
Trovata la cura per le SARS
già dal 2005

A seguito dalla epidemia di SARS del 2003 la Commissione Europea ha �nanziato 
ricerche per a rontare questo tipo di minacce alla salute. Si tratta del progetto 
SEPSDA (Sino-European Project on SARS Diagnostic and Antivirals), �nanziato a 
titolo del Sesto programma quadro (6PQ).

Nel 2005 sono stati pubblicati i risultati di questo progetto, individuando un 
farmaco già esistente e ben conosciuto, la cinanserina, come farmaco pronto 
all'uso per curare la SARS.

Questo il link con la notizia sul sito u1ciale della Commissione Europea: 
https://cordis.europa.eu/article/id/24006-fp6-project-�nds-cure-for-sars/it
incollo qui di seguito la pagina per comodità.

Questo il link dello studio:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1112131/
È un testo tecnico in inglese, rivolto agli addetti ai lavori.
Incollo qui di seguito l’intero contenuto per comodità; ho evidenziato in giallo le 
parti in cui dicono che si tratta di un farmaco:

• conosciuto dagli anni 60’
• che inibisce lo sviluppo dei virus di tipo SARS
• che colpisce l’enzima 3CL, essenziale alla sua replicazione

Ringrazio Franco Trinca per avere segnalato la presenza di questo studio.
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Progetto del 6PQ trova la cura per la SARS
Un gruppo di scienziati europei e cinesi ha scoperto che un farmaco
attualmente utilizzato nel trattamento della schizofrenia inibisce in modo
efficace il coronavirus della sindrome respiratoria acuta grave (SARS). La
cinanserina è stata utilizzata nelle terapie delle malatt...

POLITICHE E DIRETTIVE

Un gruppo di scienziati europei e cinesi ha
scoperto che un farmaco attualmente
utilizzato nel trattamento della schizofrenia
inibisce in modo efficace il coronavirus
della sindrome respiratoria acuta grave
(SARS).  
 
La cinanserina è stata utilizzata nelle
terapie delle malattie mentali sin dagli anni

'70. Adesso, scienziati del progetto SEPSDA (Sino-European Project on
SARS Diagnostic and Antivirals), finanziato a titolo del Sesto programma
quadro (6PQ), l'hanno qualificata come farmaco pronto all'uso per curare la
SARS.  

"La cinanserina potrebbe essere prescritta direttamente per prevenire la
SARS o trattare i pazienti affetti da tale sindrome nel caso in cui l'epidemia
dovesse ripresentarsi", ha dichiarato Peter Kristensen dell'Università danese
di Aarhus.  

Il gruppo di scienziati provenienti da Cina, Danimarca, Germania e Polonia ha
analizzato 15 farmaci che risultavano efficaci nella prevenzione della SARS,
ma dopo attenti studi patologici la cinanserina è stata scelta come unico
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Paesi

medicinale pronto all'uso contro il virus.  

Gli altri 14 farmaci dovranno superare lunghi test sugli animali prima di potere
essere impiegati sugli uomini, ha affermato il dottor Kristensen.  

L'attività antivirale della cinanserina è stata valutata in campioni di tessuto
contenenti il virus della SARS e ha rivelato una forte inibizione nella
replicazione del coronavirus a concentrazioni farmacologiche atossiche.  

"Questi risultati dimostrano che il vecchio farmaco cinanserina è un inibitore
della replicazione del coronavirus della SARS e agisce molto probabilmente
inibendo la proteinase 3CL", ha dichiarato il dottor Kristensen.  

Nel periodo compreso tra febbraio e giugno 2003 la SARS, una polmonite
atipica altamente contagiosa, ha colpito 32 paesi. Sono state infettate circa
8.400 persone e più di 800 sono decedute a causa della malattia. Sebbene la
SARS sia attualmente sotto controllo, gli scienziati ritengono che possa
riemergere. Secondo gli scienziati del progetto SEPSDA, la rapida
trasmissione attraverso gli aerosol e l'elevato tasso di mortalità (fino al 15 per
cento) fanno della SARS una potenziale minaccia globale.  

Nei prossimi due anni il progetto SEPSDA studierà altri 50 composti chimici
per il trattamento della SARS.

Cina, Germania, Danimarca, Polonia
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ABSTRACT

The 3C-like proteinase (3CL ) of severe acute respiratory syndrome-associated coronavirus (SARS-
CoV) is one of the most promising targets for anti-SARS-CoV drugs due to its crucial role in the viral
life cycle. In this study, a database containing structural information of more than 8,000 existing drugs
was virtually screened by a docking approach to identify potential binding molecules of SARS-CoV
3CL . As a target for screening, both a homology model and the crystallographic structure of the
binding pocket of the enzyme were used. Cinanserin (SQ 10,643), a well-characterized serotonin
antagonist that has undergone preliminary clinical testing in humans in the 1960s, showed a high score
in the screening and was chosen for further experimental evaluation. Binding of both cinanserin and its
hydrochloride to bacterially expressed 3CL  of SARS-CoV and the related human coronavirus 229E
(HCoV-229E) was demonstrated by surface plasmon resonance technology. The catalytic activity of
both enzymes was inhibited with 50% inhibitory concentration (IC ) values of 5 μM, as tested with a
fluorogenic substrate. The antiviral activity of cinanserin was further evaluated in tissue culture assays,
namely, a replicon system based on HCoV-229E and quantitative test assays with infectious SARS-
CoV and HCoV-229E. All assays revealed a strong inhibition of coronavirus replication at nontoxic
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drug concentrations. The level of virus RNA and infectious particles was reduced by up to 4 log units,
with IC  values ranging from 19 to 34 μM. These findings demonstrate that the old drug cinanserin is
an inhibitor of SARS-CoV replication, acting most likely via inhibition of the 3CL proteinase.

Severe acute respiratory syndrome (SARS) emerged as a communicable human disease in November
2002 and rapidly spread throughout the world. The epidemic lasted until July 2003 and affected 29
countries (28, 37, 49). The cumulative number of probable SARS cases eventually reached 8,096, with
774 deaths (3). A new coronavirus, called SARS-associated coronavirus (SARS-CoV), was identified
as the causative agent (8, 25, 36). An effective treatment for SARS is still not available, although recent
experiments with animal models point to a beneficial effect of neutralizing antibody preparations (46,
48).

SARS-CoV belongs to the Coronaviridae. This virus family comprises further human pathogens
causing less severe respiratory or gastrointestinal disease: human coronavirus 229E (HCoV-229E),
human coronavirus OC43, and the recently discovered human coronaviruses NL63 and HKU1 (11, 50,
52).

The SARS-CoV genome was sequenced shortly after identification of the virus and found to contain 11
to 14 major open reading frames (30, 39, 43, 47). They encode, among others, the replicase
polyproteins, the spike protein, the small envelope protein, the membrane protein, and the nucleocapsid
protein. A 3C-like proteinase (3CL ) is part of the replicase polyproteins. As deduced from the
function of the 3CL  of other coronaviruses, this enzyme plays a central role in SARS-CoV
replication, as it is responsible for the proteolytic release of replicative proteins from their replicase
precursor polyproteins (57). Upon host cell infection, the SARS-CoV 3CL  is predicted to cleave the
large replicase polyproteins at 11 cleavage sites, releasing the nonstructural proteins 5 to 16 (nsp5 to
nsp16) (14, 30, 39, 43, 47). These proteins include the 3CL  itself (nsp5), an RNA-binding protein
(nsp9) (9, 45), an RNA-dependent RNA polymerase (nsp12), an NTPase/RNA 5′-
triphosphatase/helicase (nsp13) (22), a nidoviral uridylate-specific endoribonuclease (nsp15) (21), and
two proteins containing a predicted exonuclease activity (nsp14) and an S-adenosylmethionine-
dependent ribose 2′-O-methyltransferase activity (nsp16). The replicase gene-encoded nonstructural
proteins are predicted to form an active replication/transcription complex that is responsible for
replicating the viral genome as well as generating a nested set of subgenomic transcripts encoding the
structural proteins and several SARS-CoV-specific proteins that might be associated with
pathogenicity. Accordingly, inhibitors that block the cleavage function of 3CL  can be expected to
inhibit virus replication, making this enzyme one of the most attractive targets for anti-SARS-CoV
drugs (2, 23, 53, 54, 56).

While experimental screening generally provides clear-cut data on the inhibitory potential of a
compound, it is a slow and laborious procedure. Drug libraries must be available, as must biosafety
level 3 facilities, if infectious SARS-CoV is used for testing. To expedite the screening process in view
of the ongoing SARS epidemic, we have chosen a virtual screening strategy (19, 42) to narrow down
the number of potential candidates before experimental testing. Furthermore, the screening process was
confined to drugs that have been or currently are in clinical use. The identification of an inhibitor could
thus have immediate consequences for treatment of patients. At the beginning of the study, the three-
dimensional (3D) structure of SARS-CoV 3CL  as determined by X-ray crystallography was not yet
available. Therefore, we searched the drug database of Molecular Design Limited against a 3D model
of the SARS-CoV 3CL  (54) built on the basis of the 3CL  X-ray structure of a related coronavirus
(2). Several candidate inhibitors of SARS-CoV 3CL  were identified. The data obtained with the
model were confirmed when the real 3D structure of SARS-CoV 3CL  became available (55). One of
the most promising compounds, the well-characterized drug cinanserin [2′-(3-
dimethylaminopropylthio) cinnamanilide] (40), was chosen for detailed experimental evaluation. We
show here that cinanserin binds to SARS-CoV 3CL , inhibits its enzymatic activity, interferes with
coronavirus replication in a replicon RNA-based assay system, and most importantly, strongly reduces
SARS-CoV replication in cell culture. Furthermore, cinanserin is active against the related HCoV-
229E.
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Virtual screening procedure.

Synthesis of cinanserin.

Expression of recombinant SARS-CoV 3CL , HCoV-229E 3CL , and HRV-14 3C .

Binding assays.

MATERIALS AND METHODS

The 3D model of SARS-CoV 3CL  (54) was used as a target for
screening the Comprehensive Medicinal Chemistry database of Molecular Design Limited (MDL-
CMC) using a docking approach (42). MDL-CMC contains the structural and pharmacological
information of more than 8,000 compounds used or evaluated as therapeutic agents in humans. The
program DOCK 4.0 (10) was used for primary screening. Residues within a radius of 6 Å around the
catalytic center (His41 and Cys145) were used for constructing the grids for the docking screen. The
resulting substructure included all residues of the binding pocket. During the docking calculations,
Kollman-all-atom charges (6) were assigned to the protein, and Geisterger-Hückel charges (15, 31, 38)
were assigned to the small molecules of the MDL-CMC database due to lack of proper Kollman
charges. Conformational flexibility of the compounds from the database was considered in the docking
search. In DOCK simulation, the ligand-receptor binding energy was approximated by the sum of the
van der Waals and electrostatic interaction energies. After an initial evaluation of orientation and
scoring, a grid-based rigid body minimization was carried out for the ligand to locate the nearest local
energy minimum within the receptor binding site. The position and conformation of each docked
molecule were optimized using the single-anchor search and torsion minimization method of DOCK
4.0. The 100 molecules with the highest score as obtained by DOCK search were rescored by CScore
(5) and the scoring function of AutoDock 3.0 (34). The virtual screening was performed on a 64-
processor SGI Origin 3800 supercomputer.

For initial experiments, 2′-(3-dimethylaminopropylthio) cinnamanilide
(cinanserin, SQ 10,643) was kindly provided by G. Jin (Shanghai Institute of Materia Medica, Chinese
Academy of Sciences). Subsequently, cinanserin and its hydrochloride were synthesized in large scale
(see Appendix SI in the supplemental material) for the performance of further bioassays. For selected
experiments, cinanserin hydrochloride was purchased from MP Biomedicals (catalog number 159758).

E
xpression and purification of SARS-CoV 3CL  was performed as described previously (44). The
DNA fragment coding for HCoV-229E 3CL  was derived from cDNA clone pFM1. The coding
region was amplified by PCR (primers ATATGGATCCGCTGGTTTGCGCAAAA and
ATATGTCGACTCATTGCAGGTTAACACC, BamHI and SalI sites are underlined). The PCR product
was digested with BamHI and SalI and cloned into glutathione S-transferase expression vector pGEX
4T-1 (Amersham), resulting in plasmid pGEX 4T-1-HCoV-229E 3CL . The DNA fragment coding
for human rhinovirus 14 (HRV-14) 3C  was synthesized with an Applied Biosystems DNA
synthesizer (Shanghai Sangon Biological Engineering and Technology and Service Co. Ltd.) and
cloned via BamHI and SalI sites into pGEX 4T-1 to construct plasmid pGEX 4T-1-HRV-14 3C . The
correct sequence of the inserts was confirmed by sequencing. Escherichia coli BL21(DE3) cells
(Promega) were transformed with the expression plasmids and grown at 37°C in LB medium
containing 100 μg/ml ampicillin until the optical density at 600 nm reached 0.2 to 0.8. Protein was
expressed for 5 h at 22°C after induction with 0.3 mM isopropyl-β-D-thiogalactopyranoside (IPTG).
Cells were harvested by centrifugation, resuspended in 25 ml of precooled 1× phosphate-buffered
saline (PBS; 140 mM NaCl, 2.7 mM KCl, 10 mM Na HPO , 1.8 mM KH PO  [pH 7.3]), and
disrupted by sonication. The lysate was loaded onto a glutathione-Sepharose 4B column (Amersham-
Pharmacia) equilibrated with 1× PBS at 4°C. The column was washed with 1× PBS. The glutathione S-
transferase fusion proteins were digested on the column with 50 U thrombin (Amersham-Pharmacia)
for 16 h. To reduce protein degradation, all procedures were performed at 4°C in the presence of 0.5
mM dithiothreitol.

The binding affinity of cinanserin to SARS-CoV 3CL , HCoV-229E 3CL , and
HRV-14 3C  in vitro was determined using the surface plasmon resonance (SPR) biosensor
technology. The measurement was performed using the dual flow cell Biacore 3000 instrument
(Biacore AB, Uppsala, Sweden). Immobilization of the proteins to the hydrophilic carboxymethylated
dextran matrix of the sensor chip CM5 (Biacore) was carried out by the standard primary amine
coupling reaction. SARS-CoV 3CL  and HCoV-229E 3CL  to be covalently bound to the matrix
were diluted in 10 mM sodium acetate buffer (pH 4.3) to final concentrations of 25 μg/ml and 10
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Enzymatic activity assays.

HCoV-229E replicase inhibition assay.

SARS-CoV and HCoV-229E infection assays.

μg/ml. HRV-14 3C  was diluted in 10 mM sodium acetate buffer (pH 5.02) to a final concentration of
12 μg/ml. Equilibration of the baseline was completed by a continuous flow of HBS-EP running buffer
(10 mM HEPES, 150 mM NaCl, 3.4 mM EDTA, and 0.005% [vol/vol] surfactant P20, pH 7.4) through
the chip for 1 to 2 h. Biacore data were collected at 25°C with HBS-EP as the running buffer at a
constant flow of 20 μl/min. Sensorgrams were processed by using automatic correction for nonspecific
bulk refractive index effects. The equilibrium dissociation constants (K ) evaluating the protein-ligand
binding affinity were determined by the steady-state affinity fitting analysis of the Biacore data.

The proteolytic activities of SARS-CoV 3CL  and HCoV-229E
3CL  were measured by a fluorescence resonance energy transfer (FRET)-based assay using a
substrate labeled with 5-[(2′-aminoethyl)-amino] naphthelenesulfonic acid (EDANS) and 4-[[4-
(dimethylamino) phenyl] azo] benzoic acid (Dabcyl) as the energy transfer pairs. The fluorogenic
substrate EDANS-Val-Asn-Ser-Thr-Leu-Gln-Ser-Gly-Leu-Arg-Lys-(Dabcyl)-Met was prepared as
described previously (26, 29). The enzyme activity was demonstrated by monitoring the increase of the
emission fluorescence at a wavelength of 490 nm upon excitation at 340 nm (slit width, 10 nm) on a
HITACHI F-2500 fluorescence spectrophotometer connected with a thermostat. Inhibition kinetics was
determined at a constant substrate concentration with different concentrations of cinanserin. The
enzymes were preincubated for 2 h at 4°C with 0 to 0.2 mM cinanserin. The final reaction mix
contained 1 μM purified enzyme, 0 to 0.1 mM cinanserin, 100 mM NaCl, 20 mM phosphate buffer (pH
7.4), and 10 μM substrate. Reactions were run at 25°C with continuous monitoring of fluorescence for
60 min. The proteolytic activity of HRV-14 3C  and the effect of cinanserin was measured as
described previously (7, 51). The remaining enzymatic activity was calculated, and the 50% inhibitory
concentration (IC ) of cinanserin was determined according to the following logistic derivative
equation:

where A  is the enzyme activity without inhibitor, A(I) is the enzyme activity with various levels of
inhibitor, I is the inhibitor concentration, and P is the μ factor.

The inhibition of coronavirus replicase function was
performed using BHK-Rep-1 cells as described previously (17). Briefly, BHK-Rep-1 cells contain an
autonomously replicating, HCoV-229E-based replicon RNA. Green fluorescent protein (GFP)
expression in BHK-Rep-1 cells is replicon mediated and serves as a marker for coronavirus replication.
Different concentrations of compounds were added on monolayers of BHK-Rep-1 cells in 96-well
plates, and an untreated well served as control. Three days later, the cells were analyzed by
fluorescence microscopy (Leica DM R fluorescence microscope and Leica IM 1000 software) and flow
cytometry (FACSCalibur and CellQuest software; BD Pharmingen). Four duplicate tests were
performed. Inhibition of reporter gene expression was calculated as the reduction of GFP-expressing
cells by setting the number of GFP-expressing untreated cells at 100%. In parallel, the cytotoxicity of
compounds was assayed on parental BHK-21 cells using the CellTitre 96 Aqueous One kit (Promega).

The SARS-CoV inhibition assay was performed
as described previously (16). In brief, Vero cells in 24-well plates were infected in the biosafety level 4
laboratory with SARS-CoV (Frankfurt isolate) at a multiplicity of infection (MOI) of 0.01. The
inoculum was removed after 1 h and replaced with fresh medium complemented with different
concentrations of compound. The virus RNA concentration in the supernatant was measured by real-
time PCR after 2 days. RNA was prepared from 140 μl supernatant using diatomaceous silica (4).
Quantitative real-time reverse transcription-PCR (RT-PCR) was performed with the purified RNA
according to a published protocol (8). In vitro transcripts of the target region were used in the PCR to
generate standard curves for quantification of the virus RNA.

Infectious SARS-CoV particles in the supernatant were quantified by immunofocus assay. Vero cells in
24-well plates were inoculated with serial 10-fold dilutions of supernatant. The inoculum was removed
after 1 h and replaced with a 1% methylcellulose medium overlay. After 5 days of incubation, cells
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Identification of cinanserin by virtual screening.

were fixed with 4% formaldehyde, permeabilized with 0.5% Triton X-100, blocked with 10% fetal calf
serum, and washed. Infected cell foci were detected with a reconvalescent-phase serum sample from a
patient with SARS. After washing and incubation with peroxidase-labeled anti-human immunoglobulin
G antibody (Dianova), foci were stained with 3,3′,5,5′-tetramethylbenzidine and counted.

Cell growth inhibition or cytotoxicity was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazoliumbromide (MTT) method. MTT solution (50 μl, 5 mg/ml PBS) was added to the
cells from which an aliquot of supernatant was taken for measuring the virus RNA or infectious
particle concentration. The plate was incubated for 90 min at 37°C. The supernatant was completely
removed, and the cells were fixed with 4% formaldehyde for 30 min. Tetrazolium crystals were
dissolved in 1 ml ethanol for 10 min, and the extinction was measured at 560 nm.

HCoV-229E infection experiments were done with MRC-5 cells at 33°C. Cells in 24-well plates were
infected with an MOI of 0.1. Subsequently, cinanserin hydrochloride was added. After 2 days, the 50%
tissue culture infectious dose units in the supernatant were determined. The virus RNA concentration in
the supernatant was quantified by dual-probe real-time RT-PCR (C. Drosten, unpublished) based on the
Access one-step RT-PCR kit (Promega, Karlsruhe, Germany) with coronavirus-specific primers
(TACTATGACTGGCAGAATGTTTCA [200 nM], TACTATGACTACTAGACAGTTTCA [200 nM],
GGCATAGCACTATCACACTTTGG [400 nM]) and probes
(ATGCCACCGTTGTTATCGGCACTACCAA-fluorescein [40 nM] and LCred640-
TTTATGGCGGGTGGGATAATATGTT-phosphate [40 nM]). Thermal cycling in a LightCycler
(Roche) consisted of 42°C for 30 min, 94°C for 2 min and 45 cycles of 94°C for 5 s, 50°C for 10 s, and
72°C for 20 s. The input RNA was quantified using in vitro-transcribed HCoV-229E RNA as a
standard. The cytotoxicity of compounds was assayed on MRC-5 cells with the CellTitre 96 Aqueous
One kit.

The concentrations required to inhibit virus replication by 50% (IC ) or 90% (IC ) were calculated
by fitting a dose-response curve to the data following logarithmic transformation of the drug
concentration using Statgraphics plus 5.0 software (Statistical Graphics, Inc.).

RESULTS

The substrate-binding pocket formed by
residues within a radius of 6 Å around the catalytic center (His41 and Cys145) of the model structure
of SARS-CoV 3CL  (54) was used as the target site for virtual screening. The MDL-CMC database
was searched for potential binding molecules using the program DOCK for primary screening, and the
top 100 molecules were rescored using CScore (5), a consensus scoring method that integrates five
popular scoring functions. The 10 compounds that showed the highest scores and were positively
evaluated by at least four of the five scoring functions of CScore are shown with their clinical
applications in Table 1 (see Fig. S1 in the supplemental material for their structures). The binding
affinities (K  values) of these compounds to SARS-CoV 3CL  were predicted by AutoDock (34)
(Table 1). When the crystallographic data of SARS-CoV 3CL  became available (55), the docking
simulation was repeated with these data for the top 10 compounds. The root-mean-square deviation
(RMSD) between the model and crystal structure for the residues composing the substrate-binding
pocket was only 0.18 Å (see Fig. S2 in the supplemental material). Accordingly, the calculations with
the real structure confirmed the data obtained with the model (Table 1). In this study, we focus on 1 of
the 10 compounds, namely cinanserin, as it was immediately available for experimentation and showed
promising results in preliminary tests. The interaction models of cinanserin with the model structure
(54) and the X-ray crystal structure of SARS-CoV 3CL  (55) are shown in Fig. 1. Docking
simulations with the crystal structures of the 3CL proteinases of HCoV-229E and porcine transmissible
gastroenteritis coronavirus (2) predicted that cinanserin also fits into the active sites of these enzymes
(see Fig. S3 and Table S1 in the supplemental material).
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Open in a separate window
FIG. 1.

Chemical structure of cinanserin and model of interaction of cinanserin with SARS-CoV 3CL . (A)
Chemical structure of cinanserin. Predicted interaction of cinanserin with the homology model (B) and
with the X-ray crystal structure (C). The green lines represent -NH · · · π or -CH · · · π hydrogen bonds,
the red lines denote -CH · · · O hydrogen bonds, and the blue lines show the SH group of C145 of SARS-
CoV 3CL  pointing towards the C=C bond of cinanserin.
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Binding affinity of cinanserin to SARS-CoV 3CL , HCoV-229E 3CL , and HRV-14
3C .

TABLE 1.

Potential binding molecules of SARS-CoV 3CL  identified by virtual screening of the MDL-
CMC database (top 10 compounds)

Compound
no.

MDL no.
(MCMC

0000)
Name

SARS-CoV 3CL
model

SARS-CoV 3CL
crystal structure Clinical

application
DOCK AutoDock DOCK AutoDock

1 0101 Benzpiperylon −30.99 0.08 −29.78 0.02 Connective tissue
disorders

2 1593 Cinanserin −37.06 0.36 −32.20 0.39 5-HT receptor
antagonist

3 3048 Fentiazac −35.09 0.50 −36.44 0.39 Antiinflammatory

4 3248 Feclobuzone −35.52 0.39 −24.50 0.35 Antiinflammatory

5 3266 Ridiflone −32.52 0.10 −25.51 0.0076 Anxiolytic

6 3406 Halofenate −34.60 2.82 −29.84 0.38 Hypolipidemic

7 3612 Trifezolac −31.98 0.16 −39.52 0.12 Analgesic

8 4719 Butoconazole −33.72 0.43 −29.97 0.36 Antifungal

9 4945 Pirazolac −37.45 0.12 −34.79 0.67 Antirheumatic

10 5501 Flavoneacetic
acid

−36.06 6.46 −34.90 2.29 Antineoplastic

Open in a separate window

Interaction energy in kcal/mol.
Binding (dissociation) constant in μM.

The binding of cinanserin to the bacterially expressed proteinases in vitro was determined using SPR
biosensor technology. For kinetic analysis on the Biacore 3000 instrument, various concentrations of
cinanserin were injected for 120 min at a flow rate of 20 μl/min to allow for interaction with the
enzymes immobilized on the surface. The interaction kinetics with cinanserin and its hydrochloride are
shown in Fig. 2. A significant and dose-dependent increase in the SPR response was seen if the sensor
chip was coated with SARS-CoV 3CL  and HCoV-229E 3CL  (Fig. 2A to D). Cinanserin and its
hydrochloride presented characteristic square-wave binding curves, indicating a rapidly formed but
unstable complex. The concentration series were fitted to a steady-state affinity model and a 1:1
Langmuir binding model for K  determination by Biacore 3000 evaluation software, resulting in K
values of 49.4 μM/78.0 μM (cinanserin/cinanserin hydrochloride) for SARS-CoV 3CL  and 18.2
μM/36.6 μM for HCoV-229E 3CL . In contrast, neither cinanserin nor cinanserin hydrochloride
showed binding affinity to HRV-14 3C  (Fig. 2E and F).
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Inhibitory activity of cinanserin on SARS-CoV 3CL , HCoV-229E 3CL , and HRV-14
3C .

FIG. 2.

Binding of cinanserin and cinanserin hydrochloride to SARS-CoV 3CL , HCoV-229E 3CL , and HRV-
14 3C  as determined by SPR. Representative sensorgrams obtained with cinanserin and its
hydrochloride at concentrations of 100, 70, 49, 34.3, 24.01, 16.8, 11.8, 8.24, 5.76, and 4.04 μM (curves
from top to bottom) are shown. The compounds were injected for 120 s, and dissociation was monitored
for more than 150 s. (A) Interaction of cinanserin with SARS-CoV 3CL . (B) Interaction of cinanserin
hydrochloride with SARS-CoV 3CL . (C) Interaction of cinanserin with HCoV-229E 3CL . (D)
Interaction of cinanserin hydrochloride with HCoV-229E 3CL . (E) Interaction of cinanserin with HRV-
14 3C . (F) Interaction of cinanserin hydrochloride with HRV-14 3C .

The inhibitory activity of cinanserin on the proteolytic activity of the three enzymes was measured by
FRET using a peptide substrate labeled with a pair of fluorogenic dyes. The inhibition of SARS-CoV
3CL  and HCoV-229E 3CL  slowly increased in the concentration range from 10  to 10  M
cinanserin and cinanserin hydrochloride (Fig. 3). The curves finally reached a maximum of 70 to 90%
inhibition at 50 to 100 μM for both compounds. For IC  determination, the inhibition data were fitted
to a dose-response curve using a logistic derivative equation. The IC  values of cinanserin and
cinanserin hydrochloride for inhibiting the catalytic activity of SARS-CoV 3CL  were calculated as
4.92 μM and 5.05 μM, respectively, The corresponding IC  values for HCoV-229E 3CL  were 4.68
μM and 5.68 μM. None of the compounds had inhibitory activity against HRV-14 3C  at
concentrations up to 200 μM (data not shown).
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Inhibition of coronavirus replicase.

Open in a separate window
FIG. 3.

Inhibitory activity of cinanserin and its hydrochloride on the proteolytic activity of SARS-CoV 3CL  (A)
and HCoV-229E 3CL  (B). Inhibition of cleavage was measured by FRET using a peptide substrate
labeled with a pair of fluorogenic dyes. Cinanserin, solid line (data points are shown as squares);
cinanserin hydrochloride, dashed line (data points are shown as triangles or circles); conc., concentration.

After having shown that cinanserin displays inhibitory
activity against 3CL , we reasoned that this should result in inhibition of coronavirus replicase
function. To test this, we made use of a recently established assay system based on a stable cell line,
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Inhibition of SARS-CoV and HCoV-229E replication in cell culture.

BHK-Rep-1, that contains an autonomously replicating HCoV-229E replicon RNA (17). The BHK-
Rep-1 cell line displays replicon-mediated expression of GFP as a marker for coronavirus replication.
Replicon-containing BHK-Rep-1 cells were treated with different concentrations of cinanserin as well
as cinanserin hydrochloride. After 3 days, the cells were analyzed for GFP expression by fluorescence
microscopy and fluorescence-activated cell sorter (FACS) analysis. In parallel, the cytotoxicity was
assessed using parental BHK-21 cells. As shown in Fig. 4, the inhibitory effect of cinanserin and
cinanserin hydrochloride was readily visible by fluorescence microscopy, and GFP-expressing cells
were reduced to 21% and 27% at concentrations of 30 μg/ml (78 μM) cinanserin or cinanserin
hydrochloride, respectively, as determined by FACS analysis. No cytotoxicity was observed at these
concentrations.

FIG. 4.

Inhibition of coronavirus replicative function by cinanserin and cinanserin hydrochloride. BHK-Rep-1
cells containing HCoV-229E-based replicon RNA that mediates GFP expression were used to assess the
inhibitory effect of the compounds by FACS analysis and fluorescence microscopy. One representative
experiment out of four is shown. Bars indicate GFP-expressing BHK-Rep-1 cells in FACS analyses. The
GFP expression of untreated cells was set at 100%.

Since cinanserin
inhibited the 3CL  of SARS-CoV and HCoV-229E as well as HCoV-229E replicon activity, we
wondered whether the compound also inhibits virus replication in cell culture. Vero cells were infected
with the SARS-CoV isolate Frankfurt. As described previously, growth of the virus in our Vero cells is
not associated with a cytopathic effect (16). Cells were treated with different concentrations of
cinanserin as well as cinanserin hydrochloride, and the virus RNA concentration in the supernatant was
measured by real-time PCR 2 days postinfection. In addition, the titer of infectious particles in the
supernatant was measured by immunofocus assay in selected experiments. Treatment of the cells with
50 μg/ml (134 μM) cinanserin or cinanserin hydrochloride reduced the SARS-CoV RNA concentration
by more than 3 log units and 2 log units, respectively (Fig. 5A). The reduction of the titer of infectious
particles exactly corresponded to the reduction in virus RNA concentration (Fig. 5B). There was no
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evidence for toxicity of the compounds in the concentration range tested as measured with the MTT
test (Fig. 5A). The IC  and IC  values were 11 μg/ml (31 μM) and 23 μg/ml (66 μM) for cinanserin
and 13 μg/ml (34 μM) and 25 μg/ml (67 μM) for cinanserin hydrochloride.
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FIG. 5.

Inhibition of SARS-CoV and HCoV-229E replication by cinanserin and cinanserin hydrochloride. (A)
Reduction of SARS-CoV RNA concentration in cell culture supernatant. Vero cells were infected with
SARS-CoV at an MOI of 0.01, and virus RNA concentration was measured by real-time PCR after 2 days.
The influence of the compounds on cell viability was measured by the MTT test. The virus RNA
concentration of untreated cells (4 × 10  RNA copies/ml) and the corresponding cell viability value were
defined as 1. Means and ranges of duplicate tests are shown. (B) Reduction of SARS-CoV infectious
particles in supernatant. Supernatant of infected cells treated with 50 μg/ml compound and of cells that
were left untreated were harvested 2 days postinfection, and the numbers of PFU were determined by
immunofocus assay. Cell culture wells inoculated with dilutions of the supernatant are shown. (C)
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Reduction of HCoV-229E titer in cell culture supernatant by cinanserin hydrochloride synthesized in this
study (left) or purchased from MP Biomedicals (right). MRC-5 cells were infected with HCoV-229E at an
MOI of 0.1, and titers of infectious particles were determined after 2 days. The influence of the
compounds on cell viability was measured with CellTitre 96 Aqueous One kit. The virus titer of untreated
cells (3 × 10  50% tissue culture infectious dose units/ml) and the corresponding cell viability value were
defined as 1. Means of triplicate tests are shown. neg., negative.

The effect of cinanserin on HCoV-229E replication was assayed in MRC-5 cells. Cinanserin
hydrochloride reduced the virus titer in the supernatant by more than 4 log units, with an IC  value of
9.3 μg/ml (25 μM) (Fig. 5C left). The measurement of virus RNA concentration by real-time PCR
confirmed the inhibitory activity of the compound (IC  value of 7.2 μg/ml [19 μM]). The experiment
was repeated with commercially available cinanserin hydrochloride (MP Biomedicals). The same effect
was observed (Fig. 5C, right). There was no measurable toxicity of both compounds on MRC-5 cells in
the test range.

DISCUSSION

We describe here that cinanserin, a well-characterized serotonin receptor antagonist, is an inhibitor of
SARS-CoV and HCoV-229E. After the initial identification of cinanserin as a potential binding
molecule of the SARS-CoV 3CL  catalytic pocket by virtual screening, we systematically assessed
its efficacy in biochemical and tissue culture-based assays. We demonstrate that cinanserin (i) binds
and inhibits recombinant 3CL  of SARS-CoV and HCoV-229E, (ii) inhibits coronavirus replicase
function using a replicon assay based on HCoV-229E, and (iii) inhibits SARS-CoV and HCoV-229E
replication in tissue culture.

The SARS-CoV 3CL  was chosen as the target enzyme for several reasons. First, crystal structures
for a number of coronavirus 3CL  have been determined (2, 55), a prerequisite for the approach taken
in this study. Second, it is by far the best-studied enzyme of coronaviruses. 3CL  of several
coronaviruses, including SARS-CoV 3CL , can be expressed in bacterial systems, and functional
assays to assess its proteolytic activity in the presence of candidate inhibitors are available (26, 44).
Finally, its functional importance in the coronavirus life cycle makes it an ideal target for antiviral
intervention (57). It is encoded by the coronavirus replicase gene and is responsible for the proteolytic
processing of replicase precursor polyproteins resulting in the formation of an active replication
complex. Therefore, it is reasonable to consider the coronavirus 3CL  indispensable for virus
replication.

Cinanserin was discovered as a candidate inhibitor of SARS-CoV 3CL  by virtual screening using a
3D model of SARS-CoV 3CL  (54) before its X-ray crystal structure (55) was determined. The
accuracy of our 3D model was confirmed by comparison with the crystal structure of SARS-CoV
3CL : the RMSD of all heavy atoms between these two structures was 3.11 Å (see Fig. S2 in the
supplemental material). The major contribution to this value results from domain III, which is less
conserved among the coronaviruses and far away from the active site. The RMSD of the binding
pocket was only 0.18 Å. Accordingly, the top 10 candidates also fit into the X-ray structure (Table 1).
In particular, cinanserin is predicted to interact with the model and the crystal structure in a similar way
(Fig. 1). Considering the experimental data for cinanserin, our study suggests that virtual screening is a
useful approach to extract potential inhibitors from available drug databases. However, since
experimental confirmation was provided only for cinanserin, it is not clear how reliably virtual
screening predicts the inhibitory potential of a compound.

The experimental tests demonstrated that cinanserin binds to recombinant SARS-CoV 3CL  and
inhibits its proteolytic activity, as predicted. Comparable effects were observed with HCoV-229E
3CL . In contrast, cinanserin neither bound to nor inhibited the activity of HRV-14 3C . This
suggests that the inhibitory activity of cinanserin is specific for the coronavirus 3CL . A particular
requirement for antivirals, such as protease inhibitors, is the ability to penetrate the cell membrane to
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Supporting information.

access their targets. Furthermore, the inhibitory activity should be specific for the viral target and not
affect cellular host functions, at least at the inhibitory concentration. We have addressed these issues in
tissue culture-based assays. First, a cell line (BHK-Rep-1) containing an autonomously replicating
RNA (replicon RNA) derived from HCoV-229E was used (17). This cell line has been particularly
established for the assessment of inhibitors targeting coronavirus replicative functions. GFP expression
in BHK-Rep-1 cells is dependent on an active coronavirus replication complex. More than 70% of
cinanserin and cinanserin hydrochloride-treated cells lost GFP expression, further supporting the idea
that inhibition of 3CL  results in loss of coronavirus replicase function. Second, it was demonstrated
that cinanserin greatly reduces SARS-CoV and HCoV-229E replication in cell culture. The virus level
in the supernatant was reduced by 3 to 4 log units, while there was no evidence of cytotoxicity at the
inhibitory concentrations. Cinanserin was more active than its hydrochloride. It is less hydrophilic than
the latter and may therefore penetrate the cell membrane more efficiently. The magnitude of inhibition
observed with cinanserin by far exceeds the reductions of SARS-CoV RNA that were found with the
same assay with nucleoside analogues (16). Similarly, cinanserin inhibited HCoV-229E replicon
activity much more strongly than alpha interferon (17). Taken together, cinanserin is able to access its
target within the cell and specifically inhibits coronavirus replicase function. The data obtained with
recombinant 3CL  suggest that the inhibitory effect seen in the cellular systems is at least partially
attributable to the inhibition of the coronavirus proteinase. However, since binding of the drug to
recombinant 3CL  was not very strong and the enzyme was not completely inhibited at the maximum
drug concentration, it is conceivable that additional drug effects contribute to the strong virus reduction
in cell culture. Further experiments such as selection and characterization of drug-resistant virus are
under way to prove these hypotheses.

In contrast to purely experimental compounds, cinanserin (SQ 10,643) is a drug that has already
undergone clinical evaluation. It had been synthesized and characterized as a serotonin inhibitor by The
Squibb Institute for Medical Research, New Brunswick, New Jersey, in the 1960s (40). Antiserotonin
effects in peripheral organs, effects on the central nervous system (12, 40), and immunosuppressive (1,
27, 35) and antiphlogistic (41) activity were demonstrated in laboratory animals. In dogs, the main side
effect was hepatotoxicity at repeated oral doses of >40 mg/kg of body weight per day (35), and the
lethal dose was 100 mg/kg upon intravenous infusion of the drug at a rate of 0.5 mg/kg per minute (40).
Small-scale clinical trials have been performed with patients with psychiatric disorders such as
schizophrenia and mania (13, 18, 20, 24) and in patients with carcinoid syndrome (33). Beneficial
effects were observed in patients with mania and carcinoid syndrome. Patients were treated for several
weeks with oral doses of 600 to 800 mg/day (∼10 mg/kg), while during short-term treatment,
maximum daily doses of 1,200 mg (∼20 mg/kg) were reached (13, 18, 20). Although no remarkable
side effects were observed with humans, further clinical testing was suspended, since after prolonged
treatment of rats at a high dosage level (120 mg/kg daily for 59 to 81 weeks), malignant hepatoma was
found (see notice in reference 20). Nevertheless, in view of the anti-SARS-CoV activity of the drug
demonstrated here, it might be worthwhile to reevaluate the existing pharmacological data and to test
the drug with suitable animal models of coronavirus infection, particularly SARS (32, 46). On the other
hand, cinanserin may serve as a lead substance for the design of more active inhibitors of 3CL
proteinase with reduced toxicity and antiserotonin activity.

For additional information, see Table S1, Fig. S1 to S3, and Appendix SI
in the supplemental material.

SUPPLEMENTARY MATERIAL

[Supplemental material]
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