the presence of an RNA molecule bound to the
BUNV NP (Fig. S4). Each BUNV NP protomer clamped a 10-nt
RNA molecule in the deep positively charged RNA-binding
cavity located at the interface between the N and C lobes, in
contrast to previous biochemical results (12, 15). Given that the
bound RNA molecule in the NP–RNA complex was randomly
acquired from the expression host, we used adenine to build the
final model (Fig. 4).
The electron densities for the bases indicated that the RNA

molecule in the tetrameric complex structure bound in a 5′–3′ di-
rection in a clockwise orientation (Fig. 3A). The RNA strand was
twisted clockwise along the inner perimeter of the tetrameric ring.
The RNA-binding cleft formed the N lobe (top) and C lobe (bot-
tom) interface. The first nucleotide pointed toward the solvent and
stacked with the last base of the preceding NP protomer (N−1) to
form a ring-shaped structure. Nucleotides 1, 3, 4, and 5 were ex-
posed to the solvent; nucleotides 2, 6, 7, 8, and 9 faced the protein,
whereas nucleotide 10 was located in the cleft, that is, was exposed
to the solvent between two NP protomers and did not contact the
residues from the polypeptides of the NP (Fig. 4 and Fig. S5). The
residues of the BUNV NP that interact with the RNA were pri-
marily charged residues, including S14, S15, D18, R47, K50, T75,
R94, Y176, R182, Q183, R184, and N217. These residues not
only interacted with the ribose–phosphate backbone but also
interacted with the bases to stabilize the bound RNA molecule.

Oligomerization of the BUNV NP Protomer. The assembled RNP
comprised a large number of copies of the NP protein bound to
genomic RNA (13). In the RNP, one NP protomer interacted with
adjacent NP molecules to maintain the oligomeric architecture.

The interactions between the adjacent molecules within the
tetrameric BUNV NP–RNA complex buried a total surface area
of 1,300 Å2 of the 14,000-Å2 total surface area of one protomer,
as calculated by PISA (17), which suggested strong interactions
for the assembly of the higher-order oligomer. The most sub-
stantial interactions were contributed by the N arm (contact I)
and C tail (contact II) with neighboring NP protomers (Fig. 5).
The one-stranded N arm of one protomer (N0) interacted

with the two β-strands in the N lobe of the protomer on the right
(N−1) to form a three-stranded β-sheet, which constituted con-
tact I. Within the contact-I region, a subset of hydrogen bonds
was formed by residues E3–V9 of the N0 protomer with V61–L65
of the β2-strand of the N−1 protomer to stabilize this in-
termolecular three-stranded β-sheet. Contact I contributed ∼40%
of the interaction surface of the total 1,300-Å2 interprotomer
interface, whereas the remaining interaction was provided by
contact II. Contact II was formed by the C tails of N0 with the C
lobe of a neighboring protomer (N1) on the left. Residues A222,
F225, L226, F229, and I231 of the C tails of the N0 protomer,
particularly their aliphatic side chains and aromatic rings, occu-
pied the hydrophobic groove formed by the hydrophobic side
chains of F158, L161, I165, L177, M181, W193, L198, V201, and
L205 of the C lobe of the N1 protomer. Similar to the interactions
observed in the ring-shaped viral NP–RNA complex, contacts I
and II were repeated in a directional manner such that the proto-
mer was linked by contact I in a clockwise direction and by contact
II in a counterclockwise direction, constituting the tetrameric ring
of the BUNV NP–RNA complex. This structural information
concerning the BUNVNP oligomerization was consistent with the
results of mutagenesis analysis that mapped the homotypic in-
teraction of the BUNV NP (14) and the finding that deletions of
both the N arm and the C tail completely eliminated the ring-
shaped oligomer in EM analysis.

Visualization of the Authentic BUNV RNP. The oligomerization state
of the recombinant BUNV NP–RNA complex was found to be
inhomogeneous in solution. Thus, we extracted natural RNP
from BUNV virions and visualized it using negative-stain EM to
verify the precise oligomerization state of the BUNV NP in vivo

Fig. 2. EM analysis of the recombinant BUNV NP–RNA complex. (A) A typical
EM version of the negatively stained BUNV NP–RNA complex. (B) The refer-
ence-free classifications of 4,037 BUNV NP–RNA particles in 24 classes (the
length of the side of one square is 150Å). The distribution ofmultimeric states
is summarized in (C).

Fig. 3. Structure of the BUNV NP–RNA complex. The tetrameric ring of the
BUNV NP–RNA complex is shown as a ribbon diagram from the top (A) and
side (B) views. Each protomer is presented as a colored cartoon, and the
bound RNA is shown as a yellow cartoon. The bound RNA presents a 5′–3′
clockwise orientation. The molecular dimensions are also indicated. (C) The
structure of the BUNV NP monomer. The N arm, N lobe, C lobe, and C tail are
shown in magenta, blue, green, and red, respectively. The N and C termini
are indicated. The bound RNA is shown as colored sticks.
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(Fig. 6A). BUNV virions released by infected BHK-21 cells were
purified and treated with 1 M sucrose to open the virus particles
and release the natural RNPs. These RNPs were not disrupted or
modified by these isolation procedures. The RNPs extracted from
BUNV virions demonstrated a relaxed structure without re-
markable helical symmetry, which was similar to observations of
the RVFV RNPs but clearly differed from those of the influenza
virus or nonsegmented –ssRNA viruses, in which the RNP is
supercoiled in structure (18). The width of the virion-extracted
BUNV RNP is ∼40 Å and was consistent with the size of an NP–
RNA monomer in either the crystal structure or the 3D re-
construction that was obtained using cryonegative-staining EM
(Fig. 6B and Fig. S6), suggesting that the monomer-sized NP–RNA
complex was likely the building block of the relaxed BUNV RNP.

Discussion
BUNV is the prototypic virus of the Orthobunyavirus genus and
the entire Bunyaviridae family. The structure of the BUNV NP–
RNA complex allows a better understanding of the molecular
mechanism underlying segmented –ssRNA RNP formation and
the significant difference between NPs encoded by the members
of each genus belonging to the Bunyaviridae family.
The crystal structure of the tetrameric BUNV NP–RNA com-

plex reveals a distinct fold for virally encoded NPs and presents the
predominant oligomeric state of the recombinant NP–RNA in
solution. Although BUNV is a segmented –ssRNA virus, it pos-
sesses a distinct NP among segmented –ssRNA viruses but dem-
onstrates structural similarity to NPs encoded by nonsegmented
–ssRNA viruses. To date, the structures of four NPs of non-
segmented –ssRNA viruses are available: the tetrameric Borna
disease virus NP (19) and the oligomeric NP–RNA rings of the
rabies virus (20), vesicular stomatitis virus (21), and respiratory
syncytial virus (22) that contain 10 or 11 NP protomers. Although
the nucleotides bound by a single protomer and the position of
RNA binding differ, these four nonsegmented –ssRNA-encoded
NPs demonstrate clear structural homology. All of these NPs
possess an N- and a C-terminal extension for interprotomer in-

teraction, in addition to conserved N and C lobes for RNA bind-
ing (Fig. S7, upper row). In contrast, the reported structures of
segmented –ssRNA virus NPs differ, and the N- and C-terminal
extensions for interprotomer interaction are not conserved (Fig.
S7, lower row). The influenzaA virusNPpossesses aC-terminal tail
loop, whereas the RVFV NP extends an N-terminal arm for olig-
omerization. Moreover, the LAFV NP and CCHFV NP do not
demonstrate a clear structural element for multimerization. The
BUNVNP clearly presents both an N- and a C-terminal extension,
which play a central role in RNP formation in nonsegmented
–ssRNA viruses. Another interesting structural observation is the
presence of a large cleft at the interface of two protomers, exposing
the last nucleotide to the solvent (Figs. S5 and S8). However, this
cleft was not observed in other reported NP–RNA complex struc-
tures. We speculate that this cleft may represent the flexibility
between two protomers during RNP formation.
The RNA binding of the BUNV NP was found to be similar to

that of nonsegmented –ssRNA virus NPs. The BUNV NP pos-
sesses two clear N and C lobes in the central core that face each
other to form a positively charged crevice for RNA binding. In
the BUNV NP–RNA complex, the RNA is twisted around the
inner perimeter of the tetrameric ring with individual bases facing
either the solvent or the protein. In contrast, the RVFV NP se-
questered the bases of only four nucleotides in a narrow hydro-
phobic pocket and interacted through polar contacts only with the
ribose–phosphate backbone, which faced the solvent (7).
Furthermore, the presence of pentamers and hexamers in ad-

dition to the predominate tetramers that crystallized and the

Fig. 4. The NP-RNA interaction. (A) A magnified side view of the interaction
between the BUNV NP and bound RNA. RNA is shown as a colored stick in
rainbow colors from the 5′- to 3′-end. The NP polypeptide is shown as a semi-
transparent cartoon representation with an identical color scheme as that in
Fig. 3C. The residues contacting the RNA are shown as colored sticks. (B)
Schematic top view of the NP–RNA interactions. The last nucleotide located in
the cleft exposed to the solvent between two NP protomers is shadowed. The
dashed lines denote the contacts between the RNA and residues.

Fig. 5. Interprotomer interaction within the BUNV NP–RNA complex. Three
adjacent molecules are shown as cartoons in blue, red, and green, re-
spectively. Contacts I and II are labeled and detailed in the top and bottom
panels. In the enlarged panels, the N0 protomer is shown as a colored car-
toon, whereas the N1 and N−1 protomers are depicted as molecular surfaces.
Two indicators show how the two magnified views are related in orientation
to the original diagram in the center.
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relaxed structure of the endogenous RNP as visualized by EM
suggests that the multimer may not be the building block for the
BUNVRNP (Fig. 6C). This feature was similar to that observed in
the RVFVNP–RNA complex structures (7) but differed from that
observed in the influenza virus and nonsegmented –ssRNA viruses
(18). The monomeric BUNV NP–RNA complexes twisted to form
a linear RNP with a flexible conformation between two protomers.
We propose that flexibility within the hinge regions linking the N
arm and C tail to the central core was responsible for the formation
of this linear RNP during replication and transcription. Such a role
for these regions would account for the essential nature of the
residues in the hinge regions between the N arm and C tail and the
central core, for example, F17 andW213, for BUNV replication (2).
Previous functional studies have revealed that the deletionof the

last 17 residues of the BUNVNP (NP1–216) or thefirst 10 residues
(NP11–233) can attenuate the oligomerization of theBUNVNP in
a mammalian cell expression system, whereas the deletion of both
N and C termini can significantly abolish the multimerization to
monomer (14). This work also demonstrated that destroying the
assembly of the NP complex can evidently abolish viral replication
using a minireplicon system (14). Another systematic analysis of
BUNVNP residues revealed that a subset of residues were critical
for BUNV replication (2). Among them, the substitutions of F26,
R94, I118, P125, G131, W134, Y141, F144, Y158, L160, Y176,
L177, K179, Y185,W193, F225, L226, and I231, together with F17

and W213, can completely abolish virus rescue (2). Moreover, the
deletions of the N- and C-terminal residues destroyed the inter-
protomer interactions, thereby attenuating RNP formation and
BUNV replication. Consistent with the ratio of the surface area
buried by the interaction of the N arm and C tail with neighboring
protomers, deletion of the N or C termini alone cannot completely
eliminate the intermolecular interaction, whereas the double de-
letion completely abolished oligomerization to monomer (14).
Furthermore, F225, L226, and I231 of the N0 protomer projected
their side chains into the hydrophobic pocket formed by Y158,
L161, Y176, L177, and other residues from the N1 protomer,
thereby contributing to the interaction in contact II. Surprisingly,
the single substitution of the residue from the N arm retained
>65% minireplicon activity, and all mutated viruses were rescued
(2), indicating that the hydrogen bond networks between the three-
stranded β-sheet formed by the N arm and β2 and β3 of an adjacent
protomer were essential to BUNV RNP formation. In addition,
R94, P125, K179, Y185, and W193 all interacted with the bound
RNA or contributed to the formation of the structural motif to
stabilize the bound RNA, thereby significantly affecting BUNV
RNP formation and viral replication. Notably, most of the residues
essential to BUNV replication by RNP formation are conserved
among the members of different serotypes of theOrthobunyavirus
genus (Fig. S9). During the preparation of this manuscript, an-
other group determined the crystal structure of the NP–RNA
complex from Leanyer virus (LEAV), which is a member of the
Orthobunyavirus genus and was isolated from arthropods in Aus-
tralia (23). In addition to the high primary sequence conservation
(42% sequence identity), the monomer fold of the BUNVNP and
LEAV NP are highly homologous with an rmsd value of 1.4 Å for
Cα atoms of 204 residues (Fig. S10A).Moreover, the architectures
of the ring-shaped tetramers of the recombinant BUNV and
LEAV NP–RNA complex in addition to the key residues for
BUNV NP and LEAV NP oligomerization, RNA binding, and
viral replication were also very similar (Fig. S10 B and C). In-
terestingly, one BUNV NP protomer binds a 10-nt RNA mole-
cule, which is in contrast with the 11-nt RNA molecule bound to
LEAV NP protomer. This difference suggests that the numbers of
nucleotides bound to different orthobunyaviral NP protomers may
be variable. All of these results suggest a conserved network forRNP
formation in this genus, which suggests its potential role in discov-
ering wide-spectrum anti-Orthobunyavirus therapeutics.
In summary, the crystal structure and EM visualization of the

BUNV NP–RNA complex clearly present how orthobunyaviruses
encapsidate their genomic RNA and form the RNP. This in-
formation also aids in understanding the structural and functional
differences among NPs encoded by bunyavirus or segmented
–ssRNA viruses, which can benefit the development of antiviral
therapies targeting RNP formation.

Materials and Methods
The gene of the full-length BUNV NP (residues 1–233) was cloned into the
pQE-30 expression vector with a 6× His tag fused at the N terminus following
a general protocol. The target protein was expressed and purified as pre-
viously described (13) with a few modifications (SI Materials and Methods).
The purified BUNV NP–RNA complex was concentrated to 10 mg/mL and
stored at 193 K. The crystals for the native BUNV NP were obtained in
a reservoir solution containing 100 mM sodium malonate (pH 7.0) and 10%
(wt/vol) PEG 3350. The selenomethionine derivatives of the BUNV NP were
purified following a general procedure (24) and then crystallized under
conditions similar to those used for the native protein. The selenomethio-
nine SAD data set of the BUNV NP–RNA complex was collected to 4.0 Å at
the wavelength corresponding to the Se peak at the Photon Factory
beamline BL17A. All datasets were processed using the HKL2000 package
(25). The SAD data phases were calculated and substantially improved by
solvent flattening using the PHENIX program (26). The coordinates and
structure factors were deposited in the Research Collaboratory for Structural
Bioinformatics under the Protein Data Bank ID code 4IJS. For visualization of
the recombinant BUNV NP–RNA complex using EM, the samples were pre-
pared by negative staining with uranyl acetate and imaged using an FEI
Tecnai 20 electron microscope with a 2 k × 2 k Gatan CCD camera at a
magnification of 50,000× using a defocus value of –1.5 μm. Two-dimensional

Fig. 6. The monomer-sized NP–RNA is the building block of natural BUNV
RNPs. (A) Negative-stained EM image of the natural BUNV RNP extracted
from bunyamwera viruses. The inset frames represents the enlarged regions.
(B) The 3D reconstruction of the recombinant BUNV NP–RNA tetramer
obtained using cryonegatively stained samples with docking of the crystal
structure into the EM density map. (C) A model of the linear BUNV RNP
formed using the monomer-sized NP–RNA as the building block. The color
scheme for each structural element is identical to that used in Fig. 3C.
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class averages and 3D reconstructions were calculated using the Electron
Micrograph Analysis (EMAN) software package (27). For the EM analysis of
natural BUNV RNPs, Bunyamwera virions released by infected BHK-21 cells
were produced and purified as previously described (28). The purified virions
were adsorbed to EM grids and incubated for 3 min with 1 M sucrose in TEN
buffer [0.01 M Tris·HCl (pH 7.4) with 0.1 M NaCl and 1 mM EDTA] before
negative staining with 2% uranyl acetate for 30 s. The samples were subse-
quently imaged in a JEOL JEM 1011 electron microscope operating at 100 kV.
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SI Materials and Methods
Protein Production. The gene of the full-length Bunyamwera virus
(BUNV) nucleocapsid protein (NP) (residues 1–233) was cloned
into the pQE-30 expression vector with a 6×His tag fused at the N
terminus following a general protocol. The plasmid was trans-
formed into the Escherichia coli strain BL21(DE3), and the
transformed cells were cultured at 37 °C in LB media containing
100 mg/L ampicillin. After the OD600 reached 0.5, the culture was
cooled to 289 K, and the expression of the recombinant protein
was induced. After overnight induction, the cells were harvested
by centrifugation. The cells were then resuspended in lysis buffer
containing 20 mM Tris·HCl (pH 7.5) and 150 mM NaCl followed
by homogenization using an ultra-high pressure cell disrupter
(JNBIO) at 277 K. The insoluble material was removed by cen-
trifugation at 20,000 × g. The fusion protein was first purified by
Ni–nitrilotriacetic acid affinity chromatography and eluted with
wash buffer containing 60 mM imidazole in 20 mM Tris·HCl (pH
7.5) and 150 mM NaCl. The bound target protein was pretreated
with RNase at a concentration of 0.2 mg/mL and subsequently
eluted with a buffer containing 300mM imidazole in Tris·HCl (pH
7.5) and 150 mM NaCl after extensive washing with a buffer
containing 20 mM Tris·HCl (pH 7.5), 150 mM NaCl, and 60 mM
imidazole to remove the untagged RNase. The eluted protein was
further purified by a Superdex 200 gel filtration column (GE
Healthcare) and dialyzed in a buffer containing 20 mM Tris·HCl
(pH 7.5) and 150 mM NaCl. The purified BUNV NP was >95%
pure according to SDS/PAGE analysis and had an A260/A280 ratio
of 1.3. The purified BUNV NP–RNA complex was concen-
trated to 10 mg/mL and stored at 193 K.

Crystallization.Crystallizationof theBUNVNP–RNAcomplexwas
performed at 291K by the hanging drop vapor diffusion technique.
Crystals were obtained by mixing 1 μL of protein solution with
an equal volume of reservoir solution followed by equilibration
against 200 μL of reservoir solution. The crystals for the native
BUNVNPwere obtained in a reservoir solution containing 0.02M
magnesium chloride hexahydrate, 0.1MHepes (pH 7.5), and 22%
(wt/vol) polyacrylic acid sodium salt. Crystals with high diffraction
quality grew to a final size of 50 × 50 × 100 μm within 7 d in the
optimized solution containing 100 mM sodium malonate (pH 7.0)
and 10% (wt/vol) PEG 3350. The selenomethionine derivatives of
BUNV NP were purified following a general procedure (1) and
then crystallized under conditions similar to those used for the
native protein.

X-Ray Data Collection, Processing, and Structure Determination. All
crystals were gradually transferred into a harvesting solution con-
taining the respective precipitant solutions plus 5% (vol/vol)
glycerol before being flash-frozen in liquid nitrogen for storage.
Data were collected under cryogenic conditions at 100 K. The
selenomethionine single-wavelength anomalous dispersion (SAD)
dataset of the BUNV NP–RNA complex was collected at 4.0 Å

using a wavelength corresponding to the Se peak at the Photon
Factory beamlineBL17A, and another native dataset was collected
at 3.2 Å at this beamline. All datasets were processed using
the HKL2000 package (2). The crystals belonged to the space
group I422 with cell parameters a = b = 106.2 Å, c = 485.4 Å, and
α= β= γ= 90°. Excluding thefirst seleniumof each polypeptide, 24
of 28 selenium atoms in the asymmetric unit were located and
refined, and the SAD data phases were calculated and sub-
stantially improved by solvent flattening using the PHENIX
program (3). A model was manually built into the modified ex-
perimental electron density using Coot (4) and further refined in
PHENIX. Model geometry was verified using the program
MolProbity (5). The final refinement statistics are summarized
in Table S1. Structural figures were drawn using the program
PyMOL (6). The coordinates and structure factors were de-
posited in the Collaboratory for Structural Bioinformatics under
the Protein Data Bank ID code 4IJS.

EM of the Recombinant BUNV NP–RNA Complex. Samples were pre-
pared by negative staining with uranyl acetate. For specimens pre-
pared by conventional negative staining, images were taken using
an FEI Tecnai 20 electron microscope equipped with a tungsten
filament and operated at an acceleration voltage of 200 kV. Images
were recorded on a 2 k × 2 k Gatan CCD camera at a magnification
of 50,000× using a defocus value of –1.5 μm, and the pixel size was
1.6 Å on the specimens. Two-dimensional class averages and 3D
reconstructions were calculated using the Electron Micrograph
Analysis (EMAN) software package (7).
For 2D analysis, 4,037 particles were interactively selected from

300 CCD images. After linearization, normalization, and cen-
tering, all of the particles were subjected to refine2d.py for the
reference-free 2D classification. For 3D reconstruction, due to the
preferred orientation of the proteins on the carbon films, 600
additional CCD images of 30° tilted samples and 50° tilted sam-
ples were collected. The 3D reconstruction with C4 symmetry was
generated using 5,801 particles. According to the Fourier shell
correlation = 0.5 criterion, the final density map had a resolution
of 18.9 Å (Fig. S6).

EM of Natural BUNV Ribonucleoproteins. Bunyamwera virions re-
leased by infected BHK-21 cells were produced and purified as
previously described (8). The purified virions were adsorbed to
EM grids covered by Formvar and carbon and made hydrophilic
by glow discharge. Adsorbed virions were incubated for 3 min
with 1 M sucrose in TEN buffer [0.01 M Tris·HCl (pH 7.4) with
0.1 M NaCl and 1 mM EDTA] and washed by floating the grids
on two drops of TEN buffer before negative staining with 2%
uranyl acetate for 30 s. The sucrose treatment lysed the adsorbed
viruses and provoked the release of the ribonucleoproteins. The
samples were subsequently visualized using a JEOL JEM 1011
electron microscope operating at 100 kV.
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Fig. S1. Bunyavirus NPs differ from one another. The molecular weights of the prototypical members in each genus belonging to the Bunyaviridae family, that
is, Crimean–Congo hemorrhagic fever virus (CCHFV; Nairovirus), Hantaan virus (Hantavirus), tomato spotted wilt virus (TSWV; Tospovirus), Rift Valley fever virus
(RVFV; Phlebovirus), and Bunyamwera virus (BUNV; Orthobunyavirus), significantly differ from one another. The bars for each NP denote the molecular weight:
CCHFV NP, 52 kDa; Hantaan virus NP, 42 kDa; TSWV, 29 kDa; RVFV, 27 kDa; BUNV, 25 kDa.

Fig. S2. Crystal packing of the BUNV NP–RNA complex. (A) Each BUNV NP-RNA molecule in one asymmetric unit forms the ring-shaped tetramer with three
other molecules related by a crystallographic fourfold axis. The four molecules in one asymmetric unit are shown as colored ribbons, whereas the symmetric
molecules are colored in gray. The crystallographic fourfold axes along the c axis of the I422 space group are represented as arrows and solid squares in a side
and top view, respectively. (B) Subunit packing in the crystal corresponding to the crystallographic [a,b] plane.
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Fig. S3. Topology of the BUNV NP. The α-helices and β-strands are numbered. Residues at the boundary of the secondary structure elements are also
numbered. The N-lobe region is colored in blue, and the C-lobe region is colored in green. The topology cartoon was drawn with TopDraw (1).

1. Bond CS (2003) TopDraw: A sketchpad for protein structure topology cartoons. Bioinformatics 19(2):311–312.

Fig. S4. Electron density of the BUNV NP polypeptide and bound RNA. (A) Omit map of a selected region of the BUNV NP polypeptide contoured at 1.0σ.
Residues in this region (H98–M107) are shown as colored sticks. (B) Omit map of the bound RNA contoured at 1.0σ. The bound RNA molecule is represented as
colored sticks. (C) Electron density (2Fo-Fc contoured at 1.3σ) of the nucleic acid bound to the BUNV NP tetramer.
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Fig. S5. RNA binding crevice. (A) The tetrameric nucleoprotein ring is depicted as an electrostatic potential surface (red and blue for acidic and basic, re-
spectively). The RNA molecule is represented as colored sticks. The domains of the N subunit at the center are labeled (except for the N arm, which is buried and
difficult to identify in this representation). (B) Enlarged views of the RNA binding crevice of the BUNV NP protomer. The color scheme of the RNA molecule is
identical to that used in Fig. 4. The BUNV NP protomer is depicted in white, whereas the residues interacting with the RNA are colored in red.

Fig. S6. Fourier shell correlation (FSC) curve of the 3D EM reconstruction of the tetrameric BUNV NP–RNA complex. The FSC curve suggests that the density
map has a resolution of 18.9 Å according to the FSC = 0.5 criterion.
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Fig. S7. Structures of the nucleocapsid proteins of negative-sense single-stranded RNA (–ssRNA) viruses. All molecules are shown as ribbon diagrams. The
upper row presents the NPs of nonsegmented –ssRNA viruses; the lower row presents the NPs of segmented –ssRNA viruses. The molecules in the upper row are
shown in an identical orientation, whereas the molecules in the lower row are turned to show the extensions involved in intermolecular interactions. All
molecules are shown at an identical scale. A protomer of the BUNV NP is shown in the left panel. All bound RNAs were removed from these structures for
clarity. The N- and C-terminal extensions for NP oligomerization are colored magenta and red; the N and C termini (or lobes) are colored blue and green,
respectively. The Protein Data Bank codes for the structures are Borna disease virus (BDV), 1N93; vesicular stomatitis Indiana virus (VSV), 2GIC; rabies virus,
2GTT; respiratory syncytial virus (RSV), 2WJ8; influenza A virus, 2IQH; Lassa fever virus (LAFV), 3MX2; CCHFV, 3U3; and RVFV NP, 3OUO.

Fig. S8. Cleft between the protomer interface. NP–RNA complexes from BUNV, RVFV, and VSV are aligned and compared. The polypeptide for each complex
is shown as a colored surface; the bound RNA molecule is shown as a colored cartoon diagram. The cleft between the protomer interface of the BUNV NP–RNA
complex and identical positions in the RVFV and VSV are indicated by red arrows.
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Fig. S9. Sequence alignment of the NP from the genus Orthobunyavirus. Variable residues are shown in black with white background, and conserved residues
are shown in white with red background. The sequence alignment was generated by ClustalW (1) and plotted using ESPript (2). The green and magenta frames
indicate the residues involved in oligomerization and those that directly interact with RNA, whereas the previously determined functionally important residues
of the BUNV NP are indicated by blue triangles. The sequence alignment abbreviations are as follows: BUNV, Bunyamwera virus (Bunyamwera serotype);
AnophelesA, Anopheles A virus (Anopheles A serogroup); AnophelesB, Anopheles B virus (Anopheles B serogroup); Nola, Nola virus (Bakau serogroup);
La_Crosse, La Crosse virus (California serogroup); Bruconha, Bruconha virus (Group C serogroup); Simbu, Simbu virus (Simbu serogroup); and Anhembi, An-
hembi virus strain SPAr2984 (Wyeomyia serogroup).

1. Larkin MA, et al. (2007) Clustal W and Clustal X version 2.0. Bioinformatics 23(21):2947–2948.
2. Gouet P, Courcelle E, Stuart DI, Métoz F (1999) ESPript: Analysis of multiple sequence alignments in PostScript. Bioinformatics 15(4):305–308.
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Fig. S10. Comparison of the NPs from BUNV and LEAV. (A) Superposition of the BUNV NP and LEAV NP monomers. Structures of the BUNV and LEAV NPs are
represented as green and blue cartoons. (B) Comparison of the tetrameric rings formed by the BUNV and LEAV NP–RNA complexes. The polypeptides of the
BUNV NP and LEAV NP are shown as green and blue ribbons, whereas the bound RNA molecules are presented as orange lines. (C) Primary sequence alignment
of the BUNV NP and LEAV NP. The green and magenta frames indicate the residues involved in oligomerization and those that directly interact with RNA,
whereas the previously determined functionally important residues of the BUNV NP are indicated by blue triangles.
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Table S1. Data collection and refinement statistics

Parameters Native
Se singlewavelength anomolous

dispersion peak

Data collection statistics
Cell parameters

a, Å 106.2 106.0
b, Å 106.2 106.0
c, Å 485.7 486.6

α, β, γ,° 90.0, 90, 90.0 90.0, 90.0, 90.0
Space group I422 I422
Wavelength used, Å 0.9798 0.9789
Resolution, Å 50.0–3.2 (3.26–3.20)‡ 50.0–4.0 (4.06–4.00)
No. of all reflections 258,362 (12,040) 179,943 (6,255)
No. of unique reflections 23,467 (1,158) 24,235 (1,046)
Completeness, % 98.9 (99.9) 100.0 (100.0)
Average I/σ (I) 17.6 (7.2) 13.2 (11.0)
Rmerge,* % 7.8 (53.6) 9.1 (23.6)

Refinement statistics
No. of reflections used [σ(F) > 0] 23,406
Rwork,

† % 22.0
Rfree,

† % 27.6
Rmsd bond distance, Å 0.011
Rmsd bond angle, ° 1.548
Avg B value, Å2

Avg B value for protein atoms 66.1
Avg B value for ligand atoms 86.2
Avg B value for solvent atoms 46.7

No. of atoms
No. of protein atoms 7,382
No. of ligand atoms 880
No. of solvent atoms 24

Ramachandran plot
Residues in favored regions, % 91.0
Residues in allowed regions, % 8.8
Residues in outlier regions, % 0.2

*Rmerge = ΣhΣl j Iih−<Ih> j/ΣhΣI <Ih>, where <Ih> is the mean of the observations Iih of reflection h.
†Rwork = Σ(jjFp(obs)j−jFp(calc)jj)/ ΣjFp(obs)j; Rfree is an R factor for a preselected subset (5%) of reflections that was not included in
refinement.
‡Numbers in parentheses are corresponding values for the highest resolution shell.
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