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Abstract

HIV-1 integrase (IN) is an essential enzyme for retroviral replication. It is involved in the integration of HIV DNA into host chromosomal
DNA. The unique properties of IN makes it an ideal target for drug design. First, there appears to have no functional equivalent in human cells
and the reactions catalyzed by IN are unique. Second, IN is absolutely required for viral replication and mutations in a number of key residues
block the viral replication. Third, IN has been validated as a legitimate target and the results from the molecules like S-1360, JKT-303 which are
under phase II/III clinical trials suggest synergistic effect with reverse transcriptase (RT) and protease (PR) inhibitors. During the past 10 years
a plethora of inhibitors have been identified and some were shown to be selective against IN and block viral replication. The classes under which
inhibitors of integrase can be classified are catechol-containing hydroxylated aromatics, diketoacid-containing aromatics, quninolines and others
(non-catechol containing). In the present article we review all the recent small molecules reported to inhibit recombinant HIV-1 IN under these
heads. It seems likely that the efficient use of HIV IN as target for rational design can give potent anti-HIV agents, which can be used alone or in
combination regimens with other classes of anti-HIV drugs.
� 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Human immunodeficiency virus type-1 (HIV-1) is the etio-
logic agent of AIDS in humans [1,2]. HIV-1 establishes a per-
sistent infection in human hosts, with the depletion of CD4þ

lymphocytes, the major target cells of viral infection in vivo,
eventually resulting in defective cellular immunity [3]. Con-
siderable progress has been made in the treatment of patients
infected with HIV. Combination regime that includes potent
reverse transcriptase and protease inhibitors is in clinical prac-
tice [4]. Drugs approved so far include nucleoside (NRTIs) and
non-nucleoside RT inhibitors (NNRTIs) [5e7], such as AZT
(1), ddI, d4T, nevirapine, delavirdine, and efavirenz, and
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protease inhibitors (PRIs) [8] such as saquinavir, indinavir,
ritonavir, nelfinavir, amprenavir and lopinavir.

Highly active antiretroviral therapy (HAART) is a combina-
tion regimen which includes two or more classes of anti-HIV
drugs given together to have synergistic effect. It is of great
benefit for most patients, with reduction of HIV RNA in the
plasma of infected individuals to undetectable levels, and
can rescue CD4þ cell counts with significant benefit for
HIV-seropositive patients and prolonged survival. Unfortu-
nately, long-term therapeutic success may be jeopardized by
the toxicity, complicated dosing schedules, considerable side
effects making long-term compliance with drug regime diffi-
cult for most patients and emergence of drug-resistant virus
strains [9,10]. Therefore, it remains essential to develop drugs
targeted at alternative steps of viral replication cycle. The in-
tegration of retro-transcribed viral DNA into the host chromo-
some is an essential step in the replication cycle of retrovirus.
After integration the proviral DNA is replicated and
d.
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genetically transmitted as part of cellular genome. Thus, inte-
gration defines a point of no return in the life cycle of HIV.
The integrase of HIV is an attractive target for selective anti-
viral therapy since there is no known functional homologue in
human cells [11,12].

1.1. HIV-1 integrase

HIV-1 integration encompasses a series of molecular
events that follows the completion of reserve transcription
in the cytoplasm of the infected cell and that ends with the
initiation of the transcription from the proviral DNA. IN pro-
tein carries out the initial DNA breaking and joining reactions
responsible for the attachment of HIV cDNA to host DNA i.e.
30-processing and strand transfer. Prior to integration two
nucleotides are removed from each 30-end in the linear cDNA
precursor (terminal cleavage). This reaction may be important
to the virus by preparing a defined substrate for subsequent
reaction steps because RT often adds mono template bases
to the 30-ends of unintegrated cDNA. The recessed 30-ends
are then joined to protruding 50-ends of breaks made in the
transfer in vitro in the presence of di-cations such as Mg2þand
Mn2þ [13].

The HIV-1 integrase is a 32 kDa protein, composed of 288
amino acids that can be separated in three domains, the N-termi-
nal domain, catalytic core domain and C-terminal domain
which all fold independently. The N-terminal domain and
DD(35)E motif in the catalytic core are the highly conserved
portions of the integrase. The C-terminal domain shows the
least sequence conservation. Not the entire protein but only
its core is required for the disintegration step, showing that it
contains the enzyme active site. Site-directed mutagenesis ex-
periments showed that catalytic activity is abolished by the sub-
stitution of any of the three absolutely conserved carboxylate
residues, two aspartic residues, D-64 and D116, and a glutamic
residues, E152 (the so-called, DD-35E motif) [12,19e22].

About a decade of research in the field of HIV-1 IN inhibitors
has yielded five drugs in clinical trials [23,24]: S-1360 (1) is a di-
keto derivative designed by Shionogi-GSK companies; L-
870810 (2) and L-870812 (3) 8-hydroxynaphthyridines and
MK-0518 (4) designed by Merck Research Lab.; and JKT-303
(5) designed by Japan Tobacco and developed by Gilead.
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target DNA (strand transfer). The remaining DNA strands
are then attached, probably by the action of host DNA repair
enzymes, to complete the formation of an integrated provirus
[13e18]. Thus, retrovirus integration requires at least two
viral components, the retroviral enzyme integrase, and cis-
acting sequences at the retroviral DNA termini U3 and U5
ends of the long terminal repeats. Since HIV, like other retro-
virus cannot replicate without integration into the host
chromosome, integrase has been considered as attractive ther-
apeutic target [12].

The HIV-1 integrase, produced in an Escherichia coli ex-
pression system, can carry out both 30-processsing and strand
A large number of molecules have been designed, synthe-
sized and evaluated for their anti-integrase activity with the
help of systematic screening using mostly purified IN-based
assays. From such screens several IN inhibitor classes have
been identified. Present article reviews these potential IN in-
hibitors and classify them into various chemical classes along
with their anti-IN activity.

1.2. Catechol derivatives

Catechol containing bis-aryl moieties is a significant struc-
tural component in many potent HIV integrase inhibitors. These
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compounds contain two aryl units, of which at least one con-
tains 1,2-dihydroxy substitution, separated by a linker. By sys-
temic screening using purified IN-based assays, several IN
inhibitors classes have been identified, which include hydroxyl-
ated aromatic compounds such as aurintricarboxylic acids [25],
bis-catechols [26], caffeic acid phenethyl ester (6, CAPE) [27],
flavones and flavonoids [28], curcumin [29,30], tyrphostins
[31], lignanolides [32], coumarin derivatives [33], cosalanes
[34], hydrazide derivatives [35], despide and despidones [36],
strylquinoline derivatives [37] and lamellarins [38].

Although such catechol analogues exhibit good inhibition
against isolated HIV IN, often corresponding protective effects
in HIV-infected cells are not observed due to the dose limiting
toxicities in in vitro assays. Thus, development of IN inhibitors
either lacking the catechol moiety or modifications which
overcome its toxic properties lead to the development of dicaf-
feoyl quinic acids (DCQAs) and related compounds, L-chico-
ric acid (7, dicaffeoyl tartaric acid). These compounds have
multiple caffeoyl groups attached to the carboxylic acid-con-
taining frame and they not only inhibit HIV-1 replication but
also inhibit integration in biochemical assays and blocks
HIV replication in cell culture. The compounds that have
been reported to date as DCQA derivatives include 3,5-
DCQA, 1-methoxy oxalyl-3,5-DCQA (8, 1-MO-3,5-DCQA),
1,5-DCQA (9), and 4,5-DCQA (10) [39e41].
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L-Chicoric acid [42] is structurally reminiscent of curcumin
[29], 3,5-dicaffeoyl quinic acid [43], rosmarinic acid [30] and
dicaffeoyl tartaric acid (DCTAs) [44]. The HIV envelope
(gp160) consists of the gp120 surface and gp41 transmem-
brane glycoproteins. gp120 initiates binding between the
virion and cell surface CD4 molecule and triggers fusion be-
tween the viral envelope and the host cell membrane allowing
infection to proceed [45,46]. L-Chicoric acid owes its anti-HIV
activity in cell culture not only to HIV-1 replication inhibition
but it is also a potent HIV-1 integrase inhibition [47].

In another study to overcome the toxic effects of catechols on
cell culture [39,48e53], which might be related to the cross reac-
tivity of metal requiring enzymes or covalent protein modification,
a new class of HIV-1 integrase-3,3,30,30-tetramethyl-1,1-spiro
bis(indan)-5,506,60-tetrol (TMS) and 3,3,3030-tetramethyl-1,10-spi-
ro(indan)-5,5,6,60-tetrol (11) were synthesized. These catechol
isosteres inhibited the IN enzyme in vitro [54].

The search of new, potent and selective inhibitors of HIV-1
integrase inhibitors lead to the synthesis of 5,6-dihydroxyin-
dole-2-carboxylic acid (DHICA, 12) and a series of benzyl
or phenylethylamine substituted derivatives and dimmers of
DHICA. These compounds were designed as conformationally
constrained analogues of CAPE. Seven compounds inhibited
catalytic activities of purified IN with IC50 values below
10 mM [55].
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Even though much of the work in IN inhibition has been
done on benzene ring with ortho-dihydroxyls (catechol),
some work has also been done on polyhydroxylated aromatic
compounds like quinalizarin (13, polyhydroxylated anthraqui-
nones). A series of newer polyhydroxylated anthraquinones and
related quinones have been synthesized which yielded new in-
hibitors of IN. The important ones being ellagic acids (14,
IC50¼ 5.1 mM) and purpurogallin (15, IC50¼ 2.1 mM) [53].
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2. Diketo derivatives

A series of diketo derivatives were found to inhibit HIV-1
integrase activity. CITEP (16, 1-(5-chloroindol-3-yl)-3-hy-
droxy-3-(2H-tetrazol-5-yl)-propenone) was reported by Gold-
gur et al. in 1999. They had reported the structure of the
HIV-1 integrase catalytic domain complexed with 5-CITEP.
In the structure 5-CITEP seems to mimic the DNA sub-
strate/integrase interaction lying in the middle of the active
site of enzyme subunit A between the three catalytic acidic
residues, Asp-64, Asp116 and Glu-152, without displacing
the bound magnesium ion [56]. Hazuda et al. [57] reported
L-731988 (17) in 2000, in this the tetrazole ring of CITEP is
replaced isosterically with carboxylic acid; and the ketoe
enol is tautomeric with the diketo functionality. Approxi-
mately 600 nM L-731988 inhibited the replication of 12
HIV type-1 isolates from multiple clades, including primary
isolates and cloned viruses. It was reported to be a selective
inhibitor of the strand transfer process and prevents proviral
DNA integration thereby preventing the HIV-1 replication in
the cell culture. Replacing the central pyrrole ring with a series
of aromatic systems having various substitution patterns pro-
vided optimum relative orientation of the benzyl and diketoa-
cid side chain. The most active compounds from this series
inhibit replication of HIV-1 in cell culture at IC95 0.10e
0.62 mM. The results showed a 100-fold improvement in the
potency of 18 as compared to the lead compound 17 [61]. An-
other compound L-708906 (19) [53] inhibited the replication
of HIV-1 (50% inhibitory concentration, 0.2 mM) at 30-end-
processing. It also inhibits DNA strand transfer at IC50 of
3.5 mM along with another compound P13 having the value
15.1 mM [12,58,59].
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The 4-phenyl-4-oxo-2-hydroxybuten-2-oic acid (benzoyl-
pyruvic acid (BPA, 20) the pharmacophore of HIV-1 integrase
inhibitors, was screened for inhibitory activity against HIV-1
IN in both Mg2þ dependent 30-end-processing and strand
transfer reactions. These results reconfirmed the metal-depen-
dent IN inhibition of DKAs [60].

More recently, compounds containing distinct dioxobuta-
noic acid moiety have been identified as potent and specific in-
hibitors of HIV-1 multiplication targeting the integration
process [61]. The anti-IN activity was also retained when (i)
the terminus carboxylic function was masked by a tetrazole
ring [51] and (ii) the dioxobutanoic group was shortened
into oxopropanoic moiety [62]. Attempts have also been
made to check the effect of lengthening of dioxobutanoic
group, e.g. series of 6-aryl-2,4-dioxo-5-hexanoic acids were
synthesized (21aef). Compound 21a showed potent antiretro-
viral activity (EC50¼ 1.5 mM) and significant inhibition
against IN (strand transfer: IC50¼ 7.9 mM; 30-processing:
IC50¼ 7.0 mM) [63].

Certain other azido-containing b-DKA derivatives have also
been reported. Both these compounds (22 and 23) inhibited the
HIV-1 infection in 293T, CFM-SS and H9 cells [64].
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b-Diketoacid derivatives were independently discovered by
scientists from Shionogi & Co. [56,65] and Merck as selective
IN inhibitors [57]. Several potent analogs were identified, of
which, S-1360 (1) is undergoing phase II clinical trials with
HIV-infected subjects. It inhibits HIV-1 replication in cell cul-
ture with IC95 value of 12 000 nm [23,57,66].

Sechi et al. have done a 3D computational search on NCI
database to identify the possible bioisosteres. Several struc-
tural platforms with potential as HIV-1 IN inhibitors were
selected and their pharmacophoric fragments were incorpo-
rated into aromatic or heteroaromatic frameworks to give
eight general structures. The target compounds were synthe-
sized and evaluated, compound 24 showed good activity for
strand transfer with IC50 value of 10 mM [67]. In another
study by different group, different sets of indole DKA deriv-
atives were synthesized. These compounds (25) inhibited
30-processising or strand transfer activities of IN showing
IC50� 25 mM [68].

Some of the other well-known examples of diketo com-
pounds possessing integrase inhibiting properties are granula-
tine (26) [69], salicylhydrazide (27) [70,71], and integric acid
(28) [72].
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3. Quinoline derivatives

2-Alkylquinolines and 2-arylquinolines isolated from plants
[73] and prepared by total synthesis [74,75] were found to inhibit
the HIV-IN as well as the proliferation of HTLV-1 transformed
cell lines. Several 2-substituted quinolines (29e32) have been
synthesized and tested in vitro for HTLV-1 activity [76].

A new series of HIV-1 IN inhibitors (33e36) were synthe-
sized and tested by both in vitro and ex vivo assays. These in-
hibitors featured quinoline subunit and ancillary aromatic ring
linked by functionalized spacers such as amide, hydrazide,
urea and 1-hydroxyprop-1-en-3-one moiety. Among these de-
rivatives the amide group containing derivatives were the most
promising ones [77].

Certain styrylquinoline compounds (37 and 38) have been
shown to be potent HIV-1 IN inhibitors in vitro [78]. These
compounds have also displayed an antiviral activity in a de
novo infection assay of CEM4 cells, thereby opening an excit-
ing new lead for the design of new anti-HIV drugs. These styr-
ylquinoline derivatives target the integrase core domain since
they inhibited the disintegration assay carried out by the active
site containing deletion mutation [79].

Many polyhydroxylated styrylquinolines 39 and 40 were syn-
thesized and found to be potent HIV-1 IN inhibitors that block the
replication of HIV-1 in cell culture at non-toxic concentrations.
The SAR of these compounds reveled that for in vitro activity
the carboxyl group at C-7, a hydroxyl group at C-8 in the quino-
line subunit and an ancillary phenyl ring is required. However, it
tolerates deep alterations of this ring. Regarding the ex vivo assay,
the structural requirements for activity are more stringent; as in
addition to an o-hydroxy acid group in the quinoline, the presence
of one ortho pair of substituents at C-30 and C-400, particularly two
hydroxyl groups, in the ancillary phenyl ring is imperatively re-
quired for inhibitory potency [80].
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A 6-amino quinolone derivative, WM5 (41), which
bears a methyl substituent at the N-1 position and 4-
(2-pyridyl)-1-piperazine moiety at position 7 of bicyclic quin-
oline ring system, was previously shown to exhibit potent
activity against replication of human immunodeficiency virus
type-1 (HIV-1) in the de novo e infected human lymphoblas-
toid cells [81,82].

Modification of a quinolone antibiotic produces the novel
integrase inhibitor JTK-303 (GS 9137) (42) that blocks strand
transfer by the viral enzyme. It shares the core structure of
quinoline antibiotics, exhibits an IC50 of 7.2 nM in the strand
transfer assay, and shows an EC50 of 0.9 nM in an acute HIV-1
infection assay [83].
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4. Miscellaneous compounds

As opposed to the catechol containing compounds, non-cat-
echol containing and/or other miscellaneous structures are ex-
cellent leads to develop a selective potent IN inhibitors, for
they possess considerably less cytotoxicity.

Several sulfonamides (43), diaryl sulfones (44), and aro-
matic disulfides (45) were found to inhibit IN function at
low micromolar concentrations. However, only the 2-mercap-
tobenzenesulfonamide (46) and to a lesser extent the naphtha-
lene disulfonate exhibited antiviral activity [84].

A series of thiazolothiazepines were prepared and tested
against purified human immunodeficiency virus type-1 integrase
(HIV-1) and viral replication. Compounds 47, 48 and 49 which
showed antiviral activity were selective inhibitors for IN, but
were found to be almost inactive in cell culture. These compounds
inhibited IN even when Mn2þ or Mg2þwas used as cofactor sug-
gesting that these compounds differ from hydroxylated aromatics
and perhaps act at different site of integrase [85].
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The SAR of the existing active compounds was developed
by Makhija et al. [68], and a de novo drug design program,
Leap Frog was used to design novel inhibitors on HIV-1 IN
and their binding energy were calculated. The compounds
showing improved binding energies were synthesized and
tested in vitro inhibition of 30-processing and 30-strand transfer
activities in HIV-1 IN. Four different series of compounds
were synthesized: isoquinoline sulfonamides (50), furoyl pyr-
azolones (51, 52), N-substituted indole-2,3-dione (26, isatins)
and 2-phenylmethanesulfonyl-benzothiazoles (53).
replication in cell culture with IC95 value of 100 nm [60,66].
Guare et al. [87] synthesized a series of 5-amino derivatives
of 8-hydroxyl-[1,6]-naphthyridine-7-carboxamide exhibiting
submicromolar potency against replication of HIV-1 in cell
culture. One of these analogs L-870812 (3) displayed excellent
pharmacokinetic properties. This compound was demonstrated
to be efficacious against replication of simian-human immuno-
deficiency virus (SHIV). Both of these compounds 2 and 3 are
currently undergoing clinical trials. This work by Merck re-
search Lab. has lead to the discovery of 8-hydroxy-[1,6]-naph-
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On the basis of SAR from the 1,3-diketoacid HIV IN inhib-
itors the following assumptions regarding their biological ac-
tivity can be made: the 1,3-diketo moiety enolizes at the
a-position and the resultant conjugated Z-4-oxo-2-hydroxy-
2-butenoic acid side chain is coplanar with the central benzene
ring. It was hypothesized that similar arrangements of key hy-
droxyl group can be achieved in 1,2-catechol nucleus by incor-
porating a heteroatom bridge to maintain coplanarity of the
two phenyl rings. In one such study by Zhuang et al., 8-hy-
droxy-[1,6]-naphthyridines were synthesized and evaluated
for HIV-1 IN inhibitory activity. In this series the compound
54 inhibited the strand transfer of the integration process cat-
alyzed by IN with IC50 of 10 mM [86]. One of the most potent
compounds in this series is L-870810 (2) which inhibits HIV-1
thyridines as a suitable replacement for 1,3-diketo moiety as
HIV IN inhibitor.

Another very potent compound developed by Merck is
MK-0518 (4), which is 5-hydroxy-1-methyl-2-{1-methyl-1-
[(5-methyl-[1,3,4]-oxadiazole-2-carbonyl)-amino]-ethyl}-6-oxo-
1,6-dihydro-pyrimidine-4-carboxylic acid 4-fluoro-benzylamide,
with 2e7 nM strand transfer integrase inhibition potency. This
compound is active orally and is currently under phase-III of clin-
ical trials [88,89].

There are certain 2-benzimidazole derivatives and naphtha-
midines, both substituted at C-6 positions have been synthe-
sized and evaluated. Compounds 55, 56 and 57, 58 have
shown IC50 value for integrase strand transfer activity of 1.8,
2.6, 3.4 and 2.1 mM, respectively [90].
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5. Oligonucleotides

6-Oxocytidine containing-oligonucleotide was found to be
efficient inhibitors of integrase in vitro. The inhibitory effect
is sequence-specific and strictly requires the presence of the
6-oxocytidine base. It is due to the impairment of the integrase
binding to its substrate and does not involve an auto-structure
of the oligonucleotides.

G-quartets are oligonucleotides that can form a highly sta-
ble intramolecular four-stranded DNA structure containing
two sacked guanosine quartets (G-quartets) [91].

6. Conclusion

Remarkable progress has been made since HIV integrase
was recognized as a rational therapeutic target for treating
HIV infection and preventing AIDS. It took almost 12 years
to develop clinically usable inhibitors of integrase. But the dis-
covery of novel inhibitors and optimization of lead compounds
remains hampered by the lack of atomic structures that reveal
the atomic interactions between integrase and its DNA sub-
strates (viral and target DNA) or the atomic structure of the
complete enzyme with its three domains.

Off late DKAs and 8-hydroxy-[1,6]-naphthyridines have
emerged as significant classes of IN inhibitors. The results
of the clinical trials with the strand transfer inhibitors are ea-
gerly awaited, and will affect the future development of inte-
grase inhibitors for the prophylaxis and treatment of AIDS.
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