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Abstract

On the basis of an initial molecular modeling study suggesting the favorable binding of the 

“privileged” fragment 8-hydroxyquinoline with IN at the IN-LEDGF/p75 interface, we developed 

a set of modified 8-hydroxyquinoline fragments demonstrating micromolar IC50 values for 

inhibition of the IN-LEDGF/p75 interaction, but significant cytotoxicity was associated with these 

initial compounds. Diverse modifications at the C5 and C7 carbons of the 8-hydroxyquinoline core 

improved potency, but reduction of diversity to only modifications at the C5 position ultimately 

yielded potent inhibitors with low cytotoxicity. Two of these particular compounds, 5-((p-

tolylamino)methyl)quinolin-8-ol and 5-(((3,4-dimethylphenyl)amino)methyl)quinolin-8-ol, 

inhibited viral replication in MT-4 cells with low micromolar EC50. This is the first study 

providing evidence for 8-hydroxyquinolines as novel inhibitors of the IN-LEDGF/p75 interaction. 

Our lead compounds are drug-like, have low molecular weights, and are amenable to various 

substitutions suitable for enhancing their potency and selectivity.

INTRODUCTION

Currently, over 30 FDA approved drugs, targeting various stages of the viral life cycle, are 

available to treat HIV-1 infection,1 but drug resistance2 and reservoirs of latent viral 

infection3, 4 have prevented total eradication of the virus. HIV-1 integrase (IN) is an essential 

viral enzyme responsible for integrating the provirus into the host chromosomes.5 After 

several unsuccessful attempts in developing clinically safe and efficacious IN inhibitors, 

only Raltegravir has shown remarkable safety and selectivity profiles and gained accelerated 

approval from the FDA in 2007.6 However, viral resistance has necessitated the continued 

development of novel IN inhibitors.7 The discovery of the interaction between IN and the 
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host protein LEDGF/p758 has opened the possibility for the design of allosteric inhibitors 

selectively targeting this interaction. LEDGF/p75 is an important cofactor of viral 

replication, plays a crucial role in tethering IN to the host chromosome,9 and stimulates 

concerted integration of the HIV-1 provirus.10 Several small-molecule inhibitors of this 

virus-host interaction have recently been developed that not only allosterically inhibit HIV-1 

integration, but also exhibit antiviral activity.11–17

Fragment-based drug design (FBDD) is becoming a popular complement to traditional high-

throughput screening efforts.18, 19 In FBDD, successful scaffolds from FDA-approved or 

otherwise clinically advanced drugs may be used as starting points for inhibitor 

development. This technique can significantly reduce the amount of compounds screened 

relative to traditional high-throughput screening and can also increase the success rate for 

lead development. FBDD has been used to study ligand-binding mechanisms for HIV-1 IN.
20–22 Quinoline has functioned as a “privileged”23 scaffold of several FDA-approved drugs, 

including mefloquine, quinine, quinidine, montelukast, chloroquine, amodiaquine, 

primaquine, and dibucaine,24–31 and along with quinolone derivatives was also explored in 

the development of IN inhibitors over the last 10 years.32–35 Several quinolines, quinolones, 

and quinines possess antifungal, antimicrobial, and anti-malarial properties, respectively,
36–38 demonstrating a potential utility for these scaffolds in drug discovery. In this study we 

present a novel class of 8-hydroxyquinoline inhibitors of the IN-LEDGF/p75 interaction. 8-

hydroxyquinoline analogues have been previously explored for anti-IN activity39–42 

(examples in Figure 1), but to date there exist no reports of 8-hydroxyquinoline inhibition of 

IN-LEDGF/p75.

RESULTS

8-Hydroxyquinoline-Based Fragments Inhibit the IN-LEDGF/p75 Interaction

Using Grid-based Ligand Docking from Energetics (Glide), we performed molecular 

docking of quinoline at the IN-LEDGF/p75 interface (PDB ID: 2B4J). While quinoline 

formed hydrogen bond (H-bond) interactions with only the side chain NH of Gln 95 from IN 

chain B, 8-hydroxyquinoline formed several H-bonds, specifically with His 171 and Glu 170 

(Figure 2). We subsequently began to assay 8-hydroxyquinoline fragments for their potency 

in inhibiting the IN-LEDGF/p75 interaction. We used an AlphaScreen protein-protein 

interaction assay that has been previously validated for efficacy in identifying specific IN-

LEDGF/p75 inhibitors.12, 16, 43 The AlphaScreen luminescence assay is distinct from the IN 

enzymatic and cell-based antiviral assays. As shown in Table 1, the 8- hydroxyquinoline 

inhibitors of the IN-LEDGF/p75 interaction lack inhibitory activity in the IN enzymatic 

assay. Compounds with minor structural additions to the 8-hydroxyquinoline core (Figure 3) 

exhibited favorable potency. 5-chloroquinolin-8-ol, 5,7-dichloroquinolin-8-ol, and 5-

(ethoxymethyl)quinolin-8-ol (QA, QB, and QC) inhibited IN-LEDGF/p75 with IC50 values 

of 3.6 ± 0.5, 4.3 ± 0.2, and 2.4 ± 0.4 µM, respectively (Table 1). Molecular docking with 

Glide (Figure 3) suggested a similar IN-binding pattern for each of the three compounds. 

The quinoline nitrogen of each compound formed an H-bond with the backbone NH of Glu 

170. Furthermore, the 8-olate ions of QA and QC formed two H-bonds with the backbone 

and side chain NHs of His 171, while that of QB formed only one H-bond with backbone 
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NH of His 171. However, the ethoxymethyl group of QC was additionally predicted to 

position itself within the hydrophobic pocket formed by Ala 128, Ala 129, Glu 170, Thr 124, 

Thr 125, Trp 131 and Trp 132. The additional hydrophobic interactions of QC may explain 

its increased potency compared to the other two fragments, QA and QB. Initial MTT 

analysis in LNCaP cells revealed significant cytotoxicity associated with all three of these 

fragments (Table 1), which led us to extend our analysis to more divergent and bulky 

additions to the core fragment.

Structure-Based Pharmacophore Study

A structure-based pharmacophore was generated on the basis of the docked poses of most 

potent fragment, QC. The pharmacophore consisted of two H-bond acceptors (HBA) and a 

hydrophobic feature (HY, Figure 4A). The two HBAs represent three distinct H-bond 

interactions. Specifically, HBA-1 represents two H-bonds between the QC 8-olate group and 

the backbone and side chain NHs of His 171, and HBA-2 represents an H-bond between the 

QC quinoline nitrogen and the backbone NH of Glu170. The HY represents the 

hydrophobic interactions of the QC ethoxymethyl group within hydrophobic pocket formed 

by Ala128, Ala129, Glu170, Thr124. Thr125, Trp131 and Trp132. Figure 4B–E also details 

the phamacophore mapped onto initial fragment compound QC and top compounds Q1-1, 
Q2-1, and Q3-1, which are discussed below. This pharmacophore was used to screen 

approximately 7,000 compounds resulting from a substructure search of 5 million drug-like 

commercially available compounds using 8-hydroxyquinoline as a query. The 

pharmacophore screening resulted in approximately 100 8-hydroxyquinoline compounds 

with greater than 2.5 fit values. We systematically evaluated these compounds through 

clustering into different subsets of compounds, and the complete flow chart of our approach 

is depicted in Figure 5. Although the pharmacophore identified the neutral form of 

compounds from the database, we have used the ionized form for the purpose of 

pharmacophore mapping, as we consider these compounds to be ionized in the context of 

receptor binding.

Expansion of Chemical Diversity of 8-Hydroxyquinolines

Pharmacophore-identified compounds containing substitutions at both the C5 and C7 
carbons of the quinoline core were next investigated (Figure 6). Only compounds with IC50 

values less than 5 µM for IN-LEDGF/p75 interaction inhibition are listed in Table 1, while 

all compounds with IC50 values above 5 µM are listed in Supplementary Table 1. Propan-2-

one, butan-2-one, and pentan-2-one were the favored moieties at the C5 carbon position, 

while longer aliphatic hexan-2-ones and divergent 2-methylthiazole groups decreased 

activity. The C7 carbon position generally contained a modified phenyl ring for all 

compounds tested, and an additional lack of bulk was associated with increased potency in 

this group. Structures of inactive (IC50 > 20 µM) analogues of this and other clusters of 8-

hydroxyquinolines can be found in Supplementary Figure 1. Molecular docking revealed an 

alternative spatial orientation for compounds Q1-1 and Q1–2 relative to the fragments QA-
C (Supplementary Figure 2). More specifically, the quinoline nitrogen from Q1-1 and Q1–2 
formed an H-bond with the side chain NH of His 171 on IN, while the 8-olate group formed 

an H-bond with the backbone NH of His 171. The C7 carbon-attached phenyl moieties of 
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these two compounds packed into the hydrophobic pocket formed by Ala 128, Ala 129, Gln 

168, Trp 131, and Trp 132. Hydrogen bond distances between all compounds detailed in this 

study and IN residues are listed in Supplementary Table 2. Though the top compounds Q1-1 
and Q1–2 showed reasonable potency for inhibiting the IN-LEDGF/p75 interaction in vitro 
(IC50 = 1.4 and 2.0 µM, respectively), both exhibited notable cytotoxicity in the MTT 

LNCaP assay (Table 1).

Non-Cytotoxic 8-Hydroxyquinoline Analogues

Consistent cytotoxicity of 8-hydroxyquinoline derivatives was eventually overcome with 

compounds containing only modifications at the core scaffold C5 carbon, rather than both 

C5 and C7 (Figure 7). Most compounds in this group (Q2-1 – Q2–14) inhibited the IN-

LEDGF/p75 interaction with IC50 values below 5 µM, and many were non-cytotoxic (Table 

1). Top compound Q2-1 exhibited an IN-LEDGF/p75 IC50 value of 1.4 µM and displayed 

0% inhibition of cell growth in the MTT LNCaP assay. However, quinolin-8-ol and 3-

methoxyaniline modifications at the R1 position (Q2-2 and Q2–7) did confer notable 

cytotoxicity. Docking poses of top two compounds Q2-1 and Q2-2 from this cluster were 

similar to QC (Supplementary Figure 2), as the quinoline nitrogen formed an H-bond with 

the backbone NH of Glu 170, and the 8-olate group formed two H-bonds with side chain and 

backbone NHs of His 171. The toluene moiety of Q2-1 and the second quinoline moiety of 

Q2-2 packed into the hydrophobic pocket formed by Ala 128, Ala 129, Gln 168, Trp 131, 

and Trp 132, similar to the R2 phenyl moieties of compounds from the Q1 cluster.

Enhanced Potency with Piperidine and Piperizine Substitutions

Replacement of the C5 phenyl substitutions with piperidine- and piperizine-based groups 

generated a class of compounds with increased potency and reduced cytotoxicity (Figure 8). 

The best compound in this series, Q3-1, contained a piperidine moiety and inhibited the IN-

LEDGF/p75 interaction with an IC50 value of 400 nM. Extension to a 1-methylpiperizine 

(Q3-2) maintained decent activity at 800 nM, but further added bulk was generally 

associated with a significant decrease in potency (Table 1). Q3-1 and Q3-2 shared similar 

binding modes, as molecular docking revealed that the quinoline nitrogens formed an H-

bond with the backbone nitrogen of Glu 170, and the 8-olate group formed two H-bonds 

with the side chain and backbone NHs of His 171 (Supplementary Figure 2). Q3-1 
piperidine and Q3-2 methylpiperazine moieties both packed into the hydrophobic pocket 

formed by Ala 128, Ala 129, Gln 168, Trp 131, and Trp 132. Many of the assayed 

compounds in this class maintained low cytotoxicity (Table 1). Only the 1-phenylpiperazine 

(Q3–7) modification yielded a compound with notable cell-growth inhibition at 10 µM in 

the MTT LNCaP assay. Close analogue 1-(2-fluorophenyl)piperizine (Q3–10) showed 

minimal cytotoxicity but also was less potent against IN-LEDGF/p75 with an IC50 of 12.5 

µM.

Replacement of the 8-Hydroxy Component Maintains Inhibitory Potency

Finally, we found that the 8-hydroxy substituent itself is not essential for IN-LEDGF/p75 

inhibition, as bulky additions (Figure 9) and replacement of the oxygen with sulfur (Figure 

10) still yielded active compounds. In Figure 9 we show that modification of the 8-hydroxy 
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with an added N-tosylformamide generated a compound (Q4-1) with IN-LEDGF/p75 IC50 

of 1.7 µM and low cytotoxicity, with 13% cell growth inhibition at the tested concentration 

of 10 µM (Table 1). Ligand binding mirrored prior actives, as the quinoline nitrogen formed 

an H-bond with Glu 170, and the phenyl moiety packed into the applicable hydrophobic 

pocket (Supplementary Figure 2). Additionally, the carbonyl substituent formed two H-

bonds with His 171 backbone and side chain NHs. However, more diverse additions at this 

point on the molecule resulted in reduced potency, as the second best compound with an 

added benzaldehyde (Q4-2) showed an IC50 value of over 5 µM. Figure 10 presents data for 

three quinolin-8-thiol derivatives. Interestingly, both 3-(4-(difluoromethoxy)phenyl)-1-

(furan-2-yl)propan-1-one (Q5-1) and 3-(4-fluorophenyl)-1-(thiophen-2-yl)propan-1-one 

(Q5-2) maintained similar IN-LEDGF/p75 activity with IC50 values of 3 µM, but Q5-1 
exhibited markedly increased cytotoxicity with 73% inhibition of cell growth, compared to 

21% by Q5-2 (Figure 10). Molecular docking revealed slightly different binding modes for 

these compounds, presumably due to varied hydrophobic substituent bulkiness and length, 

but both formed hydrogen bond interactions with Glu 170 and/or His 171 (Supplementary 

Figure 2). The additional Q5-1 furyl oxygen may potentially contribute to off-target effects 

associated with cytotoxicity. An analogous 3-(3,4-dimethoxyphenyl)-1-(furan-2-

yl)propan-1-one (Q5-3) substitution generated a compound that was slightly less active, with 

an IN-LEDGF/p75 IC50 of 5 µM.

Counter-Screening and Antiviral Activity

All of the compounds listed herein that showed IC50 values below 5 µM for IN-LEDGF/p75 

inhibition (Table 1) were subjected to counter-screening for validation of specificity. This 

counter-screen is an AlphaScreen-based assay utilizing a Flag-6x-histidine construct that is 

capable of binding to both donor and acceptor AlphaScreen beads (for detailed description 

of AlphaScreen technology, see 44). Since the single construct binds to both beads, the assay 

is able to identify compounds that are 1) nonspecific binders, 2) competing with Flag or 

histidine for bead binding, or 3) quenching transfer of luminescent signal. All of the 

compounds assayed in this study proved inactive in this counter-screen assay (Table 1). We 

next screened all active compounds with an IC50 for inhibition of the IN-LEDGF/p75 

interaction below 5 µM in an IN enzymatic assay to probe effect on IN catalysis. Again none 

of the compounds tested were active in this assay, and therefore neither inhibited the 

3’processing, nor the strand transfer activity of IN (Table 1).

Finally, non-cytotoxic compounds inhibiting IN-LEDGF/p75 with IC50 < 5 µM were 

subjected to antiviral activity testing in a classical MT-4 cellular phenotypic assay where 

cytotoxicity in these cell lines was evaluated in parallel. While some compounds proved 

more cytotoxic (i.e Q2–4, Q4-1, Q5-1) in MT-4 cells than in LNCaP, most compounds 

showed CC50s around or above 10 µM. All compounds were screened for reduction of HIV-

induced cytopathic effect in MT-4 cells at their CC50 concentration, and two (Q2–8 and Q2–
13) displayed moderate but reproducible antiviral activity with EC50 values, at 15 and 18 

µM, respectively.
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DISCUSSION

Recent advances in anti-HIV drug discovery have validated the IN-LEDGF/p75 interaction 

as a novel drug target. We therefore aimed at developing molecules based on a novel 

chemical scaffold as potent inhibitors of this virus-host interaction in vitro and in cell 

culture. Molecular docking data demonstrated that 8-hydroxyquinoline formed multiple H-

bonds with IN residues at the LEDGF/p75 binding interface, which led us to perform 

structure-activity relationship analysis to better understand their mechanism of binding. 

Initial fragments containing simple additions to the 8-hydroxyquinoline core exhibited low 

micromolar activity against IN-LEDGF/p75, but these compounds were also cytotoxic in the 

MTT assay. Modification at both the C5 and C7 carbons yielded similar in vitro potency to 

the initial fragments, but significant cytotoxicity was still apparent. Simplification of the 

structure to include only modifications at the C5 carbon position yielded compounds with 

identical in vitro activity, but far reduced cellular toxicity. Variation of these C5 additions to 

include piperidine-and piperizine-based moieties yielded the most potent compounds, Q3-1 
and Q3-2, which showed negligible inhibition of cell growth in MTT assay and nanomolar 

IC50 values for the inhibition of the IN-LEDGF/p75 interaction. This represents a 7-fold 

increase in potency from initial fragments to our best compounds, accompanied with more 

than 90% reduced inhibition of cell growth. 8-hydroxyquinolines have a broad spectrum of 

cellular targets, and off-target effects imparted by our initial classes of compounds could 

have contributed to their cytotoxicity. Reduction in nonspecific binding by certain 

modifications (i.e. those inherent in our Q2 and Q3 classes of compounds) could explain the 

decrease in cell growth inhibition observed through the course of our 8-hydroxyquinoline 

optimization.

The 8-hydroxy component of our core scaffold initially seemed important for binding to IN, 

as normal quinoline did not dock well. However, with our Q4 and Q5 compound classes, we 

found that the 8-hydroxy component could be modified with bulky additions or substituted 

to form quinolin-8-thiol derivatives. The latter exhibited slightly increased cytotoxicity, 

presumably due to the added sulfur. Nonetheless, this data clearly validates the potential for 

further structural optimization toward increased potency of IN-LEDGF/p75 inhibition. 

Analogous substitutions of p-toluidine and 3,4-dimethylaniline (Q2–8 and Q2–13) resulted 

in measurable antiviral activity in vitro. However, these were not the most potent compounds 

in their respective cluster in terms of IN-LEDGF/p75 in vitro inhibition. In fact Q2-1 
showed an AlphaScreen potency 3-fold higher than Q2–8, but cytotoxicity in MT-4 cells 

limited antiviral analysis of Q2-1 to a maximum concentration of 9 µM. Similarly, the 2,3-

dimethylaniline addition (Q2–6) generated a structure almost identical to Q2–8 and Q2–13, 

but it was three-fold more toxic in MT-4 cells. Therefore, the maximum concentration of 

Q2–6 amenable to antiviral testing was 13 µM, and no antiviral activity could be detected at 

this concentration. Further chemical optimization based upon the structure-activity 

relationship laid out in this initial report should yield 8-hydroxyquinoline derivatives with 

reduced cytotoxicity and increased potency for IN-LEDGF/p75 inhibition in cells.

All of the compounds reported in this study lacked allosteric inhibition of IN enzymatic 

activity, unlike recently reported LEDGINs, which were described to inhibit IN enzymatic 

activity likely through multimeric stabilization and disruption of the enzyme’s 
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multimerization dynamics.15, 16 Some of these LEDGINs exhibit a quinoine-based scaffold, 

but modifications are based mainly on the C3 and C4 carbons, which may explain a 

divergent mode of interaction with IN residues. X-ray crystallization revealed that an initial 

lead LEDGIN 2-(quinolin-3-yl)acetic acid derivative formed H-bonds with IN residues Glu 

170 and His 171 and packed directly against IN residue A128.12 Our antiviral compounds 

Q2–8 and Q2–13 differed slightly in plausible binding, as their extended toluene moieties at 

the C5 position were responsible for A128 packing, which differed from the LEDGIN 

chlorine modification at the C6 position. Such minor alterations in binding mode could 

explain more large-scale effects, such as the absence of IN catalysis inhibition evoked by our 

top compounds.

Multiple drugs used in the treatment of different diseases contain 8-hydroxyquinoline 

(Figure 11). For example, chloroxine, which is identical to our initial fragment QB, is used 

topically for dandruff and seborrheic dermatitis.24 Nitroxoline is an antibiotic used for the 

treatment of urinary tract infections25 and has recently been reported to exert antiangiogenic 

activity.26 Quinterenol is a beta adrenergic stimulant used in asthma.27 Clioquinol is an 

antifungal and antiprotozoal drug29 but was recently withdrawn from the market due to 

possible neurotoxicity. However, this compound was separately shown to halt cognitive 

decline in Alzheimer’s disease, and clioquinol analogues were developed for this purpose.30 

PBT2 is one of these analogues, which lacks neurotoxicity and is currently being evaluated 

in phase II clinical trials for Alzheimer’s disease.45 And finally, AGG 523 is an aggrecanase 

inhibitor in phase I clinical trials for osteoarthritis.31 Our nontoxic 8-hydroxyquinoline 

inhibitors of the IN-LEDGF/p75 interaction with nanomolar activity are drug-like and 

warrant further optimization. More potent congeners of antiviral compounds Q2–8 and Q2–
13 will be necessary to enable profiling their precise mechanism of action on their desired 

target, the LEDGF/p75-IN interaction.

CONCLUSIONS

From initial molecular modeling data suggesting a favorable interaction of 8-

hydroxyquinoline with HIV-1 IN, we have developed a panel of potent inhibitors of the IN-

LEDGF/p75 interaction. Initial cytotoxicity was overcome by concerted substitution of 

various regions of the core scaffold. Through this optimization, we achieved an 

approximately 7-fold increase in potency from initial 8-hydroxyquinoline fragments to most 

potent lead compound. Two compounds, 5-((p-tolylamino)methyl)quinolin-8-ol and 5-

(((3,4-dimethylphenyl)amino)methyl)quinolin-8-ol (Q2–8 and Q2–13), exhibited low 

micromolar EC50 values for inhibition of viral replication in MT-4 cells. The structural 

components of IN principally responsible for its interaction with LEDGF/p75 are the 

backbone conformation of residues 168–171 of one monomer and a hydrophobic patch from 

α-helices 1 and 3 of the second monomer. Molecular docking analysis confirmed that the 

plausible binding mode of our most potent antiviral compound included the formation of an 

H-bond with His 171 and packed into the hydrophobic pocket involving IN residue A128, 

effectively abrogating LEDGF/p75 binding. This novel class of IN-LEDGF/p75 inhibitors is 

promising for further preclinical and clinical development, as they are nontoxic and possess 

low molecular weights.
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EXPERIMENTAL SECTION

IN-LEDGF/p75 AlphaScreen

The AlphaScreen assay was performed according to the manufacturer’s protocol 

(PerkinElmer, Benelux). Reactions were performed in a 25 µl final volume in 384-well 

Optiwell™ microtiter plates (PerkinElmer). 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. His6-tagged integrase (300 nM final concentration) was incubated with 

compound at a final concentration of 20 µM for 30 minutes at 4 °C. FLAG-tagged 

LEDGF/p75 protein was then added at 300 nM final concentration, and the reaction was 

incubated for an additional 60 minutes at 4 °C. Subsequently, 5 µL Ni-chelate-coated donor 

beads and 5 µL anti-FLAG antibody coated acceptor beads were added to a final 

concentration of 20 µg/mL of both 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 (PerkinElmer) and analyzed using the EnVision manager software.

Quench CounterScreen

Quench counterscreening was performed identically to IN-LEDGF/p75 AlphaScreen, but a 

Flag-6xhistidine construct was used in place of HIV-1 IN and LEDGF/p75.

Cell Culture

The LNCaP cell line was kindly provided by Dr. Alan Epstein (University of Southern 

California, Los Angeles, CA). The cell line was grown in RPMI 1640 medium (Cellgro, 

Mediatech Inc., Manassas, VA) supplemented with 10% fetal bovine serum (FBS; Gemini-

Bioproducts, Woodland, CA) at 37 °C in a humidified atmosphere of 5% CO2. To remove 

the adherent cells from the flask, cells were washed with 1 x PBS, incubated with 0.05% 

trypsin-EDTA solution (Gemini-Bioproducts, Woodland, CA) at 37 °C for 5 minutes, 

collected in fresh culture medium and centrifuged. After removal of supernatant, the cell 

pellet was resuspended in fresh culture medium for subculture and experiments. All 

experiments were performed with cells in exponential growth phase.

Cytotoxicity Assay

Potential cytotoxicity of compounds was evaluated with 3-(4,5-dimethylthiazol-2-yl) −2,5-

diphenyltetrazolium bromide (MTT) assay.46, 47 LNCaP cells were seeded in 96-well tissue 

culture plates at the concentration of 2,500 cells/well. After overnight attachment, cells were 

treated with a continuous exposure to compounds or DMSO (0.1% vol/vol) for 72 h. MTT 

solution (3 mg/mL in PBS) was then added to each well for a final concentration of 

0.3mg/mL MTT. After 4h incubation at 37 °C, media from each well was removed, and 

DMSO was added to dissolve the formazan crystals formed by live cells. Absorbance was 

measured at 570 nm using a microplate reader (Molecular devices, Sunnyvale, CA). 

Cytotoxicity of compounds was presented as percentage inhibition of cell proliferation 

against DMSO treated controls:

% Inhibition of cell proliferation = 1 - (ODcompound - ODblank) / (ODcontrol - ODblank)
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IC50 for the cytotoxic compounds was then determined from a plot of percentage inhibition 

of cell proliferation versus log compound concentration.

Antiviral Assay

The inhibitory effect of potentially antiviral drugs on the HIV-induced cytopathic effect in 

MT-4 cell culture was determined by the MTT assay as previously described.12 In short 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 susceptibility assays, MT-4 cells were infected with 100 

to 300 50% cell culture 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 concentration (CC50), was determined as well.

Molecular Docking

Molecular docking was performed using the Glide (Grid-based Ligand Docking from 

Energetics) program (version 5.7, Schrodinger, LLC, New York, 2011).48–50 The crystal 

structure of HIV-1 IN protein catalytic core domain complexed with the IN binding domain 

of LEDGF/p75 (PDB ID: 2B4J) was used for the docking of ligands. The LEDGF/p75 

protein and water molecules were deleted from the crystal structure, and the same method 

was used in protein preparation wizard. The wizard uses OPLS 2005 force field to minimize 

the protein to 0.30 Å rmsd by adding hydrogen and adjusting bond orders. Prior to docking, 

compounds were minimized, and all possible combinations of stereo isomers and 

conformers were generated with LigPrep from Schrodinger using OPLS-2005 force field. 

Within LigPrep, Epik module was used to generate all possible ionization forms of ligands at 

pH 7.0 ± 0.2. Compounds with their all possible combinations of stereoisomers and 

conformers were docked into the LEDGF/p75 binding site of the prepared IN protein using 

the extra precision (XP) docking mode of Glide. Glide performs an exhaustive search of the 

positional, orientational, and conformational space available to the docked ligand using a 

series of hierarchical filters, followed by energy optimization. Finally, the conformations 

were further refined via a Monte Carlo sampling that examined nearby torsional minima.50

Pharmacophore Study

A pharmacophore was generated using Catalyst (Accelrys, Inc.).51 The docked conformation 

of compound QC was imported into Catalyst, and pharmacophoric features were generated 

based on docking interactions to recreate specific ligand-protein interactions within the 

pharmacophore. Using the merge hypotheses features tool, all these features were merged 

into a pharmacophore hypothesis, which was then used to screen a 3D database that stores a 

diverse sampling of all the energetically accessible conformations of five million drug-like 

compounds from various commercial sources including Asinex, Enamine, and VitasM Lab.
52–54 Compounds used in this studies were purchased from Asinex and Enamine as solid 

powder with >95 purity.
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IN HIV-1 integrase

LEDGF/p75 lens epithelium-derived growth factor/p75

FBDD fragment-based drug design

Glide Grid-based Ligand Docking from Energetics

H-bond hydrogen bond

IC50 50% inhibitory concentration

EC50 50% effective concentration

CC50 50% cytotoxic concentration

CCID50 cell culture infective dose
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Figure 1. 
8-hydroxyquinolines as catalytic inhibitors of HIV-1 IN.
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Figure 2. 
Docking poses of simple quinoline versus 8-hydroxyquinoline into the LEDGF/p75 binding 

site of HIV-1 IN (PDB ID: 2B4J). Tan colored lines represent important residues from the 

two monomers (A and B) of IN, while cyan colored sticks are the ligand. Yellow dotted lines 

are H-bonds between protein and ligands.
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Figure 3. 
Docking poses of our initial 8-hydroxyquinoline fragments, QA, QB, and QC into the 

LEDGF/p75 binding site of HIV-1 IN (PDB ID: 2B4J). Tan colored lines represent 

important residues from the two monomers (A and B) of IN, while cyan colored sticks are 

the ligand. Yellow dotted lines are H-bonds between protein and ligands.
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Figure 4. 
A) Pharmacophore generated based on docking interactions between IN and QC; B) 

pharmacophore mapped onto QC; C) pharmacophore mapped onto Q1-1; D) 

pharmacophore mapped onto Q2-1 ; E) pharmacophore mapped onto Q3-1. Tan colored 

balls represent hydrogen bond acceptors (HBA-1 and HBA-2), while the cyan colored ball 

represents a hydrophobic (HY) feature. Black, white, blue, and red represent elemental 

colors of compounds as carbon, hydrogen, nitrogen, and oxygen, respectively. Distances 

between features are in angstroms (Å).
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Figure 5. 
Flow-chart of rational drug design of IN inhibitors at the IN-LEDGF/p75 interaction 

interface. After initial molecular docking of 8-hydroxyquinoline, we found that fragments 

based on this scaffold exhibited micromolar inhibition of the IN-LEDGF/p75 interaction in 
vitro. Following an 8-hydroxyquinoline substructure search of a 5-million compound 

industrial database, virtual screening using a pharmacophore based on the top fragment 

yielded around 100 compounds. These compounds were subjected to AlphaScreening, 

ultimately yielding 36 active hits.

Serrao et al. Page 18

J Med Chem. Author manuscript; available in PMC 2018 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Serrao et al. Page 19

J Med Chem. Author manuscript; available in PMC 2018 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Serrao et al. Page 20

J Med Chem. Author manuscript; available in PMC 2018 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Structures of 8-Hydroxyquinoline Analogues Containing C5 and C7 Carbon Substitutions.
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Figure 7. 
Structures of 8-Hydroxyquinoline Analogues Containing Only C5 Carbon Substitutions.
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Figure 8. 
Structures of 8-Hydroxyquinoline Analogues Containing Piperidine- and Piperizine-Based 

C5 Substitutions.
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Figure 9. 
Structures of 8-Hydroxyquinolines Containing 8-Hydroxy Substitutions.
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Figure 10. 
Structures of Quinoline-8-Thiol Analogues.
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Figure 11. 
FDA-approved drugs and drugs in clinical trials containing an 8-hydroxyquinoline moiety.
24–31 The 8-hydroxyquinoline core is highlighted in red, with various modifications in black.
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