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In this study, the interaction between human immunodeficiency virus reverse transcriptase and methyl-
diarylpyrimidines containing a hydroxyimino, hydrazine, hydroxyl, cyclopropylamino, cyano or chloro
etc. substituent was studied by molecular docking simulation, molecular docking was accomplished
with AutoDock4.2 and absorption, distribution, metabolism, excretion and toxicity-structure-activity
relationship and Swiss absorption, distribution, metabolism and excretion servers were used to predict
the pharmacokinetics and absorption, distribution, metabolism, excretion and toxicity properties of all
compounds. As a result, molecular docking analysis revealed that there are extensive interactions between
the diarylpyrimidine derivatives and Lys101, Tyr188, Val179, Lys103, Glu138, Leu234, Phe227 and Trp229
residues in the active site of human immunodeficiency virus-1 reverse transcriptase. The formation of
hydrogen bonds between diarylpyrimidines and the residues Lys101 and Glu138 play important roles in
inhibiting the activity of human immunodeficiency virus. All compounds respect the conditions mentioned
in Lipinski’s rule and have acceptable absorption, distribution, metabolism, excretion and toxicity
properties. The preliminary structure-activity relationship was also investigated. A preliminary structure-
activity relationship analysis of these target molecules highlighted a preference for the smaller or more
flexible group’s substitution in the linker between the left ring and the pyrimidine skeleton for enhancing
the anti-human immunodeficiency virus-1 activity. The acrylonitrile C -substituent substantially improved
the potency against wild-type human immunodeficiency virus-1 and several mutant strains, and the 2™
position is the most preferred position to improve antiviral activity. This information might be helpful for
further diarylpyrimidine optimizations.
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Human Immunodeficiency Virus type 1 (HIV-1) is
the primary cause of Acquired Immunodeficiency
Syndrome (AIDS), which is still a serious public
health issue on a global scale!'. HIV-1 Reverse
Transcriptase (RT) converts the single-stranded
Ribonucleic Acid (RNA) genome into a double-
stranded Deoxyribonucleic Acid (DNA) copy, which is
necessary for HIV-1 replication and has been identified
as a promising therapeutic target for the development
of anti-HIV  drugs®?. Non-Nucleoside Reverse
Transcriptase Inhibitors (NNRTIs) can be disrupted by
NNRTIs, which can attach to a hydrophobic allosteric
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binding pocket (NNRTI Binding Pocket, NNIBP) that
is situated at position 10 from the RT polymerase active
site®!. Components of Highly Active Antiretroviral
Treatment (HAART) have a special antiviral potency™.

Despite having a number of benefits, only four
NNRTIs-Nevirapine (NVP), Delavirdine (DLV),
Efavirenz (EFV) and Etravirine (ETV), have received
clinical use approval from the Food and Drug
Administration (FDA)B).  First-generation NNRTIs
include NVP, DLV and EFV, but their therapeutic
efficacy has been dramatically understated due to
the rapid emergence of HIV-1 drug resistant variants
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such as Tyr181, Lys103 and Tyr188 single mutants,
as well as Lys103/Tyr181 double mutant (RES056
Lys103+Tyr181)®. In order to combat the AIDS
epidemic, the United States (US) FDA approved the
next-generation HIV-1 NNRTIs (ETV, TMCI125, fig.
1) and Rilpivirine (RPV, TMC278, fig. 1) in 2008 and
2011, respectively!”.

The diarylpyrimidine compounds are important in
the non-nucleoside reverse transcriptase inhibitors,
because it has a strong inhibitory activity and small
toxic side effects on single mutation and double
mutation. Diarylpyrimidines have been discovered via
the bioisosterism principle or molecular hybridization
concept. TMC125 and TMC278 are Diarylpyrimidine
(DAPY) NNRTIs with high activity against Wild-Type
(WT) and mutant virus strains including Lys103®.
However, the resistant variants Glul38 and Lys103/
Tyrl81, can still significantly decrease the sensitivity
of HIV-1 to ETV and RPVPL Therefore, there is a
need of developing novel NNRTIs with enhanced
therapeutic value and different resistance mutation
profiles to successfully employ this class of drugs in
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HAART!, A series of new NNRTIs has been found
and synthesized in the ongoing study of NNRTIs in the
last decade. DAPY is one of them and a design feature
for these compounds is the innate flexibility between
aromatic rings, allowing the compound to adopt
multiple conformations and is one explanation for the
potent activity against many resistant virus strains (fig.
2). So it has a promising prospect of development and
application!'!),

In this study, we have taken 10 DAPYs that displayed
the most potent anti-HIV-1 activity, with excellent
selectivity for infected over uninfected cells. DAPYs,
11212081 3041 41031 516167071 8181 919 and 1012 studied
in silico for their potential anti-HIV activity along with
their physicochemical and Absorption, Distribution,
Metabolism, Excretion and Toxicity (ADMET)
properties. The relative Structure-Activity Relationship
(SAR) discussions were also investigated together with
the comparative docking analysis. The principles of
medicinal chemistry and bioinformatics tools help to
locate effective therapeutics to minimize resources and
time in current drug development modules.
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Fig. 1: Chemical structures of DAPY-type NNRTI drugs, (A) ETV and (B) RPV

Fig. 2: The general structure of DAPYs
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MATERIALS AND METHODS

The SwissADMEP! and admetSARP?! servers were
used to analyze the pharmacokinetic properties of
DAPYs. The Research Collaboratory for Structural
Bioinformatics (RCSB) Protein Data Bank (PDB)
was used to obtain protein crystal structures based on
resolution and R factors, specifically 2ZD1 and 3BGR.
AutoDocktools 1.5.6 were used to prepare the proteins®!
to remove unwanted co-crystallized molecules, to add
charges (Gaussian, Gasteiger) and to incorporate polar
hydrogens. Their energy minimized ligand data was
developed on ChemDraw. Blind docking was achieved
using AutoDock tools 1.5.6 to assist. Post-docking
analysis of protein-ligand interactions was conducted
on BIOVIA Discovery Studio Visualizer 2021.

Drug-likeness properties:

Pharmacokinetics is the study of the time course of a
drug within the body and incorporates the processes
of ADME. Pharmacokinetic parameters are derived
from the measurement of drug concentrations in blood
or plasma. Most drugs are given orally for reasons of
convenience and compliance. Typically, a drug dissolves
in the gastro-intestinal tract is absorbed through the
gut wall and then passes the liver to get into the blood
circulation. The percentage of the dose reaching the
circulation is called the bioavailability. From there, the
drug will be distributed to various tissues and organs
in the body. The extent of distribution will depend on
the structural and physicochemical properties of the
compound. Some drugs can enter the brain and central
nervous system by crossing the Blood-Brain Barrier
(BBB). Finally, the drug will bind to its molecular
target. For example, a receptor or ion channel exerts its
desired action.

The compounds chosen from structure-based virtual
screening were evaluated for drug-likeness and
Lipinski’s “rule of five”?¥ parameters, which included
molecular weight, number of Hydrogen (H)-bond
donors, number of H-bond acceptors and partition
coefficient”, A drug or compound that is taken
orally should have a molecular mass of 500 Daltons
(Da), calculated octanol/water partition coefficient
(CLogP)<5, number of hydrogen-bond donors<5
and number of hydrogen-bond acceptors<10. These
properties are then typically used to construct predictive
ADME models and form the basis for what has been
called property-based design. To a certain extent,
similar molecules can be expected to have similar
ADME properties. While Veber et al. suggested that a
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molecule or medicine should have a Topological Polar
Surface Area (TPSA) value of 1402 and a number of
rotatable bonds of atleast 10. All of these guidelines
must be followed in order for a medicine or chemical
to be deemed to have good oral bioavailability.
Using the online SwissADME calculator, all of these
physicochemical characteristics and drug-likeness
factors were determined.

ADMET properties:

Potential therapeutic candidate’s pharmacokinetic
properties, or ADMET assessments, describe how these
substances are disposed of within an organism. A drug
success is dependent on both of its effectiveness and its
ability to provide appropriate ADMET descriptors¢.,
As a result, online admetSAR was used to predict the
carcinogenicity, mutagenicity, irritant, reproductive
impacts and ADMET characteristics of 10 compounds
that were anticipated to be active. AdmetSAR employs
a proprietary substructure pattern recognition technique
and a vector machine classification algorithm. In this
server, the database can be searched by common
name, Chemical Abstracts Service Registry Number
(CASRN), International Union of Pure and Applied
Chemistry (IUPAC) name, Simplified Molecular
Input Line Entry System (SMILES) and structural
similarity®??. Thanks to web-based query tools with a
molecular built-in interface. Different toxicity metrics,
interactions between metabolizing enzymes and
absorption factors were assessed, and substances were
checked for its drug-like characteristics.

Molecular docking simulation:

Using the software AutoDock 4.2, this set of
compounds SAR data and binding manner were better
understood?”. Discovery Studio Visualizer 2021 was
applied for molecular graph display and result analysis.
The crystal structure WT RT (PDB code: 2ZD1) and the
Lys103/Tyr181 double-mutant RT (PDB: 3BGR) with
the same analogue was retrieved from the Book Haven
PDB.

First, the DAPYs micromolecular structure was
drawn by the ChemDraw 19.1 software and
geometric optimization was carried out. Second, the
crystallographic structure of HIV-1 protease is imported
into “work space” of Discovery Studio Visualizer 2021
program to obtain the binding site. The center of the
active site has been determined and it corresponds to
the coordinates: X, y, z on the basis of the co-crystallized
bound peptidomimetic ligand (Table 1). Third, the
receptor protein was analyzed by AutoDock4.2 and
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receptors were processed by AutoDock tools to
eliminate water and other ligands, additional charge
and additional hydrogen. Automatic detection rigid
atoms were used to process ligand micromolecules.
All torsional bonds and torsional trees are flexible. In
the AutoGrid program, the grid interval in the gridding
map was set at the default value of 0.375 A and grid
size of 40 Ax40 Ax40 A. During docking, images were
searched by the Lamarckian genetic algorithm to study
binding sites between receptors and ligands. Finally,
the hydrophobic interaction force was analyzed by
using the Discovery Studio Visualizer 2021 software.

RESULTS AND DISCUSSION

Pharmacokinetic investigation of DAPY's was explained
here. Pharmacokinetic properties are an elemental segment
of drug development to identify the biological properties

of drug candidates. Lipinski’s rule of fivel* and Veber’s
rules®! were used to check the drug-likeness. DAPY's
given in Table 2 were analyzed for their physicochemical
properties and the results are epitomized in Table 3. The
ADMET characteristics of the DAPYs were studied to
understand their pharmacokinetic profile and the results
are given in Table 4.

Out of 10 DAPYs listed in Table 2, all DAPYs are
showing no violation of the Lipinski’s and Veber’s rules
and hence display Drug-Like Molecular (DLM) nature.
The Log P values of DAPYs are within the range of
2.99 to 3.99. Molecular weight, number of H-acceptors
and H-bond donors of all DAPYs are within the
accepted values of less than 500, 10 and 5 respectively
(Table 3) and all the DAPYSs are following the criteria
of Veber’s rules with Total Polar Surface Area (TPSA)
values and the count of rotatable bonds within range for

TABLE 1: REDOCKING OF REFERENCES LIGAND AGAINST HIV-1 COMPLEXES

Complex PDB Chemical

Binding sites

D Ligand ID structure RMSD (&) Y . Resolution
27D1 N 50.4819 -27.515 37.0398 1.80 A
7 CN
RPV, TMC278 D 0.375 A
3BGR - 50.1345 -27.888 36.7754 2.10 A
HN N NH
|
Note: RMSD: Root-Mean-Square Deviation; PDB: Protein Data Bank and RPV: Rilpivirine
TABLE 2: THE STRUCTURES AND BIOACTIVITY VALUES OF ACTIVITY OF DAPYs
Chemical EC,, RES056 N Chemical . . RES056
structure pmol/l  EC_, (UM]) structure s0 H EC., (UMW)
Dy JOS
CH (NOH)-DAPY 1 o ek 0.005 >13.23 7 o e 0.065 8.8+0.5
HON/\&:N e
00 C (Me) C Q
2 - ‘5 00017 w92 oORL 8 ﬁ(Y 0.067  >39.9
CH (NNH,)- oM | _n
DAPY o N
3 b 0.0018 5.33 CHX-DAPYs 9 ~ NV‘N/H 0.005 >24.3
HeNN N*KNH C‘/\(;N
CH (Cpa)- 0 CH (CN)- el
DAPYS 4 /\\u o 0.099 >228.941 DAPYs 10 A 0.059 >25.85
O
CH (OH)-DAPY 5 T 0.008 >1.8 ETV 0.0055 0.04
6 0‘@ v 0.005 >36 PRV 0.0016 0.009
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187

Indian Journal of Pharmaceutical Sciences

Special Issue 4, 2022



www.ijpsonline.com

TABLE 3: PHYSICOCHEMICAL PROPERTIES OF DAPYs UNDER STUDY

Lipinski’s rule of 5 Veber’s rule
Name Molecular Hydrogen Hydrogen Number of Number of
LogP Weight donor acceptor violations TPSA (A%) ro;atable
onds
1 3.41 394.22 2 5 0 94.19 4
2 3.01 393.24 2 4 0 99.98 4
3 2.65 365.39 2 5 0 123.77 5
4 3.78 377.39 2 6 0 73.63 6
5 3.43 371.22 2 4 0 81.83 4
6 3.00 336.78 2 4 0 81.83 4
7 2.99 336.78 2 4 0 81.83 4
8 3.1 230.38 2 4 0 81.83 4
9 3.99 355.22 1 3 0 61.6 4
10 2.61 366.38 1 6 0 118.41 5

TABLE 4: ADMET PROPERTIES OF DAPYs

Name 1 2 3 4 5 6 7 8 9 10 ETV RPV
BBB 0.7066 0.732 0.8121 0.7445 0.8127 0.8127 0.813 0.7636 0.9285 0.9197 0.9173 0.8571
HIA 0.8323 0.9565 0.9843 0.9847 0.9825 0.9825 0.983 0.9821 0.9881 0.9939 0.9902 0.9929
Caco-2 0.5358 0.7063 0.6647 0.602 0.6518 0.6518 0.652 0.6036 0.7262 0.7226 0.5 0.6609
P-CPS NS NS NS NS NS NS NS NS NS NS NS NS
P-GPI NCONlONL NI N NI NLNL N NN NI
52';13?%2?” cation NN Nl N N NN NN NN NN
CYP450 2C9 substrate NS NS NS NS NS NS NS NS NS NS NS NS
CYP450 2D6 substrate NS NS NS NS NS NS NS NS NS NS NS NS
CYP450 3A4 substrate NS NS NS NS NS NS NS NS NS NS NS NS
CYP450 1A2 inhibitor | ! ON L | | | |
CYP450 2C9 inhibitor NCONlONL NI N NI NLNL NN NN
AMES toxicity NT NT T NT NT NT NI NI NT T T N
Carcinogens NC NC NC NC NC NC NC NC NC NC NC NC

Note: Blood-Brain Barrier (BBB): Don’t cross BBB (-); cross BBB (+); Human Intestinal Absorption (HIA): Not absorbed (-); absorbed (+),
Caco-2 permeability: Not permeable (-); permeable (+); CYP450: S=Substrate for enzyme; NS=Not a substrate for enzyme; I=Enzyme
inhibitor; NI=Not enzyme inhibitor; NT: Nontoxic; T: Toxic and NC: Noncarcinogenic
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oral availability.

Molecular docking was carried out using the AutoDock
program in order to explore the binding manner of
DAPYs in the NNIBP of WT HIV-1 RT. To determine
the kinds of interactions and the binding affinities of the
investigated compounds in the investigated enzyme,
molecular docking was used. 10 different DAPYs
compounds have been evaluated for their affinity
against the HIV RT protease. The results are presented
in Table 5. The lowest binding free energy between
HIV RT and DAPY's was calculated on the basis of the
molecular docking simulation as -11.96 (2ZD1) and
-11.37 (3BGR) kcal/mol.

We also assessed the in silico ADMET properties of
two well-known drugs to validate the in silico protocol
(ETV and RPV). The findings showed that every
substance tested, including ETV and RPV, could pass
through the BBB and absorb in the human intestine
(Table 4). Results also revealed that Human Colon
Adenocarcinoma cell line (Caco-2) cells may pass
through all tested substances, including ETV and RPV.
Drugs are metabolized by Cytochrome P450 (CYP450)
isozyme, which aids in drug excretion from the body
and lessens the impact of the drug. These isozymes also
have a significant impact on medication interactions.
NVP and RPV were the only studied substances that
were anticipated to be non-substrates for CYP450 3A4.
The above results are in line with the literature reports
that drug-drug interaction shown by NVP and RPV are
due to the induction of CYP450 3A4 enzyme. Inhibition
of CYP450 isozyme results in drug-drug interaction.
Most of the designed compounds were found to be
non-inhibitors of these enzymes. All compounds were
predicted to inhibit enzyme CYP450 1A2, except
compound 4. All the tested compounds along with
NVP and RPV were predicted to be non-inhibitors for
enzymes CYP450 2C9, CYP450 2D6 and CYP450
3A4. The in silico results also showed these compounds
are non-carcinogenic and non-mutagenic!?®.

The parameters for evaluating the drug absorption are
solubility and Caco-2 permeability as listed in Table 4.
The solubility ranges from 2.99 to 3.99 indicating the
moderate solubility of DAPYsP**), The medium water
solubility can be due to 1-4 polar groups present in each
compound capable of forming bonds with amino acids.
The Caco-2 cells permeability of 10 compounds were
high. The gastrointestinal absorption of the DAPYs
has shown high absorption rate. The distribution of
drug candidates considers the BBB permeability. The
metabolism and total clearance of the DAPYs were

189 Indian Journal of Pharmaceutical Sciences

analysed. The DAPYs showed 2 compounds which
showed Ames toxicity and hence may be mutagenic. In
a collective sense, the ADMET profile of the DAPYSs is
satisfactory and hence suitable for in silico studies with
HIV proteins.

Interactions between the docked ligands and proteins
predict possible modes of action or lack thereof.
The presence of hydrogen bonding in the complex
formed by DAPYs and the studied RT enzyme
increase the affinity of the complex and gives DAPYs
a pharmacological importance. Actually hydrogen
bonds play a major role in the pharmacological effect
of ligands. The compounds with lower binding energy
can have a higher affinity towards target proteins.
These conformations are the configuration with the
lowest binding autokinetic energy among the 100
conformations after compound molecules were docked
with HIV-1 RT and their binding energies are -11.96
and -11.37 kcal/mol, so they are also a relatively stable
binding mode. The following sections cover significant
docking results and analysis.

Fig. 3 depicts the pattern of coupling between the HIV-1
RT residue and the most active molecule, the compound
3 of DAPYs derivative. The docking simulations of
compound 3 with HIV-1 WT RT indicated that the
binding mode resembles the approved drug RPV (fig.
4A).

In particular, compound 3 showed similar binding
orientations, horseshoe conformational shape and a new
hydrogen-bonding interaction between the hydrazine
and drug-resistant mutants Glul38 was observed, this
is why compound 3 has excellent resistance. However,
the compound did not increase the interaction with the
Trp229 in the hydrophobic region (fig. 3). Particularly,
their common binding pattern can be described as
follows. The ring 1 of the compounds fits into the
aromatic-rich binding sub-pocket, which is formed by
the aromatic side chains of Tyr188, Tyr181 and Phe227.
The 4-cyanovinyl-substituted phenyl group is parallel
to the side-chain phenyl group of Tyr181, exhibiting pi-
pi (n-m) stacking effect. Pyrimidine core in compound
3 forms two hydrogen bonds with backbone Amino
(-NH), besides -NH forms another one with backbone
carbonyl of residue Lys101, the oxygen atom of the
Carbonyl (-CO) group of Lys101 forms one HB with the
hydrogen atom of -NH groups of compound 3, which
forms a -CO...NH hydrogen bond with a distance of
1.91A. The cyanovinyl group in the ring I of compound
3 was positioned in a cylindrical tunnel formed by
highly conserved Phe227 and Trp229 (named tolerant
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region III). The extra 4-cyano group-substituted phenyl
group incorporated to enhance the binding affinity
and to optimize the inhibitors water solubility, locates
around amino acids Tyr318, Leu234 and Val106, which
can be well adopted in the NNIBP. Additionally, the
polar hydrophilic substituent of Cyano (-CN) group
resides between Vall06 and Leu234 and is oriented
directly toward a solvent exposure region (fig. 4A).

Therefore, compound 3 probably reserves a tighter
interaction with RT than other compound, which
may contribute to the higher anti-HIV-1 activity of
compound 3 as compared to other compounds, except
compound 2.

Lys103 and Tyr181 are the two resistance mutations
most frequently observed in patients treated with
NNRTIs and viruses carrying these mutations show
high levels of resistance to existing NNRTIs.

The effect of Tyrl81 mutation on this skeleton of

compound 3 shall be discussed as follows. The losing of
n-1 stacking effect in the interactions might be crucial
for drug resistance. When docking into the Lys103/
Tyr181 mutant RT, compound 3 keep the original
U-shaped conformation (fig. 4B) to maintain the activity.
Despite the well-super imposition between compound
3 and RPV in molecular docking, the benzene ring I of
compound 3 was shifted a little away from the benzene
ring [ of RPV for the cyanovinyl group of compound 3
to get deepens into the hydrophobic channel composed
of Trp229, Tyr188 and Leu234 and get much closer
to Tyr188. From theoretical speculation, compound
3 should have excellent anti-drug resistance, but the
experimental result show that compound 3 is only a
moderate drug-resistant inhibitor. The result could
be explained by the distorted structure lose a channel
and lose a hydrogen bond with Glul38 (fig. 5), the
affinity loss with the sub-pocket in NNIBP to some
extent, which might influence the biological activity

TABLE 5: RECEPTOR LIGAND INTERACTIONS BETWEEN 3MEC 1S6Q 2ZD1 AND 3BGR AND DAPYs

COMPOUNDS

PDB

Ligand

Binding energy (kcal/mol)

27D1

3BGR

1

O 00 N o0 Ul A w N

- o

A ow N

O 00 N o wu»m

-10.8
-10.78
-11.96

-9.92
-10.33

-9.88

-9.97
-10.04
-10.94
-11.22
-10.45
-10.32
-11.37

-9.89
-10.16

-9.69

-9.63

-9.73
-10.66
-10.95
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Fig. 3: Binding mode of 2ZD1 with (A) Compound 3 in 3 Dimensional (3D) and (B) Compound 3 in 2 Dimensional (2D) with amino acid interactions,
(m ) Conventional hydrogen bond; ( ) Carbon hydrogen bond; ( g ) = anion; ( ) a-donor hydrogen bond; (mm ) n-6; ( g ) n-n stacked; ( 1)
n- © T-shaped; (3) Alkyl and ( () m-alkyl
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Fig. 4: Predicted binding models of compound 3 and TMC278 in the NNIBPs of (A) WT HIV-1 RT (PDB code: 2ZD1) and (B) Lys103/Tyr181 double
mutated HIV-1 RT. Compound 3 was shown in blue and TMC278 in green. Hydrogen bonds are indicated with dashed lines in green and all the
hydrogen atoms are omitted for clarity
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Fig. 5: Binding mode of 3BGR with (A) Compound 3 in 3D and (B) Compound 3 in 2D with amino acid interactions, ( [_]) van der Waals; ( [l )
Conventional hydrogen bond; (1) n-donor hydrogen bond; () n-6; ([}l ) 7-w stacked; () 7- © T-shaped; ([]) Alkyl and ([_]) m-alkyl

significantly. novel class of NNRTIs, SAR studies are performed
on some new DAPY derivatives. High-resolution
structures of RT provide opportunities for understanding

inhibitor-protein interactions with greater accuracy,
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To understand the role of molecular, steric and
hydrophobic properties in the biological activity of
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more reliable determination of the structural effects of
resistance mutations and systematic structure-based
drug design targeting the pocket that binds to NNRTIs.
The entrance to the nucleic acid-binding tunnel site
suggests the possibility of extending NNRTIs so that
they could interact directly with the conserved residues
involved in deoxynucleotide Triphosphates (dNTPs)
and/or nucleic acid binding®®®!. Therefore, 2ZD1 with
the best resolution is selected here as the SARs analysis
object (Table 2).

The structural variety of the linker, linking the left
wing and the central pyrimidine ring was the target
of additional modulations. The significant SAR and
analysis are covered in the following sections.

Modifications of the linker between the wing I and
the central pyrimidine ring were explained here. The
structural modifications on the CH,-DAPY linker,
which includes a hydroxyimino group, a -CN, a
Chloro (-Cl), a hydrazine and a hydroxyl substituent,
were recently reported by Fen-Er Chen’s group. These
new DAPY analogues were tested to see if adding
hydroxyimino, -CN or other groups could enhance their
antiviral activity and provide fresh building blocks for
the creation of HIV-1 NNRTIs in the futurel®®. The
majority of the hydroxyimino analogues showed strong
antiviral activity against WT virus at concentrations as
low as nanomolar (Table 2). The compound with the
lowest half maximal Effective Concentration (EC,)
(EC,;=0.005 uM) and moderate efficacy (EC,=13.23
uM) against the Lys103/Tyr181 double mutant strain
was the most promising of this novel series.

Few of the -CN substituted compounds were efficacious
against the double mutant strain (Lysl103/Tyrl81),
although they were highly effective against the WT
HIV-1. Compound 10 in this group demonstrated the
greatest efficacy (EC,=0.059 uM). In order to help the
SAR investigations to find more effective leads against
HIV-1, molecular modeling studies were used to better
understand the interactions between these inhibitors
and HIV-1 RT.

The result also showed that the flexibility of these
substituted groups can play a very important role in
enhancing the activity together with the steric effects.
These alkyl groups are less effective than the hydrazino
group, which is probably related to the fact that the
unsubstituted NH, group could easily form a H-bond
with the Vall79 residue, while the substituted NH
structures are less beneficial for the H-bond formation,
although the alkyl group could occupy more space in
the Vall79 pocket. This is why compound 3 has better

Special Issue 4, 2022

activity and lowest free energy of binding than the other
9 compounds.

Introducing a hydrazine group, might improve the
hydrogen-bonding interactions of these inhibitors with
RT. Apparently, as designed, the hydrazine group on the
methylene linker of hydrazine-CH,-DAPY enhanced
the interaction with HIV-1 RT in WT. The observed
high effectiveness against HIV-1 WT, however, is
explained by molecular modeling, which indicates
that compound 3 lacks interaction with the important
mutant amino acid residues of Asn103 in the NNIBPs,
but weak activity against the double-mutant strain
RES056 (Lys103/Tyr181)1. On the other hand, either
a hydrazine or hydroxyl groups has also been proven to
be very beneficial for improving the antiviral activity,
especially increasing the drug resistance activities, in
particular, compound 5 had the best resistance. It has
already been shown that there are still some possibilities
to achieve the anti-drug resistance effects by modifying
the linker group between the left benzene ring and the
central pyrimidine ring.

Modifications of the wing I is explained here. Of these
compounds 6, 7 and 9 have the same substituents at
different positions of phenyl ring I, whereas 1, 4, 5
and 10 are substituted by different groups at the same
position.

The relationship between the conserved amino acid
Trp229 in NNIBP and the addition of a -CN group to
DAPYs was recognized to increase both biological
activity and drug resistance. By restricting the flexible
rotation of the phenyl ring I of DAPYs, a 2-substituted
group on the phenyl ring of DAPY s with higher-stacking
between the ligand and Y181 or Y 188 in the hydrophobic
pocket of NNIBP can help this type of contact!!!. It was
also observed that most of the active DAPY derivatives
shared both 4-CN group and 2-substituted groups.
For example, TMCI125 contains two methyl groups
on the 2, 6-positions of the left phenyl ring (fig. 1)B'.
The possibility for the insertion of 4-substituted group
into the Trp229-containing narrow pocket of NNIBP is
dependent on both the physical properties (including
the steric effects etc.) of the 4-substituted group and
the synergistic effect of the C,-substituted groups on
the phenyl ring. In some circumstance, the function
of the C_ -substituted groups might exert much more
assisting effect than the 4-substituted group via fixing
the suitable conformations of the 4-substituted group.
The 4-cyanovinyl could adjust its conformation to
adapt with the hydrophobic channel by Sigma (c)-bond
rotation, while the -CN group could exert a similar
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effect only by the assistance of the 2-substituted groups.

The introduction of the cyanovinyl group could enhance
the biological potency against WT virus strain, while the
same group could also decrease the cytotoxicity, which
again verified the cyanovinyl group at 4™ position to be
superior to other substituents (compound 3). Based on
this analysis, we envisioned that by substitution with
aromatic rings, replacements of 4-cyanovinyl could
satisfy the spatial orientation of the well tolerated
cylindrical hydrophobic tunnel (tolerant region III) and
yield more optimal aryl-aryl hydrophobic interactions.
Compound 3’s addition of a cyanovinyl group raised
its antiviral activity (EC,)), most likely as a result of
improved interactions between the cyanovinyl group
and Try18.1, Try188, Phe227 and Trp229 residues. The
results have shown that both the -CN and the cyanovinyl
groups are beneficial for enhancement of the anti-HIV
activity.

In terms of SAR, sterically small substituents, such
as —CH, (8), -Cl (6, 7) and (Bromo (-Br)) (1, 2) in
the 2 or 4 positions, which were well tolerated were
bind to the side chains of Tyr181 and Tyr188 of HIV-
1 RT. The SAR found that halogenated hybrids (-Br)

had improved anti-HIV-1 activity, which may be
because of the addition of halogen atoms which made
the hybrids more lipophilic. According to the SAR,
hybrids with 2-Cl, 2-F and 2-Br substituents exhibited
considerably increased activity against the WT HIV-1
strain (compound 10), whereas the activity against the
WT HIV-1 strain was lowered by the electron-donating
groups at 2-Methoxy (2-OCH,).

Also, according to the SAR, hybrids with 2-Cl, 2-F
and 2-Br substituents exhibited considerably increased
activity against the WT HIV-1 strain, whereas the
activity against the WT HIV-1 strain was lowered by
the electron-donating groups at 2-OCH,. A preliminary
SAR analysis of these target molecules highlighted
a preference for the smaller or more flexible group’s
substitution in the linker between the left ring and
the pyrimidine skeleton for enhancing the anti-HIV
activity. As shown in fig. 6, the 2™ position is the most
preferred position to improve antiviral activity and
the introduction of the cyanovinyl group probably
enhanced interactions of the cyanovinyl group with
Tyrl181, Tyr188, Phe227 and Trp229 residues, which is
favorable for improvement of water solubility and other

p

The 2, 4-position 1s the most
preferred position to improve

A hydrazine group has positive
effect on ant-HIV-1 activity

Fig. 6: A systematic summary of SAR
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drug-like properties. The cyanovinyl C,-substituent
significantly improved the potency against WT HIV-1
and several mutant strains.

In this study, the interaction between HIV RT and
DAPY molecules was stimulated by molecular
docking, show that the binding mechanism between
DAPY derivatives and RT protease was expounded.
This work might provide useful information for guiding
the rational design of potential HIV-1 NNRTI DAPYs.
DAPYs superior pharmacological characteristics
and distinctive molecular binding method will keep
medicinal chemists motivated to discover additional
effective HIV-1 NNRTIs.
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