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The human immunodeficiency virus type 1 (HIV-1) integrase protein is required for the productive infection
of T-lymphoid cells in culture (R. L. LaFemina, C. L. Schneider, H. L. Robbins, P. L. Callahan, K. LeGrow, E.
Roth, W. A. Schleif, and E. A. Emini, J. Virol. 66:7414–7419, 1992). This observation suggests that chemical
inhibitors of integrase may prevent the spread of HIV in infected individuals. In our search for such potential
chemotherapeutic agents, we observed that b-conidendrol inhibits both the sequence-dependent and sequence-
independent endonucleolytic activities of integrase with comparable potencies in vitro (50% inhibitory con-
centration, 500 nM). Structurally related compounds tested for their abilities to inhibit integrase generated a
limited structure-activity analysis which demonstrated that potency is associated with the bis-catechol struc-
ture: two pairs of adjacent hydroxyls on separate benzene rings. b-Conidendrol did not inhibit several other
endonucleases and/or phosphoryltransferases. Although b-conidendrol was not effective in preventing HIV-1
infection in cell culture, the in vitro data demonstrate that it is possible to identify selective agents targeted
against this essential HIV-1 function.

Infection of replicating T cells by the human immunodefi-
ciency virus type 1 (HIV-1) lentivirus results in the insertion of
the double-stranded DNA product of reverse transcription
into the host cell genome (for a review, see reference 17).
Integration of the viral genome may be required for efficient
transcription by the host cell (2). In addition, integration en-
sures that in the absence of a defined replication origin, the
provirus is replicated and subsequently segregated into prog-
eny cells (2). Integration requires both the sequence-specific
and the coupled nonspecific, sequence-independent endonu-
cleolytic and strand transfer activities of the virally encoded
enzyme integrase (7, 8, 24, 33).
Integrase recognizes a defined sequence within both of the

viral long terminal repeats (LTRs) and makes a specific, single-
strand cleavage in the U5 LTR-positive strand and the U3
LTR-negative strand (3, 25, 31, 33). The resultant 39-terminal
dA hydroxyl is the donor substrate for subsequent joining to a
59-phosphate that is produced by nonspecific processing of the
host-cell target DNA substrate (3, 6, 16, 24). In vitro, the
recombinant enzyme uses oligonucleotides as both the LTR-
specific donor and nonspecific target substrates. Integrase spe-
cifically processes synthetic oligonucleotides representing the
LTR termini by removing the terminal dinucleotide from the
39 end of one strand. In vitro assays have established that the
C and the A residues at positions 3 and 4 relative to the
terminus of the processed LTR strand, respectively, contribute
substantially to the specificities of the reactions (18, 19, 26, 33,
41). In a reaction that mimics the concerted nonspecific cleav-
age and joining activities of the enzyme, integrase randomly
cleaves oligonucleotides for use as the target substrate and
mediates a strand transfer reaction in which the two appropri-
ately processed substrates are joined. Preprocessed LTR oli-
gonucleotides which have a 39 A hydroxyl and a two-nucleotide

59 extension of the noncleaved strand are used to distinguish
the effects on specific endonuclease activity from the effects on
the nonspecific cleavage-strand transfer function (13, 26, 28).
Since integrase is essential for the spread of HIV-1 in cul-

tured CD4-positive T-lymphoid cells (27), the enzyme is a
potential target for antiviral chemotherapeutic intervention. In
contrast to protease and reverse transcriptase, for which an
extensive number of chemical inhibitors have been described
(for a review, see reference 21), there is little information
regarding selective inhibitors for any of the enzymatic reac-
tions catalyzed by integrase. Previous studies have focused on
inhibitors such as aurintricarboxylic acid (10), topoisomerase
poisons (7b), and intercalators (1, 15) known to affect mecha-
nistically related enzymes. In this report we describe and char-
acterize the inhibition of HIV-1 integrase sequence-specific
and sequence-independent hydrolysis and strand transfer ac-
tivities by a unique structural class, bis-catechols. The most
potent member in this class, b-conidendrol, is inactive against
a variety of nucleic acid-processing enzymes at concentrations
significantly greater than that required for inactivation of the
integrase function. This is among the first reports to describe a
selective inhibitor for this important antiviral target.

MATERIALS AND METHODS
Purification of recombinant HIV-1 integrase. Cloning and expression of the

HIV-1 HXB2 integrase in Escherichia coli have been described previously (33).
The procedure for purification of integrase was modified from the original
method of Sherman and Fyfe (33) as reported previously (18). The cloning and
expression of C43S integrase have been described previously, and this enzyme
was as pure as the authentic enzyme (27).
Analysis of integrase reaction products on sequencing gels. The assay for

specific 39-end processing of oligonucleotide substrates representing the HIV
LTR sequences was performed as described previously (33). The 59 end of the
U5 LTR-positive processed strand (59-TGTGGAAAATCTCTAGCAGT) was
labeled with T4 polynucleotide kinase (26). Equimolar amounts of the radiola-
beled strand were annealed with unlabeled nonprocessed complement (59-ACT
GCTAGAGATTTTCCACA) to provide duplex substrates. Standard assays used
1 ng of radiolabeled substrate and 50 ng of integrase in a 20-ml reaction volume.
The assays were unaffected by 5% dimethyl sulfoxide (DMSO); therefore, all
compounds to be tested were dissolved in 50% DMSO and were diluted 10-fold
into the reaction mixture (final concentration, 5% DMSO). The reaction prod-
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ucts were analyzed by electrophoresis on 20% sequencing gels; this was followed
by autoradiography. Specific cleavage was demonstrated by removal of the ter-
minal dinucleotide as determined by production of the 18-nucleotide cleavage
product. The preprocessed duplex substrate (59-TGTGGAAAATCTCTAGCA)
was annealed to the same complement described above and served as a substrate
for the non-sequence-specific functions of integrase (26).
Nuclease and phosphoryltransferase assays. The EcoRI assay used a 59-end-

labeled duplex 20-bp oligonucleotide containing an EcoRI site and EcoRI en-
zyme (Boehringer Mannheim) in buffer supplied by the manufacturer. Analyses
of cleavage products were visualized by electrophoresis on 20% sequencing gels
and then autoradiography. The HIV-1 reverse transcriptase (32), influenza virus
transcriptase (35), and RNA polymerase II assays (35) were performed as de-
scribed previously. The topoisomerase assays were performed as described pre-
viously (29, 30, 34, 36, 37). Compounds were tested in these additional assays
according to the sensitivity and DMSO tolerance of each individual assay.
Microtiter strand transfer assay. We have previously described a microtiter

strand transfer assay for integrase that is nonradioactive, more sensitive, and
more amenable for the screening of large numbers of samples (18). The micro-
titer assay uses an immobilized 30-bp U5 donor substrate and a heterologous
biotinylated 20-bp target sequence. Microtiter plates are coated with the U5
substrate oligonucleotide such that the amount of substrate immobilized per well
is 1.25 pmol (final concentration, 12.5 nM in a 100-ml reaction mixture). The
strand transfer assay was performed directly in the oligonucleotide-coated mi-
crotiter wells. Each reaction mixture of 100 ml included 20 mM Tris-HCl (pH
7.8), 25 mM NaCl, 3 mM MnCl2, 5 mM b-mercaptoethanol, 50 mg of bovine
serum albumin (BSA) per ml, and inhibitor in DMSO or DMSO alone. The
LTR-specific cleavage reaction was initiated by the addition of 2 ml of integrase
(final concentration, 40 nM). Since integrase is functional as an oligomer (12, 22,
38, 40) this value very likely represents an overestimate of the amount of enzyme
present in the active oligomeric state (22). This is consistent with the observation
that even when the amount of enzyme is in excess over the amount of substrate,
the reaction is dependent on the amount of integrase, indicating that the active
form of the enzyme is rate limiting in the reaction (1).
After 30 min at 378C, 5 ml of the biotinylated target oligonucleotides was

added. The strand transfer reaction was performed for an additional 15 min at
378C. After extensive washing, the plates were blocked with 1% BSA in phos-
phate-buffered saline, and the strand transfer products were detected as de-
scribed above. Plates were read at 405 nm with a microplate reader (Molecular
Devices).

RESULTS

b-Conidendrol selectively inhibits HIV-1 integrase. To dem-
onstrate inhibition of integrase-mediated sequence-specific
processing, a 59-end-labeled 20-bp oligonucleotide derived
from the U5 LTR was used as a substrate in the reaction.
Sequence-specific removal of the terminal dinucleotide from
the 39 end generates a smaller radiolabeled 18-nucleotide
cleavage product detected following electrophoresis on se-
quencing gels (33). Compounds were screened randomly in the
assay, which looked for inhibition of the production of the
18-nucleotide species. In this screen we identified a unique and
apparently selective inhibitor of integrase, b-conidendrol.
As shown in Fig. 1A, in the presence of increasing concen-

trations of b-conidendrol, we observed dose-dependent inhi-
bition of specific processing as evidenced by a decrease in the
amount of the specific cleavage product. In addition,
b-conidendrol inhibited the formation of the larger reaction
products which result from strand transfer events in which two
oligonucleotide substrates are joined. Since the specific cleav-
age product is the donor substrate for strand transfer, the
parallel inhibition of strand transfer in the presence of
b-conidendrol probably resulted from the enzyme’s inability to
produce appropriately processed donor substrates.
We therefore examined whether b-conidendrol could inhibit

the processes involved in strand transfer independently of spe-
cific cleavage by using a preprocessed donor substrate (PWT)
(26). This substrate consists of a U5 LTR lacking the terminal
two nucleotides on the plus strand such that the 39-terminal dA
residue is accessible for strand transfer. As shown in Fig. 1B,
b-conidendrol inhibited strand transfer of the preprocessed
substrate (PWT) with a 50% inhibitory concentration (IC50)
indistinguishable from that shown for specific cleavage in Fig.
1A. However, disappearance of the 18 2 N products in the

presence of b-conidendrol suggested concomitant inhibition of
nonspecific processing of potential target substrates. There-
fore, the inhibition of strand transfer in both experiments
could be explained by an effect on either of the enzyme’s
endonucleolytic activities. In these experiments, there was no
apparent difference between the inhibition of sequence-spe-
cific processing and nonspecific hydrolysis and strand transfer.
The inhibition of nonspecific processing by b-conidendrol

was confirmed by using a mutated form of the enzyme in which
a single amino acid substitution in the enzyme’s putative zinc
finger reduces both specific processing and strand transfer but
does not affect the enzyme’s ability to cleave DNA nonspecifi-
cally (27). As shown in Fig. 2, nonspecific processing by the
mutant enzyme was as effectively inhibited by b-conidendrol as
either nonspecific or specific processing by the wild-type en-
zyme. Since b-conidendrol is an effective inhibitor of both
endonuclease activities, the apparent inhibition of strand
transfer may be entirely a consequence of the compound’s
effect on cleavage, although we cannot eliminate the possibility
that b-conidendrol affects both the cleavage and strand trans-
fer activities of integrase.
Since the sequence-specific and sequence-independent en-

donuclease functions of the enzyme were affected to the same
degree, it was important to demonstrate selectivity by investi-
gating the effect of b-conidendrol on other endonucleases
and/or phosphoryltransferases. As shown in Table 1,b-coniden-

FIG. 1. Inhibition of HIV integrase by b-conidendrol. (A) The 20-nucleotide
wild-type substrate was incubated in the absence or presence of integrase (IN) to
produce the 18 nucleotide (18) specific cleavage product, nonspecific cleavage
products (18 2 N) and strand transfer products (greater than 20 nucleotides) as
indicated. (B) Incubation of integrase with the 18-nucleotide preprocessed wild-
type (PWT) substrate as described in the text. In both panels A and B b-coniden-
drol was tested in threefold serial dilutions from 152 to 0.60 mM (lanes 3 to 8).
Lane 2 is the solvent control (10% DMSO); lane 1 contains no enzyme. The
20-nucleotide substrate and the 18-nucleotide product were excised from the gel
and counted to determine the percent inhibition by b-conidendrol.

FIG. 2. Inhibition of nonspecific cleavage of HIV-1 integrase by b-coniden-
drol. The 20-nucleotide U5 LTR substrate was incubated in the presence of
wild-type HIV-1 integrase (A) or in the presence of the C43S integrase mutant
(B and C). Panel C is a darker exposure of panel B. The 18-nucleotide-specific
cleavage product is noted. In each case, the levels of b-conidendrol used were
fivefold dilutions from 7.5 to 0.012 mM (lanes 2 to 6). Lane 0, no enzyme control;
lanes 1, solvent control (no b-conidendrol). Data were analyzed as described in
the legend to Fig. 1.
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drol was specific for the enzymatic reactions associated with
integrase. b-Conidendrol did not inhibit a variety of nucleic
acid-processing enzymes, including the restriction enzyme
EcoRI, HIV-1 reverse transcriptase, HeLa RNA polymerase
II, mammalian topoisomerases I and II, and the influenza virus
polymerase-endonucleasecomplex.Theobservationthatb-coni-
dendrol did not affect these assays suggests that this compound
does not interact nonspecifically with nucleic acid.

b-Conidendrol was inhibitory in the integrase assay at sub-
micromolar levels and, to the extent that it was tested in other
assays, exhibited a high degree of selectivity. Therefore, we
tested this compound in an HIV-1 spread assay to investigate

potential antiviral activity. b-Conidendrol was neither antiviral
nor cytotoxic in MT4 cells at levels of up to 100 mM (data not
shown).
The bis-catechol structure is required for activity. To deter-

mine the specific structural moiety required for inhibitory ac-
tivity, a large number of analogs related to b-conidendrol were
compared. All of the active compounds tested were similar
with regard to their ability to affect both the sequence-specific
and sequence-independent endonucleolytic activities of inte-
grase (data not shown). A subset of these compounds is shown
in Fig. 3, and the data for inhibition of integrase sequence-
specific endonuclease activity are summarized in Table 2. The
compound in Fig. 3A is conidendrol with the indicated asym-
metric carbon. Both the a and b forms of conidendrol were
equipotent inhibitors of the specific and nonspecific activities

FIG. 3. Structures of b-conidendrol and related compounds described in Table 2. (A) b-conidendrol. The arrow denotes the asymmetric carbon. (B) L-739,633. (C)
a-Conidendrin. (D) L-619,323. (E) L-724,180. (F) L-724,189. (G) Hematoxylin. (H) Brazelin.

TABLE 1. Specificity of b-conidendrol for enzymatic reactions
associated with integrase

Reaction IC50

Integrase
Specific cleavagea ........................................................... 0.50 mM
Nonspecific cleavagea..................................................... 0.50 mM
Strand transfera .............................................................. 0.50 mM
Strand transferb .............................................................. 0.30 mM

Other No inhibitionc

EcoRI............................................................................... 150 mM
HIV RTd ......................................................................... 200 mM
RNA polymerase II ....................................................... 10 mM
Influenza polymerase ..................................................... 10 mM
Topoisomerase I............................................................. 300 mM
Topoisomerase II ........................................................... 300 mM
a As measured by polyacrylamide gel electrophoresis analysis.
b As measured in the microtiter strand transfer assay.
c b-Conidendrol was not inhibitory in these assays at the levels indicated.

References for these assays are presented in Materials and Methods.
d RT, reverse transcriptase.

TABLE 2. Inhibition of integrase sequence-specific
endonuclease activity

Compounda IC50 (mM)b

b-Conidendrol (A)................................................................... 0.50
a-Conidendrol (A)................................................................... 0.50
L-739,633 (B)............................................................................ 7
a-Conidendrin (C)................................................................... .35

L-619,323 (D) ........................................................................... 1.7
L-724,180 (E)............................................................................ 9.0
L-724,189 (F)............................................................................ .35

Hematoxylin (G) ...................................................................... 0.50
Brazelin (H).............................................................................. 35
a The letters in parentheses correspond to the structures presented in Fig. 3.

b-Conidendrol differs from a-conidendrol at the asymmetric carbon.
b Inhibition of formation of the 18-nucleotide specific cleavage product.
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of integrase (IC50, 500 nM). In contrast, a-conidendrin (Fig.
3C), in which two of the distal hydroxyl groups are replaced by
methoxy groups, was not inhibitory at concentrations as high as
35 mM. Substitution of a pair of proximal hydroxyl groups
resulted in a compound of intermediate potency (Fig. 3B,
L-739,633, 7 mM). These data suggested a correlation between
potency and the number and/or arrangement of hydroxyl
groups.
Two other structures, L-619,323 and hematoxylin, shown in

Fig. 3D and G, respectively, displayed reasonable inhibitory
activity against HIV integrase and were structurally analogous
to b-conidendrol with regard to the number and arrangement
of hydroxyl substituents. L-619,323 (Fig. 3D) was approxi-
mately threefold less active than either conidendrol (1.7 mM).
Replacement of one hydroxyl group reduced the potency (Fig.
3E, L-724,180, 9 mM), while replacement of the two distal
hydroxyl groups completely abolished the activity (Fig. 3F,
L-724,189, .35 mM). Similarly, hematoxylin (Fig. 3G) had an
IC50 comparable to that of b-conidendrol (0.50 mM), whereas
brazelin (Fig. 3H), which is identical to hematoxylin except for
the absence of one hydroxyl group, was about 100-fold less
active. The relative potency of the compounds in each struc-
tural set demonstrates that inhibitory activity is associated with
the specific spatial disposition of the hydroxyl groups. On the
basis of these data and others not shown here, we determined
that the active pharmacophore was a bis-catechol; that is, the
most active compounds contain two pairs of adjacent hydroxyls
on nonadjacent benzene rings.

DISCUSSION

Despite the observation that integrase plays a critical role in
the life cycle of HIV (2, 27), to date compounds which specif-
ically inhibit integrase in vitro have not been described. Al-
though aurintricarboxylic acid was shown to inhibit integrase in
vitro (10), this compound is an inhibitor of a variety of phos-
phoryltransferase enzymes including HIV-1 reverse tran-
scriptase (9). Similarly, while suramin inhibits HIV-1 integrase
in vitro, this compound also inhibits a diverse range of enzy-
matic activities (7a). Topoisomerase inhibitors (1, 7b, 10a, 15)
are relatively ineffectual against HIV-1 integrase, suggesting
that there are mechanistic differences between the two en-
zymes. Finally, intercalating agents and structures which bind
DNA have been reported to inhibit integrase in vitro, but they
are likely to have limited selectivity and, therefore, limited
utility as therapeutic antiviral agents. We undertook the ap-
proach of random screening to look for structures which would
be both more potent and selective. To our knowledge the
bis-catechols are the first demonstration of a novel structural
class of selective inhibitors for HIV-1 integrase. Although
these compounds failed to exhibit antiviral activity in cell cul-
ture, the in vitro data demonstrate that it is possible to find
low-molecular-weight agents which target specific functions of
this essential enzyme.
Limited structure-activity analysis determined that hydroxyl

substituents in the bis-catechol configuration are critical for
the compound’s inhibitory activity against integrase. Substitu-
tion of two distal hydroxyl groups more profoundly affected
potency than substitution of a pair of adjacent hydroxyl groups.
All of the active bis-catechols inhibited both the sequence-
specific and the sequence-independent endonucleolytic activi-
ties of integrase. Inhibition of the general endonucleolytic ac-
tivity of integrase was demonstrated by using a mutant enzyme,
C43S, which has been described previously (27). This single
amino acid substitution in the putative zinc finger of integrase
severely abrogates specific processing activity but has no effect

on the nonspecific endonucleolytic activity. When this substi-
tution is introduced into an N-terminal 55-amino-acid peptide
it abolishes the binding of zinc (5).
The observation that b-conidendrol inhibited the nonspe-

cific cleavage activity of the putative zinc finger mutant as well
as the fact that it inhibited either the nonspecific or the specific
endonucleolytic activities of the wild-type enzyme indicate that
b-conidendrol does not inhibit integrase by interacting with the
putative zinc finger. This mechanism of action has been pro-
posed for a previously described inhibitor of integrase, dihy-
droxyanthraquinone (DHNQ) (15). Although it is not a bis-
catechol, DHNQ does contain two hydroxyl substituents which
may be critical for its activity. It had been proposed that the
phenolic hydroxyl substituents of DHNQ would be effective
chelators of divalent cations (15). Because we have been un-
able to overcome the b-Conidendrol-mediated inhibition by
adding extra zinc, manganese, or magnesium to the cleavage
reaction (data not shown), inhibition by this compound is not
likely due to chelation. b-Conidendrol did not inhibit a variety
of nucleic acid-processing enzymes, and there is no evidence of
inhibition by intercalation.
For integrase, the existence of distinct viral and target sub-

strate-binding sites has been proposed previously (for example,
see the model presented in reference 39). Given that
b-Conidendrol inhibited both the sequence-specific and se-
quence-independent endonuclease activities of integrase, it is
possible that the inhibitor binds to the enzyme at these two
sites. Although the binding site for each substrate may be
exclusive, it is possible that the second site (i.e., target) is
affected by binding to the donor substrate. Further experimen-
tation will be required to address this and to determine if the
two sites are present on one or multiple molecules of integrase.
Both genetic and biophysical studies have suggested that
strand transfer requires a multimeric form of the enzyme (11,
12, 20, 22, 23, 38, 39).

b-Conidendrol seems to be selective for HIV-1 integrase in
vitro, but we have not been able to demonstrate antiviral ac-
tivity in cell culture. The reasons for this apparent lack of
functional activity may either be trivial, such as instability or
the lack of cell penetration, perhaps because of the polar
nature of the compound, or may point to significant differences
between the in vitro and in vivo reactions catalyzed by the
enzyme. Since the process of integration in vivo is accom-
plished by a nucleoprotein complex which contains integrase
and perhaps other viral components (4, 14) in a well-defined
architecture that is determined during assembly of the viral
core, it is conceivable that the reactions monitored in vitro with
the recombinant enzyme supplied in trans fail to accurately
recapitulate the integration process as it occurs during infec-
tion (7). This is at least in part true, because no laboratory to
date has been able to efficiently reconstitute an integration
reaction with recombinant HIV-1 integrase, wherein both viral
LTR termini are concomitantly inserted into a target DNA
substrate. It is hoped that the inhibitors of the in vitro reac-
tions, such as the bis-catechols, will aid in the dissection of the
preintegration complex to determine where these discrepan-
cies lie and to evaluate which of the reactions catalyzed by this
enzyme are most sensitive to inhibition during the HIV-1 life
cycle.
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