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ABSTRACT

The nairoviruses include assorted tick-borne bunyaviruses that are emerging as causative agents of infectious diseases among
humans and animals. As negative-sense single-stranded RNA (—ssRNA) viruses, nairoviruses encode nucleoprotein (NP) that
encapsidates the genomic RNA and further forms ribonucleoprotein (RNP) complex with viral RNA-dependent RNA polymer-
ase (RdRp). We previously revealed that the monomeric NP encoded by Crimean-Congo hemorrhagic fever virus (CCHFV) pres-
ents a racket-shaped structure and shows unusual DNA-specific endonuclease activity. To examine the structural and biological
variation of nairovirus-encoded NPs, here, we systematically solved the crystal structures of NPs encoded by various nairovi-
ruses, including Hazara virus (HAZV), Kupe virus (KUPV), and Erve virus (ERVEV). Combined with biochemical analysis, our
results generate a clearer picture to aid in the understanding of the functional diversity of nairovirus-encoded NPs and the for-
mation of nairovirus RNPs.

IMPORTANCE

Nairoviruses comprise several tick-borne bunyaviruses that are emerging as causative agents of infectious diseases among hu-
mans and animals; however, little is known of the nairovirus genome assembly and transcription mechanisms. Based on the pre-
vious study of CCHFV NP reported by different research groups, we systematically investigate here the structural and functional
diversity among three different nairoviruses. This work provides important information on nairovirus nucleoprotein function

and the formation of RNPs.

unyaviridae is the largest negative-sense, single-stranded

(—ssRNA) virus family and contains various pathogens that
cause severe infectious diseases in humans, other animals, and
plants (1). Over 300 members of the Bunyaviridae family are cur-
rently classified into five distinct genera, i.e., Orthobunyavirus,
Hantavirus, Nairovirus, Phlebovirus, and Tospovirus (1). Bunyavi-
ruses are characterized by their trisegmented negative-sense ge-
nome, in which the large (L) segment encodes RNA-dependent
RNA polymerase (RdRp), the medium (M) segment encodes sur-
face glycoproteins, and the small (S) segment encodes nucleocap-
sid (NP) protein (1). As in other —ssRNA viruses, the genomic
RNA of bunyaviruses does not exist as a naked RNA but must be
encapsidated by viral NP to form a high-order NP-RNA complex,
which further constructs a ribonucleoprotein (RNP) complex
with viral RdRp (2, 3).

The Nairovirus genus comprises a number of pathogens that
cause infectious diseases in humans and livestock. Nairoviruses
are transmitted by ticks, which distinguishes them from other
members of the Bunyaviridae family (4). Based on antibody cross-
reactivities, nairoviruses are classified into seven serogroups (see
Table S1 in the supplemental material) (5). CCHFV, which be-
longs to the CCHF serogroup, is the most notable pathogen: it
causes CCHF in humans, with high mortality, and occurs sponta-
neously in more than 30 countries in Asia, the Middle East, south-
eastern Europe, and Africa (6). The high pathogenicity of CCHFV
has led to its being considered a severe public health threat and a
potential bioterrorism agent worldwide (6). However, as the study
of CCHFV is limited by its classification as a biosafety level 4
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(BSL-4) level agent, Hazara virus (HAZV), which is closely related
to CCHFV and has not been reported to infect humans, is believed
to be a good surrogate model for CCHFV infection (7). Viruses in
the Nairobi sheep disease group, consisting of Nairobi sheep dis-
ease virus (NSDV), Dugbe virus (DUGV), Kupe virus (KUPV),
and Finch Creek virus, are frequently isolated from ticks infesting
livestock. Erve virus (ERVEV), isolated in 1982 and classified as
part of the Thiafora virus group, has been suggested to be one of
the causative agents of human thunderclap headaches (8, 9). Un-
derstanding the detailed biology of nairoviruses is critical to the
development of efficient diagnostics and therapeutics (10).
Although all bunyaviruses require correct genome encapsida-
tion and RNP formation for their proliferation, they have great
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diversity in the sequence, structure, and function of their NPs (2,
3). For example, the molecular mass of orthobunyavirus-encoded
NP is 27 kDa, but the molecular mass of nairovirus-encoded NP is
approximately 52 kDa (2). Recent studies have revealed that the
NPs of Rift Valley fever virus (RVEV), severe fever with thrombo-
cytopenia syndrome virus (SFTSV), and Toscana virus, which are
members of the Phlebovirus genus, present novel protein folding
and facilitate oligomerization through N-terminal arms (11-16).
Moreover, the NP-RNA complex structures of Bunyamwera virus
(BUNV) (17), Leanyer virus (LEAV) (18), La Crosse orthobunya-
virus (LACV) (13), and Schmallenberg virus (SBV) (19, 20) re-
vealed that orthobunyavirus-encoded NPs possess N- and C-ter-
minal extensions for interprotomer interaction.

In our previous work, we solved the crystal structure of
CCHFV (strain YL04057) NP in a monomeric form, presenting a
racket-shaped structure with a head and a stalk domain (PDB
accession number 3U3I) (21). Although the head domain of
CCHFV NP shares high structural similarities to the N-terminal
domain of Lassa fever virus (LASV; belonging to the Arenaviridae
family) NP (22, 23), it exhibits an unusual metal-dependent,
DNA-specific endonuclease activity (21). Subsequently, Carter et
al. reported the structure of NP from CCHFV strain Baghdad-12
(PDB accession number 4AKL) and revealed a significant trans-
position of the stalk domain through a rotation of 180° and a
translation of 40 A compared to the NP from strain YL04057,
indicating the structural flexibility to switch between alternative
NP conformations during RNA binding or oligomerization (24).
Furthermore, Wang et al. studied the structure of CCHFV (strain
IbAr10200) NP pretreated with poly(rU) and revealed another
conformational difference in the stalk domain (25) (PDB acces-
sion numbers 4AQF and 4AQG). Although a head-to-tail interac-
tion of the stalk domain with the base of the head domain of the
adjacent subunit was proposed to stabilize the superhelical orga-
nization of the oligomeric form of CCHFV NP (strain
IbAr10200), poly(rU) cannot be found in this structure, and the
authentic oligomerization state still has not been experimentally
observed.

To further explore the structural and functional variability
across the Nairovirus genus, in this work, we systematically stud-
ied the NPs encoded by representative species from three sero-
groups. These results provide more information on the distin-
guishing features and conservation of nairovirus RNP formation.

MATERIALS AND METHODS

Protein production. Codon-optimized cDNAs for full-length ERVEV
NP, KUPV NP, and HAZV NP were synthesized by Genewiz. ERVEV NP
[residues 1 to 482, denoted as ERVEV NP, _ 4,1, KUPV NP (full length),
and HAZV NP (full length), were cloned into the pGEX-6p-1 (GE Health-
care) vector with BamHI and Xhol restriction sites using the cloning
primers. The sequences of the primers were as follows: for ERVEV NP,
forward, 5'-CCGGGATCCATGGAGAATTTAATCG-3’, and reverse, 5'-
GGCCTCGAGTTAGATCTTAGGCGGGTC-3'; for KUPV NP, forward,
5'-CGGGATCCATGGAAAATCAGATTAAAGC-3', and reverse, 5'-GG
CCTCGAGTTACACAATCTCCACATTG-3'; and for HAZV NP, for-
ward, 5'-CGGGATCCATGGAGAACAAAATTGT-3’, and reverse, 5’ -G
GCCTCGAGTTAGATGATGTTAATATTGG-3". The primary sequences
are depicted in Fig. S1 in the supplemental material, and the accuracy of
the inserts was verified by sequencing.

The recombinant plasmid encoding ERVEV NP(,_,4,, was trans-
formed into Escherichia coli strain BL21(DE3) and overexpressed as a
glutathione S-transferase (GST) fusion protein. The cells were cultured at
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37°C in 800 ml LB medium containing 100 wg/ml ampicillin. Once the
optical density at 600 nm (ODy,) reached ~0.6, the culture was trans-
ferred to 16°C, and protein production was induced by incubating with
0.2 mM isopropyl-f3-p-1-thiogalactopyranoside (IPTG) for an additional
16 h. Harvested cells were resuspended in lysis buffer containing 20 mM
HEPES (pH 6.8), 500 mM NaCl, 1 pg/ml DNase I, and 1 jug/ml RNase and
homogenized with a low-temperature, ultra-high-pressure cell disrupter
(JNBIO). The lysate was centrifuged at 25,000 X g for 30 min at 4°C to
remove cell debris. The supernatant was then loaded twice onto a GST
column preequilibrated with lysis buffer, and the GST tag was removed by
digestion with PreScission protease (GE Healthcare) overnight at 4°C.
Eluted ERVEV NP, _q,) protein was further purified by Superdex-200 gel
filtration chromatography (GE Healthcare). SDS-PAGE analysis revealed
over 97% purity of the final purified recombinant protein. The purified
protein was then concentrated to 8 mg/ml in a buffer containing 20 mM
HEPES (pH 6.8), 200 mM NaCl. The protein production and purification
process for KUPV NP and HAZV NP was similar to that for ERVEV
NP,_ 44, described above.

Crystallization. The initial crystallization conditions were screened
by the hanging-drop vapor diffusion method using commercial crystal
screening kits at 16°C, including the Index, Crystal Screen, PEG/Ion, Sal-
tRX, and Crystal Screen cryogenic kits from Hampton Research. Crystals
were obtained by mixing 1 .l of the protein solution with an equal volume
of a reservoir solution and equilibrating the mixed drop against 300 pl of
reservoir solution.

Small crystals of ERVEV NP, _ 4, first appeared after 1 day in 200
mM sodium malonate and 20% (wt/vol) polyethylene glycol 3350 (PEG
3350). Further optimization with additive and detergent screens (Hamp-
ton Research) was performed, and the final optimized crystals were grown
in 200 mM sodium malonate, 20% (wt/vol) PEG 3350, and 7% (vol/vol)
1-butanol. Rodlike crystals grew to a final size of 40 by 40 by 180 pm
within 1 day at 4°C. Crystals were harvested and cryoprotected in the well
solution containing 4 M sodium formate and cooled in a dry nitrogen
stream at 100 K for X-ray data collection.

Meanwhile, another form of crystal appeared after 3 weeks in 1%
tryptone, 0.05 M HEPES (pH 7.0), 20% PEG 3350 at 16°C. No further
optimization was performed. Crystals were harvested and cryoprotected
in the well solution containing an additional 20% (vol/vol) glycerol and
cooled in a dry nitrogen stream at 100 K for X-ray data collection. Actu-
ally, this crystal proved to be a degraded product of ERVEV NP, 4, after
structure determination and was named NP, ., (residues 1 to 180 and 295
to 482).

Tiny crystals of KUPV NP first appeared after 4 h in 4% (vol/vol)
Tacsimate (pH 4.0) and 12% (wt/vol) PEG 3350. Further optimization
with additive and detergent screens (Hampton Research) was performed,
and the final optimized crystals were grown in 200 mM sodium nitrate
(pH 8.0), 5 mM cobalt chloride, and 8% (wt/vol) PEG 3350. Cubelike
crystals grew to a final size of 80 by 80 by 80 wm within 1 day at 4°C.
Crystals were harvested and cryoprotected in the well solution containing
an additional 20% (vol/vol) glycerol and cooled in a dry nitrogen stream
at 100 K for X-ray data collection.

Small twinned crystal of HAZV NP first appeared after 3 days in 200
mM potassium citrate tribasic monohydrate (pH 8.0) and 20% (wt/vol)
PEG 3350. Further optimization with additive and detergent screens
(Hampton Research) was performed, and the final optimized crystals
were grown in 200 mM potassium citrate tribasic monohydrate (pH 8.0),
5 mM manganese chloride, and 14% (wt/vol) PEG 3350. Crystals grew to
a final size of 50 by 40 by 80 wm within 3 days at 20°C. Crystals were
harvested and cryoprotected in the well solution containing an additional
20% (vol/vol) glycerol and cooled in a dry nitrogen stream at 100 K for
X-ray data collection.

X-ray data collection, processing, and structure determination.
Data were collected under cryogenic conditions at 100 K at beamlines
BL17U and BL19U (SSRF, China). Data sets were processed using the
HKL2000 package (26). The initial phases were calculated by molecular
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TABLE 1 Data collection and refinement statistics

Value(s) for indicated NP

Parameters ERVEV NP(|_4,) ERVEV NP, .4 KUPV NP HAZV NP
Data collection statistics
Cell parameters
a(A) 49.90 46.08 73.98 67.40
b(A) 67.90 104.29 73.98 72.17
c(R) 154.08 70.54 423.98 453.67
o, B,y (°) 90.0, 93.6, 90.0 90.0, 92.4, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Space group P2, P2, P4,2,2 P2,2,2,
Wavelength used (A) 1.0000 1.0000 1.0000 1.0000

Resolution (A)*
No. of all reflections”
No. of unique reflections”

50.00-2.35 (2.39-2.35)
184,478 (50,568)
42,902 (2,134)

50.00-1.80 (1.83-1. 80)
227,184 (11,363)
61,401 (3,071)

50.00-2.60 (2.64—2.60)
421,320 (17,390)
37,285 (1,739)

50.00-2.90 (2.95-2.90)
256,728 (17,338)
42,788 (2,442)

Completeness (%) 99.3 (100.0) 99.6 (100.0) 98.5(93.9) 84.7 (100)
Average I/o(I) 9.1 (3.9) 14.7 (3.6) 20.9 (4.3) 11.1 (4.0)
Rinerge” (%) 12.6 (39.9) 7.7 (35.1) 9.2 (42.2) 11.6 (35.2)
Refinement statistics

No. of reflections used [o(F) > 0] 42,875 61,367 37,162 42,731
Ryon (%) 17.4 16.8 212 20.7
Rpee” (%) 24.8 20.2 28.0 28.7
RMSD

Bond distance (A) 0.008 0.006 0.009 0.009

Bond angle (°) 1.109 0.992 1.150 0.922
Average B value (A%):

For protein atoms 44.1 30.0 51.4 62.6

For ligand atoms 0 0 0 0

For solvent atoms 46.3 37.7 44.0 39.2
No. of:

Protein atoms 7,381 5,750 7,340 14,874

Ligand atoms 0 0 0 0

Solvent atoms 270 679 92 104
Ramachandran plot (%)

Favored regions 95.9 97.5 93.1 96.1

Allowed regions 3.9 2.4 6.5 39

Outlier regions 0.2 0.1 0.4 0

“ Numbers in parentheses are corresponding values for the highest-resolution shell.

b
Rinerge

“Ryork = 2(||F,(0bs)| — |F,(calc)||)/2|F,(obs)].

=32 |, — <I,>|/%,2; <I,>, where <I,,> is the mean of the observations I;;, of reflection h.

@ Riree 1s an R factor for a preselected subset (5%) of reflections that was not included in the refinement.

replacement (MR) in the program CCP4 with CCHFV NP (PDB acces-
sion number 3U3I) as the starting model. All the models were manually
built into the modified experimental electron density using COOT (27)
and further refined in PHENIX (28). The final refinement statistics are
summarized in Table 1. Model geometry was verified using the program
PROCHECK (29). Structural figures were drawn using the program
PyMOL (30). The coordinates and structure factors were deposited in the
RCSB.

EMSA. Electrophoretic mobility shift assays (EMSAs) were performed
to evaluate potential differences between the nairovirus-encoded NPs and
RNA probe, following the conventional method by using a commercial
EMSA kit (chemiluminescent EMSA kit; Beyotime Institute of Biotech-
nology, Haimen, China). Biotin-labeled ssRNA (5'-UCUCAAAGAAAG
UUG-3") was synthesized by TaKaRa Biotechnology (Dalian, China). The
reaction mixture was loaded on a 10% native polyacrylamide gel in 0.5%
Tris-borate-EDTA, and then the protein-RNA complex was transferred
and UV cross-linked for 15 min onto nylon membranes (FFN12; Beyo-
time Institute of Biotechnology). Bands were visualized using a biotin-
labeling probe kit (BeyoECL Plus; Beyotime Institute of Biotechnology).

Endonuclease activity assay. The endonuclease activity assay was
conducted as previously described (21). Purified CCHFV NP, ERVEV NP,
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HAZV NP, KUPV NP (each at 0.3 uM), and double-stranded DNA
(dsDNA) substrate (PCR product, 210 bp in length) were incubated with
CoCl,, NiCl,, MgCl,, FeSO,, CaCl,, CuCl,, MnCl,, and ZnCl, at a con-
centration of 1 mM. All reactions were stopped by the addition of 10 mM
EDTA. For time series digestion of dsDNA, 0.3 wM purified different NPs
were reacted with 100 ng/l DNA substrates in a final volume of 10 pl for
5, 10, 20, 40, and 60 min. The reaction products were loaded onto a 2%
(wt/vol) agarose gel and stained with ethidium bromide. For measure-
ment of the specific activity of different NPs, the buffer contained 20 mM
HEPES, pH 6.8, 100 mM NaCl, and 5 mM MnCl,. A total of 200 g/ml
calf thymus DNA (purchased from Sigma) was used as a substrate for the
reaction at 37°C, and DNase I at various concentrations was used as the
control for calibrating a standard curve. CCHFV NP, HAZV NP, KUPV
NP, and ERVEV NP were then tested independently at three different
concentrations.

Caspase 3 proteolysis assay. Caspase 3 proteolysis assay of ERVEV
NP, HAZV NP, and KUPV NP was conducted as previously described
(21). Mixtures of 0.1 wM purified NP and 5 nM caspase 3 in a final volume
of 10 pl were reacted at 37°C for 20, 40, and 60 min. The caspase 3
digestion buffer contains 20 mM HEPES, pH 7.0, 200 mM NaCl, 5%
(vol/vol) glycerol, 0.2% (wt/vol) 3-[(3-cholamidopropyl)-dimethylam-
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HAZV NP
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FIG 1 Structures of nairovirus-encoded NPs. Structures of CCHFV NP (PDB accession number 3U3I) (A), HAZV NP (B), KUPV NP (C), and ERVEV NP (D)
are shown in cartoon diagrams (left) and covered by electrostatic potentials of the surfaces (right). In the cartoon diagrams, the head domains and stalk domains
are colored in pale green and blue, respectively. (E) Structural alignment of four nairovirus-encoded NPs. The CCHFV, HAZV, KUPV (a and b chains), and
ERVEV NPs are displayed as ribbon diagrams and colored blue, red, gold/brown, and green, respectively. These four structures are shown with superimposed

head domains.

monio]-1-propanesulfonate (CHAPS), 2 mM EDTA. Reaction products
were loaded onto a 15% (wt/vol) sodium dodecyl sulfate polyacrylamide
gel and stained with R-250.

Protein structure accession numbers. The coordinates and structure
factors have been deposited with the RCSB under accession numbers
4XZ8 [ERVEV NP(,_,5,], 4XZA (ERVEV NP,.,), 4XZC (KUPV NP),
and 4XZE (HAZV NP).

RESULTS

Structures of the nairovirus-encoded NPs. The primary se-
quences of CCHFV, HAZV, KUPV, ERVEV, and DUGV NPs were
aligned and show high similarity (see Fig. S1 in the supplemental
material). Similar to the expression and purification of CCHFV
NP, as previously described (21), the HAZV, KUPV, and ERVEV
NPs were expressed as recombinant proteins in Escherichia coli
and finally purified in monomeric form with RNase treatment,
indicating that all three nairovirus-encoded NPs weakly protected
bound nucleic acid.
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We next solved the structures of the HAZV, KUPV, and
ERVEV NPs (Fig. 1 and Table 1). However, the initial attempt
using the whole structures of CCHFV NP monomers (PDB acces-
sion number 3U3I) with variable conformations (21, 24) as the
search model could not generate interpretable solutions by mo-
lecular replacement (MR), indicating different conformations of
these NPs. Considering that the head domain and stalk domain of
CCHEFV NP have relatively flexible orientations, we then used the
coordinates of the head domain and stalk domain of CCHFV NP
separately as initial search models and successfully solved the
structures of these three nairovirus-encoded NPs. Notably, signif-
icant variations appeared in the stalk domains, which we actually
had to rebuild without the guidance of the CCHFV NP model.

The HAZV, KUPV, and ERVEV NPs all share structural topol-
ogy similar to that of the CCHFV NP, which is characterized by a
separate head domain and stalk domain (Fig. 1B to D). Most parts
of these three structures were well built and refined, but the dif-
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FIG 2 Structural comparison of nairovirus-encoded NPs. (A) Comparison of the folding of the C terminus and the linkage of a8-a9 in the head domains. All
structures are shown as cartoon diagrams in a rainbow color scheme in which the N and C termini are colored blue and red, respectively. (B) Comparison of the
stalk domains. A two-B-stranded motif in the KUPV NP stalk domain is highlighted by a red circle. (C) Comparison of the charged pocket of the head domains.
The head domain of each NP is shown in a cartoon diagram and a representation of the surface electrostatic potentials.

ferent linkages connecting the head domain and stalk domain, i.e.,
Asn184 to Val196 or Gly185 to Gly194 in HAZV NP, Gly183 to
Glu197 or Leul80 to Val194 in KUPV NP, and Leu285 to Val291
in ERVEV NP, could not be built due to the lack of interpretable
electron density, indicating their structural flexibility.

The head domains of the HAZV, KUPV, and ERVEV NPs
showed very high structural conservation with the head domain of
CCHFV NP, with root mean square deviation (RMSD) values of
0.85,0.79, and 1.09 A, respectively (Fig. 1E). Notably, slight struc-
tural variations can be observed in the head domain. The head
domains of the CCHFV and HAZV NPs present the most con-
served architecture and consist predominantly of a-helices. In
contrast, the residues in the linkage region of «8-a9 and in the C
termini of the KUPV and ERVEV NPs constitute a parallel two-
B-stranded sheet (Fig. 2A). Interestingly, the head domains of
these nairovirus-encoded NPs show low similarity with other viral
NPs in the bunyavirus family but high similarity with LASV NP in
the arenavirus family (22, 23), with a Z score of around 14 and
RMSD value of around 3.5 (see Table S2 in the supplemental
material).

Comparison of nairovirus-encoded NPs reveals high flexi-
bility of stalk domain. Although the CCHFV, HAZV, KUPV, and
ERVEV NPs all display as head and stalk domains and share the
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same structural topology, significant conformational differences
appear in the orientation between the head domain and the stalk
domain (Fig. 1E). In the structure of the CCHFV NP (PDB acces-
sion number 3U3I), the head-stalk orientation presents the
straightest architecture. However, in the KUPV and ERVEV NPs,
the stalk domains exhibit a rotation of approximately 30° to both
sides of the CCHFV NP. Remarkably, the stalk domain of HAZV
NP is rotated by over 60° compared with the CCHFV NP. More-
over, the KUPV NP stalk domain adopts a different conformation,
rotated by approximately 40° within one asymmetric unit (see Fig.
S2 in the supplemental material), possibly indicating high struc-
tural flexibility during RNA binding or oligomerization.

In addition, the molecular folding of the stalk domains of these
nairovirus-encoded NPs presents great variations (Fig. 2B). The
stalk domains of all these NPs predominantly consist of four a-he-
lices, with the last a-helix linking to the head domain. In the
CCHFV and KUPV NPs, the last a-helix is straight. However,
the last 10 residues in the C-terminal end of the stalk domain of
the HAZV NP present a bent conformation with an angle of ap-
proximately 45°. The C terminus of the last a-helix of ERVEV NP
is missing due to the lack of interpretable electron density. Very
interestingly, a two-B-strand motif was observed in the stalk do-
main of KUPV NP, but the same positions in other NPs display
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FIG 3 Endonuclease activities of nairovirus-encoded NPs. (A) Effects of different divalent cations on NP nuclease activities. (B) Time series of in vitro dsSDNA
degradation assay. (C) Measurement of the specific activities of different NPs. (D) Domains of the CCHFV, HAZV, KUPV, and ERVEV NPs are aligned and

shown in the same orientation for comparison. The residues with the most

essential impacts on endonuclease activities of nairovirus-encoded NPs are

represented as colored sticks, while the polypeptides of the four NPs are displayed as white cartoons.

loop architectures. It is very likely that these conformational
changes are associated with the flexibility of the orientation be-
tween the head and the stalk domain.

The structural differences of the head domains reveal dis-
tinct DNA-specific endonuclease activities. Significant confor-
mational changes were also observed in the head domain (Fig.
2C). In the crystallographic study of monomeric CCHFV NP, a
deep, positively charged pocket that is essential for the endonu-
clease activity was observed in the head domain (21). Although
most parts of this charged pocket presented similar conformations
in all four nairovirus-encoded NPs, the loop region of ERVEV NP
(residues Q430 to S444), connecting the last two «-helices, dis-
played great discrepancies (Fig. 2C). In the structures of the
CCHFV, HAZV, and KUPV NPs, this loop region extends out-
ward from the pocket to allow an open architecture. In sharp
contrast, this loop region folds back toward the pocket and con-
sequently seals it like a lid in the ERVEV NP, and several hydrogen
bond interactions are found in the switching of the loop region,
such as R51 with Q432 and R434 with A50 and A53. Electrostatic
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interaction of R379 and R367 with D440 and D438 also appears to
contribute to the stabilization of the loop region (see Fig. S3 in the
supplemental material). Based on the comparison of electrostatic
surface potential, the pockets of the CCHFV, HAZV, and KUPV NP
head domains are exposed to solvent, but the pocket of the ERVEV
NP head domain is almost completely closed, suggesting a difference
in the DNA-specific endonuclease activity of ERVEV NP.

Further experiments were carried out to elucidate the impacts
of these structural variations on the endonuclease activities of nai-
rovirus-encoded NPs. We first treated the dsDNA substrate with
equal amounts of CCHFV, HAZV, KUPV, and ERVEV NPs (each
for 0.3 wM) in the presence of manganese ion, as previously de-
scribed (21). The HAZV NP and KUPV NP displayed endonu-
clease activities relatively similar to that of CCHFV NP, whereas
ERVEV NP(,_,q,) presented much lower enzymatic activity (Fig.
3A and B). Because the endonuclease activity of CCHFV NP is
metal dependent, we next checked the impacts of different cations
on these nairovirus-encoded NPs and verified that the variations
in their endonuclease activities were not due to divalent cations in
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the reaction buffer (Fig. 3A). We quantified the endonuclease ac-
tivities of the different nairovirus-encoded NPs and found that the
CCHFV, HAZV, and KUPV NPs showed activities of 118.8 kU/
mg, 125.3 kU/mg, and 63.1 kU/mg, respectively, while ERVEV
NP,_ 44, exhibited an extremely attenuated, if not absent, activity
of 13.3 kU/mg (Fig. 3C).

Interestingly, we noted that the enzymatic activity of the
ERVEV NP increased slowly if placed on ice for along time during
the measurement of enzymatic activity. Considering the possibil-
ity that the ERVEV NP4, could be degraded to some state that
regained the enzymatic activity, time gradient degradation assays
were conducted to confirm this speculation (see Fig. S4 in the
supplemental material). Further enzymatic assays quantified the
specific activity of the ERVEV NP ,_,,) degradation product to
109.8 kU/mg (with storage at 16°C for 14 days) (Fig. 3B). With the
additional use of peptide mass fingerprinting analysis data, the site
of the degradation was located and was shown to comprise resi-
dues 1 to 180 and 295 to 482. The degraded protein is part of the
head domain and was named ERVEV NP, 4.

The structures of ERVEV NP ,_,s,, (head domain alone) and
ERVEV NP, .4 show very high similarity, with an RMSD value of
0.39 A. As both of these structures display the closed form of the
loop region and generate almost the same completely closed sub-
strate pockets and electrostatic surface potential, the discrepancy
in their enzymatic activities should not result from the locale of
the loop region; however, we note that the ERVEV NP, _, displays
another channel to the active site through the bottom of the head
domain (see Fig. S5 in the supplemental material), and therefore,
we speculate that the degradation of the stalk domain creates this
alternative channel for the entry of the DNA substrate.

RNA binding affinities of recombinant nairovirus-encoded
NPs in vitro. Negative-strand RNA viruses encode NP to encap-
sidate the viral genome and, further, form a ribonucleoprotein
complex with genomic RNA. Analysis of the electrostatic surface
potential of HAZV, KUPV, and ERVEV NPs reveals a conserved
deep positively charged pocket in the head domain, like that in
CCHFV NP (see Fig. S1 in the supplemental material). This
pocket also displays high structural similarity with the RNA bind-
ing pocket of LASV NP (23), suggesting its potential role in RNA
binding. However, according to the reports of previous work on
CCHFV NP by three independent research groups, the recombi-
nant CCHFV NP displays weak binding affinity with various
ssRNA probes in vitro. To investigate the diversity of RNA binding
affinities of nairoviral NPs, a series of assays was carried out to
check this function. First, during the protein purification process,
all of these NPs were monitored by UV absorption, which gave an
AjgolAsg ratio of around 1.8, indicating that no cellular nucleic
acid binds with these recombinant proteins. We next employed an
electrophoretic mobility shift assay (EMSA) by using a short ss-
RNA probe derived from the nairovirus genomic S segment
(probe sequence, 5'-UCUCAAAGAAAGUUG-3’, modified with
biotin at the 5" end) to test the RNA binding abilities of CCHFV,
HAZV, ERVEV, and KUPV NPs. The results showed that the
CCHFV, HAZV, ERVEV, and KUPV NPs all bound to the RNA
probe and that KUPV NP showed a higher binding affinity with
the probe than the other three viral NPs. Notably, the RNA bind-
ing affinity of all of these nairovirus-encoded NPs is modest, since
free RNA can still be visualized even when the NP/RNA ratio is 2:1
(see Fig. S6). Taken together, considering all of these biochemical
and structural results reported by us and other research groups, we
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believe that the recombinant nairovirus-encoded NPs expressed
from E. coli display weak binding with RNA in vitro.

Caspase 3 cleavage site is not conserved. A previous study
revealed that the host performs caspase 3 cleavage at the remote
end of the CCHFV stalk domain in the specific sequence
**DEVD?*®, prohibiting the proliferation of CCHFV and func-
tioning as a host defense mechanism against lytic CCHFV infec-
tion (31).

It is well known that caspase 3 exhibits substrate specificity by
recognizing a tetrapeptide motif, D-X-X-D (32), where the C-ter-
minal aspartic acid residue (P1 position) is absolutely required
while variations at the other three positions can be tolerated (33).
In caspase 3, the P1 Asp is bound in a deep basic S1 pocket formed
by the conserved residues R64-R207-Q161 of caspase 3, and a
peptide with Glu at P1 instead of Asp was hydrolyzed at a 20,000-
fold-lower kcat/Km (34). Furthermore, by screening with a com-
binational peptide library, caspase 3 was revealed to prefer the
peptide sequences DE(M/L)D-(S/G) and DE(V/I)D (35). In par-
ticular, caspase 3 exhibits 170% faster hydrolysis on a sequence of
DLVD than on the canonical DEVD peptide (36).

By comparing the primary protein sequences and the three-
dimensional structures of nairovirus-encoded NPs, we found that
the CCHFV, HAZV, and ERVEV NPs have a conserved caspase 3
cleavage site at the remote end of the stalk domains. In particular,
the most essential P1 positions are strictly conserved Asp residues
in these three nairoviruses (Fig. 4A). In contrast, although KUPV
NP displays a similar loop between a-helix 11 and a-helix 12 at the
remote end of the stalk domain, the P1 position of the potential
caspase 3 cleavage site of KUPV NP is a Glu residue instead of an
Asp residue, suggesting that KUPV NP may not be a target for
caspase 3 cleavage.

To verify this speculation, we treated the CCHFV, KUPV,
HAZV, and ERVEV NPs with caspase 3 and examined the prod-
ucts using SDS-PAGE (Fig. 4B). The results showed that the
HAZV and ERVEV NPs can be well hydrolyzed, and caspase 3
displayed higher activity with ERVEV NP as the substrate than
with HAZV NP. Meanwhile, KUPV NP exhibited no reaction with
caspase 3, which is consistent with the sequence alignment result.
We also produced the Dugbe virus (DUGV) NP from the Nairobi
sheep disease group and found that DUGV NP cannot be hydro-
lyzed by caspase 3 either. As the P1 position of DUGV NP is a Glu
residue, as in KUPV NP, this result is not surprising. Moreover, we
also generated a single mutation of Glu270 to Asp, and the SDS-
PAGE result shows that KUPV NPg,,,, can be hydrolyzed by
caspase 3 (Fig. 4C). All these results indicated that the host innate
immune defense mechanism found for CCHFV most likely can-
not be employed against all of the viruses in the Nairovirus genus.

DISCUSSION

We systematically solved the structures of NPs encoded by three
nairoviruses: HAZV, KUPV, and ERVEV. All of these NPs share
similar structural topology with the CCHFV NP, which is charac-
terized by an overall racket-shaped structure consisting of head
and stalk domains. Moreover, structural alignment revealed that
the nairovirus-encoded NPs show low similarity to NPs in other
genera (such as Phlebovirus and Orthobunyavirus) of the Bunya-
viridae family but are more like the NP of LASV in the Arenaviri-
dae family (see Table S2 in the supplemental material). Previous
work that focused on virus entry processes shows some similarities
between nairovirus and arenavirus (37, 38), such as the depen-
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dence for cellular protease during the glycoprotein maturation
process, and further phylogenetic analyses based on the L se-
quence (39) and the NP sequence (24) both reported a close rela-
tionship between nairovirus and arenavirus. Taken together, these
results may suggest the possibility of reevaluation of the classifica-
tion of the Bunyaviridae and Arenaviridae families.

Previous work has shown that CCHFV NPs reported by three
research groups display close correspondence of all folds but sig-
nificant transition of the stalk domain through different rotations
and translations (21, 24, 25); considering the tiny differences in
their primary sequences, the different conformations are pro-
posed to be a result of the high flexibility of the stalk domain and
being trapped in different orientations by crystal packing. Signif-
icant conformational differences also appeared in the HAZV,
KUPV, and ERVEV NPs reported in this work. Especially for
KUPV NP, we captured different conformations in which the stalk
domain rotated by approximately 40° within one asymmetric
unit, indicating high structural flexibility of the two domains.
Moreover, the first linkage region (the residues around L181 to
S$194 for CCHFV NP) connecting the head domain and stalk do-
main could not be built due to the lack of interpretable electron
density, indicating their structural flexibility. This linkage region
corresponds to helix a6 in LASV NP, which adopted an open state
when bound to the RNA probe during the so-called “gating mech-
anism.” Another remaining linkage region of these two domain is
helix «12 (around residues A271 to R298 for CCHFV NP), but this
single helix is insufficient to establish a rigid link between the head
and stalk domains. Taken together, we propose that the linkage
region between these two domains is highly flexible across nairo-
virus-encoded NPs, allowing interchangeable conformational
changes for some key function of NPs, such as oligomerization of
RNP or the binding with viral RNA.

Significant conformational differences were also observed in
the head domain. Unlike the CCHFV, HAZV, and KUPV NPs, the
positively charged pocket was observed to be closed in the head
domain of the ERVEV NP, suggesting a different endonuclease
activity of ERVEV NP. The results of endonuclease activity assays
of ERVEV NP also confirm this speculation. Interestingly, de-
graded ERVEV NP regains endonuclease activity, possibly by cre-
ating an alternative DNA substrate entry channel. However, fur-
ther work on the level of cell infection experiments is required to
determine the authentic state and function of the ERVEV NP in
the virus replication cycle.

In addition, several research groups have reported various
functions of LASV NP. The C-terminal domain of LASV NP is
well known as a 3’'-to-5" dsRNA-specific exonuclease (22, 40, 41).
However, the function of the N-terminal domain is more compli-
cated. Qi et al. reported a cap-binding ability of the LASV N-ter-
minal domain based on structural information (22), while Hastie
et al. reported the LASV NP N-terminal domain structure with a
bound ssRNA that revealed a gating mechanism of helix a6 (23).
Interestingly, Qi et al., in their supplementary information (Fig. S3 of
reference 22), also reported that LASV NP can digest dsDNAs both in
trimeric and hexameric forms. Since the head domains of nairo-
virus-encoded NPs show high similarity with the LASV NP N-ter-
minal domain, it is very interesting to investigate the subtle regu-
lation mechanisms that coordinate these distinct functions during
different replication stages of the virus life cycle and different lo-
cations in the host cell.

Previous results have shown that a DEVD motif is located at
the apex of CCHFV NP stalk domain, and CCHFV NP can be
catalyzed into two fragments by host cell caspase 3 but still kept as
an intact unit (24). On the one hand, this finding could be inter-
preted as an immune defense of the host cell against CCHFV in-
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fection; on the other hand, it is possible that CCHFV might have
evolved this strategy to act as a suicide decoy substrate for caspase
3, hence delaying or inhibiting host cell apoptosis. By comparing
the three-dimensional structures of nairovirus-encoded NPs, we
found that the CCHFV, HAZV, and ERVEV NPs have a conserved
potential caspase 3 cleavage site at the remote end of the stalk
domain, which is one of the most accessible sites of the whole
protein. However, the KUPV NP and DUGV NP cannot be rec-
ognized and hydrolyzed by caspase 3. These results indicated that
the host innate immune interaction found in CCHFV infection
that acts through the stalk domain of the NP may not be employed
against other nairovirus serogroups.

Combining all of the structural and biochemical results, our
new data provide deeper insight into the biological role of NPs in
the transcription and replication processes of nairoviruses. We
hope this work will provide valuable information for understand-
ing the formation of nairovirus RNPs and be helpful for the de-
velopment of intervention strategies to lessen the pathogenic bur-
den of nairovirus infections.
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