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Abstract: There is an urgent need for the design and development of new and safer drugs for the treatment of human im-
munodeficiency virus (HIV) infection, specifically active against drug-resistant viral strains. Recently, sulfanyltria-
zole/tetrazole derivatives were reported as potent HIV-1 non-nucleoside reverse transcriptase inhibitors (NNRTIs), with
low nanomolar intrinsic activity against RT and submicromolar antiviral activity in HIV infected cells. In this review, the
structural modifications, SAR analysis and docking studies of sulfanyltriazole/tetrazoles HIV-1 NNRTIs are discussed,
and other interesting NNRTIs with the same or similar pharmacophore as the sulfanyltriazole/tetrazole derivatives are also

presented and analyzed for their in SAR.
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1. INTRODUCTION

The acquired immune deficiency syndrome (AIDS) con-
tinues to be a major health problem worldwide with ap-
proximately 40 million people infected with the human im-
munodeficiency virus (HIV). Although the introduction of
highly active anti-retroviral therapy (HAART) has dramati-
cally decreased the morbidity and mortality from the infec-
tion by HIV, however, the AIDS prevalence has remained
one of the world’s most serious health problems [1].

In the research of anti-AIDS agents, non-nucleoside re-
verse transcriptase inhibitors (NNRTIs) have gained a defini-
tive and important place due to their unique antiviral po-
tency, high specificity and low toxicity [2,3]. Currently mar-
keted NNRTIs include nevirapine (1), delavirdine (2),
efavirenz (3), and etravirine (4) (Fig. 1) [4]. Efavirenz and
nevirapine have good pharmacokinetic profiles and effec-
tively inhibit replication of the wild-type virus, but they are
less effective against several commonly observed mutant
viruses, such as Y181C, Y188C, K103N, and L100A [5-7].
Etravirine shows improved potency against many NNRTI-
resistant viruses [5], but must be administered twice daily
and is approved for use only in patients infected with HIV-1
strains resistant to an NNRTI and other antiretroviral agents
[4]. Therefore, there remains to be an a urgent need for de-
velopment of new NNRTIs that are active against virus
strains resistant to current NNRTIs and have good pharma-
cokinetic properties suitable for once daily dosing [6,7].

Since the first report of sulfanyltriazole/tetrazoles as po-
tent HIV-1 NNRTIs, these novel substituted scaffolds have
been of interest for the development of novel NNRTIs, be-
cause of their high potency and low toxicity against HIV-1
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wild-type and resistant strains. This review focuses on the
progress in the research of sulfanyltriazole/tetrazoles HIV-1
NNRTIs, form the initial discovery to the subsequent exten-
sively structural modification via synthetic efforts, as well as
presenting the studied results of SAR analysis and the mo-
lecular modeling that could directly help elucidating the
mechanism of binding of sulfanyltriazole/tetrazoles with
HIV-1 RT. In addition, this review shows other newly de-
signed and discovered HIV-1 NNRTIs that are structurally
associated with triazole/tetrazoles HIV-1 NNRTIs, based on
SAR analysis and computational studies.

2. LEAD DISCOVERY

Recently, from high-throughput screening (HTS) of the
compounds library, several interesting sulfanyltriazole and
sulfanyltetrazole-derived compounds (5-8) were identified as
novel inhibitors of HIV-1 RT, which have a simple, yet dis-
tinctively different chemical structure than other HIV-1
NNRTIs reported in the literature (Fig. 2) [8-12].

Sulfanyltriazole (5) was identified as an inhibitor with
low micromolar inhibitory activity. Analog (6) showed mod-
erate activity against viruses carrying wild-type or K103N/
Y181C HIV-1 RT, it was also active in an enzymatic assay
against the purified WT HIV-1 RT [8,9]. Two sulfanyltetra-
zole derivatives (7 and 8) were identified as potent inhibitors
of HIV-1 RT at low nanomolar ranges, and as potent HIV-1
NNRTIs in cell assays at submicromolar ranges against the
wild-type and K103N mutant strains [10-12].

3. STRUCTURAL MODIFICATIONS

Based on the molecular characters of the lead compounds
(4-8), new series of sulfanyltriazole and sulfanyltetrazole
derivatives (Fig. 3) were synthesized and tested against sev-
eral NNRTI-resistant HIV-1 isolates [13-18]. Most of these
compounds exhibited potent antiviral activities against
efavirenz- and nevirapine-resistant viruses, including the
K103N and/or Y181C mutations or Y 188L mutation.

© 2009 Bentham Science Publishers Ltd.
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Fig. (1). Chemical structures of NNRTIs with the year of their approval by the FDA for HIV-1 treatment.
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Fig. (2). Sulfanyltriazole and sulfanyltetrazole lead compounds [8-12].

A number of improved compounds derived from this
triazole/tetrazole scaffold are currently being considered for
clinical evaluation. Especially, VRX-480773 (9) inhibits
viruses from efavirenz-resistant molecular clones and most
NNRTI-resistant HIV-1 isolates clinically tested, and also
has an excellent pharmacokinetic character, warranting fur-
ther clinical development for the treatment of HIV infection
in both NNRTI-naive and -experienced patients [19].

4. MOLECULAR MODELING AND STRUCTURE-
ACTIVITY RELATIONSHIP (SAR) STUDIES

Modeling studies were carried out to understand how
sulfanyltriazole/tetrazoles interact with the NNRTIs binding
pocket (NNIBP) (Fig. 4) [8,11,12].
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Fig. (3). Structural modifications of sulfanyltriazole/tetrazoles NNRTIs.
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Notable features of molecular modeling (Fig. 4) and SAR
features (Fig. 5) include:

(1) The inhibitor’s amide carbonyl forms a key hydrogen
bond with the backbone N—H of K103, which is consistent
with the good activity of these compounds against the K103
mutants (Fig. 5) [8,11,12]. This hydrogen bond interaction
with the residue main chain is unlikely to be disrupted by
side chain mutations and contribute substantially to the free
energy of binding for inhibitors, and to improve their resis-
tance profiles [20].

(2) The aryl linked to the triazole/tetrazole core fits into
the important hydrophobic pocket, where many key resistant
mutations take place, which include Y188L, Y181C, F227C,
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and L100I (Figs. 4,5) [11,12]. Detailed analysis of the bind-
ing mode shows that the aryl linked to the triazole/tetrazole
core (compounds 9-11) is parallel to Y188, and an interest-
ing CH—n interaction in which the 4-substituent (ferz-butyl or
cyclopropane) of the phenyl-tetrazole in compound 10 or 11
points directly at, and perpendicular to, the indole side chain
of the highly conserved residue W229 (Fig. 4b,4c¢) [11,12].
The highly conserved amino acid residues in the NNIBP are
essential for viral replication, and improved binding at these
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cokinetic properties of the arylazolylthioacetanilides without
a significant loss of binding affinity [28]. Indeed, SAR stud-
ies of arylazolylthioacetanilides demonstrated that the intro-
duction of substituents at the para position of the anilide
leads to substantial improvement in potency [11,12].

In addition, SAR studies at the anilide moiety revealed
that 2-substitution is the only allowed monosubstitution, ni-
tro and halogen being the preferred substituents (Fig. 5) [8-
12].

(4) The sulfanyltriazole/tetrazole binds in a ‘kinked’ con-
formation which involves a rotation about the “S—CH,—CO—
NH” dihedral angle from 180° in the fully extended free-
state conformation to almost 0° in the bound state. This
brings the two substituted phenyl rings into close proximity
and results in the amide N-H pointing toward the sulfur
atom (probably forming intramolecular hydrogen bond)
[11,12].

Many typical examples reported in recent literature sug-
gested that the conformational and positional adaptability of
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amino acids could result in the development of novel
NNRTIs not sensitive to the common RT mutations, which
mainly occur at residues Y181, Y188, and K103 [21-26].
Among the conserved residues, W229 is a priority candidate
for targeted design of NNRTIs mainly because it is feasible
to target W229 with NNRTIs for its physical participation in
creating the characteristic NNIBP [21-23]. Therefore, the
aryl linked to the tetrazole/triazole core provides useful in-
formation for the rational design of new arylazolylthio-
acetanilides to improve virus-drug resistance.

(3) In Fig. (4b) and Fig. (4c¢), the chlorophenyl moiety of
compound 10 or 11 sits between P236 and V106, and points
toward the solvent exposed region. Interestingly, the 4-
position alkynyl group of the anilide phenyl ring (compound
11) points directly toward a channel which is lined by P236
and exposes its terminus to the solvent [11,12].

The NNIBP is greatly affected by the movement of the
P236 “hairpin loop” and the repositioning of S10 strand
(residues 232-234) and f11 strand (residues 239-241) [27].
On binding of larger NNRTIs, the P236 “hairpin loop” is
closer to the apo conformation, forming a more open pocket.
Consequently, it seems possible to exploit the plasticity of
this part of the pocket to gain specific protein-inhibitor inter-
actions or, alternatively, to accommodate substantial modifi-
cations of the inhibitor molecule to improve the pharma-

an NNRTI can help the drug retain potency against a variety
of resistant HIV-1 strains [29,30]. The relative flexibility of
the “S—CH,—CO-NH” linker might allow sulfanyltriazole/
tetrazoles to adapt to a mutated drug pocket more readily
than, for example, the rigid fused ring structure of the first
generation NNRTI nevirapine. Therefore, maintenance of the
flexibility of “S—CH,—CO-NH” linker was considered as a
powerful element of novel arylazolylthioacetanilide design.

(5) Interestingly, no discernible interaction was apparent
for the sulfanyltriazole/tetrazole motif which was vital for
potency. As illustrated in Fig. (4¢), the tetrazole is orthogo-
nal to the cyclopropyl- chlorophenyl, whereas the amide is in
a trans conformation, bringing the two chlorine atoms of
both aryl groups in close proximity. These data suggested
that the triazole/tetrazole portion of these inhibitors could
simply be acting as a scaffold which orients the pharma-
cophores into the proper geometry for binding [11,12]. Fur-
ther structural modifications indicate that other five-
membered azoles are also acceptable isosteric replacements
for the triazole/tetra-zole moiety in the lead compounds (see
Section 6) [13,14, 17,18,31-33].

(6) Lastly, SAR revealed the importance of the sulfur
atom in the tetrazole series. Simply substituting the
sulfur with either oxygen, or carbon, leads to 10-and 27-fold
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Fig. (4). Model of sulfanyltriazole 9 (a), sulfanyltetrazoles 10 (b) and 11 (c¢) docked into the NNRTI binding pocket (PDB code: 3DLG;
Docking simulations were performed with the program AutoDock Vina 1.0: http://vina.scripps.edu).

decrease in intrinsic anti-wild-type virus potency, respec-
tively [11].
5. STABILITY OF SULFANYLTRIAZOLE/TETRA-
ZOLES

Till now, the stability study only in tetrazole series has

been reported. The tetrazole lead compounds suffer from
poor stability in the presence of human liver microsomes
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ducing chlorine or methyl in the 2-position, the stability can
be obtained in rat plasma. No improvements in HLM stabil-
ity were observed by substituting the sulfur with either oxy-
gen or carbon [11]. These conclusions proved to be ex-
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Fig. (5). Schematic SAR and proposed binding mode for arylazolylthioacetanilides to NNIBP.
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tremely valuable when designing next generation aryla-
zolylthioacetanilides NNRTIs.

6. OTHER NNRTIS ASSOCIATED WITH SULFAN-
YLTRIAZOLE/ TETRAZOLES

As mentioned in Section 4, molecular modeling indicated
that the triazole/tetrazole moiety stays in the middle of the
binding pocket, anchoring the substituents on the ring into
the optimal space for interactions with NNIBP, which are in
agreement with the present insights of SAR and provide
valuable avenues for the future development of novel ana-
logs as promising candidates for the treatment of AIDS [31].

Based on these analysis, alternate and potentially more
stable scaffolds have been designed and synthesized in sev-
eral laboratories, independently. Interestingly, the replacement
of the triazole/tetrazole by a pyrazolyl group led to reversal
of selectivity, providing inhibitors (such as compounds 12
and 13) with excellent potency against the K103N/Y181C
double mutant RT, but with a complete loss of activity
against the wild type RT [33]. Modeling studies suggested
important interactions between the heterocycles and residue
103, providing a rationale for the potency observed against
both RTs [33].

A novel series of 1,2,3-thiadiazole thioacetanilide (TTA)
derivatives have been evaluated for their anti-HIV activities
in MT-4 cells in our laboratory. Some derivatives proved to
be highly effective in inhibiting HIV-1 replication at nano-
molar concentrations. Especially, 2-[4-(2,4-dichlorophenyl)-
1,2,3-thiadiazol-5-ylthio]-N-(2- nitrophenyl)acetamide 14
was identified as the most promising compound (ECsy =
0.059 £ 0.02 pM, CCso>283.25 uM, SI1>4883) [31,34].

Zhan et al.

The SAR of these novel structural congeners indicated
that the antiviral potency of the 1,2,3-thiadiazole thio-
acetanilides is closely related to the electronic or spatial
characteristics of the aryl linked to the 1,2,3-thiadiazole core.
Substitution at the phenyl ring of the anilide moiety revealed
that nitro or halogen at the ortho position were the preferred
substituents, but the introduction of a fluorine atom in this
position caused a substantial decrease in potency. However,
substituents at the para position of the anilide almost did not
influence the antiviral potency in the same series [31,49].
Bioactivity screening of other newly designed scaffolds is in
progress, and further results will be reported in due course.

The scaffold hopping [35,36] from triazole/tetrazoles to
tertiary amides, carbamates, and thiocarbamates was achieved
via through understanding of the binding mode of the sul-
fanyltriazole/tetrazoles based inhibitors. These compounds
(19-23) represent a novel, potent class of HIV-1 NNRTIs
with a broad spectrum of antiviral activity, although they did
not provide the desired improvement in metabolic stability
(Table 1) [11,18].

It has been suggested that triazole/tetrazole-based com-
pounds shares the similar pharmacophore and bond confor-
mation with pyrrolidinone- [37] and benzophenone -typed
NNRTIs (Figs. 6,7) [38-42], which are highly potent against
wild-type and drug-resistant HIV-1 (containing Y181C-,
K103N-, and Y181C/K103N-based double mutations).

The SAR analysis, crystallography, and molecular
modeling of tetrazole and benzophenone-based NNRTIs
permitted the scaffold hop to a novel series of diaryl ether
NNRTIs which have excellent potency versus wild-type
and key mutant viruses [43] (Fig. 8). Further systematic
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Table 1. The Bioactivities and Metabolic Stability of Tertiary Amides, Carbamates, and Thiocarbamates
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21 (6] CH,COOH 109 98 9
22 NH CH,COOH 1530 414 23
23 S CH,COOH 34 35 4
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Benzophenone-based NNRTIs

Fig. (6). Other NNRTIs sharing a similar pharmacophore as sulfanyltriazole/tetrazoles [37,38].
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Fig. (7). Stereo diagram showing the superposition of sulfanyltriazole 9 (gray), sulfanyltetrazoles 10 (magenta), 11 (yellow) and benzophe-
none 25 (blue, the original ligand in crystal structures) in the NNRTI binding site (PDB code: 3DLG; Docking simulations were performed

with the program AutoDock Vina 1.0: http://vina.scripps.edu ).
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Fig. (8). Design paradigm for novel diaryl ether lead structures and proposed binding mode for compounds 28 and 29 [44].

manipulation of the lead structure 28 resulted in the discov-
ery of compound 29, which has become the prototype of a
potent and novel NNRTI platform. In Fig. 8, the 4-position
“SO,NH,” of the anilide phenyl ring in compound 28 and the
indazole phenyl ring in compound 29 point directly toward a
channel that is lined by P236 and leads into the solvent [44].

Taking advantage of the solvent exposed region of these
molecules as a means to incorporate solubilizing groups and
to further optimize physical properties and pharmacokinetics
has resulted in the identification of novel diaryl ether deriva-
tives, such as pyrazolopyridine 30 (MK-4965)[45], pyra-
zolopyridazine 31 [46], pyridazinone 32 [47], triazolinone 33

[48], imidazopyridinone 34 and pyrimidone 35 [49], which
have high levels of potency against wild-type and key mutant
viruses, excellent oral bioavailability and favorable pharma-
cokinetics.

7. PERSPECTIVES

It has been demonstrated that sulfanyltriazole/tetrazoles
typed NNRTIs are novel scaffolds with great potential for
further development. With a suitable combination of substi-
tution patterns on the aryl linked to the triazole/tetrazole
core, the anilide aryl and the five-membered moiety, it is
possible to identify compounds which maintain the same
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intrinsic activity on the wild-type HIV-1 RT and the clini-
cally relevant mutants.

In summary, understanding the SAR conclusion and no-
table features of binding mode underlying the maintenance
of high potency of sulfanyltriazole/tetrazole-based NNRTIs
is potentially of wider importance for the design of further
NNRTIs with novel chemical series. Such efforts are of vital
importance for the development of novel drugs for use in the
continued treatment of HIV and AIDS.

ACKNOWLEDGMENTS

The financial support from the National Natural Science
Foundation of China (NSFC No0.30873133, No0.30772629,
No0.30371686), Key Project of The International Coopera-
tion, Ministry of Science and Technology of China
(2003DF000033) and Research Fund for the Doctoral Pro-
gram of Higher Education of China (070422083) is grate-
fully acknowledged.

REFERENCE

[1] AIDS Epidemic Update: December 2007. Joint United Nations
Programme on HIV/AIDS and World Health Organization 2007.

[2] De Clercq, E. New approaches toward anti-HIV chemotherapy. J.
Med. Chem., 2005, 48,1297 -313.

[3] Barbaro, G.; Scozzafava, A.; Mastrolorenzo, A.; Supuran, C.T.
Highly active antiretroviral therapy: current state of the art, new

[10]

[11]

[12]

agents and their pharmacological interactions useful for improving
therapeutic outcome. Curr. Pharm. Des., 2005, 11, 1805-43.

Sax, P.E. FDA approval: etravirine. AIDS Clin. Care, 2008, 20, 17-
18.

De Clercq, E. The design of drugs for HIV and HCV. Nat. Rev.
Drug Discov., 2007, 6, 1001-18.

Jochmans, D. Novel HIV-1 reverse transcriptase inhibitors. Virus
Res., 2008, 134, 171-85.

Ilina, T.; Parniak, M.A. Inhibitors of HIV-1 reverse transcriptase.
Adv. Pharmacol., 2008, 56, 121-67.

Wang, Z.; Wu, B.; Kuhen, K.L.; Bursulaya, B.; Nguyen, T.N;
Nguyen, D.G.; He, Y. Synthesis and biological evaluations of sul-
fanyltriazoles as novel HIV-1 non-nucleoside reverse transcriptase
inhibitors. Bioorg. Med. Chem. Lett., 2006, 16,4174-7.

De La Rosa, M.; Kim, H.W.; Gunic, E.; Jenket, C.; Boyle, U.; Koh,
Y.H.; Korboukh, I.; Allan, M.; Zhang, W.; Chen, H.; Xu, W.; Nilar,
S.; Yao, N.; Hamatake, R.; Lang, S.A.; Hong, Z.; Zhang, Z.;
Girardet, J.L. Tri-substituted triazoles as potent non-nucleoside in-
hibitors of the HIV-1 reverse transcriptase. Bioorg. Med. Chem.
Lett., 2006, 16, 4444-9.

Muraglia, E.; Kinzel, O.D.; Laufer, R.; Miller, M.D.; Moyer, G.;
Munshi, V.; Orvieto, F.; Palumbi, M.C.; Pescatore, G.; Rowley,
M.; Williams, P.D.; Summa, V. Tetrazole thioacetanilides: potent
non-nucleoside inhibitors of WT HIV reverse transcriptase and its
K103N mutant. Bioorg. Med. Chem. Lett., 2006, 16,2748-52.
O'Meara, J.A.; Jakalian, A.; LaPlante, S.; Bonneau, P.R.;
Coulombe, R.; Faucher, A.M.; Guse, I.; Landry, S.; Racine, J.;
Simoneau, B.; Thavonekham, B.; Yoakim, C. Scaffold hopping in
the rational design of novel HIV-1 non-nucleoside reverse tran-
scriptase inhibitors. Bioorg. Med. Chem. Lett., 2007, 17,3362-6.
Gagnon, A.; Amad, M.H.; Bonneau, P.R.; Coulombe, R. ; DeRoy,
P.L.; Doyon, L.; Duan, J.; Garneau, M.; Guse, I.; Jakalian, A.;



1022 Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 8

[13]

[20]

[22]

[26]

[27]

Jolicoeur, E.; Landry, S.; Malenfant, E.; Simoneau, B.; Yoakim, C.
Thiotetrazole alkynylacetanilides as potent and bioavailable non-
nucleoside inhibitors of the HIV-1 wild type and K103N/Y181C
double mutant reverse transcriptases. Bioorg. Med. Chem. Lett.,
2007, 17,4437-41.

Girardet, J.-L.; Zhang, Z.; Hamatake, R.; de la Rosa Hernandez, M.
A.; Gunic, E.; Hong, Z.; Kim, H.; Koh, Y.-H.; Nilar, S.; Shaw, S.;
Yao, N. Non-nucleoside reverse transcriptase inhibitors. Patent WO
2004030611, 2004.

Simoneau, B.; Thavonekham, B.; Landry, S.; O’Meara, J.; Yoakim,
C.; Faucher, A.-M. Non-nucleoside reverse transcriptase inhibitors.
Patent WO 2004050643, 2004.

Shaw-Reid, C. A.; Miller, M. D.; Hazuda, D. J.; Ferrer, M.; Sur, S.
M.; Summa, V.; Lyle, T. A.; Kinzel, O.; Pescatore, G.; Muraglia,
E.; Orvieto, F.; Williams, P. D. Hiv reverse transcriptase inhibitors.
Patent WO 2005115147, 2005.

Girardet, J. L.; Koh, Y. H.; Hernandez M. De la Rosa; Gunic, E.;
Kim, H. W.; Hong, W. S-triazolyl o-mercaptoacetanildes as inhibi-
tors of HIV reverse transcriptase. Patent WO 2006026356, 2006.
Simoneau, B.; Thavonekham, B.; Landry, S.; O’Meara, J.; Yoakim,
C.; Faucher, A.-M. Non nucleoside reverse transcriptase inhibitors.
Patent WO 2005118575, 2005.

Koch, U.; Kinzel, O.; Muraglia, E.; Summa, V. HIV reverse tran-
scriptase inhibitors. Patent WO 2006037468, 2006.

Zhang, Z.; Xu, W.; Koh, Y.H.; Shim, J.H.; Girardet, J.L.; Yeh,
L.T.; Hamatake, R.K.; Hong, Z. A novel nonnucleoside analogue
that inhibits human immunodeficiency virus type 1 isolates resis-
tant to current nonnucleoside reverse transcriptase inhibitors.
Antimicrob. Agents. Chemother., 2007, 51, 429-37.

Ren, J.; Nichols, C.; Bird, L.E.; Fujiwara, T.; Sugimoto, H.; Stuart,
D.I; Stammers, D.K. Binding of the second generation non-
nucleoside inhibitor S-1153 to HIV-1 reverse transcriptase involves
extensive main chain hydrogen bonding. J. Biol. Chem., 2000, 275,
14316-20.

Smerdon, S.J.; Jager, J.; Wang, J.; Kohlstaedt, L.A.; Chirino, A.J.;
Friedman, J.M.; Rice, P.A.; Steitz, T.A. Structure of the binding
site for nonnucleoside inhibitors of the reverse transcriptase of hu-
man immunodeficiency virus type 1. Proc. Natl. Acad. Sci. U S A,
1994, 917,3911-5.

Pelemans, H.; Esnouf, R.; De Clercq, E.; Balzarini, J. Mutational
analysis of trp-229 of human immunodeficiency virus type 1 re-
verse transcriptase (RT) identifies this amino acid residue as a
prime target for the rational design of new non-nucleoside RT in-
hibitors. Mol. Pharmacol., 2000, 57, 954-60.

Fattorusso, C.; Gemma, S.; Butini, S.; Huleatt, P.; Catalanotti, B.;
Persico, M.; De Angelis, M.; Fiorini, I.; Nacci, V.; Ramunno, A.;
Rodriquez, M.; Greco, G.; Novellino, E.; Bergamini, A.; Marini,
S.; Coletta, M.; Maga, G.; Spadari, S.; Campiani, G. Specific tar-
geting highly conserved residues in the HIV-1 reverse transcriptase
primer grip region. design, synthesis, and biological evaluation of
novel, potent, and broad spectrum NNRTIs with antiviral activity.
J. Med. Chem., 2005, 48, 7153-65.

Hopkins, A.L.; Ren, J.; Tanaka, H.; Baba, M.; Okamato, M.; Stuart,
D.I; Stammers, D.K. Design of MKC-442 (emivirine) analogues
with improved activity against drug-resistant HIV mutants. J. Med.
Chem., 1999, 42, 4500-5.

Zanoli, S.; Gemma, S.; Butini, S.; Brindisi, M.; Joshi, B.P.;
Campiani, G.; Fattorusso, C.; Persico, M.; Crespan, E.; Cancio, R.;
Spadari, S.; Hiibscher, U.; Maga, G. Selective targeting of the HIV-
1 reverse transcriptase catalytic complex through interaction with
the "primer grip" region by pyrrolobenzoxazepinone non-
nucleoside inhibitors correlates with increased activity towards
drug-resistant mutants. Biochem. Pharmacol., 2008, 76, 156-68.
Butini, S.; Brindisi, M.; Cosconati, S.; Marinelli, L.; Borrelli, G.;
Coccone, S.S.; Ramunno, A.; Campiani, G.; Novellino, E.; Zanoli,
S.; Samuele, A.; Giorgi, G.; Bergamini, A.; Mattia, M.D.; Lalli, S.;
Galletti, B.; Gemma, S.; Maga, G. Specific targeting of highly con-
served residues in the HIV-1 reverse transcriptase primer grip re-
gion. 2. stereoselective interaction to overcome the effects of drug
resistant mutations. J. Med. Chem., 2009 Jan 26. on line.

Esnouf, R.M.; Ren, J.; Hopkins, A.L.; Ross, C.K.; Jones, E.Y.;
Stammers, D.K.; Stuart, D.I. Unique features in the structure of the
complex between HIV-1 reverse transcriptase and the bis(hetero-
aryl)piperazine (BHAP) U-90152 explain resistance mutations for

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Zhan et al.

this nonnucleoside inhibitor. Proc. Natl. Acad. Sci. U S A, 1997,
94,3984-9.

Hopkins, A.L.; Ren, J.; Esnouf, RM.; Willcox, B.E.; Jones, E.Y.;
Ross, C.; Miyasaka, T.; Walker, R.T.; Tanaka, H.; Stammers, D.K.;
Stuart, D.I. Complexes of HIV-1 reverse transcriptase with inhibi-
tors of the HEPT series reveal conformational changes relevant to
the design of potent non-nucleoside inhibitors. J. Med. Chem.,
1996, 39, 1589-600.

Das, K.; Lewi, P.J.; Hughes, S.H.; Arnold, E. Crystallography and
the design of anti-AIDS drugs: conformational flexibility and
positional adaptability are important in the design of non-
nucleoside HIV-1 reverse transcriptase inhibitors. Prog. Biophys.
Mol. Biol., 2005, 88,209-31.

Das, K.; Clark, A.D.Jr.; Lewi, P.J.; Heeres, J.; De Jonge, M.R.;
Koymans, L.M.; Vinkers, H.M.; Daeyaert, F.; Ludovici, D.W.;
Kukla, M.J.; De Corte, B.; Kavash, R.W.; Ho, C.Y.; Ye, H.;
Lichtenstein, M.A.; Andries, K.; Pauwels, R.; De Béthune, M.P.;
Boyer, P.L.; Clark, P.; Hughes, S.H.; Janssen, P.A.; Arnold, E.
Roles of conformational and positional adaptability in structure-
based design of TMC125-R165335 (etravirine) and related non-
nucleoside reverse transcriptase inhibitors that are highly potent
and effective against wild-type and drug-resistant HIV-1 variants.
J. Med. Chem., 2004, 47,2550-60.

Zhan, P.; Liu, X.; Cao, Y.; Wang, Y.; Pannecouque, C.; De Clercq,
E. 1,2,3-Thiadiazole thioacetanilides as a novel class of potent
HIV-1 non-nucleoside reverse transcriptase inhibitors. Bioorg.
Med. Chem. Lett., 2008, 18, 5368-71.

Zhan, P.; Liu, X.; Cao, Y.; Pannecouque, C.; Witvrouw, M.; De
Clercq, E. Design and synthesis of 1,2,3-thiadiazole thio-
acetanilides as a novel class of HIV-1 NNRTIs. The 6th Interna-
tional Symposium for Medicinal Chemistry, Shanghai Institute of
Materia Medica, CAS. Shanghai July 28-Aug 1, 2008. QT1-13, p
240

Gagnon, A.; Landry, S.; Coulombe, R.; Jakalian, A.; Guse, 1;
Thavonekham, B.; Bonneau, P.R.; Yoakim, C.; Simoneau, B. In-
vestigation on the role of the tetrazole in the binding of thiotetra-
zolylacetanilides with HIV-1 wild type and K103N/Y181C double
mutant reverse transcriptases. Bioorg. Med. Chem. Lett., 2009, 19,
1199-205.

Zhan, P. Design, synthesis and antiviral evaluation of novel N-
substituted phenyl-S-azole thioacetanilides derivatives as HIV-1
non-nucleoside reverse transcriptase inhibitors. Shandong Univer-
sity Master’s Thesis, 2008.

Lloyd, D.G.; Buenemann, C.L.; Todorov, N.P.; Manallack, D.T.;
Dean, P.M. Scaffold hopping in de novo design. Ligand generation
in the absence of receptor information. J. Med. Chem., 2004, 47,
493-6.

Mauser, H.; Guba, W. Recent developments in de novo design and
scaffold hopping. Curr. Opin. Drug Discov. Dev., 2008, 11, 365-
74.

Wau, B.; Kuhen, K.; Ngoc Nguyen, T.; Ellis, D.; Anaclerio, B.; He,
X.; Yang, K.; Karanewsky, D.; Yin, H.; Wolff, K.; Bieza, K
Caldwell, J.; He, Y. Synthesis and evaluation of N-aryl pyrrolidi-
nones as novel anti-HIV-1 agents. Part 1. Bioorg. Med. Chem.
Lett., 2006, 16,3430-3.

Chan, J.H.; Freeman, G.A.; Tidwell, J.H.; Romines, K.R.; Schaller,
L.T.; Cowan, J.R.; Gonzales, S.S.; Lowell, G.S.; Andrews, C. W.
3rd.; Reynolds, D. J.; St Clair, M.; Hazen, R.J,; Ferris, R.G.;
Creech, K.L.; Roberts, G.B.; Short, S.A.; Weaver, K.; Koszalka,
G.W.; Boone, L.R. Novel benzophenones as non-nucleoside re-
verse transcriptase inhibitors of HIV-1. J. Med. Chem., 2004, 47,
1175-82.

Ferris, R.G.; Hazen, R.J.; Roberts, G.B.; St Clair, M.H.; Chan, J.H.;
Romines, K.R.; Freeman, G.A.; Tidwell, J.H.; Schaller, L.T.;
Cowan, J.R.; Short, S.A.; Weaver, K.L.; Selleseth, D.W.; Moniri,
K.R.; Boone, L.R. Antiviral activity of GW678248, a novel benzo-
phenone nonnucleoside reverse transcriptase inhibitor. Antimicrob.
Agents Chemother., 2005, 49, 4046-51.

Hazen, R.J.; Harvey, R.J.; St Clair, M.H.; Ferris, R.G.; Freeman,
G.A.; Tidwell, J.H.; Schaller, L.T.; Cowan, J.R.; Short, S.A.;
Romines, K.R.; Chan, J.H.; Boone, L.R. Anti-human immunodefi-
ciency virus type 1 activity of the nonnucleoside reverse tran-
scriptase inhibitor GW678248 in combination with other antiretro-
virals against clinical isolate viruses and in vitro selection for resis-
tance. Antimicrob. Agents Chemother., 2005, 49, 4465-73.



Sulfanyltriazole/tetrazoles: A Promising Class of HIV-1 NNRTIs

[41]

[42]

Romines, K.R.; Freeman, G.A.; Schaller, L.T.; Cowan, J.R.; Gon-
zales, S.S.; Tidwell, J.H.; Andrews, C.W.3".; Stammers, D.K.;
Hazen, R.J.; Ferris, R.G.; Short, S.A.; Chan, J.H.; Boone, L.R.
Structure-activity relationship studies of novel benzophenones
leading to the discovery of a potent, next generation HIV nonnu-
cleoside reverse transcriptase inhibitor. J. Med. Chem., 2006, 49,
727-39.

Ren, J.; Chamberlain, P.P.; Stamp, A.; Short, S.A.; Weaver, K.L.;
Romines, K.R.; Hazen, R.; Freeman, A.; Ferris, R.G.; Andrews,
C.W.; Boone, L.; Chan, J.H.; Stammers, D.K. Structural basis for
the improved drug resistance profile of new generation benzophe-
none non-nucleoside HIV-1 reverse transcriptase inhibitors. J. Med.
Chem., 2008, 51, 5000-8.
http://www.natap.org/2007/ResisWksp/ResisWksp_42.htm

Tucker, T.J.; Saggar, S.; Sisko, J.T.; Tynebor, R.M.; Williams,
T.M.; Felock, P.J.; Flynn, J.A.; Lai, M.T.; Liang, Y.; McGaughey,
G.; Liu, M.; Miller, M.; Moyer, G.; Munshi, V.; Perlow-Poehnelt,
R.; Prasad, S.; Sanchez, R.; Torrent, M.; Vacca, J.P.; Wan, B.L.;
Yan, Y. The design and synthesis of diaryl ether second generation
HIV-1 non-nucleoside reverse transcriptase inhibitors (NNRTIs)
with enhanced potency versus key clinical mutations. Bioorg. Med.
Chem. Lett.,2008, 18, 2959-66.

Tucker, T.J.; Sisko, J.T.; Tynebor, R.M.; Williams, T.M.; Felock,
P.J.; Flynn, J.A.; Lai, M.T.; Liang, Y.; McGaughey, G.; Liu, M.;
Miller, M.; Moyer, G.; Munshi, V.; Perlow-Poehnelt, R.; Prasad,
S.; Reid, J.C.; Sanchez, R.; Torrent, M.; Vacca, J.P.; Wan, B.L.;
Yan, Y. Discovery of 3-{5-[(6-Amino-1H-pyrazolo[3,4-b]pyridine-
3-yl) methoxy]-2-chlorophenoxy}-5-chlorobenzo -nitrile (MK-
4965): A Potent, Orally Bioavailable HIV-1 Non-Nucleoside Re-
verse Transcriptase Inhibitor with Improved Potency against Key
Mutant Viruses. J. Med. Chem., 2008, 51, 6503-11.

Received: 13 January, 2009

Revised: 07 April, 2009 Accepted: 08 April, 2009

(48]

[49]

Mini-Reviews in Medicinal Chemistry, 2009, Vol. 9, No. 8 1023

Sweeney, Z.K.; Harris, S.F.; Arora, N.; Javanbakht, H.; Li, Y.;
Fretland, J.; Davidson, J.P.; Billedeau, J.R.; Gleason, S.K.; Hirsch-
feld, D.; Kennedy-Smith, J.J.; Mirzadegan, T.; Roetz, R.; Smith,
M.; Sperry, S.; Suh, J.M.; Wu, J.; Tsing, S.; Villasenor, A.G.; Paul,
A.; Su, G.; Heilek, G.; Hang, J.Q.; Zhou, A.S.; Jernelius, J.A;
Zhang, F.J.; Klumpp, K. Design of Annulated Pyrazoles as Inhibi-
tors of HIV-1 Reverse Transcriptase. J. Med. Chem., 2008, 51,
7449-58.

Sweeney, Z.K.; Dunn, J.P.; Li, Y.; Heilek, G.; Dunten, P.;
Elworthy, T.R.; Han, X.; Harris, S.F.; Hirschfeld, D.R.; Hogg, J.H.;
Huber, W.; Kaiser, A.C.; Kertesz, D.J.; Kim, W.; Mirzadegan, T.;
Roepel, M.G.; Saito, Y.D.; Silva, T.M.; Swallow, S.; Tracy, J.L.;
Villasenor, A.; Vora, H.; Zhou, A.S.; Klumpp, K. Discovery and
optimization of pyridazinone non-nucleoside inhibitors of HIV-1
reverse transcriptase. Bioorg. Med. Chem. Lett., 2008, 18, 4352-4.
Sweeney, Z.K.; Acharya, S.; Briggs, A.; Dunn, J.P.; Elworthy,
T.R.; Fretland, J.; Giannetti, A.M.; Heilek, G.; Li, Y.; Kaiser, A.C.;
Martin, M.; Saito, Y.D.; Smith, M.; Suh, J.M.; Swallow, S.; Wu, J.;
Hang, J.Q.; Zhou, A.S.; Klumpp, K. Discovery of triazolinone non-
nucleoside inhibitors of HIV reverse transcriptase. Bioorg. Med.
Chem. Lett., 2008, 18,4348-51.

Sweeney, Z.K.; Kennedy-Smith, J.J.; Wu, J.; Arora, N.; Billedeau,
J.R.; Davidson, J.P.; Fretland, J.; Hang, J.Q.; Heilek, G.M.; Harris,
S.F.; Hirschfeld, D.; Inbar, P.; Javanbakht, H.; Jernelius, J.A.; Jin,
Q.; Li, Y.; Liang, W.; Roetz, R.; Sarma, K.; Smith, M.; Stefanidis,
D.; Su, G.; Suh, J.M.; Villasefior, A.G.; Welch, M.; Zhang, F.J.;
Klumpp, K. Diphenyl Ether Non-Nucleoside Reverse Transcriptase
Inhibitors with Excellent Potency Against Resistant Mutant Viruses
and Promising Pharmacokinetic Properties. Chem. Med. Chem.,
2008, 4, 88-99.



