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Crimean-Congo hemorrhagic fever, a severe hemorrhagic disease found throughout Africa, Europe, and Asia, is caused by the
tick-borne Crimean-Congo hemorrhagic fever virus (CCHFV). CCHFV is a negative-sense single-stranded RNA (ssRNA) virus
belonging to the Nairovirus genus of the Bunyaviridae family. Its genome of three single-stranded RNA segments is encapsidated
by the nucleocapsid protein (CCHFV N) to form the ribonucleoprotein complex. This ribonucleoprotein complex is required
during replication and transcription of the viral genomic RNA. Here, we present the crystal structures of the CCHFV N in two
distinct forms, an oligomeric form comprised of double antiparallel superhelices and a monomeric form. The head-to-tail inter-
action of the stalk region of one CCHFV N subunit with the base of the globular body of the adjacent subunit stabilizes the heli-
cal organization of the oligomeric form of CCHFV N. It also masks the conserved caspase-3 cleavage site present at the tip of the

stalk region from host cell caspase-3 interaction and cleavage. By incubation with primer-length ssRNAs, we also obtained the
crystal structure of CCHFV N in its monomeric form, which is similar to a recently published structure. The conformational
change of CCHFV N upon deoligomerization results in the exposure of the caspase-3 cleavage site and subjects CCHFV N to
caspase-3 cleavage. Mutations of this cleavage site inhibit cleavage by caspase-3 and result in enhanced viral polymerase activity.
Thus, cleavage of CCHFV N by host cell caspase-3 appears to be crucial for controlling viral RNA synthesis and represents an

important host defense mechanism against CCHFV infection.

he tick-borne Crimean-Congo hemorrhagic fever virus

(CCHEFV), amember of the Nairovirus genus of the Bunyaviri-
dae family, is the causative agent of Crimean-Congo hemorrhagic
fever (CCHF), a severe disease found throughout Africa, Europe,
and Asia with a case fatality rate of up to 50% (26, 45, 46). The
virus is transmitted to humans via infected tick bites or by direct
contact with blood or tissue of viremic animals or humans. Clin-
ical manifestations of CCHFV include sudden onset of fever, my-
algia, headache, dizziness, sore eyes, photophobia, and hyperane-
mia. In severe cases, hemorrhagic manifestations develop several
days after the onset of the disease (9, 46). Ribavirin, a nonimmu-
nosuppressive nucleoside analogue with broad antiviral proper-
ties, is the only promising therapeutic agent against CCHFV, and
there is no vaccine against this virus to date (11, 23, 25).

CCHFV is an enveloped virus with three negative-sense single-
stranded RNA (ssRNA) genomes named S, M, and L encoding the
nucleoprotein (N), glycoproteins Gn and Gc, and the RNA-de-
pendent RNA polymerase (RdRp) (L), respectively (27, 42, 43).
CCHFV N is significantly larger than Ns from other genera from
the Bunyaviridae family (7). Similarly to other negative-sense
RNA viruses, the CCHFV RNA genome is encapsidated by
CCHFV N to form the ribonucleoprotein (RNP) complexes. En-
capsidation of the CCHFV genomic RNA is essential in the repli-
cative cycle and the packaging of the genome into the virions;
however, little is known about the mechanism of interaction of
CCHFV N with the genome RNA and the formation of RNPs (27).
Studies of other bunyaviruses revealed that specificity in RNA
recognition by Ns differs from genus to genus. While some are
specific in the identification of RNA sequence, others bind non-
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specifically to the ssRNAs (30, 34, 38). The recent structural de-
termination of N of Rift Valley fever virus (RVFV), a member of
the Phlebovirus genus, showed weak binding affinity of N with
ssRNA. In addition, a conformational change in the protein is
implicated during oligomerization to form the RNP complex
(10, 33).

During the preparation and review of the manuscript, struc-
tures of the CCHFV N monomer of strain YL040570 and strain
Baghdad-12 were published (6, 14). The study by Guo et al.
showed that the CCHFV N monomer has weak RNA-binding af-
finity and has distinct metal-dependent DNA-endonuclease activ-
ity (14). The study by Carter et al. revealed a different conforma-
tion adopted by CCHFV N with a transposition of the arm domain
and revealed surfaces likely to be involved in RNA binding and
oligomerization (6). In the present study, we have determined the
structure of CCHFV N in two different conformations: one re-
sembling the oligomerized RNP form and the other being the free
monomeric form. We have previously identified the presence of a
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conserved caspase-3 proteolytic cleavage site in CCHFV N by an-
alyzing its primary sequence. We have also demonstrated that
during CCHFV infection, host cell caspase-3 activation results in
the cleavage of CCHFV N into a 30-kDa fragment, suggesting that
caspase-3-dependent cleavage of CCHFV N may represent a host
cell defense mechanism against CCHFV infection (21). Our struc-
tures revealed that a conformational change has to occur to con-
vert CCHFV N from the oligomerized form to the free monomeric
form. Only when CCHFV N is in its free monomeric form would
the caspase-3 cleavage site be exposed for host cell caspase-3 cleav-
age. Mutations at the caspase-3 cleavage site abolishing caspase-3
cleavage of CCHFV N would result in enhancement of CCHFV
polymerase activity during viral RNA (VRNA) transcription.

MATERIALS AND METHODS

Cloning, expression, and purification. A cDNA encoding a fragment of
CCHEFV N was inserted into a pGEX6P1 vector (GE Healthcare) with a
glutathione S-transferase (GST) tag fused to the N terminus of the pro-
tein. The resulting clone was transformed into Escherichia coli BL21
Codon™ RIL (DE3) cells (Stratagene). To induce protein expression, iso-
propyl-p-1-thiogalactopyranoside (IPTG) was added to a final concentra-
tion of 0.2 mM when the optical density at 600 nm (ODy,) of the bacterial
culture reached 0.6, and the culture was grown for another 20 h at 16°C.
Cells were harvested by centrifugation and resuspended in lysis buffer (50
mM Tris-HCl, pH 7.4, 500 mM NaCl, 2 mM dithiothreitol [DTT], 0.1
mM phenylmethylsulfonyl fluoride [PMSF]). The resuspended cells were
sonicated on ice and cleared by centrifugation.

The cleared cell lysate was loaded onto a glutathione Sepharose 4 Fast
Flow column (GE Healthcare) preequilibrated with the lysis buffer. The
column was then washed with 50 ml of lysis buffer containing 1 M NaCl.
After a final wash with 30 ml of lysis buffer, on-column cleavage with 1.5
mg PreScission protease (GE Healthcare) to release CCHFV N from the
GST tag was performed with incubation at 4°C overnight. Cleaved
CCHFV N was collected, concentrated, and subjected to size exclusion
chromatography using a Superdex 200 16/60 column (GE Healthcare)
preequilibrated with 50 mM Tris-HCI, pH 7.4, 2 mM DTT. As a final
polishing step, the fractions containing CCHFV N were pooled and
loaded onto a cation exchange HiTrap SP column (GE Healthcare) pre-
equilibrated with 50 mM Tris-HCI, pH 7.4, 2 mM DTT and eluted by a
linear gradient of 0 to 1 M NaCl buffer. At each step in the purification
procedure, fractions were analyzed by SDS-PAGE and appropriate frac-
tions were pooled. The eluted protein was concentrated to 10 mg/ml, flash
frozen, and stored at —80°C until further use.

Preparation of SeMet-incorporated CCHFV N. The plasmid coding
for N-terminally GST-tagged CCHFV N was transformed into the
B834(DE3) Met ™ strain for expression of selenomethionine (SeMet)-in-
corporated CCHFV N using standard protocols (17). Briefly, an overnight
culture of transformed cells was inoculated into LB supplemented with
ampicillin and incubated at 37°C. The cells were harvested when the
ODg reached 0.2 and washed twice in SeMet base medium (Molecular
Dimensions). The washed cells were then used to inoculate prewarmed
Athena minimal medium supplemented with nutrient mix (Molecular
Dimensions), 40 p.g/ml selenomethionine (Calbiochem), and ampicillin
to a final ODg,, 0f 0.02. The culture was incubated at 37°C until the OD,
reached 0.5. At this point, the culture was induced with IPTG and the
expression assay was carried out at 16°C overnight. SeMet CCHFV N was
purified according to the same procedures as those for native CCHFV N.
The purity of SeMet-incorporated CCHFV N determined by SDS-PAGE
analysis is >99%. The eluted protein was concentrated to 8 mg/ml, flash
frozen, and stored at —80°C until further use.

Crystallization. Screening of crystallization conditions was per-
formed using Mosquito liquid handler (TTP Labtech) at 291 K using the
sitting-drop vapor diffusion method by mixing 100 nl protein with an
equal volume of crystallization solution. Of the 576 conditions screened,
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initial hits for native apo-CCHFV N were observed under PEGs suite
(Qiagen) condition 7 (0.1 M morpholineethanesulfonic acid [MES], pH
6.5,40% [vol/vol] polyethylene glycol [PEG] 200). After optimization, the
best crystals of native apo-CCHFV N grew in 0.1 M MES, pH 6.5, 37%
(vol/vol) PEG 200, 12% (vol/vol) PEG 400. SeMet-incorporated CCHFV
N crystals grew under the same conditions as did native apo-CCHFV N.

For poly(U),, ssRNA-incubated CCHFV N, 6 mg/ml of CCHFV N
was mixed with 10 wuM RNA and crystals were grown in 0.1 M MES, pH
6.5, 12% (vol/vol) PEG 500 by using sitting-drop vapor diffusion.

Data collection, selenium MAD phasing, and model refinement.
Crystals of both the wild-type and SeMet-labeled apo-CCHFV N were
serially transferred into the cryoprotectant, which was a mixture of 20%
and 30% PEG 400 with the reservoir solution described above (five steps
of soaking, 2 min per step, 291 K). As for poly(U),, ssRNA-incubated
CCHFV N, a mixture of 30% PEG 100 as well as 5% ethanol with the
reservoir solution served as the cryoprotectant. Data were collected at
beamline 13B1, NSRRC, Taiwan, for both native and SeMet-labeled apo-
CCHFV N crystals frozen and maintained at 100 K. A fluorescence scan
was used to set the optimal peak wavelength for the selenium edge. Data
collection statistics of native and SeMet-labeled CCHFV N crystals are
shown in Table 1. Data were indexed and integrated with HKL2000 (31).
The SHELX suite (36) was used to calculate phases from the selenium
multiwavelength anomalous diffraction (MAD) data (data set 2 in Table
1). Following data preparation with SHELXC, SHELXD identified a total
of 39 selenium sites. Electron density maps calculated with SHELXE with-
out further density modification were interpretable. Automated model
building was carried out with PHENIX (42), and the rest of the model was
built manually with COOT (8) and O (20). The structure was refined in
CNS (4), using simulated annealing and B-factor refinement, and Ref-
mac5 (47). The partially refined structure from the MAD data was used to
solve the higher-resolution native data by molecular replacement, which
was refined in CNS and Refmac5, as described above.

The program PHASER (26) was used to solve the structure of
poly(U),, ssRNA-incubated CCHFV N by molecular replacement. The
body and stalk regions of one molecule of apo-CCHFV N were used as two
separate ensembles for the rotational and translational search. The result-
ing structure was refined in CNS (4), using simulated annealing and B-
factor refinement. Refinement statistics for apo-CCHFV N and
poly(U),,-incubated CCHFV N are shown in Table 1.

CCHFV N mutants and minireplicon assay. PCR methods were used
to generate substitution mutants of CCHFV N, where the aspartic acid
residues at positions 266 and 269 in the primary sequence were changed to
alanine. Mutated sequences were ligated into the 5" BamHI and 3" Xhol
site of PXJ40 expression plasmid. DNA sequence analysis was carried out
to confirm amino acid substitutions.

Functional analysis of N constructs was conducted using the CCHFV
minireplicon system developed by Bergeron et al. (3). BSR T7/5 cells were
grown in Dulbecco’s modified Eagle’s medium (Life Technologies), sup-
plemented with 10% newborn calf serum (Life Technologies), 5% tryp-
tose phosphate broth (Sigma-Aldrich), 1% nonessential amino acids (Life
Technologies), 1% L-glutamine (Life Technologies), 1% penicillin-strep-
tomycin (Life Technologies), and freshly added 2% Geneticin (Life Tech-
nologies). Subconfluent BSR T7/5 cells were transfected with jetPRIME
transfection reagent (Polyplus transfection) with a mix of plasmids: 600
ng of wild-type or inactive CCHFV RdRp (pCAGGS_L_wt or
pCAGGS_L_ADD), 200 ng of wild-type or mutated CCHFV N (pXJmyc_
N_blast or pXJmyc N_D266 + 269A), 200 ng of minigenome
[V(0.0)_vS_Gluc(1G)], 200 ng of T7 polymerase (pCAGGS_T7), and 100
ng of constitutively expressed firefly luciferase transfection control
(pGL3-luc). Four hours after transfection, the transfection medium was
replaced with fresh medium. Cell supernatants were collected 48 h post-
transfection, and Gaussia and firefly luciferase activities were measured in
cell lysates by the dual-luciferase reporter assay system (Promega) accord-
ing to the manufacturer’s protocol, using a Centro LB 960 microplate
luminometer (Berthold Technologies). Student’s ¢ test was used for cal-

jviasm.org 12295


http://jvi.asm.org

Wang et al.

TABLE 1 Data collection, phasing, and refinement statistics for CCHFV N

Statistic Native Apo, data set 1 SeMet-incorporated Apo, data set 2 Native Apo incubated with 12-U RNA
Data collection
Space group P3,21 P3,21 P2,2,2,
a,b,c(A) 133.11, 133.11, 289.14 133.78, 133.78, 291.19 52.78, 64.50, 127.72
o, B,y (°) 90, 90, 120 90, 90, 120 90, 90, 90
Wavelength 1.0 0.978/0.963° 1.0
Resolution (&) 30-3.10 (3.21-3.10) 30-3.55 (3.68-3.55)/30-3.50 (3.60—3.50)° 30-2.80 (2.90-2.80)
Rsym“ 0.075 (0.875) 0.129 (0.906)/0.132 (0.978)¢ 0.134 (0.775)
I/ol 20.6 (1.6) 14.3 (1.2)/13.9 (1.2)° 17.0 (1.4)
Completeness (%) 99.9 (100) 98.7 (89.0)/99.2 (93.3)° 99.7 (96.8)
Redundancy 5.5(5.6) 5.2 (3.8)/5.3 (4.0)° 12.9 (7.9)
Wilson B-factor 111.3 73.2
No. of molecules/ASU“ 3 1
Refinement
Resolution 30-3.10 30-2.80
No. of reflections 49,003/2,769 10,663/533
R/ Riee 0.170/0.233 0.199/0.244
No. of atoms
Protein 11,088 3,659
Ligand/ion 20 5
Water 289 41
B-factors
Protein 95.3 71.7
Ligand/ion 122.9 95.0
Water 66.0 51.2
RMSD
Bond lengths (A) 0.011 0.009
Bond angles (°) 1.39 1.44
Ramachandran plot”
% most favored 93.9 92.3
% additionally allowed 5.9 7.4
% generously allowed 0.1 0.2
% disallowed (residue no.) 0.1 (A152) 0

“ Highest-resolution shell is shown in parentheses.
b As defined by PROCHECK (22).

¢ Values are shown as inflection/remote.

4 ASU, asymmetric unit.

culation of significant differences between wild-type and DEVD mutant N
in the minireplicon assay. A P value of <0.05 was considered significant.
In vitro caspase-3 cleavage assay. The purified CCHFV N (2 mg/ml)
was incubated with or without 100 uM poly(U),, ssRNA (Lifetech) for 48
h at 4°C. The mock- or poly(U),, ssRNA-treated CCHFV N was treated
with caspase-3 (Biovision) according to the manufacturer’s protocol.
SDS-PAGE and Western blot analysis. Samples from the in vitro
caspase-3 cleavage assay were resuspended in reducing sample buffer (10
mM Tris-HCl, 0.5% SDS, 10% glycerol, 2% (-mercaptoethanol), boiled
for 5 min, and separated by SDS-PAGE using precast gels from Lifetech.
When supernatants were collected separately, the supernatant was centri-
fuged and resuspended and handled as described above. Electrophoresis
was carried out at 200 V, and proteins were transferred to nitrocellulose
membranes using a transfer buffer containing 25 mM Tris, 192 mM gly-
cine, and 20% methanol at 100 V for 1 h. Membranes were blocked in 5%
nonfat dried milk overnight at +4°C. After being washed in phosphate-
buffered saline (PBS) containing 0.01% Tween (PBST), the membranes
were incubated with a mouse monoclonal anti-CCHFV N (monoclonal
antibody [MADb] CCHFV N) antibody for 1 h at room temperature and
then washed with PBST before addition of goat anti-mouse horseradish
peroxidase (HRP)-conjugated antibody (Bio-Rad). After incubation at
room temperature for 1 h, the membranes were washed in PBST. Proteins
were detected with ECL Plus Western blotting detection reagents (GE
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Healthcare) according to the manufacturer’s protocol. All antibodies were
diluted in blocking buffer in PBS containing 0.2% bovine serum albumin
(BSA) and 0.1% Triton X-100.

Protein structure accession numbers. The coordinates and structural
factors of the structures were deposited in the Protein Data Bank (PDB)
under PDB codes 4AQF and 4AQG for the oligomeric and monomeric
forms of CCHFV N, respectively.

RESULTS

Recombinant CCHFV N forms RNA-binding oligomers. Re-
combinant CCHFV N from strain IbAr10200 (2, 12, 39) was over-
expressed in E. coli with an N-terminal cleavable GST tag and
purified. Size exclusion chromatography of cleaved CCHFV N
revealed two peaks, P1 and P2 (see Fig. S1 in the supplemental
material). SDS-PAGE analysis revealed that both peaks contained
a protein with a size consistent with that of CCHFV N (55 kDa),
indicating that CCHFV N was the only protein present. The posi-
tion of peak P1 corresponds to a protein species with an apparent
molecular mass of over 300 kDa, suggesting the presence of
higher-order oligomeric states of CCHFV N. The position of peak
P2 corresponds to an apparent molecular mass of ~60 kDa, sug-
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FIG 1 (A) Crystal structure of CCHFV N. The structure is colored in rainbow colors from blue at the N terminus to red at the C terminus. (B) Superposition of
3 molecules of CCHFV N shows differences in the degree of bend of the stalk region. The three molecules, namely, A, B, and C, of CCHFV N in the asymmetric
unit are colored in yellow, white, and cyan, respectively. (C) Head-to-tail oligomerization of the 3 molecules of CCHFV N in the asymmetric unit. The color

scheme is the same as that in panel B.

gesting the presence of monomeric CCHFV N species. Measure-
ment of the OD,,/OD,g, ratio for P1 and P2 was performed to
test for the presence of bound nucleic acids. The higher-order
CCHFV N oligomer (P1) coeluted with nucleic acids, presumably
RNA from E. coli, with a ratio of 1.49, while peak P2, with a ratio of
0.69, is devoid of bound nucleic acids (18).

Crystal structure of CCHFV N in an oligomerized form. Us-
ing the P2 peak devoid of nucleic acids, recombinant CCHFV N
was crystallized and the structure was solved by two-wavelength
anomalous diffraction from the selenomethionine (SeMet)-in-
corporated CCHFV N to 3.3-A resolution and extended to 3.1-A
resolution for the native protein (Table 1). In this crystal form,
there are 3 CCHFV N molecules per asymmetric unit of the space
group P3,21. The crystal structure reveals that the CCHFV N mol-
ecules consist of an orthogonal bundle of 21 a-helices and can be
divided into the globular body and stalk domains. The N-terminal
domain of residues 1 to 183 (a1 to @9) and C-terminal domain
containing residues 295 to 482 (a14 to «21) combine to form the
globular body, while the central domain (residues 195 to 294, «10
to a13) forms a stalk protruding from the globular body (Fig. 1A).
The three molecules of CCHFV N in the asymmetric unit are
nearly identical in conformation, with an overall root mean
square deviation (RMSD) of 1.490 to 1.853 A.

Of the three molecules of CCHFV N in the asymmetric unit, we
were able to observe clear electron density only of the flexible
linker residues 181 to 195 connecting the stalk domain and the
globular body domain in molecule B (see Fig. S2 in the supple-
mental material). The linker is not visible in molecules B and C,
and unobserved disordered residues include 181 to 194 in mole-
cule A and 181 to 195 in molecule C. The intrinsic flexibility for
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this linker region is required to allow for the conformation change
observed and discussed below.

The overall architecture of our CCHFV N structure of strain
IbAr10200 with a globular body and protruding stalk is similar to
that of the recently published CCHFV N structure of strain
YL040570 (14), which has a 97% amino acid sequence identity to
our CCHFV N (see Fig. S3A in the supplemental material). Simi-
larly, a Dali search with our CCHFV N structure revealed that the
globular body of our CCHFV N is similar to the N-terminal nu-
cleotide-binding domain of Lassa virus nucleoprotein (LASV N)
(5,16,32) (RMSD for 251 equivalent Cas of 4.4 A, Z score = 13.1,
for the A chain of PDB entry 3WMP [16]). Surface rendering of
the globular body revealed a deep basic cavity channeling between
the head and body regions similar to the cap-RNA/RNA-binding
crevice found in the N-terminal domain of LASV N (16). When
the head domains of all three CCHFV N molecules of the crystal-
lographic asymmetric unit were superposed on one another, they
exhibited an average RMSD of ~0.63 A, indicating that little con-
formational change had occurred. Attempts to cocrystallize or
soak cap-nucleotide analogues and short ssRNAs of 3 to 5 bases in
length proved unsuccessful, as they resulted in crystals growing in
the same crystal form as the apo structure with no extra electron
density resembling bound nucleotides or RNA observed in this
potential nucleotide-binding site.

The stalk domain protrudes from within the head domain and
is an alpha-helical bundle composed of the central residues 191 to
294 (10 to al3) with the two longest a-helices, a12 and «13,
forming the antiparallel arm extending from the body. The stalk
domains of the three molecules of CCHFV N in the asymmetric
unit are nearly identical, with an average RMSD of ~0.50 A. The
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FIG 2 (A) Antiparallel double superhelix polymer of CCHFV N. Each superhelix is colored in rainbow colors from blue to red. (B) Head-to-tail interactions of
CCHFV N molecules at the caspase-3 cleavage site. One CCHFV N molecule is colored white. The adjacent CCHFV N involved in the head-to-tail interaction is
colored yellow, with its residues that are identified as the caspase-3 cleavage site colored in magenta. (C) The caspase-3 cleavage site is obscured in the superhelical
polymer. The caspase-3 cleavage site of CCHFV N in the superhelical form was superposed onto the structure of the inhibitor peptide bound to caspase-3 (PDB
accession code 2CJX). The color scheme for CCHFV N is the same as that in panel B. The caspase-3 heterodimer is colored in cyan and blue, and the bound

inhibitor peptide is colored in green.

positions of the stalk domains of the three CCHFV N molecules
with respect to their globular body domains are slightly different,
as revealed by superposition of the body domains (Fig. 1B).

As mentioned previously, the overall architecture of our
CCHEFV N structure is similar to that of the recently published
structure of strain YL040570 (14). When the molecules of our
crystal structure were superposed onto that of the published struc-
ture, an average RMSD of ~9.15 A was observed for all equivalent
Cas, indicating a difference in overall conformation. Superposi-
tion of the globular bodies and the stalk domains separately re-
sulted in an average RMSD of 0.914 A and 1.691 A, respectively,
for all equivalent Cas. Apart from differences in sequence between
the two strains, close examination revealed that, while the globular
bodies of our CCHFV N molecules are virtually identical to that of
the reported structure, slight discrepancies are observed in the
stalk region. In particular, a one-amino-acid displacement is ob-
served in the region flanking a11, from R225 to K244 (see Fig. S3B
in the supplemental material), where in the published structure of
strain YL040570, waters were built in place of longer side chains of
the displaced amino acids where clear density is shown. In addi-
tion, the positions of the stalk domains are very different in the
two structures (see Fig. S3C).

Oligomerization of CCHFV N. In this crystal form, the three
CCHFV N molecules in the asymmetric unit are organized in a
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head-to-tail manner with the stalk of one molecule interacting
with the base of the globular body of the adjacent molecule
(Fig. 1C), and this interaction is repeated in a directional manner
along the P3, screw axis. In addition, along the crystallographic
2-fold axis, the CCHFV N molecules interact with the symmetry-
related molecules to form antiparallel head-to-tail dimers. To-
gether, CCHFV N molecules are seen to form an antiparallel dou-
ble superhelix of nine molecules per turn per helix of about 210 A
in diameter and about 350-A rise, running through the crystal
along the crystallographic ¢ axis (Fig. 2A). Crystallization of mo-
nomeric N protein in solution into an oligomerized form is not
uncommon; it has been previously demonstrated that the mono-
meric N protein of RVFV is also able to crystallize to form hexa-
meric rings (10). While in solution, the stabilization of the
oligomers may require the presence of RNA-bound subunits; the
high CCHFV N protein concentration in crystallization trials may
drive the N proteins to form larger stable oligomers.
Oligomerization of CCHFV N along one helix is driven by the
interaction of the stalk with the base of the globular body of the
adjacent CCHFV N. Although the contacts are slightly different
due to the difference in the degree of bending of the stalk domain
as discussed above, all stalk-body interactions involve extensive
hydrogen bonds and van der Waals contacts between residues 320
to 354 of a16-a17 at the base of the body domain of one molecule
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and residues 210 to 219 and 260 to 272 of the a12-a13 loop in the
stalk region of the adjacent molecule. In particular, main chain
interactions are observed between residues 352 to 354 of the a17-
a18 loop of the body domain and residues 266 to 269 at the a12-
al3 loop in the stalk region of the adjacent molecule (Fig. 2B),
which was previously identified as the caspase-3 cleavage site
(14, 21).

Turning to the dimerization interfaces along the double super-
helix, the two molecules of the dimer are related by crystallo-
graphic 2-fold symmetry, with helices a2, a3, and a6 stacking to
their antiparallel equivalents; the buried surface areas of the an-
tiparallel head-to-tail dimers are calculated to be between 1,171.9
and 1,772.9 A2, constituting 5.7% to 8% of the total surface area of
a CCHFV N molecule, and are located at the body-stalk boundary
of CCHFV N. Major contacts seen at the dimer interface involve
the interaction of the antiparallel globular bodies with the a7-a8
loop stacked against its antiparallel equivalent and a9 of one mol-
ecule interacting with the «20-a21 loop of its counterpart. The
difference in buried surface areas observed is due to the difference
in the degree of bending of the stalk region observed in the three
molecules. In addition, the existence of differently bent conforma-
tions of the stalk demonstrates the ability of CCHFV N to form
superhelices with different molecular organizations and thus pro-
vides a basis for the formation of supercoiled, string-like RNP
structures.

Viral genomic RNA binding. Analysis of the electrostatic sur-
face potential of the CCHFV N molecule revealed two other pos-
itively charged regions apart from the positively charged crevice
identified in the globular body reminiscent of the RNA-binding
crevice of LASV N. The first region is found on the globular body
constituted by K132, R134, K135, and N468 (Fig. 3A). The other
large positively charged region is found at the stalk region, com-
posed of residues H197, K222, R225, K282, K286, and K292 (Fig.
3A). The basic residues identified in these two regions are well
conserved in the Ns across the Nairovirus genus (see Fig. S5 in the
supplemental material) and thus suggest a role in RNA binding.
Furthermore, analysis of the electrostatic surface potential of part
of the CCHFV N double superhelix reveals a positively charged
crevice located on the outside of the double helix (Fig. 3B). This
stretch of positively charged residues extends from the positively
charged patch comprising residues R134 and N468 on the globu-
lar body to the equivalent positively charged patch on the juxta-
posed antiparallel CCHFV N molecule via the positively charged
crevice contributed by the positively charged region composed of
residues H197, K222, R225, K282, K286, and K292 of the stalks
and residues K342, K343, and K346 at the base of the neighboring
globular body, at the dimer interface of the antiparallel superhe-
lices. The presence of sulfate ions bound to the crevice at the dimer
interface in our structure supports the notion that this positively
charged crevice on the outside of the double superhelix may serve
as an RNA-binding cleft.

The caspase-3 cleavage site is involved in oligomerization
of CCHFV N. We have previously demonstrated that during
CCHEFV infection, host cell caspase-3 activity is induced and
CCHEFV N is cleaved at the conserved proteolytic cleavage site
DEVD into a 30-kDa fragment. Mutations of D226 and D229 to
alanine would abolish cleavage of CCHFV N by host cell caspase-3
(21). Interestingly, this previously identified conserved caspase-3
cleavage site is found to be located at the a12-a13 loop of the stalk
domain and is directly involved in the head-to-tail interaction of
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FIG 3 Possible RNA-binding site of CCHFV N superhelical polymer. (A)
Conserved clusters of positively charged residues that were identified are
shown for part of the CCHFV N double superhelix. Yellow, cyan, and magenta
surfaces depict the clusters composed of residues K132, R134, K135, and N468;
residues H197, K222, R225, K282, K286, and K292; and residues K342, K343,
and K346, respectively. (B) Electrostatic surface potential of the same part of
the CCFHV-N double superhelix. Sulfate ions in the positively charged crevice
are shown in spheres.

the CCHFV N molecules in the formation of the superhelical
oligomeric form of CCHFV N as discussed above (Fig. 2A). Mod-
eling of interaction with caspase-3 at the caspase cleavage site of
CCHFV N in this superhelical form reveals that the head-to-tail
interaction of CCHFV N molecules obscures the caspase-3 cleav-
age site and thus would prevent binding and subsequent cleavage
by caspase-3 (Fig. 2C).

Incubation with primer-length ssRNA results in conforma-
tional change of CCHFV N and release of monomeric CCHFV
N. In the attempt to identify the possible RNA-binding sites of
CCHEFV N in the superhelical form, we performed cocrystalliza-
tion of CCHFV N with ssRNAs of different lengths. As previously
discussed, cocrystallization of CCHFV N with short, 3- to 5-base
ssRNAs yielded the same crystal form as that with the apo-CCHFV
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N without additional electron density resembling bound RNA.
We therefore decided to increase the length of the ssRNA used and
utilized primer-length 12- to 16-base-long ssRNAs to perform
cocrystallization. Unexpectedly, when CCHFV N was crystallized
in the presence of primer-length ssRNAs, it crystallized under a
different condition in a different space group with different unit
cell dimensions, and only one CCHFV N molecule is observed in
the asymmetric unit (Table 1). When the structure of CCHFV N
in this conformation was superposed with the published structure
of CCHFV N of strain YL040570 (14), an overall RMSD of 1.6 A of
all equivalent Caes was observed, indicating that CCHFV N in this
conformation is similar to that of the published structure. Again,
the major discrepancy is the one-amino-acid displacement in the
region flanking 11, from R225 to K244 of the stalk (see Fig. S3B
in the supplemental material). No electron density was observed
for any bound RNA. Analysis using analytical size exclusion chro-
matography revealed, upon incubation with primer-length
ssRNAs, an additional peak with a migration size of a position
corresponding to ~40 kDa. SDS-PAGE analysis of the peak frac-
tions revealed this peak to be CCHFV N with no degradation (see
Fig. $4). The OD,,/OD,g, ratio of 0.507 for the peak revealed that
there was no primer-length ssRNA bound to the CCHFV N of this
peak. The change in migration size upon incubation with primer-
length ssRNAs indicated that a conformational change of CCHFV
N has occurred without binding of ssRNA, thereby affecting the
migration pattern on the size exclusion column.

Superposition of the monomeric CCHFV N structure on the
molecules from the superhelical structure revealed that a confor-
mational change indeed had occurred upon incubation with
primer-length ssRNAs. The key changes included the winding up
of a13 and a14 into a long a-helix at the hinge $294, resulting in
the rotation of the stalk domain by ~168° (Fig. 4A and B). Upon
rotation of the stalk domain, the head-to-tail interaction of the
CCHFV N molecules in the superhelical structure via the «12-a13
loop at the tip of the stalk becomes disrupted. In addition, the
rotation of the stalk domain would cause steric hindrance at
the dimer interface of the antiparallel helical structure, resulting in
the disruption of the dimeric interactions (Fig. 4C). As a result,
monomeric CCHFV N will be released from the ends of the dou-
ble superhelical CCHFV N polymer. This release of the free,
monomeric N would result in the exposure of the caspase-3 cleav-
age site situated at the loop region at the tip of the stalk domain to
host cell caspase-3. To confirm this hypothesis, we incubated pu-
rified recombinant N with or without ssRNA followed by treat-
ment with human caspase-3. Indeed, enhanced cleavage of
CCHFV N by caspase-3, resulting in the release of the 30-kDa
cleavage product, is observed only in the presence of primer-
length ssRNA (Fig. 4D and E). This corroborates our observation
from the crystal structures whereby the presence of primer-length
ssRNA would cause the exposure of the caspase-3 cleavage site of
CCHFV N by inducing a conformational change in CCHFV N.

Mutation of the CCHFV N caspase-3 cleavage site enhances
viral RNA synthesis. CCHFV N is an important component in the
viral transcription and replication machinery. In order to deter-
mine the effect of the caspase-3 cleavage site of CCHFV N on viral
RNA synthesis activity, minireplicon assays were performed using
wild-type CCHFV N or a CCHFV N mutant with the conserved
cleavage site mutated to evade caspase-3 cleavage. The results,
with a P value of 0.027, demonstrated that by abolishing the
caspase-3 cleavage site of CCHFV N, RNA synthesis by CCHFV
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polymerase is enhanced (Fig. 5). Enhanced minireplicon expres-
sion of the mutant N also implied that the mutations did not affect
the oligomerization of CCHFV N to form the superhelical RNP
structure, as the interaction between the DEVD loop and the glob-
ular body is mainly via main chain interactions rather than side
chain interactions. Attempts were made to detect cleaved wild-
type CCHFV N fragments by Western blotting; however, no cleav-
age products were detected, presumably because concentrations
of cleaved N from the minireplicon assay were below detectable
levels. Although we cannot exclude the possibility that mutations
of the caspase-3 cleavage site in CCHFV N affect viral RNA syn-
thesis in other ways, such as changing the dynamics of conforma-
tional change from superhelical oligomers to free monomeric
form and vice versa, the results of the minireplicon assay are con-
sistent with our previous data showing that titers of CCHFV can
be increased by caspase-3 inhibition (21).

DISCUSSION

CCHEFV N is the most abundant viral protein in the CCHFV par-
ticles, playing a key role in the encapsidation of viral genomic and
antigenomic RNAs. Nucleoprotein structures of other segmented
and nonsegmented RNA viruses have been determined in the ab-
sence and presence of RNA (1, 5, 10, 13, 15, 16, 32, 33, 41, 48).
Here, we have determined the crystal structure of CCHFV N in a
double superhelical oligomeric form and a monomeric form. The
double superhelical structure of CCHFV N presented in this re-
portis in a relaxed helical state and could represent the physiolog-
ical organization of CCHFV RNP, as previous studies have re-
vealed that, unlike nucleocapsids of nonsegmented viruses, which
are tightly packed rigid helical structures (24), nucleocapsids of
bunyaviruses and arenaviruses are more relaxed and form irregu-
larly shaped RNPs (24, 29, 33, 35, 37). The bending of the stalk
domain in CCHFV N appears to be crucial for the oligomerization
of CCHFV N, as it mediates the interaction with the adjacent
molecule in the superhelical structure and allows dimerization of
the superhelices to form an antiparallel double super helix. More-
over, the flexibility in the degree of bend by the stalk region in its
oligomerized state would allow CCHFV N to organize into RNP
structures of different morphologies, as observed in previous elec-
tron microscopy (EM) studies for bunyaviruses (33).
Unexpectedly, we observed a conformational change of
CCHFV N when it was incubated with primer-length ssRNAs of
12 to 16 U’s. This conformational change is anticipated to disrupt
the double superhelical CCHFV N polymer, causing it to release
monomeric CCHFV N. The conformational change of CCHFV N
after treatment with primer-length ssSRNA suggests a possible
model for how replication and transcription of CCHFV viral RNA
(VRNA) would occur. In this model, the double superhelical
CCHFV N polymer would represent the RNP with vVRNA bound
to the positively charged crevice on the outer periphery of the
polymer. When vRNA is bound to the CCHFV N polymer, the
bound portion of RNA would be protected by CCHFV N and
would not be available to form duplexes. During transcription and
replication, CCHFV, like other members of the Bunyaviridae fam-
ily, utilizes a short capped RNA fragment of 10 to 20 nucleotides
(nt) in length snatched from host cell mRNAs to initiate RNA
synthesis (19). From our results, it appears that the presentation of
these RNA primer fragments by the CCHFV N superhelical poly-
mer would trigger a conformational change of the subunits, caus-
ing the stalk domain to rotate away from its position in the double
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FIG 4 Conformational change of CCHFV N upon incubation with primer-length RNA. (A) Rotation of the stalk region upon incubation with primer-length
RNA. The CCFHV N molecule in superhelical form is shown in white, and that in monomeric form is shown in red. (B) Conformational changes in the stalk
domain. The color scheme is the same as that in panel A; only the stalk domains are shown for clarity. The arrow indicates the direction of movement. (C)
Disruption of oligomerization by the conformational change. The color scheme is the same as that in panel A for the superposed CCHFV N molecules with
neighboring CCHFV N molecules in the same helix colored in yellow and CCHFV N molecules in the juxtaposed antiparallel helix colored in black with a
semitransparent surface. The arrow indicates the direction of movement. (D) The DEVD cleavage site is exposed when CCHFV N is incubated with primer-
length RNA. Purified Ns were treated with or without poly(U),, ssRNA and incubated with human caspase-3. The reaction products were analyzed by SDS-PAGE
followed by Western blotting. The pointers show full-length N (56 kDa) and the cleavage product (30 kDa). (E) The amount of cleaved N was measured by

densitometry analysis from three independent experiments. The results are expressed as percentages of the cleavage product in reference to total N protein
(cleaved and full-length N together).

superhelical polymer and release free, monomeric N (Fig. 4C). By As we have previously demonstrated, the depletion of CCHFV

doing so, the bound vRNA would be exposed for transcription or
replication to occur. Similarly to the replication cycle of influenza
Avirus (28, 44), free monomeric CCHFV N might also be essential
for viral RNA replication either by interacting with the RNA-de-
pendent RNA polymerase or by binding viral RNAs to prevent
degradation.
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N by caspase-mediated degradation via the DEVD caspase-3
cleavage site conserved across all strains of CCHFV would be det-
rimental to the replication cycle of the virus in host cells (21).
From the results obtained, it is clear that in the double superhelical
polymer, the caspase-3 cleavage site of CCHFV N is obscured and
could not be subjected to cleavage by host cell caspase-3. Only
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FIG 5 Increase of CCHFV minigenome expression when the caspase recog-
nition site DEVD of CCHFV N is mutated. BSR T7/5 cells were transfected
with expression constructs for CCHFV polymerase (wild-type L_wt or inactive
L_ADD), CCHFV nucleocapsid protein (wild-type N_blast or DEVD mutant
N_D266+269A), CCHFV Gaussia luciferase minigenome (G-Luc), T7 poly-
merase, and firefly luciferase (FF-Luc) used as a transfection control. At 48 h
after transfection, luciferase activities were determined, and counts were nor-
malized to the negative control in which L_ADD is expressed. Mean values of
G-Luc (black bars) and FF-Luc (gray bars) and standard errors of the means
are shown (assays were triplicates, done twice). Significance is illustrated, with
a t test P value of 0.027 (*).

when free monomeric CCHFV N is released after conformational
change upon sensing primer-length RNA would the caspase-3 site
be exposed for cleavage. In addition, using a minireplicon system,
we were able to demonstrate that mutations of the conserved
DEVD site of CCHFV N would enhance the RNA synthesis activ-
ity of CCHFV polymerase compared to that of the wild-type
CCHFV N.

Interestingly, while the DEVD caspase-3 identification and
cleavage site is conserved across different strains of CCHFYV, it is
not conserved among different species of Nairovirus (see Fig. S5 in
the supplemental material). As caspase-3 cleavage via this cleavage
site reduced CCHFV polymerase transcriptional activity, one may
wonder why the site has not been counterselected during the evo-
lution of CCHFV. Further investigation into the replication cycle
of the virus and other species of the Nairovirus family will be
required to determine the importance of the preservation of this
cleavage site.
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