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ABSTRACT: In this work, we present and discuss a compreverset of both newly and
previously synthesized compounds belonging to Gndismolecular classes of linear aromatic
N-polycyclic systems that efficiently inhibits bov viral diarrhea virus (BVDV) infection. A
coupled in silico/in vitro investigation was employed to formulate a molecuiationale
explaining the notable affinity of all molecules BYDV RNA dependent RNA polymerase
(RdRp) NS5B. We initially developed a three-dimensi common-feature pharmacophore
model according to which two hydrogen bond accepéord one hydrophobic aromatic feature
are shared by all molecular series in binding thel vpolymerase. The pharmacophoric
information was used to retrieve a putative bindiitg on the surface of the BVDV RdRp and to
guide compound docking within the protein bindimg.sThe affinity of all compounds towards
the enzyme was scored via molecular dynamics-basadlations, showing high correlation
with in vitro EGsy data. The determination of the interaction speofrdhe protein residues
involved in inhibitor binding highlighted amino asi R295 and Y674 as the two fundamental H-
bond donors, while two hydrophobic cavities HCIsiglees A221, 1261, 1287, and Y289) and
HC2 (residues V216, Y303, V306, K307, P408, and A4flfill the third pharmacophoric
requirement. Three RdRp (K263, R295 and Y674) tessdcritical for drug binding were
selected and mutagenized, bathsilico andin vitro, into alanine, and the affinity of a set of
selected compounds towards the mutant RdRp isofom@s determined accordingly. The
agreement between predicted and experimental dafaroed the proposed common molecular

rationale shared by molecules characterized byerdifft chemical scaffolds in binding to the



BVDV RdRp, ultimately yielding compoun@b (EGCsp = 0.3 uM; IG= 0.48 uM) as a new,

potent inhibitor of thigestivirus

Introduction

DNA and RNA viruses represent a major cause ofadisén humans and animals. Some of
them, notably thdebola and, previously, théd1N1 viruses expressed their ability to create a
pandemic scenario across globe, highlighting oprejparedness to face infections caused by
neglected pathogens that can easily spread workdwid this panorama, our multiannual
program of antiviral research has focused on ttsggdeand synthesis of a wide series of small
molecules endowed with antiviral activity. Variolead compounds emerged during the years,
mainly active against representative viruseBlativiridae family.

The Flaviviridae is a large family of related positive-strand RNi#tuges (ssRNA) that consists

of three generaFlavivirus, PestivirusandHepacivirus Several globally important human and
animal pathogens[1l] are comprised within this grolihe family members are genetically
diverse but share similarities in genome organmratimechanisms of gene expression, and

replication strategies.[2]

The Flavivirus genus currently contains 73 viruses classified3asgecies [3] divided into four
groups: the tick-bornd-laviviruses the mosquito-bornd-laviviruses the not-known-vector
Flaviviruses and the non-classifigélaviviruses A number of the arthropod-boriéaviviruses
cause disease in humans. Particulddgngue Feve(DFV), Yellow Fever(YFV), West Nile
(WN), and Japanese Encephaliti®JE) viruses cause acute febrile illness, encejdahnd

hemorrhagic fevers, against which effective vacsiae established drug treatments for related



disease prevention and cure are still lacking. rAtsged YFV-based vaccines represent a
noteworthy exception in this setting, although,piestheir effectiveness, they sometimes shows

toxic side effects that can be fatal,[4] and thwiization is incomplete in many areas.[5]

The Pestivirusgenus includes animal pathogens of major econompact for the livestock
industry, such aswine Feverirus (SFV),Border Diseasevirus (BDV), andBovine Viral
Diarrhea virus (BVDV).[6]. Particularly, BVDV establish persistent infection in cattle that
remain viremic throughout life and often succumbfatal mucosal disease.[7] Furthermore,
BVDV shows the ability to cross the placenta ofcayntible animals causing a variety of fetal
infections.[8] In the United States alone, a rectnty revealed that the cost of exposing calves
to BVDV in the feed-yard was $67.49/head. The waajority of this amount, $58.83, was due
to the loss in performance, primarily decreasedtieficy. The remainder ($8.66) reflected an
increase in mortality. The bottom line of this repis that, while few in number, persistently
infected calves can have an economically devastagéifiect in feedlot cattle.[9] BVDV
represents the prototypidaestivirusvirus and therefore is the best-characterized mewitihis
group. Because of the genome organization, traos|ateplication strategy, and protein
functions ofPestivirusesBVDV is more closely related to Human HepatitigHiCV) virus than
any of the classicdflaviviruses As such, it has been widely adopted as a surogaidel for
anti-HCV drug design and development.[10, 14$tly, BVDV is easily cultureéh vitro, where
it undergoes a complete replication cycle, and mdér clones are available for genetic studies.
The Hepacivirusgenus features only HCV, the major cause of hunepatitis, globally.[12]
The most recent World Health Organization (WHO)orépestimates that 130—-150 million

people globally have chronic hepatitis C infectjb8]



At the moment, patients with severe casesFl#vivirus infections are treated only by
supportive care, which includes intravenous fluitlespitalization, respiratory support, and
prevention of secondary infections.[14] In factspiée worldwide extensive research and public
health concern associated willavivirus diseases, no specific/routine treatment is avialab
today to combat an¥lavivirus infections, the sole exception being constitutgdnbw drugs
(e.g., simeprevir and sofosbuvir) currently in wal trials for hepatitis C.[15, 1&onsequently,
there is an urgent need for new lead compoundseffiatently target distinct stages of the viral
replication cycle in a virus-specific way.

In this context, and in the framework of a longtilag antiviral research program, our group
designed and synthesized a series of new angutirliaear N-polycyclic systems against
representative ssSRNA+ viruses. Small moleculesbitdnis of BVDV has been reported in the

literature with various scaffolds [17].

We recently reported a bicyclic system such as 2(E)-(2-(2,4-dimethoxyphenyl)-1H-
benzo[d]imidazol-5-yl)ethylidene)hydrazine-1-caffioamide (227G, Fig. 1) that inhibits, in
cell-based assays, both BVDV and HCV replicatiothig low micromolar range (Egvalues of

0.80 and 1.11M, respectively) [18].
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Fig. 1. Chemical structure and biological activity of benlazole derivativ27G.

The molecular target was identified in the viral RNependent RNA polymerase (RdRp) [19]
and dose-response curves indicate that 227G pptahibits (IG, =0.0020 + 0.0004M) the
BVDV RdRp activity [20]. In an attempt to widen theowledge on the anti BVDV activity of
nitrogenrrcontaining heterocyclic compounds we complicate theyclic system and we
synthesized a series |@,7]phenantroline derivatives [2({fig. 2). At first, we demonstrated that
some [4,7]phenantroline derivatives were fairlyiactagainst BVDVin vitro, compoundAl
being particularly promising against both BVDV aHEV (Fig. 2). Next,in silico experiments
on the putative final target, the HCV RNA-dependdRiNA-polymerase (RdRp) NS5B,
contributed to develop a molecular-based ratiof@ehe structure-activity relationship (SAR)
for these compounds [21]. The target enzyme wastifce in the light of some similarities
between a number of our active compounds and timenooleoside inhibitor of HCV NS5B
((2s)-2-[(2,4-dichloro-benzoyl)-(3-trifluoromethylenzyl)-amino]-3-phenyl-propionic acid),

hereafter named Shire A [22].
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Fig. 2. Chemical structures of [4,7]phenantroline derivedif.[21]

Unfortunately, the most potent angular derivatittgged out to be non-selective inhibitors of
BVDV. Compound Al, in fact, resulted active againeh only BVDV but also against CVB-2
and Sb-1 (EG =5 and 17 uM, respectively). With the aim of ilmying both their potency and
selectivity towards BVDV, we next conceived and thgsized three new classes of linear
aromatic N-tricyclic compounds derived from the amxpion of the quinoline nucleus with 1,2,3-
triazole, imidazole or pyrazine (Fig. 3).[23hus, triazolo[4,53]quinoline @), imidazo[4,5-
glquinoline ), and pyrido[2,33]quinoxaline derivativeslY) were tested in cell-based assays
for both cytotoxicity and antiviral activity againsepresentative members of several virus
families, and found endowed with promising antiviegtivity and selectivity index against

several pathogenic RNA viruses.[23]



R1 R1
| |

. N
>~ LI
N/KI/‘\N\ N)\)\N R,
\

|
2 Rs R,

0 —

B c D

Fig. 3. Chemical structures of triazolo[4gjquinoline @), imidazo[4,5¢]quinoline C), and

pyrido[2,3-g]quinoxaline derivativesky).

Interestingly, while selective anti-BVDV activity a8 reported for all three classes of
compounds in Fig. 3, derivatives endowed with safisal anti-BVDV activity were more
numerous among imidazoquinolines and pyridoquinogral than among triazoloquinolines.
Nevertheless, each class contained at least orentpand selective molecule. On this basis,
selected leads from these series were then evdlf@teanti-HCV activity in a replicon system
and tested in enzyme assays for activity agairssRitiRps of BVDV and HCV. 4-Chloro-2-(4-
nitrophenyl)-3H-imidazo[4,5-g]quinolineCR, Fig. 4) thus emerged as the most potent and
selective compound against BVDV (kG 1.2uM, CCse> 100uM). [32] It also proved to be
active, although only moderately selective, agaihSy/. These results suggested that, although
with different efficiency, compoundC@) (Fig. 4) targets both viral RdRps. Consequerttby,
broad our knowledge concerning the SAR of imidaZefflquinolines, the chemical structure of
C2 was simplified via the elimination of the centralg or the opening of the imidazole ring,
leading to various imidazopyridineg)(and N-benzylidenequinolinaminds)( respectively (Fig.

4). Remarkably, just a few imidazopyridine derivas resulted active against BVDV, while all

N-benzylidenequinolinamines maintained their angivbehavior. Particularly, compound<



andF2 showed EGp values of the same order of magnitude of the retealrug 2C-methyl-

guanosine (1.uM) [24] - as shown in Fig. 4.
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Fig. 4. Chemical structure of lead compoufi@? and the rationale leading to its subsequent

modifications.

The selective anti-BVDV activity of pyridoquinoxaé-based compound®){23] was also

further investigated by synthesizing further detikwgs, among which the thienyl derivativiel)



showed selectivity, good potency and an intereshialgnce between activity and cytotoxicity

(Fig. 5).
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Fig. 5.Chemical structures of lead compouisandD2.

Furthermore, the derivatives bearing different stlgents on the N atom at position 1 or the O
atom at position 2 were tested in cell-based askaysytotoxicity and antiviral activity. The 5-
chloro-2-methoxy-3-(thiophen-2-yl)pyrido[2,3-g]quixaline D2, totally devoid of cytotoxicity,
emerged for its selective and potent antiviral\aigtiagainst BVDV (EGy= 1.3 uM, Fig. 5).
Molecular modeling studies confirmed the BVDV RdRp the target enzyme for these
compounds and allowed the identification of impotteolecular determinants for their NS5B

inhibition.[25]

To expand the SAR investigation on the above lile#icyclic systems, in the present paper we
initially designed and synthesized new imidazo[djduinolines derived by further development
of the basic compound 2-phenyl-3H-imidazo[4,5-ghgline C1) (ECGso = 4 uM, CCso > 100

MM).[32] To this purpose, we modulated substituents atipasitR, R, and/or R, or replaced

10



the phenyl ring with a heterocyclic moiety, asstiated in Fig. 6. Specifically, substituents were
chosen with the aim of evaluating the influencesleictron donating groups (EDGS) or electron
withdrawing groups (EWGSs) on the phenyl group (RFig. 6), of the Cl atom at position;,R
and/or general steric hindrance of substituent&4ron the antiviral activity of the resulting

molecules.

Fig. 6. Proposed rational modifications of lead compo@id(R; = Cl, R = H, R = H; EGp =

4.0 uM, CCsg>10QuM).

Thus, we synthesized compounds bearing either iokloor hydrogen at position ;R0
qguantify the specific contribution of the halogenthe compound affinity for the binding site of
the BVYDV NS5B. In addition, a large moiety suchrasthyl cyclohexyl was inserted in, Ro
test the tolerance of the viral polymerase bindpugket towards substituent bulkiness. In
combination with the two modifications mentionedab, EDGs or EWGs were inserted at the
4' position or at the 2’ and 4’ positions of the pylemng (Rs in Fig. 6). Lastly, we synthesized
and assayed a furan(3)-yl derivative since no camg@dearing a heterocyclic moiety at position

2 was previously reported. All modifications ardizated in details in Scheme 1.

11
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Scheme 1.Selected chemical modifications of lead compo@i and synthetic pathways

leading to the compounds5a, 6-11b, 12-13¢ andl14b.

In the light of the encouraging results obtained,vext proceeded by performing a parahel
silico/in vitro analysis of the best compounds of all previdi$-}J[23, 24] and present series and
determined the common molecular determinants Igadm their successful BVDV RdRp

inhibition.

Chemistry
The synthetic route to obtain the designétli®idazo[4,5¢]quinoline derivatives4-5a 6-11b,

12-13¢ and 14b) is shown in Scheme 1. The diamirks-c react with appropriate bisulphite

compoundsi5 and17) in refluxed ethanol or in dimethylformammide (D&t 130 °C for 2-12

12



h, to give the correspondingHamidazo[4,5¢]quinolines @-5a 6-10b 12-13¢ and 14b) in
good vyield (54-90%), with the exception I8¢ (25%). Compound 4-(4-chlora-Bimidazo[4,5-
glquinolin-2-yl)benzenesulfonamidellb) was in turn prepared by condensation of the
diaminoquinolinelb with 4-sulfamoylbenzoic1(6) and polyphosphoric acid for 4 h at 200 °C
(25% vyield). 6,7-Diaminoquinoline$a-c intermediates were prepared following the procedur
previously described.[23, 26] Bisulphite compouts and17), were obtained by reacting the
aldehydes with N&,0Os in hydroalcoholic solution.[23] Aldehydes and iganic reagents were

commercially available.

Results and discussion

As discussed above, the original hypothesis maotigahe current work proposed that specific
substituents at different positions of the scaffofdthe lead compoun@1 (Fig. 6) would be
selective and effective inhibitors of the BVDV RdRpo investigate this proposition,
compounds2-5a 6-11b 12-13¢ and 14b were synthesized and evaluated for activity and
selectivity against BVDV and other ssRNA+, ssSRNAsRNA and DNA viruses.. Data from
these experiments are presented in Tables 1 ameé§ikctively.

Table 1. Cytotoxicity and antiviral activity of 3H-imidazé[5-g]quinoline derivatives2¢(5a,

6-11b, 12-13¢ and 14b) against BVDV. Data represent mean values of thnelependent
determinations. Variation among duplicate samplas l@ss than 15%.

Compound Q/ICZI?”KMj 525/:(3“\(;; S.IL Compound ggiﬁﬂj EB(Z(EX; S.L
2a >100 4.0 >25.0 10b >100 6.1 >16.4
3a >100 7.0 >14.2 11b >100 >100 -
4a >100 3.4 >29.4 12c 20 5.0 4.0
Sa >100 6.0 >16.7 13c 33 5.0 >6.6

13



6b >100 0.3 >333.3 14b >100 2.0 >50.0

7b >100 2.0 >50.0 2-MeGua >10 11 >9.1
8b >100 6.3 >15.9 Ribavirine 5.0 1.3 3.8
9b >100 5.8 >17.2

& Compound concentrationu!) required to reduce the viability of mock-infedteMDBK cells by 50%, as
determined by the MTT method.

® Compound concentrationu) required to achieve 50% protection of MDBK cefiom BVDV-induced
cytopathogenicity, as determined by the MTT method.

2’-MeGua = 2'-C-methyl-guanosine.

From the results shown in Table 1 it is apparemit thl compounds, with the singular
exception ofL1b, were significantly active, with Egranging between 0.3 anduM along with
low cytotoxicity (CGo> 100uM, except for compounds2cand 13¢ for which CGp = 20 and
33 UM, respectively). The selectivity index (S.l1.), whiis a parameter of preferential antiviral
activity of a compound in relation to its cytotoxyc(CCso/ECsg), of all new compounds is also
tabulated in Table 1. As can be seen, the SI indalwes of the title compounds were
substantially better than those of the positivetads, 2’-C-methyl-guanosine (S.1. = 9.1) and of
the gold-standard reference ribavirin, for which $.3.8.

Preliminary SARs shows that the presence of a ildosubstituent on the scaffold of
compoundC1 (R; in Fig. 6) is slightly more beneficial to the amtal activity of the relevant
compounds (e.g6b, EGo = 0.3uM; 7b, EGo = 2.0 uM; 8b, EG;p = 6.3 uM) with respect to
those featuring an hydrogen atom at the same posRe, EG;o = 4.0uM; 3a, EGo = 7.0uM,;
4a, EG5 = 3.4uM). Within the same molecular series, the presericather EWGs [e.g., -CN
(2aand6b, EGso = 4.0uM and 0.3uM, respectively), —CH3a and7b, EGy = 7.0uM and 2.0
MM, respectively), —COCH(9b, EGo = 5.8uM), —F Ga, EGsp = 6.0uM) and —NQ (14¢ EGso

= 5.0uM)] or EDGs [e.g., 2,4-OCk(4a and8b, EGso = 3.4uM and 6.3uM, respectively), and -

14



SCH; (10b, EG5p = 6.1uM)] retains the antiviral activity with respect tfoe lead compounds1l
(ECso = 4 uM). Finally, although some new compounds showedodast and scattered activity
against other than BVDV viruses (Table S1), we masonable identify these new quinolone
derivatives as selective and potent anti-BVDV agent

The occurrence of a bulky substituent in d®es not result in an appreciable effect on the
activity of the relevant compouriBc with respect to the analogous, unsubstituted mdec
(ECso = 5.0 and 1.2uM, respectively), implying that the target BVDV RgRan accommodate
a large group at that position with minimum stdmigdrance. At the same time, however, while
compoundC2 was devoid of cytotoxicity (Cé > 100 uM), the presence of the cycloaliphatic
moiety on13c seems to endow this compound with some toxic eff¢CiGo = 33 uM). An
analogous behavior can be observed in the casengf@undl2c

Finally, compoundl4b, featuring the replacement of the phenyl ring ba $caffold ofC1
with a heterocyclic moiety (i.e., furane), showesttér antiviral activity (E6 = 2.0 uM) than
the C1 derivative, preserving at the same timaats-toxic character (Gig> 100uM).
Globally, the combination between an electron witlndng group such as —CN on phenyl
position 4’ and a chlorine substituent on positbof the imidazo[4,5] quinoline scaffold led
to define compoun@b as new lead compound, bearingsgE€ 0.3uM, no cytotoxicity and a S.I.

> 333.3.

Ordinarily, the development of a pharmacophore rhanhes at creating a powerful tool for the
design of new and possibly more potent moleculeéls mispect to a specific target. In this work,
however, the common feature pharmacophore appneashexploited to identify the molecular
requirements shared by all series of compounds freviously synthesize-F series [23, 24],

and newly synthesized compourfi®a, 6-11b, 12-13¢ and14b) in determining their inhibitory

15



activity against the BVDV RdRp. Accordingly, a sglen of 31 compounds among the entire
sets were selected, along with their experimenBifpV ECsovalues, as the training set for the

development of the corresponding three-dimensi(8ia) pharmacophore model (Fig. S1).

The calculated best-fit values ranked Hypol, whichsists of two Hydrogen Bond Acceptor
features (HBA) and one Hydrophobic Aromatic feat(ti AR) (Fig. 7A), as the best model.
Accordingly, the most active compounds of trainseg belonging to the 4 different scaffolds

considered in this paper were mapped onto Hypoghawn in Fig.7B-F.

HBA
HY_AR

Fig. 7. Geometrical relationships (A) among the featuretheftop-scoring 3D pharmacophore
Hypol, and pharmacophore mapping of the trainingesmpound®1 (B), 6b (C), D2 (D), E2
(E), andF2 (F). The hypothesis features are portrayed as edespheres, color-coded as
follows: cyan, HY_AR; green, HBA.

In the successive step, taking advantage)dhé ligand-binding pharmacophoric requirements

determined above, and)(the binding mode of compouria? onto the BVDV RdRp described

in our previous work,[25] we docked and scoredftbe energy of bindin@Gpingfor compounds

16



B1, 6b, E2, andF2 towards the viral target protein, using these 4tamdhl compounds (together
with D2) as proofs-of-principle.

Briefly, for compoundD2 we already located a putative binding pocket leddbetween the
BVDV RdRp fingers domains 1 and 2 (residues 139-818 351-410, respectively).[25] By
applying a consolidated molecular dynamic (MD) comagional recipe,[27, 28] some specific
interactions between the pyridoquinoxaline derxatb2 and the critical RdRp binding site
residues were identified. In details, the aromatictions of D2 are encased in two receptor
cavities comprising residues A221, 1261, 1287, Y28@l V216, Y303, V306, K307, P408 and
A412, respectively. Moreover, two stable hydrogends (HBs) were detected between the N-
pyrido and the quinoxaline nitrogen atomi and the donor atoms of the side chains of R295
and Y674 of the BVDV RdRp, respectively (Fig. 8prEhe record, the thiophene ring DP
was involved - through its sulfur atom - in a fathHB with S411; however, since the strength
of this additional HB was weaker compared to thieeottwo polar interactions,[25] it was

classified as a secondary requirement for bindptgrozation.

Therefore, a thorough search for a residue sequeatsfying the 3D pharmacophoric
requirements described above was performed andssictly retrieved in this specific protein
region. As clearly shown in Fig. 8, the three feasudentified by our 3D pharmacophore model
find the corresponding counterparts in the bindingde interactions collected by the MD

procedure.

17



Fig. 8. Equilibratéd MD lsnapshot of fhe RdRp of BVDV irm:pl& WithDZ.

The image is a zoomed view of the polymerase bmdite. The ligand is portrayed in atom-
colored sticks-and-balls (gray, C; blue, N; gre€h,yellow, S), while the secondary structure of
the protein is shown as a gray transparent ribbba.residues satisfying the 3D pharmacophoric
requirements in the interaction wild2 are evidenced as green (HBA) and cyan (HY_ARXstic
and labeled. The cyan area represents the hydrapbatity in the protein binding site which
encases the heterocyclic moiety of the compound [8g. 6). Dark gray labeled residues in
sticks within the dark gray area represent the rsg¢qmotein hydrophobic cavity next to the
pyridoquinoxaline ring ofD2. Hydrogen atoms, water molecules, ions and coiomgrare
omitted for clarity.

In the light of these encouraging results, follogvithe same procedure, compouiigls 6b,
E2, andF2 were also docked and scored for affinity towards binding site of the BVDV
RdRp. Pleasingly, for each compound a solution fwaad in the corresponding set of docked
ligand conformations that best reproduced the K&2yBarmacophore requirements, as shown in

Fig. 9. Each resulting receptor/ligand complex wiasen relaxed by energy minimization,

followed by MD simulations. Finally, the relevanalues of the free energy of bindidgsping

18



between all compounds and the polymerase were aealuby applying the molecular
mechanics/Poisson—-Boltzmann surface area (MM/PBSégmputational ansatz (see

Computational Details), as listed in Table 2.

Adnz

1261 1287
2 —7’,4‘ ’ c\.'

Fig. 9. Equilibrated MD snapshot of the RdRp of BVDV in qolex withB1, 6b, E2, andF2.

The image is a zoomed view of the polymerase bmdite. Ligands are portrayed in atom-
colored sticks-and-balls (gray, C; blue, N; gre&h,yellow, S), while the secondary structure of
the protein is shown as a gray transparent ribbbe.residues satisfying the 3D pharmacophoric
requirements in the interaction wibd2 are evidenced as green (HBA) and cyan (HY_AR) stick
and labeled. The cyan area represents the hydrapbabity in the protein binding site which

encases the phenyl/heterocyclic moiety of the camgs (see Fig. 6). Dark gray labeled

residues in sticks within the dark gray area regmethe second protein hydrophobic cavity next
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to the pyridoquinoxalinic ring of the compounds.dfygen atoms, water molecules, ions and
counterions are omitted for clarity. The intengifythe surface color for the hydrophobic cavities

is proportional to the corresponding strength géutid/protein interactions.

Table 2. Free energy componentsHping and —TASing) and total binding free energieAGping)
for compound®?2, B1, 6b, E2, andF2 in complex with the BVDV RdRp. The g caicq)values
were obtained from the correspondidgsying values using the relationshifdGping = -
RTIN(1/1Csp).

Compound (kég:/bri:]% ) TASomd(llcal Jmol) AGping(kcal/mol)  1Cso(calcaf M)
D2 -21.56(0.17) 13.37(0.25) -8.19(0.30) 0.99
B1 -19.75(0.15) 12.40(0.19) -7.32(0.24) 4.3
6b -22.09(0.15) 13.68(0.26) -8.41(0.26) 0.69
E2 -20.42(0.16) 12.96(0.21) -7.46(0.25) 3.5
F2 -21.48(0.17) 13.39(0.19) -8.09(0.25) 1.2

Our qualitative and quantitative computational gsial confirms the experimental trend in
terms of correlation between binding capability aimdibitor activity against the viral
polymerase. Indeed, all tested compounds exhigad affinity against their target protein in
the sub- and low-micromolar range (Table 2). Mosrowhese molecules share a common
binding mode, although slight differences are fotmdcompound€1 andE2, as expected. In
fact, from their mapping onto the 3D pharmacopharedel it could be anticipated that, at
variance with the other ligands, both these comgsumould not perfectly map all molecular
requirements, although for two opposite reasons. ffiazoloquinoline derivativB1l, lacking a

bulky aromatic substituent on the 5-membered rmagnot fill the second hydrophobic cavity of
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the protein binding site; however, it can partiatgmpensate this missing interaction by
establishing a further H-bond with the side chairk@63 (Fig. 9A). On the other hand, the
smaller dimensions of the heterocyclic scaffoldimidazopyridineE2 does not allow this
compound to assume an optimal conformation in timelibg site; consequentlf£2 cannot
perform stable interactions within the first hydnopic cavity (Fig. 9C). Conversely, the new
imidazoquinoline derivativéb and the N-benzylidenequinolinamif@, featuring a distribution
of functional groups similar t®2, fit very well all the pharmacophore requiremeffig).s 9B
and 9D); as a result, their optimal binding confations reflect into highly favorablaGying
values (Table 2).

MD results are further corroborated by the quatingaanalysis of the H-bonds between the
compounds and the polymerase amino acids mainbhiad in binding (Table S3) and by a per-
residue deconvolution of the enthalpic contributiorbinding afforded by each single residue of
the BVDV binding site (Fig. 10). To facilitate raad, the values oAAHyinqres fOr the critical
RdRp residues are clustered according to a spegifierlying interaction type as follows: A221,
1261, 1287, and Y289 belong to the first hydroplwlbavity (HC1), and are considered for
hydrophobic and-interactions. Analogously, amino acids V216, Y30306, K307, P408, and
A412 are clustered in the alternative hydropholaicity (HC2), and considered for analogous

interaction types.
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Fig. 10. Per-residue binding enthalpy decompositidfi,ing res for compoundD?2, B1, 6b, E2,

andF2 in complex with the BVDV RdRp.

The collected data support the indications derifredin the overall MM/PBSA energetic
analysis: the best compoundg, 6b, andF2 have indeed quite similar interaction spectrahas t
main H-bonds involving residues R295 and Y674 geiduring the entire simulation trajectory,
and their contribution to binding amount to the stahtial value of -2 kcal/mole for each amino
acid (Fig. 10). Furthermore, the aromatic moiety toé molecules are harbored in both
hydrophobic cavities HC1 and HC2; accordingly, twerall corresponding interactions afford
an extensive favorable contribution to binding, @qto AHpingres -5.95 kcal/mol, -6.00
kcal/mol, and -5.86 kcal/mol fdD2, 6b, andF2, respectively (Fig. 10). Finally, even the small
stabilization afforded by the supplementary H-bamith S411 is confirmed by the energy

decomposition analysis.
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In this scenario, our computational approach alltevbetter understand the reasons of the low
yet significant inhibitory efficacy of the two rema&ng compoundsB1 and E2. Although the
AHping res Value of the interaction of the triazoloquinoliderivative with the HC2 residues is
essentially negligible (-0.12 kcal/mol, Fig. 1Metpresence of the permanent H-bond, with an
Average Dynamic Length (ADL) of 1.99 + 0.05 A, deited between the nitro group Bl and

the side chain of K263 partially offsets this cdmition; concomitantly, the interactions BfL

with the side chains of residues lining the HCla@mmparable to the ones characterizing the best
binder (Fig. 10). The binding mode of the imidazagine E2, instead, satisfies the same
requisites underlying the binding of best RdRp litors; however, its smaller scaffold is not
able to preserve the same intensity in these ictierss, particularly in the case of the

hydrophobic contribution from HCIAHping res= -0.90 kcal/mol, Fig. 10).

The computational results discussed above yieldegrerise scheme of the principal
intermolecular interactions sustaining the bindrejween the BVDV RdRp and the present,
specific classes of its inhibitors. To validatesendications we next performed a combiired
silico/in vitro mutagenesis study of those protein residues inddilvéhe binding site, mainly via
highly stabilizing H-bonds with the ligands (Fig))1To this purpose, the following polymerase
residues: R195, Y674 (two key ligand/protein angbaints for all tested compounds) and K263
(exerting an exclusive role in the binding modeha triazoloquinoline derivativedl) were all
mutated into alanine. Then, the affinity of the atat viral RdRp towards all compounidg,

B1, 6b, E2, andF2 were concurrently evaluated silico andin vitro. The aggregate results are
listed in Table 3, while all dose-response curvetioed fromin vitro enzyme assays are

showed in Fig. S2.
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Table 3. In vitro/in silico alanine mutagenesis of the RdRp of BVDV residue6XR295, and

Y674.According to its definitionXAGping=AGpindwty-AGbindmuT), POSitive values calculated for

AAGping indicate that the considered amino acid subshituéit a given position of BVDV RdRp

is favorable in terms of interaction with the inihalos, whereas negative values indicate that the

corresponding mutation is unfavorable to binding. & not evaluable (see Fig. S2).

Compound rzglI;Se (kea(i‘;rl;\]% ) ( Q:Aaﬁrt;;ngl) |C(flo'$|e)1lcd) |((: SK;Ie)xp)

WT -8.19 +0.30 - 0.99 0.64
K263A -7.98 +0.25 -0.21 1.4 0.96

b2 R295A -3.69 +0.27 -4.50 2.0x 16 n.e.
Y674A -3.93+0.23 -4.26 1.3 x 16 n.e.

WT -7.32+0.25 - 4.3 9.0

K263A -5.42 +0.24 -1.90 107 140

st R295A -3.75+0.27 -3.57 1.8 x 16 n.e.
Y674A -3.59 +0.26 -3.73 2.3x16G n.e.
WT -8.41+0.26 - 0.69 0.48
K263A -8.32+0.24 -0.09 0.80 0.75

o R295A -3.83+0.23 -4.58 1.6 x 16 n.e.
YB74A -3.99 +0.25 -4.42 1.2 x 10 n.e.

WT -7.46%0.25 - 3.4 11

K263A -7.51+0.24 0.05 3.2 15

=2 R295A -3.80+0.26 -3.66 1.6 x 16 n.e.
Y674A -4.01 +0.23 -3.45 1.2 x 10 n.e.

WT -8.09 +0.25 - 1.1 0.81

K263A -7.91+0.25 -0.18 1.6 1.0

2 R295A -3.87 +0.22 -4.22 1.5 x 10 n.e.
YB74A -4.11+0.24 -3.98 0.98 x 16 n.e.
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Inspection of Table 3 immediately reveals the deo¢lagreement between computational
prediction and experimental determination ogd®alues for all compounds considered, this
evidence thereby constituting a solid validatiortrefin silico strategy presently adopted. Next,
our combined approach was able to dissect thetaeffezach mutation on the binding strength of
all tested compounds against the polymerase, ukignaupporting our description of their
binding mode onto the viral protein. In detail, thebstitution of the polar residue R295 and
Y674 with alanine is predicted to dramatically agmge the BVDV RdRp affinity of all 5
molecules, as testified by the correspondidysyinq values in Table 3: the loss of at least 3.5
kcal/mol indeed means that these specific residwessery important not only for their single
point interaction but also for the overall confotioa and stability of the entire polymerase
binding site. Since the exerted effect of the twatations is comparable for all 5 compounds, for
the sake of brevity we will discuss here in detthis results achieved for the mutated proteins in
complex with the new imidazoquinoline derivativéis The top panel of Fig. S3 nicely shows
how the binding site for this compound is deepheeted by both R295A and Y674A mutations:
the absence of the relevant drug/protein H-bondsetothe compound to adopt a different
conformation upon binding and this, in turn, reffemto a general weakening of the entire
network of stabilizing intermolecular interactions.

In keeping, the calculatetiGyigvalues plummet from -8.41 kcal/mol for the wild-&yprotein
to -3.83 kcal/mol and -3.99 kcal/mol for the R29%kd Y674A mutant polymerases,
respectively (Table 3). Consistently, the relev@ibcacqyvalues increase more than 4 orders of
magnitude, reaching values as high as 1.6 3NMOR295A) and 1.2 x QM (Y674A). The

compound activity testeth vitro parallels this computational prediction: indeedue BVDV
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RdRp inhibitory activity of6b at all compound concentrations considered wawsothat the
corresponding l¢go expycould not be determined (Table 4 and Fig. S2).

Lastly, the BVDV RdRp K263A mutant protein was sadiwith the purpose of and validating
the specific binding mode predicted for compouid as such, lysine residue 263 in fact does
not constitute a topic molecular determinant f& plolymerase binding of any other compounds
considered. In fact, taking again derivat®e as proof-of-concept, mutating K into A at that
position results in a negligible modification oktdrug binding configuration and intermolecular
interactions (Fig. S3C) and, hence, in the corredpm AGying Value (Table 3). On the contrary,
for compoundB1 this anchor point instrumental to protein bindisgast in the presence of the
A623 mutation (Fig. S3D), and the calculated affiragainst the BVDV RdRp plunges one
order of magnitude, i.e., from -7.32 kcal/mol fbetWT to -5.42 kcal/mol for the K632A mutant
(Table 3). Accordingly, the predicted and experitabnCses both increase from a low
micromolar value for the WT (Igo,caicay= 4.3pUM and 1Gsg expy= 9.0uM) to > 10QuM for the
K263A mutated protein(lo,caicdy= 10M and 1Gsg exp) = 14QUM), as shown in Table 3 and

Fig. S2.

Conclusions

In our long-standing research activity in the desigynthesis, characterization, and testing of
antiviral compounds towards viruses of tRévivirus genera, we produced a plethora of
molecular classes among which several compounds ¥eemd concomitantly endowed with
high potency towards BVDV and negligible toxicity.

Along our antiviral research activity, linear ardamaN-tricyclic systems emerged for their

interesting antilaviviridae activity. From the combination of the quinolinecteus with 1,2,3-
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triazole, imidazole or pyrazine, best results weaetained for imidazo[4,5-g]quinoline
derivatives as anti-BVDV agents. In this paper wpamded the SAR analysis through rational
modifications of lead compound 2-pheny-8nidazo[4,5-g]quinolineC1 (ECso = 4 uM, CCso>

100 puM).

Diverse substituents at positiong, R,, and/or R of proposed model in Fig. 6, and replacement
of phenyl ring with a furane moiety led to 12 nemidazo[4,5-g]quinoline derivatives. Influence
on the anti-BVDV activity of the Cl atom at positid;, of steric hindrance of substituents ip R
of electron donating groups (EDGSs) or electron dngtwing groups (EWGSs) on the phenyl

group (R in Fig. 6) and of heterocyclic moiety on quinoliseaffold was evaluated.

The SAR analysis of this molecular series highkghhow the combined presence of a chlorine
substituent and an electron withdrawing group sash-CN on position'4of phenyl moiety
retains and enhances the antiviral activity of ¢tberesponding derivative compared to the lead
compoundsC1. From this series, compoungb emerged as new lead compound, showingstEC

value of 0.3uM and S.I. > 333.3.

With the purpose of finding a sensible moleculdroraale underlying the common affinity
towards the RdRp BDVD of these different molecudksses, we then performed a jointed
silico/in vitro study. To the purpose, we started with the devetg of a common-feature three-
dimensional pharmacophore model, which allowedoudetermine two H-bond acceptors and
one aromatic hydrophobic feature as the fundamenmttdractions leading to efficient
drug/protein binding. Exploiting this informatiotihe binding site and the binding mode of all 5
classes of compounds onto the BVDV RdRp were retdenext, the activity of all compounds

was scored using the MM/PBSA approach, obtainigg@l agreement between calculated free
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energies of bindind\Gying and the corresponding experimental sE@alues. The per residue
deconvolution of the enthalpic componentA3,;q identified two RdRp amino acids — namely
R295 and Y674, as the two fundamental H-bond doneinde two hydrophobic cavities HC1
(residues A221, 1261, 1287, and Y289) and HC2 ¢hass V216, Y303, V306, K307, P408, and
A412) were determined to fulfill the third pharmaboric requirement. Bases on this
information, three RdRp residues critical for dhigding were selected and mutagenized, both
in silico andin vitro, into alanine, and the affinity of a set of sedectompounds towards the
mutant RdRp isoforms was determined accordinglye Bigreement between predicted and
experimental data confirmed the proposed commorecntdr rationale shared by molecules
characterized by different chemical scaffolds inding to the BVDV RdRp.

Ultimately, the information yielded by our combiniedsilico/in vitro approach could provide an
interesting tool for the efficient development @w) powerful compounds against this important

Pestivirus

Experimental Section

General directions.Melting points are uncorrected and were measuregpén capillaries in a
Digital Electrothermal 1A9100 melting point appamst’H NMR spectra were recorded on a
Varian BrukerAvance Il 600-MHz spectrometer, usingS as internal standard. The chemical
shift values are reported in ppi) @nd coupling constants (J) in Hertz (Hz). Signaltiplicities
are represented by: s (singlet), d (doublet), adilite doublet), t (triplet), g (quadruplet) and m
(multiplet). Column chromatography was performethgs/0-230 mesh (Merck silica gel 60).

Light petroleum refers to the fraction with b.p.-@0°C. TLC using Merck F-254 commercial
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plates monitored the progress of the reactionstla@dRf. Analyses indicated by the symbols of
the elements were within £ 0.4 % of the theoretia@lues. Chromatographic separation was
performed on an Agilent 1100 LC System that inctbdebinary pump, Diode-Array Detector,
column thermostat, degasser, and HTS-PAL autosanfplgilent Technologies, Paolo Alto,
CA, USA). The HPLC column was a Luna C18 (2) (480 mm, 3um) from Phenomenex
(Torrance, CA, USA) with a security guard cartridge 2 mm). The mobile phase consisted of
Eluent A (water with 0.1% acetic acid) and EluentaBetonitrile). The flow rate was set to 0.5
mL/min and the column temperature was 33 °C. Tatal time was 30 min. The gradient

program is shown in Table S2 (see Supporting In&dion).

General procedure for the preparation of imidazo[45-g]quinolines 2-5a 6-11h, 12-13¢
and 14b.

Following a previously established procedure [28Jmpounds2-5a 6-11b 12-13¢ and 14b
were synthesized by condensation of the diaminadjmies 1a—c(1-3 mmol) with an equimolar
amount of the suitable activated aldehyde (Bertagnsalt), in refluxed ethanol (10-30 mL) for
8 h or in DMF (dimethylformamide) at 130 °C for 2-h. All Bertagnini’s salts were obtained in
high yields from the commercially available corresging aldehydes (Aldrich) with N&Os in
ethanol, according to the procedure used by Shanéri_and [29].

On cooling, a small amount of inorganic compound \iitkered off and the ethanol mother
liquors were evaporated to dryn@ssacuo The solid residues, colored from orange to dadk r
were purified by recrystallization from ethanol good yields. Compound 4-(4-chloro-3H-
imidazo[4,5-g]quinolin-2-yl)benzenesulfonamid&1b) was prepared by condensation of the

diaminoquinoline 1b (1.03 mmol) with an equimolar amount of 4-sulfahbeyzoic and
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polyphosphoric acid (8.0 g) for 4 h at 200 °C. @olmg, the mixture reaction was poured into
100 mL of water and the pH brought to 5 with 10 lQ\H. The resulting precipitate was filtered
off and washed with water obtainidgb in 25% yield.
4-(3H-imidazo[4,5-g]quinolin-2-yl)benzonitrile (2a). Solvent: ethanol. Time of reaction: 8 h.
Yield: 52%. M.p. > 300 °C*H NMR (CDCk + DMSO-d): 5 9.01 (d, 1H, J = 4.2 Hz, H-6), 8.85
(d, 1H, J = 8.2 Hz, H-8), 8.70-8.40 (m, 4-pheny) Bip6 (s, 1H, H-4), 8.15 (s, 1H, H-9), 7.74
(d, 1H, J = 8.2 Hz, H-7).LC/MS: 271 (M+H). Anal.€élfor (G7H1oN4): C, 75.54; H, 3.73; N,

20.73. Found: C, 75.35; H, 3.64; N, 20.87.

2-(4-(trifluoromethyl)phenyl)-3H-imidazo[4,5-g]quinoline (3a). Solvent: ethanol. Time of
reaction: 8 h. Yield: 86%. M.p. > 300 °&4 NMR (CDCk + DMSO-d): § 9.10-9.16 (m, 2H, H-
7 and H-5), 8.65 (s, 1H, H-4), 8.58 (d, 2H, J = B4) H-2, H-6), 8.54 (s, 1H, H-9), 7.80-7.90
(m, 3H, H-3, H-5, H-6). LC/MS: 314 (M+H). Anal.Calcd.for (GH10FsN3): C, 65.18; H, 3.22;
F, 18.19; N, 13.41. Found: C, 65.22; H, 3.15; E1I8N, 13.49.

2-(2,4-dimethoxyphenyl)-#H-imidazo[4,5-g]quinoline (4a). Solvent: ethanol. Time of
reaction: 8 h. Yield: 56%. M.p.: 218 °éH NMR (CDCk + DMSO-d): § 9.02 (d, 1H, H = 4.0
Hz, H-7), 8.90 (d, 1H, J = 8.0, H-5), 8.30-8.40 @Hl, H-4, H-9, H-6), 7.68 (dd, 1H, J = 8.2 and
J = 4.0, H-6), 6.80-6.70 (M, 2H, H;}H-5), 4.13 (s, 3H, OCH), 3.92 (s, 3H, OCH. LC/MS:
306 (M+H). Anal.Calcd.for (€H1sN30,): C, 70.81; H, 4.95; N, 13.76. Found: C, 70.69; H,
5.11; N, 13.67.

2-(2,4-difluorophenyl)-3H-imidazo[4,5-g]quinoline (6a). Solvent: ethanol. Time of reaction:
8 h. Yield: 46%. M.p. > 300 °CH NMR (CDCk + DMSO-a): § 12.47 (s, 1H, NH), 8.90-8.80

(m, 1H, H-7), 8.54-8.02 (m, 3H, H-4, H-5, H}67.72 (s, 1H, H-9), 7.36 (dd, 1H, J = 8.4 and J =
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4.0 Hz, H-6), 7.19-7.11 (m, 2H, H;3H-5). LC/MS: 282 (M+H). Anal.Calcd for (GHsF-N3):
C, 68.33; H, 3.23; F, 13.51; N, 14.94. Found: C268H, 3.17; F, 13.44; N, 15.02.
4-(4-chloro-3H-imidazo[4,5-g]quinolin-2-yl)benzonitrile (6b). Solvent. DMF. Time of
reaction: 4 h. Yield: 90%. M.p. > 300 °éH NMR (CDCk + DMSO-d&): 88.97 (d, 1H, J = 4.0
Hz, H6), 8.67 (d, 2H, J = 8.0 Hz H;3-5), 8.42 (d, 2H, J = 8.0 Hz, H52H-6), 8.16-8.08 (m,
1H, H-8), 8.02 (s, 1H, H-9), 7.49 (dd, 1H, J = &&d 4.0 Hz, H-7). LC/MS: 305 (M+H).
Anal.Calcd.for (G;H9CINy): C, 67.00; H, 2.98; CI, 11.63; N, 18.39. Found:62.07; H, 3.03;
Cl, 11.70; N, 18.47.
4-chloro-2-(4-(trifluoromethyl)phenyl)-3H-imidazo[4,5-g]quinoline (7b). Solvent. DMF.
Time of reaction: 4 h. Yield: 81%. M.p. > 300 &l NMR (CDCk + DMSO-d): & 8.96 (d, 1H,
J = 3.8 Hz,H-6), 8.59 (d, 2H, J = 7.2 Hz, H43-6), 8.48 (d, 1H, J = 8.2 Hz, H-8), 8.11 (s, 1H,
H-9), 7.89 (d, 2H, J = 7.8 Hz, H;H-5), 7.48 (dd, 1H, J = 8.0 and J = 4.0 Hz, H-7). L&M
348 (M+H). Anal.Calcd.for (§HsCIFsN3): C, 58.72; H, 2.61; Cl, 10.20; F, 16.39; N, 12.08
Found: C, 58.65; H, 2.54; Cl, 10.24; F, 16.31; R.15.
4-chloro-2-(2,4-dimethoxyphenyl)-3-imidazo[4,5-g]quinoline (8b). Solvent: ethanol. Time
of reaction: 8 h. Yield: 60%. M.p. 231 °é4 NMR (CDCk + DMSO-a): § 8.92 (d, 1H, J = 3.9
Hz, H-6), 8.55 (d, 1H, J = 8.2 Hz, H-8), 8.45 (#{,1 = 8.8 Hz, H-§, 8.06 (s, 1H, H-9), 7.49
(dd, 1H, J = 8.0 and J = 4.0 Hz, H-7), 6.82-6.79 Zm, H-3, H-5), 4.08 (s, 3H, OCEHJ, 3.90 (s,
3H, OCH;). LC/MS: 340 (M+H). Anal.Calcd.for (GH14CIN3Oy): C, 63.63; H, 4.15; Cl, 10.43;
N, 12.37. Found: C, 63.57; H, 4.09; ClI, 10.37; R.A1L.
1-(4-(4-chloro-H-imidazo[4,5-g]quinolin-2-yl)phenyl)ethanone (9b) Solvent: DMF. Time
of reaction: 2 h. Yield: 85%. M.p. > 300 °é4 NMR (CDCk + DMSO-&): 6 8.97 (d, 1H, J =

4.2 Hz, H-6), 8.43 (d, 1H, J = 8.4 Hz, H-8), 8.2 2H, J = 8.4 Hz, H3H-5), 8.13 (d, 2H, J =
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8.4 Hz, H-2, H-6), 8.06 (s, 1H, H-9), 7.47 (dd, 1H, J = 8.6 and 4.ZHz, H-7) , 2.68 (s, 3H,
CHs). LC/MS: 322 (M+H). Anal.Calcd.for (GH12CIN3O): C, 67.19; H, 3.76; Cl, 11.02; N,
13.06. Found: C, 67.15; H, 3.70; Cl, 11.08; N, 23.1
4-chloro-2-(4-(methylthio)phenyl)-3H-imidazo[4,5-g]quinoline (10b). Solvent: DMF. Time
of reaction: 2 h. Yield: 73%. M.p. 298 °H NMR (CDCk + DMSO-d): § 8.93 (d, 1H, J = 4.2
Hz, H-6), 8.52 (d, 1H, J = 7.6 Hz, H-8), 8.30 (84,2 = 8.6 Hz, H-3 H-5), 8.07 (s, 1H, H-9),
7.51 (dd, 1H, J = 7.6 and J = 4.2 Hz, H-7), 7.442d, J = 8.6 Hz, H-2 H-6), 2.58 (s, 3H,
CHg). LC/MS: 326 (M+H). Anal.Calcd.for (GH1.CIN3S): C, 62.67; H, 3.71; CI, 10.88; N,
12.90; S, 9.84. Found: C, 62.72; H, 3.78; Cl, 10M8012.85; S, 9.89.
4-(4-chloro-3H-imidazo[4,5-g]quinolin-2-yl)benzenesulfonamide (11h)Yield: 25%.M.p. >
300 °C."H NMR (CDCk + DMSO-@): § 9.40 (dd, 1H, J = 4.2 and J = 1.8 Hz, H-6), 84, (
1H, J = 8.0 and J = 1.8 Hz, H-8), 8.35 (d, 2H,82Hz, H-3, H-5), 8.10 (s, 1H, H-9), 7.89 (d,
2H, J = 8.4 Hz, H-2 H-6), 7.49 (dd, 1H, J = 8.4 and J = 3.8 Hz, H-7). LG/INB59 (M+H).
Anal.Calcd.for (GgH1:CIN4O,S): C, 53.56; H, 3.09; ClI, 9.88; N, 15.61; S, 8dund: C, 53.62;
H, 3.13; Cl, 9.83; N, 15.67; S, 9.01.
4-chloro-3-(cyclohexylmethyl)-2-(4-methoxyphenyl)-B-imidazo[4,5-g]quinoline  (12c).
Solvent: DMF. Time of reaction: 2 h. Yield: 22%.\77 °C.*H NMR (CDCk + DMSO-@): &
9.05 (dd, 1H,J =4.2 and J = 1.8 Hz, H-6), 8.36 (d4, J = 8.4 and J = 1.6 Hz, H-8), 8.16 (s, 1H,
H-9), 7.70 (d, 2H, J = 9.2 Hz, H;H-6), 7.44 (dd, 1H, J =8.6 and J = 4.2 Hz, H-7), {d2H,
J = 8.8 Hz, H-3 H-5), 4.58 (2H, d, J = 6.8 Hz, GH 3.92 (s, 3H, Ch), 1.95-0.83 (m, 11H,
cyclohexyl). LC/MS: 407 (M+H). Anal.Calcd.for ¢gH.4CIN3O): C, 71.01; H, 5.96; ClI, 8.73; N,

10.35. Found: C, 71.10; H, 6.06; CI, 8.69; N, 10.28
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4-chloro-3-(cyclohexylmethyl)-2-(4-nitrophenyl)-3H-imidazo[4,5-g]quinoline (13c).
Solvent: DMF. Time of reaction: 12 h. Yield: 20%.M228 °C*H NMR (CDCk + DMSO-a):
§9.10 (dd, 1H,J = 4.2 and J = 1.8 Hz, H-6), 8.462, J = 9.2 Hz, H-2H-6), 8.40 (dd, 1H, J =
8.4 and J = 1.6 Hz, H-8), 8.24 (s, 1H, H-9), 7.882H, J = 8.8 Hz, H3H-5), 4.48 (dd, 1H, J =
8.4 and J = 4.2 Hz, H-7), 4.56 (2H, d, J = 6.8 €ld,), 1.95-0.82 (m, 11H, cyclohexyl). LC/MS:
421 (M+H). Anal.Calcd.for (&H»:CIN4O,): C, 65.63; H, 5.03; Cl, 8.42; N, 13.31. Found: C,
65.58; H, 4.98; CI, 8.41; N, 13.36.

4-chloro-2-(furan-3-yl)-3H-imidazo[4,5-g]quinoline  (14b). Solvent: ethanol. Time of
reaction: 8 h. Yield: 86%. M.p.> 300 °H NMR (CDCk + DMSO-d): § 8.96 (dd, 1H, J = 4.2
and J = 1.4 Hz, H-6), 8.60 (dd, 1H, J = 1.6 andQl8=Hz, H-2), 8.47 (dd, 1H, J = 8.2 and J =
1.2 Hz, H-8), 8.04 (s, 1H, H-9), 7.72 (dd, 1H, 3.6 Hz and J = 2.0 Hz, H)47.49 (dd, 1H, J =
8.6 and J = 4.2 Hz, H-7), 7.26 (dd, 1H, J = 1.6 and 0.8 Hz, H-§. LC/MS: 270 (M+H).
Anal.Calcd.for (G4HsCIN3O): C, 62.35; H, 2.99; CI, 13.15; N, 15.58. Fou@d:62.42; H, 3.04;

Cl, 13.10; N, 15.53.

Biology

Test compounds

Compounds were dissolved in DMSO at 100 mM and thiereed in culture medium.

Cells and viruses

Cell lines were purchased from American Type Celt@ollection (ATCC). The absence of
mycoplasma contamination was checked periodicallthe Hoechst staining method. Cell lines
supporting the multiplication of RNA and DNA virussavere the following: Madin Darby
Bovine Kidney (MDBK) [ATCC CCL22 (NBL-1Bos tauru§ Baby Hamster Kidney (BHK-21)
[ATCC CCL10 (C-13)Mesocricetusauratysand Monkey kidney (Vero 76) [ATCCCRL 1587
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CercopithecusAethiops Viruses were purchased from American Type Calt@ollection
(ATCC), with the exception of Yellow Fever Virus Y). Viruses representative of positive-
sense single stranded RNAs (ssRN#vere: (i) Flaviviridae: yellow fever virus (YFV) [strain
17-D vaccine (Stamaril Pasteur JO7B01)] and bovira diarrhea virus (BVDV) [strain NADL
(ATCC VR-534)]; (ii) Picornaviridae human enterovirus B [coxsackie type B5 (CV-B%jais
Faulkner, (ATCC VR-185)], and human enterovirus @lipvirus type-1 (Sb-1), Sabin strain
Chat (ATCC VR-1562)]. Viruses representative of atege-sense, single-stranded RNAs
(ssRNA-) were: (i)Paramyxoviridae human respiratory syncytial virus (RSV) [strair2 A
(ATCC VR-1540)]; (ii) Rhabdoviridae vesicular stomatitis virus (VSV) [lab strain ladia
(ATCC VR 158)]. The virus representative of doubteanded RNAs (dsRNAReoviridaewas
reovirus type-1 (Reo-1) [simian virus 12, strain5B6(ATCC VR- 214)]. DNA virus
representatives wdoxviridae vaccinia virus (VV) [strain Elstree (Lister Vaoe) (ATCC VR-
1549)].

Cytotoxicity assays

Cytotoxicity assays were run in parallel with amaV assays. MDBK and BHK cells were
seeded in 96-well plates at an initial density ofl@& and 1x18 cells/mL, respectively, in
Minimum Essential Medium with Earle's salts (MEM;Eplutamine, 1 mM sodium pyruvate
and 25 mg/L kanamycin, supplemented with 10% heesem (MDBK) or 10% fetal bovine
serum (FBS) (BHK). Cell cultures were then incudatd 37 C in a humidified, 5% GO
atmosphere in the absence or presence of sendiodi$ of test compounds. Cell viability was
determined after 72 hrs at 37 °C by the 3-(4,5-adiyithiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide (MTT) method.[30] Vero-76 cells were seede@6-well plates at an initial density of
4x1@ cells/mL, in Dulbecco's Modified Eagle Medium (DEWI) with I-glutamine and 25 mg/L
kanamycin, supplemented with 10% FBS. Cell cultunese then incubated at 37 °C in a
humidified, 5% CQ atmosphere in the absence or presence of sdu#ibds of test compounds.
Cell viability was determined after 48-96 hrs at’87/by the MTT method.

Antiviral assays
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Antiviral activity against YFV and Reo-1 was basem inhibition of virus-induced
cytopathogenicity in BHK-21 cells acutely infecteth a m.o.i. of 0.01. Activity of compounds
activity against BVDV was based on inhibition ofus-induced cytopathogenicity in MDBK
cells acutely infected with a m.o.i. of 0.01. ByefBHK and MDBK cells were seeded in 96-
well plates at a density of 5x1@nd 3x10 cells/well, respectively, and were allowed to form
confluent monolayers by incubating overnight invgiito medium at 37 °C in a humidified GO
(5%) atmosphere. Cell monolayers were then infeatitd 50 uL of a proper virus dilution in
maintenance medium [MEM-Earl with I-glutamine, 1 mdddium pyruvate and 0.025 g/L
kanamycin, supplemented with 0.5% inactivated F®Sjive an m.o.i of 0.01. After 2 hrs, 50
uL of maintenance medium, without or with serialutibns of test compounds, were added.
After a 3-/4-day incubation at 37 °C, cell viahjiliwas determined by the MTT method [39].

Antiviral activity against CVB-5, Sb-1, RSV, VSV avV was determined by plaque reduction
assays in infected cell monolayers. To this endpVi&-cells were seeded in 24-well plates at a
density of 2x10 cells/well and were allowed to form confluent mtayers by incubating
overnight in growth medium [Dulbecco's Modified Eadgledium (D-MEM) with I-glutamine
and 4500 mg/L d-glucose and 0.025 g/L kanamycippkmented with 10% FBS] at 37 °C in a
humidified CQ (5%) atmosphere. Then, monolayers were infected®fars with 250uL of
proper virus dilutions to give 50 to 100 PFU/wélbllowing removal of unadsorbed virus, 500
uL of maintenance medium [D-MEM with |-glutamine a#800 mg/L d-glucose, supplemented
with 1% inactivated FBS] containing 0.75% methyledese, without or with serial dilutions of
test compounds, were added. Cultures were inculzatgd °C for 2 (Sb-1 and VSV), 3 (CVB-5,
and VV) or 5 days (RSV) and then fixed with PBS taamng 50% ethanol and 0.8% crystal
violet, washed and air-dried. Plaques were themteul

Linear regression analysis

The extent of cell growth/viability and viral mydtication, at each drug concentration tested,
were expressed as percentage of untreated conffofentrations resulting in 50% inhibition

(CCsp or EGso) were determined by linear regression analysis.
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Computational Details

Pharmacophore Modelinglrhe purpose of the present work is not using theHdp derived
pharmacophore modébut courtfor designing new compounds but as a tool for iggicand
refining the docking of the selected 31 compounidallcseries into the relevant binding site of
the BVDV RdRp. Accordingly, four different molecul@caffolds were chosen to ensure a
certain degree of structural variety; accordingdy,pyridoquinoxalines from serieB, 15
imidazoquinolines, of which 5 from seri€and 10 new compounds4a 6-10b, 13¢ and14b,

2 triazolquinolines from serid8, and 5 molecules belonging to tBeandF series. A principal
value (PV) of 2 was assigned to the most activepmmds in the training set (E€values
<5uM), whereas PV = 1 was assigned for compounds thighinhibitory activity in the range
between 1M and 99M and PV = 0 was attributed to inactive molecule€s,> 10QuM, Table
S2). Compound models energy minimization was peréar with the CHARMM forcefield[31]
and the classical conformational search was carod using the Poling algorithm[32] as
implemented in theCatalyst module of Discovery Studio.[33] All 23 trainingtseompounds
associated with their best conformations were usethe common feature pharmacophore
generation using thédipHop feature of Catalyst As suggested by the inhibitor chemical
scaffolds, the hydrogen bond acceptor (HBA), hydaipc (HY), hydrophobic aromatic
(HY_AR), and ring aromatic (RA) features were stdddor pharmacophore construction.

The top-ten qualitative pharmacophore models wereeldped to identify the common
features required for efficient BVDV RdRp inhibitip whilst cluster analysis was used to
evaluate and categorize differences between commmosind spatial location of the chemical
features of the models. On the basis of the phasptawric features presented, all resulting

models could be roughly classified into two majtusters. The first seven models in cluster |
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identified three functional features, including t@8As and one HY_AR. The three models in
cluster Il recognized other functional featuresthwone HBA, one HY_AR, and one RA. The
distances between the pharmacophoric featuresustetrl | models were rather constant, with
little difference in their ranking score; conseqilgnan analysis of the best fit values of the

training set compounds was carried out to deternfadest model.

Molecular Dynamics simulation.

The optimized structures of selected compoBititb, E2, andF2 were docked into the BVDV
RdRp binding pocket using the optimized structufehe RdRp of BVDV taken from our
previous work.[25, 27, 28] All docking experimentsere performed with Autodock
4.3/AutodockTools 1.4.6[34] on a win64 platform.ermhibitor/RARp complex obtained from
the docking procedure was further refined in Amb4&[35] as previously described.[25, 27, 28]
Accordingly, the best energy configuration of eammplex wassubsequently solvated by a
cubic box of TIP3P[36] water molecules extendingeatst 10 A in each direction from the
solute. The system was neutralized and the solutboic strength was adjusted to the
physiological value of 0.15 M by adding the reqdieenounts of Naand Clions. Each solvated
system was relaxed by 500 steps of steepest defatlonted by 500 other conjugate gradient
minimization steps and then gradually heated target temperature of 300 K. All simulations
were carried out with periodic boundary conditioBabsequently, the density of the system was
equilibrated via MD runs in the isothermal isobghd#T) ensemble for 50 ps with a time step of
1 fs, with isotropic position scaling and a presstelaxation time of 1.0 ps. Eachs system was
further equilibrated using NPT MD runs at 300 Kthwa pressure relaxation time of 2.0ps. Three

equilibration steps were performed, each 4 ns kmd with a time step of 2.0 fs. To check the
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system stability, the fluctuations of the root-maguiare-deviation (rmsd) of the simulated
position of the backbone atoms of the BVDV RdRpt@rowith respect to those of the initial
protein were monitored. All chemico-physical paréenge and rmsd values showed very low
fluctuations at the end of the equilibration prageasdicating that the systems reached a true
equilibrium condition. The equilibration phase wakowed by a data production run consisting
of50 ns of MD simulations in the canonical (NVT)semble. Only the last 20 ns of each
equilibrated MD trajectory were considered for istatal data collections. A total of 1000

trajectory snapshots were analyzed the each melpalymerase complex.

Free energy of binding analysis.

The binding free energyWGying, between the selected compounds and the BVDV Rd&p
estimated by resorting to the MM/PBSA[37] approaaplemented in Amber 14. According to
this well validated methodology[25, 27, 28, 38-40]Je free energy was calculated for each
molecular species(complex, protein, and ligandyl #re binding free energy was computed as
the difference:

AGping = Geomplex— (Gorotein + Gigand) = AHpind — TASping = AEmm + AGsor TAShing
in which AHping is the enthalpic component &Gpin(made up of a mechanical energy term
AEum and a solvation tern\Gs,) and TASyng is the conformational entropy upon ligand
binding. The per residue binding free energy deamsiipn was performed exploiting the MD
trajectory of each given compound/BVDV RdRp compleih the aim of identifying the key
residues involved in the ligand/protein interactidrhis analysis was carried out using the
MM/GBSA approach[4l, 42], and was based on the saapshots used in the binding free

energy calculation.
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Computational Mutagenesis.

For the computational mutagenesis studies, mutatfahe selected residues to alanine was
performed on the structure of the wild-type BVDV R protein. Each mutated complex was
equilibrated in a 0.15 M NaCl TIP3P water solutibm relax eventual conformational
perturbations induced by mutation of the residuschEsystem was then first subjected to 1000
energy minimization steps, followed by further sl equilibration for100 ps of MDat 300 K.
Finally, the entire system was equilibrated fors2zah 300 K. The subsequent MD simulation was

conducted with Amber 14 as described above.

Pharmacological section

Expression of the BVDV-NS5BD24 polymerase.

Expression and purification of the BVDV-NSBB4 polymerase were performed as described
in details in our previous work[25]. In brief, tegpression plasmid encoding the His-tagged C-
terminal 24-aminoacid-deleted BVDV-NS5B was introéd into the Escherichia coli strain
Rosetta™2(DE3)pLysS (Novagene) by chemical transétion. Transformant bacteria were
cultured overnight at 30 °C in 5 mL of lysogeny thrdLB) supplemented with 25g/mL
kanamycin and 3@y/mL chloramphenicol. Cultures were then dilutetbih L of LB medium
additivated by the same quantities of the two aotits, and incubated at 30 C until the A600
reached 0.6-0.7. The culture was then induced @frnwith 1 mM isopropylB-D-
thiogalactopyranoside, after which cells were hste® by centrifugation and stored at 80 °C

until purification.
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Purification of NS5B proteins.

Cell pellets were thawed and immediately lysedHgyaddition of 10 mL of CelLytic B (Sigma).
Insoluble material was removed by centrifugatiod 000 rpm for 60 min at 4 C. The soluble
extract was applied to a 5-mL column of nickel+latriacetic acid—agarose (Qiagen),
previously equilibrated with the lysis buffer (50MmMNaH2PO4, 300 mM NaCl, 10 mM
imidazole, pH 8.0). The column was washed extehsivéh the wash buffer (50 mM NaiR O,
300 mM NaCl, 20 mM imidazole, pH 8.0) and the piotwas eluted stepwise with the elution
buffer containing increasing concentration of inzdie (50 mM NaHPQO,, 300 mM NaCl, 50—
250 mM imidazole, pH 8.0). The polypeptide compositof each column fraction was
monitored via Coomassie-stained SDS—-PAGE anallysations enriched in pure 6xHis-tagged
NS5B protein, recovered in the 130-250 mM imidazeleates, were pooled and dialyzed
against a buffer containing 25 mM Tris—HCI, pH72% mM MgC}, 1 mM dithiothreitol, and
50% glycerol. Protein concentration was determibgdhe micro-Bradford method (Bio-Rad)
using Bovine Serum Albumin (BSA) as standard. ety dialysis, the purified 6xHis-tagged

BVDV-NS5BA24 protein was divided into aliquots and storeeBat°C.

RNA-dependent RNA polymerase assay.

Enzyme assays were performed in 96-well platesgusthug/mL poly(rC) (GE Healthcare,
formerly Amersham Biosciences) as template, jigdmL oligo(rG)12 (Invitrogen) as primer,
and80uM GTP (Invitrogen) as substrate, in a RQ reaction mixture containing 20 mM
Tris/HCI, pH7.0, 1 mM dithiothreitol, 25 mM NaClp2J/mL RNasin (Promega), 5 mM Mg£l
5% DMSO, 5%glycerol, and 500 ng of the purifiedtpmo. After enzyme/drug pre-incubation

for 30 min at room temperature, reactions werdeddny the addition of GTP. One microliter of
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three-fold serial dilutions of test compounds in B® 0.5% were added, and the samples were
incubated for 120min at 37 C (BVDV-NSBR4). DMSO alone or the nucleotide analog 30-
deoxyguanosine-50-triphosphate (30-dGTP) (tebu-bieye used as negative and positive
controls, respectively. Reactions were stopped dgiing 2 uL of 200 mM EDTA. 138
microliters of the PicoGreenQuantitation Reagentlddolar Probes diluted 1:345 in TE
(Tris/lEDTA) buffer were added to each sample, fobd by incubation for 5 min at room
temperature in the dark. After excitation at 480rflongrescence was measured at 520 nm in a
fluorescence microplate reader (Infinite F200,Tec#&ffective fluorescence was calculated by
subtracting the mean fluorescence of the blank ssmnd by converting it into % of activity.
Percent of residual activity was then plottesdcompound concentrations. Dose—response curves
were fit with GraphPad Prism (v. 6.00 for WindowsaphPad Software, La Jolla California US)

to obtain the drug concentration providing 50% Itnon (1Cs).

Site-directed mutagenesis

The plasmid encoding the His-tagged C-terminal @¥naacid-deleted BVDV-NS5B was
used as the parental clone for all subsequent mikmtipns. Site-directed mutagenesis was
carried out by using a QuickChange mutagenesiéSkititagene). The expression of the BVDV
NS5B mutants was carried out in the Escherichiastin Rosetta™2(DE3)pLysS (Novagene)

as described above.
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Results on cytotoxicity and antiviral activity oHdmidazo[4,5¢g]quinoline derivativesZ-5a, 6-
11b, 12-13¢ 14b) against other than BVDV ssRNAssRNA, dsRNA and DNA viruses.
Experimental activity and principal values (PV) tbie training test compounds used in the
generation of the common feature 3D pharmacophoem

Dose-response curves from enzyme assays with ypkland selected BVDV RdRp mutants for

compound®P?2, B1, 6b, E2, andF2.
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Highlights
In thiswork, we present linear N-polycyclic systems that inhibits BVDV infection.
All derivates have been investigated for their anti-BVDV activity.
Several compounds showed micromolar activity against BVDV.
In silico/in vitro analysis offer amolecular rationale for the BVDV RdRp NS5B affinity.

Compound 6b emerged as a potent inhibitor of this Pestivirus.



