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When Zika virus emerged as a public health emergency there were
no drugs or vaccines approved for its prevention or treatment. We
used a high-throughput screen for Zika virus protease inhibitors to
identify several inhibitors of Zika virus infection. We expressed the
NS2B-NS3 Zika virus protease and conducted a biochemical screen
for small-molecule inhibitors. A quantitative structure–activity re-
lationship model was employed to virtually screen ∼138,000 com-
pounds, which increased the identification of active compounds,
while decreasing screening time and resources. Candidate inhibitors
were validated in several viral infection assays. Small molecules with
favorable clinical profiles, especially the five-lipoxygenase–activating
protein inhibitor, MK-591, inhibited the Zika virus protease and infec-
tion in neural stem cells. Members of the tetracycline family of anti-
biotics were more potent inhibitors of Zika virus infection than the
protease, suggesting they may have multiple mechanisms of action.
The most potent tetracycline, methacycline, reduced the amount of
Zika virus present in the brain and the severity of Zika virus-induced
motor deficits in an immunocompetent mouse model. As Food and
Drug Administration-approved drugs, the tetracyclines could be
quickly translated to the clinic. The compounds identified through
our screening paradigm have the potential to be used as prophylactics
for patients traveling to endemic regions or for the treatment of the
neurological complications of Zika virus infection.
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Zika virus is a positive-sense, single-stranded RNA virus in the
Flavivirus genus. Other viruses in this genus include West

Nile virus, dengue virus, yellow fever virus, and tick-borne en-
cephalitis (1). Most people who contract Zika virus are asymp-
tomatic; however, in a subset of patients, infection with Zika
virus can have catastrophic consequences. When infection occurs
during pregnancy, the virus may cross the placental barrier and
infect the fetus, resulting in congenital abnormalities, most no-
tably microcephaly (2). Additionally, an increased risk of
Guillain–Barré syndrome is associated with Zika virus infection
(3). Some patients develop an encephalitis or myelitis (3). Al-
though significant advances in the field have occurred since the
South American outbreak of 2015/2016 (4), no drugs or vaccines
are approved for the treatment of, or protection from, Zika vi-
rus. Additionally, no small molecules have advanced to clinical
trials. The global at risk population continues to expand; the first
local transmission of Zika virus in Europe was reported in Oc-
tober of 2019 (5). Due to the potential for serious outcomes,
optimized treatment strategies and prophylactic measures
are needed.

Flaviviruses require proteolytic processing of polyprotein
precursors to yield a functional viral particle. These cleavages are
catalyzed by both host and virally encoded proteases (6). Inhi-
bition of the virus-encoded protease is a strategy for drug

development that has proven effective for other viruses. Several
small-molecule inhibitors of the Zika virus protease were dis-
covered over the past 3 y (7); however, a combination of factors
make the pursuit of additional, specific inhibitors of the Zika
virus protease a necessary undertaking. A split-luciferase
complementation-based assay identified erythrosin B as an al-
losteric inhibitor of the Zika virus protease. Erythrosin B
inhibited Zika virus replication in human placental and neural
progenitor cells (8); however, it is a red food coloring dye
(FD&C Red No. 3), and at concentrations higher than the ac-
ceptable daily intake (0.1 mg/kg per day) can prevent dopamine
transport (9). Separately, an in silico screen predicted that no-
vobiocin, an off-market antibacterial agent, would be a com-
petitive inhibitor of the Zika virus protease. Novobiocin
inhibited Zika virus infection in Vero cells, Huh-7 cells, and
immunosuppressed mice (10); however, several properties of
novobiocin make it unfavorable for the treatment of Zika virus.
Novobiocin treatment can result in gastrointestinal discomfort,
various forms of skin rashes, and leucopenia, a rare but poten-
tially serious complication (11). Furthermore, serum concentrations

Significance

Infection with Zika virus can cause severe consequences in a
subset of the patient population. When infection occurs during
pregnancy, congenital abnormalities can occur. Additionally,
the onset of Guillain–Barré syndrome, encephalitis, and mye-
litis are associated with Zika virus infection. We have identified
several small molecules with favorable clinical profiles, includ-
ing the five-lipoxygenase–activating protein inhibitor, MK-591,
and the tetracycline antibiotic, methacycline, as inhibitors of
Zika virus infection, the latter of which reduced neurological
deficits in a Zika virus mouse model. These compounds have
the potential to be used as prophylactics or for the treatment
of the neurological complications of Zika virus infection.

Author contributions: R.P.M.A., A.Y., T.T., M.-H.L., D.D., R.T.E., N.M., A.V.Z., W.L., M.B.,
K.B., J.P.S., M.D.H., A.B., A.J., R.P., A.S., and A.N. designed research; R.P.M.A., A.Y., T.T.,
M.-H.L., D.D., R.T.E., N.M., A.V.Z., W.L., M.B., and A.B. performed research; W.L. contrib-
uted new reagents/analytic tools; R.P.M.A., A.Y., T.T., M.-H.L., D.D., R.T.E., N.M., A.V.Z.,
M.B., K.B., J.P.S., M.D.H., A.B., A.J., R.P., A.S., and A.N. analyzed data; and R.P.M.A., A.Y.,
T.T., M.-H.L., D.D., R.T.E., N.M., A.V.Z., W.L., K.B., J.P.S., M.D.H., A.B., R.P., A.S., and A.N.
wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1R.P.M.A. and A.Y. contributed equally.
2To whom correspondence may be addressed. Email: rp55@georgetown.edu, asimeono@
mail.nih.gov, or natha@ninds.nih.gov.

This article contains supporting information online at https://www.pnas.org/lookup/suppl/
doi:10.1073/pnas.2005463117/-/DCSupplemental.

First published November 23, 2020.

www.pnas.org/cgi/doi/10.1073/pnas.2005463117 PNAS | December 8, 2020 | vol. 117 | no. 49 | 31365–31375

M
ED

IC
A

L
SC

IE
N

CE
S

https://orcid.org/0000-0003-0256-446X
https://orcid.org/0000-0001-7350-1402
https://orcid.org/0000-0003-3323-9176
https://orcid.org/0000-0003-3580-380X
https://orcid.org/0000-0002-5073-442X
https://orcid.org/0000-0001-9527-9988
https://orcid.org/0000-0003-0927-5855
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2005463117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:rp55@georgetown.edu
mailto:asimeono@mail.nih.gov
mailto:asimeono@mail.nih.gov
mailto:natha@ninds.nih.gov
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005463117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2005463117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2005463117


are variable following oral administration (11), its penetration into
the cerebrospinal fluid is poor (12), and treatment of infants with
novobiocin caused inhibition of bilirubin metabolism, resulting in
jaundice (13).

Flavivirus polyprotein processing occurs in the endoplasmic
reticulum by the two-component protease, which consists of the
small hydrophobic integral membrane protein, NS2B, and the
cytosolic NS3 protein. The importance of the NS2B domain in
the formation of an active protease complex was first shown for
yellow fever virus and dengue virus (14), and subsequently for
Zika virus (15). Using fluorogenic or chromogenic peptide sub-
strates, in vitro assays were established by connecting the NS2B
hydrophilic cofactor peptide and NS3 protease domain by a
noncleavable, flexible polypeptide linker. Alternatively, the
NS2B and NS3 proteins can be expressed on different promoters
and allowed to complex in solution. Whether one construct
should be used in preference to the other for drug discovery is an
open question. Increased activity of the unlinked construct has
been observed (15), however, one inhibitor exhibited equivalent
IC50 values (16).

We report the use of both the linked and unlinked protease
constructs in a high-throughput drug screening effort. An arti-
ficial intelligence (AI)-driven virtual screen was utilized to in-
crease the inhibitor hit rate. Compounds were then validated in
several orthogonal cell-based infection assays. We identified two
compounds as potent in vitro Zika virus inhibitors, MK-591 and
JNJ-40418677. A third compound, the tetracycline antibiotic
methacycline, reduced the amount of Zika virus present in the
brain and the severity of Zika virus-induced motor deficits in an
immunocompetent Zika virus mouse model.

Results
Pilot Screen of the Spectrum Collection. A small-molecule library,
consisting of 2,000 bioactive compounds (final concentration of
10 � M), was screened for inhibitory activity against the linked,
NS2B-NS3 Zika virus protease (384-well; Ac-VKTGKR-AMC
[Ac: acetyl; AMC: 7-amino-4-methylcoumarin]), (see SI Appen-
dix, Fig. S1 for assay details and substrate design) (17). Three
classes of compounds were identified: The flavonoids, anthra-
quinones, and tetracyclines (SI Appendix, Fig. S2). Due to their
extensive clinical use, oral availability (18), and ability to cross
the placental barrier (19), we chose to focus our initial validation
efforts on the family of tetracyclines and tested 11 commercially
available tetracyclines in a human neural stem cell (NSC) assay
(Fig. 1, Pilot, strategy 1). Simultaneously, we designed a 1,536-
well quantitative high-throughput compound screen (qHTS) for

protease inhibitors (Fig. 1A, qHTS, Prior art, and QSAR
[quantitative structure-activity relationship]). Hits from the
qHTS were first tested in a series of Vero cell infection assays
(Fig. 1B); those that were active were then tested in the NSC
assay (Fig. 1C, strategy 2). Subsequently, additional inhibitors
were selected from the qHTS and tested in the NSC assay (Fig. 1,
strategy 3).

qHTS for Small-Molecule Protease Inhibitors. qHTS generates
concentration-response curves and IC50 values at the primary
screening stage, enabling the prioritization of active compounds
(20). To optimize the biochemical assay for qHTS, we minia-
turized the 384-well assay to a 1,536-well format (20). We red-
shifted the fluorophore on the substrate from AMC (Bz-Nle-
KRR-AMC [Bz: benzoyl], excitation/emission [Ex/Em]: 340/450
nm) to rhodamine110 [(Bz-Nle-KRR)2-Rd, Ex/Em: 480/540 nm]
(21) (SI Appendix, Fig. S1). This reduced quenching of the
fluorophore by compounds in the screening libraries, many of
which absorb in the UV range (22). Next, the linked and un-
linked protease constructs were tested against a chemically di-
verse library of 4,922 compounds. Possible differences in potency
and efficacy were initially observed in 79 compounds (SI Ap-
pendix, Fig. S3A); however, during confirmation testing, we ob-
served no significant difference in the activity of these inhibitors
(SI Appendix). We chose the linked preparation for large-scale
screening due to its higher catalytic activity, enabling the use of a
lower enzyme concentration.

A collection of 10,807 bioactive, annotated, investigational, or
approved compounds (Fig. 1A, qHTS) were screened against the
linked protease in qHTS format [Bz-Nle-KRR)2-Rd]. A large
number of compounds exhibited inhibition (2,154) (SI Appendix,
Fig. S4 and Dataset S1); therefore, we applied filters to eliminate
electrophiles and other problematic compounds. We retested
378 candidate inhibitors and confirmed that 272 (72%) were
active compounds (Dataset S1; see SI Appendix for triage de-
tails). Additionally, we tested a custom collection of 83 protease
inhibitors previously reported in the literature, 35 of which were
active in our assay (Fig. 1A, Prior art, and Dataset S1).

AI-Driven QSAR Model. In parallel to the qHTS screening effort,
we employed an AI-based QSAR model to reduce the number of
library compounds subjected to protease qHTS (Fig. 1A,
QSAR). We used qHTS results from a subset of the above
screening collection as a training set for our QSAR model.
Quantitative neighborhoods of atoms (QNA) descriptors, to-
gether with deep-learning techniques (see SI Appendix for model
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Fig. 1. Identification of Zika virus inhibitor workflow. Three screening strategies were used to identify Zika virus inhibitors. Strategy 1: Hits from the Pilot
protease screen were directly tested in NSCs. Strategy 2: Hits from the qHTS, prior art library, and virtual screen using QSAR screens were tested in Vero cells,
then those compounds that were active were tested in NSCs. Strategy 3: Hits from the qHTS, prior art library screen, and QSAR were directly tested in NSCs. (A)
Inhibition of the Zika virus NS2B-NS3 protease. The number of compounds tested in the primary screen is indicated, followed by the number of active
compounds in each assay, and finally the number of compounds that were selected from these assays (based on potency and confirmation). (B) Inhibition of
Zika virus in Vero cells using Zika virus-RLuc, Zika virus-mCherry, and qRT-PCR. The number of active compounds (and the number of compounds tested) are
indicated. (C) Inhibition of Zika virus in NSCs. The number of compounds that confirmed in each NSC infection assay and names of our top candidate inhibitors
identified through each strategy are indicated. Of the 11 tetracyclines tested, 4 inhibited Zika virus without toxicity (ICC: immunocytochemistry); 1 was chosen
to confirm by qRT-PCR. Of the 18 Vero cell assay inhibitors, 5 inhibited Zika virus without toxicity; 1 was chosen to confirm by qRT-PCR. Of the 50 additional
biochemical inhibitors selected, 6 inhibited Zika virus without toxicity; 1 was chosen to confirm by qRT-PCR.
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performance), were used for the model building (23). The AI-
based QSAR model was used to virtually screen the remaining
137,083 compounds in the National Center for Advancing
Translational Sciences (NCATS) small-molecule library; 277
predicted inhibitors (Dataset S2) were selected for experimental
verification. These predicted inhibitors were structurally distinct
from the training set compounds (Materials and Methods). An
additional 43 compounds from the original training set were
included as positive and negative controls, totaling 320 com-
pounds. Samples were tested for inhibition of the linked protease
[(Bz-Nle-KRR)2-Rd] and 186 compounds exhibited activity, with
IC50 values ranging from 0.5 to 89 � M (Datasets S2 and S3). Of
the 186 active compounds, 153 were from the AI-based QSAR
model (hit rate of 55%) and 33 from the training set controls.
Among the 153 active QSAR compounds, 45 were active at <10
� M (hit rate of 29%). By comparison, the traditional approach of
testing every library compound (10,807 compounds) yielded 442
active hits at <10 � M (hit rate of 4%), a greater than sevenfold
improvement.

Vero Cell Assays. To assess the 460 confirmed biochemical in-
hibitors in a cellular context, we chose the African green monkey
kidney cell line, Vero, as it supports optimal virus proliferation
(Fig. 1B). In an effort to identify inhibitors that are effective
against several strains of Zika virus, we used two different Zika
virus lineages in the three Vero cell assays: Two recombinant
viruses generated using an isolate from the 2010 Cambodian
outbreak and the original African strain (MR766, ATCC VR-
84). We triaged compounds for inhibition of viral replication
using a Renilla luciferase (Rluc, Cambodian strain) reporter
system (72-h incubation, 1,536-well) (24) (Dataset S4), an
mCherry reporter system (Cambodian strain, 66- or 72-h incu-
bation, 384-well) (Dataset S5), and a qRT-PCR assay (MR766/
African strain, 24-h incubation, 384-well) (Dataset S6; see SI
Appendix for Vero cell assay performance). After applying hit
criteria, 19 compounds (including three from prior art: Niclo-
samide, temoporfin, and selamectin) were identified with fa-
vorable screening profiles (Dataset S6).

NSC Assays. Zika virus infects and disrupts development in NSCs
(25–27) and fetal infection can lead to congenital Zika syndrome
and microcephaly (2). The increased risk of microcephaly was
first quantified in a retrospective study of the 2013 French
Polynesian outbreak (28). Therefore, compounds were tested for
their ability to inhibit Zika virus in human NSCs using an isolate
from French Polynesia (48- or 72-h incubation, 24-well). We
tested the 11 tetracyclines from the Pilot screen (Fig. 1C, strategy
1) and 18 of the 19 compounds that exhibited activity in all three
Vero cells assays (including the three prior art compounds)
(Fig. 1C, strategy 2). Based on the results of the biochemical and
cellular HTS assays, and an earlier observation that some tet-
racyclines had significantly reduced activity in Vero cells versus
NSCs, an additional 50 compounds were chosen for testing
(Fig. 1C, strategy 3). Immunocytochemistry was used to deter-
mine the percentage of cells infected with Zika virus. An anti-
Flavivirus envelope antibody (4G2) was used to quantify the rate
of Zika virus infection, which was normalized to the total cell
count using Hoechst nuclear stain. Percent inhibition was cal-
culated relative to DMSO-treated, Zika virus-infected cells
(Dataset S7).

Of the 79 total compounds tested, 40 displayed some activity
(defined as any reduction in Zika virus immunostaining, without
toxicity, at a given dose), 32 of which inhibited Zika virus at two
or more concentrations. All 11 tetracyclines inhibited Zika virus
infection; however, sancycline, meclocycline, tigecycline, and
demeclocycline displayed some cytotoxicity (SI Appendix, Fig. S5
and Dataset S7). Methacycline and minocycline were not toxic at
the concentrations tested, had complete dose–response curves,

and displayed IC50’s of � 8 � M (Figs. 2A and 3). Seven non-
tetracycline compounds (D-942, PF-03882845, GSK-3965, MK-
591, TTNPB, JNJ-40418677, GW-4064X) exhibited dose-
dependent inhibition (Figs. 2A and 3). GSK-3965, PF-03882845,
and TTNPB were not toxic at the concentration range tested and
displayed IC50 values of 8.4 � M, 10.8 � M, and 9.1 � M, respec-
tively. While MK-591 and JNJ-40418677 exhibited toxicity at
20 � M, they were potent against the Zika virus with IC50 values of
� 3 � M (Figs. 2A and 3). Based on these results, we used qRT-
PCR to test the ability of methacycline, MK-591, and JNJ-404 to
reduce the amount of viral RNA released from infected NSCs
(Fig. 1C). All three compounds displayed dose-dependent inhi-
bition of Zika virus (Fig. 2B).

Protease Inhibition by Methacycline, MK-591, and JNJ-404. Com-
mercial sources of methacycline, MK-591, and JNJ-404 were
tested in the linked protease assay. MK-591 and JNJ-404 dis-
played similar inhibitory results to the 1,536-well screen (Figs. 2C
and 3). In contrast to the HTS result, the tetracyclines exhibited
reduced activity against the Zika virus protease (Figs. 2D and 3
and SI Appendix, Fig. S5). An impurity was identified in the
methacycline obtained from Microsource (SI Appendix, Fig.
S5G), which is the source of tetracyclines for multiple screening
libraries, including the Spectrum library used in our Pilot screen.
Our results suggest the presence of this fluorescent artifact
resulted in an apparent increase in potency. Methacycline’s IC50
for viral inhibition in the NSCs (7.3 � M) is lower than its IC50 for
protease inhibition (134 � M), suggesting the tetracyclines may
exert their effects against Zika virus through multiple mecha-
nisms. Therefore, we demonstrated that in our NSC assay, the
combination of methacycline with either of the two potent pro-
tease inhibitors, MK-591 or JNJ-404, resulted in increased
efficacy (Fig. 2E).

We next used kinetic biochemical experiments to determine the
mechanism of enzyme inhibition by methacycline, MK-591, and
JNJ-404. These initial experiments indicated that they are all al-
losteric, reversible inhibitors of the Zika virus protease (Fig. 2 F–
K). Regardless of potency, increasing concentrations of substrate
(Ac-VKTGKR-AMC or Bz-Nle-KRR-AMC) did not restore en-
zyme activity in the presence of methacycline, MK-591, or JNJ-404
(Fig. 2 F–H), suggestive of a noncompetitive inhibition model
(29). Jump dilution analysis was performed to examine the re-
versibility of protease inhibition (30). One-hundred times the re-
quired concentration of Zika virus protease was incubated with
each inhibitor at concentrations 10 times its IC50 (� 90% inhibi-
tion). After incubation, the reaction was diluted 100-fold in assay
buffer (inhibitor concentration that would result in � 10% inhibi-
tion). In the presence of an irreversible inhibitor, the initial ve-
locity is expected to remain inhibited by � 90% (no dissociation
upon dilution). A reversible inhibitor is expected to dissociate,
allowing enzymatic rates to return to close to vehicle-only controls
(� 10% inhibition). All three compounds displayed an initial ve-
locity close to that of the uninhibited enzyme (� 10% inhibition),
indicating reversible inhibition (Fig. 2 I–K). The initial enzyme
velocity in the presence of fixed concentrations of MK-591 and
JNJ-404 at the original (� 90% inhibition) and diluted (� 10%
inhibition) concentrations are shown for comparison in the SI
Appendix, Fig. S5 J and K.

Zika Virus Infection in an Immunocompetent Mouse Model. Studies
of Zika virus infection were performed in a C57BL/6 mouse
model. At postnatal day 1, a Zika virus isolate from the 2015
Brazilian outbreak was subcutaneously injected at 5 × 105 PFU/mL.
At 9 d postinfection (dpi), Zika virus-infected mice developed
motor deficits including tremors, stiffness of limbs, difficulty in
staying upright, loss of balance, and flaccid paralysis of the limbs.
Zika virus-infected mice were lower in body weight, developed
seizures, and met the requirements for euthanasia between 13
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