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ARTICLE INFO ABSTRACT

Keywords: Zika virus (ZIKV) continues to pose a significant global public health threat, with recurring regional outbreaks
Zika virus and potential for pandemic spread. Despite often being asymptomatic, ZIKV infections can have severe conse-
HTS

quences, including neurological disorders and congenital abnormalities. Unfortunately, there are currently no
approved vaccines or antiviral drugs for the prevention or treatment of ZIKV. One promising target for drug
development is the ZIKV NS2B-NS3 protease due to its crucial role in the virus life cycle. In this study, we
established a cell-based ZIKV protease inhibition assay designed for high-throughput screening (HTS). Our assay
relies on the ZIKV protease’s ability to cleave a cyclised firefly luciferase fused to a natural cleavage sequence
between NS2B and NS3 protease within living cells. We evaluated the performance of our assay in HTS setting
using the pharmacologic controls (JNJ-40418677 and MK-591) and by screening a Library of Pharmacologically
Active Compounds (LOPAC). The results confirmed the feasibility of our assay for compound library screening to
identify potential ZIKV protease inhibitors.

Cell-based assay
Protease inhibitors

1. Introduction for efficacious antiviral therapies and vaccines to tackle the virus and

mitigate the burden of ZIKV-associated diseases [3].

Zika virus (ZIKV) is an enveloped, positive-sense single-stranded
RNA virus, predominantly transmitted by mosquitoes from genus Aedes.
ZIKV infections present a wide range of clinical symptoms, from mild
fever, rash, and muscle or joint pain in some individuals, to more severe
neurological complications, such as microcephaly in newborns [1] and
Guillain-Barré syndrome in adults [2]. In recent decades, ZIKV infection
rates have increased, with endemic mosquito-borne transmission
observed in tropical and subtropical regions spanning over eighty
countries. The 2015 outbreak in Brazil, which subsequently led to
widespread infections across South and Central America as well as other
regions, propelled ZIKV into the global spotlight. The rapid dissemina-
tion of ZIKV and its deleterious outcomes underscore the pressing need
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The ~10 kb ZIKV genome consists of an open reading frame
encoding a single-chain polyprotein precursor which undergoes pro-
teolytic processing of its polyprotein precursor, which comprises ten
distinct viral proteins. Three proteins (envelope (E), membrane (M), and
capsid (C)] are structural proteins which form viral particles. The
remaining seven are non-structural (NS) proteins (NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5) which are essential for processing, repli-
cation, and assembly of new virions. The proteolytic processing takes
place at the endoplasmic reticulum (ER) membrane and is primarily
catalysed by the heterodimeric NS2B-NS3 protease. NS3 protease
(NS3pyo) is a serine protease located at the N-terminal part of NS3 (~69
kDa), which also contains a C-terminal superfamily 2 helicase domain.
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NS2B is a small ER integral membrane protein of ~14 kDa that functions
as an NS3p,, cofactor [4].

Due to its essential function in ZIKV replication cycle, the NS2B-NS3
protease complex has been presented as an attractive drug target [5]. To
date, numerous ZIKV protease inhibitor candidates have been identified,
but none have progressed to clinical use due to suboptimal pharmaco-
kinetic properties or insufficient cellular activity [6,7]. Therefore, ef-
forts must continue to identify potent ZIKV protease inhibitors suitable
for clinical use. High-throughput screening (HTS) has been used to
rapidly identify hit compounds for many viral targets [8-12]. When
targeting ZIKV protease, it is crucial to generate an HTS assay that en-
ables prompt measurement of ZIKV protease activity, ideally in its native
form, to assess the effectiveness of potential inhibitors. However, the
membrane-associated nature of ZIKV NS2B-NS3p,, precludes its
expression and purification in a native and active form under
detergent-free conditions. The current in vitro protease assays employ
NS2B-NS3;;, constructs lacking the transmembrane regions of NS2B,
potentially deviating from the native conditions of the NS2B-NS3p,,
complex. Therefore, to overcome some of these limitations, here we
present a bioluminescent cell-based protease assay that utilises ZIKV
NS2B-NS3p;, to cleave a cyclically permuted firefly luciferase encoding
the NS2B-NS3 cleavage site. Our findings indicate that co-expression of
ZIKV NS2B-NS3p,, with a cleavage-activated luciferase substrate en-
ables the endpoint assessment of ZIKV protease activity in living cells.
Additionally, we showcase its suitability as a tool for HTS campaigns to
assess potential ZIKV protease inhibitors.

2. Materials and methods
2.1. Cells, reagents, and compound library

Human embryonic kidney 293T cell line was grown in DMEM (with
High Glucose/ GlutaMAX™/ Sodium Pyruvate/Phenol Red; Gibco
10,569,010) supplemented with 10 % foetal bovine serum (FBS; Gibco
10,437,028) and penicillin/streptomycin (Gibco 15,140,122) at 37 °C in
a humidified 5 % CO» incubator. Transient transfections were performed
with either Lipofectamine 3000 (Invitrogen) or PEI MAX (Polysciences,
Warrington, PA, USA) according to the manufacturer’s instructions.
JNJ-40,418,677 compound was purchased from Cayman Chemicals
(Ann Arbor, MI, USA). MK-591 compound was from MedChemExpress
(Monmouth Junction, NJ, USA). JNJ-40,418,677 and MK-591 were
dissolved in DMSO at 100 mM and 29 mM, respectively. Macrocyclic
peptide MI-2110 [13] was provided by Dr. Torsten Steinmetzer (Phillips
University Marburg, Germany) at 100 mM in distilled water. The Library
of Pharmacologically Active Compounds (LOPAC®'28%), a collection of
1280 drugs or drug-like compounds with known mechanisms-of-action,
was purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cloning and mutagenesis

ZIKV NS2B-NS3 polyprotein sequence (GenBank accession number:
AEN75265.1; residues: S1367-R2113) fused to a C-terminal FLAG tag
was purchased from Twist Bioscience as a synthetic human codon-
optimised ¢cDNA sequence and cloned under the CMV promoter of
pTwist CMV_BG_WPRE_BSD-mScarlet expression vector. Truncated al-
leles of the NS2B-NS3 polyprotein were produced by PCR-mediated
deletion mutagenesis. The S135A catalytically deficient alleles were
generated by site-directed mutagenesis PCR, substituting the S135 res-
idue from NS3p;, catalytic triad with an Ala-residue. All plasmids were
confirmed by DNA sequencing. The cycLuc_ZIKV-NS2B plasmid was
generated by BamHI-linearisation of cycLuc_TEVS plasmid, a gift from
Dr. Roman Jerala (RRID: Addgene 119,207) [14] and subsequent
ligation-independent cloning (LIC) of pre-annealed DNA oligonucleo-
tides coding for the NS2B substrate peptide. The dual luciferase
dual_cycLuc_ZIKV-NS2B plasmid was constructed by substituting the
NeoR ORF from cycLuc ZIKV-NS2B plasmid with a 2327-bp
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PCR-amplified DNA fragment from pGL4.82[hRluc/Puro] (Promega)
comprising the hRluc and PuroR ORFs. Sequences and detailed de-
scriptions of the plasmid constructs are shown in Supplementary Data
1-5.

2.3. Immunoblotting

293T cells seeded in 24-well plates were co-transfected with 250 ng
dual_cycLuc_ZIKV-NS2B construct and 10 - 40 ng NS2B-NS3 ZIKV pro-
tease expression plasmid to initially probe the overexpression levels
ZIKV protease variants. In another set of experiments, 293T cells were
co-transfected with the dual_cycLuc_ZIKV-NS2B reporter and 5 ng GFP-
FLAG (mock) or 20 ng of four different ZIKV protease constructs as well
as their respective S135A alleles which have no apparent protease ac-
tivity. Transfections were equalised to 500 ng per well with an empty
pTwist CMV_BG_WPRE_BSD-mScarlet plasmid. Proteins (4.5 % v/v)
derived from a 4-pl aliquot of whole-cell protein lysates utilized in the
dual_cycLuc_ZIKV-NS2B assay were separated on a 4-12 % gradient
NuPAGE Bis-Tris gel. Subsequently, proteins were electroblotted (30 V,
60 min) onto a 0.2 ym PVDF membrane. The proteins bound to the
membrane were detected by immunoblotting using an HRP-conjugated
anti-FLAG M2 monoclonal antibody (Sigma-Aldrich). Antibody binding
was visualised using WesternBright enhanced chemiluminescence HRP
substrate (Advansta, San Jose, CA, USA) and detected by a CCD camera
imager (ChemiDoc MP, Bio-Rad, Hercules, CA, USA).

2.4. Adaptation of cycLuc_ZIKV-NS2B reporter to 96-well plate format

293T cells seeded in 24-well plates were co-transfected with 250 ng
dual_cycLuc_ZIKV-NS2B and 10 ng construct A (NS2B;_1,,—-NS3g) or C
(NS2B46-13,—NS3p;,) plasmids (Fig. 1). These cells were designated as
high luminescence cells (“high”). Alongside, another set of 293T cells
designated as low luminescence cells (“low”) were co-transfected with
250 ng  dual_cycLuc ZIKV-NS2B  and 10 ng empty
pTwist CMV_BG_WPRE_BSD-mScarlet plasmids. On the following day,
transfected cells were harvested and seeded at 30,000 cells per well (100
uL) into Corning 96-well white opaque, clear bottom plates. The plates
were subsequently incubated for 24 h in a humidified 5 % CO32
incubator.

A cycLuc_ZIKV-NS2B reporter protease inhibition assay was done by
seeding the transfected 293T cells (30,000 cells, 50 pL) into Corning 96-
well white opaque, clear bottom plates containing 50 pL serially diluted
compounds (40 nM to 20 uM final concentration) or 0.5 % DMSO. The
plates were briefly shaken and incubated for 24 h in a humidified 5 %
CO5, incubator.

Luciferase activities were detected using Dual-Glo Luciferase assay
system (Promega, Madison, WI; E2940). Briefly, the plates were equil-
ibrated to room temperature (RT) for 30 min. Dual-Glo Luciferase re-
agent was added at 50 uL per well. After 10 min incubation at RT, firefly
luciferase (cycLuc) activities were measured using a Synergy H1
microplate reader (BioTek Instruments, VT, USA). Renilla luciferase
(Rluc) activity were subsequently measured following addition of Dual-
Glo Stop & Glo reagent at 50 pL per well and a 10-min incubation at RT.

2.5. Cell viability assay

293T cells in Corning 96-well clear plates were treated with 40 nM to
20 pM compounds or 0.5 % DMSO as a control. Following a 24-h incu-
bation in a humidified incubator (37 °C, 5 % COg), 10 pL cell counting
kit-8 (CCK-8, MedChemExpress) solution was added into each well. The
plates were incubated for 2 h before measuring the endpoint absorbance
at 450 nm using a Synergy H1 microplate reader (BioTek Instruments,
Winooski, VT, USA).
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Fig. 1. Design and characterisation of cycLuc_ZIKV-NS2B reporters and ZIKV protease constructs.

A. Schematic representation of the expression and activation of the cyclised circularly permuted firefly luciferase (cycLuc_ZIKV-NS2B) reporter. B. Schematic
representation of NS2B-NS3 constructs generated in this study. C. Activation of cycLuc_ZIKV-NS2B reporters by recombinant ZIKV protease. Various cycLuc reporters
were co-expressed with either wild-type or S135A alleles of NS2B;_;30—NS3p,,. Data are representative of two independent experiments performed in a technical
singlicate. D. Dual_cycLuc_ZIKV-NS2B reporter assay for various ZIKV protease constructs. 293T cells were transfected with 10 - 40 ng plasmid DNA of four different
ZIKV protease constructs. Normalised cycLuc activity is shown. Expression levels of various ZIKV protease constructs were probed using Western blot analysis using
an anti-FLAG M2 antibody. Filled triangles represent the expected size of each overexpressed ZIKV protease variant. Data are representative of three independent
experiments performed in a technical singlicate. E. Dual_cycLuc_ZIKV-NS2B reporter assay for various ZIKV protease constructs. 293T cells were co-transfected with
the dual_cycLuc_ZIKV-NS2B reporter, 5 ng GFP-FLAG, and 20 ng of four different ZIKV protease constructs. The S135A alleles of respective ZIKV proteases were used
as a negative control for protease activity. Normalised cycLuc activity is presented. Expression levels of various ZIKV protease constructs were probed through
Western blot analysis using an anti-FLAG M2 antibody. Filled triangles represent the expected size of each overexpressed ZIKV protease variant. Co-transfected GFP-
FLAG (open arrow) served as an internal loading control. Data are representative of three independent experiments performed in a technical singlicate.
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2.6. Protein expression and purification

Two ZIKV protease constructs [i.e. NS2B cofactor linked with a
flexible glycine linker to NS3p, (gZiPro) and a bivalent construct NS2B
cofactor/NS3p,, (bZiPro)], were expressed and purified as previously
described with modifications [15]. Briefly, individual construct was
transformed into E. coli BL21 (DE3) competent cells. The cells were
grown in LB broth until the optical density (OD) at 600 nm reached 0.8.
Protein expression was induced overnight by addition of 1 mM
B-d-1-thiogalactopyronoside at 18 °C. The cells were harvested by
centrifugation at 4000 rpm at 4 °C for 30 min. Thereafter, the cells were
re-suspended in lysis buffer containing 20 mM HEPES pH 8.0, 500 mM
NaCl, 20 mM imidazole, 5 % glycerol, and 2 mM p-mercaptoethanol and
passed through GEA Lab Homogenizer PandaPLUS 2000 at 1000 bar
(GEA, Germany). The soluble fraction was obtained by centrifugation at
40,000 rpm for 1 h using Ti45 rotor and ultracentrifuge Optima
XPN-100 (Beckman Coulter, Brea, CA, USA). Upon soluble fraction
loading into a HisTrap HP column (Cytiva, Marlborough, MA, USA), the
column was washed with lysis buffer supplemented with 50 mM imid-
azole. The protein was eluted using elution buffer (20 mM HEPES pH
8.0, 500 mM NacCl, 300 mM imidazole, 5 % glycerol, and 2 mM p-mer-
captoethanol). The protein was further purified by size exclusion chro-
matography using a HiLoad 16/600 Superdex 75 pg column (Cytiva).
Eluted protein in fractions were pooled, concentrated, and stored at —80
°C in protein storage buffer containing 20 mM HEPES pH 7.5, 150 mM
NaCl, 5 % glycerol, and 2 mM DTT.

2.7. Biochemical protease inhibition assay

Protease activity inhibition by JNJ-40,418,677, MK-591, and MI-
2110 was determined in the presence of fluorogenic substrate Bz-Nle-
KRR-AMC (Cayman Chemicals). The compounds were serially diluted
from 1 mM in an assay buffer (20 mM Tris—HCI pH 8.5, 10 % glycerol,
0.01 % Triton X-100) and 5 pL of each compound concentration was
dispensed into wells of a Corning 96-well half-area black plate. The
protease (40 pL of 6.25 nM in assay buffer) was subsequently dispensed
into each well. The mixture was incubated for 1 h at RT. Subsequently,
fluorescence signals from the cleaved substrate were measured upon
addition of protease substrate (5 pL, final concentration 10 uM) into the
protease-compound mixture using a filter having excitation/emission
wavelengths of 340 nm/460 nm at 37 °C at 45 s interval for 30 min in a
Synergy H1 microplate reader (BioTek Instruments).

2.8. Bulk transient transfection

Several batches of bulk transfected cells were prepared to ensure
consistency across the HTS campaign. The following DNA constructs
were sent to Aldevron, USA for scale-up: dual_cycLuc_ZIKV- NS2B
plasmids, empty pTwist CMV_BG_WPRE_BSD-mScarlet plasmid, and
NS2B46_130—NS3 ZIKV protease expression plasmid. 293T cells were
seeded at 9 x 107 cells in 5-Layer Cell Culture flasks (CellPro™). After
24 h incubation at 37 °C with 5 % CO,, each flask of cells was co-
transfected with 115.13 pg of dual_cycLuc_ZIKV-NS2B and 4.61 pg of
NS2B46_130—NS3 ZIKV protease expression plasmid with 598.68 pg of
PEI MAX in 125 mL of Opti-MEM. Alongside, empty
pTwist CMV_BG_WPRE_BSD-mScarlet plasmid (4.61 pg per flask) was
co-transfected instead of ZIKV protease expression plasmid for the low
cells condition. Following a 24-hour incubation at 37 °C with 5 % COa,
transfected cells were harvested, resuspended in Recovery Cell Culture
freezing media (Gibco 12,648,010), and stored in liquid nitrogen.

2.9. Adaptation of cycLuc_ZIKV-NS2B reporter to 1536-well plate format
Frozen transfected cells in cryovials were gradually thawed, resus-

pended in assay media, and dispensed at 3 pL volumes, achieving a
density of 3750 cells per well in an Aurora CWST 1536-well plate
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(EWB0-42000A). Rows 1-3 were seeded with cells from the low lumi-
nescence cell condition while rows 4-48 were seeded with cells from the
high luminescence cell condition. Following the addition of 30 nL of test
compounds or vehicle to the respective well, plates were incubated for
24 h at 37 °C with 5 % CO,. The plates were then removed from that
environment and allowed to equilibrate at RT for 10 min. Thereafter, 3
uL of Dual-Glo luciferase reagent (Promega E2980) was added per well.
cycLuc activity was measured following a 10-min incubation at RT using
a PHERAstar FSX (BGM) microplate reader. Subsequently, 3 uL of Dual-
Glo Stop & Glo reagents (Promega E2980) were added to each well.
Following a 10-min incubation at RT, Rluc activity was quantified.

2.10. Data analysis

Assay quality (Z’) and signal-to-background (S/B) ratio were calcu-
lated from luminescence signals of high luminescence and low lumi-
nescence cells using the following equations:

3SD of Low luminescence + 3SD of High Luminescence

Z = 1
(Low luminescence — High Luminescence) )
s/B_ Mean of High lum‘inescence o)
Mean of Low Luminescence

The protease inhibition response in biochemical protease assay is
expressed as the percentage of bZiPro or gZiPro activity. In cell-based
protease assay, the response is defined as protease activity, calculated
from the percentage of cycLuc activity from treated cells normalised
against high and low luminescence cells. ICs( values were derived from
the sigmoidal dose-response (variable slope) curves. Cell viability was
calculated by normalising OD450nm readings from compound-treated
cells against those of cell culture medium (0 % cell viability) and
ODy450nm values of DMSO-treated cells (100 % cell viability). Data nor-
malisation and dose-response curve fitting were performed using
GraphPad Prism 10 (GraphPad Software, MA, USA) software.

3. Results

3.1. Construction and validation of the cycLuc ZIKV-NS2B and
dual cycLuc ZIKV-NS2B reporters

ZIKV protease activity reporter (cycLuc_ZIKV-NS2B) was constructed
based on the cyclically permuted cycLuc_TEVS reporter [14,16]. To
generate cycLuc_ZIKV-NS2B, the tobacco etch virus (TEV) protease
recognition sequence from cycLuc_TEVS plasmid was substituted with
native cleavage site between ZIKV NS2B-NS3 (hereafter referred to as
NS2B substrate peptide) (Fig. 1A). Additionally, a dual-luciferase re-
porter construct (dual_cycLuc_ZIKV-NS2B) for ZIKV protease activity
was derived from cycLuc_ZIKV-NS2B by replacing the NeoR open
reading frame, under the SV40 promoter, with that of Renilla luciferase.

Four candidate variants of the ZIKV NS2B-NS3 complex were
designed and evaluated for their potential to specifically cleave and
thereby activate the cycLuc_ZIKV-NS2B reporter (Fig. 1B). Construct A
(NS2B;_13,—-NS3f) encompasses the entire NS2B-NS3 polyprotein and
best reflects the ZIKV protease as expressed in the host cells upon viral
infection. Construct B (NS2B;_;3—-NS3p;,) lacks the C-terminal NS3
helicase domain. Construct C (NS2B4s_13,—NS3py,) is derived from B
and is devoid of two transmembrane helices at the N-terminal region of
NS2B. Construct D (NS2B4¢_9,—-NS3py,) is identical to the single-chain
gZiPro construct utilised in biochemical protease assay and structural
studies of ZIKV NS2B-NS3p;, [17]. It is comprised of the cytosolic NS2B
cofactor region (G46-E96) linked to the NS3p,, through an uncleavable
nonapeptide Gly4-Ser-Gly4 linker. For all constructs, a catalytic mutant
(S135A) of NS3 was generated in parallel to serve as negative controls
for protease activity measurement. Finally, additional negative controls
for assessment of the cycLuc_ZIKV-NS2B reporters were produced either
by transfecting cells with empty vectors or by substituting the ZIKV
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protease ORF with that of NeonGreen fluorescent protein (GFP).

To initially assess the efficacy of the newly developed reporters,
plasmid DNA encoding wildtype and catalytic-mutant derivatives of
construct B was transfected into 293T cells alongside the cycLuc_ZIKV-
NS2B reporter plasmid. The expression of catalytically active recombi-
nant ZIKV protease led to the processing of cycLuc_ZIKV-NS2B reporter
as evidenced by the considerable increase of the bioluminescence
(Fig. 1C). The activation of cycLuc_ZIKV-NS2B reporter, but not
cycLuc_TEVS, also demonstrated the selective cleavage of the NS2B
substrate peptide by ZIKV protease. On the other hand, the expression of
S135A allele of ZIKV protease yielded luminescence levels comparable
to control GFP transfections. The observed similarity in basal lumines-
cence levels between cycLuc_ TEVS and cycLuc_ZIKV-NS2B reporters
indicates that the NS2B substrate peptide is not susceptible to host
proteases. Overall, these results substantiate the functionality of the
cycLuc_ZIKV-NS2B reporter and its applicability for measuring ZIKV
protease activity in 293T cells.

3.2. Dose-dependent response analysis from all protease constructs

We initially tested the co-expression of the dual_cycLuc_ZIKV-NS2B
reporter with NS2B-NS3 constructs B and C resulted in a marked in-
crease in the bioluminescence signal (Supp. Fig. 1A). Moreover, the
dual_cycLuc_ZIKV-NS2B reporter manifested a sensitivity superior to
that of the direct detection by immunoblot. Transfections with as little as
8 ng construct B or C resulted in a more than 8-fold increase of the
luminescent signal. At the highest DNA conditions, the dose-response
correlation was no longer linear, and saturation was observed. The
Renilla reporter unveiled a marked reduction of cell viability at and
above 25 ng NS2B-NS3 constructs, notably for constructs expressing the
full-length NS2B (construct B, Supp. Fig. 1A). Hence, we deemed it is
necessary to avoid transfecting cell with more than 50 ng NS2B-NS3
constructs per well under these experimental conditions.

We proceeded to narrow the titration window of the transfected
NS2B-NS3 constructs from 10 to 40 ng. We confirmed that for both
construct A and B the activation of the cycLuc reporter was correlated
linearly with the ZIKV protease expression levels over the whole range
tested (Fig. 1D). Constructs C and D showed higher luminescence asso-
ciated with the protein expression level and tended to saturate already at
and above 20 ng NS2B-NS3 constructs. Therefore, to quantitatively
compare the differential catalytic activity of all four ZIKV protease
constructs, all subsequent experiments were conducted using only 10 ng
NS2B-NS3 for transfection (20 ng when immunoblot analysis was
conducted).

3.3. Comparison of the protease activity of various ZIKV protease
constructs

All four WT NS2B-NS3 constructs manifested substantial catalytic
activity, with marked differences in the degree of their activity upon
their expression in the cells (Fig. 1E, Supp. Fig. 1B). Cells expressing
constructs A and B presented the lowest enzymatic activity with lumi-
nescence signals being only a few times higher than that of cells trans-
fected with the control GFP construct. This possibly due to their location
on the cell membrane. The N-terminal region of NS2B might be helpful
for the orientation of the protease on the cell membrane, which affects
the cleavage of the product used in the assay. In stark contrast, cells
expressing constructs C and D showed 30-fold increase of luminescence
over the basal signal. Looking at the expression levels of the various
ZIKV protease forms, it was evident that the higher activity of construct
D was merely stoichiometric (Fig. 1E). In contrast, the remaining three
constructs were expressed to roughly comparable levels although
construct B presented a marginal higher expression than constructs A
and C. The apparent molecular weight analysis of all four constructs
confirmed the correct self-processing of the single-chain polypeptide at
the intervening NS2B-NS3 recognition sequence. When compared to
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their respective S135A catalytically deficient alleles, WT constructs A, B,
and C displayed a reduction in size precisely matching the loss of their
NS2B polypeptide chain. Hence, the lack of single-chained precursors for
the NS2B-NS3 constructs and the presence of the anticipated poly-
peptide fragments eliminate the possibility that the observed variations
in catalytic activity among the candidate ZIKV protease constructs arise
from the expression of malfunctioning proteases. Altogether, we
conclude that the dual cycLuc_ZIKV-NS2B assay serves as a target-
specific method to investigate the enzymatic activity of ZIKV protease
in living cells.

3.4. Evaluation of dual cycLuc_ ZIKV-NS2B reporter in 96-well plate
format

As a step toward utilising the dual_cycLuc_ZIKV-NS2B reporter in an
HTS campaign to identify potential ZIKV protease inhibitors, we opti-
mised and adapted the assay to accommodate a multi-well format as
well we assess its robustness and quality. From the four ZIKV protease
constructs described above, only constructs A and C were evaluated
more extensively here. Construct A was chosen over construct B since it
reflects the ZIKV protease as expressed natively by host cells upon
infection the best. Construct C was retained because of its high specific
activity. Construct D was rejected as its artificial flexible linker may
render the catalytic site less accessible to inhibitors and less biologically
relevant [17].

We tested the dual cycLuc_ZIKV-NS2B reporter in 96-well plate
format to initially assess assay robustness and quality (Z’) as well as
signal-to-background ratio (S/B). An assay with Z’>0.5 is rendered as a
good assay to be used in HTS [18]. First, we probed the appropriate
plasmid quantity which will give cycLuc Z’>0.5 by testing two different
plasmid amounts (10 and 25 ng) for each construct in a 24-well plate
transfection set-up. Protease activity was determined in 96-well format
with cycLuc activity as the read-out. Overall, the variations in the
average high signal and low signal from both constructs are minimal
across tested plasmid quantities (Supp. Fig. 2A-D). Construct A showed a
good cycLuc Z’ of 0.69 and a S/B of 4 at 25 ng transfection (Fig. 2A);
however, it clearly showed poorer statistics at 10 ng plasmid with a
cycLuc Z' of 0.4 and S/B of 3 (Supp. Fig. 2E). On the other hand,
construct C showed superior cycLuc Z’ of 0.8 and S/B ratio of 35 at 10 ng
plasmid and cycLuc Z’ of 0.8 and S/B ratio of 27 at 25 ng plasmid
(Fig. 2B, Supp. Fig. 2F). cycLuc signals were normalised to Rluc signals,
denoted as normalised cycLuc, and the Z* of normalised cycLuc was
calculated. We found that the Z’ of normalised cycLuc was lower
compared to that of the unnormalised cycLuc for both constructs. There
was about two-fold reduction in the Z’ value of normalised cycLuc (from
7°=0.69 to Z’=0.32) for construct A (Fig. 2A) and such reduction was
even more substantial at 10 ng construct A (Supp. Fig. 2E). In contrast,
the Z* of normalised cycLuc was 0.55 for construct C (Fig. 2B, Supp.
Fig. 2F) which remained within an acceptable range for all tested
plasmid quantity. Based on these results, we opted to use construct C for
subsequent experiments due to its favourable attributes, including
adequate signal dynamic range, excellent Z’ for both cycLuc and nor-
malised cycLuc (Z’>0.5), and a high S/B ratio compared to construct A.

3.5. Validation of dual cycLuc_ ZIKV-NS2B reporter with existing
protease inhibitors

We further validated our cycLuc reporter by determining the activity
of previously identified ZIKV protease inhibitors, JNJ-40,418,677 and
MK-591 [19] as well as MI-2110 [13]. The dose-dependent efficacy of
these compounds was confirmed in biochemical protease assay using
purified recombinant bZiPro (Fig. 2C, left panel) and gZiPro (Fig. 2C,
middle panel) proteases. The protease inhibition activity of these com-
pounds is summarised in Fig. 2C (right panel). Subsequently, cell-based
protease activity inhibition by JNJ-40,418,677 and MK-591 was tested
in 293T cells co-transfected with construct C and the



P.D. Anindita et al.

SLAS Discovery 29 (2024) 100164

A A. NS2B.150-NS3g, (25 ng) B C. NS2B4.130-NS3p,, (10 ng)
250 20— 2200 100
A
5 200 2 — 5 2000 — 80 &
= D 15 ] )
x 3 © 1800 =
2, 150 e > € 60
= = 104 =.1600 o
g 100 s s 3 407
3 ] 3 1400 )
4 & 51 S by
& 50 © 3 20-
] ] . || e
0 T T 0 T T 0 T T 0 T T
Low High Low High Low  High Low High
Z'=0.69 Z'=0.32 Z'=0.80 Z'=0.65
S/IB=4 SB=3 S/B = 35 S/B=11
100+ - JUNJ-40418677 100 - JUNJ-40418677
- =5 = MK-591  _ - MK-59+
°\; 75 -+ MI2110 E 75+ - MI211 bZiPro gZiPro
£ £ ICs (MM)  95%Cl  ICg (UM)  95% ClI
B 50+ B 507 JNJ-40418677 11.4 7.7-171 204  16.6-25.4
o o
i i MK-591 12.2 5.5-26.8 5 38-6.3
& 25- N 257
P~ > MI-2110 0.3 0.2-03 0.3 0.3-0.3
0 T T | — 1 0 T T T T 1
4 7 6 5 -4 3 4 7 6 5 -4 -3
Log Inhibitor [M] Log+ Inhibitor [M]
150+
£ 1004 _ 125
> 2
2 751 > 1004
k3] =
® 5 75
o 50 =
0 >
g } 3 50—
§ 25- o~ UNJ-40418677 (&) 254 JNJ-40418677
& = MK-591 = MK-591
0 1 1 1 1 0 T T T 1
-8 -7 -6 -5 -4 -8 -7 -6 -5 -4

Log4o Inhibitor [M]

Logo Inhibitor [M]

Fig. 2. Initial validation of dual cycLuc_ZIKV-NS2B reporter in 96-well plate format.

A. Overall cycLuc and normalised cycLuc activities from low and high luminescence samples. Z’ and signal-to-background (S/B) ratios for 25 ng NS2B;_130—NS3p,
(construct A). B. Similar results as in A are also shown for 10 ng NS2B4¢_130—NS3p;, (construct C). C. Dose-response inhibition curves for JNJ-40,418,677, MK-591,
and MI-2110 compounds against recombinant ZIKV proteases bZiPro (left panel) and gZiPro (middle panel) as determined using biochemical protease assay. Data
represent the mean + SEM (n = 3). Summary of ICso and 95 % CI values for JNJ-40,418,677, MK-591, and MI-2110 against bZiPro and gZiPro proteins is shown in
right panel. D. 293T cells co-transfected with dual_cycLuc_ZIKV-NS2B and NS2B4s—130—NS3p;, plasmids were treated with serially diluted JNJ-40,418,677 or MK-
591. DMSO was used as a control. cycLuc was measured 24 h post-compound treatment using the Dual-Glo® Luciferase assay. E. Cytotoxicity of JNJ-40,418,677 and
MK-591 on 293T cells as measured using CCK-8 assay. Assays in (D-E) were conducted in technical quadruplicates and error bars represent SEM.

dual_cycLuc_ZIKV-NS2B reporter. The two compounds showed partial
inhibition against construct C with ICsg values of 12.4 uM (95 % CI = 8.3
—21.0 uM) for JNJ-40,418,677 and 23.7 uM (95 % CI = 17.2 — 50.6 uM)
for MK-591 (Fig. 2D). Cytotoxicity, which corresponds to about 25 %
decrease in cell viability compared DMSO control, was observed at 20
uM concentration of JNJ-40,418,677 and MK-591 (Fig. 2E). Addition-
ally, we substantiate our choice in using construct C for HTS assay by
comparing the protease inhibition from JNJ-40,418,677 and MK-591
against constructs C and D. JNJ-40,418,677 exhibited higher protease
inhibition against construct C (membrane associated) in comparison to
construct D (cytosolic) although MK-591 showed no difference (Supp.
Fig. 3). Therefore, the membrane-associated construct resembling the
native ZIKV protease is more suitable for the HTS assay.

3.6. Optimisation of HTS assay in 1536-well plate format and LOPAC
screening

We first tested three different cell densities (i.e., 938, 1875 and 3750
cells per well) and compared freshly transfected cells (one day post-

transfection, referred to as “cultured”) with cell cryopreserved post-
transfection (frozen at one day post-transfection and revived days/
weeks later for experimentation, referred to as “frozen”). As expected,
luminescence signals from both cell conditions exhibited a proportional
increase relative to cell densities; however, S/B was achieved best under
the condition of 1875 cells per well (Fig. 3A). The cell density of 3750
cells per well showed the best Z’ for both cell conditions, with frozen
cells demonstrating markedly elevated Z’ scores compared to their
cultured counterparts (Fig. 3A). Considering these results, as well as
practicality, frozen cells were used for subsequent HTS. This approach
also ensured homogeneity across experimental iterations.

Next, we investigated the effects of DMSO (0.75 % v/v) on the assay.
Overall, 0.75 % DMSO exhibited negligible impact across all tested cell
densities and the 3750 cells per well condition showed the least sus-
ceptibility to DMSO influence (Fig. 3B). In contrast, the presence of
DMSO exerted a substantial impact on the Rluc signal, yielding a
consistent 40 % reduction in signal intensity (Supp. Fig. 4A). Subse-
quently, the assay in 1536-well plate format was validated using JNJ-
40,418,677 and MK-591. MK-591 is approximately two-fold less
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Run Statistics (n=3)
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A. 1536-well HTS assay with cells from either cultured or frozen conditions, seeded at densities of 938, 1875, and 3750 cells per well. Data represent the mean + SD
of RLU (n = 40 wells). B. Assessment of 0.75 % v/v DMSO impact on the 1536-well HTS assay under varying cell densities. Data represent the mean + SD of RLU (n =
24 wells). C. Summary of ICso and 95 % CI values for JNJ-40,418,677 and MK-591 against NS2B46_130—NS3py, across various cell densities. D. Scatterplot repre-
sentation of the inhibition efficiency values of the LOPAC compounds against NS2B4s_130—NS3p,,. Black dots represent individual compound values and coloured
dots depict the controls. The blue dashed line denotes the 38.86 % inhibition threshold for hits. The screening statistics are summarised in the adjacent box to

the graph.

potent than JNJ-40,418,677 (Fig. 2C and Fig. 3C); however, these dif-
ferences are within the expected range based on prior reports [19].
There is no substantial difference in ICsy values between the two com-
pounds across different cell densities (Fig. 3C and Supp. Fig. 4B). From
above results, we decided to employ frozen cells at a density of 3750
cells per well for the purpose of conducting HTS.

As a pilot study, we screened the LOPAC library in triplicates at a
final nominal concentration of ~10 puM. The assay performance was
consistent with an average Z’ of 0.83 + 0.1 and an average S/B of 20.1 +
3 (n = 3 plates) as well as demonstrated good correlation between the
replicates (Supp. Fig. 4C). A summary of the pilot screen results is shown
in Fig. 3D. A mathematical algorithm was used to identify candidate
inhibitor compounds. Three parameters were calculated [1]: the average
value for data wells which have values between average — 3SD of the low

control and average + 3SD of high control wells [2]; the SD value for the
same set of data wells described in expression 1; and [3] the sum of [1]
and 3 times of [2] was used as cutoff. Any compound exhibiting greater
percent inhibition than the established cutoff parameter was declared as
active. Using this “Standard Hit Cutoff” criterion (hit cutoff = 38.86 %),
the assay yielded 9 candidate compounds (“hits”) and the correlation
between plates of this hits is excellent (R? = 0.96; Supp. Fig 4C). The ICs
values of JNJ-40,418,677 and MK-591 fell within the expected range
(Supp. Fig. 4D), confirming the suitability and reliability of this assay for
larger HTS screening campaign. We also analysed corresponding Rluc
read out of this LOPAC screening to assess capability of Rluc signal to
evaluate cytotoxicity of compounds. Cytotoxicity shows more diversity
in the sample field which demonstrates high sensitivity (Supp. Fig. 5A).
However, correlation between cycLuc and Rluc is low, R? = 0.05 (Supp.
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Fig. 5B), indicating high specificity. Most of the hit compounds showed
below 40 % cytotoxicity (Supp. Fig. 5B) and thus could be good candi-
dates for further studies.

4. Discussion

The NS2B-NS3p;, complex has emerged as a promising drug target
for antiviral intervention due to its central role in the viral life cycle and
its high degree of conservation among flaviviruses, which suggests the
potential for the development of broad-spectrum antiviral agents, for
instance for ZIKV, Dengue virus, and West Nile virus. High-throughput
screening campaigns and structure-guided drug design approaches
have yielded several promising lead compounds that exhibit potent
inhibitory activity against the enzyme in vitro and in cell-based assays.
Some of these inhibitors have demonstrated encouraging antiviral effi-
cacy in animal models of ZIKV infection, underscoring their potential as
viable therapeutic candidates. However, none of these compounds has
been approved for clinical use [19,20].

Many protease inhibitors were screened and evaluated through
biochemical assays or developed through computation-based drug
design strategies [21-23]. Despite their robustness, those assays do not
account for protease’s native state in the cells as well as compound’s cell
permeability. Therefore, a cell-based assay to evaluate the activity of
ZIKV protease is more suitable. We chose to develop a cell-based assay
utilizing a luciferase-based bioassay due to its considerably enhanced
sensitivity and broader dynamic range compared to most alternative
reporters. The luciferase as intracellular probe allows for effective
implementation at notably lower expression levels than fluorescent
proteins, thereby mitigating potential influences on cellular physiology.
Employed in either endpoint or real-time non-lytic assays, biolumines-
cent reporters have proven successful in examining the activity of
diverse viral proteases and are amenable to HTS applications [12,24].

In the current study, we designed a cell-based ZIKV protease assay
employing cycLuc_ZIKV-NS2B reporter and four different ZIKV protease
constructs (Fig. 1A-B). The assay enabled us to monitor ZIKV protease
activity in the cells using luciferase signal as a read-out for protease
activity. We selected the most suitable protease construct through our
assay validation and preliminary transfer to HTS format. We initially
narrowed down the construct selection to constructs A and C. Construct
A encodes the native full-length NS2B-NS3 protein complex. Construct C
encodes an N-terminally truncated NS2B, linked to NS3p;, by its native
cleavage site and therefore preserving the natural interaction between
NS2B-NS3 protease. Despite being the most biologically relevant
construct, construct A failed during the initial assay quality assessment
due to very low signal in the assay. Construct C, on the other hand,
yielded high luminescence signal with favourable signal dynamics,
excellent 7’, and S/B ratio. All these characteristics are critical for ac-
curate identification of genuine protease inhibitor during a screening
campaign.

We further validated the potency of our cell-based protease assay by
assessing its performance against previously identified ZIKV protease
inhibitors, namely JNJ-40,418,677 and MK-591 [19]. JNJ-40,418,677 is
recognised for inhibiting amyloid beta peptide Ap42 implicated in Alz-
heimer’s disease [25], while MK-591 is known as an inhibitor of 5-lipox-
ygenase-activating protein (FLAP) [26]. In our biochemical assays, these
two compounds exhibited a dose-dependent protease inhibition against
both bZiPro and gZiPro, however, the calculated ICs( values differ from
those reported in previous studies targeting ZIKV protease [19]. This
disparity may arise from the use of different protease constructs between
the studies. The compound’s binding dynamics with the respective
construct might also influence its protease inhibition properties.
Comprehensive structural studies are necessary to further clarify this
aspect. While both JNJ-40,418,677 and MK-591 demonstrated
dose-dependent protease inhibition in our cell-based assay,
compound-induced cytotoxicity was also observed at a 20 uM compound
concentration. These findings suggest that the ZIKV protease inhibition
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by these compounds extend beyond ZIKV protease alone by impacting
the host cells and concomitantly reducing NS2B-NS3 protease expres-
sion levels in the cells. Nonetheless, these results confirm the utility of
our cell-based assay system for evaluating protease inhibitor activity.

To finally evaluate whether this assay is applicable to HTS cam-
paigns, we adapted it to a 1536-well plate format and performed a pilot
screening using the LOPAC library which is commonly used to help
validate new assays. This library represents a panel of drug diversity that
typically exhibit a broad range of activity in cell-based and biochemical
assays regardless of the target being tested. Many of the compounds in
this library are the results of lead optimisation efforts and characterised
as marketed drugs, failed development candidates, and “gold standards”
that possess well-characterised activities and mode-of-action. The pilot
HTS against this library exhibited satisfying Z’ with pharmacologic
response to the known inhibitors and an acceptable hit rate. Therefore,
our developed assay offers a robust and cost-effective strategy to
perform HTS campaigns to identify ZIKV protease inhibitors with suit-
able physicochemical properties such as cell permeability.
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