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A.

ABSTRACT
To replicate, HIV-1 must integrate a cDNA
copy of the viral RNA genome into a chromosome of the host.
The integration system is a promising target for antiretroviral
agents, but to date no clinically useful integration inhibitors
have been identified. Previous screens for integrase inhibitors
have assayed inhibition of reactions containing HIV-1 integrase purified from an Escherichia coli expression system.
Here we compare action of inhibitors in vitro on purified
integrase and on subviral preintegration complexes (PICs)
isolated from lymphoid cells infected with HIV-1. We find that
many inhibitors active against purified integrase are inactive
against PICs. Using PIC assays as a primary screen, we have
identified three new anthraquinone inhibitors active against
PICs and also against purified integrase. We propose that PIC
assays are the closest in vitro match to integration in vivo and,
as such, are particularly appropriate for identifying promising integration inhibitors.
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FIG. 1. Integration of HIV cDNA by PICs and inhibition by several
small molecules. (A) Pathway of integration in vivo. The HIV cDNA
is shown by the thin lines and the target DNA is shown by the thick
lines. Solid circles indicate DNA 5' ends. II, integration intermediate;
IP, integration product. (B) Inhibition of integration by small molecules. The numbers above the lanes indicate the concentration of each
drug in micromolars present in the reaction. The three letter abbreviations and compound numbers are as in Table 1.

Following binding of HIV-1 to a sensitive cell, the viral and
cellular membranes fuse and the viral core particle is released
into the cytoplasm. There the viral genomic RNA is reverse
transcribed, yielding a double-stranded DNA copy of the viral
RNA genome. Next, the complex of viral cDNA and proteins,
the "preintegration complex" (PIC), migrates to the nucleus
and covalently attaches the viral cDNA to a chromosome of
the host. Integration completes the formation of a provirus,
which contains all the information necessary to direct the
synthesis of the viral RNAs and proteins required for the
formation of new virions (for reviews, see refs. 1 and 2).
Fig. 1A summarizes the DNA breaking and joining reactions
involved in integration in vivo. The blunt ends of the linear
product of reverse transcription are cleaved to remove two
nucleotides from each 3' end. The recessed 3' ends are then
joined to protruding 5' ends of breaks made in the target DNA
to yield an integration intermediate (Fig. 1A, II). The points
of joining of the two DNA strands are staggered by five base
pairs. The DNA between the two points of joining then melts,
yielding gaps at each junction between host and viral DNA.
These gaps are then repaired, probably by host DNA repair
enzymes, to yield an integrated provirus (Fig. 1A, IP).
PICs can be partially purified from cells infected with HIV-1
and used as a source of integration activity in vitro (3-5). PICs
direct joining of both ends of the viral cDNA in a coordinated
fashion yielding a product resembling the gapped integration
intermediate (Fig. 1A, II). In vitro, purified integrase protein
can also carry out the terminal cleavage reaction and the
covalent connection of model viral DNA to target DNA (6-11)
(Fig. 2A). Integration products generated by purified integrase
usually resemble events occurring at one end of the unintegrated HIV DNA only (6, 11). Purified integrase can also
catalyze a reversal of this reaction named "disintegration" (12,
13) (Fig. 3A).

Integration is an attractive target for antiviral therapies
because it is a required step in HIV replication. Previous
searches for integrase inhibitors using reactions based on
purified integrase have identified many inhibitory small molecules. However, no inhibitors of integration effective in vivo
have yet been reported (14-27) (for review, see ref. 2).
Here we report the use of PICs in identifying and characterizing inhibitors. We find that activity of inhibitors against
purified integrase protein is not a reliable predictor of activity
against PICs. We have also used the PIC assay to identify new
inhibitors. We find that three structurally related anthraquinones not previously reported to inhibit HIV integration are
in fact the most effective inhibitors of PICs tested. Several lines
of evidence suggest that PIC assays are the closest match
among in vitro assays to integration in vivo, and that PIC assays
are the most stringent in vitro test for assessing the promise of
inhibitors.

MATERIALS AND METHODS
Enzymes and Reagents. HIV-1 integrase was expressed in
Escherichia coli and purified essentially as described (10). The
catalytic domain of HIV-1 integrase (amino acids 50-212)
carrying the solubilizing phenylalanine 185 to lysine mutation
(28) and an N-terminal histidine tag was expressed in E. coli
and purified essentially as described (29). All chemicals were
of the highest purity commercially available. Quercetagetin,
myricetin, and baicalein were purchased from Indofine ChemAbbreviation: PIC, preintegration complex.
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FIG. 2. Terminal cleavage and strand transfer by purified HIV-1
integrase and effects of inhibitors. (A) Reactions carried out by
purified integrase in vitro. The oligonucleotide DNA used as substrate
matches the sequence of one end of the unintegrated HIV DNA. S,
oligonucleotide substrate; TC, terminal cleavage product; ST, strand
transfer products. (B) Inhibition of terminal cleavage and strand
transfer by small molecules. Compound designations are as in Table 1.
All inhibitors were present at a concentration of 10 ,uM.

ical (Somerville, NJ). Emodin, 2-methylanthraquinone, alizarin red S, and acid green 25 were purchased from Aldrich.
Tyrphostins A25, A46, and A51 were purchased from Calbiochem-Novabiochem. 3'-Azido-3'-deoxythymidylate monophosphate (AZTMP) was purchased from Moravek Biochemicals (La Brea, CA). All other chemicals were purchased from
Sigma. Stock solutions of all compounds were prepared in
dimethyl sulfoxide, except for suramin, acid green 25, 3'-azido3'-deoxythymidylate (AZT), AZTMP (prepared in water),
and curcumin (prepared in ethanol). Stock solutions were
prepared fresh from solid for each experiment. For each
preparation of inhibitors, parallel tests were carried out in the
preintegration complex and purified integrase assays.
Oligonucleotide Assays. The terminal cleavage reaction was
performed essentially as described (11). The DNA substrate
consisted of the 5'-32P-labeled oligonucleotide, 5'-GCCTAGGATCCGTGTGGAAAATCTCTAGCAGT, hybridized to
its complement. The dumbbell disintegration assay (13) used
the oligonucleotide 5'-TGCTAGTTCTAGCAGGCCCTTGGGCCGGCGCTTGCGCC labeled at the 5' end with 32p.
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Terminal cleavage reaction mixtures (20 ,ul) contained 10 mM
MnCl2, 20 mM Hepes (pH 7.4), 60 mM NaCl, 10 mM DTT,
0.5% glycerol, 0.4 pmol 32P-labeled duplex oligonucleotide
substrate, and 3 pmol of integrase. Disintegration reactions
were performed under the same conditions, except with 20
mM NaCl and either 3 pmol of integrase or 4 pmol of integrase
catalytic domain fragment. For inhibitor assays, 2 ,ul of the
appropriate stock solution of compound (final concentration
of organic solvent when present, 10%) was added to the
enzyme mixtures and incubated on ice for 5 min before adding
DNA substrates. Reaction mixtures were incubated for 1 hr at
37°C. Reaction products were separated and analyzed on 18%
(terminal cleavage) or 15% (disintegration) polyacrylamide
DNA sequencing gels and quantitated by PhosphorImager
analysis. Percent inhibition and IC50 values were calculated
according to the method of Fesen et al. (27).
DNA binding to integrase was measured with a nitrocellulose filter binding assay described previously (25) using the
32P-labeled duplex oligonucleotide substrate and buffer conditions described above for the terminal cleavage reaction. For
inhibitor assays, integrase was incubated with the compound
on ice for 5 min before adding the DNA substrate.
PIC Purification. The chronically infected MoltIlIB human
T-cell line was the source of virus for cell-to-cell infection.
Infections were initiated by cocultivating human SupTl cells
(2 x 106 cells per ml) with phorbol 12-myristate 13-acetatestimulated MoltIlIB cells at a ratio of approximately 50:1.
Cytoplasmic extracts were prepared 5 hr after initiation of the
coculture as previously described (5). Crude cytoplasmic extracts, containing -0.5 ng/ml viral DNA and 2 mg/ml protein,
were frozen in 2 ml aliquots at -70°C.
PICs were partially purified by precipitation in low ionic
strength solutions. Crude cytoplasmic extracts were thawed,
cleared of insoluble material by centrifugation at 2000 x g for
10 min at room temperature, and diluted with an equal volume
of 20 mM Hepes (pH 7.4), 5 mM MgCl2, 1 mM DTT, and 10
units/ml aprotinin to bring the KCl concentration to 75 mM
(from 150 mM). The diluted extracts were incubated at room
temperature for 10 min and then centrifuged at 2000 x g for
10 min. Under these conditions, more than 95% of the PICs
were pelleted. Pelleted complexes were resuspended in a
volume equivalent to the original extract volume (before
dilution) of 20 mM Tris HCl (pH 8.0), 150 mM KCl, 5 mM
MgCl2, 1 mM DTT, 10 units/ml aprotinin, and 30% glycerol.
The purified PICs contained -0.5 ng/ml viral DNA and -20
,kg/ml protein.
Integration of viral DNA was assayed by adding 450 ng of
linearized 0X174 RF DNA (at 0.3 mg/ml in 150 mM KCl/10
mM Tris, pH 8/0.1 mM EDTA) to 100 ,ul of extract and
incubating at 37°C for 1 hr. For inhibitor assays, 2 ,lI of the
appropriate stock solution was added to extracts (final concentration of organic solvent, 2%) and the mixture was incubated at room temperature for 10 min before adding 0X174
DNA target. Reaction products were purified and analyzed by
Southern blotting as previously described (5). Integration
efficiency was determined by Phosphorlmager analysis of
Southern blots. Integration efficiency in the absence of inhibitors was routinely 60-90%.

RESULTS

FIG. 3. Dumbbell disintegration by purified HIV-1 integrase and
inhibition by small molecules. (Upper) Diagram of dumbbell disintegration. The disintegration substrate resembles the integration product in Fig. 2A but the double-stranded DNA ends are connected by
DNA loops. (Lower) Inhibition of dumbbell disintegration by small
molecules. All inhibitors were present at a concentration of 2 ,uM.

Inhibition of Reactions with Purified Integrase. To characterize the response of different assays to candidate integration inhibitors, assays of subviral PICs from infected cells were
compared with assays containing purified integrase only.
Representatives of many of the reported families of inhibitors
were tested. Several assays were used to study inhibition of
purified integrase. In vitro, integrase will remove two nucleotides from the 3' end of a model substrate DNA and integrate
that 3' end into another oligonucleotide to a yield Y-shaped
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integration product (Fig. 2). Purified integrase can also catalyze a reversal of this reaction named disintegration (12). The
disintegration assay is convenient for drug screening, since
products appear in a single band and are easily quantified. One
particularly simple substrate to prepare and analyze is the
"dumbbell disintegration" substrate of Chow and Brown (Fig.
3) (13). A fragment of integrase containing the central domain,
residues 50-212, is capable of carrying out the disintegration
reaction. Thus, inhibition of dumbbell disintegration by IN50212 indicates that the inhibitor is acting on the central catalytic
domain (or possibly the DNA substrates). For each assay,
inhibitors were added at different concentrations and the
reduction in product formed was quantitated. Potency is
presented as the concentration necessary for 50% reduction of
the wild-type activity (IC50).
As was reported previously, compounds 1-9 and 25 (Fig. 4A,
boldface numbers indicates compound numbers as shown in
Table 1) each inhibited the terminal cleavage activity of
integrase (Fig. 2 and Table 1, column A). These compounds
include the topoisomerase inhibitors doxorubicin and actinomycin D (19, 27), aurintricarboxylic acid (22), suramin (21),
dihydroxynapthaquinone (27), three flavones (Fig. 4, compounds 6-8) (14), curcumin (15), and AZTMP (24). IC50 values
ranged from 0.2 to 40 ,iM. In cases where previous measurements were repeated in our laboratory, the results were not
significantly different (Table 1, column B).
Inhibition of the dumbbell disintegration reaction was also
investigated (Fig. 3 and Table 1, column C). Compounds 1-9
also inhibited this reaction with IC50 values ranging from 0.2
to 22 ,tM. In general, the IC50 values for inhibition of dumbbell
disintegration were slightly lower than for terminal cleavage
but the relative potency in one assay was a good predictor for
potency in the other.
Strand transfer could also be monitored in assays of terminal
cleavage. Although quantitation of this activity is less straightforward than quantitation of terminal cleavage or disintegration, in all cases the inhibition of strand transfer paralleled
inhibition of the other activities (data not shown). These data
parallel many studies of integrase mutants that support the
view that a single active site on integrase carries out all of the
enzymatic activities (for review, see ref. 2).
Because compounds 1-9 and 25 displayed little or no inhibition when tested against PICs (see below), additional compounds were tested for inhibition. Since many integrase inhibitors are planar polycyclic molecules containing multiple hydroxyl groups (14, 27), several hydroxylated anthraquinones
and tyrphostins were tested (Fig. 4, compounds 10-23). For the
case of terminal cleavage (Table 1, compounds 10-23, column
B), inhibition was seen at <1 ,uM for the charged anthraquinone Cibacron blue 3GA (compound 20). The uncharged but

polyhydroxylated anthraquinone quinalizarin (compound 10)
displayed an IC50 of 4 ,uM. Uncharged anthraquinones decorated with fewer hydroxyl groups displayed higher IC5os (compounds 11 and 12) or no inhibition (compounds 13-16). Of
three tyrphostins tested (compounds 21-23), two inhibited terminal cleavage with IC50s of 10-16 ,tM (compounds 21 and 22).
Inhibition of dumbbell disintegration by anthraquinones and
tyrphostins was also examined (Table 1, compounds 10-23,
column C). The relative potency of inhibition in this assay
closely matched that seen for the terminal cleavage reaction.
Disintegration catalyzed by integrase 50-212 displayed the
same relative potency of inhibition (Table 1, column D),
consistent with the idea that each of these compounds is acting
on the catalytic domain or the integration substrates.
In further studies, however, integration reactions carried out
under different conditions were found to display an altered
response to inhibitors. When integrase was preassembled with
a long terminal repeat oligonucleotide (30) resembling the
product of terminal cleavage and reactions were carried out in
Mg2+ instead of Mn2+ (31, 32), inhibition of the strand transfer
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FIG. 4. (A) Structures of selected molecules that inhibit HIV-1
integrase. (B) Structure of quinalizarin and several other anthraquinones.

reaction by many of the compounds in Table 1 was much less
pronounced (data not shown). Since altering reaction conditions did in fact alter the response to some inhibitors, we chose
to assay the closest available in vitro analog of integration in vivo
by studying assays with PICs isolated from HIV-infected cells.
Inhibition of Reactions with PICs. For assays with PICs, a
cytoplasmic extract was prepared from cells freshly infected
with HIV-1 (Table 1, column E). Fractions containing PICs
were then mixed with a naked DNA target with or without
drug and accumulation of integration product was monitored
on Southern blots (Fig. 1). Inhibition was monitored by
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Table 1. Effects of inhibitors on reactions by purified HIV-1 integrase and PICs
Terminal cleavage
Previous work
(ref.)
This work
A
B
0.9 ± 0.7 (27)
1.3 ± 1
3 (19)
10 (22)
0.5 ± 0.2
0.1 (21)
0.14 ± 0.05
2 ± 0.7
5.7 ± 2.7 (27)
1.3 ± 0.7
0.8 ± 0.3 (14)
2 ± 1.1
7.6 ± 0.6 (14)
1.2 (14)
4.2 ± 1.9

IC50, ,M*
Disintegration

PICs

Crude
Full-length IN
IN50s212
D
C
E
Compound
2±1
>100
3.3 ± 0.3
1. Doxorubicin
0.2 ± 0.1
>100
0.5 ± 0.2
2. Actinomycin D
>100
0.7 ± 0.2
1.8 ± 0.9
3. Aurintricarboxylic acid
>100
0.2 ± 0.04
0.5 ± 0.3
4. Suramin
>100
2.9 ± 0.9
3.6 ± 1.6
5. Dihydroxynaphthoquinone
0.3 ± 0.1
0.6 ± 0.3
>100
6. Quercetagetin
0.6 ± 0.1
>100
1.3 ± 0.6
7. Myricetin
1 ± 0.2
2.3 ± 0.3
>100
8. Baicalein
>100
22 ± 2.4
18 ± 4
9. Curcumin
40(15)
11 ± 5.3
4±2
2.2 ± 0.2
1 ± 0.5
10. Quinalizarin
3.3 ± 0.9
20.8 ± 8.7
6.7 ± 1
5.9 ± 1.6
11. Purpurin
7 ± 1.4
>100
5.8 ± 2.5
9.3 ± 3.1
12. Alizarin
>100
>40
>40
>40
13. Quinizarin
>100
>40
>40
>40
14. Emodin
>40
>40
>40
>100(27)
15. Dihydroxyanthraquinone
>100
>40
>40
>40
16. 2-Methylanthraquinone
3± 1
3.2 ± 0.6
17. Alizarin red S
7.4 ± 1.6
>100
7.7 ± 3.7
16.7 ± 4.2
18. Alizarin complexone
3.2 ± 1.9
1.7 ± 0.4
19. Acid green 25
>100
0.6 ± 0.2
0.9 ± 0.3
0.6 ± 0.1
20. Cibacron blue 3GA
3 ± 0.4
5±2
>100
10 ± 2.5
21. Tyrphostin A51
>100
8 ± 2.1
6.5 ± 3.2
16 ± 4
22. Tyrphostin A25
>40
>40
>40
23. Tyrphostin A46
>400
>450 (24)
>400
24. AZT
>400
32 ± 3.7
140 (24)
25. AZTMP
+, >50% Inhibition at 10 AM; +/-, 50% inhibition between 10 and 100 AM; -, <50% inhibition at 100 ,M;
*IC5o values reported for this work are the mean of 3-6 experiments ± SD.

quantitating the reduction in the yield of integration product
in the presence of drug.
Of the compounds tested against crude PICs, only two anthraquinones, quinalizarin (compound 10) and purpurin (compound
11), showed detectable inhibition (IC5o 14 and 24 ,uM).
PICs were also assayed after partial purification by precipitation in reduced concentrations of KCl (Table 1, column F).
This step reduces the total protein concentration 100-fold (2
mg/ml to -20 ,ug/ml) without loss of complexes or specific
activity. A few compounds were more effective at inhibiting
reactions with partially purified PICs (compounds 3, 4, 10-12,
18, and 20; Table 1, column F). Quinalizarin was the most
potent inhibitor of purified PICs, with an IC50 of 6 ,uM. Note
that several compounds that were more active than quinalizarin against purified integrase (compounds 1, 2, 5-8, and 19)
displayed undetectable activity against purified PICs. The
structurally related anthraquinones quinalizarin, purpurin, and
alizarin (Fig. 4B) were the only compounds that displayed
similar IC50 values in the purified integrase and PIC assays.
Aurintricarboxylic acid, suramin, alizarin complexone, and
Cibacron blue 3GA all displayed detectable inhibition of
purified PICs, but with IC50 values that were much higher than
for inhibition of purified integrase.
The reverse transcriptase inhibitor AZTMP has been reported to inhibit reactions containing purified integrase (24).
In contrast, AZT did not display inhibition. In tests against
PICs, however, both AZTMP and AZT were inactive even at
concentrations of 400 ,uM (Table 1, compounds 24 and 25).
Effects on DNA Binding. A DNA filter binding assay was
used to investigate whether inhibitors acted by interfering with
binding of the DNA substrates. Integrase was mixed with an
inhibitor, then allowed to bind to a labeled DNA substrate. The
reaction mixture was then gently filtered. Integrase-DNA
complexes were retained on the filter, and free DNA passed

DNA
binding
Partially
inhibition
purified
G
F
>100
>100
+
21 ± 5.3
+
96 ± 18
>100
>100
>100
>100
>100
6 ± 2.8
12.6 ± 3.6
17.5 ± 5.5
>100
>100
>100
>100
>100
+/87 ± 9
>100
+/+
74 ± 15
>100
>100
>100
>400
>400
mean of 2-3 experiments.

through. Compounds 1, 3-5, 7, 9-14, and 17-21 were tested in
this way (Table 1, column G). Inhibition was observed for 3,
4, 17, 19, and 20. Each of the compounds that blocked binding
is negatively charged. Quinalizarin, purpurin, and alizarin, the
most potent inhibitors of preintegration complexes, did not
block DNA binding.

DISCUSSION
In this study, we (i) compare small molecule inhibitors in assays
of purified HIV integrase versus PICs and propose that PIC
assays are the closer match to integration in vivo, and (ii) identify
hydroxylated anthraquinones as robust inhibitors of PICs.
Assays of PICs Versus Assays of Purified Integrase. Here we
present data that assays with PICs are less sensitive to many
inhibitors than assays with purified integrase and propose that
assays with PICs are more appropriate for assessing the
promise of candidate inhibitors. But are PIC assays more
authentic or just different? Since there are no inhibitors known
that are clearly active against integrase in vivo, one cannot
rigorously compare assays in vitro to determine which most
reliably identifies the active compounds. However, it is clear
that PIC assays can be used to screen out false positives
generated in inhibitor screens using purified integrase. The
clearest case is that of AZTMP. AZTMP can inhibit purified
integrase in vitro, but clearly works in vivo against reverse
transcription as demonstrated by finding of viral drug escape
mutants in the reverse transcriptase coding region only.
AZTMP is not active against PICs even at a concentration of
400 i.M, indicating that PIC assays can be more restrictive in
a biologically relevant sense.
Many polyanions also inhibit purified integrase (such as
compounds 3, 4, 19, 20, and dextran sulfate; data not shown)
and are known to inhibit HIV replication in cell culture [e.g.,
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dextran sulfate, aurintricarboxylic acid (compound 3) and
suramin (compound 4) (22, 33)]. Dextran sulfate, however, has
been shown to block CD4-gpl2O interactions in cell culture
(33, 34), and those polyanionic integrase inhibitors that are
active in cell culture likely also work by this mechanism. We
find that dextran sulfate is inactive against PICs (unpublished
data). Compounds 3, 4, and 20 are inactive against PICs in
crude extracts and only weakly active against partially purified
PICs. These data again emphasize the ability of PIC assays to
screen out likely false positives.
PICs isolated from infected cells are known to differ from
complexes assembled from purified integrase is several respects. Purified integrase catalyzes in vitro reactions resembling events at only one end of the unintegrated HIV cDNA
(Fig. 2A). PICs carry out coupled integration at both ends of
viral cDNA (Fig. 1A). Perhaps as a consequence of the defect
in coupling, target sites favored in vitro by the two types of
complexes also differ (35). PICs likely contain proteins in
addition to integrase, including the HIV matrix protein (3638) and perhaps cellular proteins. Given these differences, it is
not surprising that activity of small molecules against purified
integrase is not a reliable predictor of activity against PICs or
integration in vivo.
Anthraquinones as Inhibitors of PICs. Studies of inhibition
by napthaquinones (27), flavones (14), and other compounds
indicated that polyhydroxylated polycyclic aromatic molecules
often acted as inhibitors of purified integrase. Here we analyzed two groups of aromatic compounds not extensively
studied previously, the anthraquinones and tyrphostins. During the course of this work, tyrphostins were reported by others
to inhibit purified HIV-1 integrase (26). We found that several
polyhydroxylated anthraquinones were active against both
purified integrase and PICs. Two tyrphostins, in contrast, were
active against purified integrase (compounds 21 and 22), but
were not active against PICs. Three anthraquinones, quinalizarin (compound 10), purpurin (compound 11), and alizarin
(compound 12), inhibited purified PICs with IC50 values
similar to those for inhibition of purified integrase (Table 1).
Inhibition in each assay correlated with the number of hydroxyl
groups decorating the anthraquinone nucleus, with potency
decreasing in the order quinalizarin (four hydroxyls)>
purpurin (three hydroxyls)>alizarin (two hydroxyls). Three
related anthraquinones, quinizarin (compound 13), emodin
(compound 14), and dihydroxynapthraquinone (compound
15), displayed no inhibition in the purified integrase or PIC
assays despite the presence of two or three hydroxyls, highlighting the potential importance of the ortho hydroxyls found
in compounds 10-12. It will be interesting to determine
whether these design principles can be extended to yield still
more effective inhibitors.
Several negatively charged compounds, including aurintricarboxylic acid (compound 3), suramin (compound 4), and the
substituted anthraquinones alizarin red S, acid green 25, and
cibacron blue 3GA (compounds 17, 19, and 20), were effective
inhibitors of purified integrase but weak or inactive against
PICs. These charged compounds seem unlikely to be useful
drugs in vivo.
The mechanism of action of quinalizarin and related anthraquinones is at present unclear. The observed inhibition of
dumbbell disintegration directed by IN50-212 is as expected if
these compounds act on the catalytic domain. These data do
not rule out the possibility that these compounds act on the
integration substrate, but this seems unlikely since vastly more
DNA is present in the PIC assay than in the purified integrase
assays, yet the IC5os are similar in all assays used. Furthermore,
quinalizarin, purpurin, and alizarin did not display detectable
binding to DNA in an electrophoretic assay that revealed clear
binding by doxorubicin and ethidium bromide (data not shown).
Quinalizarin and other anthraquinones have previously
been reported to inhibit growth of HIV on human peripheral
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blood mononuclear cells, although the mechanism of inhibition is unknown (39, 40). The work presented here raises the
possibility that inhibition in vivo by some anthraquinones may
be due to action against integrase.
Assessing Inhibitors of HIV cDNA Integration. The finding
that PIC assays are more selective than assays with purified
integrase does not just hold for polyhydroxylated aromatic
compounds reported here. We have recently tested a variety of
additional inhibitors and found compounds from several further structural classes that block PIC activity (D. Hazuda,
C.M.F., and F.D.B., unpublished data).
The data taken together indicate the PIC assays are the
closest available in vitro analog to integration in vivo, and are
capable of screening out likely false positives generated in
assays with purified integrase. As such PIC assays will likely be
useful in assessing the promise of integrase inhibitors prior to
clinical trials.
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