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Severe fever with thrombocytopenia syndrome is an emerging infectious disease caused by a novel bunyavirus (SFTSV). Lack of
vaccines and inadequate therapeutic treatments have made the spread of the virus a global concern. Viral nucleocapsid protein
(N) is essential for its transcription and replication. Here, we present the crystal structures of N from SFTSV and its homologs
from Buenaventura (BUE) and Granada (GRA) viruses. The structures reveal that phleboviral N folds into a compact core do-
main and an extended N-terminal arm that mediates oligomerization, such as tetramer, pentamer, and hexamer of N assemblies.
Structural superimposition indicates that phleboviral N adopts a conserved architecture and uses a similar RNA encapsidation

strategy as that of RVFV-N. The RNA binding cavity runs along the inner edge of the ring-like assembly. A triple mutant of
SFTSV-N, R64D/K67D/K74D, almost lost its ability to bind RNA in vitro, is deficient in its ability to transcribe and replicate.
Structural studies of the mutant reveal that both alterations in quaternary assembly and the charge distribution contribute to
the loss of RNA binding. In the screening of inhibitors Suramin was identified to bind phleboviral N specifically. The complex
crystal structure of SFTSV-N with Suramin was refined to a 2.30-A resolution. Suramin was found sitting in the putative RNA
binding cavity of SFTSV-N. The inhibitory effect of Suramin on SFTSV replication was confirmed in Vero cells. Therefore, a
common Suramin-based therapeutic approach targeting SFTSV-N and its homologs could be developed for containing phlebovi-

ral outbreaks.

Severe fever with thrombocytopenia syndrome (SFTS) is an
emerging infectious disease caused by SFTS virus (SFTSV), a
novel virus belonging to the genus Phlebovirus of Bunyaviridae
family. SFTS is characterized by high fever, thrombocytopenia,
leukocytopenia, gastrointestinal symptoms, and multiorgan dys-
function, with an average case fatality rate of 10 to 12% (1, 2).
Recently, a new phlebovirus, Heartland virus, was isolated from
two patients suffering with severe febrile illness in Missouri (3).
The genomic sequences of Heartland virus share high similarity
with SFTSV. Therefore, SFTSV infections appear to be a global
public threat. Currently, specific medical countermeasures and
vaccines against SFTSV are lacking. Hence, there is an urgent need
to find effective means to combat the newly emerging SFTSV.
Like other members of the family Bunyaviridae, SFTSV is a
negative-strand RNA virus containing three single-stranded RNA
genome segments designated as large (L), medium (M), and small
(S). The L segment encodes a multifunctional protein that com-
prises an N-terminal endonuclease domain (4), which is also re-
ported in Arenavirus (5), and a large RNA-dependent RNA poly-
merase domain. The M segment encodes glycoproteins Gn and Ge
that are inserted in the viral lipidic envelope and are responsible
for cellular attachment and entry. The S segment encodes a nu-
cleocapsid protein (N) and a nonstructural protein (NSs) via an
ambisense coding strategy (2, 6). N is the most abundant viral
protein in virions and infected cells. It encapsidates the viral
genomic RNA (VRNA), resulting in the formation of ribonucleo-
protein complexes (RNPs) (7, 8). In addition to its critical role in
protecting the vVRNA, N also plays an active role in RNA transcrip-
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tion and replication, as well as in virion assembly (7-10). N is the
most conserved protein in the Phlebovirus genus.

The structures of the Rift Valley fever virus N (RVFV-N),
solved by two groups independently, were the first representative
structures for phleboviral N (11, 12). RVFV-N is composed of a
C-terminal core domain for binding viral RNA and an N-terminal
arm that mediates oligomerization. More recently, the crystal
structures of RVFV-N in complex with RNA depicting the mode
of RNA sequestration by N have been reported (13). Another
structure of N from Crimean-Congo hemorrhagic fever virus be-
longing to Bunyaviridae family but from a different genus, Nairo-
virus genus, revealed a fold (14—16) that was surprisingly similar to
N of Lassa virus belonging to the relatively distant Arenaviridae
family (17, 18). These results highlight the limitations and pitfalls
of classification based on primary sequence homology.

To develop specific antiviral drugs targeting SFTSV and to ex-
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tend our knowledge of the biological role of SFTSV-N, compre-
hensive three-dimensional structures, mutagenesis studies, in
vitro and in vivo functional analysis are urgently needed. Here, we
report the structures of SFTSV-N and its homologs from
Buenaventura and Granada viruses (BUEV and GRAV). Further,
screening for small molecule inhibitors of SFTSV-N identified
Suramin as a potent inhibitor, which could influence N's RNA
binding ability and block the life cycle of the SFTSV. Crystal struc-
ture of the binary complex of SFTSV-N with Suramin coupled
with structures of BUEV-N and GRAV-N shed light on the mo-
lecular details of a conserved mechanism of tethering RNA by
phleboviral N and provide first glimpse into the nature of poten-
tial inhibitors that could be designed for containing phleboviral
outbreaks.

MATERIALS AND METHODS

Constructs. The full-length N genes of three phleboviruses—severe fever
with thrombocytopenia syndrome virus (SFTSV), Buenaventura virus
(BUEV; strain Co Ar 3319), and Granada virus (GRAV; strain GR25)—
were codon optimized using JCat (19) and synthesized by Sangon Biotech
(Shanghai) Co., Ltd. All the N genes were subcloned into pMCSG7 (20).
The resultant plasmid pMCSG7-N was used as a template for generating
mutants using QuikChange site-directed mutagenesis kit according to the
manufacturer’s instructions (Stratagene). All the plasmids were se-
quenced in order to verify the sequence.

Protein expression and purification. The plasmids harboring the
target gene, encoding 6XHis-TEV-Ns, were transformed into E. coli
BL21(DE3) (Tiangen Biotechnology). The cells were grown in Luria-Ber-
tani (LB) medium containing ampicillin (100 pg/ml) at 37°C until the
optical density at 600 nm reached 0.8. The culture was then induced with
0.2 mM isopropyl-B-p-thiogalactoside (IPTG) for 20 h at 16°C. Cells were
harvested by centrifugation and resuspended in phosphate-buffered sa-
line (PBS; 137 mM NaCl, 2.7 mM KCl, 50 mM Na,HPO,, 10 mM KH,PO,
[pH 7.4]). After lysis by sonication and clarification by centrifugation, the
supernatant was applied to a nickel-nitrilotriacetic acid (Ni-NTA) resin
gravity column (Qiagen) that had been previously equilibrated with PBS.
The column was first washed with 50 ml of PBS, followed by washing with
50 ml of PBS containing 20 mM imidazole, and finally eluted with PBS
containing 300 mM imidazole. After buffer exchange, the His tag was
removed by tobacco etch virus (TEV) treatment. Uncut protein was sep-
arated by a second Ni-affinity chromatography step. Fractions containing
the protein were pooled, concentrated, and loaded on Superdex G200 size
exclusion chromatography column (Amersham) equilibrated with 20
mM Tris-HCI (pH 8.0), 200 mM NaCl, and 2 mM dithiothreitol (DTT).
Fractions containing pure N were pooled and stored at —80°C. RNA-free
wild-type (WT) Ns were also purified by adding 1 M NaCl and 3 M urea to
the lysis buffer. Binary complex of SFTSV-N with Suramin (Sigma) was
prepared by mixing purified SFTSV-N and Suramin in a 1:2 ratio. Excess
Suramin was removed by SEC using a Superdex G200 column. The result-
ing SFTSV-N-Suramin complex was stored at —80°C until further use.

Crystallization. Initial crystallization conditions were screened by
hanging-drop vapor diffusion method at 25°C. Crystals were obtained by
mixing equal volumes of the protein solution with the reservoir solution
(1:1) in 2-pl drops and equilibrating the drops against 300 w1 of reservoir
solution. Crystals for SFTSV-N, and its binary complex with Suramin
were grown in a solution containing 5 to 8% PEG8000, 0.1 M sodium
acetate (pH 4.3 to 4.7), and 0.2 M zinc acetate. Hexagonal crystals (P6
space group) of SFTSV-N appeared in higher concentrations of PEG8000,
while cube-shaped crystals (C2 space group) for both SFTSV-N and its
complex with Suramin were obtained at lower concentrations of
PEG8000. Diffraction-quality crystals of the triple mutant of SFTSV-N
were grown in a reservoir solution containing 2 to 3.5 M NaCl, 0.1 M
sodium acetate (pH 4.1 to 5.1), and 0.2 M Li,SO,. Crystals for WT
BUEV-N, WT GRAV-N, and the triple mutant of GRAV-N were obtained
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in three different conditions: (i) 47% (wt/vol) PEG200 and 0.1 M cacody-
late (pH 6.5), (ii) 0.1 M MgCl,, 21% PEG1000, and 0.1 M imidazole (pH
8.0), and (iii) 0.1 M calcium acetate, 12% (wt/vol) PEG3350, 0.04 M citric
acid, and 0.06 M Bis-tris (pH 6.0), respectively.

Data collection, processing, and structure determination. Data for
the WT SFTSV-N (pentamer and hexamer) and its triple mutant, WT
BUEV-N, and the triple mutant of GRAV-N were collected at 100 K using
an ADSC Q315 charge-coupled device (CCD) detector on beamline
BL17U1 at the Shanghai Synchrotron Radiation Facility (SSRF). Diffrac-
tion data for the binary complex of SFTSV-N with Suramin was collected
at 100 K using an ADSC Q315 CCD detector on beamline BL17A at the
Photon Factory (KEK, Japan). The data for WT GRAV-N was collected at
beamline BL5.0.1 (Advanced Light Source, Lawrence Berkeley National
Lab, USA). In order to obtain more accurate and higher signal-to-noise
ratio diffraction data for the binary complex of SFTSV-N with Suramin,
data were collected using MDS data collection strategy (21). The data sets
were indexed, integrated, and scaled using the HKL2000 software (22).
The WT SFTSV-N structure (P6 space group) was initially solved by mo-
lecular replacement method using coordinates of RVFV-N (PDB code
30V9) (11) as a template, and the structures for WT SFTSV-N (C2 space
group), WT SFTSV-N-Suramin complex, WT BUEV-N, and WT
GRAV-N were solved by using the new WT SFTSV-N coordinates as the
search model. The triple-mutant structures were solved by using corre-
sponding WT coordinates as the search model. Molecular replacement
was performed using Phaser (23). Model building and iterative refine-
ment were carried out using Coot (24), Phenix_refine (25), and Refmac
(26). Molecular graphics were generated using Pymol (27). Statistics for
data collection and refinement are listed in Table 1.

SAXS. Small angle X-ray scattering (SAXS) data for SFTSV-N and its
triple mutant were collected at beam line 12-ID-B, APS, Argonne Na-
tional Lab. Each sample was measured with three exposures—0.5, 1.0,
and 6.0 s—at 10°C at three concentrations: 2.5, 5.0, and 10.0 mg/ml in a
buffer composed of 20 mM Tris-HCI (pH 8.0), 200 mM NaCl, and 2 mM
DTT. The scattering intensity I(q) was measured for q values (q =
4rsin®/\, where 20 is the scattering angle) ranging from 0.01 to 0.3 A~ ",
The resulting scattering curves for each sample were radially averaged and
buffer subtracted. The data were integrated, scaled, and buffer subtracted
to get the standard scattering curves. Multiple curves with different con-
centrations and different exposure times were scaled and averaged in
PRIMUS (28). The initial Rg values were analyzed by PRIMUS (28), from
the Guinier plot analysis. The P(r) distribution function was calculated
with the program GNOM (29). The maximum particle dimension (D,,,)
was estimated from the P(r). The molecular weight was estimated directly
using the P(r) distribution function from the web server (http://www.if.sc
.usp.br/~saxs/saxsmow.html) (30). CRYSOL (31) was used to calculate
the fit between coordinates and the scattering curve. The low-resolution
shape reconstruction were modeled by GASBOR (32) from the calculated
P(r) distribution curve. Several individual ab initio models agree well and
were averaged by DEMAVER (33). The high-resolution crystal structure
model was superimposed into the low-resolution shape model by
SUPCOMSB (34).

FTS assay. A robotic pipeline in the High Throughput Analysis Lab-
oratory of Northwestern University (NU-HTAL) was used for carrying
out small molecule screening by fluorescence-based thermal shift (FTS)
assay. The pipeline uses an Echo550 acoustic transfer robot (Labcyte) for
compound addition and a Mosquito robot (TTP LabTech) for protein
dispensing, followed by thermal scanning coupled with fluorescence de-
tection which is performed on a real-time PCR machine CFX384 (Bio-
Rad Laboratories). The assay was run in 384-well PCR plates, using 1 g of
protein and 10 nl of 5000 X Sypro Orange (Invitrogen) per well in a 10-pl
assay with HEPES buffer (20 mM HEPES [pH 7.5], 150 mM NaCl). The
assay concentration for protein was 3.6 wM, and that for Sypro Orange
was 5X. After compound addition, the plate was sealed with an optical
seal, shaken, and centrifuged. The thermal scan ranged from 10 to 95°C
with a temperature ramp rate of 1.5°C/min. The fluorescence was re-
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TABLE 1 Data collection and refinement statistics of SFTSV-N, GRAV-N, and BUE-N*
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WT SFTSV-N WT SFTSV-N Triple mutant Triple mutant
Parameter pentamer hexamer SFTSV-N SFTSV-N:Suramin WT GRAV-N GRAV-N WT BUEV-N
Diffraction data statistics
X-ray source SSRF KEK SSRF KEK ALS SSRF SSRF
Distance (mm) 380 290 350 340 350 300 300
No. of images 360 360 720 720 720 360 180
Oscillation width (°) 0.5 0.5 0.25 0.5 0.5 0.5 1
Wavelength (A) 0.98 0.97 0.98 0.97 1 0.98 0.98
Space group C2 P6 C222, C2 P1 P1 1422
a, b, c(A) 111.19, 155.57, 97.65 104.00, 104.00, 48.87 95.49, 108.48, 221.41 103.15, 154.89, 93.29 51.29, 96.34, 100.80 54.16, 76.80, 77.15 97.11,97.11, 176.64
o, B,y (°) 90.00, 107.52, 90.00 90.00, 90.00, 120.00 90.00, 90.00, 90.00 90.00, 102.12, 90.00 64.57, 81.72, 85.10 82.79, 69.51, 69.36 90.00, 90.00, 90.00
Mosaicity (°) 0.57 0.57 0.53 0.73 0.79 1.44 0.54
No. of molecules/ASU 5 1 4 5 6 4 1
Resolution range (A) 50.00-2.80 (2.90-2.80) 50.00-1.90 (1.97-1.90) 50.00—2.45 (2.54-2.45) 50.00-2.30 (2.38-2.30) 50.00-2.50 (2.54-2.50) 50.00-2.50 (2.59-2.50) 50.00-2.66 (2.76-2.66)
Total no. of reflections 93,382 (8,918) 255,730 (18,320) 291,435 (25,445) 364,560 (12,014) 178,030 (6,438) 72,164 (6,475) 176,574 (17,618)
No. of unique reflections 35,916 (3,567) 23,900 (2,290) 42,237 (4,104) 60,760 (5,006) 57,429 (2,575) 37,981 (3,597) 12,523 (1,215)
Ry (%) 10.7 (39.7) 7.5 (37.3) 8.0 (35.0) 10.3 (36.3) 7.9 (37.7) 3.4 (34.1) 7.4 (42.5)
Mean I/a (I) 10.17 (2.00) 30.42 (4.16) 34.78 (5.35) 24.78 (2.00) 20.92 (1.87) 23.88 (2.40) 51.00 (8.42)
Completeness (%) 92.7 (92.4) 99.7 (96.9) 99.8 (98.5) 96.3 (79.1) 97.4 (87.2) 97.2 (91.7) 99.9 (100.0)
Redundancy 2.6 (2.5) 10.7 (8.0) 6.9 (6.2) 6.0 (2.4) 3.1(2.5) 1.9 (1.8) 14.1 (14.5)
Refinement statistics
Resolution range (&) 43.81-2.80 45.03-1.90 43.81-2.45 42.72-2.30 49.64-2.51 28.83-2.45 32.67-2.66
Ryorid Rivee (%) 22.57/25.99 17.64/21.33 21.74/25.97 22.33/26.06 19.71/27.61 20.16/27.66 21.14/25.40
No. of atoms
Protein 9,480 1,914 7,429 9,554 11,558 7,734 1,871
Water 69 257 78 250 195 115 30
B factor (A?)
Protein 43.81 22.10 72.34 51.19 59.10 59.23 55.32
Suramin 77.78
Water 30.45 29.24 55.57 47.25 51.10 48.28 49.02
RMSD
Bond length (A) 0.006 0.007 0.010 0.007 0.013 0.017 0.009
Bond angle (°) 0.982 1.093 1.191 1.052 1.599 2.001 1.047
Ramachandran plot (%)
Favored regions 97.78 98.37 98.21 98.75 97.77 95.76 95.44
Allowed regions 2.22 1.63 1.79 1.25 1.89 3.23 4.56
Outliers 0 0 0 0 0.34 1.01 0

“ Numbers in parentheses represent values for the highest-resolution shell.
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corded every 10 s. The data analysis and report generation were performed
by using the in-house software excel-FTS of the NU-HTAL. A total 1,600
of the 2,000 molecules in the Spectrum collection (MicroSource Discov-
ery Systems, Inc.) were screened for binding SFTSV-N in a multicom-
pound pooled format. Six hit compounds with positive melting-temper-
ature (T,,) shifts were identified in the screen. The most prominent hit
was Suramin. In a dose-response test, the T, shift reached 12°C for a
concentration of 5 wM, after which it began to plateau.

Isothermal titration calorimetry (ITC). Proteins and Suramin were
suspended in Tris buffer (20 mM Tris-HCI [pH 8.0], 200 mM NaCl, and
2 mM DTT). Protein concentration was measured using absorbance at
280 nm. Prior to titration, both protein and Suramin were centrifuged at
18,000 X g at 4°C for more than 10 min to remove any debris and air
bubbles. The calorimetric titrations were performed on a MicroCal
ITC,,, instrument (Microcal, Inc., Northampton, MA) at 25°C. The re-
actant (50 wM N) was placed in the 300- .l sample chamber and Suramin
(500 M) was added using the syringe with 20 successive additions of 2 .l
(with an initial injection of 0.5 pl), spaced 120 s apart. The data was
analyzed using the ORIGIN software. The association constant (Ka), en-
thalpy change (AH), and the stoichiometry (N) were calculated by fitting
the thermo grams to one set of binding sites.

Effect of Suramin on SFTSV replication. Vero cells were seeded into
96-well plates. When the cells were grown ca. 85% confluent, 100 50%
tissue culture infective doses (TCIDs,) of SFTSV (HB29 strain) in 100 p.l
were added into each well. After incubation for 1 h, infected cells were
washed to remove unbound virus. Then Suramin or heparin was added
into the SFTSV preabsorbed cells in four replicate wells at final concen-
trations of 0.8, 0.4, 0.2, 0.1, 0.05, and 0 pg/pl. The medium was replaced
every 3 days, when the production of SFTSV in culture supernatant was
detected by enzyme-linked immunosorbent assay (ELISA).

ELISA. A plate was coated with purified rabbit anti-SFTSV poly-
clonal antibody for 12 h at 4°C. After washing the plate with PBST, 80
pl of culture supernatant was added into each well, followed by addi-
tion of 20 wl of lysis buffer. After incubation for 1 h, the plate was
washed and 100 ! of horseradish peroxidase-conjugated rabbit anti-
SFTSV-N antibody (diluted in 5% skim milk) was added into each
well. The plate was incubated for 1 h at 37°C and then washed. Subse-
quently, 100 plof 3,3,5,5'-tetramethylbenzidine (TMB) substrate was
added to develop color. The plate was read at an optical density at 450
nm by a microplate reader.

Luciferase reporter assay. Three plasmids, including L protein ex-
pression plasmid (VR1012-L), M reporter plasmid constructed by substi-
tution of the ORF of SFTSV glycoprotein with firefly luciferase (Phh21-
luc/M), and the Renilla luciferase expression plasmid (pGL4.74) to
normalize transfection efficiency, were cotransfected with WT SFTSV-N
encoding plasmid (VR1012-N) or site-directed N mutants (VR1012-
N utants) into 293T cell in 24-well plates. Empty vector (VR1012) was
used as negative control for N. Each group of plasmids was transfected in
four replicate wells. After culture for 24 h, cells were lysed. The firefly
luciferase activity was measured by adding 20 .l of cell lysate into a lumi-
nometer tube containing LAR II and read by the luminometer. Further,
Renilla luciferase activity was measured by adding 100 wl of Stop&Glo
reagent into the tube and then read by the luminometer. The ratio of
firefly luciferase activity to Renilla luciferase activity was presented in the
results.

Statistical analysis. The significance of differences between groups
showing similar variance was evaluated by the Student ¢ test.

Protein structure accession numbers. The atomic coordinates and
structure factors have been deposited in the Protein Data Bank (PDB)
under accession codes 4J4U and 4J4R for WT SFTSV-N, 4J4S for triple-
mutant SFTSV-N, 4J4V for WT SFTSV-N complex with Suramin, 4]J4X
for WT GRAV-N, 4J4Y for triple-mutant GRAV-N, and 4J4W for WT
BUEV-N.
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RESULTS

Production of WT RNA-free SFTSV-N and its homologs. Three
Ns from SFTSV and its homologs (GRAV-N and BUEV-N) (Fig.
1) were produced using E. coli. During purification, the results of
size-exclusion chromatography (SEC) suggested that Ns formed
oligomers of different sizes (see Fig. SIA in the supplemental ma-
terial). The A,,/A,5, absorbance ratio (>1.2) indicated that the
purified proteins contained nucleic acids (see Fig. S1B in the sup-
plemental material). N probably bound bacterial nucleic acids
during expression. An RNase treatment could lower the A,/A,5,
ratio, suggesting that the protein bound RNA predominantly. We
adopted two different approaches to producing N devoid of nu-
cleic acids. In one approach, several mutants of SFTSV-N were
constructed and expressed in E. coli. Interestingly, mutation of 3
amino acids absolutely conserved across the Phlebovirus genus,
R64D/K67D/K74D (11), resulted in a triple mutant that almost
lost its ability to bind nucleic acids when expressed using E. coli
(Aye0/Asgo = 0.5) (Fig. S1B) and could be purified as a homoge-
nous nucleic acid-free N oligomer (see Fig. S1A in the supplemen-
tal material). Similar triple mutations of equivalent residues in
GRAV-N (R69D/K72E/K79E) and BUEV-N (R63D/K66E/K73E)
also resulted in Ns devoid of nucleic acids. The second approach
involved partial unfolding of proteins in the presence of urea.
Specifically, 3 M urea and 1 M NaCl were added to the lysis buffer
during recovery and purification of the protein (12). Such wild-
type (WT) N preps contained almost no nucleic acids (A,/A,5,
~ 0.6) (see Fig. S1B in the supplemental material).

Crystal structures of N from SFTSV and its homologs. Crys-
tallization screening was performed using commercially available
sparse matrix screens for all three soluble WT N, as well as their
triple mutants. After optimization, diffraction quality crystals for
all three WT Ns and triple mutants of SFTSV-N and GRAV-N
were obtained. Preliminary crystallographic analysis results are
summarized in Table 1.

WT SFTSV-N crystallized in two different space groups: P6
and C2. In P6 space group, the asymmetric unit (ASU) contains a
single molecule of SFTSV-N. However, inspection of the symme-
try mates revealed that the protein had crystallized as a hexamer.
Six molecules of SFTSV-N are arranged in a hexameric ring-like
structure with the crystallographic 6-fold axis passing through the
center (Fig. 2A). The hexameric structure of SFTSV-N could be
refined to a 1.90-A resolution with acceptable statistics (Table 1).
In C2 space group, the ASU contains five molecules of SFTSV-N
arranged in a pentameric ring-like structure (Fig. 2A). Statistics
for the final model refined to a 2.80-A resolution are listed in Table
1. Structures of both hexameric and pentameric SFTSV-N, crys-
tallized in different space groups probably due to the crystalliza-
tion conditions preference, provide a consensus on the molecular
details of the architecture of the SFTSV-N.

The triple mutant of SFTSV-N crystallized as a tetramer in
222, space group and diffracted X-rays to a 2.45-A resolution.
The ASU contains four molecules that are arranged as two dimers.
Instead of the pentameric or hexameric assembly observed in WT
SFTSV-N crystals, each dimer of the triple mutant participates in
the formation of a tetramer through the crystallographic 2-fold
symmetry axis. The secondary structural elements of the triple
mutant of SFTSV-N are similar to that of the WT protein. The
core domain of monomers of the triple mutant within a tetramer
could be superimposed on each other (with maximal Cae RMSD
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FIG 1 Sequence comparison of the SFTSV-N, GRAV-N, and BUEV-N with secondary structural elements indicated. Strictly conserved residues are boxed in
white on a red background, and highly conserved residues are boxed in red on a white background. Every tenth residue is indicated with a dot (.). The a-helix is
depicted by a coil. The Suramin binding residues of SFTSV-N are indicated by yellow stasr (hydrogen bond interaction) and filled magenta triangles (hydro-
phobic interaction), respectively. The secondary structure of RVFV-N is according to Ferron et al. (11). Alignment was performed by CLUSTAL W (43). The

figure was generated by ESPript (44).

value of 2.6 A), as well as on monomers of WT SFTSV-N (with
maximal Ca RMSD value of 2.2 A).

Structures of WT GRAV-N and BUEV-N were refined to a
2.50-A (P1 space group) and a 2.66-A (1422 space group) resolu-
tion, respectively. Although six molecules of GRAV-N are ob-
served forming a ring-like hexamer in one ASU, there is only one
BUEV-N molecule in ASU forming a tetramer through crystallo-
graphic symmetry operation. The triple mutant of GRAV-N crys-
tallized as a tetramer in P1 space group. The structure was solved
and refined to a 2.50-A resolution.

The monomers of GRAV-N and BUEV-N could be superim-
posed on that of SFTSV-N. The RMSD value for matching Ca
atoms of SFTSV-N with GRAV-N was 1.3 A, while that for Ca
atoms overlaid over BUEV-N was 1.9 A. In addition, structures of
GRAV-N and BUEV-N look similar with the main chain Co
atoms overlapping with an RMSD value of 1.7 A. Thus, the overall
structure of the SFTSV-N homologs seems to be evolutionarily
conserved.

All of the Ns and their mutants reported in the present study
adopt the same tertiary architecture consisting of a compact C-
terminal core with an extended N-terminal arm (Fig. 2B and C; see
Movie Sl in the supplemental material). In hexameric, pen-
tameric, and tetrameric WT N structures, the N-terminal exten-
sion arm from one monomer fits into a groove formed on the
surface of the core domain of an adjacent monomer (see Fig. S2A
in the supplemental material), linking the monomers together by
hydrogen bonds and hydrophobic interactions (Fig. 3A; see Table
S1 in the supplemental material), as observed previously for
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RVEV-N (11). The major difference between the monomers from
different oligomeric assemblies of N molecules and RVFV-N lies
in the position of the N-terminal extension arm (Fig. 3B). The arm
is extended farther outward to accommodate additional units of N
while constructing larger oligomers.

Solution structures determined by SAXS. To characterize
structures of N in solution, we performed small angle X-ray scat-
tering (SAXS) experiments (see Fig. S3 in the supplemental mate-
rial). The radius of gyration (R,) derived from the SAXS data for
WT SFTSV-N is slightly larger than that of its triple mutant
(38.46 + 0.16 A versus 34.60 = 0.10 A, respectively) (see Fig. S3G
in the supplemental material). The shapes of molecular envelope
were constructed by SAXS ab initio modeling. Without symmetry
restraint, the model for WT SFTSV-N assumes a ring-like shape
with a hole in the center. This arrangement of the monomers was
in agreement with those of the pentameric or hexameric assembly
observed in P6 or C2 crystal forms. CRYSOL (31) was then used to
confirm the solution assembly. As a result, pentameric SFTSV-N
could fit with the experimental curve with a chi value of 2.1, which
was much better than the fit (chi 7.5) between hexameric
SFTSV-N and the experimental curve (see Fig. S2D in the supple-
mental material). Thus, WT SFTSV-N expressed and purified
from E. coli is likely to adopt a pentameric state primarily. Ten
individual GASBOR (32) calculations with P5 symmetry as a re-
straint were performed to construct shapes for WT SFTSV-N. The
resultant pentameric model of WT SFTSV-N in solution had an
acceptable chi value of 0.44 = 0.02 (see Fig. S3E in the supplemen-
tal material). For the triple mutant of SFTSV-N, a P4 symmetry
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FIG 2 Overall structure of phleboviral N. (A) C, trace of the structures of the
three WT phleboviral N and two triple mutants. All of the WT structures form
aring-like oligomeric assembly. Four molecules of the triple mutant SFTSV-N
are arranged in two dimers. Each dimer participates in the formation of a
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constraint was used, and the final chi value was 0.93 = 0.04. The
envelope of triple mutant SFTSV-N shows a compact cube-
shaped tetramer, where the central cavity is blocked (see Fig. S3F
in the supplemental material).

Structural basis for loss of RNA binding function of triple
mutants. We mapped the location of the mutations (R64D,
K67D, and K74D) on the structures of SFTSV-N. Examination
of the structures of the WT SFTSV-N reveals that R64 and K74
are involved in intermolecular hydrogen bonding interactions
with an adjacent subunit of SFTSV-N molecule (Fig. 3A; see
Table S1 in the supplemental material), while the side chain of
K67 is protruding inside the cavity formed at the center of the
quaternary assembly (Fig. 2B). The structure of the triple mu-
tant reveals that the hydrogen bonds of the side chain of R64
with the backbone carbonyl oxygen of L29 are broken upon
mutation to aspartate. Further, the K74D mutation breaks the
hydrogen bond between the side chain of K74 and E31 (see
Table S1 in the supplemental material). Instead, some new hy-
drogen bonds were observed in the triple mutant (see Table S1
in the supplemental material). Thus, although the triple muta-
tions alter a few intermolecular interactions, they do not seem
to affect the overall secondary structure of N.

However, there are differences in the quaternary assembly of
the WT N versus that of the triple mutant. First, both WT
SFTSV-N and WT GRAV-N formed a hexamer, while the triple
mutants crystallized as a tetramer (Fig. 2A). Second, while WT Ns
were arranged in a circular pattern with a large central hole (Fig.
2A; see Movie S2 in the supplemental material), even in the tetra-
meric WT BUEV-N, the monomers of the two triple mutants pack
as a compact tetramer with the central hole being blocked. Lastly,
the positive electrostatic potential in the putative RNA binding
cavity is dramatically reduced due to the introduction of nega-
tively charged residues (SFTSV-N: K67D; GRAV-N: K72E) (Fig.
2C). Thus, the triple mutations perturb the quaternary arrange-
ment of the Ns.

Putative RNA binding cavity analysis. In RVFV-N, RNAs are
accommodated in a cavity by extensive hydrophobic interactions
between bases and residues of the RNA-binding cavity and by base
stacking, which involves side chains of Y30, F33, A109, A110,
P147,1180, P199, A202, L128, F178, P127, and G65 (13). In addi-
tion, a network of polar interactions between RNA 5’ phosphates
and residues such as N66, K67, R70, R99, and R106 were described
(13). There are 17 residues that are involved in RNA binding in
RVFV-N. The structures of SFTSV-N, GRAV-N, and BUEV-N are
homologous to RVFV-N (Fig. 1; Fig. 3B). Superimposition of
those structures on RVFV-N: RNA complex revealed the presence
of a similar RNA binding cavity for the three N homologs. In the
cavities of all three N homologs, 12 of 17 corresponding residues
are strictly conserved, while 4 of them are conserved (see Table S2
in the supplemental material). In addition, most of the side chains

tetramer through the crystallographic 2-fold axis. One of the tetramers
(formed by chains A and B) is shown. In the tetrameric structures of the triple
mutants of SFTSV-N and GRAV-N the central cavity is blocked. (B) Wall-Eye
Stereo view of ribbon representation of the crystal structure of the SFTSV-N
showing the N terminus forming an arm that extends from the core domain
(residues 35 to 245). The a-helices and key residues (magenta) are labeled. (C)
The putative RNA binding cavity of WT and the triple mutant of SFTSV-N are
shown by corresponding electrostatic potential surfaces (blue represents pos-
itive potential, red negative potential).
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FIG 3 Structural characterization of SFTSV-N and its homologs. (A)
SFTSV-N protomer binds adjacent N primarily through hydrogen bonds and
hydrophobic interactions. Hydrogen bonds within 3.5 A are indicated as
dashed black lines. The key residues are shown as sticks with labels (black for
chain A, magenta for chain B). Details of the interactions are listed in Table S1
in the supplemental material. (B) Structural comparison of nine protomers
solved in the present study with RVFV-N (30V9-A). C, trace of each
protomer is labeled individually as indicated in parenthesis. (C) The electro-
static potential surface representation of three adjacent WT SFTSV-N mole-
cules. The putative RNA binding cavity runs along the inner edge of the ring-
like assembly of SFTSV-N.

of those 17 residues in the three Ns are in positions similar to that
of the corresponding residues in RVFV-N (see Fig. S2B in the
supplemental material). Thus, the RNA encapsidation mecha-
nism by different species of phleboviruses is likely to be similar.
RNA binding residues are important for SFTSV transcrip-
tion and replication. To further investigate the functional role of
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residues involved in vRNA binding, we examined the ability of a
panel of SFTSV-N mutants to promote expression of M reporter
gene. Although the activities of N mutants R64Q and K67Q de-
creased marginally by 20%, the activity of the mutant K74Q did
not change significantly (see Fig. S4 in the supplemental material).
However, the activity was reduced by 80 or 60% when all three
residues—R64, K67, and K74— of SFTSV-N were simultaneously
mutated to Q or D (see Fig. S4 in the supplemental material).
Therefore, while individual mutations showed a modest decrease
in VRNA binding, a synergic effect was observed when all three
vRNA binding residues were mutated. Since the N homologs from
BUE and GRA viruses use a similar conserved mechanism for
tethering RNA, equivalent residues from these proteins—R63,
K66, and K73 for BUEV-N and R69, K72, and K79 for GRAV-N—
are likely to play an important role in the transcription and repli-
cation of the respective viruses.

Identification of Suramin as an inhibitor of SFTSV-N func-
tion. To screen small molecules which could inhibit SFTSV-N
from encapsidating VRNA, we performed fluorescence-based
thermal shift assays. Several hits were scored based on the increase
in melting temperature (7T,,), with Suramin (Fig. 4A) being the
most prominent hit, showing a 12°C shift in T, of the protein (Fig.
4B). The binding of Suramin to SFTSV-N was confirmed by ITC,
where Suramin showed an affinity of K; = 0.44 pM for N (Fig.
4C). In comparison, binding of Suramin to either GRAV-N or
BUEV-N resulted in a 6°C shift in T,, (see Fig. S5A in the supple-
mental material). Although BUEV-N displayed a K, of 2.02 pM
for Suramin, GRAV-N bound Suramin with a K, of 2.48 uM, as
suggested by ITC assays (see Fig. S5E and F in the supplemental
material). Thus, Suramin could bind all three WT phleboviral N
with high affinity. Further, we tested the specificity of Suramin for
N from other genus of the Bunyaviridae family. Suramin bound
RVFV-N and refolded SFTSV-N (see Fig. S5C in the supplemental
material), although it did not bind the Ns from Orthobunyavirus,
Nairovirus and Hantavirus (see Fig. S5D in the supplemental ma-
terial). Suramin did not bind the Ns of influenza A virus, rabies
virus, Lassa virus, and human immunodeficiency virus (HIV)
capsid protein either (see Fig. S5D in the supplemental material).
Therefore, Suramin seems to specifically bind SFTSV-N and its
homologs within the Phlebovirus genus.

Structural analysis of the SFISV-N in complex with
Suramin. The crystal structure of the binary complex of SFTSV-N
with Suramin was solved in C2 space group and refined to a 2.30-A
resolution. Similar to the WT SFTSV-N, the binary complex of
SFTSV-N with Suramin crystallized as a pentamer (Fig. 4D; see
Movie S3 in the supplemental material). Clear electron density for
the naphthalene-1,3,5-trisulfonic acid head of Suramin permitted
unambiguous modeling of the moiety into the structure of
SFTSV-N (Fig. 4E). However, density for the remainder of the
ligand was weak, fragmented and could not be improved by B-fac-
tor sharpening (35, 36). One naphthalene-1,3,5-trisulfonic acid
head of Suramin bound one molecule of SFTSV-N, which was
consistent with the 1:1 stoichiometry suggested by ITC (Fig. 4C).
All five SFTSV-N molecules present in the ASU bound the
Suramin moiety using similar interactions. The naphthalene-
1,3,5-trisulfonic acid moiety sits in a deep pocket located at the
center of the protein (Fig. 4F; see Fig. S2C in the supplemental
material). In addition, Suramin is anchored by three hydrogen
bonds (K67-NZ with O77-Suramin, T63-O with N53-Suramin,
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FIG 4 Structure of the binary complex of SFTSV-N with Suramin. (A) Chemical structure of Suramin with only the naphthalene-1,3,5-trisulfonic acid head
modeled in the structure in the present study. (B) Interaction of SFTSV-N with Suramin detected by thermal shift assay. (C) ITC titration curves of SFTSV-N with
Suramin. The top panels shows raw data of heat changes upon addition of Suramin (500 wM) into the cell containing 50 pM RNA-free SFTSV-N. The bottom
panel shows processed data corresponding to the heat of each injection plotted against the molar ratio of total Suramin to total SFTSV-N after subtraction of the
heat of control. The affinity constant (K; = 0.44 = 0.095 uM) was derived at 1:1 fixed stoichiometry. (D) Pentameric arrangement of the SFTSV-N—Suramin
complex. SFTSV-N molecules are represented by tubes, and Suramin is indicated as sticks. (E) Closeup view of the interface between SFTSV-N and Suramin.
Electron density of a 2Fo-Fc simulated annealing (SA) omit map for Suramin in the cavity of the SFTSV-N binding site contoured at 1.0 o. Residues involved in
hydrogen bonding (within 3.5 A) (yellow) and hydrophobic interactions (magenta) with Suramin are shown as sticks. (F) Closeup view of the interface between
SFTSV-N and Suramin with the protein surface colored according to electrostatic potential surface. (G) LIGPLOT representation of the SFTSV-N-Suramin
complex depicting bonding atoms and bond lengths. Interacting atoms are connected by green dashed lines with bond lengths indicated (in A). Residues involved
in direct hydrophobic interactions with Suramin are shown as red semicircles with radiating spokes.
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FIG 5 Suramin inhibits the replication of SFTSV in vivo. Vero cells were infected by 100 TCID,, SFTSV for 1 h, and then a gradient of Suramin or heparin was
added to the SFTSV preabsorbed cells in four replicate wells at final concentrations as indicated in the figure. The medium was replaced every 3 days. The release

of SFTSV in culture supernatant was detected by ELISA.

and N66-N with O78-Suramin) and electrostatic interactions
(Fig. 4F and G).

We compared the structure of Suramin bound SFTSV-N with
the structures of BUEV-N and GRAV-N by superimposing the
three structures. In particular, we inspected the composition of
amino acids within 5.0 A of the ligand (see Fig. S5B and Table S3 in
the supplemental material). Interestingly, within the three N ho-
mologs, the majority of the residues which are involved in binding
Suramin are conserved. Of 16 conserved residues that interact
with Suramin, 8 are strictly conserved. Only one residue is not
conserved (see Table S3 in the supplemental material). Thus, ex-
cept for a few minor differences, the Suramin binding site is made
up of highly conserved residues, suggesting a very similar mode of
Suramin-binding for the phleboviral N. Since Suramin binds to
the putative RNA binding cavity in SFTSV-N (see Fig. S2B and C
in the supplemental material), Suramin was predicted to compro-
mise viral RNA replication.

Suramin compromises SFTSV viral replication in Vero cells.
The inhibitory effect of Suramin on viral replication was exam-
ined in Vero cells by adding the small molecule at 1 h after viral
infection. Another negatively charged molecule, heparin, was
used as a control. On day 3, Suramin exerted an obvious repres-
sion on viral replication in a dose-dependent manner (Fig. 5). On
day 6, higher dosages of Suramin ranging from 0.4 to 0.8 pg/ul
showed a repressive effect on viral replication, but the effect of
lower dosages ranging from 0.05 to 0.2 g/l was comparable to
heparin. On day 9, only the dosage of 0.8 wg/pl had a repressive
effect on viral replication (Fig. 5). Therefore, Suramin at the dos-
age of 0.8 pg/pl could exert a persistent inhibitive effect on viral
replication. The virus growth assay demonstrated that the small
molecule drug Suramin resulted in an impaired production of
SFTSV, presumably by obstructing vRNA binding as indicated by
structural studies. Since the structure of SFTSV-N is conserved,
this effect of Suramin could be extrapolated to other N homologs
belonging to the Phlebovirus genus.

DISCUSSION

Two conformations of the RVFV-N, closed dimeric and open
hexameric, and electron microscopic images of heterogeneous
RNP-like particles comprised of 4 to 7 U of RVFV-N have been
reported (11, 12). More recently, complex structures of RVFV-N
with RNA have also been described (13). These structures of the N
from the Phlebovirus genus revealed a new fold for binding vRNA
(13). Although SFTSV belongs to the same genus, the pathogene-
sis of SFTSV infections is different. Therefore, structural studies of
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proteins vital to the life cycle of the virus are essential for develop-
ing structure-guided therapeutics to contain SFTSV outbreaks. N
shields genomic VRNA from the host defense machinery. An en-
semble of crystal structures of N from SFTSV and related viruses
BUEV and GRAV solved by us have revealed different oligomeric
states of the N (tetramer, pentamer, and hexamer), which enabled
us to not only compare the structural conservation but also un-
derstand the mode of oligomerization, a process vital for encapsi-
dation and protection of VRNA of the progeny. Structures of the
tetramer, pentamer, and hexamer of SFTSV-N and its homologs
reported here reveal that the N-terminal arm plays an important
role in the assembly of the oligomers as discussed previously (13).

To map the location of the putative RNA binding site, we su-
perimposed structures of SFTSV-N, GRAV-N, and BUEV-N onto
that of RVFV-N-RNA complex (PDB code 4H50). A conserved
RNA binding cavity is found in phleboviral N running along the
inner edge of the ring-like quaternary assembly. Most of the resi-
dues forming this cavity are conserved (see Table S2 in the sup-
plemental material). Thus, SFTSV-N, GRAV-N, BUEV-N and
possibly other N in Phlebovirus genus are very likely to use a sim-
ilar mechanism to encapsidate RNA as the RVFV-N.

In the structure of SFTSV-N triple mutant, a similar RNA
binding cavity could also be found, except a positively charged
amino acid K67 was substituted with a negatively charged residue
(aspartic acid, D), which changed the charge distribution of the
cavity. The triple mutations resulted in the alterations of the qua-
ternary assembly of SFTSV-N triple mutant as observed by SAXS
analysis of the WT and triple mutant N (see Fig. S3F in the sup-
plemental material). Thus, alterations in the quaternary assembly
and the opposite charge introduced via substituted amino acid
(e.g., Arg-to-Asp mutation) contributed to the reduction of nu-
cleic acid binding ability of the triple mutants (see Fig. S1B in the
supplemental material).

The identified small molecule inhibitors of SFTSV-N RNA
binding function suggest that small molecules with negative
charge could serve as potential ligands. Among the resulting li-
gands, Suramin showed highest affinity for SFTSV-N. Suramin is
a drug used for the treatment of trypanosomiasis and helminthi-
asis (37, 38). Recently, its potential as an antineoplastic agent in
the treatment of cancers and as an antiviral agent is being evalu-
ated (39—41). Interestingly, while Suramin could bind SFTSV-N
homologs such as RVFV-N (42), GRAV-N, and BUEV-N, it did
not bind the Ns from other genera of the Bunyaviridae family
(Orthobunyavirus, Nairovirus, and Hantavirus) or other viruses
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such asinfluenza A virus, Rabies virus, Lassa virus, and HIV capsid
protein. Thus, Suramin shows specificity for phleboviral N. The
implication of the ability of Suramin to compete with RNA bind-
ing by SFTSV-N in vitro was further illustrated by the inhibition of
viral replication in Vero cells. Clearly, in this context, the crystal
structure of the binary complex of SFTSV-N with Suramin is valu-
able and can aid further development of this compound as a drug
for the containment of SFTSV outbreaks.

In the Suramin-bound structure of SFTSV-N, Suramin is
found in the cavity encircling the central hole of the ring-like
assembly. As expected, the Suramin binding pocket in SFTSV-N
overlaps with its putative RNA binding cavity as that of RVFV-N.
Six residues of SFTSV-N involved in binding Suramin—G65,
N66, K67, 1181, P127, and F177—are identical with the corre-
sponding conserved residues found in RVFV-N for binding RNA
(see Fig. S2C, Table S2, and Table S3 in the supplemental mate-
rial). Further, the naphthalene-1,3,5-trisulfonic acid head of
Suramin is buried deeper in the Suramin binding pocket of
SFTSV-N compared to the RNA bound to RVFV-N. This was
further supported by Suramin’s inhibitory effects on SFTSV rep-
lication in Vero cells.

In summary, our structural and functional studies on
SFTSV-N and its homologs shed light on the overall structural
conservation and suggest a shared mechanism for encapsidating
VRNA. We have identified Suramin as an inhibitor of phleboviral
N’s RNA binding function that affects their vRNA binding and
viral replication. Since Suramin could bind N in Phlebovirus genus
specifically, it is possible to design an inhibitor with a broad spec-
trum of activity against phleboviruses.
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