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Abstract Crimean-Congo hemorrhagic fever virus
(CCHFV) is a deadly virus that has been listed in the
Category C as a potential bioterror agent. There are no
specific therapies against CCHFV, which urges identifica-
tion of potential therapeutic targets and development of
CCHFV therapies. CCHFV OTU protease takes an
important role in viral invasion through antagonizing NF-
kB signaling. Inhibition of CCHFV OTU protease by small
molecules warrants an exciting potential as antiviral ther-
apeutics. Here we report the expression and purification of
a C-His-tagged recombinant CCHFV OTU protease in
E. coli BL21 (DE3) host strain. Activity of the refolded
purified recombinant viral OTU protease has been vali-
dated with a UB-AMC fluorescent assay. In addition, we
show a dose-dependent inhibition of the viral OTU pro-
tease by two small molecules. This study provides a reli-
able approach for recombinant expression and purification
of CCHFV OTU protease, and demonstrates validation of
OTU protease activity and its inhibition based on a UB-
AMC florescent assay.
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Introduction

Crimean-Congo Hemorrhagic Fever Virus (CCHFV) is a
deadly tick-borne virus belonging to the genus Nairovirus
in the family of Bunyaviridae. The tick-borne properties of
the nairoviruses, and the large L segment existing in their
genome make them different from other members of the
Bunyaviridae viruses [1, 2]. Crimean-Congo Hemorrhagic
Fever (CCHF) constitutes a public health treat due to its
high mortality rate in hospitalized patients [1-10]. It has
been first reported in both the Crimea and Congo, since
then there have been outbreaks in different parts of the
world including Africa, Asia, and Eastern Europe [5, 9, 11—
14]. Due to the potential travel of CCHFV-infected ticks
with migratory birds, CCHF raises a concern regarding
general healthcare in the world [15-17].
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The diagnosis of CCHF mainly depends on a high fever
after a tick bite. The laboratory test for measurement of
thrombocytopenia, leukopenia, and a high level of serum AST
and ALT confirms the infection. Due to requirements of Bio-
safety Level 4, other molecular methods to diagnose CCHFV
cannot be performed in many countries. However, a reverse
transcription polymerase chain reaction method has been used
as a standard molecular method to diagnose of CCHFV [1].
Unfortunately, current treatments based on ribavirin are not
sufficient to treat CCHF disease and there is currently no
commercial vaccine available for CCHFV. CCHFV Conflict
of interesthas high viraemia, which is partly associated with its
invasion mechanism that shuts down the antiviral response
pathways with CCHFV ovarian tumor (OTU) protease.
CCHFV OTU protease demonstrates broad deconjugation
activities including deubiquitination [1, 18, 19].

The CCHFV OTU domain is part of the L segment. It takes
a role in invasion of cells through antagonizing NF-kB sig-
naling [1, 20]. Viral OTU differs from mammalian counter-
parts by its broad deubiquitination and removal of ISG15
modification in the infected cells [1, 3,5, 7,9, 10]. The crystal
structure of viral OTU protease has been resolved along with
ubiquitin (UB) and ISGI1S5 proteins providing a structural
approach to determine a pharmaceutical target site [2, 40, 8,
21, 22]. In addition, we have recently determined the inhi-
bition pocket of CCHFV OTU protease (unpublished data).
Moreover, mutation studies in several amino acids in close
proximity to this pocket and the interaction of UB and ISG15
with the viral OTU protein as determined by crystallography
studies provided further proof that the this inhibition pocket
could be a pharmaceutical target for CCHFV OTU inhibitors
[1, 11-14]. These studies provided us tools to uncover potent
inhibitors of CCHFV OTU using computational chemistry.

There is an urgent need to develop small molecule
inhibitors of CCHFV OTU. A couple of preliminary
studies reported in the PubChem database provide com-
pounds having potential inhibition of OTU protease.
However, a reliable approach to determine antivirals tar-
geting CCHFV OTU protease was needed. This study
reports the expression and purification of a C-His-tagged
recombinant CCHFV OTU protease in bacteria, followed
by purification and validation of OTU protease activity
using a UB-AMC fluorescent assay. In addition, we show
the inhibition of CCHFV OTU protease by two potent
inhibitors.

Materials and methods

Materials

E. coli DH50 was used as the host-vector system for
miniprep and midiprep studies. E. coli BL21 (DE3) and

OrigamiTM (DE3) strains were from Novagen and were
used as the hosts for protein expression. pET-26b(4)
plasmid was used to construct the expression vector. The
restriction enzymes Ncol and Ndel were obtained from
NEB Biosciences. The In-Fusion Cloning system, which
also includes gel purification system and Stellar Competent
cells, was purchased from Clontech. Primers and gene
fragments used in this study were purchased from Inte-
grated DNA Technologies (IDT). HisTrap HP (17-5248-
01) was purchased from GE Healthcare and is used for Ni-
Based column purification of His-Tagged protein. Ubiqui-
tin-AMC (U-550) and AMC (B-200) were purchased from
Boston Biochem, USA. Phenanthrenequinone was pur-
chased from Sigma-Aldrich (275034). Homidium bromide
was purchased from Invitrogen, USA.

Construction of bacterial expression vector

Recombinant CCHFV OTU protein was codon optimized for
expression in E. Coli_K12 using OPTIMIZER (http://gen
omes.urv.es/OPTIMIZER/) [1, 20, 23]. The nucleotide
sequence of the CCHFV OTU domain in this study is from a
Turkey strain of CCHFV L segment (GenBank:
DQ211623.1). Codon-optimized Recombinant OTU
nucleotide sequence with C terminus His Tag was synthe-
sized as two gBlocks® Gene Fragments (IDT, USA) and
cloned into pET-26b(+4) Vector (Cat#69862-3, Novagen)
using the In-Fusion® HD cloning system (Cat#639645,
Clontech) according to the manufacturer’s recommendations.
Shortly, we have linearized the pET26b(+) vector with Ncol
and Ndel restriction enzymes (NEB England Biolabs) over-
night and followed by gel purification provided in the In-
Fusion® HD cloning system. We obtained two gBlocks from
IDT (USA), which had homology sites for both ends (Sup-
plementary Fig. 1). IDT geneblock stocks were 200 ng total,
which were dissolved in 20 pL of TE buffer (10 mM Tris,
0.1 mM EDTA, pH 7.5). 2 pL of In-Fusion Enzyme Premix,
2 uL Linearized Vector (50-200 ng), 2.5 pL gene fragment
1, and 2.5 pL gene fragment 2 were mixed and incubated at
50 °C for 15 min, and then placed on ice. 5 pL of In-Fusion
cloning reaction was transformed into Stellar competent
E. Coli cells provided in the In-Fusion® HD cloning system
and later colonies were screened with Ndel and Ncol diges-
tion. pET-26b-CCHFV OTU vector sequence was verified by
following primers: pET26b-F-seq 5'-AGATCTCGATCCC
GCGAAAT-3' and pET26b-R-seq 5'-GCCAACTCAGCTT
CCTTTCG-3'.

Recombinant viral OTU protease expression
in E. coli

BL21 (DE) and OrigamiTM (DE3) competent cells were
used for testing expression of the OTU protein. Following
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transformation of pET-26b-CCHFV OTU and induction at
OD = 0.6 with | mM IPTG, samples were incubated at 25
and 37 °C overnight and OTU expression was studied by
SDS-Page the following day. Western blot analysis using
an Anti-His Tag antibody (Pierce) was used to confirm the
expression of the OTU protease.

Purification of viral OTU protease

We used BL21 (DE) strain of E. coli due to its high growth
kinetics for large-scale viral OTU protease purification.
Shortly, bacterial samples following IPTG induction at
25 °C were lysed in solubilization buffer (8 M Urea,
20 mM Tris—HCL pH 8.0) by sonication for 5 min and
cleared by spinning down to remove the debris and fol-
lowed by filtering the supernatant with 0.45 pm filters. His-
Tagged Recombinant CCHFV OTU protease was purified
using HisTrap HP Columns (1 mL GE Healthcare) fol-
lowing the manufacturer’s recommendations using the
AKTA pure protein purification system. We have used
buffer containing 8 M Urea, 500 mM NaCl, 50 mM
Phosphate Buffer, 20 mM Imidazole, 14.1 uM 2-Mercap-
toethanol as Wash/Equilibrium/Binding Buffer, and buffer
containing 8 M Urea 500 mM NaCl, 50 mM Phosphate
Buffer, 500 mM Imidazole, 14.1 uM 2-Mercaptoethanol as
elution buffer. We collected samples at various stages of
the purification and run on the SDS-PAGE to determine the
purity of the purified protein. BSA was used as a molecular
weight marker to estimate the amount of the loaded pro-
tein. We later exchanged the buffer of purified viral OTU
protein with PBS using spin desalting columns and stored
in PBS buffer at —20 °C.

Mass spec analysis

HisTrap HP Column-purified OTU samples were run on an
SDS-PAGE gel, and the corresponding band of protein was
excised and submitted to the Mass Spec facility, Houston
for analysis.

Binding affinity calculation

3D SDF files of homidium (CID_3624) and phenan-
threnequinone (CID_6763) used in this study were down-
loaded from the PubChem database [15-17, 24, 25].
Docking studies were performed using AutoDock Vina
1.1.2 [1, 18, 19, 26] and automated using PaDEL-ADV [1,
20, 27, 28]. Docking and binding affinity calculations were
performed with a 22-20-20 A search space centered on the
pocket of the UB-OTU interaction. OTU-ligand diagrams
were prepared using the AutoDockTools program (MGL
Tools, The Scripps Research Institute).
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Viral OTU domain of CCHFV L
CCHFV OTU Protease segment with C terminus 6X His Tag
Aminoacids 197 aa
Molecular Mass 21.7 kDa
Theoretical pl (ExPASy pl) 5.34
Signal Peptide No
Transmembrane domain No
GPI anchor (GPI Lipid Anchor
Project) No
Predicted Glycosylation sites 5N, 9T, 23N, 51N, 56S, 84S, 101T, 114T,
(GlycoPred) 119T, 139T, 169S, 181T, 182S, 184S
Predicted disulfide bonds
(DIANNA 1.1) No (Number of Cysteine: 1)

Fig. 1 Viral OTU protease protein overview

A SDS-PAGE Image
CCHFV OTU-pET26b
Protein 250C 250C 379C  37°C
Ladder Control IPTG Control IPTG

B Western Blot anti-HIS(6X) Tag
CCHFV OTU-pET26b
250C  250C 37°C 379C
Control IPTG Control IPTG
Anti-His(6X)

Tag Ab

Fig. 2 Expression of recombinant CCHFV OTU protease. a Follow-
ing transformation into BL21 (DE) cells, protein expression is
induced via introduction of 1 mM IPTG at 25 and 37 °C. SDS-PAGE
shows induction of CCHFV OTU at various temperatures. Expected
size of His-Tagged viral OTU protein is 21.7 kDa. b Western blot
analysis of induced (1 mM IPTG) and uninduced control samples
(with some leaky expression) confirms expression of recombinant
His-Tagged OTU protein
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Fig. 3 Purification of C-His- A
Tagged OTU. a Representative

FPLC plot of His-Tagged OTU

protein purification method as
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Fluorometric assay

Protease activity of the recombinant CCHFV OTU
domain was tested using a UB-aminomethylcoumarin
(AMC) system (U-550 and B-200, Boston Biochem,
USA). Varying concentrations of viral OTU protease
(6.25-400 nM) were incubated with different UB-AMC
concentrations (100, 10, 1 nM) at 25 °C incubator. Buffer
containing 10 mM HEPES, 100 mM NaCl, and 2.5 mM
DTT (pH 7.5) was used as the reaction buffer as descri-
bed previously with modifications [5]. Viral OTU pro-
tease activity (AMC fluorescence) was measured using a
Synergy Neo HTS Multi-Mode Microplate Reader

Flow Wash Fraction Fraction Fraction Fraction BSA
#1 #2 #3 #4 0.5mg/ml

(Biotek) at an excitation of 360 nm and emission at
460 nm. Inhibition of CCHFV OTU by homidium

(CID_3624) and phenanthrenequinone (CID_6763)
(275034, Sigma-Aldrich, USA) was tested at the indicated
concentrations (Fig. 8). Instead of homidium, we used
homidium bromide (Invitrogen, USA).

Statistical analysis
Statistical analyses were performed using the Student‘s

t test. p values < 0.05 were considered statistically
significant.
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Fig. 4 Mass spec analysis of recombinant CCHFV OTU protease. Verified amino acids are shown in orange and underlined

A Fluorometric OTU Protease

B AMC Standard Curve

Activity Assay )
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Fig. 5 In vitro UB-deconjugation activities of Viral OTU Protein.
a schematic of fluorometric OTU protease activity assay. b AMC
standard curve of fluorometric assay. ¢ Left Time-dependent activity
of viral OTU protease with 100 nM UB-AMC substrate and 1.25 nM
viral OTU protease. Right Activity of viral OTU protease with

Resultss

Expression and purification of recombinant CCHFV
OTU protease

We have cloned recombinant CCHFV OTU protease into
a bacterial expression plasmid to study its in vitro
activities and the inhibitory efficacy of two small mole-
cules. In order to achieve a high degree of expression in
bacterial settings, the OTU nucleotide sequence has been
optimized to bacterial codon preference using OPTIMI-
ZER (Supplementary Table 1). We have included His
Tag at the C terminus of optimized recombinant OTU
Protease (Fig. 1) and cloned into pET-26b vector using
the In-Fusion cloning system with two fragments

@ Springer

100 nM UB-AMC substrate and 1.25 nM viral OTU protease in vitro
post 60 min versus ¢t = 0. Note that OTU Fluorometric assay setup
shows high levels of signal to noise ratio even at very low viral OTU
protease concentration. p < 0.05, n = 3

containing homology sequences (Supplementary Fig. 1).
We have tested pET-26b-OTU plasmid in Origami and
BL21 (DE) strains of bacteria. Analysis of different
temperatures showed that recombinant CCHFV OTU
protease could be expressed both at 25 and 37 °C fol-
lowing 1 mM IPTG induction (Fig. 2a). Expression of
OTU protein is also confirmed by western blotting using
anti-his antibody (Fig. 2b). We found that BL21 (DE)
strain provided better growth kinetics and expression
levels. Thus, BL21 was used for the rest of the OTU
expression and purification studies. Using HisTrap HP
columns, we performed CCHFV OTU protease purifica-
tion in an AKTA Pure FPLC system (Fig. 3a). Samples
from the elution step were divided into fractions. Frac-
tion 2 provided the highest levels of purified CCHFV
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Fig. 6 Optimum viral OTU protease and substrate content. a Opti-
mum OTU concentration and Vo is determined at constant UB-AMC
substrate (0.1 puM) at ambient temperature and various OTU

OTU protease (Fig. 3b). Moreover, we have confirmed
the OTU protein sequence by Mass Spec analysis of
purified OTU samples (Fig. 4).

In vitro UB-deconjugation activities of recombinant
CCHFYV OTU protein

We have used a fluorometric OTU protease activity assay
to study activity of purified recombinant OTU protease
(Fig. 5a). This assay uses UB protein attached with a
fluorophore known as AMC, which is fluorescent only
when it is cleaved from UB. Figure 5b shows the standard
curve using the AMC fluorophore. When we incubate
CCHFV OTU protease at 80 nM concentration along with
100 nM UB-AMC, we found that CCHFV OTU was
functionally active and thus deconjugates UB-AMC
(Fig. 5¢). In addition, it was enough to cleave 100 nM
UB-AMC with as low as 6.25 nM CCHFV OTU protease
at 25° (Fig. 6a). Moreover, we have determined the
CCHFV OTU protease substrate kinetics using varying
UB-AMC concentrations ranging from 1, 10 and 100 nM
(Fig. 6b). Further studies were carried out using 6.25 nM
OTU and 100 nM UB-AMC to get the best signals during
inhibition assays.

concentrations. b Substrate kinetics are determined at constant
CCHFV OTU amount (6.25 nM) with varying UB-AMC concentra-
tions (100, 10, and 1 nM) with indicated time points. n = 3

In vitro inhibition of CCHFV OTU protease

We have performed molecular docking using Autodock Vina
and CCHFV OTU protease inhibition assays of readily
available compounds such as CID_3624 (homidium), and
CID_6763 (Phenanthrenequinone). We have determined
that homidium and phenanthrenequinone preferentially bind
to the pocket of the OTU-UB interaction with predicted
binding affinities of —6.5 and —6.3 kcal/mol, respectively
(Fig. 7). In vitro inhibition assays on CCHFV OTU protease
with CID_77186, and CID_3624 demonstrates a dose-de-
pendent inhibition with homidium and phenanthrenequinone
(Fig. 8 and supplementary Fig. 2). Ribavirin, a known
antiviral that specifically targets RNA-dependent RNA
polymerase, is used as a negative control in CCHFV fluo-
rometric protease assays and does not inhibit the viral OTU
protease.

Discussion
This study provides a cost-effective and time-saving pro-

cess for expression, purification, and assessment of inhi-
bitors of CCHFV OTU protease. In addition, we have
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Fig. 7 Molecular docking of small molecules OTU protease activity
pocket. We have performed a virtual screen and found that homidium
(CID_3624) and phenanthrenequinone (CID_6763) have predicted
binding affinity of —6.5 and —6.3 kcal/mol towards protease activity
pocket, respectively. Top 3D structures of the small molecules.
Bottom Maximum binding affinity poses of the small molecules in
viral OTU protease activity pocket
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Fig. 8 In vitro inhibition of CCHFV OTU protease activity. Homid-
ium (CID_3624) and phenanthrenequinone (CID_6763) show dose-
dependent inhibition of CCHFV OTU Protease. Ribavirin is used as
negative control in CCHFV OTU fluorometric protease assay. n = 3

tested two potential viral OTU inhibitors that could be used
in further evaluations for treatment of CCHFV infections.
Especially, inhibition of viral OTU protease in vitro by the
compound phenanthrenequinone demonstrates the possi-
bility of CCHFV specific therapeutics.
Phenanthrenequinone, also known as 9,10-phenan-
threnequinone, leads to increased proliferation of human
A549 cells at 5 uM concentrations without any obvious cell
death, and this is largely found to be associated with a burst of
reactive oxygen species (ROS) [29]. Increased ROS levels
are largely associated with the AKR1B10 enzyme involved

@ Springer

in the phenanthrenequinone redox-cycle, thereby causing
ROS production [29]. On the other hand, phenan-
threnequinone could cause apoptosis when cells are exposed
to high levels (>50 pM). We have shown that 50 % inhibi-
tion of viral OTU by phenanthrenequinone occurs at con-
centrations lower than 0.2 uM (Fig. 8). Viral OTU is part of
a group of proteases with deubiquitinase function. Studies
indicate that increased levels of ROS could inactivate deu-
biquitinases through oxidation of a catalytic cysteine residue
[30]. Thus, treatment of CCHFV-infected cells with
phenanthrenequinone could provide both inhibition of viral
OTU through contact inhibition as well as oxidation of cat-
alytic cysteines through a burst of ROS.

Bergeron et al. showed that deletion of viral OTU protease
in L segment of CCHFYV still results in a comparable RdRp
activity indicating that viral OTU protease does not signifi-
cantly regulate RdRp activity [31]. Viral OTU protease is
located in the L segment of CCHFV genome and provides an
invasive advantage through antagonizing NF-xB pathway,
which prevents the innate immune system response. In
addition, viral OTU domain in nairobi sheep disease virus
RdRp L segment shows an antagonistic effect on the
induction of interferon proteins and innate immune system
through reduction of host protein ubiquitinations [7].
Accumulating evidence indicated that viral OTU protease
involves in the interference of host innate immune system;
thus, inhibition strategies for viral OTU protease could be
used against CCHFV infections. Thus, fluorescent CCHFV
OTU protease assay provides a basis for the screening of
CCHFV OTU inhibitors that might have antiviral activity
against CCHFV. Furthermore, small molecule inhibitors of
viral OTU protease may serve not only for the development
of treatments for CCHFV infection but also could be applied
to other CCHFV-related viruses and intracellular parasites
that uses homologs of OTU protease in cellular invasion.
This study could be extended to evaluate biological activity
of identified compounds in BSL4 facilities on CCHFV itself
and animal models of CCHF disease that would help in
designing compounds with higher potency and lower toxic-
ity and development of CCHF therapeutics.
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