
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, speci� city 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 Bunyaviridaefamily, we determined the crystal
structure of the BUNV NP–RNA complex. Our � ndings 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 � nding that the NPs of nonsegmented
–ssRNA viruses can protect the bound RNA, in contrast to the NPs
of segmented –ssRNA viruses, which cannot (9).

We � rst analyzed the RNA-binding and solution properties of
the recombinant BUNV NP. We expressed the full-length BUNV
NP (residues M1–M233) in Escherichia coliand puri� ed 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 puri� -
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 BUNV NP

possessed a similar property. Surprisingly, although we incubated the
preliminarily puri� ed BUNV NP–RNA mixture with RNase at a � -
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 volume was observed from size-exclusion chromatography,
and an identical OD260/OD280 ratio was obtained from BUNV NP–
RNA mixtures with or without RNase treatment. These results
demonstrated that the BUNV NP 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 � rst
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
classi� cation. 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-
signi� cantly affected the crystallization of the most abundant spe-
cies (5, 7). Given that the tetramer was the major form of the BUNV
NP–RNA complex in solution, we supposed that the contaminants,
namely, the small amount of pentamers and hexamers, would not
in� uence the crystallization of the BUNV NP–RNA complex. Thus,
we used this puri� ed 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 re� ned to 3.2 Å reso-
lution with a � nal 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 30 Å and outer diameters of 75 Å through the fourfold
crystallographic axis. This � nding 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 �-helices, whereas the N lobe
consisted of four �-helices and two �-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 identi� ed 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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