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Integration of the human immunodeficiency virus type 1 (HIV-1) ¢cDNA is a required step for viral repli-
cation. Integrase, the virus-encoded enzyme important for integration, has not yet been exploited as a target
for clinically useful inhibitors. Here we report on the identification of new polyhydroxylated aromatic inhibitors
of integrase including ellagic acid, purpurogallin, 4,8,12-trioxatricornan, and hypericin, the last of which is
known to inhibit viral replication. These compounds and others were characterized in assays with subviral
preintegration complexes (PICs) isolated from HIV-1-infected cells. Hypericin was found to inhibit PIC assays,
while the other compounds tested were inactive. Counterscreening of these and other integrase inhibitors
against additional DNA-modifying enzymes revealed that none of the polyhydroxylated aromatic compounds
are active against enzymes that do not require metals (methylases, a pox virus topoisomerase). However, all
were cross-reactive with metal-requiring enzymes (restriction enzymes, a reverse transcriptase), implicating
metal atoms in the inhibitory mechanism. In mechanistic studies, we localized binding of some inhibitors to
the catalytic domain of integrase by assaying competition of binding by labeled nucleotides. These findings help
elucidate the mechanism of action of the polyhydroxylated aromatic inhibitors and provide practical guidance

for further inhibitor development.

Early during infection of a sensitive cell, the RNA genome
of human immunodeficiency virus (HIV) type 1 (HIV-1) is
reverse transcribed to yield a double-stranded cDNA copy, and
that DNA copy is then integrated into a chromosome of the
host (for reviews, see references 4, 14, 19, 29, 38, 58, and 63).
Retroviruses encode a protein, named integrase, that carries
out the initial DNA breaking and joining reactions involved in
integration. The integrase enzyme is a potentially attractive
target for antiretroviral agents, since it is known to be required
for HIV replication (1, 18, 66, 70, 71). Although many inhibi-
tors that are active against purified recombinant integrase pro-
tein have been described, none have yet proven to be useful
clinically (2, 12, 13, 22, 23, 25, 28, 33, 34, 48, 51-53, 55, 59-62,
64, 65, 73).

Several in vitro assays are available for assessing the function
of integrase inhibitors. Integrase protein purified after overex-
pression in insect cells or Escherichia coli can carry out DNA
cleavage and joining reactions that mimic normal integration
in several respects. Integrase protein can remove two nucleo-
tides from the 3’ end of a model viral cDNA end (6, 9, 21, 35,
47, 68), probably to prepare a defined substrate for joining
(57), and can then join the recessed 3’ end to a 5" phosphate in
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a target DNA (11, 21, 46) (Fig. 1A). Integrase can also catalyze
a reversal of this reaction, playfully named “disintegration”
(17). However, reactions catalyzed by purified HIV-1 integrase
mainly model reactions at one viral cDNA end only, whereas
integration in vivo involves the coordinated joining of both
cDNA ends (Fig. 1B).

More authentic integration reactions can be carried out in
vitro by using preintegration complexes (PICs) (5) isolated
from HIV-1-infected cells (26, 30). To prepare PICs, human T
cells are infected with HIV-1 and are then permeabilized 4 to
6 h after infection. The resulting extracts contain the viral
c¢DNA in association with integrase (31), further viral proteins
(7,36, 57), and also at least one cellular protein (27). Reactions
with PICs in vitro yield products with the structures expected
for coupled integration (Fig. 1B). Importantly in this context,
reactions with PICs are much less sensitive to small-molecule
inhibitors than reactions with purified integrase (28, 39). Thus,
PIC reactions represent attractive secondary screens for assess-
ing the promise of integrase inhibitors.

Many reported inhibitors of purified integrase share a com-
mon characteristic, a benzene ring with cis-hydroxyls (catechol;
Fig. 2) (8). We have previously reported on studies of one
group of compounds containing this structure, the polyhy-
droxylated anthraquinones such as quinalizarin (Fig. 2). These
compounds are of particular interest, since they are active
against PICs and have been reported to be active against ret-
roviruses in cell culture, although as discussed below, it is not
clear that these compounds are active against integrase itself in
cell culture (28, 67).
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FIG. 1. DNA cutting and joining reactions involved in cDNA integration.
(A) Reactions of purified integrase. The lines represent double-stranded oligo-
nucleotides that match in sequence a cDNA end (LTR). DNA 5’ ends are shown
as balls; unpaired bases are shown as short lines. Integrase first cleaves the LTR
to remove two nucleotides (middle) and then attaches the exposed 3’ hydroxyl to
the 5’ end of a break in the target DNA (bottom). The reversal of this reaction
is named “disintegration.” (B) Reactions mediating integration in vivo. The viral
cDNA is shown as the curved line; target DNA is shown as the straight line.
Integrase first removes two nucleotides from each 3' cDNA end (parts 1 and 2).
The recessed 3’ ends are then joined to protruding 5’ ends of breaks made in the
target DNA (part 3), yielding the integration intermediate labeled “II.” The
target DNA between the points of joining then comes unpaired, leaving gaps at
each host-virus DNA junction (part 4). These gaps are then repaired (part 5) to
yield the integrated provirus. Reactions with preintegration complexes recapit-
ulate parts 1 to 4 but do not support the final repair step (part 5).

Here we describe the characterization of additional polyhy-
droxylated aromatic compounds as integrase inhibitors and
studies of their mechanisms of action. A series of new anthra-
quinones and related quinones yielded new inhibitors, as did a
family of compounds containing the catechol moiety embed-
ded in larger structures. We also found that hypericin, a pre-
viously described polyhydroxylated aromatic inhibitor of viral
replication, was in fact an inhibitor of integration in vitro. We
used assays with both purified integrase and PICs to better
understand the promise of different inhibitors. We also present
the results of counterscreening of several integrase inhibitors
against a battery of DNA-modifying enzymes; these results
emphasize the role of metal atoms in inhibition. In mechanistic
studies, we find that the polyhydroxylated anthraquinone and
several other compounds compete with a compound that binds
the integrase catalytic domain, placing the likely site of action
of these compounds on the catalytic domain.

OH O OH
o 080
OH O
catechol quinalizarin (QLZ)

FIG. 2. Structures of catechol and QLZ.
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MATERIALS AND METHODS

Materials. Unless indicated otherwise, test compounds were obtained from
Sigma. Anthrarobin (Aldrich), alizarin red S (ARS; Aldrich), quercetagetin
(QTN; Indofine Chemicals), and myricetin (Indofine Chemicals) were obtained
elsewhere. L-Chicoric acid (LCH) was a gift of Manfred Reinecke (Texas Chris-
tian University, Fort Worth, Tex.).

Integration assays. Integrase protein and deletion derivatives were purified as
described previously (10). Assays for inhibition of reactions with purified inte-
grase were performed as described elsewhere (9, 14, 28). Preparation of PICs was
carried out as described previously (30). Tests of inhibition were performed as
described previously (28).

Counterscreening. Assays of inhibition of EcoRT and Pvull (New England
Biolabs, Beverly, Mass.) were carried out by incubating 1 U of enzyme with
several concentrations of inhibitor for 5 min in 20 wl of the manufacturer’s
recommended buffer (containing 10 mM MgCl,) and then adding 0.2 pg of
pUC19 reaction substrate. Reactions were stopped after 5 min by the addition of
loading dye containing excess EDTA. The products were separated by electro-
phoresis and were visualized by staining with ethidium bromide. The reactions
were quantitated with a Speedlight Gel Documentation System and IP Lab Gel
software.

Reactions with EcoRT methylase (New England Biolabs) and SssI methylase
(also known as CpG methylase; New England Biolabs) were carried out in 50
mM NaCl-50 mM Tris HCI (pH 8.0)-10 mM EDTA-80 pwM S-adenosylmethi-
onine. Compounds were incubated with methylase (0.8 U) in the buffer described
above for 5 min at room temperature, and then pUC19 DNA substrate was
added and the reaction mixtures were incubated for 15 min at 37°C. Reactions
were stopped by phenol extraction, and the reaction mixtures were chilled to 4°C.
DNAs were recovered by ethanol precipitation, resuspended in restriction di-
gestion buffer, and cleaved with EcoRI (to test for methylation by EcoRI meth-
ylase) or AatII (to test for methylation by CpG methylase). The reaction products
were analyzed by electrophoresis as described above. In some cases inhibition
was seen with concentrations of inhibitors greater than 50 uM, thereby arguing
against various possible systematic errors in assaying the methylases.

Assays of molluscum contagiosum virus (MCV) topoisomerase were carried
out as described previously (44). Briefly, purified enzyme was incubated for 5 min
with test compounds in buffer containing 10 mM EDTA, 20 mM Tris (pH 8), 200
mM potassium glutamate, 1 mM dithiothreitol, and 0.1% Nonidet P-40, and then
the assays were started by the addition of 0.2 pg of pUC19 DNA substrate.
Relaxation of DNA substrates was monitored by gel electrophoresis and quan-
titated as described above.

Assays of Moloney murine leukemia virus (MoMuLV) reverse transcriptase
(RT) were carried out essentially as described previously (37). The reaction
mixtures contained 2.5 U of RT (New England Biolabs), 50 mM Tris (pH 7.9),
75 mM KCl, 2 mM dithiothreitol, 25 pg of poly (rA)-oligo(dT) template (Phar-
macia) per ml, 5 mM MgCl, or MnCl,, 0.05% Nonidet P-40, and 2.3 mM
[PH]TTP. RT was preincubated in the reaction mixture with the compound to be
tested for 5 min at room temperature and was then incubated for 1 h at 37°C.
Reactions were stopped by spotting the reaction mixtures onto filter paper disks
(Whatman DES81). The dried filters were washed in 2X SSC (1x SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) and then in 95% ethanol, dried, and counted
by liquid scintillation counting in the presence of EcoLume scintillation cocktail
(ICN).

Nucleotide binding to integrase and drug competition. Assays of binding of
oxidized [a->*P]ATP to integrase were carried out exactly as described previously
(50). To test for competition by integrase inhibitors, the compounds were added
to integrase, and the mixture was preincubated for 5 min at room temperature
prior to the addition of oxidized ATP.

Synthesis of emodin-9-anthrone (DZ-III-77). A solution of emodin 1,3-di-
methyl ether (200 mg, 0.67 mmol) in glacial acetic acid (20 ml) and HI (47%
aqueous, 10 ml) was refluxed for 3 h. The solution was cooled at 3°C overnight,
and the product crystallized as pale yellow plates. The solid was collected,
washed with water, and air dried (121 mg; 71%). An analytical sample was
obtained via recrystallization from acetone; melting point (mp) 255 to 256°C,
dec. (literature mp 255°C, dec.); 'H nuclear magnetic resonance (NMR) (300
HMz, dimethyl sulfoxide [DMSO]-d¢) & 2.33 (s, 3H), 4.32 (s, 2H), 6.24 (d, 1H,
J =23 Hz), 643 (d, 1H, J = 2.3 Hz), 6.70 (bs, 1H), 6.80 (bs, 1H), 10.84 (s, 1H),
12.34 (s, 1H), 12.39 (s, 1H); electron ionization-mass spectrometry (EIMS) m/e
256 (100), 241 (17), 227 (10), 213 (14); Fourier transform infrared (FTIR)
(Nujol) 3378, 3312, 1625, 1598, 1277, 1242, 1157 cm ™. Exact mass calculated for
C;sH;,04: 256.0736. Found: 256.0748.

Synthesis of emodic acid N,N-diethylamide-9-anthrone (DZ-III-126). A solu-
tion of emodic acid N,N-diethylamide (130 mg, 0.37 mmol) was dissolved in
glacial acetic acid (20 ml) by refluxing under nitrogen. A suspension of stannous
chloride (3.5 g) in concentrated HCI (8.75 ml) was carefully added and the
solution was stirred at reflux for 2 min. The solution was cooled to 60°C, diluted
with water (50 ml), and cooled at 3°C. The light tan solid was collected by vacuum
filtration, washed with water, and air dried. Recrystallization from acetone af-
forded pale yellow needles (85 mg, 67%); mp 233 to 235°C (dec) with darkening
at 221 to 222°C. 'H NMR (300 MHz, acetone-dq) & 1.10-1.26 (m, 6H), 3.31 (m,
2H), 3.52 (m, 2H), 4.43 (s, 2H), 6.35 (d, 1H, J = 2.2 Hz), 6.56 (m, 1H), 6.79 (bs,
1H), 6.93 (bs, 1H), 12.39 (s, 1H), 12.45 (s, 1H); EIMS m/e 341 (84), 324 (19), 269
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FIG. 3. Tests of integrase inhibitors by dumbbell disintegration. (A) Diagram
of the dumbbell disintegration reaction. The asterisk marks the position of a 5’
32P label. (B) Inhibition of dumbbell disintegration by hypericin. The concen-
trations of hypericin are indicated above the lanes. S, substrate; P, product.

(100), 242 (54), 213 (32), 184 (15), 155 (10), 139 (28), 128 (22); infrared (Nujol)
1627, 1594, 1286, 1161 cm™'. Exact mass calculated for C,oH,oNOs: 341.1263.
Found: 341.1279. Analysis calculated for C;,H;oNOs - 1/2 H,0: C, 65.13; H, 5.75.
Found: C, 65.15; H, 5.23.

Synthesis of bromoquinalizarin. Bromoquinalizarin was prepared as follows.
A 500-ml, two-neck, round-bottom flask was charged with quinalizarin (QLZ;
2.02 g, 7.4 mmol) and dimethylformamide (100 ml) and cooled to 0°C. A solution
of N-bromosuccinimide in dimethylformamide (2.64 g, 14.8 mmol in 110 ml) was
added dropwise to the cooled reaction mixture. After the addition, the reaction
mixture was warmed to room temperature and was stirred overnight. The solvent
was then removed by distillation at reduced pressure to leave a red precipitate.
The solid was triturated with chloroform to remove the residual succinimide.
After trituration, the red solid was characterized as bromoquinalizarin (1.7 g,
65% yield). mp 280 to 280°C (dec); 1H NMR (DMSO-d,) d ppm 7.84 (s, 1H),
7.43 (d, 2H, 9 Hz), 7.39 (d, 2H, 9 Hz); 3C NMR (DMSO-d,;) d ppm 189.9, 184.0,
156.9, 156.5, 150.3, 150.1, 129.6, 128.8, 123.6, 123.4, 116.4, 115.0, 112.4, 112.0.
EIMS (m*) = 351.

RESULTS

Assays of inhibition of purified HIV-1 integrase. HIV-1 in-
tegrase protein was purified after overexpression in E. coli and
was assayed with oligonucleotide substrates that model the
viral long terminal repeat (LTR) and target DNA. A particu-
larly convenient assay monitors disintegration (Fig. 1A) (17). If
integrase protein is provided with a Y-shaped model substrate
resembling the in vitro integration product, integrase can cat-
alyze the release of the viral DNA analog and reclosure of the
target DNA. One useful version of these substrates has the
DNA ends joined by loops, permitting particularly easy syn-
thesis and analysis of the reaction products (“dumbbell disin-
tegration”) (15, 28). An example of the use of this substrate for
inhibitor screening is shown in Fig. 3B. Incubation of this
substrate with purified integrase results in the release of an
LTR-like duplex and resealing of the model target DNA.
When a *?P label is placed in the DNA at the 5’ end (Fig. 3A),
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the disintegration product can be visualized by the appearance
of a single band of lower molecular weight (16).

This dumbbell disintegration reaction was used as a first
screen in testing candidate inhibitors. Previous studies have
indicated that the disintegration reaction is relatively permis-
sive compared with other integrase assays. The disintegration
reaction was used here as a primary screen in an effort to select
for particularly potent inhibitors. To determine the concentra-
tions required for 50% inhibition (ICss), different concentra-
tions of small molecules were added to test reactions, and the
yield of product was quantitated with a PhosphorImager in-
strument. ICs,s were derived from these measurements as
described previously (28).

Assays of inhibition of PICs. As discussed above, in vitro
assays based on PICs isolated from HIV-1-infected cells more
closely resemble integration in vivo than do assays with puri-
fied integrase (see reference 28 and 29 for a discussion). To
characterize the inhibitors, PICs containing HIV cDNA were
incubated with a naked DNA target in vitro. The reaction
products were then deproteinized and assayed on Southern
blots probed with labeled HIV LTR sequences. The com-
pounds to be tested for inhibition were titrated into the reac-
tion mixtures, and inhibition was quantitated by determining
the level of reduction in the appearance of the integration
product (an example is shown in Fig. 4A) (28).

Test of hypericin. The polyhydroxylated aromatic compound
hypericin, isolated from the medicinal herb St. John’s wort
(Hypericum perforatum), has previously been reported to in-
hibit the replication of HIV and other viruses (49, 56). Hyperi-
cin was tested for its ability to inhibit dumbbell disintegration
and was found to be active, with an ICs, of 15 uM (Fig. 3B).
Hypericin also displayed inhibitory activity against PICs, with
an IC;, of about 100 pM (Fig. 4A, lanes 10 and 11).

Tests of new polyhydroxylated aromatic compounds. Since
many polyhydroxylated aromatic compounds were found to be
integrase inhibitors, further compounds of this class were
tested for their inhibitory activities. The compounds were ti-
trated into mixtures containing purified integrase, and the mix-
tures were incubated for 5 min at room temperature. Dumb-
bell disintegration substrates were then added to start the
reaction. Compounds were analyzed for inhibitory activity ini-
tially at 40 wM. Those compounds showing any inhibitory ac-
tivity at this concentration were then characterized further to
determine the ICs,. The structures of the compounds studied
and the measured ICys are shown in Fig. 5. The ICs of the
single-ring compounds tetroquinone, pyrogallol, and trihy-
droxypyrimidine were well above 40 uM, as was the ICs, of
catechol itself. Of the multiring compounds tested, purpuro-
gallin, ellagic acid (ELA), and 3,3,3',3’-tetramethyl-1,1’-spiro-
bis(indan)-5,5,6,6'-tetraol (TMS) were active, while the para-
siticide anthrarobin was inactive. Two compounds related in
structure to TMS—4,8,12-trioxatricornan and 2,6,10-triamino-
4,8,12-trioxatricornan—were also inactive. These data empha-
size the importance of residues in addition to the catechol
moiety in potentiating the inhibition of integrase.

The active compounds described above were tested against
the PICs isolated from infected cells. None were detectably
inhibitory at 40 wM (data not shown).

Test of LCH and derivatives against PICs. Previously, LCH
and several derivatives were found to inhibit purified integrase
in vitro and viral replication in vivo (64, 65), raising the pos-
sibility that these compounds inhibit integrase in vivo. LCH,
the inactive relative chlorogenic acid (CHL), and the active
related molecule 1-MO-3,5-DCQA (MCQ) were tested for
their inhibitory activities against PICs (Fig. 4A and B). None of
these compounds displayed detectable inhibitory activity, even
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FIG. 4. Tests of integrase inhibitors in PIC assays and the structures of LCH
and derivatives. (A) Assay of inhibitors of PIC reactions. Shown is a Southern
blot analysis of reaction products probed with labeled LTR sequences. Bands
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at concentrations of 100 wM (Fig. 4A, lanes 4 to 10). QLZ was
tested in parallel as a control and was shown to be inhibitory,
as reported previously (28) (Fig. 4A, lane 3).

A further chemical relative of LCH, nordihydroguaiaretic
acid (NDGA; Fig. 4B), was also tested. This compound is
composed of two catechol moieties, as in LCH and MCQ, but
NDGA is tethered by a 2,3-dimethylbutane moiety. NDGA
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FIG. 5. Structures of polyhydroxylated aromatic compounds and some chem-
ical relatives with ICss for inhibition of dumbbell disintegration. The measured
1Cs is given beneath each structure. TTC, 4,8,12-trioxatricornan; TAT, 2,6,10-
triamino-4,8,12-trioxatricornan.

displayed no inhibitory activity against the terminal cleavage or
strand transfer activities of purified integrase (data not shown).
Evidently, features in addition to the catechol rings are impor-
tant for inhibition in this series of compounds.

Effects of ring substituents on inhibition by anthraquinones.
To explore the potential of the anthraquinone nucleus, 14
further anthraquinones and two related anthrones (72) were
tested for their abilities to inhibit dumbbell disintegration (Fig.
6). The compounds were initially tested at 40 wM. Those show-
ing detectable inhibition at this concentration were tested to
determine the ICs,. The ICsys of danthron, DZ-III-77, and
DZ-I11-126 were between 40 and 70 wM, while the other com-
pounds tested were inactive. These data emphasize the impor-
tance of the cis-hydroxyls present in the previously reported
compounds.

All of the compounds described above were also tested
against PICs and were found to be inactive at a concentration
of 40 uM (data not shown).

A new derivative of QLZ containing a bromine atom was
synthesized in an effort to improve its inhibitory activity. Bro-
moquinalizarin did inhibit dumbbell disintegration, but the
IC5, was higher than that of QLZ itself (10 versus 2 uM) (data
not shown) (28).

Tests of function of integrase inhibitors against other DNA-
modifying enzymes. Many previous reports of integrase inhib-
itors have not presented data on the specificity of inhibition
from counterscreening experiments. To investigate specificity
more carefully, seven representative polyhydroxylated aro-
matic integrase inhibitors were tested against a panel of six
DNA-modifying enzymes (Table 1). In addition to represen-
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FIG. 6. Anthraquinones and anthrones tested for inhibition of dumbbell
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tatives of the compounds mentioned above (QLZ, TMS, LCH,
and ELA), three other previously described inhibitors were
also tested: aurintricarboxylic acid (ATC) (23), QTN (a fla-
vone) (34), and ARS (an anthraquinone) (28).

Enzymes that either required metal cofactors (MoMLV RT
and the restriction enzymes Pvull and EcoRI) or functioned in
their absence (MCV topoisomerase, EcoRI methylase, or CpG
methylase) were selected. Integrase inhibitors were titrated
into reaction mixtures containing each enzyme, and reactions
were started by the addition of substrate. Inhibition of product
formation was quantitated for each compound and was ex-
pressed as an ICs, (Table 1).

All compounds tested were found to inhibit at least some of
the metal-utilizing enzymes. TMS was most specific, inhibiting
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EcoRI but not the other enzymes. QLZ was least specific,
inhibiting all the metal-requiring enzymes tested. Strikingly,
none of the compounds were active against enzymes that did
not require metal cofactors at less than 50 wM, highlighting the
likely role of metal atoms in inhibition. Note that the inhibitors
are present in the test reaction mixtures at concentrations
much lower than those of the metal ions themselves, ruling out
the trivial possibility that the added inhibitors are simply se-
questering the required metal cofactor.

The role of the particular metal atom bound was probed by
comparing the IC5,s for MOMLV RT in the presence of Mg**
or Mn?*. In all cases the compounds inhibited MoMLV RT
more effectively in the presence of Mn®". More potent inhibi-
tion of HIV integrase itself by polyhydroxylated aromatic com-
pounds in the presence of Mn** than in the presence of Mg**
has also been reported (40).

Binding of QLZ and other inhibitors to integrase measured
by competition of nucleotide binding. Previously, it was re-
ported that labeled nucleotides can bind to HIV-1 integrase
(50, 51, 54), an observation that forms the basis for localizing
the binding site of integrase inhibitors. Purified HIV-1 inte-
grase can be incubated with oxidized [a->*P]ATP and then
reduced with NaBH;CN to form a covalent complex, likely
involving cross-linking of ATP to a lysine residue on the pro-
tein. Such reaction mixtures can then be separated by electro-
phoresis on sodium dodecyl sulfate-polyacrylamide gels and
visualized by autoradiography (Fig. 7, lane 3). The formation
of the labeled complex was dependent on the addition of
[«-**P]ATP and the reducing agent NaBH;CN (Figure 7, lanes
1 and 2). To localize the site of binding, oxidized ATP was
incubated with just the catalytic domain fragment of integrase
(residues 50 to 212) and was subsequently reduced. Two cat-
alytic domain fragments were compared: one containing the
wild-type sequence (Fig. 7, lanes 4 to 6) and one containing a
mutation (F185K) that was reported to improve solubility (45).
Both catalytic domain fragments bound oxidized ATP with an
efficiency comparable to that of full-length integrase (Fig. 7,
lanes 3, 6, and 9). These data indicate that ATP associates
primarily with the catalytic domain.

To investigate whether QLZ or other inhibitors bound to
sites overlapping the ATP-binding site on the catalytic domain,
integrase was preincubated with inhibitors and then oxidized
[«-**P]JATP was added. Several other integrase inhibitors, in
addition to those described above, were tested: curcumin, iso-
lated from the spice turmeric (55); myricetin and quercetin,
two flavones (34); doxorubicin, a topoisomerase inhibitor (28);
genistein, an isoflavone; and dihydroxynaphthaquinone, a
naphthaquinone (28, 33).

The nucleotide binding activity detected in this assay (Fig. 8,

TABLE 1. ICsgs for inhibition of DNA-modifying enzymes by polyhydroxylated aromatic inhibitors of integrase®

ICso (nM)
Enzyme

QLZ ATC T™S QTN LCH ELA ARS
HIV-1 integrase 4 0.5 12 1 0.13 5 3
MoMLYV RT (Mn) 0.11 = 0.06 0.45 =03 >50 0.23 = 0.15 0.58 = 0.24 0.68 + 0.45 0.14 = 0.09
MoMLV RT (Mg) 29x08 381 >50 1.2 +0.9 83+63 1.7+1.9 0.75 = 0.08
Pyull 15+9 >50 >50 7+6 >50 48 =22 22 %2
EcoRI 6+4 >50 13x2 2+0.1 >50 21 16 =1
MCYV topoisomerase >50 >50 >50 >50 >50 >50 >50
EcoRI methylase >50 >50 >50 >50 >50 >50 >50
CpG methylase >50 >50 >50 >50 >50 >50 >50

@ ICsps for inhibition of integrase (terminal cleavage) are from this work unless indicated otherwise. Those for QLZ (28), ATC (23), QTN (34), and LCH (64) have
been presented elsewhere. The ICs, for integrase inhibition was determined in the presence of Mn?*.
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FIG. 7. Nucleotide binding to the catalytic domain of integrase. Integrase
(IN) protein (lanes 1 to 3), the catalytic domain only (integrase residues 50 to
212; lanes 4 to 6), and the catalytic domain containing the F185K mutant (lanes
7 to 9) were incubated with [a->’P]JATP and NaBH;CN (lanes 1, 4, and 7),
oxidized ATP (ox ATP) (lanes 2, 5, and 8), or oxidized ATP and NaBH;CN
(lanes 3, 6, and 9). In each case, Coomassie brilliant blue staining confirmed that
the labeled band had the mobility of the integrase derivative studied (data not
shown).

lane 1) was not changed by the addition of 10% DMSO or 10%
ethanol, solvents used to resuspend some of the inhibitors (Fig.
8, lanes 1 to 3). Preincubation with 100 wM unlabeled oxidized
ATP prevented subsequent binding of labeled oxidized ATP,
while preincubation with 10 WM ATP blocked binding only
partially (Fig. 8, lanes 4 and 5). Several of the anthraquinones
(QLZ, purpurin, alizarin and CB3GA) inhibited cross-linking
to oxidized ATP (Fig. 8, lanes 26 to 33). Several other com-
pounds also inhibited binding of oxidized ATP (ATC [Fig. 8,
lanes 7 and 8], dihydroxynaphthaquinone [Fig. 8, lanes 16 and
17], myrcetin [Fig. 8, lanes 20 and 21], and quercetin [Fig. §,
lanes 22 and 23]). However, not all of the polyhydroxylated
aromatic compounds inhibited the binding of oxidized ATP,
indicating that the binding sites of these compounds may not
be the same in all cases. These data taken together support a
model in which some of the polyhydroxylated anthraquinones
and the other inhibitors of binding inhibit integrase by binding

e oATP ATC QNZ EMO CUR GEN DHNQ DOX MYR QRC DHAQ
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to the catalytic domain. Alternatives are possible, however,
since indirect effects of ATP binding on inhibitor binding are
not ruled out. Some of these compounds may be good candi-
dates for cocrystallization trials with the integrase catalytic
domain.

To control for the possibility that the added compounds
were interacting with the oxidized ATP directly, compounds
were incubated with oxidized [a->’P]JATP and the reaction
products were analyzed by thin-layer chromatography. No new
labeled forms were detected, arguing against the idea that the
drugs reacted with the oxidized nucleotide itself (data not
shown).

DISCUSSION

Here we describe new polyhydroxylated aromatic inhibitors
of the HIV-1 integrase protein and report on studies of their
mechanisms of action. We previously found that certain poly-
hydroxylated anthraquinones are of particular interest, since
they inhibited both purified integrase protein and PICs (28), so
in the present study we analyzed new anthraquinones and
related polyhydroxylated phenolic molecules for their inhibi-
tory activities. We also report on the counterscreening of mol-
ecules of this class against six other DNA-modifying enzymes
and studies of binding to integrase. These data help clarify the
nature of the active pharmacophore and its mechanism of
action and also provide practical guidance for further screen-
ing of inhibitors.

Structure of the active pharmacophore. No anthraquinones
lacking the catechol motif were as active as those containing
this motif, highlighting the importance of the catechol struc-
ture. However, simply embedding the catechol moiety in an
aromatic backbone is not sufficient to generate an inhibitor, as
indicated by the lack of inhibition by anthrarobin (Fig. 5). The
paired carbonyls in the central ring of the anthraquinones do
not both appear to be strictly necessary, since two anthrones
(containing a single carbonyl) were at least somewhat inhibi-
tory. Thus, one functionality sufficient for the inhibition of
purified integrase by the anthraquinone-related catechol inhib-
itors appears to be a naphthaquinone nucleus with cis-hy-
droxyls on one ring and a carbonyl on the adjacent ring. Two
other groups have also concluded that substituents in addition
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FIG. 8. Analysis of the binding site of integrase inhibitors by competition with nucleotide binding. In each case integrase was incubated with the indicated compound
and then oxidized [a->’P]JATP was added and cross-linked by the subsequent addition of NaBH;CN. Reaction products were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and visualized by autoradiography. Compound codes: EtOH, ethanol; 0oATO, oxidized ATP; ATC, aurintricarboxylic acid;
QNZ, quinizarin; EMO, emodin; CUR, curcumin; GEN, genistein; DHNQ, dihydroxynaphthaquinone; DOX, doxorubicin; MYR, myricetin; QRC, quercetin; DHAQ,
1,8-dihydroxyanthraquinone; QLZ, quinalizarin; PUR, purpurin; ALZ, alizarin. CB3GA is an anthraquinone.
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to the catechol moiety are important for inhibition by related
compounds (8, 34, 48, 62).

However, as described below it may be that not all of the
polyhydroxylated aromatic inhibitors act by the same mecha-
nism, raising the possibility that multiple pharmacophores may
be contributing to the inhibition. Potentially consistent with
this idea are recent studies with several different pharmacoph-
ore models to identify new integrase inhibitors in small-mole-
cule databases (42, 62). Also consistent with the idea that
multiple pharmacophores are involved, LCH and hypericin do
not contain the dihydroxynaphthaquinone motif described
above.

Mechanism of inhibition by the polyhydroxylated anthra-
quinones. Data presented here clarify a previously unresolved
issue, that of whether the polyhydroxylated anthraquinone in-
hibitors act on the integrase protein or on substrate DNA.
Anthraquinones may have some potential to intercalate into
DNA due to their planar shape, although they lack the net
positive charge characteristic of many strong intercalators, and
the results of gel shift assays for intercalation were negative
(unpublished data) (33). The data from competition with bind-
ing of nucleotides indicate that the polyhydroxylated anthra-
quinones can bind to integrase in the absence of DNA, sup-
porting the inference that integrase binding is at least part of
the inhibitory mechanism. Recently, zidovudine has been
cross-linked to integrase and the binding site was mapped, and
a possible site for the binding of oxidized ATP and the drugs
with which it competes was localized (24). For some of the
other polyhydroxylated aromatic inhibitors, binding to the cat-
alytic domain was not detected by competition with nucleotide
binding. These compounds may bind to sites that do not over-
lap the ATP-binding site or that instead bind to DNA.

Previous work has suggested that many of the aromatic poly-
hydroxylated inhibitors may act by blocking binding of inte-
grase to DNA (40). This observation potentially explains the
lack of activity against PICs, in which integrase and cDNA are
stably prebound (3, 5, 26, 27, 30). However, the finding that
QLZ and related compounds are active against PICs indicates
that, at least for these compounds, blocking of binding is not
the only mechanism of inhibition.

Some of the polyhydroxylated aromatic integrase inhibitors
can potentially chelate metal atoms, and the data from coun-
terscreening experiments highlight the likely role of metal
binding in inhibition. Three of the six enzymes screened,
EcoRI methylase, CpG methylase, and MCV topoisomerase
(44), do not require metals to function, while the other three,
MoMLYV RT, Pvull, and EcoRlI, do require metals. Strikingly,
none of the inhibitors tested were active at the concentrations
tested against enzymes that did not require metal cofactors,
while all inhibitors were cross-reactive with one or more of the
metal-containing enzymes. Further support for the idea that
metals are involved in inhibition comes from the observation
that the ICs, for inhibition of MoMuLV RT differs depending
on the metal cofactor, with inhibition being more efficient in
the presence of Mn?* than in the presence of Mg”*. It was
similarly reported for HIV integrase that the actions of many
of the polyhydroxylated aromatic inhibitors were more potent
in the presence of Mn?" than in the presence of Mg?™" (34, 40).
Interestingly, the catalytic domain of integrase, the site of
action of the QLZ and certain other inhibitors, also binds to
metals. This raises the possibility that these drugs may form a
ternary complex with enzymes and metals. In any case it seems
likely that the inhibitors act as metal complexes.

Polyhydroxylated anthraquinones have been reported previ-
ously to be active against HIV in vivo (41, 67), but the issue of
whether this effect is due to inhibition of integrase itself in vivo

INHIBITION OF HIV cDNA INTEGRATION 2251

remains unresolved. QLZ at concentrations close to or below
the concentrations necessary for viral inhibition is toxic to cells,
depending on the assay (41, 65a, 67). Furthermore, QLZ at 5
M can inhibit the growth of yeast cells when QLZ is added to
the growth medium (44a). Certain polyhydroxylated aromatic
compounds have been reported to be able to cross-link pro-
teins when added to cells, and a specific chemical mechanism
has been proposed (69). Taken together, these data raise con-
cerns about the toxic effects of polyhydroxylated anthraquino-
nes in vivo.

Mechanism of inhibition by LCH. LCH and related com-
pounds are of particular interest since they are potent inhibi-
tors of purified integrase and are active against virus in vivo
(64, 65). The suggestion that LCH and the related molecule
MCAQ are active against integrase in vivo, however, is compli-
cated by the finding that LCH also inhibits interactions be-
tween the HIV envelope protein and the cellular ligand CD4
(cited in reference 65). Here we report that LCH and MCQ
are not active against PICs, findings that do not strengthen the
idea that these compounds are active against integrase in vivo.
However, it may be possible that compounds that cannot in-
hibit PICs might still inhibit integration by acting earlier, dur-
ing the assembly of PICs following the completion of reverse
transcription but prior to the assembly of integrase with the
cDNA. It is also possible that LCH acts in vivo against other
targets, disrupting env-CD4 interactions or reverse transcrip-
tion. A further possibility is that the in vivo effect on HIV is
indirect, mediated in part by toxic effects on cells. Consistent
with this idea, LCH is cross-reactive with other metal-requiring
enzymes (although antiviral activity has been reported at non-
toxic concentrations [64, 65]). The analysis of LCH-resistant
derivatives of HIV may resolve some of these issues.

Mechanism of inhibition by hypericin. Hypericin has been
reported to show anti-HIV activity in cell culture (49, 56), and
the findings presented here of action against purified integrase
and PICs raise the possibility that integrase may be a target
protein in vivo. In the presence of light, hypericin can produce
singlet oxygen and also superoxide and hypericinium ion. Pos-
sibly, these species mediate inhibition (although for another
view, see reference 32).

The ICs, of hypericin for the blocking of HIV-mediated
fusion in cell cultures is in the high nanomolar range, and the
ICs, for the blocking of HIV-induced syncytium formation is
about 1 uM (depending on the assay and the time points
compared) (49). However, values for inhibition of integrase or
PICs are higher (ICsqs, 10 to 100 wM). Although the assays
differ in important respects, these differences in ICs,s raise the
possibility that integration is not the major target in vivo.
Hypericin may also be active against membranes, since hyperi-
cin inhibits the replication of several enveloped viruses, some
of which do not encode integrases, but not the replication of
nonenveloped viruses (20, 43, 56). The isolation of HIV mu-
tants insensitive to hypericin could clarify whether this antiviral
agent is active against integrase in vivo.

Practical lessons for identifying integrase inhibitors. This
work emphasizes the usefulness of counterscreens for inte-
grase inhibitors based on metal-requiring DNA-modifying en-
zymes (see also reference 48). Counterscreens against enzymes
that do not require metals have been reported (61), but on the
basis of the data reported here, such studies risk concluding
incorrectly that the studied inhibitors are specific for integrase.
The observation that different inhibitors are cross-reactive with
different metal-utilizing enzymes also emphasizes the impor-
tance of studying multiple enzymes in secondary screens.

The promise of the polyhydroxylated aromatic inhibitors of
integrase is unclear. Several lines of data argue against the
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utility of these compounds. The observed cross-reactivity with
metal-requiring enzymes is potentially consistent with obser-
vations of toxic effects on cells. The tight binding of QLZ to
PICs (data not shown) raises the possibility that the compound
binds to PICs covalently, as do studies of the cross-linking of
proteins by some compounds of this class. However, in support
of the utility of the polyhydroxylated aromatic inhibitors, co-
valent binding of QLZ to PICs would have to be somewhat
specific given the observation that the ICs, is not altered when
high concentrations of cellular proteins are present in test
reaction mixtures (28). Furthermore, cells can clearly tolerate
the presence of catechol-containing compounds. For example,
the catechol-containing catecholamines are an important
group of neurotransmitters. Perhaps the catechol-related phar-
macophore will be a useful inhibitor substituent when it is
combined with other chemical groups that improve the speci-
ficity for integrase.
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ADDENDUM IN PROOF

A mutant of HIV-1 has been isolated that displays reduced
sensitivity to LCH (P. G. King and W. E. Robinson, Jr., J.
Virol., in press). Sequencing revealed a change in the integrase
coding region. A virus in which wild-type integrase was re-
placed with the mutant integrase also displayed reduced sen-
sitivity. These data strengthen the view that LCH acts at least
in part against integrase in vivo.
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