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Abstract

HIV-1 integrase is an essential enzyme for retroviral replication and a rational target for the design of anti-AIDS
drugs. A number of inhibitors have been reported in the past 8 years. This review focuses on the recent developments
in the past 2 years. There are now several inhibitors with known sites of actions and antiviral activity. The challenge
is to convert these leads into drugs that will selectively target integrase in vivo, and can be added to our antiviral

armamentarium. © 2000 Published by Elsevier Science B.V.
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1. Introduction

Combination of anti-retroviral therapy has re-
cently changed the course and prognosis of ac-
quired immuno deficiency syndrome (AIDS). It
can suppress virus titers to undetectable levels.
However, the virus persists in reservoirs such as
peripheral blood mononuclear cells or resting T-
lymphocytes. Emergence of resistant virus is also
a limiting factor to reverse transcriptase and
protease  inhibitors.  Because = combination
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chemotherapy is an established procedure to limit
the emergence of resistance to drugs (cf. treatment
of tuberculosis and other systemic bacterial infec-
tions), it is logical to look for other antiviral
targets. Integrase is such a target (Table 1).
Integration of the retroviral genome into cellu-
lar chromosomes takes place after reverse tran-
scription. It is critical for retroviral gene
expression and virus replication. Integration re-
quires both the presence of the viral integrase and
the integrity of the retroviral DNA ends. The
structure, enzymology of integrase (IN) and in-
hibitors were recently reviewed in a series of
manuscripts edited by Skalka (1999)) and in a
review by (Neamati et al., 2000). This article will
focus on the recent developments in the integrase
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field with the perspective of antiviral drug
development.

Discovery of retroviral integrase inhibitors is
facilitated by the availability of recombinant en-
zyme, which can be assayed in vitro for inhibitors
using oligonucleotides that mimic the retroviral
DNA ends, which correspond to the tips of the
LTR’s (long terminal repeats) (Table 1), and by
the existing structural information regarding the
enzyme (see below). The use of preintegration
complexes has recently been emphasized for the
testing and discovery of integrase inhibitors
(Hansen et al., 1999). They contain several
proteins in association with integrase, which prob-
ably play a role in nuclear uptake of the proviral
DNA-retroviral protein complexes, and possibly
in the integration reaction.

2. Recent developments in determining the
structure of retroviral integrases

Integrase proteins are highly conserved among
retroviruses (Pommier et al., 1997; Esposito and
Craigie, 1999; Wlodawer, 1999). Based on partial
proteolysis experiments, the enzyme can be di-
vided into three domains. The N-terminal domain
(residues 1-50 for HIV-1 IN) contains 2 histidines
and 2 cysteines that bind Zn®*. The core domain
(residues 50-212 for HIV-1 IN) contains the en-
donuclease and polynucleotidyl transferase site

Table 1
HIV-1 integrase as a therapeutic target

HIV-1 integrase is a rationale target because

It is essential for viral replication

There is no cellular equivalent

HIV integrase is a testable target because

Rapid and sensitive assays exist for testing enzyme activity
and inhibitors

Sufficient enzyme can be produced by recombinant DNA
technology

Oligonucleotides that mimic the retroviral long terminal
repeats (LTR) facilitate drug discovery

Preintegration complexes have recently been emphasized as
a target for inhibitors

Crystal and NMR structures are available for rational
drug design

with its three acidic residues (Asp64, Aspl16 and
Glul52 for HIV-1 IN). These residues are highly
conserved in the integrase superfamily and
polynucleotide transferases. They bind divalent
metals, Mn>* or Mg?>* and are commonly re-
ferred to as the ‘DDE motif’. The C-terminus
domain (residues 212-288 for HIV-1 IN) contains
basic amino acid residues and binds DNA. Its
overall structure is comparable to that of the
src-homology 3 (SH3) domain that can mediate
protein—protein interactions. High resolution
structure of each domain has been solved. The N-
and C-terminus domains had been resolved by
nuclear magnetic resonance (NMR) (reviewed in
Esposito and Craigie, 1999), and the core domain
by X-ray crystallography (reviewed in Wlodawer,
1999). Although each of these domains
forms a dimer, it is not clear how the full size
enzyme could be accommodated without invoking
the formation of a tetra- and, possibly, an octa-
mer.

Recently, the combined structures of the core
and C-terminus domain polypeptides were re-
ported for SIV (Chen et al., 2000) and ASV
integrase (Yang et al.,, 2000). The core dimer
interface and structures are consistent for both
structures and are in agreement with the previ-
ously reported core dimer structures. However,
these new structures raise a number of questions.
First, the C-terminal domain dimerization motif
differs from those previously deduced from the
NMR data. This apparent discrepancy raises the
possibility that integrase C-terminal domains
might associate in more than one way, which
would be consistent with the formation of inte-
grase multimers where the C-terminal domains
would provide alternative multimerization motifs.
Second, the relationship between the core and
C-terminal domains is different in both structures,
which again might indicate alternative associa-
tions between protein domains inside the integrase
multimers. Finally, each study (Chen et al., 2000;
Yang et al., 2000) proposes a different model for
DNA binding to the enzyme. Thus, it will be
important to resolve the structure of full-size inte-
grase complexes, possibly in the presence of
DNA.
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Table 2
Inhibitors for which a possible site of action has been reported

Compound References

Nucleotide binding site (Fig. 1)
5-N;-AZTMP
Guanosine quartets

Drake et al. (1998)
Jing et al. (2000a)

Other IN binding sites:
Naphthalene disulfonate (Y3) Lubkowski et al.
(1998)

Diketo acids (SCITEP, see Fig. 2) Goldgur et al. (1999)
Metal binding site (polyhydroxylated aromatics, Fig. 3)

Granulatine Pommier and Neamati
(1999)

Salicylhydrazides Neamati et al. (1998b)

Styrylquinolines Zouhiri et al. (2000)

LTR DNA

DNA minor groove binders; Neamati et al. (1998a)
lexitropsins

MAP30 Wang et al. (1999)
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Fig. 1. Modified nucleotides inhibitors of HIV-1 integrase (for
further references, see Drake et al., 1998; Zhang et al., 1998;
Taktakishivli et al., 2000).

3. Recent developments in determining the sites of
actions of integrase inhibitors

The inhibitors with proposed sites of action have
been summarized in Table 2. Mononucleotides
were the first inhibitors for which molecular inter-
action was proposed. Using radiolabeled AZT-
mononucleotide  derivatives and  proteolytic
mapping, it was demonstrated that 3',5-diazido-
2',3'-dideoxyuridine  5'-monophosphate  (5-N;-
AZTMP) binds to the a-4 helix of the HIV-1 core
domain (Drake et al., 1998). Docking and site-di-
rected mutagenesis showed three lysines (K156, 159
and 160) as a mononucleotide binding site in HIV-1
integrase (Drake et al.,, 1998). Simultaneously,
Craigie and coworkers (Esposito and Craigie, 1998)
found that the highly conserved lysine 159 was
critical for the binding of DNA to integrase. It is
likely that dinucleotides, such as, the pIsopdApdC
(Taktakishivli et al., 2000; Fig. 1) and the guanosine
quartets (Jing et al., 2000a) bind to the nucleotide
site and compete with the DNA substrate. A high
affinity interaction of HIV-1 integrase with single-
stranded short oligonucleotides was recently re-
ported (Caumont et al., 1999). Thus, further studies
with modified oligonucleotides might lead to more
effective integrase inhibitors.

Crystallographic studies have revealed the bind-
ing site of two classes of inhibitors outside the
nucleotide binding site. First, a naphtalene disul-
fonate, that was discovered using a pharmacophore
search (Nicklaus et al., 1997) was found to bind as
a dimer to ASV integrase, and to affect the geome-
try of the DDE domain (Lubkowski et al., 1998).
Recently, a diketo acid derivative was cocrystal-
lized with the HIV-1 integrase core domain and was
also found to bind and span both the DDE motif
and the mononucleotide binding site (Goldgur et
al., 1999; Fig. 2).

Chelation of the divalent metal cofactor (Mg?*
or Mn? ") within the enzyme catalytic site has been
proposed for hydroxylated aromatics (Fig. 4).
However, direct evidence remains to be established
for such a possibility.

The substrate DNA is another site of action for
interfering with integrase activity. We first reported
this possibility when we found that DNA interca-
lators were effective integration inhibitors (Fesen et
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al., 1993). Auclair and coworkers re ported that
DNA ligands forming triple helices in specific
regions of the LTR were also inhibitory (Mous-
cadet et al., 1994; Bouziane et al., 1996; Brodin et
al., 1999). More recently, we found that antiviral
AT-specific minor groove ligands — the lex-
itropsins — inhibited integration by binding to a
conserved AT stretch present and conserved in
HIV-1 LTR’s (Neamati et al., 1998a). We are
currently investigating the conservation of the
HIV LTR sequences by aligning the available HIV
genomes (Feng and Pommier, unpublished). If
these sequences are highly conserved, it might be
possible to target them using new polyamines
with hairpin-like structure that can recognize
DNA sequences with high selectivity (White et al.,
1998).

Polypeptides can also bind to the DNA and
interfere with integrase binding and activity. This
could be the mechanism for the anti-integrase and
antiviral activity of MAP30 (Wang et al., 1999).
MAP30 belongs to the family of ribosome
inactivating proteins (RIP’s). In addition to its
anti-integration activity, it has DNA glycosylase/
apurinic lyase activity (Wang et al., 1999). A
recent report describes two new members of the
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RIP family — luffin and saporin — as potent
inhibitors of HIV-1 integrase (Au et al., 2000).
Whether interference with integrase is the key
mechanism for the antiviral activity of MAP30
and other RIP’s remains to be determined.

4. Update on the recent integrase inhibitors

The inhibitors reported in the past 2 years are
as summarized in Table 3 Recently reported
diketo acids represent a novel and selective class
of HIV-1 integrase inhibitors with antiviral activ-
ity (Goldgur et al., 1999; Hazuda et al., 2000; Fig.
2). An important feature that sets these com-
pounds apart from other inhibitors is their selec-
tivity for the second step of the integrase reaction,
the strand transfer step (Hazuda et al., 2000).

Highly modified mono- and di-nucleotides have
been prepared and tested against HIV-1 integrase
in vitro (Taktakishivli et al., 2000). These studies
showed that in contrast to reverse transcriptase,
HIV-1 integrase could accommodate bulky and
highly modified nucleotides. Moreover, isodinu-
cleotides are equally potent as normal dinucle-
otides against HIV-1 integrase (Taktakishivli et

N155 T66
\‘ ','
=N \/\/\ K159
N:NH
0 oH \/\/\
K156

E152

From Hazuda et al, Science, 2000 287: 647

L-731,988

Fig. 2. Diketo acid integrase inhibitors. CITEP (1-(5-chloroindol-3-yl)-3-hydroxy-3-(2H-tetrazol-5-yl)-propenone was reported in
Goldgur et al. (1999). The tetrazole ring is isosteric to carboxylic acid (masked carboxylic acid). The keto—enol is tautomeric with
the diketo functionality. L-731 988 was reported in Hazuda et al. (2000).
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Recent inhibitors of retroviral integrases®

Compound

References

Diketo acids (Fig. 2)
Merck derivatives

(L-731,988, ...)
SCITEP

Nucleotides (see Fig. 1):
Tricyclic nucleotides
PisopdApdC
Guanosine quartets

Thiazolothiazepines (see Fig. 3)

Chicoric acid derivatives;
caffeoylquinic acids

Integric acid derivatives
Equisetin, phomasetin

Lamellarin o-20-sulfate

Salicylhydrazides (see Fig. 4)

Polyhydroxylated
styrylquinolines

RIP’s: MAP30, luffin, saporin

Hazuda et al. (2000)

Goldgur et al. (1999)

Zhang et al. (1998)
Taktakishivli et al. (2000)
Jing et al. (2000a)
Neamati et al. (1999)
Neamati et al. (1997a,b),
Robinson (1998), King
and Robinson (1998),
King et al. (1999), Lin et
al. (1999), Zhu et al.
(1999)

Singh et al. (1999)
Hazuda et al. (1999),
Singh et al. (1999)
Reddy et al. (1999a)
Neamati et al. (1998b)
Mekouar et al. (1998),
Zoubhiri et al. (2000)
Wang et al. (1999), Au et
al. (2000)

2 For comprehensive reviews on previously reported in-
hibitors, see Neamati et al. (1997d), Pommier and Neamati

(1999), Neamati et al. (2000).

al., 2000). Improved stability of isonucleotides
toward nucleases warrants synthesis of more po-
tent analogs. Longer oligonucleotides that form
four-stranded guanosine quartet structures have
been further investigated (Jing et al., 2000b).
Based on studies using guanosine quartet of vari-
ous lengths, we have recently been able to suggest
that the integrase interaction involves the terminal
loop structure of the oligonucleotides (Jing et al.,
2000a).

Thiazolothiazepines were discovered by screen-
ing antiviral compounds from the NCI antiviral
screen for anti-integrase activity in our in vitro
screen (Neamati et al., 1999). A more extensive set
of derivatives was synthesized in collaboration
with Dr Nacci (University of Sienna, Italy). Three
of these derivatives are shown in Fig. 3. By con-
trast to polyphenols, thiazolothiazepines are ac-
tive in Mg+ -based assays, which are potentially
important for drug development because Mg?~*
rather than Mn>* has been proposed to be the
physiological divalent metal cofactor for integrase
in vivo (Hazuda et al., 1997). Thiazolothiazepines
are active in preassembled integrase-DNA com-
plexes, which suggests that they might bind to and
inactivate these complexes. Thiazolothiazepines
are antiviral, although at relatively high concen-
trations (Fig. 3), and they represent a new lead
class for developing antiviral inhibitors of

(20)

integrase.
Integration assay Cell data
1C50 (uM) (uM)
3’-processing/integration EC50 CC,,
110/ 146 107 >200
40/47 60 >316
92/100 280 >316

Fig. 3. Structure and activities of thiazolothiazepines. For each derivative, the number in parenthesis corresponds to the one used
in the reference from Neamati et al. (1999).
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Fig. 4. Hypothetical chelation of the metal cofactor in the integrase catalytic site by hydroxylated aromatics. Granulatine is shown
on the left (Neamati et al., 1997a; Pommier and Neamati, 1999). Two potential chelation models are shown for salicylhydrazides
(Neamati et al., 1998a). Any one of the three acidic residues (D/E) (Asp64, Aspl16 and Glul52) involved in metal binding could

be implicated in the enzyme/drug/metal complex formation.

Dicaffeoylquinic acids were reported to bind to
HIV-1 integrase irreversibly (Zhu et al., 1999).
This observation is not surprising and in fact was
reported earlier with a prototype hydroxylated
aromatic, CAPE, and other hydroxylated aromat-
ics (Stanwell et al., 1996). Extensive structure—ac-
tivity studies with chicoric acids revealed that the
catechol moieties or their acetylated substituents
and the carboxyls are essential for anti-integrase
and antiviral activity (King et al., 1999; Lin et al.,
1999).

Lamellarin o-20-sulfate, an ascidian alkaloid,
was recently obtained from screening of marine
natural products and inhibited HIV-1 integrase
with ICs, values in the low pM range (Reddy et
al., 1999a). In cell-based assays, lamellarin o-20-
sulfate inhibits the early steps of HIV-1 replica-
tion (Reddy et al., 1999a).

Other novel inhibitors of integrase were iden-
tified from screening microbial extracts of natural
product libraries. These include equisetin and
phomasetin (Hazuda et al., 1999; Singh et al.,
1999) and integric acid derivatives (Singh et al.
1999). All these compounds inhibit HIV-1 inte-
grase in the low micromolar range. However, at
present, their selectivity for integrase and their
antiviral properties are not established.

Styrylquinolines (Mekouar et al., 1998; Zouhiri
et al., 2000) are recent examples of polyhydroxy-

lated aromatics. They inhibit HIV-1 integrase in
vitro within similar range as other previously
reported polyhydroxylated salicylic acids (Nea-
mati et al., 1997a). Some styrylquinolines showed
activities against HIV-1 replication in CEM cells
using a 3-day cytoprotection assay (Zoubhiri et al.,
2000). These conditions are different from the
standard NCI antiviral screening protocol, where
viral infection (MOI =0.1) is evaluated after 6
days. Under these conditions, polyhydroxylated
aromatics generally show considerable cytotoxic-
ity, which obscures their potential antiviral activ-
ity (Pommier and Neamati, 1999).

5. Is integrase the target of reported antiviral
inhibitors?

The integrase inhibitors that are also antiviral
are listed in Table 4, which also lists the known
target(s) for each of these compounds. As dis-
cussed above, the only class of inhibitors which
appear to selectively target integrase are the
diketo acids (Hazuda et al., 2000). Whether thia-
zolothiazepines and polyhydroxylated styryl-
quinolines selectively target integrase remains
to be demonstrated.

Finding an integrase inhibitor with antiviral
activity cannot be translated into the assumption
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that integrase is the target of the compound.
Counter-screening with other retroviral targets,
such as, reverse transcriptase, protease, and
Gpl20, are useful. However, negative data can
only provide indirect evidence. Time—course ex-
periments have also been used to infer the drug
target. By adding the drug at various times after
infection, it is possible to infer at which stage the
drug targets the HIV replication. Integrase in-
hibitors should act after virus entry and reverse
transcription but before retroviral gene expres-
sion. Recently, two criteria were established to
suggest that integrase is the target of the drug, i.e.

Table 4
HIV-1 integrase inhibitors with antiviral activity: is integrase
the target®

Target(s) References

Nucleotides RT+IN? Carroll et al. (1994),
Drake et al. (1998)
Este et al. (1998),

Jing et al. (2000a)

Guanosine quartets Gpl120+IN?

Lexitropsins RT+IN? Filipowsky et al.
(1996), Neamati et
al. (1998a), Reddy
et al. (1999b)

Temacrizine ? Turpin et al. (1998)

Cosalane derivative Gpl20 Cushman et al.
(1995)

Biscoumarins PR +1IN? Mazumder et al.
(1996)

Flavones Multiple? Fesen et al. (1994)

Dicaffeoylquinic Gpl20+IN? Pluymers et al.

acid, chicoric acid (2000)
Hypericin Fusion+IN? Farnet et al. (1998)
Depsides IN? Neamati et al.
(granulatine) (1997a)

Tetracycline IN? Neamati et al.

derivatives (1997b)

2-Mercaptobenzene- IN? Neamati et al.
sulfonamides (1997¢)
Thiazolothiazepines IN? Neamati et al.
(1999)
Mekouar et al.
(1998), Zouhiri et
al. (2000)
Goldgur et al.
(1999), Hazuda et
al. (2000)

Polyhydroxylated IN?
styrylquinolines

Diketo acids IN

2 RT, reverse transcriptase; IN, integrase; Gpl20, glyco-
protein 120; PR, protease.

(1) selection of drug-resistant virus with integrase
mutation; and (2) accumulation of circular DNA
forms in drug-treated cells (Hazuda et al., 2000).
Regarding the first criterion, obtaining a drug-re-
sistant viral strain with an integrase mutation is
not sufficient to demonstrate that integrase is the
drug target. For instance, in the case of the
chicoric acid, an integrase point mutation was
found at residue 140 (King and Robinson, 1998).
However, we recently found that integrase point
mutants bearing this mutation are not resistant to
chicoric acid derivatives in vitro, which suggests
that integrase is not the only target of these drugs
(Pluymers et al., 2000). In agreement with this
possibility, we found that chicoric acids do not
inhibit the replication of virus strains that are
resistant to polyanionic and polycationic com-
pounds (Pluymers et al., 2000). Furthermore,
HIV-1 strains resistant to chicoric acid contain
multiple mutations in the envelope glycoprotein
Gpl120 (Pluymers et al., 2000). Thus, it is impor-
tant to develop cellular assays to show unambigu-
ously that integrase is the target of an antiviral
drug. Recently, cell lines have been engineered
containing an inducible integrase gene. Expression
of wild-type sequence integrase kills cells while
expression of integrase-point mutants that are
catalytically inactive have no effect (Parissi et al.,
2000). This approach should be useful to look for
selective inhibitors of integrase that are not cyto-
toxic to uninfected and host cells.

6. Why is it taking so much time to identify
antiviral drugs that target integrase?

First, one has to realize that integrase has a low
turnover rate. Indeed, the 3'-processing reaction
that removes the terminal nucleotides following
the conserved AC residues takes place in the
cytoplasm of the infected cell, immediately after
reverse transcription. Following this reaction, in-
tegrase remains bound to the proviral DNA inside
the preintegration complexes and is transferred to
the nucleus where it catalyzes the second step in
the integration reaction, the 3’-end-joining (inte-
gration) step, which insert the 3’-ends into a host
chromosome. These two reactions are separated
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by several hours and the enzyme remains bound
to the DNA all this time. Thus, the enzyme acts in
a single-turn over reaction, and inhibitors have to
be very tightly bound to be effective in vivo.

Secondly, because integrase has no known cel-
lular equivalent (which is an advantage for selec-
tive drug design), no lead compound was known
when the search for inhibitors was initiated. Al-
most 10 years later, a large number and variety of
lead compounds have been identified (Neamati et
al., 1997d; Pommier and Neamati, 1999; Pommier
et al.,, 1997). However, turning these lead com-
pounds into inhibitors takes time.

Thirdly, the number of research groups both in
the academic institutions and pharmaceutical
companies focused on integrase remains limited,
and discovery of integrase inhibitors would prob-
ably be accelerated if more resources were
devoted to this effort. To our knowledge, the only
identified retroviruses that are relevant to human
health presently are the HIV’s and the HTLV’s.
This relatively narrow spectrum might limit the
involvement of drug companies to tackle these
research areas. However, we believe that it is a
matter of time before antiviral integrase inhibitors
will be available.
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