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Abstract: A series N-[4-(1H(2H)-benzotriazol-1(2)-yl)phenyl]alkylcarboxamides (8e-k, 9e-i, k, I) and their parent amines
(5a-c and 6a-d) were prepared according to Schemes (1 and 2). Compounds were evaluated in vitro for cytotoxicity and
antiviral activity against a wide spectrum of RNA (positive- and negative-sense) viruses, like [Bovine Viral Diarrhea Vi-
rus (BVDV), Yellow Fever Virus (YFV), Coxsackie Virus B (CVB-2), Polio Virus (Sb-1), Human Immunodeficiency Vi-
rus (HIV-1), Respiratory Syncytial Virus (RSV)] or double-stranded (dsRNA) virus, like Reoviridae (Reo-1). The Entero
(CVB-2 and Sb-1) were the only viruses inhibited by title compounds. In particular, two of them emerged for their selec-
tive, although not very potent, antiviral activity: 8i, which was the most active against CVB-2 (CCs, >100 uM; ECso = 10
uM) and 91, which was the most active against Sb-1 (CCsy 90 uM; ECsy = 30 wm). Title compounds were evaluated in
silico against the Sb-1 helicase, as the crystal structure of this enzyme was not available, the corresponding 3D model was

obtained by homology techniques (see Fig. 2).

Key Words: Benzotriazolylphenylcarboxamides, Anti-viral activity, Picornaviridae, Cytotoxicity, SAR, Polio virus (Sb-1)

helicase, in silico evaluation.

INTRODUCTION

The study of the biological properties of benzotriazoles
was first started by Sparatore et al. [1-2], who described the
interesting pharmacological activities of derivatives bearing
substituents at positions 1 or 2 [3-8]. Being involved in a
collaboration with the Sparatore team [3,6,7,9-11], we then
developed a separate chemistry and further investigated the
biological potential of benzotriazoles [12-16]. In particular,
we described several 3-aryl-benzotriazol-1(2)-yl-acrilonitriles,
which were found to be endowed with antitubercular activity
[17-20] partly retained by the corresponding amides and car-
boxylic acids [18]. In addition, we described 3-aryl-benzo-
triazol-(1)-yl-acrilonitriles, which possess an interesting an-
tiproliferative activity [19-20]. This confirmed that the bioi-
sosteric replacement of a benzimidazole with a benzotriazole
nucleus leads to novel biological activities.

In this context we have now prepared a series of ben-
zotriazol-1(2)-yl-phenylamino derivatives, summarized in

Fig. (1).
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Fig. (1). Novel benzotriazol-1(2)-yl-phenylamino derivatives.

The substituents in the benzo moiety of benzotriazoles
(none, dimethyl or trifluoromethyl) and the acyl groups (ace-
tic, propanoic or butanoic) linked to the amino group were
chosen in order to evaluate the effect of both electron-relea-
sing (dimethyl) and electron-withdrawing (trifluoromethyl)
groups as well as both the lipophilic and steric hindrance
(acetic, propanoic and butanoic) on the biological activity.

Title compounds were evaluated in cell-based assays for
cytotoxicity and for antiviral activity against a wide spec-
trum of RNA viruses (positive- and negative-sense) [Bovine
Viral Diarrhea Virus (BVDV), Yellow Fever Virus (YFV),
Coxsackie Virus B (CVB-2), Polio Virus (Sb-1), Human
Immunodeficiency Virus (HIV-1), Respiratory Syncytial Vi-
rus (RSV)] or double-stranded (dsRNA) virus, like Reoviri-
dae (Reo-1).

CHEMISTRY

The benzotriazol-1(2)-ylphenylamino intermediates (Sa-c
and 6a-d) were prepared, as reported in Scheme (1), by con-
densation of 4-chloro-nitrobenzene (2) with the appropriate

© 2006 Bentham Science Publishers Ltd.
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Scheme (1). Synthesis of intermediates (5a-c and 6a-d).
benzotriazoles (1a-¢) in DMF in the presence of KOH, to 2-(4-Aminophenyl)benzimidazole (10) was prepared fol-
obtain a mixture of 1(2)-pnitrophenyl derivatives (3a-d/4a- lowing the procedure previously described in the literature
¢). The latter underwent reduction by hydrazine hydrate and [21,22]. The final products 8e-k, 9e-ik,l and 11 were pre-
10% palladium-charcoal in refluxing ethanol, for 1 h. Chro- pared by condensation of the amino derivatives Sa-c, 6a-d
matography on silica gel (eluent: diethyl ether-light petro- and 10 with the appropriate anhydride (7e-g) under stirring at

leum 8:2) allowed the separation of the desired isomers 5a-c 100 °C for 2 h (Scheme 2).
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Scheme (2). Synthesis of N-[4-(1H(2H)-benzotriazol-1(2)-yl)phenyl]alkylcarboxamides (8e-k and 9e-i,k,l) and N-[4-(2H-benzimidazol-2-
yl)phenyl]acetylcarboxamide (11).
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VIROLOGY

Title compounds (5a-c, 6a-d, 8e-k, 9e-i,k,1 and 11) were
evaluated in vitro against viruses representative of two of the
three genera of the Flaviviridae family, i.e. Flaviviruses
(Yellow Fever Virus YFV) and Pestiviruses (Bovine Viral
Diarrhea Virus BVDV), as Hepaciviruses do not replicate in
cell cultures. Compounds were also tested against represen-
tatives of other virus families containing a single-stranded
RNA genome, either positive sense (ssRNA"), like Picor-
naviridae [Coxsackie B2 (CVB-2) and Polio (Sb-1)] and Re-
troviridae [Human Immunodeficiency Virus (HIV-1)], or
negative sense (ssSRNA"), like Paramyxoviridae [Respiratory
Syncytial Virus (RSV)]. Representatives of double-stranded
RNA [Reo-1] were also tested.

MOLECULAR MODELING

Title compounds (5a-c, 6a-d, 8e-k, 9e-i,k,l and 11) were
also evaluated in silico against the Polio virus (Sb-1) heli-
case. As the crystal structure of this enzyme was not avail-
able, the corresponding 3D model was obtained by homol-
ogy techniques (see Fig. 2). The compounds were modeled
and docked into the protein, as exemplified by compound 91
in Fig. (3a-c¢), and the corresponding free energies of binding
were calculated using molecular dynamics simulations (see
Table 3).

Fig. (2). Three-dimensional model of the Polio (Sb-1) helicase.
Colour code for secondary structural motifs: helices: green; f3-
sheets: gold; turns and coils: cyan.

RESULTS AND DISCUSSION

Benzotriazol-1(2)-ylphenylamino derivatives (Sa-¢ and
6a-d), N-[4-(1H(2H)-benzotriazol-1(2)-yl)phenyl]alkylcarbo-
xamides (8e-k and 9e-ik,l) and N-[4-(2H-benzimidazol-2-
yl)phenyl]acetylcarboxamide (11) were evaluated in parallel
cell-based assays for cytotoxicity (Table 1) and antiviral ac-
tivity (Table 2).
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As far as the cytotoxicity is concerned, only compound
5¢ was moderately cytotoxic for cells grown in confluent
monolayers (MDBK, BHK and Vero) as well as in suspen-
sion cultures (MT-4). All the other compounds were, in gen-
eral, slightly more cytotoxic for the latter. The likely reason
for this phenomenon is that MT-4 cells are grown under
conditions allowing exponential growth (which is a prerequi-
site for HIV replication), whereas cells in confluent mono-
layers are non-dividing cultures.

When evaluated for antiviral activity, compounds 6a, 8e,
8i, 8j, 9g, 9h and 9i exhibited ECsos lower than 50 uM
against CVB-2, with 8i displaying the most potent activity
(ECso = 10 uM) together with low cytotoxicity (CCsy > 100
uM). Compounds 5a, and 91 exhibited ECsos lower than 50
uM against Sb-1, whereas compounds 6b and 8f were active
against both CVB-2 and Sb-1. None of the compounds pro-
tected the cells from the cytopathogenicity induced by the
other ssSRNA™ and by the dsRNA representative. Interest-
ingly, compound 8j exhibited moderate activity (ECso = 70

uM) against RSV, the RNA  representative.

Structure activity relationships suggest that the potent
activity of 8iis probably due to the presence of methyl groups
at positions 5 and 6, of a phenyl group at position 2 and of a
propanoyl-amide at 4’. Replacement of propanoyl with buta-
noyl (compound 8j) leads to a slight decreases of activity
against CVB-2 (EC5p = 30 uM), to an increase of potency
against Sb-1 (ECso = 53 uM) and RSV (ECsy = 70 uM), and
to no change in cytotoxicity (CCso > 100 uM). In the case of
the anti-Sb-1 activity, a CF; group at position 6, a phenyl at
position 1 and an acetyl substituent at the amidic group
(compound 91) correlates with the highest potency (ECsy =
30 uM). Replacement of CF; with a methyl group at posi-
tions 5 and 6 essentially maintains unaltered the activity
against Sb-1 while increasing that against CVB-2, independ-
ently from the substituent on the nitrogen atom (compounds
6b, 9h, 9i). However, the cytotoxicity of the compounds of
series 9 (benzotriazol-1-yl derivatives) is, in general, much
higher than that of the compounds of series 8 (benzotriazol-
2- yl derivatives). In the light of the observed activity of the
latter series of benzotriazoles and of antiviral activities of
several benzimidazole derivatives recently reported [23-25]
we decided to investigate whether reverting one of our com-
pounds to a benzimidazole could lead to maintaining the
activity unaltered.

Compound (11) was purposely prepared and its activity
in the above tests was completely negative. This supports the
suggestion that sometimes this bioisosteric replacement is
not reversible.

According to the procedure adopted, all compounds were
characterized by a similar docking mode in the putative bind-
ing site of the Polio (Sb-1) helicase, as exemplified by com-
pound 91 in Fig. (3a). The portion of the enzyme making up
the binding site interacting with the inhibitors consist of two
loops, part of two [3-sheets, and part of three helices (see Fig.
3b). In particular, the residues lining the pocket (see Fig. 3¢)
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Fig. (3). A. Binding of compound 91 to the putative binding site on the surface of Polio (Sb-1) helicase. B. Cartoon of the binding mode of
compound 91 in the putative binding site of the Polio (Sb-1) helicase. Compound 91 is in atom-coloured stick representation. Enzyme secon-
dary structure motifs are coloured as follows: helices: red; b-sheets: cyan; loops and turns: green and white. C. Equilibrated molecular dy-
namics snapshot of the docked compound 91 in the putative binding site of Polio (Sb-1) helicase. Compound 91 is shown in atom-coloured
ball-and-stick. The amino acids are colour-coded as follows: first loop (residues Aspl76—Prol182): pink; second loop (residues Serl56-
Asp160): yellow; first f-sheet (residues Ala220-Thr222): cyan; second b-sheet (residues Gly129-Ser130): green; helix 1 (residues (residues
Ser296-Ser302): red; helix 2 (residues Gly134-Ser136): white; helix 3 (residues Arg256-Ala265): blue. For the sake of clarity, water mole-

cules and hydrogen atoms are omitted.

include the side chains of residues from Aspl176 to Pro 182
in the first loop (pink), and those of residues from Ser156 to
Aspl60 of the second loop (yellow). Amino acids Ala220,
Ser221, and Thr222 (cyan), and residues Gly129 and Ser130
(green) contribute to binding from the two f-sheet portions,
respectively. Finally, the portion of helix 1 involved spans
from Ser296 to Ser302 (red), whilst helix 2 and helix 3 con-
cur with residues from Gly134 to Ser136 (white) and from
Arg256 to Ala265 (blue), respectively.

Further insights into the forces involved in substrate
binding can be obtained by analyzing the free energy com-
ponents, which are listed in Table (3) for all title compounds.

As we may see from this Table, both the intermolecular
van der Waals and the electrostatics are important contribu-
tions to the binding. Comparing the van der Waals/non polar

(AE.qw + AGyp) with the electrostatic contributions (AEgp +
AGpp) for all molecules, however, we see that in all cases the
association between inhibitors and the target protein is
mainly driven by more favourable nonpolar interactions in
the complex than in solution. Quite generally, electrostatics
disfavour the docking of ligand and receptor molecules be-
cause of the unfavourable change in the electrostatics of sol-
vation is mostly, but not fully, compensated by the favour-
able electrostatics within the resulting ligand-receptor com-
plex. Indeed, the total electrostatic energy contributions
(AEgL + AGy,) for all helicase/benzotriazole derivatives com-
plex formations are unfavourable, the 9l/helicase complex
formations being less unfavourable of the entire series be-
cause of a less positive total electrostatic term in which the
penalty paid by the electrostatics of solvation is better com-
pensated by favourable electrostatic interactions within the
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Table 1. Cytotoxicity of Sa-c, 6a-d, 8e-k, 9e-i,k,l and 11
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Cell lines
Compds "CCsy *CCs
‘MDBK ‘BHK ‘Vero MT-4
5a 83 >100 60 >100
5b >100 >100 >100 90
5¢ 32 36 30 25
6a >100 >100 >100 >100
6b >100 >100 >100 57
6¢ >100 >100 74 60
6d 70 >100 87 45
8e 61 >100 71 100
8f 82 >100 >100 57
8g >100 >100 >100 >100
8h >100 >100 >100 >100
8i >100 >100 >100 >100
8j >100 >100 >100 >100
8k >100 >100 80 >100
9e >100 >100 >100 >100
of >100 >100 >100 >100
9g >100 >100 >100 100
9h >100 >100 >100 48
91 >100 >100 >100 49
9k 93 >100 50 >100
91 >100 >100 90 55
11 >100 >100 >100 >100

“Compound concentration (uM) required to reduce the viability of mock-infected cells by 50%, as determined by the MTT method, or the confluency of the monolayer (Vero), as

determined by methylene blue staining.

"Compound concentration (M) required to reduce cell proliferation by 50%, as determined by the MTT method, under conditions allowing untreated controls to undergo at least
three consecutive rounds of multiplication. Data represent mean values for three independent determinations. Variation among duplicate samples was less than 15%.

“Madin Darby Bovine Kidney; ‘Baby Hamster Kidney; “Monkey Kidney; ‘CD4" human T-cells.

complex. Thus, even though electrostatics destabilizes each
complex formation, it is the optimized balance of opposing
electrostatic contributions that leads to tighter binding (see
Table 3).

CONCLUSIONS

In the light of the above mentioned results, we conclude
that title compounds are, in general, endowed with good ac-
tivity against the Entero viruses. Compounds 8i and 91 re-
sulted the most potent against CVB-2 and Sb-1, respectively
and might represent new interesting leads. Molecular dynam-
ics simulations on title compounds/Polio helicase complexes
have shown to be able to rank binding affinities of all inhibi-

tors, to provide insight into the interactions occurring in the
active site, and the origins of variations in the corresponding
binding free energy. Accordingly, the computational strategy
used in this paper can provide a blueprint for new inhibitors
in structure-based drug design or in predicting binding affin-
ity of a ligand prior to new organic synthesis.

EXPERIMENTAL SECTION
Chemistry

M.p.s were uncorrected and were taken in open capillar-
ies in a Digital Electrothermal IA9100 melting point appara-
tus. '"H NMR spectra were recorded on a Varian XL-200
(200 MHz) instrument, using TMS as internal standard. The
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Table 2.  Activity of Sa-c, 6a-d, 8e-k, 9e-i,k,] and 11 Against the RNA Viruses Infecting the Indicated Cell Lines

Carta et al.

Genome ssRNA™ dsRNA ssRNA
Genus Pesti Flavi Entero Retro Reo Paramyxo
Cell line MDBK BHK Vero MT-4 BHK Vero
Virus BVDV YFV CVB-2 Polio-1 HIV-1 Reo-1 RSV
Compds *ECso "ECso "ECso *ECso "ECso "ECso
Sa >83 >100 >60 42 >100 >100 >60
5b >100 >100 >100 >100 >90 >100 >100
Sc >32 >36 >30 >30 >25 >100 >30
6a >100 >100 49 >100 >100 >100 >100
6b >100 >100 39 38 >57 >100 >100
6¢ >100 >100 >74 >74 >60 >100 >74
6d >70 >100 >87 >87 >45 >100 >87
8e >61 >100 28 >71 >100 >100 >71
8f >82 >100 30 47 >57 >100 >100
8g >100 >100 >100 >100 >100 >100 >100
8h >100 >100 >100 >100 >100 >100 >100
8i >100 >100 10 >100 >100 >100 >100
8j >100 >100 30 53 >100 >100 70
8k >100 >100 >80 >80 >100 >100 >80
9e >100 >100 83 >100 >100 >100 >100
of >100 >100 62 87 >100 >100 >100
9g >100 >100 44 87 >100 >100 >100
%h >100 >100 31 59 >48 >100 >100
9i >100 >100 32 51 >49 >100 >100
9k >93 >100 >50 >50 >100 >100 >50
91 >100 >100 >90 30 >55 >100 >90
11 >100 >100 >100 >100 >100 72 >100

“Compound concentration (uM) required to achieve 50% protection from virus-induced cytopathogenicity, as determined by the MTT method.

 Compound concentration (uM) required to reduce the virus plaque number by 50%.

chemical shift values are reported in ppm (3) and coupling
constants (J) in Hertz (Hz). Signal multiplicities are repre-
sented by: s (singlet), d (doublet), dd (double doublet), t
(triplet), q (quadruplet) and m (multiplet). MS spectra were
performed on a combined HP 5790 (GC)-HP 5970 (MS)
apparatus. Column chromatography was performed using 70-
230 mesh (Merck silica gel 60). Light petroleum refers to the
fraction with b.p. 40-60 °C. The progress of the reactions,
the Ry and the purity of the final compounds were monitored
by TLC using Merck F-254 commercial plates. Analyses
indicated by the symbols of the elements were within = 0.4
% of the theoretical values.

Starting Materials and Intermediates

Benzotriazole (1a), 5,6-dimethylbenzotriazole (1b), 4-
chloro-nitrobenzene (2), acetic anhydride (7c¢), propionic
anhydride (7d) and butyril anhydride (7e) were commercially
available, S5-trifluoromethylbenzotriazole (1¢) was prepared
following the procedure previously described by Paglietti
[9], 2-(4-aminophenyl)benzimidazole (10) was prepared fol-
lowing the procedure previously described [21-22]. 2-(4-
aminophenyl)benzotriazole (5a), 1-(4-aminophenyl)benzo-
triazole (6a), 2-(4-aminophenyl)-5,6-dimethylbenzotriazole
(5b), 1-(4-aminophenyl)-5,6-dimethylbenzotriazole (6b), 2-
(4-aminophenyl)-5-trifluoromethylbenzotriazole (Sc), 1-(4-
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Table3. Free Energy Components and Total Binding Free Energies for Title Compounds and Polio (Sb-1) Helicase

Compd AE 4y AEg,, AEMm AGpp AGnp AGgoy TAS AG.ac.
S5a -49.7 -31.3 -81.0 554 -6.4 49.0 15.2 -16.8
5b -48.0 -29.0 -77.0 57.2 -6.0 51.2 159 -10.0
5c -47.1 -31.6 -78.7 60.0 -6.2 53.8 17.3 -7.6
6a -38.2 -27.0 -65.2 50.6 -6.8 43.7 12.9 -8.5
6b -41.2 -27.1 -68.3 49.8 -6.9 429 11.5 -13.9
6c -40.0 -25.0 -65.0 51.2 -6.7 44.5 13.4 -7.2
6d -38.8 -25.6 -64.4 52.0 -6.7 453 13.6 -5.5
8e -44.2 -29.1 -73.3 58.3 -6.2 52.1 16.5 -4.7
8f -48.2 -33.4 -81.6 56.3 -6.3 50.0 15.7 -16.0
8g -43.9 -30.7 -74.6 58.3 -6.1 52.2 16.6 -5.8
8h -45.3 -29.1 -74.4 57.5 -6.1 513 16.1 -7.0
8i -44.9 -30.2 -75.1 57.5 -6.3 51.2 16.1 -7.8
8j -45.9 -32.9 -78.8 55.9 -6.4 49.5 15.8 -13.5
8k -46.8 -29.0 -75.8 58.7 -6.2 52.5 17.0 -6.4
9e -37.1 -27.0 -64.2 51.5 -7.0 445 12.3 -7.3
of -38.3 -28.0 -66.4 51.0 -6.7 443 13.1 -9.0
9g -40.4 -26.3 -66.7 50.7 -6.8 439 13.1 -9.8
%h -41.3 -25.9 -67.2 48.6 -6.6 419 12.1 -13.2
9i -41.9 -27.2 -69.1 493 -6.6 42.8 11.5 -14.9
%k -40.0 24.5 -64.4 512 6.7 44.5 13.9 -6.0
91 -41.7 -29.3 -71.0 48.7 -6.9 41.8 12.9 -16.3
11 -44.4 -28.5 -72.9 58.0 -6.3 51.7 16.8 -4.5

aminophenyl)-6-trifluoromethylbenzotriazole (6¢) and 1-(4-
aminophenyl)-5-trifluoromethylbenzotriazole (6d), were pre-
pared following the procedure below described.

Preparation of the Intermediates 1(2)-(4-aminofenyl)ben-
zotriazoles (5a-c and 6a-d)

To a stirred solution of benzotriazole (1a), 5,6-dimethyl-
benzotriazole (1b) or 5-trifluoromethylbenzotriazole (1¢) (42
mmol) and KOH (2.6 g, 46 mmol) in DMF (60 mL), a solu-
tion of 4-chloro-nitrobenzene (2) (7.0 g, 47 mmol) in DMF
(15 mL), was slowly added dropwise. After the addition was
complete, the reaction mixture was heated at 110 °C and the
stirring was continued for an additional 23 h. On cooling to
r.t., the mixture reaction afforded, directly or after dilution
by water, a crude precipitate that filtered off, washed with
water and dried, afforded the desired mixtures 3a/4a (76%
yield), 3b/4b (80% yield) and 3¢/3d/4¢ (60% yield) from 1a,
1b and 1e respectively. Thus, a suspension of the mixture
3a/4a, 3b/4b or 3c¢/3d/4c (28 mmol), hydrazine hydrate

(98%, 13 mL) and 10% palladium-charcoal (0.6 g) in ethanol
(100 mL) was refluxed for 1 h. On cooling to r.t., the catalyst
was filtered off and the solvent and the excess of hydrazine
was removed in vacuo. The resulting crude residue was
chromatographed on silica gel (eluent: diethyl ether-light
petroleum 8:2), affording in sequence 5a and 6a (from re-
duction of 3a/4a), 5b and 6b (from reduction of 3b/4b), Sc,
6¢ and 6d (from reduction of 3¢/3d/4c) (Scheme 1). Melting
points, yields, analytical and spectroscopical data are re-
ported below.

2-(4-aminophenyl)benzotriazole (5a)

This compound was obtained in 25% of total yield; m.p.
166-167 °C (diethyl ether); TLC (diethyl ether-light petro-
leum 7:3): R¢ 0.49; IR (nujol): v 3380, 3340, 1625, 1600 em’;
UV (EtOH): Apay 342, 208 nm; 'H NMR (CDCL):  8.13
(dd, 2H, J=9.0 and 2.2 Hz, H-2’ + H-6’), 7.91 (m, 2H, H-4
+ H-7), 7.39 (m, 2H, H-5 + H-6), 6.80 (dd, 2H, J = 9.0 and
2.2 Hz, H-3’ + H-5"), 3.92 (s, 2H, NH,). MS: m/z 210 (M").
Anal. C|2H10N4 (C, H, N)
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1-(4-aminophenyl)benzotriazole (6a)

This compound was obtained in 40% of total yield; m.p.
132-133 °C (diethyl ether); TLC (diethyl ether-light petro-
leum 7:3): R¢ 0.24; IR (nujol): v 3500-3350, 1630, 1600 cm’';
UV (EtOH): Amax 301, 254, 205 nm; 'H NMR (CDCL): &
8.12 (d, 1H, J = 8.2 Hz, H-4), 7.66 (d, 1H, J = 8.2 Hz, H-7),
7.55-7.37 (m, 4H, H-5 + H-6 + H-2’ + H-6"), 6.88 (dd, 2H, J
= 8.6 and 2.0 Hz, H-3" + H-5"), 3.70 (s, 2H, NH,). MS: m/z
210 (M"). Anal. C;;H (Ny4 (C, H, N).

2-(4-aminophenyl)-5,6-dimethylbenzotriazole (5b)

This compound was obtained in 24% of total yield; m.p.
218-219 °C (diethyl ether); TLC (light petroleum-ethyl ace-
tate 7:3): R¢ 0.40; IR (nujol): v 3400-3350, 1625 em’”; UV
(EtOH): Apax 244, 208 nm; 'H NMR (CDCL): & 8.08 (dd,
2H, J = 8.8 and 2.0 Hz, H-2’ + H-6"), 7.63 (s, 2H, H-4 + H-
7), 6.79 (dd, 2H, J = 8.8 and 2.0 Hz, H-3* + H-5"), 3.85 (s,
2H, NH,), 2.41 (s, 6H, 2 CH;). MS: m/z 238 (M'). Anal.
CisHiaNy (C, H, N).

1-(4-aminophenyl)-5,6-dimethylbenzotriazole (6b)

This compound was obtained in 36% of total yield; m.p.
169-170 °C (diethyl ether); TLC (light petroleum-ethyl ace-
tate 7:3):R¢ 0.23; IR (nujol): v 3450, 3300, 1625 em’!; UV
(EtOH): Ay 303, 255, 204 nm; 'H NMR (CDCls): & 7.83 (s,
1H, H-4), 7.48 (dd, 2H, J = 8.8 and 2.2 Hz, H-2’ + H-6"),
7.40 (s, 1H, H-7), 6.85 (dd, 2H, J = 8.8 and 2.2 Hz, H-3* +
H-57), 3.95 (s, 2H, NH,), 2.42 (s, 6H, 2 CH3). MS: m/z 238
(M"). Anal. C,;H 4N, (C, H, N).

2-(4-aminophenyl)-5-trifluoromethylbenzotriazole (Sc)

This compound was obtained in 25% of total yield; m.p.
132-133 °C (diethyl ether); TLC (light petroleum-ethyl ace-
tate 6:4):R¢ 0.54; IR (nujol): v 3200-3100 em’; UV (EtOH):
Amax 352, 240, 212 nm; 'H NMR (CDCls):  8.25 (s, 1H, H-
4),8.15(d, 2H, J=9.0 Hz, H-2’ + H-6"), 8.02 (d, 1H, J=9.0
Hz, H-6), 7.58 (d, 1H, J = 9.0 Hz, H-7), 6.82 (d, 2H, J=9.0
Hz, H-3’ + H-5%), 4.00 (s, 2H, NH,). MS: m/z 278 (M.
Anal. C13H9N4F3 (C, H, N)

1-(4-aminophenyl)-6-trifluoromethylbenzotriazole (6¢)

This compound was obtained in 6% of total yield; m.p.
83-84 °C (diethyl ether); TLC (light petroleum-ethyl acetate
6:4):R¢ 0.36; IR (nujol): v 3200-3100 em™; UV (EtOH): Ay
306, 254, 208 nm; 'H NMR (CDCl3): 6 8.25 (d, 1H, J = 8.6
Hz, H-5), 7.95 (s, 1H, H-7), 7.65 (d, 1H, J = 8.6 Hz, H-4),
7.48 (d, 2H, J = 8.6 Hz, H-2’ + H-6"), 6.88 (d, 2H, J = 9.0
Hz, H-3’ + H-5"), 4.03 (s, 2H, NH,). MS: m/z 278 (M)).
Anal. C13H9N4F3 (C, H, N)

1-(4-aminophenyl)-5-trifluoromethylbenzotriazole (6d)

This compound was obtained in 8% of total yield; m.p.
94-95 °C (diethyl ether); TLC (light petroleum-ethyl acetate
6:4):R¢ 0.20; IR (nujol): v 3260-3100 em™; UV (EtOH): Apax
304, 256, 205 nm; 'H NMR (CDCl): & 8.44 (s, 1H, H-4),
7.79-7.72 (m, 2H, H-6 + H-7), 7.48 (d, 2H, J = 8.4 Hz, H-2’
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+ H-6"), 6.87 (d, 2H, J = 8.6 Hz, H-3" + H-5"), 4.01 (s, 2H,
NH,). MS: m/z 278 (M"). Anal. C;3HoN,F; (C, H, N).

General Procedure for Preparation of N-[4-(1H(2H)-
benzotriazol-1(2)-yl)phenyl]alkylcarboxamides (8e-k and
9e-i,k,]) and N-[4-(2H-benzimidazol-2-yl)phenyl]acetylcar-
boxamide (11)

A stirred suspension of the aminophenylbenzotriazole
derivative (5a-c, 6a-d) or 2-(4-aminophenyl)benzimidazole
(10) (1.5 mmol) in the appropriate anhydride (7e-g) (3 mL),
was heated to 100 °C for 2 h. On cooling to r.t., the resulting
precipitate was filtered off, washed with water and dried, to
afford the desired amides 8e-k, 9e-i,k,l and 11 (Scheme 2).
Melting points, yields, analytical and spectroscopical data
are reported below.

N-[4-(2H-benzotriazol-2-yl)phenyl]acetylcarboxamide (8¢)

This compound was obtained in 67% yield; m.p. 192-193
°C (diethyl ether); TLC (diethyl ether-light petroleum 7:3):
R¢ 0.33; IR (nujol): v 3250, 1660, 1610 cm™; UV (EtOH):
Amax 323, 264, 254, 202 nm; '"H NMR (CDCl; + DMSO-de):
6 8.31 (dd, 2H, J = 9.0 and 2.0 Hz, H-2* + H-6"), 7.92 (m,
2H, H-4 + H-7), 7.72 (dd, 2H, J=9.0 and 2.2 Hz, H-3" + H-
5%), 7.45 (s, 1H, NH), 7.42 (m, 2H, H-5 + H-6), 2.23 (s, 3H,
CH}) MS: m/z 252 (M+) Anal. C14H|2N4O (C, H, N)

N-[4-(2H-benzotriazol-2-yl)phenyl]propionylcarboxamide
(89

This compound was obtained in 60% yield; m.p. 191-192
°C (diethyl ether); TLC (diethyl ether-light petroleum 7:3):
R; 0.36; IR (nujol): v 3250, 1665, 1610 cm™; UV (EtOH):
Amax 324, 264, 255, 203 nm; 'H NMR (CDCly): & 8.31 (dd,
2H,J=9.0 and 2.0 Hz, H-2* + H-6"), 7.92 (m, 2H, H-4 + H-
7), 7.74 (dd, 2H, J = 9.0 and 2.0 Hz, H-3’ + H-5"), 7.42 (m,
2H, H-5 + H-6), 7.38 (s, 1H, NH), 2.45 (q, 2H, J = 7.6 Hz,
CH,), 1.28 (t, 3H, J= 7.6 Hz, CH;). MS: m/z 266 (M"). Anal.
CsH14N4O (C, H, N).

N-[4-(2H-benzotriazol-2-yl)phenyl]butyrilcarboxamide
(8g)

This compound was obtained in 75% yield; m.p. 224-225
°C (diethyl ether); TLC (diethyl ether-light petroleum 7:3):
R¢ 0.44; IR (nujol): v 3300, 1670, 1600 em’; UV (EtOH):
Amax 324, 264, 255,202 nm; 'H NMR (CDCl3): & 8.32 (dd,
2H,J=9.0 and 2.0 Hz, H-2" + H-6"), 7.92 (m, 2H, H-4 + H-
7), 7.74 (dd, 2H, J = 9.0 and 2.2 Hz, H-3’ + H-5"), 7.42 (m,
2H, H-5 + H-6), 7.31 (s, 1H, NH), 2.40 (t, 2H, J = 7.2 Hz,
COCH,), 1.80 (m, 2H, CH,CHj;), 1.04 (t, 3H, J = 7.4 Hz,
CH,CH;). MS: m/z 280 (M"). Anal. C;¢H¢N,O (C, H, N).

N-[4-(5,6-dimethyl-2 H-benzotriazol-2-yl)phenyl]acetylcar-
boxamide (8h)

This compound was obtained in 83% yield; m.p. 262-263
°C (acetone/diethyl ether); TLC (light petroleum-ethyl ace-
tate 1:1): Ry 0.21; IR (nujol): v 3250, 1680, 1610 em’; UV
(EtOH): Apay 328, 258, 202 nm; 'H NMR (CDCLy): & 8.27 (d,
2H, J= 8.8 Hz, H-2’ + H-6"), 7.69 (d, 2H, J= 8.8 Hz, H-3* +
H-5°), 7.64 (s, 2H, H-4 + H-7), 7.03 (s, 1H, NH), 2.42 (s,
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6H, Cs-CH; + Ce-CH3), 2.23 (s, 3H, COCH3). MS: m/z 280
(M. Anal. C;¢H;¢N4O (C, H, N).

N-[4-(5,6-dimethyl-2 H-benzotriazol-2-yl)phenyl]propionyl-
carboxamide (8i)

This compound was obtained in 71% yield; m.p. 245-246
°C (acetone/diethyl ether); TLC (light petroleum-ethyl ace-
tate 1:1): R 0.49; IR (nujol): v 3300, 1700, 1600 em’!; UV
(EtOH): Apax 328, 258, 204 nm; '"H NMR (CDCl; + DMSO-
de): 6 10.04 (s, 1H, NH), 8.17 (d, 2H, J = 8.8 Hz, H-2" + H-
6’),7.84 (d, 2H, J= 8.8 Hz, H-3’ + H-5), 7.63 (s, 2H, H-4 +
H-7), 2.42 (s, 6H, Cs-CH; + C4-CH3), 2.40 (q, 2H, J = 7.6
Hz, CH,CH;), 1.19 (t, 3H, J = 7.6 Hz, CH,CH;). MS: m/z
294 (M"). Anal. C;;H;sN4O (C, H, N).

N-[4-(5,6-dimethyl-2 H-benzotriazol-2-yl)phenyl]butyril-
carboxamide (8j)

This compound was obtained in 92% yield; m.p. 225-227
°C (chloroform); TLC (diethyl ether-light petroleum 8:2): R¢
0.15; IR (nujol): v 3300, 1680, 1600 cm™; UV (EtOH): Amax
300, 260, 206 nm; 'H NMR (CDCls): 6 8.26 (d, 2H, J = 9.0
Hz, H-2* + H-6’), 7.71 (d, 2H, J=9.0 Hz, H-3" + H-5"), 7.64
(s, 2H, H-4 + H-7), 7.31 (s, 1H, NH), 2.42 (s, 6H, Cs-CH; +
C¢-CHs), 2.38 (t, 2H, J = 7.4 Hz, COCH,), 1.80 (m, 2H,
CH,CH,), 1.03 (t, 3H, J = 7.4 Hz, CH,CH;). MS: m/z 308
(M"). Anal. C;sH,0N4O (C, H, N).

N-[4-(5-trifluoromethyl-2 H-benzotriazol-2-yl)phenyl]ace-
tylcarboxamide (8k)

This compound was obtained in 77% yield; m.p. 225-227
°C (acetone/diethyl ether); TLC (diethyl ether- ethyl acetate
1:1): R£0.29; IR (nujol): v 3100, em’; UV (EtOH): Apax 326,
266, 256, 210 nm; '"H NMR (CDCly): & 8.34 (d, 2H, J=9.0
Hz, H-2* + H-6’), 8.28 (s, 1H, H-4), 8.04 (d, 1H, J=9.0 Hz,
H-6), 7.75 (d, 2H, J= 9.0 Hz, H-3” + H-5"), 7.59 (d, 1H, J =
9.0 Hz, H-7), 7.38 (s, 1H, NH), 2.25 (s, 3H, CH3). MS: m/z
320 (M"). Anal. C;sH,;N,F;0 (C, H, N).

N-[4-(1H-benzotriazol-1-yl)phenyl]acetylcarboxamide (9e¢)

This compound was obtained in 63% yield; m.p. 197-198
°C (diethyl ether); TLC (diethyl ether-light petroleum 7:3):
R¢ 0.10; IR (nujol): v 3080, 1690, 1610 cm™; UV (EtOH):
Amax 294, 259, 207 nm; 'H NMR (CDCl; + DMSO-de): &
10.06 (s, 1H, NH), 8.10 (d, 1H, J = 7.4 Hz, H-4), 7.92 (dd,
2H, J= 8.4 and 1.6 Hz, H-2’ + H-6’), 7.78 (d, 1H, J= 7.4
Hz, H-7), 7.69 (dd, 2H, J = 8.4 and 1.6 Hz, H-3* + H-5’),
7.60 (dd, 1H, J = 8.2 and 7.2 Hz, H-6), 7.46 (dd, 1H, J=8.2
and 7.2 Hz, H-5), 2.18 (s, 3H, CH;). MS: m/ 252 (M.
Anal. C14H|2N4O (C, H, N)

N-[4-(1H-benzotriazol-1-yl)phenyl]propionylcarboxamide
(€]

This compound was obtained in 64% yield; m.p. 152-153
°C (diethyl ether); TLC (diethyl ether-light petroleum 7:3):
R; 0.19; IR (nujol): v 3090, 1680, 1600 cm™; UV (EtOH):
Amax 295, 259, 208 nm; 'H NMR (CDCly): 6 8.15 (d, 1H, J =
8.0 Hz, H-4), 7.84-7.71 (m, 5H, H-7 + 4 phenyl-H), 7.57 (dd,
1H, J = 8.0 and 7.2 Hz, H-6), 7.44 (dd, 1H, J = 8.0 and 7.2
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Hz, H-5), 2.48 (q, 2H, J = 7.6 Hz, CH,), 1.30 (t, 3H, J = 7.6
Hz, CH;). MS: m/z 266 (M"). Anal. C;sH;4N4O (C, H, N).

N-[4-(1H-benzotriazol-1-yl)phenyl]butyrilcarboxamide
%g)

This compound was obtained in 68% yield; m.p. 155-156
°C (diethyl ether); TLC (diethyl ether-light petroleum 7:3):
R¢ 0.25; IR (nujol): v 3320, 1700, 1600 cm™; UV (EtOH):
Amax 295, 262, 208 nm; 'H NMR (CDCls): 8 8.15 (d, 1H, J =
8.2 Hz, H-4), 7.84-7.71 (m, 5H, H-7 + 4 phenyl-H), 7.57 (dd,
1H, J = 8.2 and 7.4 Hz, H-6), 7.44 (dd, 1H, J= 8.2 and 7.4
Hz, H-5), 2.42 (t, 2H, J = 7.4 Hz, COCH;), 1.82 (m, 2H,
CH,CH,), 1.05 (t, 3H, J = 7.4 Hz, CH,CHs). MS: m/z 280
(M+) Anal. C16H16N4O (C, H, N)

N-[4-(5,6-dimethyl-1H-benzotriazol-1-yl)phenyl]acetylcar-
boxamide (9h)

This compound was obtained in 75% yield; m.p. 185-186
°C (acetone/diethyl ether); TLC (light petroleum-ethyl ace-
tate 1:1): R 0.16; IR (nujol): v 3300, 1690, 1610 em’; UV
(EtOH): Apay 299, 267, 204 nm; 'H NMR (CDCly):  7.85 (s,
1H, H-4), 7.80-7.68 (m, 4H, 4 phenyl-H), 7.48 (s, 1H, H-7),
2.44 (s, 6H, Cs-CH; + C4-CH3), 2.26 (s, 3H, COCH3). MS:
m/z 280 (M"). Anal. C;sH;(N4O (C, H, N).

N-[4-(5,6-dimethyl-1H-benzotriazol-1-yl)phenyl]propio-
nylcarboxamide (9i)

This compound was obtained in 74% yield; m.p. 195-196
°C (acetone/diethyl ether); TLC (light petroleum-ethyl ace-
tate 1:1): R 0.32; IR (nujol): v 3270, 1690, 1610 cm'l; uv
(EtOH): Amax 297, 268, 204 nm; 'H NMR (CDCls):  7.86 (s,
1H, H-4), 7.82-7.69 (m, 4H, 4 phenyl-H), 7.48 (s, 1H, H-7),
247 (q, 2H, J=17.6 Hz, CH,CHj3), 2.43 (s, 6H, Cs-CH; + C¢-
CH;), 1.29 (t, 3H, J = 7.6 Hz, CH,CH;). MS: m/z 294 (M").
Anal. C|7H18N4O (C, H, N)

N-[4-(5-trifluoromethyl-1H-benzotriazol-1-yl)phenyl]ace-
tylcarboxamide (9k)

This compound was obtained in 77% yield; m.p. 240-241
°C (acetone/diethyl ether); TLC (light petroleum-ethyl ace-
tate 1:1): R¢0.17; IR (nujol): v 3150, em’; UV (EtOH): Apax
290, 258, 210 nm; "H NMR (CDCl; + DMSO-dy): & 10.16 (s,
1H, NH), 8.46 (s, 1H, H-4), 7.99-7.92 (m, 3H, H-6 + H-2* +
H-6), 7.83 (d, 1H, J=9.0 Hz, H-7), 7.70 (d, 2H, J = 9.0 Hz,
H-3> + H-57), 2.17 (s, 3H, CH;). MS: m/z 320 (M"). Anal.
C15H11N4F3O (C, H, N)

N-[4-(6-trifluoromethyl-1H-benzotriazol-1-yl)phenyl]ace-
tylylcarboxamide (91).

This compound was obtained in 80% yield; m.p. 2001-
202 °C (acetone/diethyl ether); TLC (light petroleum-ethyl
acetate 1:1): Ry 0.26; IR (nujol): v 3070, em’; UV (EtOH):
Amax 300, 256, 207 nm; 'H NMR (CDCl; + DMSO-d): &
8.28 (d, 1H, J = 8.6 Hz, H-5), 8.02 (s, 1H, H-7), 7.84 (d, 2H,
J=28.8 Hz, H-2’ + H-6"), 7.43-7.67 (m, 3H, H-6 + H-3* + H-
5%), 7.47 (s, 1H, NH), 2.27 (s, 3H, CH;). MS: m/z 320 (M").
Anal. C15H11N4F3O (C, H, N)



586 Medicinal Chemistry, 2006, Vol. 2, No. 6

N-[4-(2H-benzimidazol-2-yl)phenyl]acetylcarboxamide
an

This compound was obtained in 94% yield; m.p. >300 °C
(acetone/diethyl ether); TLC (ethyl acetate-light petroleum
7:3): R 0.25; IR (nujol): v 3250, 1675, 1605 em™; UV
(EtOH): Amax 316, 258, 208 nm; 'H NMR (CDCl; + DMSO-
de): 8 10.09 (s, 1H, NH), 8.09 (d, 2H, J = 8.6 Hz, H-2’ + H-
6”),7.75 (d, 2H, J = 8.6 Hz, H-3" + H-5"), 7.56 (dd, 2H, J =
7.0 and 2.0 Hz, H-4 + H-7), 7.19 (dd, 2H, J= 7.0 and 2.0 Hz,
H-5 + H-6), 2.23 (s, 3H, CH;). MS: m/z 251 (M"). Anal.
CisHy3N50 (C, H, N).

Cell-based Assays
Compounds

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

Cells and Viruses

Cell lines were purchased from American Type Culture
Collection (ATCC). The absence of mycoplasma contamina-
tion was checked periodically by the Hoechst staining method.
Cell lines supporting the multiplication of RNA viruses were
the following: Madin Darby Bovine Kidney (MDBK); Baby
Hamster Kidney (BHK-21); CD4" human T-cells containing
an integrated HTLV-1 genome (MT-4); Monkey kidney
(Vero 76) cells.

Cytotoxicity Assays

For cytotoxicity tests, run in parallel with antiviral as-
says, MDBK, BHK and Vero 76 cells were resuspended in
96 multiwell plates at an initial density of 6x10°, 1x10° and
5x10° cells/mL, respectively, in maintenance medium, with-
out or with serial dilutions of test compounds. Cell viability
was determined after 48-120 hrs at 37°C in a humidified CO,
(5%) atmosphere by the MTT method. The cell number of
Vero 76 monolayers was determined by staining with the
crystal violet dye.

For cytotoxicity evaluations, exponentially growing cells
derived from human haematological tumors [CD4" human T-
cells containing an integrated HTLV-1 genome (MT-4)]
were seeded at an initial density of 1x10° cells/ml in 96 well
plates in RPMI-1640 medium supplemented with 10% fetal
calf serum (FCS), 100 units/mL penicillin G and 100 pg/mL
streptomycin. Cell cultures were then incubated at 37 °C in a
humidified, 5% CO, atmosphere in the absence or presence
of serial dilutions of test compounds. Cell viability was de-
termined after 96 hrs at 37 °C by the 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyl-tetrazolium bromide (MTT) method [26].

Antiviral Assays

Activity of compounds against Human Immunodeficiency
virus type-1 (HIV-1) was based on inhibition of virus-in-
duced cytopathogenicity in MT-4 cells acutely infected with
a multiplicity of infection (m.o.i.) of 0.01. Briefly, 50 uL of
RPMI containing 1x10* MT-4 were added to each well of
flat-bottom microtitre trays containing 50 uL of RPMI, with-
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out or with serial dilutions of test compounds. Then, 20 uL
of an HIV-1 suspension containing 100 CCID5( were added.

After a 4-day incubation, cell viability was determined by
the MTT method.

Activity of compounds against Yellow fever virus (YFV)
and Reo virus type-1 (Reo-1) was based on inhibition of vi-
rus-induced cytopathogenicity in acutely infected BHK-21
cells.

Activities against Bovine viral diarrhoea virus (BVDV),
in infected MDBK cells, and against Respiratory syncytial
virus (RSV), A-2 strain, in infected Vero 76 cells, were also
based on inhibition of virus-induced cytopathogenicity.

BHK, MDBK and Vero 76 cells were seeded in 96-well
plates at a density of 5x10* and 3x10* and 2.5x10" cells/well,
respectively, and were allowed to form confluent monolayers
by incubating overnight in growth medium at 37 °C in a hu-
midified CO, (5%) atmosphere. Cell monolayers were then
infected with 50 uL of a proper virus dilution (in serum-free
medium) to give an m.o.i = 0.01 (0.04 in the case of RSV). 1
hr later, 50 pL of MEM Earle’s medium (Dulbecco’s modi-
fied Eagle’s medium for Vero/RSV), supplemented with
inactivated foetal calf serum (FCS), 1% final concentration,
without or with serial dilutions of test compounds, were
added. After a 2-3 day incubation (5 days for Vero/RSV) at
37 °C, cell viability was determined by the MTT method. In
the case of Vero/RSV, cell viability was determined with
crystal violet staining of the monolayer (see below), fol-
lowed by OD determination in spectrophotometer at 570 nm
of the dye recovered from the monolayer solubilized with a
solution containing 1% sarkosyl and Hepes 10%.

Activity of compounds against Coxsackie virus, B-2 strain
(CVB-2), Polio virus type-1 (Polio-1), Sabin strain, was de-
termined by plaque reduction assays in Vero 76 cell mono-
layers. To this end, Vero 76 cells were seeded in 24-well
plates at a density of 2x10° cells/well and were allowed to
form confluent monolayers by incubating overnight in
growth medium at 37°C in a humidified CO, (5%) atmos-
phere. Then, monolayers were infected with 250 pL of
proper virus dilutions to give 50-100 PFU/well. Following
removal of unadsorbed virus, 500 pL of Dulbecco’s modi-
fied Eagle’s medium supplemented with 1% inactivated FCS
and 0.75% methyl cellulose, without or with serial dilutions
of test compounds, were added. Cultures were incubated at
37 °C for 2 (Sb-1), 3 (CVB-2), days and then fixed with PBS
containing 50% ethanol and 0.8% crystal violet, washed and
air-dried. Plaques were then counted. 50% effective concen-
trations (ECso) were calculated by linear regression tech-
nique.

Molecular Modeling

The 3D model structure of the Polio (Sb-1) helicase,
presently not available in the Protein Data Bank (PDB), was
built by a combination of homology-based techniques [27].
Briefly, the Modeller program [28-29] was employed to
build a preliminary 3D model of the enzyme (reference
structure PDB entry code 1SQS5, chain A [30]). The complete
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3D model structure of the Polio helicase obtained with our
procedure was refined by several, gradual energy minimiza-
tion rounds. The Amber 7.0 software [31] with the Cornell et
al. (parm94) parameter set [32] was used to this purpose.
The quality of the model was assessed by using different
validation tools [33-34]. Ramachandran plot statistics indi-
cated that 94% of the main-chain dihedral angles were found
in the most favourable region, thus confirming the good
quality of the 3D model of the Polio helicase obtained. This
optimized 3D model was then used as the entry point for
molecular dynamics (MD) simulations. The putative binding
site of title compounds on the Polio helicase was determined
using the ActiveSite_Search option of the Binding Site mod-
ule of InsightIl (v. 2001, Accelrys, San Diego, USA). Ac-
tiveSite_Search identifies protein active sites or binding sites
by locating cavities in the protein structure. According to the
Site Search algorithm employed, the protein is first mapped
onto a grid which covers the complete protein space. The
grid points are then defined as free points and protein points.
The protein points are grid points, within 2 A from a hydro-
gen atom or 2.5 A from a heavy atom. Then, a cubic eraser
moves from the outside of the protein toward the center to
remove the free points until the opening is too small for it to
move forward. Those free points not reached by the eraser
will be defined as site points. After a site is located, it can be
modified by expanding or contracting the site. One layer of
grid points at the cavity opening site will be added or re-
moved by each expand or contract operation, respectively.

The model structures of title compounds were generated
using the Biopolymer module of Insight II. All molecules
were subjected to an initial energy minimization, again using
the sander module of the Amber 7.0 suite of programs, with
the parm94 version of the Ambere field. The convergence
criterion was set to 10 kcal/(mol A). A conformational
search was carried out using a well-validated combined mo-
lecular mechanics/molecular dynamics simulated annealing
(MDSA) protocol [35-38]. Accordingly, the relaxed struc-
tures were subjected to 5 repeated temperature cycles (from
298 K to 1000 K and back) using constant volume/constant
temperature (NVT) MD conditions. At the end of each an-
nealing cycle, the structures were again energy minimized to
converge below 10 kcal/(mol A), and only the structures
corresponding to the minimum energy were used for further
modelling. The atomic partial charges for the geometrically
optimized compounds were obtained using the RESP proce-
dure [39], and the electrostatic potentials were produced by
single-point quantum mechanical calculations at the Hartree-
Fock level with a 6-31G* basis set, using the Merz-Singh-
Kollman van der Waals parameters [40].

The optimized structures of all compounds were docked
into the putative Polio helicase binding site following to a
validated procedure [36,38,41]; accordingly, it will be de-
scribed here only briefly. The software AutoDock 3.0 [42]
was employed to estimate the possible binding orientations
of all compounds in the receptor. In order to encase a rea-
sonable region of the protein surface and interior volume,
centered on the identified binding site, the grids were 40 A
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on each side. Grid spacing (0.375 A), and 80 grid points
were applied in each Cartesian direction so as to calculate
mass-centered grid maps. Amber 12-6 and 12-10 Lennard-
Jones parameters were used in modelling van der Waals in-
teractions and hydrogen bonding (N-H, O-H and S-H), re-
spectively. In the generation of the electrostatic grid maps,
the distance dependent relative permittivity of Mehler and
Solmajer [43] was applied.

For the docking of each compound to the protein, three
hundred Monte Carlo/Simulated Annealing (MC/SA) runs
were performed, with 100 constant temperature cycles for
simulated annealing. For these calculations, the GB/SA im-
plicit water model [44] was used to mimic the solvated envi-
ronment. The rotation of the angles ¢ and ¢, and the angles
of side chains were set free during the calculations. All other
parameters of the MC/SA algorithm were kept as default.
Following the docking procedure, all structures of com-
pounds were subjected to cluster analysis with a tolerance of
1 A for an all-atom root-mean-square (RMS) deviation from
a lower-energy structure representing each cluster family. In
the absence of any relevant crystallographic information, the
structure of each resulting complex characterized by the
lowest interaction energy was selected for further evaluation.

Each best substrate/helicase complex resulting from the
automated docking procedure was further refined in the Am-
ber suite using the quenched molecular dynamics method
(QMD) [45]. In this case, 100 ps MD simulation at 298 K
were employed to sample the conformational space of the
substrate-enzyme complex in the GB/SA continuum solva-
tion environment [44]. The integration step was equal to 1 fs.
After each ps, the system was cooled to 0 K, the structure
was extensively minimized, and stored. To prevent global
conformational changes of the enzyme, the backbone of the
protein binding site were constrained by a harmonic force
constant of 100 kcal/A, whereas the amino acid side chains
and the ligands were allowed moving without any constraint.

The best energy configuration of each complex resulting
from the previous step was solvated by adding a sphere of
TIP3P water molecules [46] with a 30 A radius from the
mass center of the ligand with the use of the cap option of
the leap module of Amber 7.0. The protein complex was
neutralized adding a suitable number of counterions (Na*
and CI) in the positions of largest electrostatic potential, as
determined by the module cion of the Amber platform. The
counterions, which had distances larger than 25 A from the
active site, were fixed in space during all simulations to
avoid artifactual long range electrostatic effects on the calcu-
lated free energies. After energy minimization of the water
molecules for 1500 steps, and MD equilibration of the water
sphere with fixed solute for 20 ps, further unfavourable in-
teractions within the structures were relieved by progres-
sively smaller positional restraints on the solute (from 25 to
0 kcal/(mol A?) for a total of 4000 steps. Each system was
gradually heated to 298 K in three intervals, allowing a 5 ps
interval per each 100 K, and then equilibrated for 50 ps at
298 K, followed by 400 ps of data collection runs, necessary
for the estimation of the free energy of binding (vide infi-a).
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After the first 20 ps of MD equilibration, additional TIP3P
water molecules were added to the 30 A water cap to com-
pensate for those who were able to diffuse into gaps of the
enzyme. The MD simulations were performed at 298 K us-
ing the Berendsen coupling algorithm [47], an integration
time step of 2 fs, and the applications of the shake algorithm
[48] to constrain all bonds to their equilibrium values, thus
removing high frequency vibrations. Long-range nonbonded
interactions were truncated by using a 30 A residue-based
cut-off. For the calculation of the binding free energy be-
tween Polio helicase and title compounds in water, a total of
400 snapshots were saved during the MD data collection
period described above, one snapshot per each 1 ps of MD
simulation. The binding free energy AGy,,g of each complex
in water was calculated according to the procedure termed
MM/PBSA (Molecular Mechanic/Poisson-Boltzmann Sur-
face Area) and proposed by Srinivasan et al. [49]. Since the
theoretical background of this methodology is described in
details in the original paper, it will be only briefly described
below. Following the MM/PBSA theory, the binding free
energy between a given title compound and the target en-
zyme can be calculated as:

AGbind = AEMM + AGsolv - TAS (1)
where:
AGgoy = AGpg + AGp 2

AEym denotes the sum of molecular mechanics (MM)
energies of the molecules, and can be further split into con-
tributions from electrostatic (AEg) and van der Waals
(AE,qw) energies:

AEyvyv = AEgp +AEgw 3)

The terms in equation (3) were calculated by using the
carnal and anal modules of AMBER 7. AGq,y represents the
solvation free energy. The polar solvation process (i.e., AGpg
in eq. (2)) is equivalent to the transfer of a protein from one
medium with dielectric constant equal to that of the interior
of the protein to another medium with dielectric constant
equal to that of the exterior of the protein. This term yields a
free energy because it corresponds to the work done to re-
versibly charge the solute, and it is a polarization free energy
because the work goes to the polarization of the solvent. The
non polar solvation contribution (i.e., AGyp in eq. (2)) in-
cludes cavity creation in water and van der Waals interac-
tions between the modelled nonpolar protein and water
molecules. This term can be imagined as transferring a non-
polar molecule with the shape of the protein from vacuum to
water. The polar component of AGy,}, was evaluated with the
Poisson-Boltzmann (PB) approach [50]. This procedure in-
volves using a continuum solvent model, which represents
the solute as a low dielectric medium (i.e. of dielectric con-
stant ¢ = 1) with embedded charges and the solvent as a high
dielectric medium (¢ = 80) with no salt. All atomic charges
were taken from the Cornell et al. force field and from our
ab initio calculations (see above), since these are consistent
with the MM energy calculations. The dielectric boundary is
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the contact surface between the radii of the solute and the
radius (1.4 A) of a water molecule. The numerical solution
of the linearized Poisson-Boltzmann equations were solved
on a cubic lattice by using the iterative finite-difference
method implemented in the DelPhi software package [51].
The grid size used was 0.5 A. Potentials at the boundaries of
the finite-difference lattice were set to the sum of the Debye-
Hiuckel potentials. The non-polar contribution to the solva-
tion energy was calculated as AGnp = ¥ (SASA) + B, in
which y = 0.00542 kcal/A%, B = 0.92 kcal/mol, and SASA is
the solvent-accessible surface estimated with the MSMS
program [52].

The normal-mode analysis approach was followed to
estimate the last parameter, i.e. the change in solute entropy
upon association —TAS [53]. In the first step of this calcula-
tion, an 8-A sphere around each title compound was cut out
from an MD snapshot for each inhibitor-protein complex.
This value was shown to be large enough to yield converged
mean changes in solute entropy. On the basis of the size-
reduced snapshots of the complex, we generated structures of
the uncomplexed reactants by removing the atoms of the
protein and ligand, respectively. Each of those structures was
minimized, using a distance-dependent dielectric constant &
= 4r, to account for solvent screening, and its entropy was
calculated using classical statistical formulas and normal
mode-analysis. To minimize the effects due to different con-
formations adopted by individual snapshots we averaged the
estimation of entropy over 10 snapshots.
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