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Starting from 1H,3H-thiazolo[3,4-a]benzimidazoles (TBZs), we performed the design, synthesis,
and the structure—activity relationship studies of a series of 2,3-diaryl-1,3-thiazolidin-4-ones.
Some derivatives proved to be highly effective in inhibiting HIV-1 replication at nanomolar
concentrations with minimal cytotoxicity, thereby acting as nonnucleoside HIV-1 RT inhibitors
(NNRTIs). Computational studies were used to delineate the ligand-RT interactions and to

probe the binding of the ligands to HIV-1 RT.

Introduction

Reverse transcriptase (RT) is a key enzyme which
plays an essential and multifunctional role in the
replication of the human immunodeficiency virus (HIV)!
and thus represents an attractive target for the devel-
opment of new drugs useful in AIDS therapy.? RT is
necessary for the catalytic transformation of single-
stranded viral RNA into the double-stranded linear
DNA which is integrated into host cell chromosomes.

Nonnucleoside RT inhibitors (NNRTIs) bind in a
noncompetitive manner to a unique site on the enzyme,
altering its ability to function and achieving a highly
selective suppression of HIV-1 replication with little
cytotoxicity.® X-ray crystallographic studies of NNRTI/
RT complexes have shown that the NNRTIs, unlike
their structural diversity, present a very similar con-
formational “butterfly-like” shape.* Presently, three
NNRTIs, namely nevirapine, delavirdine, and efavirenz
are available in clinical practice. Combination of these
drugs with nucleoside RT inhibitors and protease in-
hibitors leads to a dramatic decrease of the viral load
in most of the HIV-infected patients. However, in view
of the increasing incidence of resistance to current drug
regimens and the frequency of adverse events, the
development of novel, selective, potent, safe, inexpensive
antiviral agents, that are also effective against mutant
HIV strains, remains a high priority for medical re-
search.

In previous papers® we reported a series of 1-aryl-
1H,3H-thiazolo[3,4-a]benzimidazoles (TBZs) (Chart 1),
which proved to be highly active as HIV-1 NNRTIs.
Extensive structure—activity relationship (SAR) studies
were performed, and specific requirements were ob-
served with regard to the structural determinants for
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Chart 1. Structure of TBZ Derivatives
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optimum anti-HIV activity. The C-1 substituent plays
a decisive and crucial role in the interaction of TBZ
compounds with the target HIV-1 RT: in particular a
2,6-dihalo-substituted phenyl ring at C-1 gave a large
improvement in potency.

We have also demonstrated, by Comparative Molec-
ular Field Analysis (CoMFA) and flexible docking
experiments,® that the biological activity of TBZs is
associated with their ability to assume a “butterfly-like”
conformation, analogously to other NNRTIs. In particu-
lar, the plausible pharmacophoric elements for TBZs
were found to be the benzene fused ring, the aryl group
at C-1, and the nitrogen atom of the thiazole nucleus.

Using the thiazolobenzimidazole system as a scaffold,
we designed 2,3-diaryl-1,3-thiazolidin-4-one derivatives
as new NNRTIs. The opening of the imidazole nucleus
allowed us to keep the main molecular determinants
responsible for potent enzyme inhibition. To gain more
specific information about the mechanism of action of
NNRTIs, computational methods have been used to map
the drug—enzyme interaction zones and to identify the
correct binding mode of this new class of antiviral
agents. A preliminary account of these results has been
reported.”

Chemistry

The synthesis of the new 2,3-diaryl-1,3-thiazolidin-
4-ones (4—34) was carried out according to reported
procedures,” by reacting a suitable 2,6-dihalo-substi-
tuted benzaldehyde (3) with an equimolar amount of a
(hetero)aromatic amine (1) in the presence of an ex-
cess of mercaptoacetic acid (2) in refluxing toluene
(Scheme 1).
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Results and Discussion

Compounds 4—34 and TBZ were evaluated for anti-
HIV activity by determining their ability to inhibit the
replication of HIV-1 (111g) or HIV-2 (ROD) in MT-4 cells
(Table 1). The anti-HIV activity of several derivatives
was also measured in HIV-1g-infected CEM cells
(Table 2). In Table 2 the inhibitory effects on HIV-1 RT
enzymatic activity are also reported. The results ob-
tained show that our approach has led to the develop-
ment of highly potent anti-HIV-1 agents, up to 10-fold
more potent than the TBZ lead compound, probably
because the new molecules, being more flexible, are
better accommodated into the HIV-1 RT binding pocket.
In addition, these compounds were minimally toxic, and
their selectivity indices were remarkably high (up to
10000). As observed for other classes of NNRTIs, none
of the compounds inhibited the replication of HIV-2
(ROD) in MT-4 cells at subtoxic concentrations.

Compounds 21 and 29—31, among the most potent
of the series, were also evaluated against an extensive
panel of mutant virus strains that contained single mu-
tation in their RT characteristic for NNRTI resistance
(Table 3). All the tested compounds kept antiviral
activity against mutant HIV-1 strains, in particular
against 100Leu—lle, 138Glu—Lys mutant viruses.

From a structure—activity relationship viewpoint, the
anti-HIV activity was strongly enhanced by introducing
a 2-pyridinyl moiety at the N-3 of the thiazolidinone ring
and in particular by a 2',6'-dichlorophenyl substituent
at C-2: in fact derivative 8 was more active than its
analogues 5 and 10, while compound 6 was more active
than 4 and 9 as well as 7 and 8. As suggested by
molecular modeling studies,® the introduction of a
lipophilic substituent at the 6 position of the pyridin-
2-yl group led to a substantial increase in antiviral
activity. In fact, the compounds with the best combina-
tion of high potency and low toxicity were 6-substituted-
pyridin-2-yl derivatives, such as 20 and 21 and 29—34.

To carry on our previous 3D QSAR analyses, we have
performed computational studies of the RT structure in
order to better characterize the binding sites of the
enzyme and to better understand the determinants for
high inhibitory activity. The main intermolecular in-
teractions involved in the RT inhibition were investi-
gated using the GRID program.8

To date, several crystal structures of HIV-1 RT in
complex with different NNRTIs have been reported,
which provide information about the exact location and
composition of the nonnucleoside inhibitor binding
pocket (NNIBP) and the opportunity to use the enzyme
in a functional conformation. We used the X-ray struc-
ture of the enzyme from the nevirapine/RT complex
(PDB code 1VRT) because the nevirapine is one of the
three NNRTIs approved by the FDA and also for the
high resolution of this crystal structure (2.2 A).

With the aim to identify the binding sites comple-
mentary to the functional groups of the ligands, several
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probes with different chemical characteristics were
chosen and their atom affinity potentials calculated on
a grid that surrounds the allosteric pocket. The most
energetically favorable binding zones were detected with
the hydrophobic DRY probe (Figure 1, a). The GRID
interaction field calculated with this probe indicated a
large region in the NNIBP that perfectly corresponds
with the location of nevirapine in the complex.

No significant maps were indeed detected for the
halogen probes, except for the fluorine whose regions
of interaction were almost superimposed on those of the
hydrophobic probe. This could be explained by consider-
ing that halogen atoms are not crucial for the binding
affinity, but influence the correct orientation of the
phenyl ring at C-2 allowing molecules to assume the
butterfly-like conformation, analogously to what we
observed for TBZs by X-ray analysis.>2

More specific probes were used in order to gain
further insight into the nature of the hydrophobic
interactions. GRID method detected favorable binding
zones for the aliphatic methyl and aromatic probes. In
particular, the three main regions of interaction ob-
tained matched very well with the positions of the
methyl group, the pyridine nucleus, and the cyclopropyl
substituent of nevirapine in the corresponding X-ray
structure (Figure 1b). These results should be taken in
account in the design of new NNRTIs; in fact, to have a
potent RT inhibitory activity, it might be sufficient to
obtain molecules which present, in their bioactive
conformation, three nonpolar parts in the exact spatial
disposition suggested by the GRID contour maps.

On these bases, we performed docking experiments
on our 2,3-diaryl-1,3-thiazolidin-4-ones with the aim to
predict their correct binding mode at the RT level, to
compare the obtained docked conformations with the
GRID molecular interaction fields and finally to obtain
information for the design of new potential NNRTIs.

Using again as macromolecule target the X-ray struc-
ture of the enzyme from nevirapine/RT complex, an
automated molecular docking procedure using the
AutoDock program was performed.® To validate the
ability of the method, a docking study of nevirapine was
carried out, and the program perfectly reproduced the
experimental position of the ligand (80 runs of 100, with
a binding energy of —10.87 kcal/mol). Then, the two
most active compounds of the series, compounds 21 and
29, were chosen as ligand, and the results were super-
imposed with the nevirapine bound to the RT.

Compound 21 clearly preferred a single binding
position in the allosteric pocket (42 runs of 100, with a
binding energy of —9.71 kcal/mol) (Figure 2, a), which
is the best prediction since it has the lowest energy
among the clusters. Comparison of the X-ray structure
of nevirapine with 21 showed that the following parts
of these molecules are perfectly overlapped: the 3-(6-
bromopyridin-2-yl) group, the 2-(2,6-difluorophenyl) ring
and the CH,—S moiety of the thiazolidin-4-one nucleus
of compound 21 are superimposed to 4-methylpyridine,
the other pyridine nucleus, and the cyclopropyl sub-
stituent of nevirapine, respectively. In such orientation,
the bound conformation of 21 presents a good degree of
steric overlap with the experimental position of nevi-
rapine and is involved in van der Waals contacts with
the residues surrounding the NNIBP.
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Table 1. Anti-HIV-1 Activity, Cytotoxicity, and Selectivity Index in MT-4 Cells for Compounds 4—34

Ar
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compd Ar R R’ ECso (uM)? CCso (uM)P SIe
4 phenyl Cl Cl 0.401 + 0.093 38.1+45 95
5 phenyl F F 2.30 £0.75 >429 >186
6 pyridin-2-yl Cl Cl 0.178 + 0.009 385+49 216.3
7 pyridin-2-yl Cl F 0.278 + 0.055 417+ 1.6 150
8 pyridin-2-yl F F 0.855 =+ 0.068 >427 >500
9 pyridin-3-yl cl cl NA 23.4 + 6.9 -
10 pyridin-3-yl F F 95.1 + 65.3 >427 >45
11 pyridin-4-yl cl cl NA 10.0 + 3.5 -
12 pyridin-4-yl F F NA 339+05 -
13 5-Cl-pyridin-2-yl Cl Cl 1.78 +£ 0.53 19.2+ 2.6 11
14 5-Cl-pyridin-2-yl Cl F 2.13+£0.82 294+ 6.7 14
15 5-Cl-pyridin-2-yl F F 7.19 £ 0.12 298+ 1.1 4.2
16 5-Br-pyridin-2-yl (¢]] Cl 1.51 +0.22 28.2 +£13.6 18.6
17 5-Br-pyridin-2-yl Cl F 1.24 +0.10 30.7+23 25
18 5-Br-pyridin-2-yl F F 4.85 +0.48 36.1+11.3 7.4
19 6-Br-pyridin-2-yl Cl Cl 0.272 £ 0.025 67.4 + 37.7 248
20 6-Br-pyridin-2-yl Cl F 0.064 £+ 0.0 30.7+15 484
21 6-Br-pyridin-2-yl F F 0.030 + 0.013 32.0 £ 0.54 1066
22 3-Me-pyridin-2-yl Cl Cl NA 426 +4.8 -
23 3-Me-pyridin-2-yl F F 53.5+39.1 >319.3 >6
24 4-Me-pyridin-2-yl Cl Cl 0.147 £+ 0.050 >368.5 >2500
25 4-Me-pyridin-2-yl Cl F 0.099 + 0.037 33.9+0.9 343
26 4-Me-pyridin-2-yl F F 0.248 + 0.026 2422 +0.3 976
27 5-Me-pyridin-2-yl Cl Cl 1.41 +0.15 249 + 0.62 17.7
28 5-Me-pyridin-2-yl F F 5.13 + 0.0 201.6 + 36.7 39.3
29 6-Me-pyridin-2-yl Cl Cl 0.044 + 0.003 284.7 + 33.6 6470
30 6-Me-pyridin-2-yl Cl F 0.053 + 0.009 319+20 601
31 6-Me-pyridin-2-yl F F 0.082 + 0.029 126.0 + 34.9 1536
32 4,6-di-Me-pyridin-2-yl Cl Cl 0.090 + 0.037 64.1+71.1 712
33 4,6-di-Me-pyridin-2-yl Cl F 0.042 + 0.003 416 £4.7 986
34 4,6-di-Me-pyridin-2-yl F F 0.059 + 0.012 43.44+2.9 735
TBZ 0.352 £ 0.14 19.2+ 2.8 54.5

a Concentration required to reduce HIV-1-induced cytopathic effect by 50% in MT-4 cells. °Concentration required to reduce MT-4 cell
viability by 50%. ¢ Selectivity index: ratio CCso/ECso. NA = not active.

Table 2. Anti-HIV-1 Activity, Cytotoxicity, and Selectivity
Index in CEM Cells and RT Inhibitory Activity for Some
2,3-Diaryl-1,3-thiazolidin-4-ones

compd  ECso (uM)2 CCso (uM)° SIe RT datad
7 0.242 + 0.022 191.4 + 85.2 791
12 NA 284.4 +11.8 - NA
13 1.86 +0.78 31.1+3.3 17
15 4.13 £ 0.64 47.1+£11.3 11 67.0+7.04
16 1.31 +0.57 26.0 £ 0.0 20 56.6 +1.48
18 2.50 + 1.37 458 +£7.5 18 61.4+4.31
19 0.173 £ 0.035 =2475 >1431
21 0.030 +£ 0.002 =269.4 >8980 0.91 +0.16
25 0.108 + 0.065 56.7 £5.3 525 4,12 +0.62
26 2.84 +0.39
27 1.32 £ 0.94 31.2 + 0.62 24 424+ 1.77
29 2.24 +£0.38
30 0.040 + 0.012 443 + 3.7 1108 2.85+0.49
31 2.90 4+ 0.49
32 0.130 + 0.057 =283.1 >2178
34 0.078 £ 0.031 >62.4 >800 4,12 +£0.25
TBZ 1.10 £ 0.32 50.0 £ 3.2 45 146 +2.6

a Concentration required to reduce HIV-1-induced cytopathic
effect by 50% in CEM cells. ®Concentration required to reduce
CEM cell viability by 50%.°Selectivity index: ratio CCso/ECso. 91Cso
(uM); poly(rC)/oligo(dG) was used as the template/primer and
[BH]dGTP as the radiolabeled substrate. NA = not active.

For compound 29 most of the results were found in
the top two clusters (32 in the top cluster and 15 in the
cluster ranked second), so two different orientations
were taken in account as mode of interaction for this
ligand (Figure 2b). The most favorable result (binding

energy —10.74 kcal/mol) presents this ligand in the
same position as observed for molecule 21. An alterna-
tive to this binding mode is given by the second cluster,
which is found less frequently but shows a binding
energy (—9.74 kcal/mol) similar to the first one. In this
orientation, the 3-(6-methylpyridin-2-yl) group of 29 is
situated in the same area as the cyclopropyl substituent
of nevirapine, the 2-(2,6-dichlorophenyl) ring overlaps
with the pyridine nucleus and the 1,3-thiazolidin-4-one
lies in the same position as the 4-methylpyridine. The
results indicate that the functional groups of similar
chemical character are placed in similar ways and show
comparable interactions with the RT protein. Thus, both
conformations of 29 might represent a reasonable
potential binding mode at the NNIBP.

The relative docked orientations of derivatives 21
and 29 were then superimposed to the GRID interac-
tion fields calculated with the aliphatic methyl and
aromatic probes and, as pointed out in Figure 3,
showed a suitable fit with the three zones identified in
the RT enzyme, confirming a very good alignment of
the major structural features of 2,3-diaryl-1,3-thiaz-
olidin-4-ones with other known NNRTIs, such as nevi-
rapine.

On these bases, we are now pursuing the synthesis
of new 2,3-diaryl-1,3-thiazolidin-4-one derivatives, in
which an improvement of the anti-HIV activity could
be obtained by increasing the lipophilic characteristics
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Table 3. Anti-HIV-1 Activity of Compounds 21 and 29—31 against Mutant HIV-1 Strains in CEM Cells

ECso (uM)2
compd HIV-18 100 Leu—lle 103 Lys—Asn 138 Glu—Lys 181 Tyr—Cys 188 Tyr—His
21 0.026 + 0.018 0.94 +£0.18 >11 0.073 + 0.089 1.88 + 1.07 1.02 +0.83
29 0.073 £ 0.029 0.150 + 0.079 > 60 0.117 £+ 0.117 - 16.2 £ 6.2
30 0.031 £+ 0.015 0.102 £+ 0.074 105+ 2.8 0.124 £ 0.124 7.28 + 0.65 4.64 + 0.00
31 0.117 +£ 0.019 0.75 +0.32 35.9 +£2.28 0.39 +0.19 >13 >13
TBZ 1.39 + 0.56 3.12 +£0.94 156 +£3.2 1.73 +£1.02 13.8+4.2 416 +1.12

a Concentration required to protect CEM cells against the HIV-induced cytopathogenicity by 50%.

Figure 1. GRID contour maps calculated using the hydro-
phobic (purple, a), the aliphatic methyl (yellow) and the
aromatic (cyan) probes (b) in the NNRTI binding site. In both
pictures nevirapine is shown in green.

Figure 2. Superimposition of the docked conformations of
compounds 21 (magenta, a) and 29 (top and second-ranked,
red and purple, b) over the crystal structure orientation of
nevirapine (green).

Figure 3. Comparison of the location of compounds 21
(magenta, a) and 29 (red and purple, b) in the NNBP and
GRID interaction fields calculated with the aliphatic methyl
(yellow) and the aromatic (cyan) probes.

both of the substituent at N-3 and by changing some
structural features also in thiazolidinone nucleus.

Conclusions

Starting from previously described 1H,3H-thiazolo-
[3,4-a]benzimidazoles, we designed and synthesized a
new series of 2,3-diaryl-1,3-thiazolidin-4-ones which
proved to be potent and selective NNRTIs. Computa-
tional studies were also carried out with the aim to find
the most energetically favorable binding sites involved
in RT inhibition. The GRID approach allowed the
detection of three lipophilic regions within the NNIBP
as determinants for high inhibitory activity. Moreover,
an automated molecular docking approach suggested

that the binding mode of these compounds is similar to
that observed for other NNRTIs in their experimental
positions in the allosteric RT binding site.
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