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Abstract

SARS-CoV 3CL protease is essential for viral protein processing and is regarded as a good drug target to prevent SARS-CoV
replication. In the present study, we established a high-throughput FRET technique for screening for anti-SARS-CoV 3CL protease
drugs. Of a thousand existing drugs examined, hexachlorophene was identified as the most potent in inhibiting SARS-CoV 3CL
protease. Further characterization showed that it was effective at micromolar concentrations (K; =4 pM). The binding mode was
competitive, and the inhibitory effect was dependent on preincubation time. Two other drugs, triclosan and nelfinavir, were about
10 times less potent. The structure-based search and biological evaluation of various hexachlorophene analogues were described.
These analogues gave optimal inhibitory activity against SARS-CoV 3CL protease with ICsq values ranging from 7.6 to
84.5 uM. Optimization of hexachlorophene analogues was shown to provide several active 3CL protease inhibitors that function

as potential anti-SARS agents.
© 2005 Elsevier Inc. All rights reserved.
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Severe acute respiratory syndrome (SARS) is a new
disease that emerged in 2002 and, by 2003, had spread
to 30 countries and areas, including China, Hong Kong,
Singapore, Canada, and Taiwan. Epidemiological evi-
dence suggests that the pathogen involved spreads by
contact with infected patients and contaminated objects.
SARS is characterized by high fever, malaise, rigor,
headache, and nonproductive cough or dyspnea, and
may progress to generalized interstitial infiltrates in the
lung, requiring intubation and mechanical ventilation.
The fatality rate in subjects diagnosed as having
WHO-defined SARS is about 15%. In 2003, the corona-
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virus causing SARS (SARS-CoV) was identified [1,2].
Currently, there is no effective drug for the treatment
of SARS-CoV infection.

SARS-CoV is a positive strand RNA virus with
approximately 29,700 nucleotides. After SARS-CoV
infection, the open reading frame, ORF1ab, of the viral
genome is translated into a polyprotein, from which
functional proteins, including replicase and RNA-de-
pendent RNA polymerase, are released by extensive
proteolytic processing [3,4]. This is primarily achieved
by the 33 kDa 3C-like protease (3CLP™), a Cys protease
[5,6]. The functional importance of 3CLP™ in the viral
life cycle makes it an attractive target for the develop-
ment of drugs directed against SARS and other corona-
virus infections [7]. Recently, a recombinant 3CLP™
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from another coronavirus was successfully expressed as
a maltose-binding protein (MBP) fusion protein, allow-
ing the production of large amounts of active enzyme
[8,9]. In addition, the high conservation of substrate
specificities of different 3CLP™s makes it possible to de-
sign substrates by comparison with previously known
coronavirus cleavage sites [10]. An intramolecularly
quenched fluorogenic substrate containing a donor and
an acceptor chromophore in the same molecule can be
used to provide a rapid simple method of measuring en-
zyme activity [11] and the availability of a fluorescence
resonance energy transfer (FRET) synthetic peptide al-
lows the use of high-throughput screening to identify
lead candidates in compound libraries.

Previous studies have shown that existing drugs
might have unknown potential to treat diseases [12,13].
Following this logic, we have now screened a thousand
existing drugs for activity as 3CLP™ inhibitors using
our well-established high-throughput screening system
and examined the mechanism of inhibition of those
drugs which were found to be effective.

Materials and methods

Expression of SARS-CoV 3CLP™ in Escherichia coli and its purifi-
cation. SARS-CoV 3CLP™ was expressed in E. coli TBI cells. The
coding sequence of SARS-CoV 3CLP™ was amplified by PCR using
the forward primer, 5~ AGTGGTTTTAGGAAAATGGCATTCCCG
TCAGGC-3’, and the reverse primer, 5'-GTGACAAGCTTCTATTG
GAAGGTAACACCAGAGC-3'. After amplification, the PCR prod-
uct was digested by HindIII and ligated into Xmnl/HindIII-digested
pPMAL-c2x DNA (New England Biolabs, Beverly, MA) to generate
plasmid pMAL-3CL, which was transformed into TBI cells. To induce
expression of the fusion protein, E. coli maltose-binding protein
(MBP)-3CLP™, 0.3 mM isopropyl thio-B-p-galactoside was added and
incubation was continued for 3 h, and then the transformed cells were
harvested by centrifugation and stored at —20 °C. 3CLP™ was purified
essentially as described previously for 3CLP™ from another coronavi-
rus [14,15]. Briefly, the cells were sonicated in buffer A (20 mM Tris—
HCI, pH 7.4, 200 mM NaCl, and 1 mM EDTA), then the homogenate
was centrifuged (4000g, 20 min, 4 °C) and the pellet was discarded. The
supernatant was loaded onto an amylose affinity column (New Eng-
land Biolabs) and the fusion protein was eluted with buffer A con-
taining 10 mM maltose. Following Factor Xa cleavage of the eluted
fusion protein, the released 3CLP™® was isolated by applying the
material to a phenyl Sepharose HP column (Amersham Biosciences,
Uppsala, Sweden) and collecting the 3CLP™ fraction, which was dia-
lyzed against buffer A, concentrated (YM-10, Millipore, Bedford,
WA), and stored at —20 °C. The concentration of the protein was
determined using bicinchoninic acid reagent (Pierce, Rockford, IL)
with bovine serum albumin as the standard.

Measurement of SARS-CoV 3CL”" activity using HPLC. The en-
zyme activity of SARS-CoV 3CLP™ was measured by cleavage of the
synthetic 15-mer peptide, (H,N-SITSAVLQSGFRKMA-COOH), the
cleavage site in the SARS-CoV polyprotein. This peptide was synthe-
sized by United Biochemical Research (Seattle, WA) to about 75%
purity and was purified to 95% purity in our laboratory by HPLC on a
reverse-phase C18 column. The identity and purity of the peptide was
confirmed by MALDI-TOF mass spectrometry (DE-STR, Applied
Biosystem, Foster City, CA). Cleavage was assayed by incubating
50 nM SARS-CoV 3CLP™ and 15 nmoles of synthetic 15-mer peptide

for 30 min at 37 °C in a total volume of 200 pl in 20 mM Tris-HCI (pH
7.4), 200 mM NaCl, 1 mM EDTA, and 1 mM DTT (buffer B). After
incubation, the products were separated by HPLC on a Beckman ODS
column (Beckman, Fullerton, CA) using a 30 min 0-60% linear gra-
dient of acetonitrile in 0.1% trifluoroacetic acid and the predicted
cleaved peptides identified by MALDI-TOF.

Measurement of SARS-CoV 3CL'" activity using FRET. To
establish a high-throughput screening method, we designed a FRET
peptide, Abz-SAVLQSGFRK-Dnp, as 3CLP™ substrate. The FRET
peptide was synthesized by Open Biosystems (Huntsville, AL). Inhi-
bition of enzyme activity was assayed by preincubating the enzyme
(20 nM) with the test compound (10 uM) in buffer B for 15 min at
25 °C in 96-well plates, then adding 30 pM FRET peptide, incubating
for another 15 min at 25 °C, and measuring the cleaved product on a
96-well plate spectrophotometer (Safire, Tecan, Salzburg, Austria)
using an excitation wavelength of 320 nm and an emission wavelength
of 425 nm. Control reactions were carried out using the same reaction
mixture without the test compound (no inhibition) or without the
enzyme (blank). This method can also be used in an automatic robotic
system for a high-throughput screen platform. The assay performance
was evaluated using the following equation [16]:

Z/ =1- [(365ignal + 3{Tnoise)/(Xsignul _Xnnise)]v

where Z' is the Z factor (01, with 1 being a perfect system and 0.5
excellent), X is the mean value for the sample, and ¢ is the standard
deviation.

Preparation of test compounds. For the assessment of inhibitory
effect, a chemical library of 1000 molecules was purchased from MDS
Pharma Services (Taipei, Taiwan). All compounds to be screened were
dissolved in dimethyl sulfoxide (DMSO) and tested in duplicate at a
concentration of 10 uM in 1% DMSO.

Determination of kinetic parameters and the K; of effective com-
pounds using the FRET peptide. Kinetic parameters were obtained
using various concentrations of FRET peptide in the fluorescent assay.
The maximal velocity (Vnax) and Michaelis-Menten constant (Ky,)
were calculated from the Eadie-Hofstee plot. If the type of inhibition
was found to be competitive using a Lineweaver-Burk double re-
ciprocal plot, then the inhibitory constant (K;) for 3CLP™ was esti-
mated using the equation:

K;i =1Cs/(1 + [substrate]/Ky,).

Plots were performed, and kinetic parameters were calculated, using
Prism software (Graphpad Software, San Diego, CA).

Hexachlorophene docking and data analysis. The 3D model of the
SARS-CoV 3CLP™ was retrieved from the Protein data bank (code
1UK4). PRODRG program (http://davapcl.bioch.dundee.ac.uk/pro-
grams/prodrg/) was used to generate the coordinate and topology files
of hexachlorophene. Hexachlorophene was computationally docked
into the 3D structure of SARS-CoV 3CLP™ using the docking program
GOLD (version 2.1.2; Genetic Optimization for Ligand Docking,
CCDC, Cambridge, UK).

GOLD operates with a genetic search algorithm and allows for
complete ligand and partial-binding site flexibility [17]. Because
hexachlorophene is a competitive inhibitor of SARS-CoV 3CLP™,
we defined the binding site to the inhibitor as the putative hexa-
chlorophene-binding pocket. The active site radius was set to be
10 A from the midpoint between the Sy atom of the catalytic resi-
due Cys-145 and Ne2 atom of His-41. GOLD generated a maxi-
mum of ten docking results for hexachlorophene. The results were
ranked by GOLD’s scoring function which is a molecular
mechanics-like function with four terms based on protein-ligand
hydrogen bond energy, protein-ligand van der Waals energy, ligand
internal van der Waals energy, and ligand torsional strain. The 100
steps of energy minimization of the best docking structure was
carried out using the CNS programs [18]. The interactions between
hexachlorophene and SARS-CoV 3CLP"® were analyzed and illus-
trated by LIGPLOT [19].
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Results and discussion
SARS-CoV 3CLF™ preparation and activity

SARS-CoV 3CLP™ was expressed as an MBP fusion
protein in E. coli, resulting in the generation of a prom-
inent protein band with an apparent molecular mass of
75 kDa. The fusion protein was purified and cleaved by
Factor Xa, then the released recombinant 3CLP™® was
further purified and obtained to have the same amino
acid composition as native SARS-CoV 3CLP™ and to
contain 306 amino acid residues. Enzyme activity was
checked by cleavage of the 15-mer synthetic substrate,
H,oN-SITSAVLQSGFRKMA-COOH, using HPLC to
monitor the cleavage of the substrate into the two pep-
tides, SITSAVLQ and SGFRKMA (data not shown).
The results showed that the SARS-CoV 3CLP™ was
pure and active, and suitable for establishing the high-
throughput system.

Establishment of the FRET-based high-throughput assay
for SARS-CoV 3CLF™

Peptide cleavage by SARS-CoV 3CLP™ can be easily
monitored using a fluorogenic substrate. We used Abz
and DNP as fluorescent and quench molecules,
whereas other groups have used Dabcyl-Edens pairs
[20,21]. The present FRET peptide (MW 1490 Da) is
the smallest to be used in such studies, but still large
enough to be recognized by SARS-CoV 3CLP™. The
purified enzyme was assayed using the FRET technique
described under Materials and methods; an evaluation
of the performance of the assay is shown in Fig. 1,
which shows 48 readings for the basal and maximal
signals. The basal signals (signal in the absence of
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Fig. 1. Detection window for the high-throughput FRET SARS-CoV
3CLP™ activity assay in the 96-well plate format. Basal and maximal
signals corresponding to protease activity measured for 48 samples in
the presence of vehicle (1% DMSO). The reaction was performed as
described under Materials and methods.

enzyme) for the 48 replicates were quite low and simi-
lar. The maximal signals (signal after enzyme reaction)
for the 48 replicates showed a little variation, but were
quite high, and the detection window (difference be-
tween the maximal and basal readings) was good and
the signal-to-noise ratio about 20. The Z’-factor value
for the assay was 0.81, which corresponds to a stable
and excellent system [16]. Thus, this approach was suit-
able for a high-throughput screening method. We con-
cluded that this system could be used as a simple,
continuous, and rapid screening assay for identifying
candidates for SARS-CoV 3CLP™ inhibitors in com-
pound libraries.

Determination of the K,,, of SARS-CoV 3CL"™ using the
FRET peptide for use in a primary screen for SARS-CoV
3CLP™ inhibition

To identify anti-SARS drugs available for clinical
use as quickly as possible, we screened a collection
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Fig. 2. Kinetic analysis of the inhibition of SARS-CoV 3CLP™ by
hexachlorophene. (A) Lineweaver-Burk plot. The assay was per-
formed for 15 min at 25°C in buffer B using 20 nM enzyme and
different concentrations of the FRET peptide (Abz-SAVLQSGFRK-
DNP) in the presence of 0, 3, 10, or 30 pM hexachlorophene. (B) Effect
of preincubation. The mixture containing 20 nM SARS-CoV 3CLP™
and 10 pM hexachlorophene in buffer B was preincubated for different
times at 25 °C, then 30 pM FRET peptide was added and incubation
was continued for a further 15 min at 25 °C, and then the percentage
inhibition was calculated. The data are means + SD for three separate
experiments. The linear regression curves were plotted using GraphPad
Prism. The P values were derived using a two-tailed ¢ test; *P < 0.05,
**P <0.01.
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of a thousand existing drugs. Before screening these
drugs, the K, of the FRET peptide was determined
in order to optimize the assay conditions, since a con-
centration close to the K, is usually assumed to be
optimal by considering enzyme activity and screening
sensitivity. An Eadie-Hofstee plot of the initial veloc-
ities gave a K, value of 16 + 1.1 uM and a V,,,, va-
lue of 6.8+0.2umol/min/mg using the FRET
peptide.

Hexachlorophene, triclosan, and nelfinavir inhibit
3CL]71‘()

Screening a thousand existing drugs, we found that
hexachlorophene exhibited a half-inhibitory concentra-
tion (ICsp) of 5 uM for 3CLP™ using this method. The
triclosan and nelfinavir, reported to be potential
SARS-CoV 3CLP™ inhibitors [22], inhibited 3CLP*™
activity, although with a potency lower than hexachlo-
rophene; the respective ICsos were 75 and 46 uM.

A

F140

E166

Hexachlorophene is a competitive inhibitor and the
inhibition depends on the preincubation time

We examined the inhibition mechanism of hexachloro-
phene using Eadie-Hofstee plot. As shown in Fig. 2A, as
the hexachlorophene concentration was increased (3, 10,
or 30 uM), the respective apparent K, value increased
(20 +1.6,35 + 3.4, or 121 4 4.4 uM), whereas the appar-
ent Vyax value was fairly constant (6.98 & 0.16 umol/
min/mg). We concluded that hexachlorophene is a classic
competitive inhibitor of SARS-CoV 3CLP™ and its K;
value is estimated to be 4 uM. Fig. 2B shows that the
inhibitory effect of hexachlorophene depended on the pre-
incubation time, showing that it is a slowly binding
inhibitor.

Docking of hexachlorophene

The docking simulation reveals that the drug, hexa-
chlorophene, partially blocks the active site (Fig. 3A).

Fig. 3. Molecular docking of hexachlorophene in the active site of SARS-CoV 3CLP™. (A) A stereo view of the substrate-binding site. The
hexachlorophene was docked onto the SARS-CoV 3CLP™. These residues are within a radius set to be 8 A from the hexachlorophene. (B) Illustration
of amino-acid contacts to the hexachlorophene in the active site. Hydrogen bonds are shown as green dashed lines and van der Waals contacts are
shown as bent red combs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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As shown in Fig. 3B, we found that the hexachloro-
phene forms hydrogen bonds with the side chains of
Glu-166, His-163, Cys-145, Ser-144, and Asn-142, the
oxygen on the main chains of Phe-140 and Thr-26 of
SARS-CoV 3CLP™. In addition, His-41 donates hydro-
phobic interaction to hexachlorophene. We also found
that the Cys-145 donates two hydrogen bonds to the
CloP and OoA atoms of hexachlorophene in SARS-
CoV 3CLP™. Thus, 3D modeling data indicated that
hexachlorophene might be a lead compound for the de-
sign of anti-SARS drugs.

Hexachlorophene-like compounds show the anti-SARS-
CoV 3CLP" activity

Since hexachlorophene could block the active site of
SARS-CoV 3CLP™, further modification of hexachloro-

phene was carried out to find the necessary side chain
from various hexachlorophene derivatives. Nine com-
mercially available compounds whose structures have
high similarity with hexachlorophene were investigated
(Fig. 4). These compounds dose-dependently inhibited
the SARS-CoV 3CLP™ activity. As shown in Fig. 5,
HL-5 and HL-6 exhibited inhibitory activity higher than
those of other compounds and their ICsy values were 9.2
and 7.6 uM, respectively. All of nigh compounds
showed inhibitory activity against SARS-CoV 3CLP™,
with ICs, values ranging from 7.6 to 84.5 uM.
Hexachlorophene has additional hydroxyl groups
and chloride atoms, which might make it a better fit
for the substrate-binding pocket of SARS-CoV 3CLP™.
Therefore, hexachlorophene can be regarded as a lead
compound for SARS-CoV 3CLP™ inhibitors and the
structures of hexachlorophene-like compounds can be

Fig. 4. Chemical structures of (A) hexachlorophene (B) hexachlorophene analogues from the MDL’s ACD (Available Chemicals Directory)

database.
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Fig. 5. Concentration-response curve for the effect of nine hexachlo-
rophene-like compounds on SARS-CoV 3CLP™ activity. Protease
(20 nM) was preincubated with varied concentrations of inhibitors for
15min at 25°C in buffer B, then the FRET peptide (Abz-SAV-
LQSGFRK-DNP) was added and the mixture was incubated for a
further 15 min at 25 °C, and the results are expressed as a percentage of
the digestion in the absence of the inhibitor. The nonlinear regression
curves were plotted using GraphPad Prism.

used as the basis for further optimization of SARS-CoV
3CLP* inhibitors. Furthermore, our Kkinetic study
showed that hexachlorophene competed with the sub-
strate for the active center. From the docking result, it
also implicated that two hydrogen bonds exist between
Cys-145 and hexachlorophene. We speculate that hexa-
chlorophene interacts with the active site Cys-145 and
hexachlorophene or its analogues may be used to treat
SARS disease in humans.
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