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Human lens epithelium-derived growth factor (LEDGF)/p75 plays an important role in the HIV life cycle
by stimulating integrase (IN)-led viral DNA integration into cellular chromosomes. Mechanistic studies
show the majority of IN inhibitors chelate magnesium ions in the catalytic active site, a region topolog-
ically distant from the LEDGF/p75 binding site. Compounds disrupting the formation of LEDGF/p75 and
IN complexes serve as a novel mechanistic approach different from current antiretroviral therapies. We
previously built pharmacophore models mimicking LEDGF/p75 residues and identified four classes of
LEDGF/p75-IN inhibitors. Substructure and similarity searches yielded additional LEDGF/p75-IN
inhibitors containing an acylhydrazone moiety. The most potent of the acylhydrazones inhibited
LEDGF/p75-IN interaction with an IC50 value of 400 nM. We explored structure–activity relationships
(SAR) and identified new acylhydrazones, hydrazines, and diazenes as lead molecules for further optimi-
zation. Two lead LEDGF/p75-IN inhibitors showed antiviral activity.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The interaction between transcriptional co-activator LEDGF/p75
and HIV-1 IN is an important target to improve current antiretro-
viral therapeutic regimens.1 The high mutation rate2,3 and the
pools of drug-resistant viral strains demand the identification of
innovative targets to impinge on viral replication.4,5 The LEDGF/
p75 host protein directs HIV-1 IN and the pre-integration complex
(PIC) to actively transcribe regions for viral DNA integration into
the human genome.6,7 Mutagenesis studies elucidated that a small
number of LEDGF/p75 residues (K364, I365, D366, F406, V408)
from the IN binding domain (IBD) and a few IN residues (E69,
A129, W132, V165, R166, Q168) are responsible for the LEDGF/
p75-IN interaction.8,9 Crystallography structures reveal a homol-
ogy between the LEDGF/p75 interaction sites of both HIV-1 and
HIV-2 IN proteins, thus supporting the essential role of LEDGF/
p75 in viral replication and fitness.10,11

Knockdown of cellular LEDGF/p75 expression shows a signifi-
cant decrease in viral genomic integration, viral fitness, and an in-
crease in LTR circles that is indicative of an inability to incorporate
viral DNA into host chromosomes.12,13 Knockout cell lines how-
ever, reveal HIV replication can partially recover using alternate
pathways for viral integration. Hepatoma-derived growth factor
related protein (HRP-2) IBD interacts with HIV-1 IN in LEDGF/
p75-depleted cells and is also susceptible to quinoline-based
LEDGF/p75-IN inhibitors.14

The identification of LEDGF/p75-IN inhibitors is an important
step to stay ahead of a still evolving lentivirus. Diketo acids con-
taining an indole have also been explored as LEDGF/p75-IN inhib-
itors.15,16 Occupying the LEDGF/p75 binding site, bi-modal
allosteric inhibitors disrupt LEDGF/p75-IN interaction and lock IN
into a pre-mature multimeric state.17,18 Our previously reported
dual antagonists for IN and LEDGF/p75-IN inhibition were initially
developed for IN strand transfer (ST) and had a central catechol at-
tached to a carboxamide linker.19 More recently, crystal structures
of LEDGF/p75-IN inhibitory peptides20 and small molecules con-
firmed the binding mechanism of LEDGF/p75-IN inhibitors to be
at the IN dimer interface.21

X-ray crystallography structures are an invaluable tool for ther-
apeutic drug design22,23 and have validated the interaction be-
tween cellular LEDGF/p75 and HIV-1 IN.10,11 A crystal structure
of the quinolin-3-yl acetic acid bound to the IN core domain, con-
firmed the inhibitory binding mechanism is located at a pocket
close to the IN interface.21 Another study reported several crystal
structures of LEDGF/p75-IN inhibitors identified through fragment
screening; adding to a growing list of templates available for ra-
tional drug design.24 In a separate study (unpublished), we
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Figure 1. A lead molecule with an N-acylhydrazone was identified from a four
feature pharmacophore model mimicking LEDGF/p75 IBD K364, I365, and D366
residues key to viral replication. Representative hydrogen bond donor (HBD) groups
in purple, a hydrophobic (HYD) group in teal, and a negative ionizable group in a
dashed blue circle is shown. New compounds were explored focusing on a central
N-acylhydrazone and two opposite cyclic rings, all components not highlighted as
pharmacophore model-related groups.
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developed pharmacophore models mimicking LEDGF/p75 IBD res-
idues K364, I365, and D366. The structure of a lead N-acylhydraz-
one that was identified from the pharmacophore models and
inhibited LEDGF/p75-IN interaction in vitro with an IC50 value be-
low 25 lM is provided in Figure 1. The pharmacophoric mapping of
similar LEDGF/p75-IN inhibitors prompted an investigation into
the importance of the central N-acylhydrazone linker. Several lead
molecules containing N-acylhydrazones were then subjected to
substructure and similarity studies which led to the discovery of
new acylhydrazone and hydrazine-based LEDGF/p75-IN inhibitors.

N-Acylhydrazones are known to treat tuberculosis via a mech-
anism of action targeting the biosynthesis of mycolic acids of the
bacteria cell wall.25,26 Antibacterial salinizide, aconiazide, and
other acylhydrazone prodrugs are hydrolyzed to the active hydra-
zide component isoniazid (Fig. 2).27,28 N-acylhydrazones have also
been identified to have antiretroviral activity by binding to HIV-1
capsid29 and reverse transcriptase30,31 suggesting potential antivi-
ral activity for this class of LEDGF/p75-IN inhibitors. In this study
we identified acylhydrazones, hydrazines, and diazenes as
LEDGF/p75-IN inhibitors, examined their SAR, and explored strate-
gies to evade cellular metabolism.

2. Results and discussion

2.1. SAR for the inhibition of HIV-1 IN and LEDGF/p75
interaction

2.1.1. Acylhydrazones
Developing small molecule inhibitors that target allosteric

pockets and alternate stages of the viral life cycle is the next step
in a marathon against expanding pools of drug-resistant strains.
We identified N-acylhydrazones as a potential new lead compound
using LEDGF/p75 IBD-based pharmacophore models. The examina-
tion of small molecules with a central acylhydrazone evolved from
a series of SAR studies using substructure searches. Further LEDGF/
p75-IN inhibitors were identified from a commercial database (En-
amine, Ltd) of half a million compounds and screened using an
amplified luminescent proximity homogeneous assay.32

Structures of select N-acylhydrazones and related compounds
are shown in Figure 3. Compounds 4 and 5 both inhibited
Figure 2. Clinical acylhydrazone-containing dru
LEDGF/p75-IN interaction with an IC50 value of 4 lM (Table 1).
Changing the position of the pyridine nitrogen from a meta (5) to
an ortho position in compound 6 improved activity three-fold with
an IC50 of 1.3 ± 0.3 lM. A pyrazine-carbohydrazine (7) exhibited
the best activity with an IC50 of 0.4 ± 0.1 lM while compound 8
had a pyrazine opposite a dichlorobenzylidene and was inactive
at 50 lM. Unlike LEDGF/p75-IN inhibitors 4–7, compounds 3 and
8 lacked a phenol ring and did not exhibit inhibitory activity at
50 lM.

LEDGF/p75-IN inhibitors containing a pyrazole followed a sim-
ilar pattern of activity. Compounds 10–12 without a phenol ring
were inactive at 50 lM while 13 had an IC50 of 2 ± 1 lM, at least
a 25-fold improvement. Compounds 9 and 15 both had 2-hydro-
xyl-naphthalene moieties and similar inhibition profiles. Com-
pound 16 had a pyrazole instead of a bicyclic ring and also
yielded similar activity with an IC50 of 7 ± 3 lM.

The presence of a phenol in compounds 1–16 seems to have im-
proved LEDGF/p75-IN inhibition. Other examples of hydroxyben-
zylidene acylhydrazones will need to be tested to confirm this
conclusion. Prodrug strategies have previously been explored to
evade the cellular metabolism associated with acylhydrazones.33

In our assays, the anti-tuberculosis drug, isoniazid, did not inhibit
the LEDGF/p75-IN interaction at 1000 lM (data not shown). Inter-
estingly, 4,6-bis(ethylamino)-1,3,5-triazine-2-carbohydrazide (19)
had an IC50 value of 6 ± 2. Substituting the terminal hydrazide with
a carboxamide linker (20) reduced activity more than threefold.
Replacing the pyrazole of 16 with a thiofuran (21) did not maintain
inhibitory activity, while compound 22 with a hydroxythiophene
showed a weak potency. Compounds 26 and 27 had an IC50 of
8 ± 3 and 13 ± 5 lM, respectively.

It is plausible that the hydroxyl group in some of the 2-phenol-
based inhibitors are important for LEDGF/p75-IN inhibitory activ-
ity. Many of the inactive analogues replace the hydroxyl group
with a methoxyl group or a chlorine while most of the isoniazid-
like compounds (e.g., 17 and 18) tested also do not have a 2-phe-
nol. As docking studies reveal in Section 2.2, it is likely the hydro-
xyl group in the 2 position forms an important hydrogen bond with
the target IN dimer interface, thus disrupting the LEDGF/p75-IN
complex.

LEDGF/p75-IN inhibitors were also tested against HIV-1 IN cat-
alytic activities in vitro (Table 1). Compound 7 did not inhibit IN at
100 lM while the LEDGF/p75-IN inhibitor 6 exhibited dual activity
with a catalytic inhibitory profile for 30 processing and strand
transfer IC50 values of 17 ± 5 and 13 ± 3 lM, respectively. The
remaining LEDGF/p75-IN inhibitors containing pyridines or pyra-
zines were all inactive at 100 lM against IN catalytic activities
in vitro. The bromine-substituted compound 14 was the only other
acylhydrazone to inhibit strand transfer with an IC50 value of
15 lM. HIV-1 IN catalytic inhibition by LEDGF/p75-IN inhibitors
has been previously identified to induce multimer formation and
lock IN into an inactive state.17

It has also been suggested that many of the reported dual 2-
(quinolin-3-yl) acetic acid LEDGF/p75-IN inhibitors act to prevent
IN assembly on the viral DNA prior to the integration step.34 Since
gs have widely been used for tuberculosis.
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Figure 3. Structures of select N-acylhydrazone-based derivatives and related compounds as potential LEDGF/p75-IN inhibitors.

Table 1
N-Acylhydrazone-based LEDGF/p75-IN inhibitors and analogues

Compounds LEDGF/p75-IN IC50

(lM)
30 Proc. IC50

(lM)
ST IC50

(lM)
Antivirala

1 93 ± 14 — — >20
2 >50 — — —
3 >50 >100 >100 —
4 4 ± 2 >100 >100 —
5 4 ± 1 >100 >100 >3
6 1.3 ± 0.3 17 ± 5 13 ± 3 >22
7 0.4 ± 0.1 >100 >100 >40
8 >50 >100 >100 —
9 6 ± 3 >100 >100 —
10 >50 — — —
11 >50 >100 >100 >40
12 >50 — — >20
13 2 ± 1 >100 >100 >4
14 4 ± 1 29 ± 12 15 ± 3 —
15 4 ± 2 >100 >100 >17
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many of the acylhydrazones reported here do not possess this dual
catalytic and cofactor inhibition, we suggest that these compounds
are unique LEDGF/p75-IN inhibitors acting to solely disrupt the
LEDGF/p75-IN complex formation. Several N-acylhydrazones were
chosen for antiviral screening in HIV-infected MT-4 cells. All com-
pounds that had a central N-acylhydrazone provided in this study
were ineffective at inhibiting viral infection.

Elevated cellular LEDGF/p75 expression levels have also been
observed in a panel of cancers and its role described as a stress-re-
lated transcriptional chaperone recruiting anti-apoptotic and pro-
survival factors.35,36 Although the highly active LEDGF/p75-IN
inhibitor 7 did not exhibit cytotoxicity, several other N-acylhydra-
zones showed significant cytotoxicity in human colon cancer
HCT116 p53 +/+ and �/� cell lines (Table S1). The evaluation of
cytotoxic LEDGF/p75-IN inhibitors offers the potential that these
anticancer compounds may also inhibit LEDGF/p75-related tran-
scriptional activation of oncogenes.
16 7 ± 3 >100 >100 >14
17 >50 — — —
18 >50 — — —
19 6 ± 2 <100 <100 >20
20 21 ± 2 — — —
21 >50 — — —
22 38 ± 6 >100 >100 —
23 50 100 100 —
24 50 >100 >100 —
25 50 — — —
26 8 ± 3 90 ± 14 75 ± 35 —
27 13 ± 5 90 80 >40
28 >50 — — —
29 >50 — — —
30 5 ± 0.2 >100 >100 >50

a Compounds were screened in virally infected MT-4 cells to determine EC50

(lM).
2.1.2. Hydrazines, diazenes, and related compounds
In addition to compounds containing a central acylhydrazone

linker, we tested additional hydrazines in our AlphaScreen assay
to assess the importance of the central carbonyl group (Fig. 4).
After identifying several hydrazine ‘hits’ we aimed to explore the
affects of the two central nitrogen atoms by altering the position
of the double bond, effectively yielding diazene-based LEDGF/
p75-IN inhibitors. In this series, at least six hydrazine and dia-
zene-based compounds inhibited LEDGF/p75-IN interaction with
IC50 <10 lM in vitro (Table 2).

LEDGF/p75-IN inhibitor 4-(2-(1-(2-bromophenyl)ethyli-
dene)hydrazinyl)-N-(2-methoxyphenyl)-3-nitrobenzenesulfona-
mide (35) inhibited the protein-protein interaction with an IC50 of
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Figure 4. Structures of select hydrazines, diazenes, and related compounds as potential LEDGF/p75-IN inhibitors.

Table 2
LEDGF/p75-IN inhibitors—hydrazines, diazenes, and related compounds

Compounds LEDGF/p75-IN
IC50 (lM)

30 Proc. IC50

(lM)
ST IC50

(lM)
Antivirala

31 >50 — — —
32 6 ± 1 77 ± 12 52 ± 3 —
33 >50 >100 >100 —
34 13 ± 3 >100 >100 >28
35 6 ± 4 >100 >100 12
36 25 ± 12 >100 >100 >10
37 6 ± 3 — — —
38 3 ± 2 >100 >100 >20
39 40 ± 12 — — —
40 46 ± 8 — — —
41 20 ± 8 >100 >100 >5
42 2 ± 1 >100 >100 >100
43 12 ± 2 >100 >100 —
44 36 ± 9 — — —

a Compounds were screened in virally infected MT-4 cells to determine EC50

(lM).
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6 lM in vitro and showed antiviral activity in MT-4 cells with an
EC50 of 12 lM. The lack of IN catalytic inhibition suggests either
the inhibitor only prevents the LEDGF/p75-IN protein–protein
interaction and does not effect multimerization or the antiviral
activity relates to another target altogether.

Compound 38 inhibited the LEDGF/p75-IN interaction with an
IC50 of 3 lM, a substantial improvement compared to analogues
39 and 40. Hydrazine 41 also had a diazene linker and inhibited
the LEDGF/p75-IN interaction with an IC50 of 20 ± 8 lM. The iden-
tification of this inhibitor led to the screening of more diazene-
based compounds and investigating the role of the double bond
in between the two central nitrogen atoms. The most active dia-
zene-based LEDGF/p75-IN inhibitor, compound 42, had an IC50 of
2 ± 1 lM but showed no antiviral activity.

We reasoned that cyclization and/or conjugation of the
hydrazine or its components into cyclic moieties may improve
the metabolic profile and reduce non-specific interactions of this
chemical class of LEDGF/p75-IN inhibitors (Fig. 5). In this series,
three out of 16 compounds showed IC50 values <10 lM in our
AlphaScreen (Table 3). Hydrazine-containing compounds 32 and
54 were the only examples that inhibited both LEDGF/p75-IN
interaction and exhibited IN catalytic inhibition in vitro. Com-
pound 56 had a similar structure to 34–36 with a sulfonamide lin-
ker and replacing the hydrazine with a piperazine-like ring, and
like 35, 4-(4-(4-methoxybenzyl)-1,4-diazepan-1-yl)-3-nitro-N-
phenylbenzenesulfonamide (56) showed antiviral activity with
an EC50 value of 24 lM. Antiviral LEDGF/p75-IN inhibitors 35 and
56 had selectivity indexes of >8 and >1, respectively.

2.2. Docking and molecular modeling

Inhibitors from this study were docked in the LEDGF/p75 bind-
ing cavity of the IN dimer interface of the 2B4J crystal structure
using Generic Optimization Ligand Design (GOLD) software.10,37

For comparison of the docking interactions, we merged the co-
crystal structure of LEDGF/p75-IN inhibitor (976) imported from
3LPU21 onto 2B4J by superimposing both structures to show the
complete IN dimer pocket. Figure 6 shows reported inhibitor 976
can form an H-bond with the main chain nitrogen atoms of E170
and H171 as well as the side chain oxygen atom of T174.

The most active LEDGF/p75-IN inhibitor from the in vitro stud-
ies, pyrazine carbohydrazine 7, shows it can also form H-bonds
with IN residues E170 and H171 while the phenol ring falls in
the hydrophobic cavity (Fig. 6). The oxygen atom from the carbonyl
of 7 likely forms H-bonds with the main chain amide of E170 and
H171 and the pyrazino nitrogen can form H-bond with the T174
side chain. The relative distances of all the interactions observed
in the docking studies is less than 3 angstroms which suggests a
stacking interaction can also form between the pyrazine and the
H171 side chain. It is also possible that a water molecule can form
H-bonds with the phenol and the keto groups (not shown). In con-
trast, the anti-tuberculosis drug isoniazid, did not dock near the
A169–T174 region (Fig. S1) and thus does not likely form any inter-
actions capable of disrupting the LEDGF/p75-IN complex as evi-
denced with an IC50 value >1000 lM in the AlphaScreen assay.

Similar to compound 7, docking studies show antiviral LEDGF/
p75-IN inhibitors 4-(2-(1-(2-bromophenyl)ethylidene)hydrazi-
nyl)-N-(2-methoxyphenyl)-3-nitrobenzenesulfonamide (35) and
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Figure 5. Structure of select acylhydrazones, hydrazines, and related compounds with components of the central linker in a cyclic ring as potential LEDGF/p75-IN inhibitors.

Table 3
LEDGF/p75-IN inhibitors—acylhydrazone and hydrazine moieties in cyclic ring

Compounds LEDGF/p75-IN IC50

(lM)
30 Proc. IC50

(lM)
ST IC50

(lM)
Antivirala

45 39 ± 6 — — —
46 >50 — — —
47 3 ± 1 >100 100 >40
48 6 ± 2 >100 >100 >100
49 35 ± 13 >100 >100 —
50 24 ± 6 — — —
51 19 ± 1 >100 >100 >100
52 50 — — —
53 32 ± 7 >100 >100 —
54 16 ± 5 69 ± 30 31 ± 19 —
55 21 ± 5 >100 >100 >100
56 34 ± 11 — — 24
57 14 ± 6 >100 >100 >15
58 8 ± 1 >100 >100 >60
59 23 ± 3 >100 >100 >1
60 <25 — — >35

a Compounds were screened in virally infected MT-4 cells to determine EC50

(lM).
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Figure 6. Molecular docking poses of LEDGF/p75-IN inhibitors in the LEDGF/p75
binding site at the IN dimer interface. All predicted interactions had distances
within 3 angstroms and the potential ligand hydrogen bonds are provided in dashed
lines. (A) LEDGF/p75-IN inhibitor 976 adopted from the 3LPU crystal structure. (B)
Most active LEDGF/p75-IN inhibitor 7 identified in this study docked in close
proximity for a stacking interaction with H171. (C) Antiviral LEDGF/p75-IN
inhibitor 35. (D) LEDGF/p75-IN inhibitor 56.
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4-(4-(4-methoxybenzyl)-1,4-diazepan-1-yl)-3-nitro-N-phenylben-
zenesulfonamide (56) can both form H-bonds with E170 and H171
(Fig. 6). The sulphonyl oxygen of these two compounds can form
H-bonds between the side chain amine and the main chain amide
of H171 while the other sulphonyl oxygen forms an H-bond with
T174 side chain hydroxyl group. Selected LEDGF/p75-IN inhibitors
19, 42, and 58 were also docked and showed similar H-bonding
patterns within the LEDGF/p75 binding pocket (Fig. S1).

3. Conclusion

Small molecules containing acylhydrazones, hydrazines, diaz-
enes, and related compounds were identified to disrupt the inter-
action between cellular LEDGF/p75 and HIV-1 IN. LEDGF/p75-IN
inhibitor 7 had a central acylhydrazone and an IC50 of 400 nM.
Allosteric IN inhibitors offer a promising approach in preventing
viral replication by inhibiting the interaction between IN and
LEDGF/p75. Two compounds identified from this study, 35 and
56, showed antiviral activity warranting further investigation into
hydrazines and their analogues as potential lead compounds for
LEDGF/p75-IN inhibition. These compounds in general have low
molecular weight and are amenable to further optimization while
maintaining drug-like properties.

4. Experimental section

4.1. Materials

All compounds were purchased from Enamine Ltd as solid pow-
der, freshly dissolved in DMSO, and stock solutions stored at
�20 �C. c-[32P]-ATP was purchased from American Radio-
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chemicals (ARC, Inc.). The expression system for the wild-type IN
was a generous gift of Dr. Robert Craigie, Laboratory of Molecular
Biology, NIDDK, NIH, Bethesda, MD.

4.1.1. Recombinant protein expression and purification
Protein expression plasmids pGEX-6P-3 and pET-15b-IN encod-

ing the LEDGF/p75 fusion protein gene and HIV-1 IN gene respec-
tively, were transformed into competent Escherichia coli pLysS
BL21 (DE3) bacterial cells through heat shock and plated on
100 lg/ml ampicillin LB-agar plates. The plasmid pGEX-6P-3 en-
coded for a FLAG peptide gene, while pET-15b included a hexa-his-
tidine tag on the IN C-terminus. The plasmids contain a T7
promoter region to promote the overexpression of transformed
genes only and an ampicillin-resistant gene to positively select
for correctly transformed colonies. Bacteria were grown in large
bacterial culture vats at 37 �C, 250 rpm, and protein expression
was induced with 1 mM IPTG. Bacteria were then centrifuged using
a Beckman Coulter 6KR centrifuge for 20 min at 3000 rpm and
lysed using French Pressure Cell Press (ThermoSpectronic, Inc.). Re-
combinant LEDGF/p75 was isolated using a general non-tagged
purification protocol using Heparin HP and Sepharose SP columns
according to the manufacture (Thermoelectronic, Inc.). Recombi-
nant IN was isolated using a nickel-chelating column and extracted
using increasing imidazole concentrations at 4 �C. Overnight
dialysis at 4 �C concentrates purified proteins in 50 mM NaCl,
1 mM HEPES, pH 7.5, 50 lM EDTA, 50 lM DTT, 10% glycerol buffer
stock solutions, and purified protein solutions were stored at
�80 �C.

4.1.2. Preparation of oligonucleotide substrates
Oligonucleotides mimicking the LTR regions 50-GTGTGGA

AAATCTCTAGCAGT-30 and 50-ACTGCTAGAGATTTTCCACAC-30 were
purchased from Norris Cancer Center Core Facility (University of
Southern California) and purified by UV shadowing on polyacryl-
amide gel. To analyze the extent of 30-processing and strand trans-
fer using 50-end labeled substrates, the 21-mer forward strand was
radioactively labeled in the 50-end end using a T4 polynucleotide
kinase (Epicentre, Madison, WI) and c-[32P]-ATP (ARC, Inc.). The ki-
nase was heat-inactivated and the complementary reverse strand
was added in 1.5-molar excess. The mixture was heated at 95 �C,
and then allowed to cool slowly to room temperature. The newly
annealed oligonucleotide was purified through a spin 25 mini-col-
umn (USA Scientific) to separate annealed double-stranded oligo-
nucleotide from unincorporated material.

4.2. Biological assays

4.2.1. LEDGF/p75-IN AlphaScreen proximity luminescent assay
The AlphaScreen assay was performed according to the manu-

facturer’s protocol (Perkin Elmer, Waltham, MA). Reactions were
performed in 25 ll final volume in 384-well Optiwell™ microtiter
plates (Perkin Elmer). The reaction buffer contained 25 mM Tris–
HCl (pH 7.4), 150 mM NaCl, 1 mM MgCl2, 0.01% (v/v) Tween-20
and 0.1% (w/v) bovine serum albumin. Wild type IN with a His6-
tag (300 nM final concentration) was pre-incubated with each
inhibitor for 30 min at 4 �C. Next, 100 nM Flag peptide tagged-
LEDGF/p75 was added to the reaction and incubated for an addi-
tional hour at 4 �C. Subsequently 5 ll of Ni-chelate-coated donor
beads and 5 ll anti-Flag acceptor beads were added to a final con-
centration of 20 lg/ml for each beads. Proteins and beads were
incubated for 1 h at 30 �C in order to allow association to occur.
Exposure of the reaction to direct light was omitted as much as
possible and the emission of light from the acceptor beads was
measured in the EnVision plate reader (Perkin Elmer).
4.2.2. Counter screen
A counter screen assay was conducted to observe compounds’

ability to ‘quench’ the AlphaScreen bead signal and inhibit the
non-specific interaction between the protein tags and their affinity
to the beads. Some compounds absorb energy at the emission fre-
quency significantly diminishing the output signal for accurate
reading. As another example, molecules can theoretically interfere
with the interaction of FLAG peptide with anti-FLAG acceptor bead,
reporting as a false positive. An internal control substrate was pro-
vided by the company and was used to determine the nonspecific
inhibition of compounds with the beads and tags as well as the dis-
ruption of emitting signal.

4.2.3. Integrase enzymatic assay
To determine the extent of 30-processing and strand transfer,

wild-type IN was pre-incubated at a final concentration of
200 nM with the inhibitor in reaction buffer (50 mM NaCl, 1 mM
HEPES, pH 7.5, 50 lM EDTA, 50 lM dithiothreitol, 10% glycerol
(w/v), 7.5 mM MnCl2, 0.1 mg/ml bovine serum albumin, 10 mM
2-mercaptoethanol, 10% dmso, and 25 mM MOPS, pH 7.2) at
30 �C for 30 min. Then, 20 nM of the 50-end 32P-labeled linear oli-
gonucleotide substrate was added, and the incubation was contin-
ued for an additional one hour. Reactions were then quenched by
the addition of an equal volume (16 ll) of loading dye (98% deion-
ized formamide, 10 mM EDTA, 0.025% xylene cyanol and 0.025%
bromophenol blue). An aliquot (5–10 ll) was electrophoresed on
denaturing 20% polyacrylamide gels (0.09 M tris-borate pH 8.3,
2 mM EDTA, 20% acrylamide, 8 M urea).

Gels were dried, exposed in a PhosphorImager cassette, and
analyzed using a Typhoon 8610 Variable Mode Imager (Amersham
Biosciences) and quantitated using ImageQuant 5.2.

Percent inhibition ð%IÞwas calculated using equation :%I

¼ 100� ½1� ðD� CÞ=ðN � CÞ�;

where C, N, and D are the fractions of 21-mer substrate converted to
19-mer (30-processing product) or strand transfer products for DNA
alone, DNA plus IN, and IN plus drug, respectively. The IC50 values
were determined by plotting the logarithm of drug concentration
versus percent inhibition to obtain the concentration that produced
50% inhibition.

4.2.4. Growth inhibition assay
Growth inhibition was assessed using a 3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay as described
earlier.38 Cells were seeded in 96-well microtiter plates, allowed
to attach 24 h prior to the addition of corresponding compounds
to the culture medium. After 72 h, cells were incubated with
0.3 mg/ml MTT (Amresco) for an additional 3 h at 37 �C. After re-
moval of the supernatant, dimethyl sulfoxide (DMSO) was added
to the wells and the absorbance was read at 570 nm. All assays
were performed in triplicate. Percentage of cell growth inhibition
was expressed as: (1 � A/C) � 100% (A and C were the absorbance
values from experimental and control cells, respectively). Inhibi-
tory concentration 50% (IC50) values were determined for each
drug from a plot of log (drug concentration) versus percentage of
cell growth inhibition. Standard deviations were calculated based
on the IC50 values obtained from at least three independent
experiments.

4.2.5. Cells in virus strain
MT-4 cells were grown in a humidified atmosphere with 5% CO2

at 37 �C and maintained in RPMI 1640 medium supplemented with
10% heat-inactivated fetal calf serum, 2 mM L-glutamine, 0.1% so-
dium bicarbonate, and 20 lg/ml of gentamycin.39 MT-4 cells were
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infected with HIV strains in the presence of the compounds. The
origin of HIV-1 (IIIB) has been described.40
4.2.6. Drug susceptibility assays
The inhibitory effect of antiviral drugs on the HIV-induced CPE

in MT-4 cell culture was determined by the MTT-assay. The 50%
cell culture infective dose of the HIV strains was determined by
titration of the virus stock using MT-4 cells. For the drug suscepti-
bility assays, MT-4 cells were infected with 100–300 50% cell cul-
ture infective doses (CCID50) of the HIV strains in the presence of
fivefold serial dilutions of the antiviral drugs. The concentration
of the compound achieving 50% protection against the CPE of
HIV, which is defined as the 50% effective concentration (IC50),
was determined. The concentration of the compound killing 50%
of the MT-4 cells, which is defined as the 50% cytotoxic concentra-
tion (CC50), was determined as well.

4.3. Molecular docking

Docking calculations were performed using GOLD Suite soft-
ware.37 For each compound, the best 10 scored poses were col-
lected for analysis. The crystal structure of LEDGF/p75 IBD in
complex with an HIV-1 IN CCD dimer, PDB 2B4J, was used for
our modeling studies. An extensive molecular docking study
was performed using the standard default settings with 200 ge-
netic algorithm runs on each molecule. Ligand flexibility was in-
cluded by using options such as flipping of ring corners, amides,
pyramidal nitrogens, secondary and tertiary amines, and rotation
of carboxylate groups, as well as torsion angle distribution and
post-process rotatable bonds as the default settings. We used
the default cutoff values of 3.0 Å (dH-X) for H-bonds and 4.0 Å
for van der Waals interactions. Hydrophobic fitting points were
calculated to facilitate the correct starting orientation of the
compound for docking by placing the hydrophobic atoms in
the corresponding areas of the active site. When the top three
solutions attained RMSD values within 1.5 Å the docking was
terminated.
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