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Severe acute respiratory syndrome (SARS) is an infectious disease
caused by a novel human coronavirus. Currently, no effective
antiviral agents exist against this type of virus. A cell-based assay,
with SARS virus and Vero E6 cells, was developed to screen existing
drugs, natural products, and synthetic compounds to identify
effective anti-SARS agents. Of >10,000 agents tested, ~50 com-
pounds were found active at 10 uM; among these compounds, two
are existing drugs (Reserpine 13 and Aescin 5) and several are
in clinical development. These 50 active compounds were tested
again, and compounds 2-6, 10, and 13 showed active at 3 uM. The
50% inhibitory concentrations for the inhibition of viral replication
(ECs0) and host growth (CCsq) were then measured and the selec-
tivity index (SI = CCso/ECso) was determined. The ECso, based on
ELISA, and SI for Reserpine, Aescim, and Valinomycin are 3.4 uM
(SI = 7.3), 6.0 uM (SI = 2.5), and 0.85 puM (SI = 80), respectively.
Additional studies were carried out to further understand the
mode of action of some active compounds, including ELISA, West-
ern blot analysis, immunofluorescence and flow cytometry assays,
and inhibition against the 3CL protease and viral entry. Of partic-
ular interest are the two anti-HIV agents, one as an entry blocker
and the other as a 3CL protease inhibitor (K; = 0.6 pM).

S evere acute respiratory syndrome (SARS) is an acute respi-
ratory illness caused by infection with a novel human coro-
navirus (SARS-CoV) (1, 2). The first SARS case was found in
Guangdong, South China, in November 2002, and since then the
disease has spread to >25 countries. By July 31, 2003, 8,098
SARS cases and 774 SARS-related deaths were reported around
the world. Studies on the molecular evolution of SARS-CoV
suggested that the virus emerged from non-human sources (3).

At present, the combination of Ribavirin and corticosteroids
is the most frequently administered antiviral agent for SARS
(4-12). However, Ribavirin at nontoxic concentrations has little
in vitro activity against SARS-CoV (13) and has many side effects
(9). An improved clinical outcome was reported among SARS
patients receiving early administration with the HIV drug
Kaletra plus Ribavirin and corticosteroids (14). Glycyrrhizin
(13) and human interferons (15, 16) were also reported to be
effective against SARS. However, no clear evidence was dem-
onstrated to support these clinical observations. Therefore, the
search for more effective and potent antivirals for the SARS
virus is of current interest. Recent identification of the viral
genome (17-19), the viral receptor (20), the viral main protease
(the chymotrypsin-like protease, also called 3CL protease) and
its structure (21, 22), and activity studies (23, 24) have provided
a better understanding of this devastating disease and should
facilitate the development of effective therapeutic agents. This
report describes a cell-based assay using SARS-CoV and Vero
E6 cells (18) to screen a collection of nearly 10,000 compounds
and natural products to identify antiviral agents for SARS. It also
describes further studies of some promising lead compounds
revealed from the screen.
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Materials and Methods

The agents tested in this study include ~200 drugs approved by
the Food and Drug Administration, >8,000 synthetic com-
pounds, ~1,000 traditional Chinese herbs, and ~500 protease
inhibitors.

Compounds were dissolved in DMSO to 10 mM and trans-
ferred to 96-well microtiter plates to assay for antiviral activity
based on the prevention of the SARS-virus-mediated cytopathic
effect. Additional confirmative studies were done by cytotoxic-
ity, immunofluorenscence ELISA, Western blot analysis, flow
cytometry on viral protein expression with SARS-CoV-spike
protein-specific monoclonal antibodies, and protease inhibition.

Primary Screening for Anti-SARS-CoV Compounds. Vero E6 cells
(2 X 10* per well) were cultured in a 96-well plate in DMEM
supplemented with 10% FBS. The culture medium was removed
after a 1-day incubation when the cells reached 80-90% con-
fluence. A solution of 100 ul of DMEM, with 2% FBS containing
the compound to be tested, was placed in three wells. Cells were
incubated in a CO; incubator at 37°C for 2 h and inoculated with
SARS-CoV (H.K. strain) at a dose of 100 TCIDs, per well; the
cytopathic morphology of the cells was examined by using an
inverted microscope 72 h after infection.

Cytotoxicity Study of Compounds with Vero E6 Cells. Vero E6 cells
were grown in a humidified 5% CO; incubator at 37°C in DMEM
supplemented with L-glutamine, nonessential amino acids, and
10% FBS, and they were seeded at 7 X 10* cells per ml onto a
96-well plate and left overnight.

3-(4,5-Dimethylthiazole-2-yl)-5-(3-carboxy-methoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS) assay was
performed by using CellTiter 96 Aqueous Non-radioactive Cell
Proliferation Assay Kits (Promega) to determine the population
of living cells. In brief, after the incubations with compounds at
varied concentrations for 2 days, the culture medium was
replaced with 100 pul MTS/phenazine methosulfate in DMEM,
incubated at 37°C for 2 h, and measured with a plate reader at
490 nm. Data are expressed as percentage of control cells (as
100%) cultured in the absence of any compounds.

ELISA. At the conclusion of the incubation, the SARS-virus-
infected Vero E6 cells were rinsed with PBS and fixed in a

Abbreviations: SARS, severe acute respiratory syndrome; CoV, coronavirus; IFA, immuno-
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Fig. 1. The fluorogenic substrate used for SARS-CoV 3CL protease inhibition

assay. Enhanced fluorescence caused by cleavage of the fluorogenic substrate
peptide was monitored at 538 nm with excitation at 355 nm.

solution containing ice methanol/acetone (1:1) solution for 5
min at room temperature and rinsed three times with PBS. Cells
were blocked with 3% skimmed milk in PBS for 2 h at room
temperature and then incubated for 1 h at 37°C with 1:2,000
diluted monoclonal antibody (ascetic fluid) to the spike protein
of SARS-CoV. All samples were washed with three changes of
PBS-T buffer and twice with fresh changes of PBS buffer at room
temperature, followed by a 30-min incubation with horseradish
peroxidase-labeled goat anti-mouse IgG for 30 min at room
temperature. Plates were rinsed with PBS containing 0.05%
Tween 20 between incubations. A substrate solution containing
O-phenylenediamine dihydrochloride, citrate buffer (pH 5.0),
and hydrogen peroxide was added to each well. Plates were
covered and gently shaken at room temperature for 10 min. The
reaction was stopped by the addition of 3 N sulfuric acid, and
plates were read immediately at 492 nm. The ECsg value for each
agent was extrapolated from the linear regression plot of agent
concentration versus ODyg,.

Immunofluoresence Assay (IFA). Infected or control cells were
rinsed with PBS and resuspended to a final concentration of 1 X
106 cells per ml. Slides were prepared for IFA by spotting wells
with 2 X 10% cells for each agent concentration and controls, then
dried, fixed in ice methanol/acetone (1:1) solution for 3 min,
then rinsed, and stored at —20°C before staining for IFA. Daudi
cells were rehydrated then blocked with 3% skimmed milk in
PBS for 30 min at room temperature. Vero E6 cells were
rehydrated, blocked, and permeabilized in PBS containing 0.1%
saponin and 1% FBS. Cells were then incubated in a hydration
chamber at 37°C for 1 h with 20 ul of primary antibody in a
blocking solution. After a rinse with PBS, cells were incubated
at 37°C for 1 h FITC-conjugated goat anti-mouse IgG + IgM
secondary antibody (Jackson ImmunoResearch), and rinsed
with PBS before staining with 0.1% Evans blue dye (Fisher) in
PBS for 5 min. Slides were rinsed to remove any excess contrast
dye and cover slides were mounted by using a solution of 50%
glycerol in PBS. Cells were viewed at a magnification of X400
with a Nikon fluorescence microscope. For each agent concen-
tration, 500 cells were counted and the percentage of antigen-
positive cells was calculated. The agent concentration required
to inhibit virus replication by 50% (ECso) was determined.

Western Blot Analysis of Anti-SARS Agents. SARS-CoV-infected
Vero E6 cells were treated with compounds at varied concen-
trations for 24 or 48 h then lysed in a lysis buffer for 3 min. The
cell debris was spun down and all cell lysates were harvested for
electrophoresis and Western blotting assay with SDS/PAGE and
a Hybond-C Extra membrane (Amersham Pharmacia). The
resulting membrane was blocked in 3% skimmed milk in PBS for
30 min at room temperature and then treated with 1:1,000
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Fig. 2. The test for cytopathogenic effects. +++ indicates that the protective
effect is obvious, and ++ and + indicate moderate and weak, respectively.

diluted anti-spike protein monoclonal antibody (Chemicon MAb
1501) for 1 h at room temperature. The membrane was rinsed by
using two changes of PBS-T buffer and then washed once for 15
min and twice for 5 min each with fresh PBS buffer at room
temperature, followed by treatment with horseradish peroxi-
dase-labeled goat anti-mouse IgG for 30 min and 1:2,000 dilution
for 1 h. The membrane was washed as above and the mixed
enhanced chemiluminescence detection reagent was added to
the protein side of the membrane. The blot was placed with the
protein side up, in the film cassette, to visualize the level of
protein expression.

Flow Cytometry Analysis of Anti-SARS Activities. Vero E6 cells were
rinsed and blocked with 5% FBS and 4% goat serum in PBS.
SARS-CoV-infected cells were trypsinized with 0.05% trypsin-
EDTA medium, and ~1-5 X 107 cells were distributed to each
well of a round-bottom ELISA plate. The suspension was
centrifuged and the cells were rinsed with PBS and thoroughly
resuspended; 100 ul of Cytofix/Cytoperm solution was added to
each well, then fixed and permeabilized in 2 ul of methanol for
20 min at 4°C. These cells were blocked in PBS containing 5%
FBS, 4% serum, and 0.5% DMSO for 30 min at 37°C. Samples
were incubated with 20 wl of primary antibody diluted in
blocking solution for 1 h at 37°C, then rinsed twice with blocking
solution, and pelleted by centrifugation at 1,000 X g for 5 min.
After the second rinse, 0.5 ul of 3 ug/ml FITC-conjugated goat
anti-mouse IgG + IgM was added followed by incubation for 1 h
at 37°C. Cells were rinsed twice with PBS and pelleted by
centrifugation before being resuspended.

Flow cytometry data were acquired by using a Becton Dick-
inson FACSCalibur instrument, and data were analyzed by using
the WIN-MDI 2.7 data analysis program (The Scripps Research
Institute). The resulting dot plots were gated to remove non-
specific and background staining from further consideration,
and the M1 bar was set so that <1% of the cells in the negative
control were included in the determination of percent positive
cells. The ECsg value for each agent was extrapolated from the
plot of agent concentration versus percentage of antigen-positive
cells as described above.

SARS-CoV 3CL-Protease Inhibition Assay. As described (25), the
gene encoding the SARS-CoV main protease was cloned from
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the viral whole genome by using PCR with the forward primer
5'-GGTATTGAGGGTCGCA-GTGGTTTTAGG-3" and re-
verse primer 5'-AGAGGAGAGTTAGAGCCTTATTGG-
AAGGTAACACC-3' into the pET32Xa/LIC vector. The FXa
cleavage site (IEGR) and the complementary sequences to the
sticky ends of the linear vector pET-32Xa/LIC were included in
these primers. The recombinant protease plasmid was then used
to transform Escherichia coli JM109 competent cells that were
streaked on a LB agar plate containing 100 pg/ml ampicillin.
The correct construct was subsequently transformed into E. coli
BL21 for expression of the His-tagged protein, which was then
digested with FXa protease to remove the tag. The purified
protein was confirmed by N-terminal sequencing and MS. The
enzyme concentration used in all experiments was determined
from the absorbance at 280 nm.

All kinetic measurements were performed in 20 mM bis(2-
hydroxyethyl)amino]tris(hydroxymethyl)methane (pH 7.0) at
25°C. Enhanced fluorescence due to cleavage of the fluorogenic
substrate peptide (Dabcyl-KTSAVLQ-SGFRKME-Edans) was
monitored at 538 nm with excitation at 355 nm (Fig. 1) by using
a fluorescence plate reader (Fluoroskan Ascent, ThermoLab-
systems, Helsinki, Finland).

The initial velocities of the inhibited reactions of 50 nM SARS
main protease and 6 uM fluorogenic substrate were plotted
against the different inhibitor concentrations to obtain the ICs
by using the following equation.

A[I]=A[0] X {1 = [[1]/([1] + ICs0)]} (1]

A[I] is the enzyme activity with inhibitor concentration [/]; A[0]
is the enzyme activity without inhibitor.

T
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Representative compounds showed protective effect at 10 uM. Parentheses indicate the result of cytotoxicity. (A) indicates the compounds that are

noninhibitory to Vero E6 at concentrations greater than four times the anti-SARS concentrations. (B) indicates compounds that are noninhibitory at the anti-SARS
concentrations. However, growth retardation, to ~80% of the control level, was observed when Vero E6 cells were treated with these compounds at two times

the anti-SARS concentrations.
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Fig. 4. ELISA of SARS-CoV spike protein in response to compound 10
treatment. % of control = (OD of SARS-CoV Inf. — OD of Mock.Inf. [Conc.
x])/(OD of SARS-CoV. Inf. — OD of Mock-Inf. [Conc. 0]). ECso = 0.85 uM; S.I. =
80. Inf., infection.

K; measurements were performed at two fixed inhibitor
concentrations and various substrate concentrations ranging
from 8 to 80 uM in a reaction mixture containing 50 nM SARS
protease. Lineweaver—Burk plots of kinetic data were fitted with
the computer program KINETASYST II (IntelliKinetics, State
College, PA) by nonlinear regression to obtain the Kj value of a
competitive inhibitor from the following equation.

1/V = Ku/Vau[SF1 + [1/K) + 1/V3y (2]
Computer Modeling of SARS-CoV 3CL Protease Inhibition. Docking
calculations were completed by using AUTODOCK V. 3.0 (26) with
the Genetic Algorithm. Protein coordinates were taken from the
crystallographic structure of SARS-Co-V MFP (PDB ID code
10J1) (21).

Results and Discussion

Primary Cell-Based Screening. We initially used the observed cyto-
pathogenic effect on Vero E6 cells to assess the antiviral activity of

Mock

20 uM

UM

33 UM

1 uM

Fig. 5. Compound 10-inhibited cytopathic effect induced by SARS-CoV and
the viral protein expression shown by IFA.
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Fig. 6. Flow cytometry analysis of the inhibitory effect of compound 10 on

SARS-CoV. S, spike protein; PE, phycoerythrin (a red fluorescent dye). The PE
value represents the level of viral spike protein expression.

compounds at a concentration of 10 uM (Fig. 2). Of >10,000
compounds tested, ~50 showed protective effects. Representative
structures of active compounds are shown in Fig. 3.

Cytotoxicity Study of Anti-SARS Compounds Using Vero E6 Cells.
Because any compound that is inhibitory to cell growth may exhibit
an apparent antiviral activity, it is thus important to evaluate the
inhibitory effects of all anti-SARS compounds on the growth of
host cells. The cytotoxicity study on Vero E6 cells was undertaken
by comparison of the live cells after a 2-day incubation with
anti-SARS compounds at varied concentrations. The number of
live cells was determined by using the MTS assay (27).

Among the compounds in Fig. 3, those that are not inhibitory
to the growth of Vero E6 cells at concentrations greater than
four times the anti-SARS concentrations are designated “A” in
parentheses (Fig. 3). The compounds of group B, however,
showed 20% inhibition of cell growth at two times the anti-SARS
concentrations.

Inhibition of Viral Replication Tested by ELISA, Western Blot Analysis,
IFA, and Flow Cytometry Assay. Some of the anti-SARS compounds
were evaluated at multiple concentrations to deduce the 50%
inhibitory concentrations for the inhibition of viral replication
(ECso) and host gl’OWth (CCSO) The SI, the ratio of CCsg to ECsg
(28), was used to evaluate these compounds. The most potent
inhibitor found was compound 10 (Valinomycin), a peptide
insecticide acting as a potassium ion transporter (29). The ECs
based on ELISA (Fig. 4) was 0.85 uM (SI = 80). The antiviral
activity was further confirmed with IFA (Fig. 5) and Western
blot and flow cytometry analysis (Fig. 6).

Compounds 5 (Aescin, a drug widely used in Europe) and 13
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Fig. 7. The commercially available compounds whose structures have 80%
similarity with Glycyrrihizin, Aescin, and Reserpine that showed anti-SARS-
CoV activities <100 uM.

(Reserpine, a Food and Drug Administration-approved drug)
were further tested with IFA, ELISA, Western blot analysis, and
flow cytometry to confirm their anti-SARS activities. The ECs,
values for Reserpine (compound 13) and Aescin (compound 5)
were 3.4 uM and 6.0 uM, respectively, and the corresponding
CCs values were 25 uM (SI = 7.3) and 15 uM (SI = 2.5).

Aescin, the major active principle from the horse chestnut
tree, has previously been used to treat patients with chronic
venous insufficiency (30, 31), hemorrhoids (32), postoperative
edema (30, 32), and inflammatory action (30, 33). Reserpine, a
naturally occurring alkaloid produced by several members of the
genus Rauwolfia, has been used primarily as a peripheral anti-
hypertensive and as a central depressant and sedative (34). It has
also found use as a radio-protective agent and experimentally as
a contraceptive (35).

Because Glycyrrhizin, Aescin and Reserpine have been used
clinically, their related natural products may be also active
against SARS-CoV. We used the International Species Infor-
mation System (ISIS) database to search for commercially
available compounds whose structures have 80% similarities
with these three drugs. We found 15 compounds related to
Glycyrrhizin and Aescin and six compounds related to Reser-
pine. Through a cell-based assay, we found that 10 of the 21
compounds showed activities against SARS-CoV. Among them,
four compounds (6, 16, 17, and 18) are derivatives of Glycyr-
rhizin and Aescin, and all six derivatives of Reserpine (19-24)
showed activities toward SARS-CoV at <100 uM. The struc-
tures and their minimal concentration of inhibition toward
SARS-CoV are shown in Fig. 7. Ginsenoside-Rb1 (16) is one of

10016 | www.pnas.org/cgi/doi/10.1073/pnas.0403596101

Fig. 8. Computer modeling of compound 2 binding to SARS-CoV 3CL
protease. One of the two hydroxyl groups forms hydrogen bonds with Glu-166
through its side chain and the backbone amide bond. The phenyl groups fit
into two pockets, one of which is well defined by hydrophobic residues
(Met-165, Pro-168, and Leu-167).

the pharmacologically active components of the traditional
Chinese herb, Panax ginseng (36). Glycyrrhizin has previously
been reported to be active against SARS-CoV with ICsy > 500
pM (15).
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Fig. 9. The Lopinavir-like structures and their 1C5o against 3CL protease.
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Inhibition of SARS-3CL Protease. The main protease of SARS-CoV
is a dimeric chymotrypsin-like protease called 3CL protease,
with active-site Cys instead of Ser as nucleophile. Several
synthetic inhibitors of the 3CL protease have been reported (22,
37), but are relatively weak and no further studies were con-
ducted. Compounds 1 and 2 were developed as transition-state
analog inhibitors of the HIV protease (38). The K; value of 2
toward the HIV-protease is 1.5 nM and the feline immunode-
ficiency virus protease is 4 nM (ref. 39 and references therein).
It is also active against several resistant variants in cell-based
assays and effective in treatment of cats with AIDS (40). The K;
value of 2 against the SARS-CoV 3CL protease is 0.6 uM.

The docking simulation of compound 2 showed that the inhibitor
is folded into a ring-like structure in the active site; one of the two
hydroxyl groups forms hydrogen bonds with Glu-166 through its
side chain and the backbone amide bond. The phenyl groups fit into
two pockets, one of which is well defined by hydrophobic residues
(Met-165, Pro-168, and Leu-167). The two Val side chains from the
inhibitor seem to play no role in the affinity of 2, because both of
them point toward the solvent. However, whereas one of the Ala
side chains is exposed to the solvent, the second one fits into a large
pocket mostly defined by hydrophobic residues such as Leu-27 (Fig.
8). Further modification of 2 was carried out. Although removal
of one of the two hydroxyl groups did not affect the protease
inhibition activity, change of the Cbz group to the acetyl group or
the Val residue to Gly or Ser reduced the activity significantly.
Compound 2 was, however, bound in an extended form to the HIV
and feline immunodeficiency virus proteases (ref. 39 and references
therein); both are aspartyl proteases active as a C-2 symmetric
dimer.

We have also tested the HI'V protease inhibitors Ritonavir and
Saquinavir, both used in the clinic, as inhibitors of SARS 3CL
protease; however, neither showed activities at the concentration
of 50 uM. Because Kaletra is a mixture of Lopinavir and
Ritonavir, we tested Lopinavir alone, and its ICsy value was 50
uM (Ki = 14 uM). In an attempt to further improve its inhibition,
we have also synthesized a series of derivatives of Lopinavir, but
the best compound has an ICsj value of ~25 uM (Fig. 9).
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Other Anti-SARS CoV Compounds. Iminocyclitol 7 is an excellent
inhibitor of a-fucosidase, with a Kj of ~25 nM (41) toward
human fucosidase; its inhibition against SARS-CoV is perhaps
due to the disruption of the envelope glycoprotein processing.
The two macrolides 11 and 12 perhaps target the viral RNA.

Some other well known traditional Chinese herbs were also
tested in the cell-based assay and most of them were found
inactive against SARS-CoV at the concentration of 10 uM.
However, we found that extracts of eucalyptus and Lonicera
Japonica did show such activities at the concentration of 100 uM;
and Ginsenoside-Rb1 (17), one of the pharmacologically active
components of Panax ginseng (42, 43), also showed the antiviral
activity at 100 uM. FP-21399, a bis-azo derivative with HIV
inhibition activity by preventing viral entry (44), also exhibited
inhibition activity at a low micromolar concentration, perhaps
due to the same mechanism.

Finally, previous reports in the literature have predicted that
several compounds may show antiviral activities against SARS,
such as AG7088 (21), Pentoxifylline (45), Melatonin (46), and
Vitamin C (47). However, our cell-based assay showed that these
compounds had no effects at the concentration of 10 uM. Some
other anti-RNA virus drugs, such as AZT, Didanosine, Nevi-
rapine, Ritonavir, Lopinavir, Saquinavir, and Ribavirin, also
showed no activities at the same concentration.

In summary, we have found 15 compounds with potent
anti-SARS CoV activity, including two existing drugs. In addi-
tion, Valinomycin, FP-21399, and some saponins are highly
effective and worth further study. HIV protease inhibitor 2
represents a promising candidate for further development be-
cause it has been shown active in vivo in cats with AIDS. Work
should be done to determine the structure of the protease in
complex with 2 for further optimization of the inhibitor.
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