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as HIV-1 capsid protein inhibitors:
design, in silico, in vitro and cytotoxicity studies†

Deepthi Ramesh, a Amaresh Kumar Mohanty,‡b Anirban De,‡a

Balaji Gowrivel Vijayakumar, a Aiswarya Sethumadhavan,c Suresh Kumar Muthuvel,b

Maheswaran Manic and Tharanikkarasu Kannan *a

A series of novel uracil derivatives such as bispyrimidine dione and tetrapyrimidine dione derivatives were

designed based on the existing four-point pharmacophore model as effective HIV capsid protein

inhibitors. The compounds were initially docked with an HIV capsid protein monomer to rationalize the

ideas of design and to find the potential binding modes. The successful design and computational

studies led to the synthesis of bispyrimidine dione and tetrapyrimidine dione derivatives from uracil and

aromatic aldehydes in the presence of HCl using novel methodology. The in vitro evaluation in HIV p24

assay revealed five potential uracil derivatives with IC50 values ranging from 191.5 mg ml�1 to 62.5 mg

ml�1. The meta-chloro substituted uracil compound 9a showed promising activity with an IC50 value of

62.5 mg ml�1 which is well correlated with the computational studies. As expected, all the active

compounds were noncytotoxic in BA/F3 and Mo7e cell lines highlighting the thoughtful design. The

structure activity relationship indicates the position priority and lower log P values as the possible cause

of inhibitory potential of the uracil compounds.
1. Introduction

The evolution and pandemic of the Acquired Immune De-
ciency Syndrome (AIDS) have been one of the greatest chal-
lenges faced by humankind. The rst report of the disease came
in the early 1980s, though it is widely accepted to have origi-
nated in the 1920s in Kinshasa.1 The causative agent for the
syndrome, the retrovirus Human T-lymphotropic virus type III
(HTLV-III) was discovered in 1984 and was later renamed
Human Immunodeciency Virus (HIV) in 1986.1 To date, HIV-
AIDS continues to be a major public health concern without
any major cure for the disease. This is reected in the 2020
World Health Organisation report as 680 000 people died from
AIDS and 1.5 million people were newly infected with HIV.2 Two
types of HIV (HIV-1 and HIV-2) have been recognized based on
molecular and antigenic differences and among them, HIV-1 is
more prevalent across the world.1 AIDS is presently kept under
control by highly active antiretroviral therapy (HAART)
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transforming the ailment from fatal infectious disease to
controllable chronic affliction thereby reducing the mortality
rate of HIV-positive patients. The current treatment for HIV
through HAART targets diverse stages of the viral life cycle,
especially two vital viral enzymes reverse transcriptase and
protease. HAART has six major classes of drugs: Reverse Tran-
scriptase (RT) inhibitors like Nucleoside RT inhibitors (NRTIs)
and, non-nucleoside RT inhibitors (NNRTIs), integrase inhibi-
tors (INIs), protease inhibitors (PIs), entry or fusion inhibitors
(FIs), and chemokine receptor antagonists (CCR5 antagonists).3

The cornerstone of HAART treatment is the co-administration
of various drugs inhibiting HIV via different mechanisms of
action. However, virologic failure is observed in patients
receiving HAART in low-income countries.4 Even with
decreasing mortality rates, HAART is correlated with emerging
drug resistance, which is attributed to high mutation rates of
HIV-1 because of the error-prone nature of HIV-RT and its
inability to proofread.5

Additionally, a numerous replication cycles occur in HIV-
infected individuals thereby creating drug-resistant mutant
strains of HIV.6 These drug-resistant strains are also being
passed between individuals, thus limiting the treatment
options for even newly afflicted persons. The extended HAART
treatment is also associated with toxicities like neuropathy,
myopathy, hepatic steatosis as seen in NRTIs, drug hypersen-
sitivities related with NNRTIs, and metabolic syndromes and
diarrhoea from using PIs.7 In this circumstance, there is an
© 2022 The Author(s). Published by the Royal Society of Chemistry
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imperative need to nd new anti-HIV drugs with an improved
mechanism of action and novel targets in the HIV life cycle.

One suitable target is HIV-1 capsid protein (CA, p24) which is
remarkably underexplored.

Capsid protein performs a vital role in HIV pathogenesis in
the initial and late phases of the HIV lifecycle. The cone-shaped
CA is released into cell cytosol aer viral entry and disassem-
bles, allowing reverse transcription and genome integration
establishing HIV infection. The interaction of CA with Gag
polyprotein during viral particle assembly results in the
proteolytic cleavage, transforming the immature particles to
mature virions forming viral RNA and other proteins.8 As the CA
is involved in multiple stages of viral replication, it can be an
attractive antiviral target. CA inhibitors can bind to the capsid
perturbing the stability of the protein and are also capable of
interfering with the infection by competing for host factor
binding.9 CA is highly sensitive to mutations and has higher
sequence conservation than other HIV proteins. The resistance
of HIV to CA inhibitors requires mutations compromising the
tness of the virus, hence leading to a higher barrier to resis-
tance and therapeutic efficiency.10,11 So far, only a handful of
capsid inhibitors are reported with benzodiazepine,12 benz-
imidazole,13 pyrrolopyrazolones,14 furan,15 and indole16,17 scaf-
folds as in Fig. 1. However, there is no CA targeting compounds
in clinical practice, and hence, a potential CA inhibitor holds
promise for future drug development.

In drug development, the usage of small molecules is an
efficient strategy considering the technical difficulties while
employing other alternatives like short nucleotide segments or
Fig. 1 Capsid inhibitors reported in the literature.

© 2022 The Author(s). Published by the Royal Society of Chemistry
small peptides. Nucleosides and their corresponding nucleo-
bases form major components in nucleic acids and bioactive
systems, thus modifying their structure for drug development
has a notable effect. Uracil is one such nucleobase, a naturally
occurring pyrimidine, and can be a promising candidate as a CA
inhibitor. Uracil can have a wide range of pharmaceutical
properties depending on the substitution at N1, N3, C5, and C6
positions.18 Uracil pharmacophore is well known in anti-cancer
(5-uorouracil, tegafur),19 anti-herpes virus (triuridine),20 and
antidiabetic (linagliptin and alogliptin) drugs.21 The importance
of the uracil scaffold in anti-HIV drugs is widely recognized with
reports of uracil hybrid molecules as NNRTIs;22–25 however,
there is no commercial uracil-based CA inhibitor.

Considering the factor of cross-resistance in HIV drugs, it is
essential to introduce new drugs to which the virus has never
been exposed before. A set of compounds were designed by
incorporating exible and polar di-uracil moieties capable of
efficient hydrogen bonding to develop novel CA inhibitors with
potent anti-HIV activity. Molecular modelling techniques like
molecular docking and molecular dynamics simulation were
used for the efficient design of uracil derived CA inhibitors. The
interactions and binding affinities of the designed compounds
with CA were determined by molecular docking. Molecular
dynamics simulations were further performed on superior
complexes to validate the binding affinities and interactions.

The drug likeness of the compounds was taken into account
before synthesis by considering their pharmacokinetic proper-
ties. Lipinski's rule of ve was taken as the parameter for
screening out compounds with poor absorption and
RSC Adv., 2022, 12, 17466–17480 | 17467
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permeability. Additionally, the adsorption, distribution,
metabolism, excretion, and toxicity (ADMET) properties were
also considered as crucial pharmacokinetic features. The
resulting compounds were successfully synthesized via novel
synthetic methodology using moderate conditions and mild
reagents. The biological assays like anti-HIV p24 assay and
cytotoxicity studies of synthesized 5,50-(phenylmethylene)bis(-
pyrimidine-2,4(1H,3H)-dione) derivatives were carried out for
further conrmation of computational observations and the
results are discussed here.
2. Experimental section
2.1. Materials and methods

NMR spectra were recorded using 400 MHz (1H NMR) and 101
MHz (13C NMR) on a Bruker Avance-400 spectrometer. The
chemical shis are reported in ppm units with trimethyl silane
as internal standard and J values are in hertz. Mass spectra were
recorded using AGILENT Technologies 6530B Accurate Mass
QTOF-LC/MS spectrometer. Fourier transform infrared (FT-IR)
spectra were recorded on a Thermo Nicolet 6700 FT-IR spec-
trometer. Single crystal X-ray data were collected on Xcalibur
Eos, Rigaku Oxford Diffraction instrument X-ray diffractometer
with Mo-Ka radiation (l¼ 0.71073 Å). Empirical absorption was
done using SCALE3 ABSPACK scaling algorithm. The rene-
ment was performed using XL, in the Olex 2-1.2 package and the
structural solution by using SHELXS-97. The reagents and
solvents were obtained from commercial sources and used by
its very nature.

Dulbecco's Modied Eagle Medium (DMEM) media, Fetal
Bovine Serum and antibiotic solution for p24 assay were ob-
tained from Thermo Fischer Scientic, United States. German
collection of microorganisms and animal cell cultures, DSMZ,
Germany supplied Mo7e (ACC 104) and BA/F3 (ACC 300) cell
lines. The cells were maintained in RPMI 1640 medium (Gibco,
Waltham, MA USA) with 10% fetal calf serum (HiMedia, India)
in the presence of 20 ng ml�1 human IL-3 and 10 ng ml�1

murine IL-3 (Peprotech Asia, Rehovot, Israel) respectively.
2.2. Docking studies

2.2.1 Enzyme–ligand docking. The monomer structure of
HIV CA protein was obtained from the protein data bank (PDB).
The protein–ligand docking study was performed using
Schrödinger soware suite. Protein was prepared using the
protein preparation wizard module from Schrödinger soware;
in this module, protein was energy minimized, optimized, and
any missing atoms/residues were added. To prepare the ligand
for docking, the ligprep module was used; this module recties
the Lewis structure of ligand. The receptor grid generation
module was used to dene the grid box of protein for further
docking study. In the current study, active site residues were
dened according to the reported crystal structure. Val-59, Gln-
63, Met-66, Gln-67, Lys-70 were taken as active sites.26 Protein–
ligand interaction was performed using the glide module.

2.2.2. Molecular dynamics simulation. The complex which
achieved the best score was selected for the simulation study;
17468 | RSC Adv., 2022, 12, 17466–17480
aerward, this protein–ligand complex was retrieved in .pdb
format. The molecular dynamics simulation study was executed
using GROMACS 5.1.4. The protein was rst processed with the
CHARMM27 force eld in GROMACS 5.14, to generate
a topology le for the protein. To obtain the topology le for
ligand, ATB server was used,27 the consequently processed
ligand topology le was merged with protein topology le. The
protein–ligand complex was packed inside a dodecahedron box
of distance between side edge of box and protein set as 1.0 nm
with SPC water model solvent molecule. The required amount
of charge was added using 4 Cl� ions to make the system
neutral. Protein and protein–ligand complex minimized for
1000 steps with the steepest descent method. Consequently,
a position restraint le for the ligand was generated and
included in the main topology le. NPT and NVT equilibration
were carried out for 1 ns. Berendsen-thermostat was employed
in NPT and then NVT ensemble. The long-range electrostatic
interaction was calculated using the particle mesh Ewald
method. Finally, the MD simulation was executed for 100 ns.
The bound conformation of 9a with protein was checked for its
binding energy using PRODIGY server post dynamics
simulation.
2.3. General procedure for the synthesis of bis(pyrimidine-
2,4(1H,3H)-diones), 1a–28a

Uracil (1 mmol for synthesizing compounds 1a–26a and 28a
and 2 mmol for 27a) in 5 ml water and 5 drops of conc. HCl (12
N) were taken in a round bottom ask and kept for stirring to
initiate the reaction. Aer dissolution of uracil, the corre-
sponding aldehyde was added slowly to the reaction mixture.
The reaction mixture was reuxed for 6 hours at 70 �C and the
progress of reaction was monitored by TLC (using ethyl acetate–
hexane mixture). Aer completion, the mixture was cooled
down to room temperature, poured into crushed ice, and
neutralized by adding sodium bicarbonate solution (1 M) to
allow precipitation. The resulting precipitate was ltered,
washed with hot methanol to remove any aldehyde impurities
and dried under vacuum to get compounds 1a–28a.
2.4. General procedure for the synthesis of 5-(hydroxy(4-
nitrophenyl)methyl)pyrimidine-2,4(1H,3H)-dione

Uracil (1 mmol) in 5 ml water and 5 drops of conc. HCl (12 N)
were taken in an RB ask and kept for stirring to initiate the
reaction. Aer dissolution of uracil, the corresponding aldehyde
(1 mmol) was added slowly to the reactionmixture. The reaction
mixture was reuxed for 4 hours at 70 �C and the progress of the
reaction was monitored by TLC (using ethyl acetate–hexane
mixture). Aer verifying the formation of the intermediate spot
by TLC, the reaction mixture was cooled to room temperature
and poured into crushed ice. The reaction mixture was
neutralized by adding sodium bicarbonate solution (1 M) to
allow precipitation. The resulting precipitate was ltered,
washed with hot methanol to remove unreacted aldehyde
impurities and dried under vacuum to get intermediate
compound.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.5. In vitro anti-HIV activity using the HIV-1 gag p24
inhibition assay

TZM-bl cells were plated at 1 � 104 cells per well in a 96 well
plate and were incubated at 37 �C for 24 hours. The cells were
infected with HIV-1 viral stocks at TCID50 of 250 for preliminary
screening and TCID50 of 400 for IC50 determination. The viral
stocks were later incubated with various concentrations of the
samples (1 mg ml�1 for preliminary screening and varying
concentrations for IC50 determination). The virus – sample
complex was incubated at 37 �C for 5 days in CO2 incubator.
Following incubation, the cell supernatants were tested for the
presence for HIV gap p24 core protein by HIV p24 ELISA kit
(Xpress Bio, USA).

2.6. Statistical analysis

All results are expressed as mean � S.D. and experiments were
performed in triplicate. Values were compared using ANOVA by
GraphPad Prism, version 5 (GraphPad Soware, Inc., USA).

2.7. Cytotoxicity studies

Cell cytotoxicity assay was performed using WST-1 (Roche,
Basel, Switzerland) according to manufacturer's protocol as
given in ESI.†

3. Results and discussion
3.1. Molecular design

The studies show that the diarylpyrimidine derivatives are
highly potent anti-HIV compounds24,28 and hence we were
curious if the introduction of alternate pharmacophores can
produce compounds with compelling anti-HIV properties. The
“four-point pharmacophore model” of existing diary-
lpyrimidines24 consists of the hydrophobic region, the hydrogen
bond interaction region, tolerant regions I and II (open towards
solvent protein interface and is the most exible region). The
design of novel bis(pyrimidine-2,4(1H,3H)-diones) was inspired
from this model, and modications were applied to all regions
Fig. 2 The design strategy of lead compounds.

© 2022 The Author(s). Published by the Royal Society of Chemistry
for effective hydrogen bonding with the target as given in Fig. 2.
Flexibility is one of the prominent features of HIV drugs, and
hence we have incorporated phenyl ring with changeable
substitutions. The change in substituents in the phenyl ring can
improve the physicochemical properties of the designed
compounds. The direct linkage of differently substituted phenyl
rings to uracil moieties in the current scheme is maintained to
investigate their viral potency. The hydrogen bonding of uracil
moieties can offer better membrane permeability than other
standard HIV inhibitors. The structures of all the designed
compounds are given in Fig. 3.

The drug-like molecular properties of the compounds and
ADMET properties were evaluated before molecular modelling
studies for effectively screening out the compounds without
drug like properties and the results are discussed in the
following section.
3.2. Physicochemical properties of 5,50-(phenylmethylene)
bis(pyrimidine-2,4(1H,3H)-dione) derivatives

Drug likeness is an intricate balance of a wide range of molec-
ular properties and structural features, namely, lipophilicity, H
bonding, molecular size, electronic distribution, etc. determine
if a compound is a drug or a non-drug. The presence of these
pharmacophoric properties affects the behaviour of
a compound within an organism in transportation, protein
affinity, metabolic stability, and toxicity.29 Even when absorp-
tion and bioavailability are two different parameters of the
compound, the information regarding the absorption can help
in designing the compounds with higher bioavailability. Lip-
inski's rule of ve is a preliminary effort that helps to screen out
the compounds with poor absorption and permeability30,31 and
the results are summarised in supplementary Table S1.†

Log P value determines the solubility and permeability of the
compound which in turn affects absorption, a crucial factor for
drug likeness. Drug candidates must possess required solubility
to travel via the membrane without being trapped in them. The
log P values of the drugs should be in the c log P < 3 range for
RSC Adv., 2022, 12, 17466–17480 | 17469
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Fig. 3 Library of designed 5,50-(phenylmethylene)bis(pyrimidine-2,4(1H,3H)-dione) derivatives.
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better in vivo potency as well as for solubility.32,33 All the
designed compounds were found to have lower log P values
indicating solubility and less toxicity. The positive log P values
represents a liking for lipophilic environment and negative
values denote a liking for hydrophilic or lipophobic environ-
ment.34 Out of 28 compounds, 17 compounds showed negative
log P values indicating their lipophobic nature. Moving on to
molecular weight as a crucial parameter, except 27a, the
molecular weights of all the compounds were in the allotted
17470 | RSC Adv., 2022, 12, 17466–17480
range of below 500 falling in line with Lipinski's rules. However,
with molecular weights below 1000 Da, all these compounds
can also be classied under small molecules,35 having several
advantages like predictable pharmacokinetics and pharmaco-
dynamics properties, easy manufacture, higher stability and
bioavailability.36 These compounds have plentiful NH and OH
groups capable of donating H-bonds along with C]O groups to
accept incoming bonds and are expected to have a momentous
impact on interacting proteins and nucleic acids viaH-bonding.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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The compounds can thereby be stabilised within the binding
pockets of the biological target due to H-bonding ability.37

Hence, 5,50-(phenylmethylene)bis(pyrimidine-2,4(1H,3H)-
dione) derivatives were designed by considering the number of
H-donors and acceptors. As per Lipinski's rule, except 4
compounds, all the remaining derivatives showed H-bonding
within the accepted range. The rotatable bond count is the
measure of molecular exibility which along with total polar
surface area predicts good oral bioavailability. Higher
bioavailability is the measure of designing compounds as good
therapeutic agents.38 The increased number of rotatable bonds
has negative effect on membrane permeability and surprisingly
all the designed 5,50-(phenylmethylene)bis(pyrimidine-
2,4(1H,3H)-dione) derivatives have rotatable bonds in the 2–6
range which is acceptable by Veber's rule. Total polar surface
area (TPSA) is correlated to the compound's physicochemical
properties in terms of toxicities. Compounds with lower TPSA
values have adverse toxicities as they can easily cross the cellular
membranes and get distributed into tissues. Compounds with
low-C log P/high-TPSA are likely to be 2.5 times cleaner than
toxic.33 All the compounds possess high TPSA values from
131.45 to 262.90, eradicating the hypothesis that low TPSA
increases the binding of compounds to off-targets.33 As per the
drug likeness rules, 5,50-(phenylmethylene)bis(pyrimidine-
2,4(1H,3H)-dione) derivatives showed drug like molecular
properties and were further evaluated for their respective
Absorption, Distribution, Metabolism, Excretion, and Toxicity
(ADMET) properties.
3.3. ADMET properties of 5,50-(phenylmethylene)
bis(pyrimidine-2,4(1H,3H)-dione) derivatives

Most of the potential drug candidates in in vitro studies fail in
further drug development stages due to their efficacy and safety
prole, highlighting that ADMET properties (as given in Table
S1†) play a vital role in drug design. Solubility is one of the basic
requirements of an orally administrated drug, and higher lip-
ophilicity impacts the aqueous solubility. The optimal drug
solubility is higher than �4 log mol L�1, and all the designed
compounds showed solubility higher than �3 log mol L�1. The
ability for absorption determines the oral bioavailability and
hence it is important to screen the compounds for intestinal
permeability before synthesis. The human colon adenocarci-
noma (Caco-2) cell line has morphological and functional
similarities with human enterocytes, thereby making that
a favoured model to estimate the permeability of drug candi-
dates in high throughput screening. As required, all the deriv-
atives showed higher permeability than the optimal value of
�5.15.39 As the intestine is the primary absorption site, the
percentage of absorption of the compounds was estimated.
Except for two compounds (25a and 27a), all the derivatives
showed absorption similar to or higher than C1.

The volume of distribution (VD) of the compounds was
evaluated and higher VD shows drug distribution in tissues.
Log VD < �0.15 is considered lower and except 28a, all other
compounds are better distributed in plasma than tissues. The
fraction unbound of all the compounds was lower and in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
range of reference drugs indicating that the compounds can be
diffused to cellular membranes. Like reference drugs, the
designed compounds were blood–brain barrier (BBB) imper-
meable as they displayed log BBB < �0.1. The cytochromes are
responsible for the biotransformation of most of the foreign
objects and hence the metabolism of the designed compounds
by cytochromes were evaluated in silico. Majority of designed
compounds were identied as substrates and/or inhibitors of
CYP3A4 and CYP1A2. The study is benecial as it predicts
whether parallel administration of compounds with a known
CYP substrate can alter drug disposition, toxicity or efficacy.40

The total clearance, oral rat toxicity and hepatotoxicity, were
also considered parameters for drug design.
3.4. In silico studies

Prior to synthesis, the compounds were explored via in silico
analysis to validate the drug design for p24 protein. Molecular
docking studies against HIV CA were carried out followed by
molecular dynamic simulation studies for the most promising
compounds.

3.4.1. Molecular docking. HIV CA plays vital role in the
initial and late stages of viral replication and is oen regarded as
one of the prominent therapeutic targets. The conformational
changes within CA triggers its assembly into a conical protein
shell named capsid, which encloses viral genome and viral
enzymes. The inhibition of proper assembly can reduce viral
infectivity.15 Potential HIV CA inhibitors from within the
designed library of compounds were identied using molecular
docking techniques. Understanding the target protein and any
potential binding sites is required to analyse the inhibitory
potential of the small molecule library. Retroviral CA proteins are
extraordinarily preserved with approximately 70% sequence
preservation within viral mutants.41 The viral CA monomer has
two domains, the N terminal domain (NTD) and C terminal
domain (CTD) which in HIV-1 includes residues 1–145 and 150–
231 respectively.41 The NTD of amonomeric CA interacts with the
NTD's of 5 other CA to form one CA-hexamer.41–43 CA-hexamers
connect with neighbouring hexamers via homodimer linkages
between CTD's thus, allowing for lattice formation.41–43 Inter
hexamer CA NTD–CTD interactions also help to stabilize the
capsid. The mature capsid consists of hundreds of CA-hexamers
forming the bulk of the lattice and, a few CA-pentamers at lattice
closure points.41–43 Disruption at any one of these critical junc-
tures would inhibit capsid formation.26,44–50 The work by V. Lee
et al. has been instrumental in capsid inhibition computational
studies, our approach is not quite as in depth as we expect to
compare in silico with in vitro.50 Thus, HIV-1 CA monomer (PDB:
2XDE) was chosen as a potential target as it is the smallest
building block with a crystal structure of acceptable quality that
we can target for capsid inhibition.

The binding pockets for both NTD and CTD are well docu-
mented.26,44–48,50 CTD binding pocket residues include Arg173,
Gln179, Lys182, Tyr169 and Leu172.46–48,50 NTD binding pocket
contains numerous important residues including, Asn53,
Leu56, Asn57, Thr58, Val59, Gln63, Met66, Gln67, Leu69, Lys70,
Ile73, Tyr130, Ala105 and Thr107.46–48,50 The results of the
RSC Adv., 2022, 12, 17466–17480 | 17471
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docking study were extremely promising as all members of the
library had multiple interactions within the NTD binding
pocket. All compounds showed hydrophobic interactions
within the NTD pocket.

All the compounds except 1a, 27a and 17a, showed one or
more H-bonds with residues from Asn57 to Lys70. Asn57
interaction in particular is a highly conserved residue for CA
intra-hexamer NTD–NTD hydrogen bond network.41 Glide-
Scores of compounds were compared to identify which is most
promising, more negative glidescores correspond with better
binding bearing in mind that there are no absolute good or
Glidescores only relative comparisons to be made. 9a was most
promising (as given in Fig. 4) with its glidescore of
�6.41 kcal mol�1 but compounds 7a, 10a, 1a, 24a and 3a were
the next most promising based on their binding scores between
�5.52 kcal mol�1 to �4.99 kcal mol�1. The remaining
compounds had glidescores between �4.02 kcal mol�1 and
�4.91 kcal mol�1. Molecular dynamics simulations were per-
formed to understand the stability of the protein-ligand
complex of 9a and HIV CA monomer due to 9a having the
highest GlideScore.

3.4.2. Molecular dynamics simulations. The docking
studies revealed the prime candidate 9a from the compound
library based on binding energy and interactions as shown in
Table 1.

The hydrogen bond interaction of HIV-1 CA monomer with
compound 9a is shown in Fig. 4. The interactions of 9a with
HIV-1 CA monomer has a �6.41 kcal mol�1 glidescore which is
signicantly better than the second highest interacting agent
compound 7a at �5.52 kcal mol�1. Residues Val59, Gln67, and
Lys70 were observed to form hydrogen bonds with compound
9a. These amino acid residues are found in the R3 pocket of the
protein molecule. The R3 pocket plays a vital role in forming
a bridge between the NTD of one HIV CAmonomer and the CTD
of another monomer.41,42 This indicates that ligand molecule
bound to active site amino acid residues, may hinder the HIV-1
Fig. 4 Binding interaction of compound 9a with HIV-CA (a) 3D diagram

17472 | RSC Adv., 2022, 12, 17466–17480
capsid assembly. The conformations over time of protein and
protein–ligand complex were compared by generating the root
means square deviation (RMSD) plot as shown in Fig. 5c. RMSD
is coarse method to note deviation of conformation or change in
physical location in comparison to an initial state. In the
current study, protein alone does not undergo signicant
conformational changes as indicated by the RMSD and nds
relatively stability at an early stage and does not deviate much
for the remainder of the simulation without much uctuation.
On the other hand, the protein-ligand complex shows higher
uctuation and is less rigid than the protein alone. The RMSD
of the protein indicates relative stability from 25 ns to 100 ns. In
the case of the protein–ligand complex, the RMSD value uc-
tuates markedly throughout the simulation. The protein–ligand
complex achieves relative stability from 80 ns to 100 ns when
compared to the rst 80 ns wherein the uctuations were much
higher. This graph suggests the compound 9a has a profound
impact on protein conformation and stability. The root means
square uctuation (RMSF) graph is a coarse method that allows
us to observe which amino acid residues deviate from their
position during simulation. The RMSF plot shows residue
numbers 75 to 100 of protein–ligand complex deviate greatly as
shown in Fig. 5d. This is signicant as the active site of the
protein exists between the residues 75 to 100. The ligand
signicantly disrupted the active site residues when compared
with simulation of protein alone. The radius of gyration of only
protein maintains a constant size throughout simulation,
whereas, for the protein–ligand complex the radius of gyration
uctuates in size within the 0.5 nm range as shown in Fig. 5a.
This result indicates compound 9a has a mild effect on change
in overall protein size. The plot of solvent-accessible surface
area (SASA) in Fig. 5b shows that in protein–9a complex SASA
has overall decreased in comparison with simulation of plain
protein. The lower SASA is a direct result of compound 9a being
present in the binding site cavity. This lower accessibility of
solvent to the binding cavity may be detrimental as water
(b) ligplot diagram.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Glide scores and amino acid interactions with HIV-1 CA monomer

Compound
code

Glidescore
(kcal
mol�1)

Interacting residuesa

H bond interactions
(Bond length in Å)

Hydrophobic
interactions

1a �5.26 — Met66, Gln63, Ile73, Leu56, Lys70, Asn57
2a �4.46 Val59 (3.02) Met66, Lys70, Gln67, Asn57, Gly61, Val59
3a �4.99 Val59 (2.85), Met66 (2.78) Lys70, Leu56, Leu69, Ile73, Asn57, Gly61, Gln63, Val59, Met66
4a �4.46 Gly61 (3.06), Gln63 (2.83) Met66, Asn57, Leu56, Gly60, Val59, Gln67, Gln63, Gly61
5a �4.60 Gln67 (2.80), Val59 (2.89) Met66, Lys70, Asn57, Val59, Gln67
6a �4.91 Gly61 (2.84), Gln63 (2.96), Val59 (3.22) Gln67, Asn57, Met66, Gly60, Gln63, Val59, Gly61
7a �5.52 Gln67 (3.03), Asn57 (3.01) Met66, Asn57, Gln63, Gln67
8a �4.61 Gly61 (3.22, 2.96), Gln63 (2.88) Met66, Leu56, Asn57, Gln67, Gly60, Gly61, Gln63
9a �6.41 Val59 (3.00) Met66, Gln67, Lys70, Gly61, Asn57, Val59
10a �5.31 Asn57 (2.95), Val59 (2.94), Gly61 (2.85) Lys70, Met66, Gly60, Gln63, Gln67, Val59, Gly61, Asn57
11a �4.54 Gly61 (2.87, 2.82) Met66, Asn57, Leu56, Gln63, Gly60, Gly61
12a �4.49 Gly61 (2.76, 2.96), Gln63 (2.88) Met66, Asn57, Leu56, Gln67, Gly60, Gln63, Gly61
13a �4.32 Asn57 (2.96), Val59 (2.96), Gly61 (2.88) Met66, Gly60, Gln63, Lys70, Gln67, Asn57, Val59, Gly61
14a �4.37 Gly61 (2.76, 3.11), Gln63 (3.03) Met66, Leu56, Asn57, Gly60, Gln67, Gly61, Gln63
15a �4.58 Val59 (2.99), Gly61 (3.02), Lys70 (3.05) Met66, Gly60, Gly67, Asn57, Val59, Gly61, Gln63
16a �4.30 Val59 (3.22), Gly61 (2.86), Gln63 (3.03) Met66, Gly60, Gly67, Leu56, Asn57, Val59, Gly61, Gln63
17a �4.17 Val59, Gly61, Gln63, Gln67, Lys70 —
18a �4.53 Gln57 (3.03), Val59 (2.86) Gln57, Val59, Tyr130, Asn53, Leu56, Met66, Asn57, Lys70
19a �4.66 Val59 (2.98), Gly61 (2.90), Asn57 (3.01) Gly60, Leu56, Lys70, Met66, Gln67, Gln63, Val59, Gly61, Asn57
20a �4.43 Lys70 (3.08), Gln67 (2.78) Lys70, Gln67, Gly60, Val59, Gln63, Asn57, Asn53, Leu56, Ile73, Met66,

Tyr130
21a �4.61 Gly61 (2.93, 3.32), Gln63 (2.83), Val59 (3.08) Gln67, Leu56, Asn57, Met66, Gly60, Gly61, Gln63, Val59
22a �4.43 Val59 (3.00), Gln67 (3.02) Gln63, Leu56, Asn57, Lys70, Asn53, Leu69, Met66, Gln67, Val59
23a �4.21 Gln67 (2.92) Asn57, Val59, Asn53, Lys70, Leu69, Met66, Gln63, Gln67
24a �5.15 Gly61 (2.77, 3.14) Gly60, Leu56, Asn57, Ile73, Asn53, Tyr130, Met66, Gln63, Gln67, Gly61
25a �4.72 Asn57 (3.12), Val59 (2.75), Gln63 (3.03), Met66

(2.87)
Leu56, Gly60, Gln63, Met66, Asn57, Val59

26a �4.02 Gly61 (2.99), Val59 (2.84), Lys70 (3.15) Gly60, Gln63, Gln67, Asn57, Met66, Val59, Gly61
27a �4.50 — Asn53, Asn57, Val59, Gly61, Gln63, Met66, Gln67, Lys70, Tyr130
28a �4.20 Gln67 (2.91), Val59 (2.72) Met66, Leu56, Asn57, Lys70, Gln67, Val59

a Key pocket residues are marked in bold letters. Residues capable of drug-resistance related mutations are given in italic and bold letters.48 H-
bonds between 2.7 Å to 3.35 Å and hydrophobic contacts between 2.90 Å and 3.90 Å were considered.
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molecules present in the binding site are known to help stabi-
lize HIV capsid conformations.41 The binding energy of 9a post
dynamics simulation as obtained from PRODIGY server anal-
ysis was �6.4 kcal mol�1.51

3.5. Chemistry

The promising results from in silico studies led us to proceed
with the synthesis of designed compounds. The synthesis
involving uracil and benzaldehyde in literature ended up with
a mixture of 5-(chloro(phenyl)methyl)pyrimidine-2,4(1H,3H)-
dione and bis(pyrimidine-2,4(1H,3H)-diones).52 The isolation of
bis(pyrimidine-2,4(1H,3H)-diones) as major product was unre-
ported and this prompted us to delve deeper to design the
synthetic strategy for these compounds as depicted in Scheme
1. Here, the reaction between differently substituted aldehydes
and uracil in 1 : 1 ratio in H2O with conc. HCl as catalyst at 70 �C
yielded novel 5,50-(phenylmethylene)bis(pyrimidine-2,4(1H,3H)-
dione) derivatives. The novel bis pyrimidinedione derivatives
having both hydrophilic and lipophilic groups did not undergo
any further reactions and were stable. The optimization of
reaction conditions is given in Table S2.† For understanding the
structure–activity relationships (SARs), numerous substituted
© 2022 The Author(s). Published by the Royal Society of Chemistry
bis pyrimidine derivatives (1a–28a) were prepared. In an anal-
ogous approach, 5,50,500,5000-(1,3-phenylenebis(methanetriyl))
tetrakis(pyrimidine-2,4(1H,3H)-dione) (27a) was synthesized.
Here, 27a was synthesized using the same reaction conditions
from isophthalaldehyde and uracil in 1 : 2 ratio.

The uracil derivatives so formed were characterised by
spectroscopic techniques. In all the compounds, the charac-
teristic peak of the bis(pyrimidine-2,4(1H,3H)-diones) deriva-
tives appears as singlet around 5–6 ppm in 1H Nuclear Magnetic
Resonance (NMR) spectra and around 35–50 ppm in 13C NMR
spectra, occasionally merging with DMSO septet. The NH
protons of uracil appear as singlets around 10–11 ppm in 1H
NMR spectra and C]O peaks of uracil appear at 160–163 ppm
in 13C NMR spectra. The experimental and theoretical molec-
ular weights show exact likeness in mass spectra indicating the
formation of expected product.

3.6. Mechanistic considerations

In case of reaction between uracil and 4-nitro benzaldehyde
(Scheme 1), initially 5-(hydroxy(4-nitrophenyl) methyl) pyrimi-
dine-2,4(1H,3H)-dione was isolated along with the expected
product. The structure of intermediate compound in Fig. 6b was
RSC Adv., 2022, 12, 17466–17480 | 17473
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Fig. 5 Data obtained from molecular dynamics simulation of HIV-1 CA monomer with compound 9a.
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conrmed by NMR spectra and single crystal XRD data. The
characteristic hydroxy peak of the intermediate appears as
a singlet at 4.5 ppm merging with solvent water peaks. The CH
protons resonate at 5.59 ppm and the uracil NH peaks appear at
10–11 ppm in 1H NMR spectra. Moving on to 13C NMR spectra,
C–OH peak appears at 67.12 ppm and C]O peaks appear
around 150–163 ppm. The experimental and theoretical
molecular weights show exact likeness indicating the formation
of intermediate compound. To verify the role of the isolated
intermediate, further reaction of this compound with uracil was
carried out as per standardised reaction conditions. The reac-
tion proceeded to form 5,50-((4-nitrophenyl) methylene) bis(-
pyrimidine-2,4(1H,3H)-dione), which was yet again
characterised by spectroscopic techniques. The previously re-
ported formation of 5-(chloro(phenyl)methyl)pyrimidine-
2,4(1H,3H)-dione52 was not observed and this led us to develop
a plausible mechanism for the reaction as given in Fig. 6a. The
synthetic protocol involves the activation of carbonyl compound
by the acid catalyst followed by initial nucleophilic addition of
uracil to form the intermediate. Aer the formation of inter-
mediate, the reaction may proceed via unimolecular substitu-
tion. The 5-(hydroxy(4-nitrophenyl) methyl) pyrimidine-
17474 | RSC Adv., 2022, 12, 17466–17480
2,4(1H,3H)-dione intermediate was isolated as the chance of
formation of intermediate is higher since the benzylic carbo-
cation is becoming less stable due to the presence of electron
withdrawing nitro group at para position.

The protonation of the intermediate and subsequent SN1
reaction forms the resultant bis(pyrimidine-2,4(1H,3H)-diones).
All the aforementioned derivatives were puried by washing
with hot methanol resulting in the isolation of desired prod-
ucts, the structures were assigned based on spectral data and
analytical evidences.
3.7. Crystallisation of 5-(hydroxy(4-nitrophenyl)methyl)
pyrimidine-2,4(1H,3H)-dione and structure determination

The intermediate 5-(hydroxy(4-nitrophenyl)methyl)pyrimidine-
2,4(1H,3H)-dione (given in Fig. 6b) was isolated in the reaction
between uracil and 4-nitro benzaldehyde. The intermediate was
washed with hot methanol to remove any unreacted aldehyde
impurities before crystallization. The nal pure compound was
dissolved in minimal amount of DMSO and crystallized at room
temperature. The XRD data are summarised in Table S3† and
single crystal XRD diagram of intermediate (CCDC Number:
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Synthesis of bis(pyrimidine-2,4(1H,3H)-diones). (b) Synthesis of 5,50,500,5000-(1,3-phenylenebis(methanetriyl))tetrakis(pyrimidine-
2,4(1H,3H)-dione).

Fig. 6 (a) Plausible reaction mechanism of formation of bis(pyrimidine-2,4(1H,3H)-dione) derivatives, (b) structure of an isolated intermediate.
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1946178) is given in Fig. 7. Here, two molecules of intermediate
interacted via two C]O and NH bonds of uracil moiety. This is
in accordance with the reported H-bonding interactions in
uracil.53 The H-bonding stabilizes the crystal structure.
© 2022 The Author(s). Published by the Royal Society of Chemistry
However, the free hydroxy group in intermediate compound did
not participate in H bonding. The packing diagram reveals the
presence of 5-(hydroxy(4-nitrophenyl)methyl)pyrimidine-
2,4(1H,3H)-dione in the corners.
RSC Adv., 2022, 12, 17466–17480 | 17475
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Fig. 7 Single-crystal XRD data. (a) The ORTEP diagram, (b) hydrogen bond interaction diagram and (c) packing diagrams of intermediate
compound in Fig. 6.
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3.8. Biological evaluation

3.8.1. Effect of bis(pyrimidine-2,4(1H,3H)-diones) on HIV-1
p24 antigen production. The current study aims at the molec-
ular modelling studies, successful synthesis and further bio-
logical evaluation of the novel bis(pyrimidine-2,4(1H,3H)-
diones) by systematic modication of the compounds for
exploring the structure activity relationships (SARs). The
modications involved in this library include (a) the presence of
uracil dimers for plausible H bonding with the target, (b) use of
the variable hydrophobic domain for enhanced lipophilicity
and (c) incorporation of bioisostere for effective SARs. The
successfully synthesized and isolated bis pyrimidines prompted
us to test the anti-HIV activity of the derivatives against HIV-1
Subtype C using azidothymidine (AZT) as a standard drug.

To explore anti-HIV-1 activity, 1 mg ml�1 of bis(pyrimidine-
2,4(1H,3H)-diones) were initially tested against activated PBMC
infected with 250 TCID50 of a lab adapted strain of HIV-1C as
Fig. 8 Effect of bis(pyrimidine-2,4(1H,3H)-diones) on HIV-1 p24
antigen production at 1 mg ml�1.

17476 | RSC Adv., 2022, 12, 17466–17480
given in Fig. 8. The detailed results are given in Table S4.† In the
preliminary screening at 1 mg ml�1, ve compounds showed
promising activity with percentage inhibition varying from 58%
(9a) to 74% (7a). Most of the compounds gave less than 20%
inhibition and the modications seem to render the bis(pyr-
imidine-2,4(1H,3H)-diones) inactive towards HIV-p24. However,
out of 5 compounds showing promising activity, four
compounds were halogen derivatives. Compared to other
derivatives, the higher activity of halogens may be due to their
high lipophilic nature which readily allows them to pass
through the lipid layers of the viral membranes. This is well
connected with the use of halogen bonding in HIV drug devel-
opment as they can avoid the risks of emerging drug resis-
tance.54 The preliminary active compounds were further
screened for their cytotoxicity before with IC50 determination.
3.9. Evaluation of cytotoxicity of promising compounds

Cytotoxicity of compounds 7a, 8a, 9a, 13a and 19a were tested in
humanmegakaryocyte cell line (Mo7e) andMurine pro B cell line
(BA/F3). Compounds inhibiting greater than 50% of cell growth
were considered cytotoxic. When treated with 1 mg ml�1 of 7a, 8a,
9a, 13a and 19a, more than 90% of viability in Mo7e cells was
observed. Similarly, we observedmore than 90% viability inMo7e
cells treated with 5 mg ml�1 of all the compounds except 9a and
19a. Also, in BA/F3, cell viability of more than 90% was visible
when treated with 1 mg ml�1 and 5 mg ml�1 of compounds 7a, 8a,
9a, 13a and 19a. Overall our results suggest that 1 mg ml�1

concentration of compounds 7a, 8a, 9a, 13a and 19a are not
cytotoxic to Mo7e and BA/F3 cells as given in Fig. 9.
3.10. Evaluation of IC50 values of active compounds against
p24 of HIV-1C

The inhibitory effect of the ve active bis(pyrimidine-
2,4(1H,3H)-diones) were further evaluated by HIV-p24 assay
with 400 TCID50 of HIV-1C. The higher virus concentration was
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Percentage cell viability of Mo7e and BA/F3 against 7a, 8a, 9a, 13a and 19a. (A) Mo7e cells and (B) BA/F3 cells were stimulated with
indicated concentrations of 7a, 8a, 9a, 13a and 19a for 24 hours. Data are represented as mean � s.e.m. P value is calculated using Student's t-
test. *P < 0.05.

Fig. 10 Inhibition of p24 of HIV-1C by bis(pyrimidine-2,4(1H,3H)-diones). Azidothymidine (AZT) was used as positive control and virus control
was 1 � 104 PFU ml�1. The data shown is the mean � S.D. of three independent experiments represented in percentage of inhibition.
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deliberately selected, and the IC50 of the compounds were
evaluated in vitro and results are summarised in Fig. 10 and
Table S5.†

IC50 values of the compounds are as follows: 7a (191.5 mg
ml�1), 8a (120.5 mg ml�1), 9a (62.5 mg ml�1), 13a (112.4 mg ml�1),
and 19a (152.4 mg ml�1).

All the compounds which gave promising inhibition in
preliminary studies are biologically and chemically diverse. The
structure–activity relationships of the compounds are discussed
in detail here. Most of the active compounds were halogen
derivatives indicating that the functional group may play a role
in the anti-HIV activity. However, the location of various halo-
gens also inuenced the anti-HIV activity with the compounds
exhibiting multiple levels of potencies against HIV-1C with IC50

values ranging from 191.5 mg ml�1 to 62.5 mg ml�1. Compounds
8a, 9a and 13a were characterised by the presence of mono-
© 2022 The Author(s). Published by the Royal Society of Chemistry
halogen substituents like Cl and Br. Compared to the non-
substituted 1a and other mono-halogen substitutions (2a, 3a,
4a, 10a, and 12a), the presence of Cl and Br substitutions is
favourable for HIV-1C inhibition as seen from the in vitro
studies. Surprisingly, F-substitutions (2a, 3a and 4a) made the
compounds inactive against the pathogen, contrary to the re-
ported works as most of the HIV drugs have F-derivatives.
Notably, meta-Cl substitution (9a) with IC50 value of 62.5 mg
ml�1 was necessary for the enhancement of anti-HIV activity
when compared to the other substitutions. The higher activity
of 9a may be due to lower log P value and meta effect of the
substituent. Meta substitution with a non-at substituent like
Cl can enhance the aqueous solubility without affecting the
lipophilicity, thereby improving the biological activity.55 The
presence of para-Cl substitution in 8a drastically changed the
IC50 value to 120.5 mg ml�1 while ortho-Cl in 10a was inactive
RSC Adv., 2022, 12, 17466–17480 | 17477
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against HIV-1C. However, reverse trend was observed for bromo
substitutions as para-Br substitution in 12a was inactive when
compared to ortho-Br substitution in 13a.The latter displayed an
IC50 value of 112.4 mg ml�1. The better activity of 13a may be
credited to its lower log P value indicating higher lipophilicity to
permeate through viral cell membranes. Compounds 5a and
11a were characterised by disubstituted halogens and seemed
to be unfavourable for anti-HIV activity as compared to mono-
valent analogues. For compounds bearing halogens, the posi-
tion priority as observed from IC50 values are, meta > ortho >
para as in the case of the compounds 9a > 13a > 8a.

For compounds 14a–17a, strong electron withdrawing
groups like NO2 and CN seems to negatively affect the inhibitory
potential of HIV-1C. In contrast, introducing an electron
donating group like methyl derivative showed potent anti-HIV
activity. However, considering the positions of the methyl
derivatives, the IC50 values varied sharply with ortho-methyl
substitution (19a) having an IC50 value of 152.5 mg ml�1 while
para-methyl substitution (18a) remained inactive. Tri-
uoromethyl substitutions (6a and 7a) were also introduced as
they are versatile groups in medicinal chemistry. However, it
was not contributing much to the activity with 7a giving an IC50

value of 191.5 mg ml�1 while 6a was inactive. The compounds
with N-methyl substitution (20a) and methoxy substitutions
(21a, 22a and 23a) were inferior to methyl substitution.
Replacing the methoxy substitution with phenoxy (24a), phenyl
ring with naphthyl (28a) or the introduction of aldehyde
substitution in various equivalence to form 26a and 27a or the
use of carboxylic acid substituent (25a) did not affect the
activity.

From the discussions it can be concluded that the position of
the functional groups and log P values of the compounds decide
the activity. Interestingly, all the active compounds were
monovalent bioisostere of either H or Br. The hydrophobicity of
the compounds also helped in bioactivity as they can easily
penetrate through the lipid bilayer of HIV. The studies indicate
the possibility of using halogen derivatives for further modi-
cations of the pyrimidine for enhanced activity.

4. Conclusion

A series of uracil derivatives were carefully designed based on
the existing four-point pharmacophore model as effective
capsid protein inhibitors. The design strategy involves the
incorporation of exible and polar di-uracil moieties capable of
efficient hydrogen bonding and considering lipophilic substit-
uents for easier membrane penetration. This is in line with the
emerging cross-resistance in HIV drugs. The compounds
designed showed drug-like properties and were initially docked
with HIV capsid protein monomer to nd the potential binding
modes. Molecular dynamic simulations were performed for one
of the most promising compound 9a to explain structural
changes of the systems. The RMSD and RMSF plots indicated
signicant structural alteration of HIV-1 CA monomer when
complexed with compound 9a. The promising in silico results
led us to the in vitro evaluation of compounds in HIV p24 assay
which revealed ve potential compounds with an IC50 values
17478 | RSC Adv., 2022, 12, 17466–17480
ranging from 191.5 mg ml�1 to 62.5 mg ml�1. The meta-chloro
substituted 9a displayed promising activity with an IC50 value of
62.5 mg ml�1 which correlates well with the theoretical studies.
The active compounds were noncytotoxic in BA/F3 and Mo7e
cell lines highlighting the thoughtful design. The structure–
activity relationship indicates the position priority and lower
log P values as the possible cause of inhibitory potential of the
compounds.
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2019, 24, 1718.

4 J. C. Reed, D. Solas, A. Kitaygorodskyy, B. Freeman,
D. T. B. Ressler, D. J. Phuong, J. V. Swain, K. Matlack,
C. R. Hurt, V. R. Lingappa and J. R. Lingappa, J. Virol.,
2021, 95, e00883-20.

5 J. D. Roberts, K. Bebenek and T. A. Kunkel, Science, 1988,
242, 1171.

6 J. M. Coffin, Science, 1995, 267, 483.
7 S. Redshaw and M. Westby, Expert Opin. Emerging Drugs,
2001, 6, 209–224.

8 S. A. Ali, S.-Y. Teow, T. C. Omar, A. S.-B. Khoo, T. S. Choon
and N. M. Yusoff, PLoS One, 2016, 11, e0145986.

9 S. K. Carnes, J. H. Sheehan and C. Aiken, Curr. Opin. HIV
AIDS, 2018, 13, 359–365.

10 G. Li, J. Verheyen, S. Y. Rhee, A. Voet, A. M. Vandamme and
K. Theys, Retrovirology, 2013, 10, 126.

11 S. J. Rihn, S. J. Wilson, N. J. Loman, M. Alim, S. E. Bakker,
D. Bhella, R. J. Gifford, F. J. Rixon and P. D. Bieniasz, PLoS
Pathog., 2013, 9, e1003461.

12 L. D. Fader, R. Bethell, P. Bonneau, M. Bös, Y. Bousquet,
M. G. Cordingley, R. Coulombe, P. Deroy, A. M. Faucher,
A. Gagnon, N. Goudreau, C. Grand-Mâıtre, I. Guse,
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