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Abstract

Middle East respiratory syndrome coronavirus (MERS8/) causes severe acute respiratory illness with
fever, cough and shortness of breath. Up to dates resulted in 1,826 human infections, includdg
deaths. Analogous to picornavirus 3C proteasé'{BBC-like protease (3CL) is critical for initiation of

the MERS-CoV replication cycle and is thus regardeda validated drug target. As presented here, our
peptidomimetic inhibitors of enterovirus B&(6b, 6¢c and6d) inhibited 3CIP" of MERS-CoV and severe
acute respiratory syndrome coronavirus (SARS-Co\th WCso values ranging from 1.7 to 4pM and
from 0.2 to 0.7uM, respectively. In MERS-CoV-infected cells, théiiitors showed antiviral activity with
ECso values ranging from 0.6 to 1M, by downregulating the viral protein productionaells as well as
reducing secretion of infectious viral particlesoilculture supernatants. They also suppressed athand
B-CoVs from human and feline origin. These compoumdsbited good selectivity index (over 70 against
MERS-CoV) and could lead to the development of 8rsigectrum antiviral drugs against emerging CoVs

and picornaviruses.

Keywords. MERS-CoV, SARS-CoV, 3C-like protease, peptidomimetinhibitor, coronavirus,

picornavirus.



1. Introduction

Coronaviruses (CoVs) affecting upper respiratoacttiwere first identified in humans in mid-1960
(Tyrrell and Bynoe, 1965). In late 2002, there veasergence of a life threatening CoV of atypical
pneumonia, named severe acute respiratory synd@aé (SARS-CoV). SARS-CoV belongs to the
family Coronaviridae, and is an enveloped, positive-stranded RNA wvitk ~30,000 nucleotides (Rota et
al., 2003). Its genome encodes two polyproteind,ap-490 kDa) and pplab (~790 kDa) which are
processed by 3C-like protease (3€)and papain-like protease () to generate non-structural proteins
essential for viral replication (Thiel et al., 2Q0mhiel et al., 2003). Due to its vital role in figation,
3CL"" has been regarded as a validated drug target. Maibjtors of SARS-CoV 3CH° were discovered
by high throughput screening and structure-basédna design as summarized in the review articles
(Hilgenfeld and Peiris, 2013; Kumar et al., 2013i0kand Liang, 2015; Pillaiyar et al., 2016; Ramajay
et al.,, 2011; Tong, 2009; Zhao et al., 2013). AB&RS-CoV infection subsided, Middle East respimato
syndrome CoV (MERS-CoV), has emergedsaudi Arabia in 2012 and spread worldwide, kgli36% of
the reported 1,826 patients (http://www.who.int/maedntre/factsheets/mers-cov/en/). Due to the amil
maturation pathway, MERS-CoV 3€t.is also regarded as a target for developing aatidrugs (Tomar
et al., 2015). Though tremendous efforts have Inegthe to develop inhibitors, therapeutic intervergitor
such continuous CoV outbreaks are yet to reach ehgBarnard and Kumaki, 2011; Kilianski and Baker,

2014).



These CoVs' 3CY° are functionally similar to the 3€ in picornaviruses and both adopt
chymotrypsin fold (Anand et al., 2003). However,L3€is a dimer with Cys-His dyad, whereas’3Gs a
monomer with Cys-His-Glu triad (Hsu et al., 200®elLet al., 2009; Yang et al., 2003). Picornaviruses
small, non-enveloped RNA virus with genome size7@00-8,000 nucleotides. Based on their genetic
organization, the family is composed of 31 gene@uding Enterovirus (enterovirus and rhinovirus),
Aphthovirus (foot-and-mouth disease virus@ardiovirus (encephalomyocarditis virus)Hepatovirus

(hepatitis A virus) and others_(http://www.picorivadae.com/). As 3€° is produced in all genera of

Picornaviridae virus family, its inhibitors showed broad-spectrumpotent antiviral activity against
rhinovirus, coxsackievirus and enterovirus (Jeteaslat et al., 2016; Kim et al., 2015; St John et2015).
Though 3¢™ and 3CIP™ share similar structures at their active sitebflewlifferences often discriminate
inhibitors. AG7088, an established Gnhibitor, was inactive against SARS-CoV FLprior to the
modifications (Ghosh et al., 2005; Shie et al.,200hanigaimalai et al., 2013; Yang et al., 20Q&)like
AG7088 which contains,3-unsaturated ester for forming covalent bond wita &ctive-site Cys, our
previously reported potent peptidomimetic inhikétoof 3C™ from enterovirus 71 (EV71) contains
aldehyde as electrophilic warhead (Kuo et al., 2008this work, we screened those EV71°8Mhibitors
against MERS-CoV 3ClI° and further evaluated the hits by cell-based assaing live MERS-CoV. Our
best compound6b, 6¢ and6d inhibited MERS-CoV 3CP° with ICs values ranging from 1.7 to 4y

and also suppressed viral replication withsg@alues between 0.6 and M. These derivatives represent



some of few cell-based assay-confirmed ant-MERS-@gents and also showed broad-spectrum activity

against botlu- andp-types of CoVs as described herein.



2. Materialsand Methods

2.1. Synthesis of compounds
Compounds reported here were synthesized usingiopdy reported procedures with some
modifications (Kuo et al., 2008). Test compoundd gemcitabine hydrochloride (GEM; Sigma-Aldrich,

St. Louis, MO) were dissolved in dimethyl sulfoxid@VSO; Sigma-Aldrich) at 5{M concentration.

2.2. Mirusesand cells

Patient-derived isolate MERS-CoV (MERS-CoV/KOR/KMO82_05 2015; GenBank accession No.
KT029139) was provided by the Korea Center for BsgeControl and Prevention. Huh-7 and Vero cells
(Cat. No. CCL-81) were obtained from Prof. D.-EnKat Konkuk University (Seoul, Republic of Korea)
and American Type Culture Collection (ATCC, Manas3&A), respectively. The cells were maintained in
Dulbecco’s Modified Eagle Medium (DMEM; Gibco BRIGrand Island, NY) supplemented with 10%
fetal bovine serum (FBS; Gibco BRL) at°87and 5% CQ To minimize adaptive mutation probability of
MERS-CoV to another species during passage, MER&Was amplified by infection of a human cell
line, Huh-7 cells. The infectious viral titers froaulture supernatants at day 2 post-infection)(mere
measured by a plaque assay using Vero cells acgptdiother reports (Chan et al., 2013; de Wildal et
2013). MERS-CoV was maintained under biosafety ll&/eonditions in Korea Research Institute of

Chemical Technology (KRICT).



Human CoV strains, 229E (Cat. No. VR-740) and O@2at. No. VR-1558) were purchased from
ATCC. They were amplified by infecting human fetahg fibroblast MRC-5 cells (ATCC, Cat. No.
CCL-171). Feline infectious peritonitis coronaviridPV) strain (Cat. No. VR-990) and its host dale
Crandall feline kidney (CRFK) (Cat. No. 10094) wergtained from ATCC and Korean Cell Line Bank

(Seoul, Republic of Korea), respectively.

2.3. Expression and purification of SARS- and MERS-CoV 3CLP™°

The expression and purification of SARS-CoV 3Clfollowed our reported procedure (Kuo et al.,
2004). For expression of MERS-CoV 3€L(Kumar et al., 2016), the Factor Xa cleavage $E&R) and
the 3CIP™ (accession KJ361502.1, Ser3248—-GIn3553) DNA samua@s synthesized and cloned into the
PET32 expression vector by Mission Biotech. Comp@rgiwan) and was transformed iro coli BL21
(DE3). A 10 ml overnight culture of a single tramshant was used to inoculate 1L of fresh LB medium
containing 100 pg/ml ampicillin. The cells were groat 37C to As0=0.8 and induced with 0.4 mM
isopropyl$-thiogalactopyranoside (IPTG) for 22 h at®@6 The cells were harvested by centrifugation at
7,000 xg for 15 min and the pellet was suspended in lysfteb (12 mM Tris-HCI, 120 mM NacCl, 0.1 mM
EDTA, and 5 mM DTT, pH 7.5). A French-press instamnh(Constant Cell Disruption System) was used to
disrupt the cells at 20,000 psi and centrifuge@@®000 xg for 1 h to discard the debris. The cell-free
extract was loaded onto Ni-NTA column which was iklguated with lysis buffer containing 5 mM

imidazole. After exhaustive washing with lysis ffthe imidazole concentration of the washing dwuff



was increased to 30 mM. The protein eluted by lipsier containing 300 mM imidazole was dialyzed
against lysis buffer to remove imidazole and thaotér Xa was added to a final concentration of &#4vj
and incubated at 26 for 24 h to remove the His-tag. Subsequently ptioeessed MERS-CoV 3L was
passed through a Ni-NTA column for purification.eTprotein concentration was determined by the prote

assay kit (BioRad, USA) and BSA was used as standar

2.4. Measurement of 1Csg

A fluorometric assay by using the fluorogenic peeti Dabcyl-KTSAVLQSGFRKME-Edans as
previously described (Kuo et al., 2004) was usedetermine the inhibition constants of compoundse T
enhanced fluorescence due to the cleavage of ubistrate catalyzed by the 3€1was monitored at 538
nm with excitation at 355 nm. The d€value of individual sample was measured in a reaanixture
containing 50 nM SARS-CoV 3CL or 0.3 uM MERS-CoV 3CIP™ and 10uM of the fluorogenic

substrate in 20 mM Bis-Tris (pH 7.0).

2.5. Cytopathic effect inhibition assay

Huh-7 cells were seeded in 96-well plates(20* cells per well). On the next day, cells were itdelc
with MERS-CoV at a multiplicity of infection (MOIpf 0.1 in DMEM without FBS for 1 h. After washing
with PBS, mock-infected or virus-infected cells eéreated with 3-fold serial dilutions of test campds

or GEM used as a positive control. At day 2 pel| lysate was harvested for measuring cell vigbilsing



the CellTiter 96 AQueous One Solution Cell Proliferation Assay according ttee manufacturer's
instructions (Promega, Madison, WI). The 50% cytatoconcentration (Cg) and 50% effective
concentration (E§) values were calculated using GraphPad Prism &vacé (GraphPad Software, La
Jolla, CA). Antiviral assay for other CoVs, incladi 229E, OC43 and FIPV strains, were performed as
mentioned above by using different cell lines. MBRCells were used for culturing human CoVs, 229& an

0OC43, while CRFK cells for feline CoV, FIPV.

2.6. Western blot analysis

Huh-7 cells seeded in 6-well plates{30 cells per well) were infected with MERS-CoV atM®! of
0.02 for 1 h. After washing with PBS, cells wereatited with 0.1, 1 and (M of compoundsb, 6¢c and
6d. In parallel, 0.02% DMSO was treated as a compouglticle. On day 1 p.i.,, 3Qig cell lysates
suspended in sample loading buffer (Biosesang, @ygiedo, Republic of Korea) were subjected to 10%
SDS-PAGE and electro-transferred to a polyvinyleldluoride membrane (Millipore, Billerica, MA).
MERS-CoV NP was detected using primary antibodpeciic for viral nucleocapsid protein (NP) (Cat.
100211-RP02; Sino Biological Inc., Beijing, Chinafpllowed by a horseradish peroxidase
(HRP)-conjugated goat anti-rabbit secondary angb@hermo Scientific, Waltham, MA). The cellular
-actin protein, a loading control, was detectechvah antiB-actin-specific primary antibody (Cat. No.
A1987; Sigma-Aldrich) and the HRP-conjugated gadi-mouse secondary antibody (Thermo Scientific).
After addition of a chemiluminescent HRP subst(&teperSignal West Pico Chemiluminescent Substrate;

10



Pierce, Rockford, IL), images were obtained usingA®-4000 Luminescent Image Analyzer (Fujifilm,

Tokyo, Japan).

2.7. Plague inhibition assay

Huh-7 cells were inoculated in 6-well plates atemsity of 1x 1P cells per well for 1 day. Culture
supernatants treated withuM compounds were harvested at day 1 p.i. They wenally diluted 10-fold
in DMEM from 10* to 10° and 1 ml of each sample was used to infect Velle & 1 h. After washing
with PBS to remove unabsorbed virus, DMEM contajn5% agarose (overlay medium) was added. On

day 3 p.i., plaques were visualized withigfml neutral red (Sigma-Aldrich).
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3. Resultsand Discussion

3.1. Inhibition of MERS-CoV 3CL"* and viral infection by 6b, 6¢ and 6d

Peptidomimetic compounds were synthesized accortingur reported method (Kuo et al., 2008).
Preliminary screening of these peptidomimetic conmpis against MERS 3CT were done at 5@M.
Compounds inhibiting more than half of the proteasitvity under such condition were selected fatHfer
ICs0 measurements. Using enzymatic assay, the comp@mnés and6d showed 1Gy of 2.4, 4.7 and 1.7
UM against purified 3CP° of MERS-CoV, respectively (Table 1). These compmtsualso inhibited SARS
3CLP" at lower 1G values of 0.7, 0.5 and O, respectively.

To evaluate the ability of these compounds to bleckl replication, we performed cytopathic
inhibition assay using MERS-CoV-infected Huh-7 selAs shown in Fig. 1, compoun@b, 6¢c and 6d
efficiently suppressed viral replication with ig®f 1.4, 1.2 and 0.@M, respectively (Table 1). Though it
is usual to see Eg higher than Ig, due to the presence of membrane barrier, we olddt@, to be
smaller than 1G. This could be due to the higher concentratio® (301) used foin-vitro enzymatic assay
because it is a weakly associated dimer (Tomak.,e2@15). In fact, they inhibited 50 nM SARS 3. a
tight dimer, in the submicromolar range (TableThese compounds had ¢Qarger than 10QuM for 6b
and6c or 58.6uM for 6d against uninfected cells, resulting in selectivitgex (S.l.) values larger than
71.4. As expected, compouBd which was inactive in the enzyme assay did nopsegs viral replication.
GEM, used as a positive control according to a ipte/report (Dyall et al., 2014), was less potent i

12



inhibiting MERS-CoV infection with an E{z value of 8.3uM. It also showed marginal toxicity and thus

decreased viability of mock cells by 20% or moréhatconcentrations above 31V (Table 1 and Fig. 1).

3.2. Suppression of viral protein production and infectious MERS-CoV generation

To confirm that the observed antiviral activity cdmpoundstb, 6¢c and 6d reflects inhibition of
MERS-CoV infection, both viral protein and progepyoduction was measured after treatment of
virus-infected cells with these compounds. West#at analysis showed that viral NP was decreased by
these inhibitors in a dose-dependent manner (Biglt 2 noteworthy that no viral NP detectabletire
presence of 10M 3CLP inhibitors.

We further compared the number of infectious MERS/@atrticles in the culture supernatants, both
in the presence and absence of 8€inhibitors. The plaque assay showed that the tibel in the absence
of compound was 4.4 x iplaque forming units (pfu)/ml, but reduced to %.2¢%, 2.9 x 10, and 1.2 x
10* pfu/ml by 1uM of compoundsb, 6¢c andéd, respectively (Fig. 3). Taken together, the ressitggest
that the compounds originally selected as EV7%3flockers efficiently inhibited MERS-CoV 3¢EP
activity and suppressed viral protein productiorwadl as viral progeny generation. The data alslicate

that the inhibitors can penetrate virus-infectedlrmembrane to reach the active site of 8€L

3.3. In silico molecular docking of 6d against MERS-CoV 3CLP*

13



To rationalize potent inhibition, we dockéd into the active site of MERS-CoV 3€L The initial
pose of the complex was generated based on the Xtracture (PDB code: 4RSP) of the 3CLin
complex with a covalent inhibitor (Tomar et al. 180 and those of the human rhinovirus"8®ound with
irreversible inhibitors (Matthews et al., 1999; Web et al., 1998). Then, the simulation was done by
Discovery Studio (Accelrys Inc., San Diego, CA).CAis at subsite S1 of 3EP acts as a nucleophile to
cleave substrates by attacking carbonyl carbohefimide bond between the conserved Gin at Plhand t
small amino acids such as Ser, Ala or Gly at Pan(Et al., 2004; Needle et al., 2015). Our modgllin
shows that theg-sulfur of Cys148 forms a covalent bond with #a aldehyde carbon and the resulting
oxyanion is stabilized by His41 (Fig. 4). A cyclactam moiety withcissamide geometry on binding to
3C"™ was proposed to mimic the P1 GIn of peptide sabeir (Matthews et al., 1999). Based on our
docking results, the P1 lactam moiety6afbinds to S1 subsite of 3€E by forming H-bonds with His166
and Glul69. The P2 phenylalanine moiety prefer®doupy S2 subsite. The cinnamoyl group 6of
occupies S3 and may be extended to S4. The amadg dretween phenylalanine and cinnamoyl group
further forms H-bonds with GIn192 and Glul169. Wsoatlockedsd based on the apo-form MERS-CoV
3CLP™ structure (PDB code: 5¢3n) (Ho et al. 2015). Sitloe free-form and ligand-bound structures
showed no significant difference in the active ,sitee binding modes ddd in these two structures are
indeed very similar (data not shown).

From our experimental as well as modelling resuitghstituents on cinnamoyl groups of these
peptidomimetic inhibitors seem to be critical ftyetactivity. Substituenp-chloro in 6d makes halogen

14



bonding with His194, leading to better potency. @oomd6b and6c with slightly bulkierm-bromo and
p-dimethylamino moiety, respectively, displayed appmately 2-fold drop in I6. Compoundsa with the
bulkiest 3,4-methylenedioxy substituent failed nthibit the 3CE"™ even at 25uM. Compoundsta and5a
that lacked aldehyde warhead failed to inhibit B€Lemphasizing the importance of reactive aldehyde

electrophile.

3.4. Broad spectrum activity against human and feline CoVs

To investigate for broad spectrum activity, threempounds were tested against human and feline
CoVs. The result showed botirCoVs, human 229E strain and FIPV, gi€CoV (human OCA43 strain)
were sensitive to the compounds with s£®f 1.1~17.7 uM (Table 2), suggesting potent and
broad-spectrum antiviral activities of these 8€inhibitors. The Cg, values measured using MRC-5 and
CRFK cells, used to cultivate human and feline Ga¥spectively, were found to be more than 60

Therefore, the S.1. values were ranged above 5sh@sn in parentheses.

Peptide and peptidomimetic aldehyde inhibitors mga8CL°" have been reported (Akaji et al., 2008; Akaji
et al., 2011; Zhu et al., 2011) but not tested iwe ICoVs. However, a potent SARS-CoV 3CL

peptidomimetic aldehyde inhibitor, TG-0205221, lh&®n shown to block SARS-CoV and human CoV
229E replications (Yang et al.,, 2006). As shown tims study, we have identified potent and

membrane-permeable MERS-CoV inhibitdis, 6c and 6d using live MERS-CoV virus with Eg of

15



0.6~1.2uM and S.I. over 71.4. These compounds with,1€0.5 uM against 3€° (Kuo et al., 2008)
inhibited 3CI’"° of MERS-CoV with 1Gg of 1.7~4.7uM and SARS-CoV with Ig of 0.2~0.7 uM.
Moreover, we found these inhibitors were activeirggjaother viruses, including- andf-CoVs with EGo

of 1.1~17.7uM, but were less potent (higher EfCin killing humanp-CoV OC43. Although not as potent
as inhibiting picornavirus EV71 with the B{bf 18 and 7 nM fo6c and6d, respectively (Kuo et al., 2008),
they are the most potent inhibitors of live MERSWYOdentified so far. Their inhibitory activities agst
picornaviruses and CoVs make these compounds lsmactrum antiviral agents. With the escalating cost
of drug discovery, development of an antiviral a@genth broad-spectrum activities might help in
overcoming financial hurdles. More compounds aledgsynthesized for lead optimization. Animal study

needs to be further conducted for developing ortbede potent inhibitors into an antiviral drug.

16
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Figurelegends

Fig. 1. Antiviral activity of 6b, 6¢c and 6d against MERS-CoV in Huh-7 cells. Huh-7 cells in 96-well
plates were mock-infected or infected with MERS-Cafvan MOI of 0.1 for 1 h at 8C. After washing
with PBS, cells were treated with 3-fold seriautibns of test compound§g, 6b, 6¢c and6d) or a control
compound (GEM). On day 2 p.i., cell lysates werevested for measuring cell viability. The data

represent the means + standard deviations frone thoeependent experiments.

Fig. 2. Inhibition of MERS-CoV NP production by 6b, 6¢ and 6d in a dose-dependent manner. Huh-7
cells in 6-well plates were infected with MERS-CaVan MOI of 0.02 for 1 h at 3Z.The virus-infected
cells were treated with increasing concentratidh, (1 and 1QuM) of each compound. Co-treatment of
interferon-alpha 2A (IFN; 50 ng/ml) and ribaviriRBV; 100uM) was used as a positive control. On day 1
p.i., cells were harvested and loaded to 10% SD&PA0ug per well). Immunoblotting was performed
using rabbit anti-NP antibody and HRP-conjugatedt gmti-rabbit secondary antibod3+Actin was used

as a loading control.

Fig. 3. Downregulation of MERS-CoV progeny generation by 3CL™° inhibitors, 6b, 6¢c and 6d.

MERS-CoV-infected Huh-7 cells in 6-well plates wéreated with JuM 6b, 6¢c and6d for 1 day. Culture
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supernatants were harvested and serially diluted®fold in DMEM (10" to 10%). Fresh Vero cells in
6-well plates were infected with the diluted calltare inoculum for 1 h. And the number of infeciso

viral particles was counted by addition of the ésgmedium for 3 days and by neutral red staining.

Fig. 4. Docking of inhibitor 6d with MERS-CoV 3CLP™°. Cys148 of the protease makes a covalent bond
with the carbonyl carbon of the inhibitor aldehyfteZgming a stable tetrahedral species (the insei), the
resulting oxyanion being stabilized by His 41. Hretease is shown in a charge-potential sunfete the
negative and positive charges being colored red kdund, respectively. The putative substrate-binding
subsites S1’, S1, S2, S3 and S4 are indicated. derethe possible hydrogen bondssdfto the protease

are further drawn with dashed lines in magenta.
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Table 1. Enzymatic and cell-based antiviral assdgelected compounds

NH

[0}
H
Ar\/WNQKN R
: H
O
ICs0 (LM)
Compd Ar R CCso (UM)? ECso (uM) b
P MERS-CoV SARS-Cov CCeo(M)™ oo\, Sl
3CLP® 3CLPe
3,4-(0OCHO
4a ( ) HO)Ce -COOCH; >25 >25 ND ND ND
3
3,4-(0OCHO
5a ( ) HO)Ce -CH,OH >25 >25 ND ND ND
3
3,4-(OCHO
6a ( H HO)G -CHO >25 >25 >100 >100 ND
3
6b 3-BrCgH, -CHO 2.4+0.3 0.7+0.2 >100 1.4+0.0 >71.4
6¢c 4-Me,NCgH, -CHO 47 +0.6 0.5+0.1 >100 1.2+0.6 >83.3
6d 4-Cl,2-FGHs -CHO 1.7+0.3 0.2 +0.07 58.6 +1.2 0.6 +0.0 997.
GEM® -- -- ND ND >100 8.3+0.9 >12.1

%0% cytotoxic concentration in

hydrochloride.

MDCK cell§Selectivity index. “Not determined.‘Gemcitabine



Table 2. Antiviral activity obb, 6¢, andéd against 229E, OC43 and FIP

ECso (M)
CCsy S.
Compd Cso (S.h)
(UM)
220F 0oc43 FIPV
43+0.1 13.5+0.8 25+1.1
6b >100
(>25.0) (>7.3) (>40.0)
4.2+0.3 16.8 + 0.3 1.9+0.2
6¢c >100
(>23.8) (>6.0) (>52.6)
2.0+0.2 17.7+1.6 1.1+0.3
6d >100
(>50.0) (>5.7) (>90.9)

4509% cytotoxic concentration in MRC-5 cells and IREK cells.” Human alpha coronaviruSHuman beta

coronavirus? Feline infectious peritonitis alpha coronavirus.
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Aldehyde-containing peptidomimetics were identified to be potent inhibitors
against MERS-CoV 3CL"™.

The active inhibitor showed sub-UM ECsg in killing MERS-CoV.

Compounds were also effective against other a and [3-CoVs of both human and
feline origin.

We identified broad-spectrum antiviral agents effective against both

coronaviruses and picornaviruses.



