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Crimean-Congo hemorrhagic fever virus (CCHFV) is a tick-
borne Nairovirus that causes severe hemorrhagic fever with a
mortality rate of up to 30% in certain outbreaks worldwide. The
virus has wide endemic distribution. There is no effective anti-
viral therapeutic or FDA approved vaccine for this zoonotic viral
illness. The multifunctional CCHFV nucleocapsid protein (N
protein) plays a crucial role in the establishment of viral infec-
tion and is an important structural component of the virion.
Here we show that CCHFV N protein has a distant RNA-binding
site in the stalk domain that specifically recognizes the vRNA
panhandle, formed by the base pairing of complementary nucle-
otides at the 5� and 3� termini of the vRNA genome. Using
multiple approaches, including filter-bonding analysis, GFP
reporter assay, and biolayer interferometry we observed an N
protein-panhandle interaction both in vitro and in vivo. The
purified WT CCHFV N protein and the stalk domain also rec-
ognize the vRNA panhandle of hazara virus, another Nairovirus
in the family Bunyaviridae, demonstrating the genus-specific
nature of N protein-panhandle interaction. Another RNA-bind-
ing site was identified at the head domain of CCHFV N protein
that nonspecifically recognizes the single strand RNA (ssRNA)
of viral or nonviral origin. Expression of CCHFV N protein stalk
domain active in panhandle binding, dramatically inhibited the
hazara virus replication in cell culture, illustrating the role of N
protein-panhandle interaction in Nairovirus replication. Our
findings reveal the stalk domain of N protein as a potential tar-
get in therapeutic interventions to manage CCHFV disease.

Crimean-Congo hemorrhagic fever virus (CCHFV)2 is a tick-
borne Nairovirus in the Bunyaviridae family. Its infection

causes severe hemorrhagic fever with a mortality rate of 5 to
30% in more than 30 countries worldwide (1–4). To date, this
zonotic viral illness has been reported in the Balkans, Eastern
Europe, Central Asia, Turkey, China, Africa, and the Middle
East (5–9). Crimean-Congo hemorrhagic fever (CCHF) is a sig-
nificant public health concern in Turkey due to high fatality
rates associated with this infection (10). Global animal trade,
environment, and climate changes have played important roles
in the spread of this virus to places where it had not been pre-
viously detected. The lack of vaccine and effective antivirals
have prompted strict precautions through global health care
organizations to prevent the spread of this zoonotic viral illness,
especially during the seasonal outbreaks.

Infection in humans usually occurs by either tick bites or
direct contact with contaminated blood or tissue samples from
the infected hosts (7, 11). When transmitted through tick
bites, the incubation period may last from 1 to 3 days, compared
with the incubation period of 5 to 6 days when transmission
occurs through exposure to contaminated tissue or blood sam-
ples. Spread through nosocomial transmission has not been
reported (6, 7, 12). The clinical symptoms such as, sudden
onset of high fever, chills, myalgias, and arthralgias resemble
most other viral infections. However, petechiae and ecchy-
moses may be clinically observed in CCHFV-infected
patients several days post-infection. Blood can also be
detected in patients sputum and stool, and continuous hem-
orrhage may lead to hypovolemic shock (13, 14). Prognosis of
CCHFV-infected patients depends upon the imbalance of
coagulation factors and severity of leukopenia and thrombo-
cytopenia during infection (14 –16).

The viral genome is composed of three negative sense RNA
segments (S, M, and L), that encode nucleocapsid protein (N
protein), glycoprotein precursor, and RNA-dependent RNA po-
lymerase (RdRp), respectively (17). N protein in association
with the viral RNA (vRNA) and complementary RNA (cRNA)
forms nucleocapsids that serve as templates for transcription
and replication of the viral genome. Unlike cRNA, the nucleo-
capsids derived from vRNA are selectively packaged into new
virions during the assembly process. It still remains unclear
how N protein selectively recognizes the vRNA and cRNA
inside the host cell and how are the vRNA-derived nucleocap-
sids selectively packaged into new virions. Recently, the X-ray
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crystallographic structure of CCHFV N protein at 2.3-Å reso-
lution revealed the presence of head and stalk domains in the N
protein structure (18 –20). The protein structure is more
closely related to the nucleocapsid protein of Arenaviruses (21,
22) compared with the nucleocapsid protein of other Bunyavi-
ruses (23–25). We previously reported that bacterially ex-
pressed and purified CCHFV N protein has distinct binding
modes for double strand RNA (dsRNA) and single strand RNA
(ssRNA) (26). The viral RNA panhandle formed by the base
pairing of partially complementary nucleotides at the 5� and 3�
ends of vRNA is specifically recognized by N protein through
the dsRNA-binding mode (26). The highly conserved terminal
nine nucleotides from both 5� and 3� ends of the vRNA genome
are required for high affinity binding of the panhandle (26). In
comparison, N protein does not discriminate between viral and
nonviral RNAs through ssRNA-binding mode (26). N protein
has been reported to interact with the N- and C-terminal
regions of the RdRp, suggesting a potential role of N protein-
RdRp interaction in transcription and replication of the viral
genome (27, 28).

In this article we report the location of panhandle-specific
dsRNA and nonspecific ssRNA-binding sites in the stalk and
head domains of the N protein, respectively. We show that both
WT CCHFV N protein and its stalk domain bind with high
affinity to the panhandle of hazara virus, another member of the
Nairovirus genus. This suggests that N-panhandle interaction
is likely genus-specific. Expression of CCHFV N protein stalk
domain with intact panhandle-specific dsRNA-binding site
inhibited the hazara virus replication in cell culture, demon-
strating the role of N-panhandle interaction in the virus repli-
cation cycle. These studies demonstrate that N-panhandle
interaction might be a novel target for therapeutic intervention
of CCHFV infection.

Results

Purification of head and stalk domains of CCHFV N protein

Using four independent binding approaches, we previously
demonstrated that N protein specifically binds to the panhan-
dle RNA structure composed of partially complementary 30
nucleotides from both 5� and 3� termini of CCHFV S-segment
vRNA (Fig. 1B), with the same affinity as full-length vRNA (Kd
� 42 nM). The panhandle-N protein interaction occurred
through the dsRNA-binding mode. However, N protein non-
specifically recognized the ssRNA through the ssRNA-binding
mode. N protein remained in a unique conformational state
when both ssRNA and dsRNA substrates were simultaneously
bound to the protein. Competitive binding experiments sug-
gested that N protein might have distinct binding pockets for
dsRNA and ssRNA substrates.

Using the X-ray crystal structure of the CCHFV N protein
(strain YL04057, PDB code 3U3I), we modeled the 3D structure
of CCHFV N protein (strain 10200). Although, the primary
sequences of these two strains are slightly different, the mod-
eled structure of strain 10200 is very similar to the X-ray struc-
ture of strain YL04057, and shows a distinct stalk domain com-
posed of amino acids from 180 to 300, and a head domain
composed of N-terminal 180 amino acids and C-terminal 182
amino acids (Fig. 1A). The electrostatic surface potential, gen-
erated by the PyMol viewer software tool, predicted two major
RNA-binding regions based on the positively charged grooves
at the surface of N protein structure. The isolated positively
charged surface constituted by residues Lys-339, Lys-343, Lys-
346, Arg-384, Lys-411, His-453, Arg-134, Arg-140, and Gln-
467 in the head region, and His-195, His-197, Lys-222, Arg-225,
Lys-282, and Lys-286 in the stalk region appear to constitute
the two RNA-binding sites in the N protein structure.

To determine whether the head and stalk domains harbored
the panhandle-specific dsRNA and nonspecific ssRNA-binding

Figure 1. A, a modeled 3D structure of CCHFV N protein, showing the head and stalk domains. The electrostatic surface potential of N protein was
visualized by PyMol. The positively charged surface is colored blue and the negatively charged surface is colored red. The isolated positively charged
surfaces constituted by residues Lys-339, Lys-343, Lys-346, Arg-384, Lys-411, His-453, Arg-134, Arg-140, and Gln-467 in the head domain and His-195,
His-197, Lys-222, Arg-225, Lys-282, and Lys-286 in the stalk domain likely constitute the distinct RNA-binding pockets. B, a panhandle formed by the
partially complementary nucleotides at the 5� and 3� termini of the CCHFV S-segment vRNA. C, SDS-PAGE analysis of bacterially expressed and purified
head domain of CCHFV N protein. D, head domain mutant 12 in which Arg-339, Lys-343, and Lys-346 were mutated to alanine. E, head domain mutant
34 in which Arg-134 and Arg-140 were converted to alanine. F, stalk domain of CCHFV N protein. G, stalk domain mutant in which His-195 and His-197
were converted to alanine.
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sites, we cloned and purified the head and stalk domains of the
CCHFV N protein in bacteria (Fig. 1, C and F). To delineate
whether isolated positively charged surfaces in the head and
stalk domains constitute the RNA-binding sites, we generated
head and stalk domain mutants in which positively charged
residues in the hypothetical RNA-binding pockets were con-
verted to neutral amino acid alanine. In head domain mutant 12
(Fig. 1D) the three positively charged residues, Arg-339, Lys-
343, and Lys-346, were converted to alanine, using site-directed
mutagenesis. A similar approach was used to incorporate two
point mutations in the head domain mutant 34 (Fig. 1E) replac-
ing Arg-134 and Arg-140 with alanine. In the stalk mutant (Fig.
1G) two positively charged residues His-195 and His-197 were
converted to alanine. All the mutants (Fig. 1, C–G) were puri-
fied by native procedure on a Ni-NTA column, using the C-ter-
minal His tag. All the mutants were highly expressed in bacteria
and their size matched with their respective molecular weights
on SDS-PAGE (Fig. 1).

Binding of purified head and stalk domains of CCHFV N
protein with the synthetic RNA in vitro

We previously reported that WT CCHFV N protein specifi-
cally binds to the panhandle with a Kd value of 42 nM at 80 mM

salt concentration (26). The Kd value did not change at higher
salt concentrations. In comparison, N protein nonspecifically

bound to the single strand 5� noncoding region (5� NCR) of
CCHFV S-segment RNA or any nonviral ssRNA with a Kd value
of 125 nM at 80 mM salt concentration. The Kd value signifi-
cantly increased with increasing salt concentrations. To iden-
tify the panhandle-specific dsRNA and nonspecific ssRNA-
binding sites in the WT CCHFV N protein, we synthesized the
panhandle composed of 30 nucleotides from both 5� and 3�
termini of CCHFV S-segment vRNA, separated by a six-residue
uracil loop (Fig. 2O) by in vitro T7 transcription reaction, as
previously reported (26). The same strategy was used to synthe-
size the terminal 30 nucleotides of the 5� NCR, represented as
ssRNA in the text (Fig. 2O). Both panhandle and ssRNA were
labeled with [32P]CTP during synthesis. We studied the binding
of purified head and stalk domains with the synthetic panhan-
dle and ssRNA sequence using two independent experimental
approaches. An examination by filter-binding analysis revealed
that the stalk domain bound to the panhandle RNA (Kd � 17 �
2.1 nM) with 8-fold higher affinity compared with the ssRNA
(Kd � 138 � 9.6 nM) (Fig. 2, E and F). Conversely, the binding
affinity of the head domain with the ssRNA (kd � 22 � 1.3 nM)
was 16-fold higher compared with the panhandle (Kd � 356 �
16 nM) (Fig. 2, A and B). These data clearly shows that stalk and
head domains preferably bind to panhandle and ssRNA, respec-
tively. The dissociation constants for the binding of stalk and

Figure 2. Binding studies performed by filter-binding assay and biolayer interferometry. Binding profiles for the association of stalk domain, stalk mutant
domain, head domain, head mutant domain 16, and head mutant domain 34 with CCHFV S-segment vRNA panhandle and ssRNA sequence, generated by
filter-binding assay, are shown in A–G. Interaction of each domain with the type of RNA is mentioned inside each panel. Binding results from A–G were also
confirmed using biolayer interferometry (BLI). Representative BLI sensograms showing over time association and dissociation of protein with RNA are shown
in H–N. The sensograms were generated at two protein concentrations, shown by red and blue in H–N (see “Experimental procedures” for details). Again each
panel is internally labeled to show the name of the protein domain and interacting RNA. The dissociation constants (Kd) were calculated as described under
“Experimental procedures.” The CCHFV S-segment panhandle and ssRNA used in A–N are shown in O. The panhandle sequence composed of 30 nucleotides
from both 5� and 3� termini of CCHFV S-segment vRNA, separated by a six-residue uracil loop, was folded by M-fold. It generated the secondary structure,
shown in O.
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head domains with panhandle and ssRNA, respectively, are con-
sistent with the previously reported dissociation constants for
the binding of WT N protein with panhandle and ssRNA (26).
Point mutations replacing the two positively charged amino
acids His-195 and His-197 to alanine in the positively charged
surface grove of the stalk domain (stalk mutant) abrogated the
binding with the panhandle RNA (Fig. 2G and Table 1). Simi-
larly, point mutations replacing the positively charged amino
acids Arg-339, Lys-343, and Lys-346 (head mutant 12), and
Arg-134 and Arg-140 (head mutant 34) with alanine abrogated
the binding to the head domain with the ssRNA (Fig. 2, C and D,
and Table 1). This suggests that isolated positively charged
groves on the stalk and head domains, predicted by the PyMol
viewer, likely constitute the panhandle and ssRNA-binding
sites, respectively.

To further confirm the results from filter-binding analysis,
we monitored the association and dissociation kinetics of syn-
thetic panhandle and ssRNA with head and stalk mutants, using
biolayer interferometry on a BLITZ (ForteBio) instrument, as
previously reported (26)(see “Experimental procedures” for
details). The respective kinetic profiles are shown in Fig. 2,
H–N, and the corresponding binding data are shown in Table 1.
It is evident from Table 1 that dissociation constants calculated
by biolayer interferometry followed the same trend and are in
agreement with the dissociation constants calculated by the
filter-binding analysis. The high affinity binding of panhandle
and ssRNA with the stalk and head domains, respectively
(Fig. 2, H and L, and Table 1), further confirms their binding
sites in these respective domains. Interaction of head
domain mutants with panhandle and stalk mutant with
ssRNA was undetectable.

Examination of N protein-panhandle binding using an in vivo
reporter assay

Because N protein specifically binds to the vRNA panhandle;
we asked whether this interaction takes place inside cells during
viral infection. We developed a GFP reporter assay to further
confirm the interaction between N protein and vRNA panhan-
dle inside the cells. Briefly, the panGFP plasmid was con-
structed for the expression of GFP reporter mRNA having 5�
and 3� NCR sequences of CCHFV S-segment vRNA upstream
of the start codon and downstream of the stop codon, respec-
tively (Fig. 3A). The expression is driven from a T7 promoter
and the 3� end of the GFP reporter mRNA is defined by the
engineered hepatitis delta virus (HDV) ribozyme sequence. The
mRNA likely forms a panhandle structure due to complemen-
tarity of the nucleotides between the 5� and 3� termini (Fig. 3A).

Unlike eukaryotic mRNA, the mRNA expressed from panGFP
plasmid does not have a 5� cap and 3� poly(A) tail. The BSRT7.5
cells stably expressing T7 RNA polymerase (gift from Dr. Con-
zelman, Germany) were cotransfected with panGFP reporter
plasmid along with another plasmid expressing WT CCHFV N
protein or head domain, head domain mutant 12, stalk domain,
stalk domain mutant, N protein mut1, or N protein mut2. The
N protein mut1 and N protein mut2 are derived from WT
CCHFV N protein, and have a single point mutation (His-195
to Ala-195) and two point mutations (His-195 and His-197 to
Ala) in their stalk domains, respectively. The GFP expression
was monitored using either fluorescence microscopy (Fig. 3B)
or flow cytometry (Fig. 3D). Interestingly, a strong GFP expres-
sion was observed in cells co-expressing the WT CCHFV N
protein (Fig. 3, B and D). A weaker GFP signal was observed in
cells co-expressing N protein mut1. To ensure that changes in
GFP expression were not due to changes in the mRNA levels,
we quantified GFP mRNA in cell lysates by real time PCR. It is
evident from Fig. 3F that GFP mRNA was equally expressed in
cells. An examination of cell lysates by Western blot analysis
confirmed the expression of WT N protein, head domain, head
domain mutant 34, stalk domain, stalk domain mutant, N pro-
tein mut1, and N protein mut2 from the transfected plasmids
(Fig. 3C).

It is likely that formation of panhandle with a strong second-
ary structure prevented ribosome engagement and thus inhib-
ited the translation of GFP reporter mRNA in cells. We previ-
ously reported that CCHFV N protein does not have the RNA
helix unwinding activity (29), and thus the possible unwinding
of the panhandle after high affinity binding with N protein to
stimulate the translation of GFP reporter mRNA does not seem
likely. We also reported previously that CCHFV N protein facil-
itates mRNA translation possibly by simultaneous binding to
the 40S ribosomal subunit and RNA sequence upstream of start
codon (29). Based on these previous observations, it is likely
that simultaneous binding of N protein with both the 40S ribo-
somal subunit and the panhandle structure facilitated the ribo-
some engagement close to the start codon of the GFP reporter
mRNA, resulting in the translation of the GFP reporter tran-
script in cells (Fig. 2B, ii). This is indirectly supported by the
observation that incorporation of mutations in the stalk
domain of the WT N protein impacted the N protein-mediated
translation of the reporter mRNA (Fig. 3B, vii and viii). To
confirm that WT N protein and stalk domain remained bound
to the panhandle structure in cells, the cell lysates from Fig. 3B
were incubated with Ni-NTA beads to pulldown the proteins

Table 1
Binding parameters calculated by two independent methods

Protein RNA Biolayer interferometry Filter binding
Kd � S.D. Ka Kdis Kd � S.D.

nM M�1 s�1 s�1 nM

Head Panhandle 274 � 12 2.09 � 104 5.737 � 10�3 356 � 9.0
Head ssRNA 4.3 � 0.7 7.612 � 103 3.276 � 10�5 22 � 1.3
Head mutant 12 ssRNA 115 � 5.5 2.646 � 104 4.448 � 10�3 143 � 16
Head mutant 34 ssRNA 218 � 10 8.134 � 104 6.456 � 10�3 242 � 14
Stalk Panhandle 4.0 � 0.5 1.62 � 104 6.514 � 10�6 17 � 2.1
Stalk ssRNA 90 � 9.0 2.055 � 104 1.858 � 10�3 138 � 9.6
Stalk mutant Panhandle 323 � 11 7.452 � 104 2.411 � 10�2 398 � 14
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expressed from transfected plasmids, using the C-terminal His
tag. The volume of the lysates was adjusted to ensure an equal
amount of GFP mRNA for the respective samples loaded on
Ni-NTA beads. Total RNA was purified from the pulldown
material and the GFP mRNA was identified by PCR using gene-

specific primers. It is evident from Fig. 3E that GFP reporter
mRNA co-purified with WT N protein, N protein mut1, and
stalk domain, confirming their binding with the panhandle
structure. Poor GFP signal due to co-expression of N protein
mut1 (Fig. 3B, vii) is likely due to the weaker binding of this

Figure 3. Monitoring the N protein-panhandle binding using an in vivo reporter assay. A, a cartoon showing panGFP plasmid in which GFP (green) flanked
by sequences encoding 5� and 3� NCR of CCHFV S-segment vRNA (black) was cloned between T7 promoter (blue) and HDV (orange). The mRNA expressed from
T7 promoter was folded by M-fold, revealing the formation of panhandle structure by the base pairing of partially complementary nucleotide sequence of the
5� and 3� NCR. B, BSRT7.5 cells stably expressing T7 RNA polymerase were seeded in six-well plates and transfected with 2 �g of either empty vector pTriEx1.1
(i), pTriEx-CCHFV-NP plasmid expressing WT CCHFV N protein (ii), pTriExhead plasmid expressing the head domain of the CCHFV N protein (iii), pTriExhead-
mutant34 plasmid expressing the head mutant domain 34 (iv), pTriExstalk plasmid expressing the stalk domain of CCHFV N protein (v), pTriExstalk-mutant
plasmid expressing the stalk domain mutant (vi), pTriEx CCHFV N protein mut1 plasmid expressing N protein mut1 (vii), or pTriEx CCHFV N protein mut2
plasmid expressing N protein mut2 (viii), as mentioned in the text. Twenty-four hours post-transfection, cells were again transfected with an equal concen-
tration of PanGFP plasmid. Cells were examined under a fluorescence microscope 36 h post second transfection to record the GFP signal (upper eight panels).
The experiment was repeated and the cells were stained with DAPI (lower eight panels). The size of the bar in each panel is 100 �m. C, cells from B were lysed and
examined by Western blot analysis using anti-His tag antibody to monitor the expression of C-terminally His-tagged fusion proteins from transfected plasmids.
D, the cells from B were also examined by FACS. The GFP signal from B (i–viii, upper eight panels) was quantified, normalized related to control (lane 1), and
plotted in D. E, the cell lysates from B, containing equal amounts of GFP mRNA, were incubated with Ni-NTA beads. His-tagged proteins bound to washed beads
were eluted and total RNA was purified from eluted material. The GFP reporter mRNA in the eluted material was detected using a primer set complementary
to the GFP gene. F, total RNA was purified from cell lysates obtained from B. The GFP reporter mRNA was quantified by real time PCR. F shows the equal
expression of the reporter GFP mRNA in cells from B.
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mutant with the panhandle. This is indirectly supported by the
observation that incorporation of two point mutations in the
stalk domain of WT N protein abrogated both panhandle bind-
ing (Fig. 3E, viii) and N protein-mediated translation of the GFP
reporter mRNA (Fig. 3B, viii).

Disrupting the panhandle structure inhibited the N
protein-panhandle interaction in vivo

To confirm that panhandle formation inhibited the transla-
tion of GFP reporter mRNA (Fig. 3B, i), and N protein-panhan-
dle binding triggered the translation of GFP reporter in cells
(Fig. 3B, ii), we generated M1GFP plasmid (Fig. 4A) expressing
the GFP reporter mRNA lacking the 3� NCR sequence of the
S-segment mRNA. Lack of this sequence will inhibit the forma-
tion of terminal panhandle. The rest of the experiment was
performed the same way as described in the legend to Fig. 3,
except that panGFP plasmid in Fig. 3 was replaced with the
new M1GFP plasmid in this experiment. An examination of
the cells by fluorescence microscopy (Fig. 4B) and flow
cytometry (Fig. 4D) demonstrated that GFP reporter mRNA
lacking the panhandle structure was highly expressed in
cells. This confirms the translation inhibition of GFP mRNA
by the terminal panhandle in Fig. 3. None of the proteins
coexpressed from transfected plasmids (Fig. 4C) affected the
translation of GFP mRNA. The proteins expressed from
transfected plasmids were pulled down using Ni-NTA beads,
as described in the legend to Fig. 3. An examination of the
pulled down material by PCR demonstrated that none of the
proteins co-purified with the GFP reporter transcript lack-
ing the panhandle structure (Fig. 4E). Quantification of the
GFP reporter mRNA in cell lysates by real time PCR revealed
that reporter mRNA was equally expressed in cells from the
transfected plasmids (Fig. 4F). Taken together, this experi-
ment confirms that formation of the vRNA panhandle inhib-
ited the translation of the GFP reporter transcript in Fig. 3,
and its abrogation by the deletion of the 3� NCR sequence
stimulated the translation of the reporter transcript in cells
(Fig. 4). Although WT N protein and the head domain non-
specifically bind the 5� NCR sequence in vitro, they did not
efficiently associate with the GFP reporter mRNA in cells
(Fig. 4E), likely due to the overwhelmingly available ssRNA-
binding sites in the host transcripts.

We previously reported that the nine highly conserved
nucleotides form both 5� and 3� termini of the viral genome are
required for specificity and high affinity binding of the panhan-
dle to the N protein (26). Using the same approach as men-
tioned in Figs. 3 and 4, we generated RpanGFP plasmid (Fig. 5A)
expressing the GFP reporter whose 5� and 3� termini could
anneal and form a mutant panhandle. This mutant panhandle
has the same nucleotide composition as WT panhandle but the
nucleotide sequence was randomized. It structurally mimics
the WT panhandle and does not bind to the N protein with high
affinity and specificity, as previously reported (26). The plasmid
was cotransfected in cells along with plasmids expressing either
WT N protein or head and stalk domain mutants. The experi-
ment was performed exactly as described in the legends to Figs.
3 and 4. It is evident from Fig. 5, B and D, that the reporter
transcript failed to undergo translation to generate the GFP

signal, although N protein, head and stalk domain mutants
were significantly expressed in cells (Fig. 5C). An examination
of cell lysates by real time PCR analysis demonstrated that
the GFP transcript was equally expressed in cotransfected
cells (Fig. 5F). The Ni-NTA pulldown of His-tagged proteins
expressed from transfected plasmids demonstrated that GFP
reporter mRNA does not co-purify with WT N protein or
any of its mutants (Fig. 5E). This experiment further con-
firms that the strong secondary structure of the mutant pan-
handle inhibited mRNA translation similar to WT panhan-
dle. However, failure in the recognition of mutant panhandle
by the N protein resulted in the failure to overcome the
panhandle-induced translation repression, and hence no
GFP signal was observed.

Binding of WT CCHFV N protein, head and stalk domains with
other bunyavirus panhandles

The nucleotide sequence at the 5� and 3� termini of the viral
genomic RNA in the Nairovirus genus of the Bunyaviridae fam-
ily is highly conserved (Fig. 6). Because CCHFV N protein
requires the terminal nine nucleotides of the panhandle for
high affinity binding through the panhandle-specific dsRNA-
binding site located in the stalk domain, we asked whether
CCHFV N protein binds the panhandles from other members
of the Nairovirus genus. The S-segment panhandle and 5� NCR
(ssRNA) sequence (Fig. 6) of the hazara virus, another member
of the Nairovirus genus, was synthesized by in vitro T7 tran-
scription reaction, as mentioned under “Experimental proce-
dures.” Binding of WT CCHFV N proteins, head and stalk
domains with the synthetic panhandle and ssRNA was exam-
ined using a filter-binding approach. It is evident from Fig. 7, A
and B, that WT CCHFV N protein bound the hazara virus pan-
handle with higher affinity compared with the ssRNA. Similar
dissociation constants were previously reported for the binding
of WT CCHFV N protein with the panhandle and single strand
5� NCR sequence of the CCHFV S-segment vRNA (26). Unlike
the ssRNA, the stalk domain of CCHFV N protein showed high
affinity binding with the hazara virus panhandle (compare Fig.
7, C and D). Conversely, unlike the hazara virus panhandle, the
head domain of CCHFV N protein showed preferable binding
with the ssRNA. Comparing the binding results from Fig. 7,
C–F, with Fig. 2 (filter binding), it is clear that stalk domain
binds with similar high affinity to the panhandles of both hazara
virus and CCHFV. In comparison the head domain bound to
the single strand 5� NCR sequences of both hazara virus and
CCHFV.

These observations suggest that the panhandle-binding site
is likely Nairovirus genus specific. To confirm the Nairovirus
genus specificity of the panhandle-binding site, we synthesized
the panhandle of hantavirus S-segment RNA, another genus in
the Bunyaviridae family. An examination by filter-binding
analysis revealed that unlike the Nairovirus panhandles, both
WT CCHFV N protein and its stalk domain failed to bind the
hantavirus panhandle with high affinity (compare Fig. 7, G and
H, with A and C). These results confirm that the panhandle-
binding site is specific to the Nairovirus genus.
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Inhibition of hazara virus replication by the head domain of
CCHFV N protein

We next asked whether N protein-panhandle interaction
plays a role in the virus replication cycle. Since both WT
CCHFV N protein and its stalk domain bound to both CCHFV
and hazara virus panhandles with similar affinity, we tested the
role of N protein-panhandle interaction in hazara virus replica-
tion in the cell culture. In addition, hazara virus is a commonly
used model for CCHFV that has helped to study the CCHFV
disease outside the BSL4 facility. Briefly, HEK293T cells were
transfected with plasmids expressing WT CCHFV N protein,
stalk domain, stalk domain mutant, head domain, head domain
mutant 34, N protein mut1, or N protein mut2. Cells were
infected 12 h post-transfection with hazara virus and harvested
at increasing time intervals post-infection. An examination by
Western blot analysis revealed that both WT CCHFV N protein
and its mutants were efficiently expressed in cells (Fig. 8B).
Total RNA was purified from harvested cells and hazara virus
replication was monitored by quantitative estimation of S-seg-
ment vRNA by real time PCR analysis. It is evident from Fig. 8A
that hazara virus efficiently replicated in cells lacking plasmid
transfection. The expression of head domain, N protein mut 1,
and N protein mut2 had minor impact upon virus replication.
In comparison, the stalk domain harboring the intact panhan-
dle-binding site dramatically inhibited hazara virus replication.
The stalk domain mutant deficient in high affinity panhandle
binding failed to inhibit hazara virus replication, similar to WT
N protein and the head domain mutant. Lack of hazara virus
inhibition observed in cells expressing WT CCHFV N protein
suggests that CCHFV N protein might substitute the hazara
virus N protein during replication. However, the panhandle-
specific stalk domain likely competed with the WT hazara virus
N protein for panhandle binding, resulting in the inhibition of
hazara virus replication.

To further test the specificity of N protein-panhandle inter-
action and its potential role in Nairovirus replication, we tested
the impact of stalk and head domains on hantavirus replication,
another member in the different genus (hantavirus) within the
same Bunyaviridae family. The experiment was repeated
exactly as mentioned above except the human umbilical vein
endothelial cells (HUVEC) were transfected with plasmids
expressing either stalk or head domains of CCHFV N protein,
followed by Andes hantavirus infection. An examination by
Western blot analysis revealed that both stalk and head
domains were efficiently expressed in HUVEC cells (Fig. 8D).
Quantitative estimation of hantavurs S-segment RNA, using
real time PCR analysis, revealed that neither stalk nor head
domain affected the Andes hantavirus replication (Fig. 8C).
Taken together, the experiments from Figs. 7 and 8, it is clear

that N protein panhandle interaction and its potential roles in
virus replication are specific to the Nairovirus genus.

Discussion

The two independent experimental approaches (filter binding
and biolayer interferometry) demonstrated that bacterially
expressed, the purified stalk domain of CCHFV N protein binds
the vRNA panhandle with high affinity (Fig. 2). The binding anal-
ysis carried out with the stalk mutant illustrates that the positively
charged surface groove on the stalk domain composed of amino
acids His-195, His-197, Lys-222, Arg-225, Lys-282, and Lys-286
likely constitutes the panhandle-binding site. Similar in vitro bind-
ing analysis carried out with purified head domain and mutants 12
and 34 suggest that a nonspecific ssRNA-binding site is likely com-
posed of amino acids Lys-339, Lys-343, Lys-346, Arg-384, Lys-411,
His-453, Arg-134, Arg-140, and Gln-467 in the head domain of
CCHFV N protein (Fig. 2). We previously reported that the bind-
ing affinity between WT CCHFV N protein and panhandle is not
salt sensitive, suggesting that electrostatic interactions might have
a little role in the binding event (30). However, in contradiction the
point mutations in the stalk domain converting the two positively
charged amino acids His-195 and His-197 to alanine impacted the
binding. We hypothesize that although both enthalpy and entropy
driven components may contribute toward the thermodynamic
stability of the N protein-panhandle complex but the entropy
component may play a major role. Further experimentation is
needed to evaluate the binding energetics to clearly demonstrate
the role of electrostatic interaction (enthalpy) in the binding event.
However, point mutations in the stalk domain not only remove the
positively charged amino acids but also structurally alter the bind-
ing pocket thus dramatically impacting the binding with the RNA
substrate.

To determine whether specific interaction between CCHFV N
protein and vRNA panhandle occurs in cells, a reporter construct
(Fig. 3A) expressing GFP mRNA harboring 5� and 3� NCR
sequences of the CCHFV S-segment vRNA was constructed. The
formation of panhandle by the viral NCR sequences inhibited the
translation of GFP reporter mRNA in cells (Fig. 3B). Translation
suppression by the formation of panhandle was confirmed when
the deletion of 3� NCR sequence triggered GFP reporter expres-
sion in cells (Fig. 4B). Interestingly, co-expression of WT CCHFV
N protein facilitated the translation of GFP reporter mRNA, con-
firming the previously reported role of CCHFV N protein in
mRNA translation (29). Mutating the panhandle-binding site in
the stalk domain impacted the CCHFV N protein-mediated trans-
lation of GFP reporter mRNA (Fig. 3). Because the aim of this study
was to confirm the interaction between stalk domain and vRNA
panhandle, we did not focus on the mechanism by which N protein
facilitated the translation of GFP-reported mRNA (Fig. 3). How-

Figure 4. Deletion of the 3� NCR sequence inhibited the N protein-panhandle interaction in vivo. A, a cartoon showing the M1GFP plasmid in which GFP flanked
by the 5� NCR sequence of CCHFV S-segment vRNA was cloned between T7 promoter and HDV sequence. The mRNA expressed from T7 promoter will not form the
panhandle structure due to the deletion of 3� NCR sequence in the mRNA. B, BSRT7.5 cells were transfected with plasmids exactly as described in the legend to Fig. 3B,
except the pPanGFP plasmid in Fig. 3B was replaced with M1GFP plasmid in B. Cells were examined by fluorescence microscopy to monitor GFP expression (upper six
panels), as described in the legend to Fig. 3B. The experiment was repeated and the cells were stained with DAPI (lower six panels). C, cell lysates from B were tested by
Western blot analysis for the expression of proteins from transfected plasmids as described in the legend to Fig. 3C. D, cells from B were examined by FACS analysis and
the quantified GFP signal was plotted exactly as described in the legend to Fig. 3C. E, the cell lysates from B, containing equal amounts of GFP mRNA, were loaded on
Ni-NTA beads and total RNA was purified from the material eluted from washed beads. GFP mRNA was detected by PCR as described in the legend to Fig. 3E. F, GFP
mRNA levels in the cell lysates from B were quantified by real time PCR as described in the legend to Fig. 3F.
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ever, this reporter assay will indeed be of potential importance in
studying the translation control and identification of potential
inhibitors for the CCHFV N protein. The lysates co-expressing the
GFP reporter mRNA along with His-tagged WT N protein or stalk
domain or head domain were pulled down on Ni-NTA beads. This
experiment clearly demonstrated that the GFP reporter mRNA
co-purified with WT N protein and stalk domain, confirming the
stalk domain-panhandle interaction (Fig. 3, C–F). Single point
mutation in the stalk domain (N protein mut1) adversely effected
the N protein-panhandle interaction and two point mutations (N
protein mut2) dramatically inhibited the binding (Fig. 3E). Inter-
ruption in the panhandle formation by the deletion of 3� NCR
sequence (Fig. 4) or expression of GFP reporter mRNA harboring
the mutant panhandle (Fig. 5) abrogated the interaction between
stalk domain and panhandle, confirmed by the lack of co-purifica-
tion of the GFP reporter mRNA in the Ni-NTA pulldown assay
(Figs. 4 and 5).

We previously reported that N protein requires nine termi-
nal nucleotides from 5� and 3� ends of vRNA for high affinity
binding. Because these nucleotides are highly conserved in the
Nairovirus genus (Fig. 6), it was important to determine
whether CCHFV N protein could bind to the panhandles from
other viruses in the Nairovirus genus. An examination by filter-
binding analysis revealed that CCHFV N protein and its stalk
domain can bind to the vRNA panhandle of hazara virus,

another member of the Nairovirus genus in the Bunyaviridae
family. In contrast, the CCHFV N protein failed to bind the
vRNA panhandle of Andes hantavirus, another genus of the
Bunyaviridae family. This suggests that panhandle-N protein
interaction is genus-specific. Interestingly, the co-expression of
WT CCHFV N protein did not influence the hazara virus rep-
lication in cell culture, suggesting that CCHFV N protein might
replace the hazara virus N protein during virus replication.
However, unlike the stalk domain mutant deficient in panhan-
dle binding, the co-expression of stalk domain active in pan-
handle binding dramatically inhibited the hazara virus replica-
tion in cells (Fig. 8A). It is likely that the stalk domain of CCHFV
N protein competed with the WT hazara virus N protein for
panhandle binding and caused virus inhibition. On the other
hand, the stalk domain of CCHFV N protein did not influence
the hantavirus replication in cell culture (Fig. 8C), consistent
with significantly weak interaction between CCHFV stalk
domain and hantavirus panhandle (Fig. 7H). These observa-
tions clearly demonstrate that N protein-panhandle interaction
is specific to Nairovirus genus, and it plays a role in the Nairo-
virus replication by an unknown mechanism.

Although not shown in this article, it is likely that distinct
panhandle- and ssRNA-binding sites in the stalk and head
domains of CCHFV N protein might play a role in the transcrip-
tion initiation in conjunction of viral RdRp. Nairoviruses initi-

Figure 5. Randomization of 5� and 3� NCR sequences inhibited the N protein-panhandle interaction in vivo. A, cartoon showing RpanGFP plasmid
expressing a GFP reporter mRNA flanked by randomized sequences of 5� and 3� NCR of CCHFV S-segment vRNA. The mutations are shown in red. B, BSRT7.5
cells were transfected with plasmids and examined by fluorescence microscope, except the PanGFP plasmid in Fig. 3B was replaced with RpanGFP plasmid in
B. Upper and lower six panels show the GFP expression and DAPI staining, respectively. C, cell lysates from B were examined by Western blot analysis as described
in the legend to Fig. 3B. D, cells from B were examined by FACS as described in the legend to Fig. 3D. E, cell lysates from B (upper six panels), containing equal
amounts of GFP mRNA, were loaded on Ni-NTA beads and GFP mRNA eluted from washed beads was detected by PCR, as described in the legend to Fig. 3E. F,
GFP mRNA in cell lysates from B was quantified by real time PCR exactly as described in the legend to Fig. 3F.

Figure 6. Sequence alignments of 5� and 3� NCR sequences of Nairovirus S-segment vRNA. Thirty nucleotides from both 5� and 3� termini of S-segment
vRNA of 10 Nairoviruses were aligned. It is evident that the terminal nucleotides are highly conserved. The 30 nucleotides from both 5� and 3� termini of
S-segment vRNA, separated by a six-residue uracil loop, of hazara virus and CCHFV were folded by MFold. The folded panhandle structures are shown. The
S-segment vRNA panhandle of Andes hantavirus is also shown.
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ate transcription by a unique cap snatching mechanism during
which a short capped RNA fragment cleaved from the host cell
mRNA is used as primer to initiate transcription (31). The pan-
handle structure formed by the termini of vRNA genome has
been proposed to serve as promoter for the Bunyaviridae RdRp
(32). In addition, the CCHFV N protein has been reported to
interact with the RdRp (27, 28). Because N protein binds to both
the RdRp and the panhandle, it is possible that the panhandle-
binding site in the stalk domain of N protein might help in the
recruitment of RdRp on the promoter during transcription ini-
tiation. The ssRNA-binding site in the head domain might play
a role in the engagement of capped RNA primer at the tran-
scription initiation site. This is consistent with previous reports
suggesting that interaction of CCHFV N protein with short
ssRNA induces a conformational change that might expose the

encapsidated vRNA genome for transcription (19). Moreover,
the primary role of the N protein is to form ribonucleocapsids
in association with the vRNA and cRNA. It is possible the spe-
cific N protein-panhandle interaction might specifically recog-
nize vRNA and cRNA during the early stages of the encapsida-
tion process. The results presented in this article suggest that
the panhandle-binding site in the stalk domain might be a novel
target for therapeutic intervention of CCHFV disease.

Experimental procedures

Cells and transfection

HeLa and HEK293T cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum and penicillin-streptomycin (100 �g/ml) in a CO2 incu-

Figure 7. Binding of CCHFV N protein with other Bunyavirus panhandles. Binding profiles generated by filter-binding analysis for the association of WT
CCHFV N protein (A), head domain (C), and stalk domain (E) with the hazara virus S-segment panhandle, composed of 30 nucleotides from both 5� and 3�
termini of hazara virus S-segment vRNA separated by a six-residue uracil loop. The corresponding binding profiles with a 30-nucleotide long 5� NCR sequence
(ssRNA) of CCHFV S-segment vRNA are shown in B, D, and F, respectively. The binding profiles were generated as described under “Experimental procedures.”
The dissociation constants (Kd) calculated from each binding profile are shown in the corresponding panel. Binding profiles for the interaction of WT CCHFV N
protein and stalk domain with hantavirus S-segment panhandle are shown in G and H, respectively.
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bator. HUVEC were maintained in HUVEC growth medium
(Lonza EBM, CC-3121). TurboFect transfection reagent was
from Thermo Fisher Scientific. The rabbit anti-His tag anti-
body was from GenScript. The anti-rabbit secondary antibody
was from Fisher Scientific.

Plasmids

The plasmid expressing the CCHFV N protein from strain
10200 was a gift from Stuart T. Nichol (CDC, Atlanta, Georgia).
The N protein ORF was PCR amplified and cloned between
NdeI and XhoI restriction sites in pET30a backbone to generate
the plasmid pET-CCHFNP, as previously reported (29). The
regions encoding the head domain of CCHFV N protein (amino
acids 1–180 and amino acids 300 – 482) were amplified and
joined by overlapping PCR. The region encoding the stalk
domain of CCHFV N protein (amino acids 180 –300) was also
PCR amplified. The PCR products were gel purified and cloned
in pET30a vector between NdeI and XhoI restriction sites to
generate pEThead and pETstalk plasmids. The pEThead plas-
mid was modified by site-directed mutagenesis to convert three

positively charged amino acid residues Arg-339, Lys-343, and
Lys-346 into alanine. The resulting plasmid was referred as
pEThead-mutant12 plasmid. Similarly, pEThead plasmid was
modified to generate pEThead-mutant 34 in which Arg-134
and Arg-140 were replaced by alanine. The pETstalk plasmid
was also modified to generate pETstalk-mutant plasmid in
which His-195 and His-197 were converted to alanine. The WT
CCHFV NP, head domain, stalk domain, stalk domain mutant,
and head domain mutants 16 and 34 were PCR amplified from
their respective pET30a backbones, using appropriate primers,
and subcloned in pTriEX1.1 backbone for the expression in
mammalian cells. The resulting plasmids were referred as
pTriEx CCHFV NP, pTriExhead, pTriExstalk, pTriExstalk-mu-
tant, pTriExhead-mutant 16, and pTriEx head-mutant 34,
respectively. The pTriEx CCHFV NP plasmid was modified to
generate pTriEx CCHFV N protein mut1 and pTriEx CCHFV
N protein mut2 constructs in which His-195 and both His-195
and His-197, respectively, were converted to alanine. The pan-
GFP plasmid was constructed by PCR amplification of GFP
ORF using a forward primer flanked with 5� NCR sequence of

Figure 8. Effect of CCHFV N protein expression upon hazara virus replication. HEK293T cells seeded in six-well plates were transfected with empty
pTriEx1.1 plasmid, pTriEx-CCHFV-NP plasmid, pTriExhead plasmid, pTriExhead-mutant34 plasmid, pTriExstalk plasmid, pTriExstalk-mutant plasmid, pTriEx
CCHFV N protein mut1 plasmid, or pTriEx CCHFV N protein mut2 plasmid, followed by infection with hazara virus 12 h post-transfection at an m.o.i. of 1.0, as
described under “Experimental procedures.” Cells were harvested at increasing time points post-infection. Hazara virus replication was monitored by quan-
titative estimation of S-segment vRNA by real time PCR analysis (A). Western blot analysis was performed to examine the expression of C-terminally His-tagged
proteins expressed from transfected plasmids, using anti-His tag antibody (B). HUVEC cells in six-well plates were similarly transfected with empty pTriEx1.1
plasmid, pTriExhead plasmid, or pTriExstalk plasmid, followed by infection with Andes virus at an m.o.i. of 1.0. Andes virus replication was monitored by
quantification of S-segment vRNA by real time PCR (C). Expression of stalk and head domains was examined by Western blot analysis (D).
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CCHFV S-segment vRNA and a reverse primer flanked with 3�
NCR sequence of CCHFV S-segment vRNA. The resulting PCR
product was fused with HDV ribozyme sequence downstream
of the 3� NCR sequence, using overlapping PCR. The two re-
striction sites, BamHI and NotI, were incorporated in the final
PCR product through forward and reverse primers, respec-
tively. The final PCR product was cloned in PUC vector
between BamHI and NotI restriction sites, downstream of the
T7 promoter as shown in Fig. 3. The same strategy was used for
construction of the RpanGFP plasmid, except the mutations in
the 5� and 3� NCR sequences were incorporated through for-
ward and reverse primers, as shown in Fig. 5. Similarly, the
M1GFP plasmid was constructed, except the 3� NCR sequence
was not incorporated in the plasmid.

Expression and purification of proteins

The WT CCHFV N protein was purified as previously
reported (26, 29). The stalk domain, head domain, and their
respective mutants were expressed in Escherichia coli as C-ter-
minally His-tagged fusion proteins, and purified on Ni-NTA
beads using a native purification protocol according to the
manufacturer’s instructions. Briefly, E. coli Rosetta (DE3) cells
(Stratagene) were transformed with pEThead plasmid, pET-
head-mutant12 plasmid, pEThead-mutant 34 plasmid, pET-
stalk plasmid, or pETstalk-mutant plasmid. The colonies
expressing the protein of interest were grown in 500-ml cul-
tures at 37 °C until the OD at 600 nm reached 0.5. The protein
expression was induced by the addition of 0.5 mM isopropyl
�-D-1-thiogalactopyranoside to the bacterial culture. The cul-
tures were grown for an additional 20 h at 18 °C. Cells were
harvested by centrifugation and re-suspended in lysis buffer (50
mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM DTT, 0.5% Triton
X-100, 5 mM CHAPS, 0.1 mM phenylmethylsulfonyl fluoride).
The re-suspended cells were sonicated on ice and cleared by
centrifugation. The cleared cell lysates were loaded onto
Ni-NTA columns having a 5-ml bed volume (GOLDBIO), pre-
equilibrated with the TBS buffer (50 mM Tris, 150 mM NaCl, pH
7.4). The column was then washed with 50 ml of TBS buffer,
followed by additional washing with 100 ml of wash buffer (50
mM Tris, 500 mM NaCl, 0.05% Triton X-100, and 20 mM imid-
azole). The bound protein was finally eluted with the elution
buffer containing 250 mM imidazole. The protein in eluted frac-
tions was quantified and stored at �80 °C.

Filter-binding analysis

The panhandle or 5� NCR sequence (ssRNA) from the S-seg-
ment vRNA of either CCHFV or hazara virus was synthesized
by in vitro T7 transcription, as previously reported (26, 29, 33,
34). Briefly, a single strand DNA sequence harboring a 5� T7
promoter, followed by either panhandle or 5� NCR sequence
was synthesized by IDT. The DNA sequence along with two
opposing primers was used as template in a PCR to generate the
double strand DNA segment. The DNA segment was gel puri-
fied and used as template in an in vitro T7 transcription reac-
tion. The RNA was labeled with [�-32P]CTP during synthesis
and purified using Tri-Reagent (Ambion) followed by column
purification using an miRNAeasy kit (Invitrogen), as previously
reported (34). Interaction of bacterially expressed and purified

CCHFV N protein and its mutants with the RNA of interest was
studied by a filter-binding assay, as previously reported (35). All
binding reactions were carried out in RNA-binding buffer (40
mM Tris-HCl, pH 7.4, 80 mM NaCl, 20 mM KCl, 1 mM DTT) at a
constant concentration of RNA with increasing concentrations
of the protein. Reaction mixtures were incubated at room tem-
perature for 30 – 45 min and filtered through nitrocellulose
membranes under vacuum. Filters were washed with 10 ml of
RNA-binding buffer and dried. The amount of RNA retained
on the filter at each input concentration of the protein of inter-
est was measured by quantifying the radioactive signal, using a
scintillation counter. The binding profiles for the calculation of
dissociation constant (Kd), the concentration of the protein at
which 50% RNA was bound to the protein, were generated as
previously reported (26, 29, 33, 34). Briefly, each radioactive
signal was normalized by the mean saturated signal to calculate
the percentage of bound RNA at each input protein concentra-
tion. The percentage of bound RNA was plotted versus protein
concentration and the data points were fit to a binding profile
by GraphPad Prism 7.0 software using nonlinear regression
analysis based on a single-site binding model.

Biolayer interferometry

Biolayer interferometry was used to monitor the binding
affinities of the head domain, stalk domain, and their mutants
with panhandle and ssRNA using the BLItz system (ForteBio
Inc.), as previously reported (26, 29, 33). Briefly, biotin-labeled
panhandle or 5� NCR was synthesized and loaded onto high
precision streptavidin biosensors (catalogue number 18-5019,
Forte Bio Inc.), as previously reported (26, 29, 33). All reactions
were carried out at room temperature in RNA-binding buffer.
After mounting the RNA, the biosensors were equilibrated in
RNA-binding buffer and then dipped in the purified protein
solutions of interest at varying concentrations for the measure-
ment of association kinetics. The reaction cycles were as fol-
lows: initial baseline for 30 s, loading of biotinylated RNA on
streptavidin biosensors for 120 s, baseline for 30 s, association
of protein with the RNA for 300 s, followed by dissociation
phase of 500 s. The kinetic parameters Ka (association rate con-
stant), Kdis (dissociation rate constant), and the binding affini-
ties (Kd � Kdis/Ka) were calculated with the help of inbuilt data
analysis software (BLItZ Pro), as previously reported (26, 29,
33).

Andes and hazara virus propagation

All hantavirus experiments were carried out in a Bio-safety
level-3 (BSL3) laboratory following appropriate laboratory
guidelines. Hazara virus experiments were carried out in a BSL2
laboratory. Andes virus (provided by NIH) and hazara virus
(provided by Dr. Ksiazek from World Reference Center for
Emerging viruses and Arbaviruses-WRCEVA, UTMB Galves-
ton) were propagated in vero E6 cells by infecting confluent
monolayers of cells with the virus at an m.o.i. of 0.01. Andes
virus-infected cells were cultured for 13 days in viral growth
medium (DMEM/high glucose from Thermo Scientific, cata-
logue number SH30243.01, containing 2.5% fetal bovine
serum). Hazara virus-infected cells were cultured for 7 days in
the same viral growth medium. The viral growth medium con-
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taining budded virus particles was harvested, cleared by low
speed centrifugation, and stored in 1-ml aliquots at �80 °C in
DMEM containing 10% fetal bovine serum. Andes virus was
quantified as previously described (36). Hazara virus was quan-
tified by the estimation of S-segment vRNA using real time PCR
analysis.

Andes and hazara virus replication

HEK293T cells seeded in 6-well plates were transfected with
pTriEx CCHFV NP plasmid, pTriExhead plasmid, pTriExstalk
plasmid, pTriExstalk-mutant plasmid, pTriExhead-mutant 34
plasmid, pTriEx CCHFV N protein mut1, or pTriEx CCHFV N
protein mut2 plasmid, using Turbofect transfection reagent.
Twelve hours post-transfection cells were infected with hazara
virus at an m.o.i. of �1.0 for 1 h with brief shaking every 15 min.
The virus inoculum was removed and replaced with fresh
growth medium. Cells from well one were harvested 1 h post-
infection and referred as zero time point in Fig. 8. Cells in the
remaining wells were allowed to grow and harvested at increas-
ing time points post-infection. Cells were lysed and total RNA
was purified from half of the cell lysates using Tri-Reagent
(Ambion).

Virus replication was monitored by quantitative estimation
of viral S-segment RNA by real time PCR using a relative quan-
tification method and �-actin as internal control, as previously
reported (37). The remaining half of the lysate was used in
Western blot analysis to examine protein expression from
transfected plasmids. Replication of Andes virus was moni-
tored similarly, except HUVEC cells grown in HUVEC growth
medium (Lonza EBM, CC-3121) were transfected with either
pTriExhead plasmid or pTriExstalk plasmid. Virus replication
was monitored as mentioned above and discussed in detail in
Ref. 34.
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