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We have used a combination of virtual screening (VS) and high-throughput screening (HTS) techniques to
identify novel, non-peptidic small molecule inhibitors against human SARS-CoV 3CLpro. A structure-
based VS approach integrating docking and pharmacophore based methods was employed to computa-
tionally screen 621,000 compounds from the ZINC library. The screening protocol was validated using
known 3CLpro inhibitors and was optimized for speed, improved selectivity, and for accommodating
receptor flexibility. Subsequently, a fluorescence-based enzymatic HTS assay was developed and
optimized to experimentally screen approximately 41,000 compounds from four structurally diverse
libraries chosen mainly based on the VS results. False positives from initial HTS hits were eliminated
by a secondary orthogonal binding analysis using surface plasmon resonance (SPR). The campaign
identified a reversible small molecule inhibitor exhibiting mixed-type inhibition with a Ki value of
11.1 lM. Together, these results validate our protocols as suitable approaches to screen virtual and chem-
ical libraries, and the newly identified compound reported in our study represents a promising structural
scaffold to pursue for further SARS-CoV 3CLpro inhibitor development.

� 2013 Published by Elsevier Ltd.
1. Introduction

A highly infectious respiratory illness, Severe Acute Respiratory
Syndrome (SARS), emerged in Southern China and Hong Kong
during late 2002.1 It rapidly spread to over 25 other countries,
infecting nearly 8000 people worldwide with a mortality rate of
over 10%.2 A novel human coronavirus (SARS-CoV) was identified
as the causative agent of SARS. Although containment of the epi-
demic was successful through epidemiological and quarantine
measures, the possibility of reemergence of the SARS-CoV or
SARS-like diseases has been suggested based on the isolation of
closely related strains from the horseshoe bat.3,4 Two new human
coronaviruses named HKU15,6 and NL637,8 have been identified
since 2003, which turned out to be less lethal than SARS-CoV.
However, a more recently identified human coronavirus, Middle
East Respiratory Syndrome coronavirus (MERS-CoV), has infected
114 people since April 2012 with a nearly 50% mortality rate (54
deaths reported), and this number keeps rising daily.9–11 Two
Asian bat coronaviruses, BtCoV-HKU4 and BtCoV-HKU5, have been
shown to be the closest to MERS-CoV.12 This strongly suggests that
there could be new SARS-like or new strains of SARS human coro-
naviruses that could cause another deadly outbreak in the future.
There is still no effective therapy for SARS or other coronaviral
infections.13

The SARS coronavirus gene encodes two overlapping polypro-
teins—pp1a and pp1ab.14 These polyproteins are processed by
virally encoded peptidases to generate functional viral proteins.
The SARS Chymotrypsin-like cysteine protease (3CLpro) is the
primary enzyme responsible for proteolysis, cleaving the initial
polyprotein synthesized by the virion at eleven of its fourteen
cleavage sites. Due to its crucial role in maturation of SARS-CoV,
3CLpro is an important target for anti-SARS drug design. 3CLpro

functions as a dimer,15 with one wall of the active site including
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a loop from the neighboring monomer. The N-terminus Ser1 of one
monomer forms a hydrogen bond with Glu166 of the adjacent
monomer in the S1 pocket. This interaction between the two
monomers substantially stabilizes the protein, which then behaves
as an active dimer where both monomers are found in the ‘active
form’. However, the majority of the drug discovery efforts against
SARS-CoV 3CLpro reported to date have employed ‘non-authentic’
protein, i.e. one which has either an N-terminal GST tag or a
C-terminal His-tag, in the crystal structures used in computational
studies or in the constructs used in enzyme assays. Since the
modified N- and C-termini can influence the functionality and
activity of the SARS-CoV 3CLpro,15–17 the inhibition data reported
in literature should be interpreted with caution.

SARS-CoV 3CLpro has been the target of extensive inhibitor
design, with drug design strategies ranging from substrate-based
peptidomimetic design to identification of leads from direct high-
throughput screening (HTS) and computational screening of large
databases. Many peptidomimetic inhibitors of 3CLpro were initially
developed, with these inhibitors including a ‘warhead’ moiety that
formed a covalent interaction with the catalytic cysteine (Cys145)
in 3CLpro.18–22 After the development of the first generation of
covalently interacting peptidomimetic inhibitors, researchers
moved on to identifying non-peptidic small molecule
inhibitors.23–28 These were also largely warhead-based covalently
bonding inhibitors, which could cause unwanted problems such
as toxicity and off-target side effects, especially for other cysteine
proteases. Thus there is a strong need to identify novel, non-
covalent inhibitors with enhanced selectivity and potency against
3CLpro.

In this work, we describe structure-based virtual screening (VS)
and subsequent high-throughput screening (HTS) methodology to
identify novel non-peptidic, non-covalent small molecule inhibi-
tors against 3CLpro of human SARS-CoV (Fig. 1). The lack of a rigid,
well-defined deep pocket of SARS-CoV 3CLpro makes small mole-
cule inhibitor design difficult using in silico approaches. We thus
developed a screening protocol using tiered docking and dynamic
pharmacophore model filtering to screen the ZINC database
(Fig. 1A). Subsequently, we developed an experimental
high-throughput screening assay to screen �40,000 diverse small
molecules from four chemical libraries and optimized an orthogo-
nal counter-screen binding assay to remove false positives
(Fig. 1B). Through the use of virtual and high-throughput screens
Figure 1. Schematic of (A) virtual and (B) high-throughput screening pipelines. The
hit validation steps are shown within the HTS pipeline.
we present several novel chemical scaffolds, which serve as excel-
lent lead candidates for optimization of biological activity for
potential anti-SARS drug design.

2. Results and discussion

2.1. Virtual screening challenges

2.1.1. Target flexibility
The SARS-CoV 3CLpro binding pocket has been shown to be quite

flexible in previous studies based on crystal structures solved at
various pH values and in molecular dynamics (MD) simulations.29

Our nanosecond-scale MD simulations of the authentic SARS-CoV
3CLpro dimer structure show that the four loops surrounding the
active site region can sample alternative conformations (Fig. 2A).
The plot in Figure 2B displays the average per-residue RMSD for
the N-terminal monomer relative to the crystal structure. Signifi-
cant conformational flexibility can be observed in the active site,
particularly in loops L1, L2 and L4 that constitute the walls of the
binding pocket. Such flexible loops are expected to play an impor-
tant role in the correct positioning of amino acid residues during
substrate binding and may adversely affect the virtual screening
performance for a single rigid-receptor docking approach, as is
often undertaken.

2.1.2. Quantitative characterization of docking efficiency
The available apo and ligand-bound crystal structures of

SARS-CoV 3CLpro elucidate the structural features of the enzyme’s
Figure 2. Conformational flexibility of 3CLpro studied using MD simulations. (A)
Superposition of MD-generated structurally diverse snapshots showing the flexi-
bility of the loops L1–L4 (L1: residues 185–193, L2: residues 165–172, L3: residues
139–150, and L4: residues 40–53). The snapshots were selected based on heavy
atom RMSD of the binding site residues. (B) Average per-residue RMSD (in
angstroms) of 3CLpro monomer from the MD simulation of dimer structure. Grey
panels correspond to the flexible loops around the active site.
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substrate binding pocket and the key interactions important for
molecular recognition, allowing for structure-based screens of
large compound libraries. The success of docking approaches relies
on the overall classification accuracy of the scoring functions as
well as their early enrichment, which is particularly important in
high-throughput virtual screening. We examined the overall pre-
dictive power of scoring functions on the compounds in the valida-
tion dataset using rank order correlation between the computed
docking scores and the experimentally reported IC50 values, and
the area under the receiver operating characteristic (ROC) curve
(AUC) values (see Methods). The correlation coefficients and the
AUC values for all the assessed scoring functions are listed in
Figure 3A. We found that both Surflex-Dock and GOLD yielded poor
prediction accuracy. Rescoring with Amber-DOCK improved the
binding free energy estimation of the docked poses from GOLD,
but reduced the classification accuracy of the Surflex-Dock poses.
The initial slope of the ROC curve quantifies the early enrichment
of the scoring function. We found that Amber-DOCK rescoring of
GOLD binding poses and the GoldScore function show superior
early enrichments (Fig. 3B). These results show that Amber-DOCK
rescoring of GOLD binding poses displays the best prediction
accuracy in terms of early and overall enrichment for 3CLpro

inhibitors. However, there remains an issue in using the Amber-
DOCK rescoring method for screening large compound libraries,
primarily because pose refinement employs energy minimization
and molecular dynamics of the binding-site residues, making it
computationally slow.

2.2. Virtual screening workflow

We examined tiered docking and consensus scoring along with
dynamic pharmacophore based screening approaches to address
some of the limitations of molecular docking mentioned above.
The tiered docking approach aims at increasing the computational
efficiency by making use of fast docking methods at an early stage
to quickly remove non-binders, followed by using more rigorous
and accurate algorithms on the promising subsets to rank potential
binders. The consensus scoring method combines estimates from
different scoring functions to capitalize on strengths and to com-
pensate for errors from individual functions, thereby improving
Figure 3. Comparison of different docking/scoring methods on the 3CLpro validation
dataset. (A) The rank-order correlation (r) between the docking scores and the
experimental IC50 values and area under the curve (AUC) values for ROC plots of the
assessed docking methods. (B) ROC plots for Surflex-Dock, GoldScore, Amber-DOCK
rescoring of GOLD and Surflex docked conformations.
the hit rates. The dynamic pharmacophore model accommodates
3CLpro active site loop flexibility into virtual screening.

2.2.1. Tiered docking
Surflex-Dock provides a good compromise between the overall

predictive power (as characterized by its AUC value on the valida-
tion dataset) and high computational speed, and was used for the
first round of elimination to rapidly discard compounds that did
not fit in the binding pocket of the 3CLpro enzyme. This enriched
the dataset with the compounds that could form favorable steric
and electrostatic interactions with the enzyme’s active site, reduc-
ing the Vernalislead dataset from 97 K compounds to 50 K
compounds and the Cleanlead dataset from 524 K compounds to
106 K compounds. We then clustered the hits from Surflex-Dock
to generate a representative set of structurally diverse compounds,
still achieving maximum coverage of the chemical diversity space.
A reciprocal nearest neighbor (RNN) packing algorithm in Sybyl8.0
was used to generate this representative set. A compound was not
selected when 6 of its closest 30 neighbors were selected and those
6 neighbors were at least 85% similar. For a more exhaustive
search, the representative sets were docked with GOLD followed
by rescoring of the docked conformations from GOLD and
Surflex-Dock using Amber-DOCK.

2.2.2. Consensus scoring
We evaluated several methods for combining ranks from

individual scoring functions to improve enrichment. Combining
predictions from different models to generate a consensus has
been widely employed in other areas and has been shown to be
more robust than the individual component models.30–32 The ratio-
nale behind combining ranks is that different scoring functions
may have different biases and may sometimes wrongly predict
the binding affinity of a compound, but consensus estimates from
multiple scoring functions can potentially approximate the true
activity of a compound.33,34 The evaluated consensus scoring
methods and their performances are described in the Supplemen-
tary data. The best accuracy and enrichment was obtained from the
rank-sum approach by summing ranks from GoldScore, Surflex-
Dock and Amber-DOCK rescoring of GOLD and Surflex-Dock con-
formations. The method not only retrieved maximum actives at
the beginning of the ordered list, but also showed a significantly
higher AUC (= 0.8) than other scoring functions (Figs. S1 and S2).
The entire representative set from tiered docking was ranked using
the rank-sum consensus method.

2.2.3. Pharmacophore screening
The Computational Solvent Mapping (CSM) algorithm deter-

mines the energetically favorable binding positions for small
probes in the active site, conserved over multiple conformers of
the protein, thus making the generated features independent of
the binding site conformation. Five different probes were selected
such that they covered the common functional groups found in
inhibitor molecules as well as offered a good coverage of the sub-
strate-recognition pocket of 3CLpro. The S1 subsite includes His163
and Glu166 residues, which could potentially make hydrogen
bonding interactions with inhibitors. The hydrophobic S2 subsite
is lined with Met, Pro, Asp, His and Tyr residues. Methanol, acetate,
and methylammonium probes were used to identify hydrogen
bonding interactions; benzene probes were used for mapping of
aromatic interactions, and ethane probes were used to distinguish
hydrophobic interactions from aromatic. The method identified
five hot spots (Fig. 4), an aromatic feature interacting with the
S1’ subsite, two aromatic/hydrophobic features in the S1 and S2
subsites, an acceptor site near the catalytic cysteine, and a donor
site interacting with residues His163 and His164 in the S1 subsite.
The validity of the generated pharmacophore model was



Figure 4. Pharmacophore model generated using computational solvent mapping.
Pharmacophore features shown within 3CLpro active site. Aromatic (Aro) affinity
sites are in green, H-bond donor (Don) sites are in red, H-bond acceptors (Acc) sites
are in blue, aromatic/hydrophobic (Aro/Hydro) sites are in turquoise, and excluded
volume regions are in grey.

Table 1
Comparison of kinetic parameters with two FRET-based substrates

FRET-peptide substrate KM (lM) kcat (s�1) kcat/KM (M�1 s�1)

Edans/Dabcyl 23.8 ± 1.2 0.48 ± 0.3 17,547
5-FAM/QXL520 16.1 ± 0.8 10.9 649,010

3CLpro enzyme was incubated with the substrates in 50 mM HEPES, pH 7.5, 2 mM
GSH, 0.01% Triton X-100. The KM values were determined from three to four
independent assays.
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ascertained using two techniques. The water molecule was used as
a probe and the positions of consensus clusters were compared
with the crystallographic waters in the SARS-CoV 3CLpro active site.
The method reproduced the binding sites of all the three binding
pocket crystallographic waters. We also evaluated the performance
of the generated pharmacophore model on the validation dataset.
Although the non-inhibitors closely resembled the active com-
pounds in chemical structure and molecular properties, the model
differentiated well between the two classes. The model correctly
predicted 18 out of 34 active compounds and had an overall accu-
racy of around 73%.

The final pharmacophore query was used to search the pre-
generated ligand conformers of the representative set obtained from
tiered docking. Alignment with the pharmacophore coordinates
gave �3400 hits. The ranks from the consensus scoring method
were used to pick out top scoring commercially available com-
pounds from the pharmacophore hits. The prioritized compounds
were visually inspected to eliminate reactive compounds and those
that did not efficiently span the binding site. Finally, 68 com-
pounds from the Vernalislead and Cleanlead set of Zinc v8.0 were
ordered for biological assays.

2.3. Assay development and optimization for HTS

The SARS-CoV main protease 3CLpro exists as a functional dimer.
It has been known that any affinity tags or extra amino acid
residues at either the N-terminus or C-terminus decrease 3CLpro

enzyme activity significantly via disturbing the formation of dim-
mers.35,36 Hence, we over-expressed and purified the authentic
3CLpro without any additions on either termini. Currently,
Dabcyl-KTSAVLQSGFRKME-Edans,37 is the only commercially
available fluorescence resonance energy transfer (FRET)-based
substrate to monitor the 3CLpro enzyme activity. The fluorescence
due to cleavage of the Edans/Dabcyl substrate can be monitored
at excitation and emission wavelengths of 355 nm and 538 nm.
In addition to this substrate, the long-wavelength fluorophore/
quencher pair Alexa Fluor/QSY has been developed for compound
screening, which can be monitored at excitation/emission of 490
nm/535 nm or 595 nm/620 nm depending on the types of Alexa
Fluor and QSY.38 Typically, substrates with higher wavelength
fluorescence signals work better for HTS because of less interfer-
ence from intrinsically fluorescent compounds. For this reason,
AlexaFluor/QSY would be a better substrate than Edans/Dabcyl.
However, it was not used in this study primarily due to its much
greater expense. Instead, we developed a new 3CLpro FRET sub-
strate peptide labeled with fluorophore, 5-FAM and a quencher,
QXL, for our studies. The FAM/QXL pair is a cost-effective alterna-
tive with a higher excitation/emission (492 nm/520 nm)
wavelength than that of Edans/Dabcyl. The new 3CLpro substrate,
5-FAM-TSATLQSGFRK (QXL520)-NH2, has the same peptide cleav-
age sequence as the Edans/Dabcyl-containing substrate. We inves-
tigated our new FAM/QXL substrate by comparing its kinetic
parameters with Edans/Dabcyl, which are summarized in Table 1.
The Michaelis constant (KM) value of the FAM/QXL substrate
(16.1 lM) is similar to that of Edans/Dabcyl (23.8 lM), however,
the FAM/QXL substrate exhibited a �22-fold greater kcat value over
the Edans/Dabcyl substrate. This resulted in �37-fold higher kcat/
KM of our FAM/QXL substrate than the Edans/Dabcyl substrate. Fur-
thermore, there was no inner filter effect up to almost 100 lM for
our developed substrate. Thus, we have successfully developed a
new 3CLpro substrate with good enzyme efficiency, a higher wave-
length and reduced inner filter effect.

Before HTS was done, a thorough assay optimization was done
to determine the optimal substrate and enzyme concentrations. In
addition, the reducing agent effect, DMSO tolerance, and enzyme
stability were also studied. In order to determine the correct sub-
strate concentration for the HTS assay, the Michaelis constant
(KM) was determined in the presence and absence of reducing
agents as described.39 A series of DMSO concentrations ranging
from 0% to 10% were tested for enzyme activity and substrate sta-
bility. Less than 10% inhibition of enzyme activity was observed
with up to 10% of DMSO, and the substrate of 3CLpro showed
sensitivity to DMSO starting at 10%. Therefore, a final DMSO
concentration of less than 4% was used for all assays.

2.4. Enzymatic characterization of hits from virtual screening

The compounds selected from VS were experimentally evalu-
ated for inhibitory activity against SARS-CoV 3CLpro using our
new FAM/QXL FRET-based substrate. A total of 68 virtual screening
hits were purchased, and initial experimental screening was con-
ducted at a single concentration of 100 lM, which identified eight
compounds with over 50% inhibition. IC50 values for the active
compounds were determined by dose-response curves. We were
able to obtain IC50 values for six compounds, all of which exhibited
micromolar activities, with the most potent one (Compound 8)
showing an IC50 value slightly less than 1 lM (Fig. 5). Seven
analogs of compound 8 were identified from ZINC v8.0 and were
evaluated. However, none of the analogs were found to inhibit
the enzyme by more than 50% at 100 lM concentration. Due to
the presence of a catalytic cysteine in the 3CLpro active site, the hits
from primary screening were evaluated in follow-up assays
containing reduced glutathione (GSH) as the reducing agent39 to
eliminate any covalent binders and to maintain the protein in its
active state. Out of the eight hits identified in the preliminary
assays, four compounds (1, 2, 3 and 6) retained IC50 values in the
micromolar range (Fig. 5), with the rest losing their inhibitory



Figure 5. IC50 value comparison of hits from virtual screening. IC50 determination was done in triplicate and each plate contained a total of 32 positive and 32 negative
controls. IC50 values were calculated by fitting the data to the three parameter Hill equation with OriginPro 8.5 (OriginLab, Inc.). Bars that reach the top of the graph represent
IC50 values of over 200 lM (no inhibitory effect.)
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activity in the presence of GSH. The IC50 values of these four hits
ranged from 40.9 to 76.7 lM in the presence of GSH. None of the
analogs of compound 8 were found to inhibit the enzymatic activ-
ity of SARS-CoV 3CLpro by more than 50% at 100 lM concentrations
when GSH was present in the assay buffer.

2.5. High-throughput screening

Based on the VS results, three structurally diverse libraries (an
in-house collection, a Maybridge diversity set, and a specially con-
structed antimicrobial/antiviral focused set from Life Chemicals)
were selected for HTS. The compounds in the selected libraries
exhibit molecular weight distributions and the basic scaffolds similar
to those of the VS hits. In addition, the Prestwick FDA-approved
drug library was also screened to identify the activity of any known
drugs against 3CLpro. Together, a total of 41,022 compounds were
screened against 3CLpro by enzymatic end-point fluorescence
intensity assays. The in-house library included ten control com-
pounds reported in PubChem (AID1890), from high-throughput
screening assay of the MLPCN compound library against SARS-
CoV 3CLpro. The primary screens were done in duplicate and the
Z’-factors varied between 0.57 and 0.75, indicating high quality
of the screening campaign. The replicate plot of percent inhibition
shown in Figure 6A also illustrates the good quality of the screens.
The primary hits with percent inhibition greater than 50% at 50 lM
compound concentration were cherry-picked and retested for their
inhibitory activities by continuous enzymatic assays by hand. The
compounds exhibiting IC50 values less than 50 lM were reordered
from their commercial vendors and activity confirmed. The pri-
mary screening of the in-house library identified three hits, but
none of the compounds showed an IC50 of less than 50 lM. All
ten compounds from PubChem exhibited inhibitory activities sim-
ilar to their reported values (PubChem AID1890). The IC50 values
determined for one of the PubChem compounds (9) is shown in
Figure 6B. The primary screening of the Prestwick FDA-approved
drug library resulted in one hit (Alexidine dihydrochloride,
compound 10 in Fig. 6B) with an IC50 value of 25.1 lM. Alexidine
dihydrochloride is a tyrosine phosphatase inhibitor that displays
anticancer activities in some cells.40,41 It also kills harmful germs
and bacteria and is often used in cosmetics, antiseptic, and health-
care products.42 The primary screening of the Maybridge library
resulted in 14 hits and thirteen compounds that showed inhibition
with IC50 values below 50 lM. We reordered nine of these and
confirmed inhibitory activities of five compounds with IC50 values
below 50 lM. The primary screening of the focused Life Chemicals
library resulted in 13 hits, out of which eight compounds showed
IC50 values below 50 lM. We reordered six of these, and the IC50

values of the three compounds (12–14) varied between 13.2 and
28.3 lM (Fig. 6B).

2.6. Validation of VS and HTS hits

The HTS hits were tested in enzyme omission assays to
eliminate any false positives caused by interference mediated by
compound fluorescence rather than inhibition of 3CLpro enzyme
activity. Only compound 10 showed minor interference, while
the other hit compounds showed no effect on the intensity of
fluorescence signal. An orthogonal binding assay, surface plasmon
resonance (SPR), was used for further validation of the hits from
virtual and high-throughput screening. In addition, we investi-
gated the inhibition by compound 9 deposited in the PubChem
bioassay database (AID 1890), since to our knowledge, it has not
been well characterized. Of the four VS hits and the six HTS hits,
the dissociation equilibration constants (KD) of five compounds
(1, 6, 9, 11, and 14) were successfully determined. The calculated
KD values of the five hits ranged between 26.4 and 55.3 lM,
indicating direct binding to the 3CLpro enzyme. Figure 6C shows
the KD curve fit for one of the identified hits (14). The remaining
compounds either non-specifically bound to the enzyme or did
not bind at all. Specifically, as shown in Figure 6D, compound 2
did not bind to 3CLpro, and four compounds (3, 10, 12, and 13)
exhibited non-specific binding patterns (Fig. 6E). Unfortunately
the only drug hit, Alexidine dihydrochloride from the Prestwick
FDA-approved drug library, also turned out to be a false positive
based on SPR because it did not bind to the 3CLpro enzyme. There-
fore, we considered five compounds (1, 6, 9, 11, and 14) worth
pursuing for further validation.

The reversibility of the five confirmed hit compounds was
tested by incubating 3CLpro with saturating concentrations of the
inhibitors (20-fold concentration of their respective IC50 values),
which inhibited 3CLpro activity by more than 95%. Each compound
was removed by desalting column and 3CLpro activity was moni-
tored to determine the recovery rate. The observed recovery rates
of 3CLpro were over 50% except for compound 1, which showed
only 14.3%. Consequently, four compounds (6, 9, 11, and 14) are
potentially non-covalent reversible inhibitors. Compound 6 is a
new scaffold that can be an excellent lead compound for further
optimization to improve potency. Although the remaining three
hits show similar inhibitory activities against 3CLpro, compounds
9 and 14 were better candidates than 11 due to the unattractive



Figure 6. Primary hits from HTS and hit validation using SPR binding assay. (A) Replicate plot from screening 41,022 compounds from structurally diverse in-house,
Prestwick FDA-approved drugs, Maybridge and Life Chemicals libraries. The blue box indicates hit compounds with over 50% inhibition at 50 lM compound concentration.
The initial percent inhibitions of the three confirmed hits from HTS are shown in red (9), blue (11) and green (14). (B) IC50 values and the dissociation equilibrium constants
(KD) of four virtual screening and six HTS hits. All data were normalized for immobilization levels of target and reference proteins. Bars that reach the top of the graph
represent KD values of over 200 lM (no binding). (C) The binding data of compound 14 fitted to a single rectangular hyperbolic equation (See Methods). The determined KD of
compound 14 was 21.3 ± 6.3 lM, similar to its IC50 value (13.9 ± 2.2 lM). (D) Response units of compound 2 at a series of increasing concentrations (0–90 lM), showing lack
of binding to 3CLpro. (E) Response units of compound 13 at a series of increasing concentrations (0–200 lM), showing non-specific binding to 3CLpro.
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structure of compound 11. The sequential elimination of primary
hits in the follow-up assays is summarized in Table 2.

2.7. Binding mode of inhibition and selectivity

The majority of currently reported 3CLpro inhibitors are com-
petitive inhibitors with respect to the substrate. We investigated
the mechanism of inhibition for compounds 9 and 14. The kinet-
ics of inhibition by compound 9 have not been determined (Pub-
Chem AID1890). Our kinetic analysis was done with varying
concentrations of substrate and enzyme–inhibitor complexes
for each compound. The different models of enzyme inhibition
(competitive, non-competitive, uncompetitive, and mixed-type)
were fit to the kinetic data and were assessed using Michaelis–
Menten, Lineweaver–Burke, and Dixon plots, using the SigmaPlot
Enzyme kinetics Module. The best fit equations had the lowest
Akaike Information Criterion corrections (AICc) value,43 which
should have a minimum of 2 AICc units difference from the next
lowest to be significant. Compound 9 was determined to be a
competitive inhibitor with respect to the substrate, with a Ki

value of 27.5 lM. Compound 14 showed a mixed-type inhibition
with different affinities for free 3CLpro enzyme and the enzyme–
substrate complex, with a Ki value of 11.1 lM (Fig. 7). Their
determined Ki values were similar to each of their IC50 values
(Table 3). Since compound 9 is a competitive inhibitor while 14 is a
mixed-type inhibitor, 9 apparently binds to the active site of
3CLpro, while 14 apparently binds at a site distinct from the active
site. We further studied the binding of compound 9 to SARS-CoV
3CLpro by molecular docking. The predicted binding pose and the
key interactions are shown in Fig. S3. The inhibitor makes good
van der Waals contacts with the active site and spans mainly the
S1–S2 subsites blocking access to the catalytic cysteine.
Specifically, the inhibitor makes hydrogen bond with the side chain
hydroxyl group of Ser144 in the S1 subsite and the p-chlorophenyl
moiety of the inhibitor makes hydrophobic contacts with the
residues in the S2 subsite.

Because our newly identified compound 14 is a small com-
pound, there could be some concern about non-specificity. Thus,
we examined the selectivity of compounds 9 and 14 against
SARS-CoV 3CLpro. The compounds were tested against three other
proteases, namely SARS-CoV PLpro (a cysteine protease), human
UCH-L1 (a cysteine protease) and Hepatitis C Virus NS3/4A (a ser-
ine protease); and two non-proteolytic enzymes, Bacillus anthracis
dihydroorotase and Streptococcus pneumoniae PurC. Compound 9
was found to be selective for SARS-CoV 3CL cysteine protease
and did not show inhibitory activity against other tested enzymes
(Fig. 8). Compound 14 displayed selectivity against the two SARS
cysteine proteases, 3CLpro and PLpro over other enzymes. Since
low molecular weight compounds typically lack high specificity,
no inhibition of compound 14 for other enzymes, especially the
UCH-L1 cysteine protease, is particularly noteworthy.

3. Conclusion

In this work, we present a high-throughput experimental
screening approach guided by structure-based computational
methods to discover new chemical scaffolds to be developed as
non-covalent inhibitors of SARS-CoV 3CLpro. We have identified
two compounds that exhibit IC50 values in the low micromolar
range. Unlike the majority of 3CLpro inhibitor leads reported to
date, which either contain reactive warheads that may potentially
engage in non-specific interactions with other cysteine-containing
proteins, or which have not been tested for their inhibitory activi-
ties in the presence of reducing agents, the identified inhibitors act



Table 2
Summary statistics for experimental screening of VS and HTS hits

Library Number of compounds Primary hits P 50%
inh or IC50 6 50 lM

Reordered Confirmed hits
IC50 6 50 lM

Enzyme omission
assay

Binding confirmed
by SPR

Reversible
hits

Final hit
rate (%)

ZINC library 650,000 (75)a 8/5b NA NA NA 2 1 1.3c

In-house 422 3/0 0 0 0 0 0 0
Prestwick 1200 5/5 1 1 1 0 0 0
Maybridge 14,400 14/13 9 5 5 1 1 0.007
Life Chemicals 25,000 13/8 6 3 3 1 1 0.004

a Number of virtual hit compounds ordered for experimental testing. NA—not applicable.
b This number was counted from IC50 values in the absence of a reducing agent.
c Final hit rate was calculated with the number of compounds ordered and experimentally tested ones only.
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by binding reversibly to 3CLpro and are functional in the presence
of the physiological reducing agent, GSH.

This study places particular emphasis on the quality of the
results at each step of the screening pipeline and the rigorous
experimental validation of the hits. The virtual screening protocol
was designed for low computational complexity, improved enrich-
ment, and its ability to accommodate protein flexibility into
computational screening. The VS hits provided insights for choos-
ing appropriate compound libraries for HTS instead of screening
random compound libraries. The favorable binding positions of
small probes in the CSM studies and the molecular docking studies
of the VS hits suggest the preference of the S2 subsite for hydro-
phobic or aromatic groups and hydrogen bonding interactions with
the residues in the S1 subsite. Accordingly, the libraries were
selected which were enriched in aromatic groups and hydrogen
bond donors and acceptors while exhibiting a molecular size
distribution similar to that of the VS hits. The enzyme assays and
the HTS screens employed the untagged construct of the 3CLpro

enzyme and a new FRET substrate designed for high kcat/KM value
and longer excitation/emission wavelength for minimal interference.
The primary hits identified from VS and HTS were examined for
binding in an independent SPR assay, followed by kinetic charac-
terization of the mode of compound inhibition. The identified hits
were further tested against a number of enzymes and were found
to be selective for SARS-CoV proteases over other enzymes.
Together, the results indicate the well-characterized hit compound
14 identified in this study to be sufficiently potent to provide a new
scaffold for further development.

4. Materials and methods

4.1. Dataset used for virtual screening

The starting protein conformation for all computations was
taken from the dimeric crystal structure PDB code: 2HOB. Residues
His163 and His172 were protonated to match the low pH endo-
somal environment where proteolytic processing is believed to
occur.44 The validation of the screening protocol was carried out
using a set of 42 compounds identified from the literature that
have been tested experimentally against 3CLpro by various research
groups.45–51 After tagging the non-covalent inhibitors with IC50

values below 100 lM as actives, the dataset had 34 active and 8
inactive compounds. We used two subsets from the ZINC v7
library52, Vernalislead (comprising about 97 K compounds) and
Cleanlead (comprising about 524 K compounds) for virtual
screening.

4.2. Molecular dynamics simulations

We performed molecular dynamics (MD) simulations using the
Molecular Dynamics Package AMBER1053 with the AMBER03 force
field.54 The protein structure was solvated in a 10 Å cubic water
box (TIP3P). Chloride ions were added to neutralize the system.
Periodic boundary conditions were applied with a 10 Å non-
bonded cutoff. The system was first subjected through a steepest
decent energy minimization followed by a conjugate gradient min-
imization. The system was then heated from 0 K to 300 K using the
canonical (NVT) ensemble for 30 ps. Finally, a 20 ns MD was per-
formed at 300 K. The trajectories were analyzed using the ptraj
module of Amber10.

4.3. Docking calculations

The protein structure preparation for docking calculations was
done using Sybyl8.0 (Tripos, Inc., St. Louis, MO). After comparing
the performances of several docking programs, we selected
Surflex-Dock55 and GOLD56 for our study. The docked poses from
Surflex-Dock and GOLD were then used for input into the DOCK6
Amber rescoring protocol57 wherein the protein residues within
10 Å of the ligand were kept flexible during the calculations. The
rank-sum and the voting techniques of consensus scoring were
investigated to improve the enrichment compared to single scoring
functions (see Supplementary data). The performance of docking
programs was assessed on the validation dataset using two met-
rics: (1) rank-order correlation between the computed docking
scores and the experimental IC50 values, and (2) AUC. The ROC
curve describes sensitivity or the true positive rate as a function
of (1-specificity) or the false positive rate for varying values of
thresholds for compound selection. The early enrichment was as-
sessed from the plot by comparing true and false positive rates
at the low thresholds. The AUC indicates the overall performance
of the classifier compared to a random classification. An AUC value
of 0.5 would correspond to a random classification and an AUC
value of 1.0 would correspond to a perfect classification.

4.4. Pharmacophore model generation

A dynamic, structure-based pharmacophore model was gener-
ated through a computational solvent mapping (CSM) protocol as
described.58–63 Briefly, fifteen snapshots from the last 6 ns MD sim-
ulation of the bound form of the protein with the ligand removed
were extracted based on their active site pocket heavy atom RMSD
diversity compared to the original crystal structure. The RMSD for
all frames was calculated using the ptraj module in Amber10 and
the snapshots were clustered using the kclust program of the
MMTools.64 Five small organic molecule probes, benzene, propane,
methanol, acetate, and methylammonium were moved on the sur-
face of the protein active site using 10,000 operations of the Monte
Carlo simulated annealing algorithm as implemented in Autodock
v4.0. 100 docking trials for each probe type were carried out
followed by the conformational clustering of the final docked
poses. The best scoring molecule of each Autodock determined
cluster for each probe type was retained as the parent molecule
for that cluster. On aligning all parent molecules for a particular



Figure 7. Kinetics of inhibition of 3CLpro activity by compounds 9 and 14. Dixon
plot for competitive inhibition of (A) Compound 9 and mixed inhibition of (B)
compound 14 with respect to the substrate 5-FAM-TSATLQSGFRK (QXL520)-NH2.
Determined Ki values of 9 and 14 were 27.5 lM and 11.1 lM, respectively. Four
equations (see Methods) in SigmaPlot Enzyme Kinetics Module 1.3 were used to fit
the experimental data. The competitive inhibition model was the best fit for 9 and
mixed inhibition model for 14.

Table 3
Inhibition modes of of two compounds

Compound SARS-CoV 3CLpro

IC50
a (lM) Kinetic mode (Ki

b, lM)

9 18.2 ± 4.9 Competitive inhibition (27.5)
14 13.9 ± 2.2 Mixed inhibition (11.1)

Kinetic modes were determined from three independent assays.
a IC50 value is a half maximum inhibitory concentration.
b Ki is inhibition constant value.

Figure 8. Selectivity of two confirmed hit compounds. IC50 determination was done
in triplicate with a total of 32 positive and 32 negative controls in a plate. IC50

values were calculated by fitting the data to the three parameter Hill equation with
OriginPro 8.5 (see Methods). Compound 9 had inhibitory activity against only
3CLpro, while compound 14 inhibited both 3CLpro and PLpro. Bars that reach the top
represent IC50 values of over 200 lM (no inhibitory effect).
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probe type, consensus clusters (containing at least 3 parent probes)
were formed. The center point of each cluster was computed from
the center averages of the parent molecules of each cluster. The
radius of each cluster was computed from the average deviation
of parent probe centers forming a cluster from the cluster center.
The pharmacophore model was built using the Molecular Operat-
ing Environment (MOE) software package (v 2008.10, Chemical
Computing Group, www.chemcomp.com) from the center points
and the radius of each consensus cluster for each probe type.
Residues Leu27, Met49, Phe150, Met165 and Glu166 were used
to define the center points of the excluded volumes with a radius
of 1.5 Å to define the boundaries of the pharmacophore search
space. TIP3P water molecule probes were also docked using the
same protocol to evaluate the reproduction of crystallographic
water sites. The stringency of the pharmacophore model was
examined by varying the required number of pharmacophore ele-
ments that must be matched by enabling partial match and varying
the radii of elements. Rule-based torsion driving in OMEGA (Open-
Eye Scientific Software) was used to produce multiple conforma-
tions of each molecule of the representative set, using an energy
cut-off of 14 kcal/mol calculated with the MMFF force field and a
heavy-atom RMSD criterion of 1 Å. These pre-generated conforma-
tions were compared to the pharmacophore model.

4.5. Plasmid construction and purification of SARS-CoV 3CLpro

The native 3CLpro gene (SARS-CoV polyprotein residues 3241-
3544) was prepared by codon-optimized gene synthesis (BioBasic
Inc.) and cloned into pGEX6p-1 vector between BamHI and EcoRI.
3 L of Rosetta2(DE3) cells were grown to an OD600 of 0.6 at 37 �C
in LB medium. The cells were then induced with 0.5 mM IPTG for
16 hours at 25 �C. Cells were harvested and lysed by sonication
in lysis buffer (1 mg/mL lysozyme and protease inhibitor cocktail
in buffer A: 20 mM Tris–HCl (pH 8.0), 500 mM NaCl, 10 mM Imid-
azole, and 5 mM b-MCE). The original construct has a GST-tag at
the N-terminus and a His-tag at the C-terminus. The GST-tag was
auto-cleaved by 3CLpro itself upon expression, and the His-tag
fused 3CLpro at the C-terminus was purified by HisTrap HP column
with gradient of buffer B (20 mM Tris–HCl (pH 8.0), 500 mM NaCl,
500 mM Imidazole, and 5 mM b-MCE). The pooled 3CLpro was then
dialyzed with buffer A and the His-tag was cleaved by 2 units/mL
of HRV 3C protease (Novagen) overnight at 4 �C, producing a 3CLpro

with an authentic C terminus. Finally, 3CLpro was again loaded on
to the HisTrap column to clean up HRV protease, cleaved His-tags,
and uncleaved His-tagged 3CLpro. The native SARS-CoV 3CLpro was
then further purified by S-200 size exclusion column chromatogra-
phy with a buffer containing 50 mM Tris-HCl (pH 7.5), 100 mM
NaCl, 1 mM DTT, 1 mM EDTA, and 20% glycerol for storage at
�80 �C.
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4.6. Assay development and optimization

A new FRET substrate, 5-FAM-TSATLQSGFRK (QXL520)-NH2, was
designed and synthesized through Anaspec. The 3CLpro activity was
measured by continuous kinetic assay with this substrate and with
a commercially available substrate, Dabcyl-KTSAVLQSGFRKME-
Edans. The Michaelis constant (KM) values were determined with
both substrates with 20 lL final assay volume in assay buffer (50
mM HEPES, pH 7.5, 0.01% Triton X-100, 0.1 mg/mL BSA, and 2 mM
GSH) in 384-well plate (Corning Inc.). A series of substrate
concentrations (0 to 100 lM) was prepared, and the enzyme reac-
tion was initiated by adding 3CLpro (100 nM final concentration).
The same series of substrate concentrations without any enzyme
was also measured as a control. Fluorescence intensity (492/520
nm for FAM/QXL and 355/538 nm for Edans/Dabcyl, excitation/
emission) was monitored continuously for 10 minutes with a
POLARstar OPTIMA microplate reader (BMG LABTECH). The Michae-
lis constant (KM) and maximal activity (Vmax) were calculated by
fitting the data with the hyperbolic Eq. 1 where y is initial velocity,
and x is the concentration of substrate:

y ¼ Vmaxx
KM þ x

: ð1Þ

For testing virtual screening hits, 10 mM solutions of 75 com-
pounds (Chembridge, Asinex, Bioscreen, ChemDiv, Life Chemicals,
and Enamine) were prepared in 100% DMSO as stock solutions,
diluted to 100 lM final concentrations with assay buffer containing
2% DMSO and incubated with 50 nM of 3CLpro for 20 min. The reac-
tion was initiated by adding 15 lM final concentration of FAM/QXL
substrate, and fluorescence intensity was measured by the same
way as KM determination.

4.7. Primary high-throughput screening

We used an in-house library and three commercially available
compound libraries for HTS. The in-house collection included 563
compounds. Three libraries were purchased from Prestwick, May-
bridge, and Life Chemicals, which consisted of 1200, 14,400 and
25,000 compounds, respectively. All compounds were stored as
10 mM stock solutions dissolved in 100% DMSO in desiccated con-
dition at �30 �C. The primary HTS assay was performed by a Tecan
Freedom EVO 200 robot equipped with a Te-Mo 3 � 3 96-channel
Liquid Handler dispenser and a 384-pin stainless steel pin tool
(V&P Scientific) with a 200 nL capillary capacity. All assays were
done in duplicate in black 384-well plates (Matrix Technologies)
at room temperature. The 3CLpro enzyme (100 nM final concentra-
tion) was prepared in assay buffer (50 mM HEPES, pH 7.5, 0.01%
Triton X-100, 0.1 mg/mL BSA, and 2 mM GSH). 30 lL of enzyme
solution was dispensed into wells, and then 200 nL of 10 mM com-
pound (50 lM final concentrations) were added and incubated for
5 min. Enzyme reactions were initiated with 10 lL of substrate (15
lM final concentration) dissolved in assay buffer and incubated for
6 min followed by adding 10 lL of 10% SDS as a stop solution.
Fluorescence intensity was monitored with a Tecan Genios Pro
microplate reader. Each plate contained a total of 32 positive and
32 negative controls.

4.8. Confirmation assay and IC50 value determination by dose
response curve

All hit compounds from the HTS were cherry-picked and rean-
alyzed by continuous kinetic assay by hand for confirmation. For
those that showed over 50% inhibition in the confirmation assay,
IC50 values were measured using the same assay conditions as
the primary screen by hand in triplicate. A series of compound
concentrations (0–200 lM final concentration at 2-fold serial
dilution) in 100% DMSO were prepared in a 384-well plate. 20 lL
of enzyme solution was distributed into wells, and 0.5 lL of vary-
ing concentration of compounds were added and incubated for
5 min. The enzyme reaction was initiated by adding 5 lL of the
substrate, and its activity was continuously monitored for 6 min.
The IC50 values were calculated by fitting with the Hill Eq. 2, using
OriginPro 8.5 (OriginLab, Inc.) where y is percent inhibition, x is
inhibitor concentration, n is the slope of the concentration–
response curve (Hill slope), and Vmax is maximal inhibition from
two to four independent assays:

y ¼ Vmax
xn

ICn
50 þ xn

� �
: ð2Þ

The enzyme omission assay was done by exactly the same
method as IC50 determination, but without the 3CLpro enzyme in
order to test for fluorescence signal interference by tested
compounds.

4.9. Determination of dissociation equilibrium constant (KD) by
SPR

Native 3CLpro enzyme was prepared in PBS (10 mM phosphate,
pH 7.4, 2.7 mM KCl, 137 mM NaCl) and immobilized on a CM5
sensor chip using standard amine-coupling at 20 �C with running
buffer HBS-P (10 mM HEPES, 150 mM NaCl, 0.05% surfactant
P-20, pH 7.4) using a Biacore T100 instrument. Flow channel 1
was activated by 1-ethyl-3-(3-dimethylaminopropyl) carbodiim-
ide hydrocholoride (EDC)/N-hydroxy succinimide (NHS) mixture,
and the activated surface was blocked by ethanolamine (pH 8.5)
as a control. 3CLpro enzyme was diluted in 10 mM sodium acetate
(pH 5.0) and immobilized to flow channels 2 and 3 after sensor
surface activation with EDC/NHS followed by ethanolamine
blocking on unoccupied surface area. 3CLpro immobilization lev-
els of flow channels 2 and 3 were �11,500 RU and �16,500 RU,
respectively. An unrelated reference protein (�25 kDa) was also
immobilized to flow channel 4 as another control to be compared
with 3CLpro (33.8 kDa as a monomer). Six initial HTS hits and one
VS hit were prepared as 10 mM DMSO stock solutions. Compound
solutions with a series of increasing concentrations (0–200 lM at
1.5-fold dilution) were applied to all four channels at a 10 lL/min
flow rate at 20 �C. Sensorgrams were analyzed using BIAevalua-
tion software 2.0.3, and response unit difference (DRU) values
at each concentration were measured during the equilibration
phase. Data were either single referenced with a blank (enthanol-
amine) or double referenced with both blank and reference
protein RU values. SigmaPlot 12.0 was used to fit the data to a
single rectangular hyperbolic curve to determine KD values. The
hyperbolic function, y = ymax�x/(KD + x), was used to plot response
units and corresponding concentration, where y is the response,
ymax is the maximum response and x is the compound
concentration.

4.10. Reversibility of inhibition

100 nM 3CLpro was incubated with screened compounds at 20�
the concentration of the IC50 for each compound for 1 h at room
temperature in assay buffer containing 50 mM HEPES (pH 7.5), 2
mM GSH, 0.1 mg/ml BSA, 0.01% Triton X-100 and 1% DMSO in a
final volume of 500 lL. Control 3CLpro without any compound
was also prepared in the same way. Then, each sample including
positive control without any compound was buffer exchanged with
assay buffer with desalting column (Pierce) to remove compounds.
3CLpro activity was measured in the same way as IC50 measure-
ments before and after buffer exchange.
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4.11. Mechanism of inhibition

3CLpro activity was monitored in the same way as the primary
screening with varying concentration of inhibitor compounds and
the substrate (0–200 lM). The concentration of compounds was
varied from 0 to at least 10� the IC50 value of each fragment.
The data were fit to the following equations using SigmaPlot
Enzyme Kinetics Module 1.3 in order to determine the best fit
inhibition mechanism and kinetic parameters for each compound:

Competitive inhibition m ¼ Vmax

1þ Km
½s�

� �
1þ ½I�

½K i �

� � ð3Þ

Non-competitive inhibition m ¼ Vmax

1þ ½I�K i

� �
1þ Km

½S�

� � ð4Þ

Uncompetitive inhibition m ¼ Vmax

1þ ½I�K i
þ Km
½S�

ð5Þ

Mixed-type inhibition m ¼ Vmax

Km
½S�

� �
1þ ½I�Ki

� �
þ 1þ ½I�

aK i

� � ð6Þ

where m is the reaction rate, Vmax is the maximum rate of the reac-
tion, Km is the Michaelis–Menten constant for the substrate, [S] is
the substrate concentration, [I] is the inhibitor concentration, Ki is
the dissociation constant of the inhibitor I to the free enzyme and
aKi is the dissociation constant for the inhibitor I to the ES complex.
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