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ABSTRACT: HIV-1 integrase multimerization inhibitors have
recently been established as an effective class of antiretroviral
agents due to their potent ability to inhibit viral replication.
Specifically, quinoline-based inhibitors have been shown to
effectively impair HIV-1 replication, highlighting the importance
of these heterocyclic scaffolds. Pursuant of our endeavors to
further develop a library of quinoline-based candidates, we have
implemented a structure−activity relationship study of trisub-
stituted 4-arylquinoline scaffolds that examined the integrase
multimerization properties of substitution patterns at the 4-
position of the quinoline. Compounds consisting of substituted phenyl rings, heteroaromatics, or polycyclic moieties were
examined utilizing an integrase aberrant multimerization in vitro assay. para-Chloro-4-phenylquinoline 11b and 2,3-
benzo[b][1,4]dioxine 15f showed noteworthy EC50 values of 0.10 and 0.08 μM, respectively.
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Within the life cycle of HIV-1 there are multiple targets
that have been investigated for inhibition of viral

replication. These targets have spanned across the full
spectrum of the replication cycle from host-cell entry to
release and maturation of new virions. Specific stages currently
exploited include: (1) cell wall fusion/entry, (2) RNA reverse
transcription, (3) DNA integration, and (4) maturation.1

HIV-1 integrase (IN), the enzyme responsible for
integration of viral DNA (vDNA) into the host DNA is
essential for virus replication and represents an important
multifunctional therapeutic target.2 IN contains three main
sections: the N-terminus domain (NTD), C-terminus domain
(CTD), and the catalytic core domain (CCD).3,4 These three
domains work in conjunction to form a tetramer structure
where vDNA and host chromosomal DNA are bound to
IN.5−8 An additional necessary component for tetramer
association and vDNA integration is the cellular chromatin-
associated protein lens epithelium-derived growth factor
(LEDGF/p75)9 that functions as a tether wherein it binds to
both HIV and target chromatin to facilitate integration.10−12

The integration of vDNA occurs in two stages at the active
site located within the CCD. The first stage forms the target
capture complex, which involves trapping of the target
followed by subsequent cleavage of the vDNA 3′ ends.
Completion of this leads to a strand transfer complex (STC)
that cleaves the target DNA and covalently links the 3′ ends.13
The three amino acid residues required for the strand transfer
include aspartates 64 and 116 and glutamate 152. In addition,
these residues coordinate with two divalent magnesium
cofactors to perform 3′ processing.14

There are currently three FDA approved compounds
available for IN via strand transfer inhibition: raltegravir
(RAL), elvitegravir (EVG), and dolutegravir (DVG). RAL was
developed by Merck and approved in 2007 making it the first
treatment available. Following this, Gilead produced EVG and
received approval in 2012 with GlaxoSmithKline close
thereafter with approval of DVG in 2013. Although these
treatments are effective, drug resistant strains have emerged
against RAL and EVG due to HIV’s high turnover and
mutation rates.15

Development of mutations within the active site of HIV IN
makes it pertinent to pursue alternative inhibition sites on the
enzyme. HIV IN functions as a tetramer wherein a dimer is
formed at the CCD interface for vDNA interaction.
Furthermore, LEDGF/p75 interacts at this CCD dimer within
an allosteric binding pocket via the C-terminal integrase
binding domain.16−18 This binding pocket has become of
significant interest as an IN alternative target option.19

Previous studies20−22 have demonstrated that the binding of
inhibitors “to this binding pocket” rapidly triggers an aberrant
multimerization of the enzyme. A recent crystallographic
study23 has suggested the contribution of a third monomer
through its CTD. The acetic acid side chain, tert-butyl group,
and aromatic properties of the scaffold contribute to the
formation of a strong network of hydrogen bonds and
electrostatic interactions. This leads to the genesis of large
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inhibitor-IN multimer complexes that evolves into a nonfunc-
tional open polymer of IN. While the presence of the LEDGF/
p75 in the infected cell decreases the efficacy of these
inhibitors during the early stage of viral replication,24 there is
minimal to no detectable competition from LEDGF/p75
during viral production. Thus, these compounds effectively
trigger aberrant IN multimerization within the progeny virions
causing severe morphological defect.25 Once multimerized,
essential IN interactions with viral RNA are irreversibly
compromised, which lead to the release of noninfectious
virions.26 Three reported IN multimerization inhibitors include
quinoline scaffolds 1,27 2,25 and 3 (BI 224436)28 (Figure 1).

Examination of the crystal structure of 1 within the binding
pocket reveals the amino acids of interest in the northern
region of the pocket (Figure 2).29 Specifically, the northern

aromatic component of the substrate resides in proximity to
tryptophan 132 and leucine 102. Therefore, we commenced an
investigation to identify relevant stereoelectronic interactions
within this pocket. The inhibition data for compounds 1 and 2
led our research group to further investigate a library of 4-aryl
quinolines through systematic structure−activity relationship
studies using a validated in vitro assay known to accurately
predict the antiviral potency for this class of inhibitors.27,30−33

Thus, to survey the quinoline library generated in the present
study, we have performed dose response measurements for
each synthesized compound using a previously described
homogeneous time-resolved fluorescence-based IN multi-
merization in vitro assay.27,34

In the present study, the C2 methyl group and C3 acetic
acid moiety bearing the tert-butyl ether group of the quinoline
scaffold were conserved from original lead structures in the

literature (Figure 1). It has been established that the acetic acid
moiety participates in crucial hydrogen bond interactions with
threonine 174 and histidine 171 (Figure 3). To probe the

steric and electronic interactions within the A129-W132-L102
pocket residues, substitution of the C4 aryl group via Suzuki
coupling was implemented as the key derivatizing step.
Compound 4 was prepared in 65% yield over two steps
starting from commercially available 4-hydroxy-2-methylquino-
line via ortho-bromination with NBS followed by chloride
formation in neat phosphorus oxychloride. Selective halogen-
metal exchange of bromide 4 with isopropyl magnesium
chloride lithium chloride complex followed by quenching with
ethyl chlorooxalate furnished the desired ethyl oxalate
(Scheme 1).35 Reduction of the ketone to benzylic alcohol 5
using sodium borohydride in ethanol followed by Finkelstein
halide exchange of chlorine for iodine supplied iodoquinoline
6. Installation of the tert-butyl group was accomplished using
tert-butyl acetate and perchloric acid to furnish 7, which served

Figure 1. Known investigational quinolines utilized for HIV-1 IN
inhibition whose EC50 values were previously evaluated utilizing the
multimerization assay.

Figure 2. Two-dimensional representation of 1 (PDB: 4gw6) within
the target integrase binding pocket. The pocket space is defined with
the green and yellow segments, which denote the individual monomer
units of the integrase dimer.

Figure 3. Ribbon representation of 11b within the target integrase
binding pocket. The chlorine−W132 distance is marked with a
dashed line indicating a favorable distance for Cl−π interactions.
Hydrogen bonding interactions are indicated with dotted lines.

Scheme 1. Synthesis of 4-Aryl Quinolinesa

aReagents: (i) iPrMgCl·LiCl, CuBr·SMe2, THF, 0 °C, 47%; (ii)
NaBH4, THF/EtOH (5:1), 0 °C, 30 min, 77%; (iii) 4 N HCl, THF,
rt, 1 h then NaI, MeCN, 90 °C, 16 h, 99%; (iv) HClO4, t-BuOAc, rt, 3
h, 74%; (v) Pd[PPh3]4, K2CO3, Ar−B(OH)2, DMF, 90 °C, 3 h, 38−
97%; (vi) 2 N NaOH, EtOH, 60 °C, 3 h, 11−96%.

ACS Medicinal Chemistry Letters Letter

DOI: 10.1021/acsmedchemlett.8b00269
ACS Med. Chem. Lett. 2018, 9, 1007−1012

1008

http://dx.doi.org/10.1021/acsmedchemlett.8b00269


as the common scaffold prior to derivatization. Suzuki coupling
of 7 with various ortho-, meta-, and para-substituted boronic
acids furnished the 4-aryl quinolines 8−10, respectively.
Subsequent saponification of the ethyl ester provided the
desired substrates 11−13.
With the multisubstituted quinolines in hand, we imple-

mented a study to probe for relevant interactions within the
hydrophobic pocket of the IN dimer by changing the para
substituent (Table 1). The 4-phenylquinoline (11a, R1 = H)

was utilized as the reference point for relative comparison of
substituted phenyl rings. Substitution for a methyl group (11d,
R1 = CH3) resulted in a 6-fold decrease in the EC50 value
implying increased ability to cause multimerization. However,
substitution of methyl hydrogens with fluorine results in
diminished potency as there was only a 2-fold increase in the
EC50 value observed for 4-trifluoromethyl 11e. Furthermore, 4-
methoxy 11f and 4-trifluoromethoxy 11g followed a similar
trend but to a lesser degree. In addition, halogen substitution
(entries 2 and 3) showed improvement in potency with para-

chloro-4-phenylquinoline 11b having the most effective
inhibition among the series with an EC50 of 100 nM.
Originally, we postulated that electron density at the aromatic
ring was a significant factor, but the presence of chlorine
intriguingly interrupted this trend. We examined additional
factors including size restrictions, steric interactions, and
substrate−π interactions that may contribute significantly to
protein affinity. Closer scrutiny of the trends revealed to us
that electron density of the ring has minimal, although
observable effect, with the size and steric interactions
exhibiting the dominating factor for successful protein affinity.
For example, 4-cyano 11i had diminished protein binding,
which is attributed in part to the rigid, linear geometry of the
substituent. We postulate this may result in restricted access to
the pocket.
Still, steric interactions did not provide sufficient explanation

for the increased potency in 11b. Further understanding for
diversion from the standard trend can be found in the
stabilizing effect of chlorine−π interactions. A theoretical study
elaborates on the significance of these interactions wherein
chlorine participates in dispersive interactions with the π-
systems of phenylalanine, histidine, and tryptophan residues.36

The result of this interaction is a stabilizing effect of −2.01
kcal/mol, attributed to increased protein affinity. As shown in
Figure 3, the chlorine resides within 4 Å of tryptophan 132,
allowing for this stabilizing Cl−π interaction to occur and
providing support for the improved potency.
With the para-substituted phenyl series completed, the

ortho- and meta-substituted phenyl coupling partners were
examined, and a comparison was made among the candidates
(Table 2). Of note is the superiority of para substitution on
overall binding of the substrate compared to either ortho or
meta. Examination of reported crystal structures provided
guidance for the explanation of this trend.23,29,37 Specifically,
tryptophan residue 132 resides within 4 Å to para moieties
(Figure 3). Movement to the ortho and meta positions places
the substituents beyond 4 Å, which attenuates this interaction.
For most cases, the meta position results in the most
diminished potency with two exceptions to this being methoxy
12f and thiomethyl 12h substituents, both of which have a
binding affinity trend of para > meta > ortho. This is attributed
to the increased van der Waals radii associated with these
substituents. When placed in the ortho position, these moieties
are positioned within proximity to alanine 128. It is
hypothesized that the increased size of methoxy and

Table 1. IN Aberrant Multimerization Assay of p-
Substituted 4-Phenylquinolinesa

Entry Compound R EC50 (μM)b

1 11a H 1.32 ± 0.53
2 11b Cl 0.10 ± 0.02
3 11c F 0.49 ± 0.04
4 11d CH3 0.24 ± 0.11
5 11e CF3 0.72 ± 0.06
6 11f OCH3 0.23 ± 0.04
7 11g OCF3 0.35 ± 0.09
8 11h SCH3 0.49 ± 0.01
9 11i CN 2.97 ± 0.81
10 11j COCH3 1.39 ± 0.48
11 11k NHCOCH3 8.41 ± 0.73

aAll compounds were demonstrated to have ≥90% chemical purity.
bEC50 determined with HTRF-based IN multimerization assay.

Table 2. Comparison Series for Phenyl Ring Substitution Patterns

Entry Substituent para meta ortho

1 Cl 11b 0.10 ± 0.02 12b 3.79 ± 0.59 13b 0.26 ± 0.04
2 F 11c 0.49 ± 0.04 12c 2.11 ± 0.59 13c 0.58 ± 0.07
3 CH3 11d 0.24 ± 0.11 12d 0.95 ± 0.29 13d 0.51 ± 0.05
4 OCH3 11f 0.23 ± 0.04 12f 1.38 ± 0.37 13f 8.39 ± 0.92
5 SCH3 11h 0.49 ± 0.01 12h 1.00 ± 0.14 13h 4.51 ± 0.71
6 CN 11i 2.97 ± 0.81 12i no activity 13i 11.14 ± 0.85
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thiomethyl displaces the phenyl ring and results in the
diminished affinity for the protein. Entries 1−3 have an
alternative trend of para > ortho > meta, which supports that
electronic contributions do influence protein affinity, but to a
lesser degree than steric restrictions and substrate−π
interactions.
In addition to the study of phenyl substitution, heterocyclic

and bicyclic systems were also examined (Table 3). When

testing the biphenyl 15a and carbazole 15b substituents, no
activity was observed. This supports the hypothesis that large
substrates will exceed the available volume within the binding
pocket as defined by tryptophan 132. The most promising
candidate from this series was 2,3-benzo[b][1,4]dioxane 15f,
which showed an EC50 of 80 nM. This observation led to the
hypothesis that larger, multicyclic structures resembling 2 and
3 have the capability to rotate within the pocket allowing for
minimization of steric interactions. There are also degrees of
freedom available that may further contribute to the increased
effectiveness of these molecules. Although 15b contains the
same capability, it still occupies a larger three-dimensional
space than the other substituents, which may explain the
inactivity.
To fully confirm that the synthesized compounds induce

valid IN multimerization, we have also employed dynamic light
scattering (DLS), a laser-based method used for determining
the diffusion coefficients of particles in solution. Since the

diffusion coefficient depends on the particle size and shape,
DLS has been widely used to study protein aggregation.38−41

In previous studies,24,31,34,42−44 we have successfully validated
this biophysical technique to observe our inhibitors multi-
merization properties. Accordingly, in the absence of inhibitor
(DMSO control), IN only yielded a background signal
centered around 1 nm presumably due to the relatively small
size of the fully soluble IN protein (Figure 4A). While the DLS

profile of IN with a nonactive compound such as 15a did not
significantly differ from the DMSO control (Figure 4B), the
addition of two representative active compounds, 11b and 15f
(Figure 4C,D, respectively), triggered the appearance of a
highly characteristic peak centered at 1000 nm diameter. This
peak corresponds to highly multimerized IN, thereby
corroborating the validity of the multimerization assay.
In conclusion, a series of multisubstituted quinolines was

prepared in an eight-step synthesis and was examined for their
ability to trigger HIV-1 IN multimerization via binding to an
allosteric site. The focus was on the substitution pattern of the
4-phenyl moiety and incorporation of heteroaromatics or
polycyclics at position 4. In these studies, para-chloro-4-
phenylquinoline 11b and 2,3-benzo[b][1,4]dioxine 15f
showed the highest potency. This study has provided relevant
information regarding defining factors for candidate design
within the hydrophobic region of the targeted binding pocket

Table 3. Additional 4-Arylquinoline Studies

Figure 4. DLS analysis of 15a, 11b, and 15f on multimerization of
recombinant HIV-1 IN: (A) IN + DMSO; (B) IN + 15a; (C) IN +
11b; (D) IN + 15f. No detectable signals were recorded in control
experiments with the compounds without IN (not shown).
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of HIV-1 IN. Based on this data, we are currently investigating
substitution at the 5-, 6-, 7-, and 8-positions of the quinoline
ring system for further SAR studies.
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