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Introduction

The acquired immune deficiency syndrome (AIDS) continues to
be a major health problem worldwide with approximately 40
million people infected with the human immunodeficiency
virus (HIV).' A vast amount of research has lead to the identifi-
cation of several molecular targets for the treatment of HIV in-
fections.” Current approved drugs are targeted to the retrovi-
ral enzymes reverse transcriptase (RT) and protease, and there
is one fusion inhibitor.”! Treatment of AIDS involves a combina-
tion of three or more drugs in a regimen called highly active
antiretroviral treatment (HAART), typically including RT and
protease inhibitors. Despite the fact that HAART has signifi-
cantly improved the levels of patient mortality, there are sever-
al problems to solve, with the emergence of clinical resistance
a major challenge.””

The enzyme RT is responsible for the conversion of single-
stranded RNA viral genome into a double-stranded DNA copy.
RT inhibitors are classified as nucleoside and non-nucleoside,
depending on their mechanism of action. Nucleoside inhibitors
bind and inhibit the active site through chain termination of
DNA synthesis whereas the non-nucleoside binds to a hydro-
phobic nonactive site pocket, about 10 A away from the cata-
lytic site (Figure 1). Non-nucleoside RT inhibitors (NNRTIs) are
very attractive as anti-HIV agents because of their high selectiv-
ity, relatively low toxicity, and activity in the nanomolar
range.”” Three NNRTIs have been approved for clinical use
namely, nevirapine (VIRAMUNE), delavirdine (RESCRIPTOR), and
efavirenz (SUSTIVA, STOCRIN) approved in 1996, 1997, and
1998, respectively (Figure 2).>%' However, all these induce drug
resistant variants of HIV-1. Examples of common mutations in
the binding site of NNRTIs that confer resistance are Y181C,
Y188C, K103N, and L100 A. Significant progress has been made
in the search for the next generation of NNRTIs able to over-
come resistance mutations, which are a major challenge in the
design of new NNRTIs. Examples of such efforts is the develop-
ment of TMC-125 (etravirine) (Figure 2) and the structurally re-
lated TMC-278 (rilpivirine) that are currently in phase Ill and
phase Il clinical trials, respectively.** A second example is the
potent RT inhibitor UC781 (Figure 2) active against several
mutant strains. This molecule is being developed as a microbi-
cide to prevent HIV-1 transmission.” In addition to approved
drugs and compounds in clinical studies, there are several
other molecules, covering more than 50 different structural
classes, that have been identified as NNRTIs."” The reader is re-
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Figure 1. Structure of HIV-1 reverse transcriptase. Residues of the active site
are represented as a light gray surface and residues of the NNRTIs binding
site as a dark gray surface.

ferred to recent excellent reviews regarding NNRTIs in Ref. [4-
7] and references therein.

Pyridin-2(1H)-ones, a class of NNRTIs, were discovered in a
screening program at Merck and the first potent analogues ad-
vanced into clinical trials. Despite the development of Merck
pyridinones being suspended because of the emergence of re-
sistance, the pyridin-2(1H)-one ring remained a promising core

[a] Dr. J. L. Medina-Franco
BIOS5 Institute
University of Arizona, Tucson, AZ 85721 (USA)
Fax: (+ 1) 520-626-2466
E-mail: medina@pharmacy.arizona.edu

=

C. Judrez-Gordiano, Prof. R. Castillo

Department of Pharmacy

Universidad Nacional Auténoma de México, Mexico City 04510 (Mexico)
Fax: (+52) 55-56-22-5287

E-mail: rafaelc@servidor.unam.mx

[c] Dr. K. Martinez-Mayorga
Department of Chemistry

University of Arizona, Tucson, AZ 85721 (USA)

SN WWILEY

%, InterScience

1141



MED

MeO,SHN

0]
HN
3y

£

Q0™

J. L. Medina-Franco, R. Castillo et al.

cussed throughout the paper. The second section
/> presents the studies directed to elucidate the binding
// mode with RT. The third section shows the structure-
o based design of pyridinone analogues based on
,g docking results and other computational studies.

N o
H
Nevirapine Delavirdine Efavirenz .
Discovery and Development
CN CN
Dawn of pyridin-2(1H)-ones as NNRTIs: Merck pyri-
\Q dinones
O. N. NH o H i 0 NSNS Pyridin-2(1H)-one derivatives were identified as
\ D/ )\ NNRTIs in an enzyme-based screening program con-
Br Y cl s 0" N O  ducted by Merck. In 1991 compound L-345,516 (1)
NH, was the first potent and selective HIV-1 RT inhibitor
SoA186  described of this class. H this molecul
TMC-125 UC-781 (HEPT analogue) escribed of this class. However, this molecule was

Figure 2. Approved and other potent NNRTIs.

for further synthetic programs that have culminated in the de-
velopment of potent inhibitors against resistant strains. Com-
putational structure-based design has also played an important
role in the optimization of these analogues. This review focus-
es on the progress in the research of pyridin-2(1H)-ones as
NNRTIs. The first part describes the discovery and subsequent
synthetic efforts to overcome resistance of Merck pyridinones.
Table 1T summarizes representative pyridin-2(1H)-ones dis-

hydrolytically unstable.® Subsequent synthetic efforts
focused on the development of more stable ana-
logues and the phthalimide ring of L-345,516 was re-
placed by several other heterocyclic groups.”' In
general, these molecules were obtained by the condensation
of the appropriate pyridin-2(1H)-one ring with the correspond-
ing heterocycle. The nature and size of the linker between the
pyridinone ring and the second heterocyclic moiety were also
modified. A significant amount of structure-activity relation-
ship (SAR) studies'®' lead to the development of L-697,661
(2), L-697,639 (3), and L-696,229 (4). Noteworthy, the three
molecules have a benzoxazole group attached by a two atom

Table 1. Representative non-nucleoside reverse transcriptase inhibitors of the pyridin-2(1H)-one class.
Type (subtype) Chemical Structure Ref.
Merck pyridinone [8]
(phtalidimide)
\/
l i
6°'N"2°0
H
1 L-345516
Merck pyridinone [8,9]
(benzoxazole) Q ,Q o ,@
Vi
N\/L N\/L \N
O
H N
2 L-697,661 3 L-697,639 4 1-696,229
Pyridinone-efavirenz hybrid [19]
H
5
Pyridinone-HEPT hybrid [20]
(4-arylthiopyridin-2(1H)-one)
S S
/)\I\)INOZ AN COOEt
N o N [¢]
H H
6 7
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Table 1. (Continued)
Type (subtype) Chemical Structure Ref.
Pyridinone-HEPT hybrid [22-24]
(4-benzylpyridin-2(1H)-one)
|
‘ x N\/\O/
N 0]
H
8 10 R157208
Pyridinone-HEPT hybrid [22-24]
(4-benzoylpyridin-2(1H)-one) CN
(o] (0]
\ \
| SLIN | SN
N [e] HO N 6]
H H
11 12 13
Pyridinone-HEPT hybrid CN [25,26]
(4-aryloxypyridin-2(1H)-one) \?
o
L XI
N [¢]
I
14 R165481 15 R221239
)\L
o
Pyridinone-UC781 hybrid® /:K\IN\ [32]
N [¢]
H
16
[a] Type derived from docking studies with promising inhibitory activity against mutant strains. An example molecule is shown (see text for details).

linker to the pyridin-2(1H)-one ring at position 3 and are
potent at nanomolar concentrations.®' SAR studies empha-
sized the importance of the linker size and the 5-ethyl, 6-
methyl substituents on the pyridin-2(1H)-one ring.""'? Also,
the dichloro or dimethyl substitution of the benzoxazole ring
of L-697,661 and L-697,639 plays a critical role in the activity of
these analogues."*™

L-697,661 was a subject of clinical studies showing good ac-
tivity in patients. However, rapid resistant strains of the virus
emerged."*'¥ The main mutations identified as responsible for
the emergence of resistance were the residues at positions 103
and 181 not only for L-697,661 but also for other pyridinones
such as L-697,639 and L-696,229.>'>"8 From kinetic studies
and analysis of resistance mutations it was concluded that this
type of inhibitor should bind in the same pocket as other
NNRTIs.®'>17

Pyridinone-efavirenz hybrids

To optimize Merck pyridinones against resistant strains, a series
of 3-alkoxymethyl and 3-aryloxymethyl-2-pyridin-2(1H)-ones
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were synthesized."” Prepared molecules incorporate structural
features such as a trifluoromethyl and cyclopropyl alkynyl
groups that improved the resistance profiles of efavirenz
(Figure 2) and other related analogues. In this series of pyridi-
none-efavirenz hybrids, compound 5 showed an interesting
inhibitory profile against mutant strains including the in-
creased activity over the Merck pyridinone L-697,661 against
the mutant K103N. However, 5 and other 3-alkoxymethyl and
3-aryloxymethyl-2-pyridin-2(1H)-ones did not outperform the
inhibitory profile of efavirenz."”

Pyridinone-HEPT hybrids

Considering the partial structure similarity of Merck pyridi-
nones and 1-[(2-hydroxyethoxy)methyl]-6-(phenylthio)thymine
(HEPT) derivatives such as GCA-186 (Figure 2), a very extensive
synthetic program was initiated leading to the development of
a series of potent pyridinone-HEPT hybrids. Subtypes of these
hybrids include 4-arylthiopyridin-2(1H)-ones,?*?" 4-benzylpyri-
din-2(1H)-ones,*>?¥  4-aryloxypyridin-2(1H)-ones,**?*? and 4-
benzoylpyridin-2(1H)-ones.?*¥ 4-Benzylpyridin-2(1H)-ones
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were further coupled with the nucleoside RT inhibitor azido-
thymidine (AZT) to test a hypothesis of “mixture site” inhibi-
tors. However, the pyridinone-AZT conjugates were inactive.””
A common structural feature of the pyridinone-HEPT hybrids
is the substitution at position 4 of the pyridinone ring by a
one-atom linker to a phenyl ring. Several potent pyridinone-
HEPT molecules contain a dimethylamine or iodo group at po-
sition 3 of the pyridin-2(1H)-one ring. During the development
of these analogues, the presence of the dimethylamine group
was inspired by the structural similarity to the isopropyl group
at the corresponding position of GCA-186.2*?® Interestingly,
during the optimization steps of several molecules in this
series it was observed that the 3',5-dimethyl groups at the
phenyl ring (for example, 6, 7, 8, 13, 15) led to an enhanced
inhibitory activity such is the case for the same substitution
pattern at the phenyl ring of GCA-186 (Figure 2).?*® Similar to
the Merck pyridinones, several leads in the pyridinone-HEPT
hybrids series contain the 5-ethyl, 6-methyl substituents on the
pyridin-2(1H)-one ring that seem to be the optimum in several
pyridinone derivatives. Notable exceptions are R221239 (15),
that has a furfuryl methyl thioether group at position 5, and
13 that has a hydroxymehtyl group at position 6.

Biological studies revealed that the pyridinone-HEPT hybrids
are NNRTIs.”>?? The crystal structures for HIV-1 RT in complex
with R157208, R165481, and R221239 have been published re-
cently showing that these molecules actually bind into the
NNRTIs binding site (vide infra).*®

A very attractive feature of the pyridinone-HEPT hybrids is
that recently developed 4-benzoylpyridin-2(1H)-ones such as
11, 12, and 13 show activity against a large panel of clinically
relevant HIV-1 mutant strains and seem to display a more at-
tractive inhibitory profile than efavirenz.”>*¥ Furthermore, the
4-aryloxypyridin-2(1H)-ones R165481 (14) and R221239 (15)
show activity against mutant strains K103N and Y181C and the
double mutant K103N + Y181C at nanomolar concentra-
tions.”®

Binding Mode into the NNRTIs Binding Pocket
Automated docking and 3D-QSAR of Merck pyridinones

As mentioned earlier, biological experiments showed that L-
697,661, L-697,639, L-696,229, and other related Merck pyridi-
nones should bind in the NNRTIs pocket. Several two-dimen-
sional quantitative structure-activity relationship analyses (2D-
QSAR) have been performed for this subtype of pyridinone an-
alogue,®*" 2! syggesting a hydrophobic character of their
binding site.***"" However, no crystal structures of HIV-1 RT in
complex with Merck pyridinones are available.

Before the crystal structures of HIV-1 RT in complex with pyr-
idinone-HEPT hybrids were published (vide infra) an automat-
ed docking study of potent Merck pyridinones including L-
697,661, L-697,639, and L-696,229 with the NNRTIs binding site
was conducted.?” Docking results showed a good agreement
with previous 2D-QSAR studies. According to the binding
model, pyridinone analogues adopt a butterfly-like conforma-
tion in the binding pocket, a common feature of several
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NNRTIs,® and have a similar binding mode to other NNRTIs
such as nevirapine (Figure 3).%% The docking model suggested
a key interaction that helps the stabilization of the pyridin-

Figure 3. Binding mode model of L-697,661 (carbons in dark gray) compared
to the binding mode of nevirapine (carbons in light gray) found in the crys-
tal structure. Figure created with the program Pymol.5*

2(1H)-one ring into the NNRTI pocket, namely hydrogen bond-
ing of the nitrogen at the pyridinone ring with the main chain
oxygen of K101. From the binding model it was also conclud-
ed that hydrophobic contacts between the aromatic ring of
Y181 and the benzoxazole ring of the potent Merck pyridi-
nones may stabilize the complex and also be responsible for
the decrease in activity upon mutation of this residue.®?

Automated docking studies were extended to a series of 40
Merck pyridinones. Docked conformations were the starting
point of three-dimensional quantitative structure-activity rela-
tionship analyses (3D-QSAR).2¥ Docking results further support
the binding model developed for L-697,661 and other potent
inhibitors including the calculated hydrogen bonding of the ni-
trogen at the pyridinone ring with the main chain oxygen of
K101. 3D-QSAR models also suggested that the proposed inter-
action between Y181 and the benzoxazole ring of the potent
pyridinone derivatives may stabilize the complex.

Pyridinone-efavirenz and -HEPT hybrids: modelling studies
and crystal structures

To aid in the understanding at the molecular level of the bio-
logical activity of pyridinone-efavirenz and pyridinone-HEPT
hybrids, molecules 5 and 8 were docked into the NNRTIs bind-
ing pocket using an automated procedure with the program
AutoDock 3.0.°2 Noteworthy, the binding model for 8 was pro-
posed before the crystal structures of HIV-1 RT in complex with
other pyridinone-HEPT hybrids were published (vide infra).
Docking results showed that both hybrids adopt a butterfly-
like conformation into the binding pocket. It was concluded
that the cyclopropylpropynyl group of 5 and the benzyl group
of 8 occupy the arene pocket formed by Y181, Y188, W229,
and F227 making contacts with the conserved residue W229
(Figure 4). It was also predicted that the N-dimethyl substituent
of 8 occupys the same binding pocket as the linker of Merck
pyridinones.?

ChemMedChem 2007, 2, 1141-1147
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Figure 4. Binding mode proposed for a) pyridinone-efavirenz hybrid 5 and
b) pyridinone-HEPT hybrid 8 into the NNRTIs binding pocket.®? Figure creat-
ed with the program AutoDockTools.*

In a recent work, compounds 8 and R157208 (10) were man-
ually docked into the NNRTIs binding pocket and the derived
models were geometrically optimized.”” Results suggested
that both molecules bind in the same general orientation as
that previously calculated for 8.4 Notably, the benzyl group
occupy the pocket formed by Y181, Y188, W229, and F227,
and the NH-group of the pyridinone ring forms a hydrogen
bond with the carbonyl oxygen of K101.%® Analysis of the X-
ray crystal structure of the R157208-RT complex confirmed the
proposed binding orientation.”® Further computational studies
involved the modelling of 13 into the NNRTIs binding site
helping to explain, at the molecular level, the activity of this
molecule against different mutant strains, in particular the
K103N mutant. Key molecular interactions, in addition to the
hydrogen bonding between the pyridinone ring and K101, are
the hydrogen bond between the hydroxyl group of 13 with
the backbone carbonyl of P236 and the hydrophobic interac-

ChemMedChem 2007, 2, 1141-1147

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

tions made by the dimethylphenyl group with residues Y181
and W229.24

Three crystal structures of HIV-1 RT in complex with pyridin-
2(1H)-one analogues are currently available (Table 2). The three
ligands are pyridinone-HEPT hybrids namely R157208,

Table 2. Crystal structures of pyridin-2(1H)-one analogues in complex
with HIV-1 RT.?!

Pyridinone PDB Code Resolution A
R157208 2BAV 2.95
R165481 2B5J 2.90
R221239 2BE2 243

R165481, and R221239. The structures show that these mole-
cules adopt a butterfly-like conformation into the binding
pocket and the NH-group of the pyridinone ring forms a hy-
drogen bond with the carbonyl oxygen of K101. As mentioned
above, the binding orientation observed in the crystal struc-
tures is the same proposed previously in the docking study of
the pyridinone-HEPT hybrid 8% (Figure 5). A distinctive fea-

Figure 5. Binding conformation of 8 (carbons in light gray) calculated by au-
tomated docking compared to the binding conformation of a) R157208 and

b) R221239 found in the crystal structures. Figure created with the program

Pymol [33a]

ture of R165481-RT and R221239-RT complexes is that Y181
does not make significant contacts with these molecules, help-
ing to explain the activity against the Y181C mutation at nano-
molar concentrations. In addition, favourable interactions be-
tween the iodine atom at position 3 of the pyridin-2(1H)-one
ring and RT seem to be critical to the activity of these mole-
cules against the native form and several mutant strains.*®
Moreover, the crystal structures reveal the importance of the
furfuryl methyl thioether group of R221239 that makes interac-
tions with K103, V106, F227, L234, and P236; and the acryloni-
trile substitution of R165481 that makes extensive contacts
with V108, Y188, F227, L228, and W229.%

Computer-aided Design of NNRTIs Based on
Pyridin-2(1H)-one Analogues

QSAR-based database mining

A 2D-QSAR study using the k nearest neighbour QSAR ap-
proach was conducted for more than 40 Merck pyridinones.®
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Best QSAR models were used to search the National Cancer In-
stitute database®® for novel putative NNRTIs leads. Predicted
promising leads include pyrazolo[3,4-d]pyrimidines.®” Docking
analysis of the predicted molecules into the NNRTIs binding
pocket further support the hypothesis that these types of mol-
ecules could be attractive NNRTIs.® Additional QSAR models
have been reported recently to predict successfully the activity
of Merck pyridinones.®

Structure-based design of novel pyridin-2(1H)-ones

Docking and 3D-QSAR studies of L-697,661 and related Merck
pyridinones served as the basis to perform a structure-based
design of novel pyridin-2(1H)-ones as promising NNRTIs active
against mutant strains.*? An example of a designed molecule
is the pyridinone-UC781 hybrid 16 (Figure 6) where the ben-

\ TRP229
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Figure 6. Binding mode calculated for 16 into the NNRTI binding pocket.
Figure created with the program AutoDockTools.®*”!

zoxazol ring of the potent Merck pyridinones is replaced by a
nonaromatic moiety, such as a (3-methylbut-2-enyl)oxy group,
that does not make strong interactions with Y181. The reduc-
tion of binding dependence on interactions with Y181 has
been shown to favour activity against the mutant Y181C.5%%%
Automated docking of 16 and other molecules with the struc-
ture of RT shows that the pyridinone-UC781 hybrids adopt the
expected binding mode within the NNRTIs including a butter-
fly-like conformation and the hydrogen-bond formation be-
tween the nitrogen at the pyridinone ring with the oxygen of
K101. In addition, the (3-methylbut-2-enyl)oxy group could
make hydrophobic contacts with the conserved residue W229.
Noteworthy, the design principles of the pyridinone-UC781 hy-
brids are in agreement with the general design considerations
of NNRTIs pointed out recently, namely placement of an unsa-
turated group in the arene pocket formed by Y181, Y188,
W229, and F227; a hydrogen bond interaction with the main
chain oxygen of K101; small size of the inhibitor; and some
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degree of flexibility to allow the inhibitor to adjust to the mu-
tations."" In fact, the molecular flexibility of TMC-125 (Figure 2)
is considered to play an important role in the activity of this
molecule against mutant strains.“”’ Experimental development
of pyridin-UC781 hybrids is in progress.

Conclusions

Since the first pyridinones were reported by Merck as potent
NNRTIs, the pyridin-2(1H)-one ring has been of interest for the
development of NNRTIs. Early pyridin-2(1H)-one analogues
containing a benxozazole ring advanced into clinical studies.
Despite their discontinued development because of the gener-
ation of resistance, extensive SAR data collected through enor-
mous synthetic efforts lead to the development of pyridione-
efavirenz and pyridinone-HEPT hybrids with promising activity
profiles against resistant mutant strains. A notable example is
compound R221239 that shows activity against mutant strains
at nanomolar concentrations. Pyridin-2(1H)-one analogues
have been the subject of intensive computational studies in
our group including automated docking, QSAR studies, and
database mining. In silico approaches have led to the design
of potentially active molecules such as the pyridinone-UC781
hybrids. Docking models of several pyridinones including L-
697,661, 5, and 8, and three currently available crystal struc-
tures of pyridinone-HEPT hybrids within the NNRTIs binding
site, reveal the formation of a hydrogen bonding of the nitro-
gen at the pyridinone ring with the main chain oxygen of
K101. The crystal structures of pyridinone-HEPT hybrids are in
agreement with the previous insights of the binding mode
proposed for 8 and provide valuable avenues for the future
development of novel pyridin-2(1H)-ones as promising candi-
dates for the treatment of AIDS.
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