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Abstract

Background: Drug resistance associated with HIV-1 variants emerges due to undetected treatment failures. Therefore, it is urgent to search
for an antiretroviral therapy to control HIV replication. We examined the synergistic inhibition of HIV-1 replication by a combination of potential
inhibitors against clinical isolates and drug-resistant strains.

Methods: Nontoxic, natural product-derived inhibitors, the viral entry inhibitor (Gen-1 (tieghemelin, a triterpenoid saponin)), the integrase inhibitor
(M522 (lithospermic acid)), and the transcription inhibitors (G4N (tetraglycylated NDGA) or M4N (tetra-O-methyl-NDGA, terameprocol)) were
used to target viral entry, integration, and transcription steps. They have been tested against the replication of an AZT-resistant strain of HIV-1 and
clinical isolates from HIV-infected patients, where they were examined alone and, in their combinations, to inhibit HIV replication in human H9
cells and PBMCs. The binding conformations and important interactions of all these inhibitors have been evaluated by molecular docking studies.

Results: The IC50 values for Gen-1, M522, and G4N were 20.0 pM, 2.2 pM, and 14.0 pM, respectively, when tested individually, while in
combination, it was 1.2 pM when tested in HIV-IRTMF (AZT-resistant strain) infected PBMCs, whereas 65.0 pM, 18.0 uM, and 27.0 pM
individually and in combination, it was 3.0 uM when tested against the clinical isolate. The effectiveness of the three inhibitors in combination
was evaluated using the calculation of the combination index, where strong synergy was observed for the three inhibitors across all effect levels.
Molecular docking calculations revealed that all inhibitors can bind and form chemical interactions via H-bond, 11...71 interaction, and hydrophobic
interaction with the corresponding target.

Conclusion: We concluded that the targeted three-drug combination effectively blocked three steps of the life cycle of HIV-1 and prevented viral
entry, integration, and transcription processes of the virus with high efficacy, which exhibited potent synergistic drug activities without any toxicity.
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" drug from one of three drug classes: An integrase strand transfer inhibitor, a
Introduction non-NRTI, or a protease inhibitor with a pharmacokinetic enhancer [7].

Atriple-drug combination consisting of antiretrovirals targeting the virus in
two steps in the viral life cycle is the current standard of care for ART [8,9]. Most
antiviral drugs are small-molecule viral inhibitors that target different stages
of the viral life cycle [10]. For example, anti-HIV drugs inhibit viral infection
by targeting viral proteins functioning at different stages of HIV replication,
such as surface glycoprotein, reverse transcriptase, integrase, and protease
[11]. The doses of the drugs in the combinations can be reduced, and thus

Combination Antiretroviral Therapy (ART) has completely transformed
the prognosis of Human Immunodeficiency Virus 1 (HIV-1) infection from
a fatal disease to a manageable chronic condition [1]. Current combination
ART regimens are highly effective in controlling the viral replication of HIV.
Their widespread use has led to a significant reduction in the morbidity
and mortality associated with HIV infection, as well as the suppression of

opportunistic infections [2-5]. Combinations of antiretroviral drugs are critical their toxicity and cost can be decreased accordingly [12]. These combinations
to controlling viremia and mortality due to HIV-1 infection [6]. An antiretroviral may also increase the resistance barrier, thus delaying the emergence of drug
regimen for a treatment-naive patient generally consists of two Nucleoside  rggistance. Some studies have shown that combined ART (two or more drugs
Reverse Transcriptase Inhibitors (NRTIs) in combination with a third active from two different classes) is the most effective, with benefits that go beyond
clinical management of the disease, playing a crucial role in preventing HIV
*Address for Correspondence: Ru Chih C. Huang, Department of Biology, Johns  transmission [13]. The emergence of resistant HIV variants to antiretroviral
Hopkins University, Baltimore, Maryland, 21218, USA, E-mail: thuang@jhu.edu therapies and long-term drug-associated toxicities highlights a continual
Copyright: © 2024 Abd-Elazem 1S, et al. This is an open-access article need for new therapies and the development of new anti-HIV drugs targeting
distributed under the terms of the Creative Commons Attribution License, which different steps of the HIV life cycle [14-16].
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Figure 1. Chemical structures of Gen-1, M522, G4N, and M4N inhibitors. A) Viral entry, Gen-1 (tieghemelin), B) Integrase inhibitor, M522 (lithospermic acid), C) Transcription

inhibitors, G4N (tetraglycylated NDGA), and D) M4N (tetra-O-methyl-NDGA, terameprocol).

The hiological and pharmacological effects of saponins are linked to their
effects on cell membranes. Their activities are well documented and include
antimicrobial, antifungal, antiviral, anticancer, and immunomodulatory effects
[22]. Tieghemelin (Gen-1), a triterpenoid saponin, was isolated from the fruit of
the rain forest plant Tieghemella heckelii. Among several saponin congeners,
Gen-1inhibits HIV-1 envelope protein mediated cell-cell fusion at noncytotoxic
concentrations with minimal cytotoxicity [19].

Lithospermic acid (M522), a water-soluble metabolite of the Chinese herb
danshen (Salvia miltiorrhiza), was shown to inhibit HIV-1 integrase activity,
non-toxic to H9 human cells [17] and demonstrate high potency against
the replication of various strains of HIV-1, including the clinically resistant
strain of the raltegravir-resistant virus [23]. The antitumor, anti-inflammatory
and anticoagulant characteristics of Salvia miltiorrhiza and its chemical
constituents are well documented [24]. Salvia miltiorrhiza has been widely
used in China to improve blood circulation, relieve blood stasis, and treat
coronary heart disease. M522, one of the major compounds present in Salvia
miltiorrhiza, shares a similar structure with salvianolic acid B, exhibits similar
anti-oxidative and cardioprotective activity [25].

Tetra-O-methyl Nordihydroguaiaretic Acid (NDGA) (also known as M4N,
terameprocol) is a derivative of a naturally occurring lignan isolated from the
creosote bush, Larrea tridentata (D.C.) Coville. It was found to inhibit HIV
basal transcription and Tat-regulated transactivation, induce protection of
lymphoblastoid cells from HIV killing, and suppress the replication of HIV-1
in stimulated Peripheral Bood Mononuclear Cells (PBMCs). The targets of
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Mal.4 and M4N are highly conserved Spl cognate binding sites in the HIV-
1 Long Terminal Repeat (LTR) promoter [18,26]. Because of the challenges
associated with the poor water solubility of M4N, a water-soluble derivative,
tetraglycyl NDGA (G4N), with similar antiviral activity, was synthesized [27].

In the current study, we evaluated the efficacy of the viral entry, integrase,
and proviral transcription inhibitors alone and in a three-drug combination
against HIV-1 replication infected cells with drug-resistant strains and HIV-
1 clinical isolates from HIV-infected patients. Moreover, we showed the
molecular binding modes of these inhibitors with their corresponding targets.

Methods

Inhibitors

The antiviral inhibitors tieghemelin (Gen-1, Figure 1A), M522 (lithospermic
acid, Figure 1B), tetraglycyl NDGA (G4N, Figure 1C) and tetra-O-methyl-NDGA
(M4N, terameprocol, Figure 1D) were generated as previously described
[17,19,26,27]. Stock solutions of the water-insoluble M4N were prepared in
a vehicle composed of polyethylene glycol 300 (PEG 300), hydroxypropyl-B-
cyclodextrin, and water designated as CPE buffer [28].

Cells and viruses

Human H9 cells and HIV-IRTMF, an AZT-resistant strain of HIV-
1, were obtained from the National Institutes of Health (NIH) Acquired
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Immunodeficiency Syndrome (AIDS) Reagent Program, Division of AIDS,
and National Institute of Allergy and Infectious Diseases. H9 cells were
grown and maintained in RPMI 1640 medium supplemented with 10% Fetal
Bovine Serum (FBS), 100 units/mL penicillin, and 100 mg/mL streptomycin.
Uninfected human blood was collected from a healthy donor, and PBMCs
were isolated by Ficoll-Hypaque density gradient centrifugation. These
cells were maintained in RPMI 1640 medium supplemented with 15% FBS
and stimulated with 2 pg/mL phytohemagglutinin and 32 units/mL human
interleukin 2 (IL-2). Virus stocks of the clinical isolates were generated by
co-culture of PBMCs from a single healthy donor with lymphocytes from an
HIV-infected patient, which were supplied from the Johns Hopkins Biological
Repository at the Bloomberg School of Public Health. The toxic effects of the
inhibitors on the human H9 T-lymphocyte cells were assessed using the MTT
assay as previously described [17].

Viral infection and drug treatment

Details of viral infection for human H9 cells with HIV-IRTMF virus and
drug treatment with the different concentrations of inhibitors are previously
described [17,23]. Briefly, H9 cells were incubated with the HIV-LIRTMF virus
at 37 °C for 2 h. H9 cells were suspended in culture medium at 1 x 105 cells
per mL and infected with HIV at a multiplicity of infection of 0.1. After infection,
the cells were washed twice with phosphate-buffered saline, followed by the
culture medium. The cell suspension (100 L) was added to each well of a
96-well plate, and then serial dilutions of each inhibitor alone (Gen-1, M522,
and G4N) and in combination were added to the infected cells. After a 4-day
incubation, the cells were subcultured with fresh culture medium containing
the serial concentrations of the three inhibitors alone and in combination for
further incubation until day 8 after infection. The antiviral activities of Gen-1,
M522, and G4N in H9 cells infected with HIV-IRTMF (AZT-resistant strain)
were determined using the HIV-1 p24 antigen Enzyme-Linked Immunosorbent
Assay (ELISA), alone and in combination. Both the infection of the cells with
HIV-1 and the p24 antigen ELISA are previously described [17,23].

In another experiment, PBMC cells (5x106 cells/ml) were infected with
HIV-IRTMF (AZT-resistant strain) or with a clinical isolate from an HIV-
infected patient and then incubated at 37 °C for 2 hours. After infection, the
cells were washed twice with culture medium (RPMI 1640), suspended with
fresh medium, and plated in a 24-well plate. Various concentrations of each
drug alone and in combination were added to the cells (0, 1.25, 2.5, 5, 10, 20,
40, 80 pM). After a4-day incubation at 37 °C, PBMC cells were subcultured
with fresh culture medium containing appropriate concentrations of the
inhibitors and incubated further until day 8 after infection. By using HIV-1 p24
antigen ELISA, antiviral activities against the drug-resistant strain and the
clinical isolate in PBMC were determined. The IC50 values were calculated
using dose-response curves for each drug alone, as well as for each combined
group (Gen-1, M522, and G4N) and (Gen-1, M522 and M4N) against the
replication of HIV drug-resistant strains and clinical isolates from HIV-infected
patients. The IC50 + SD indicated the antiviral activity, where we calculated
the Standard Deviation (SD) using KaleidaGraph version 4.0 software.

Drug combination analysis

Analysis of the inhibitor combinations for synergy was performed with
CompuSyn software [29] using the Combination Index (CI) isobologram
method of Chou and Talalay [30], which is based on the median-effect
principle. With this method, additive, synergistic, or antagonistic effects are
indicated by Cl values of 1, <1, and >1, respectively.

Calculation of docking

The compounds Gen-1 (tieghemelin), G4N (tetraglycyl NDGA), and
M4N (tetra-O-methyl-NDGA, terameprocol) were modeled and subjected
to geometric optimization at the AM1 level of theory by using the Gaussian
09 program [31]. To study molecular binding of compounds of interest, the
receptors were retrieved from the RCSB Protein Data Bank [Research
Collaborator for Structural Bioinformatics (http://www.rcsb.org/ pdb)] by PDB
code: 1AIK for glycoprotein 41 (gp41) [32] and 1ZJF for transcription factor Sp1
[33]. The Kollman united atom charges have been employed for all receptors,

Page 3 of 9

and the Gasteiger-Marsili empirical atomic partial charges [34] have been
subsequently employed for all inhibitors. Molecular docking calculations were
carried out using the Autodock VINA program [35]. The Gen-1 compound was
docked into gp41 protein, and the binding site was defined from the selection
of the residues Lys574, GIn577, Leu568, and Trp571 with the grid size of 45
x 45 x 45 points (grid space of 1.0 A). The G4N and M4N were docked into
the Sp1 binding site with a grid size of 30 x 30 x 30, and the other parameters
were left at their default settings.

We also carried out more docking calculations for M4N and M522
(lithospermic acid) compounds using DockingServer [36]. The MMFF94 force
field [37] was used for energy minimization of ligand molecules M4N and
M522 using DockingServer. Docking calculations for M4N were carried out on
CTGGGCGGGACT [38], which is present in the Long Terminal Repeats (LTR)
region of the HIV-1 genome, and for both M4N and M522 compounds were
carried out on AGGGGCGGCGACT [39], which is present in the following
LTR region of the HIV-1 genome. Essential hydrogen atoms, Kollman united
atom type charges, and solvation parameters were added with the aid of
AutoDock tools [40]. Affinity (grid) maps of 30 x 30 x 30 A grid points and
0.375 A spacing were generated using the Autogrid program for M4N, while 40
x 40 x 40 A grid points and 0.375 A spacing for M522 [40]. The van der Waals
and electrostatic terms were calculated using the AutoDock parameter set and
distance-dependent dielectric functions, respectively. Docking simulations
were performed using the Lamarckian Genetic Algorithm (LGA) and the
Solis & Wets local search method [41]. The initial positions, orientations, and
torsions of the ligand molecules were set randomly. The supplementary data
has the sequence of the LTR and the X-gag region after the LTR region of HIV-
1. It shows schematic representations of the HIV-1 genome, essential steps
in the HIV life cycle, and targets of ARTs, which include the references used
in these data.

Results

Inhibition of the replication of an AZT-resistant strain of HIV-
1 in the H9 human T-cell line and in isolated PBMCs by a
combination of three viral inhibitors

Inhibitors that target three distinct steps of the HIV-1 life cycle, namely,
Gen-1 against viral entry, M522 to prevent integration, and either G4N or M4N
to stop proviral transcription in infected cells, were tested for their ability to halt
the replication of an AZT-resistant strain of HIV-1 (HIV-1RTMF) in the human
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Figure 2. Effect of viral entry, integrase, and transcription inhibitors, alone and in
combination, on the replication of AZT-resistant HIV-1 and toxicity of the combined
inhibitors on human H9 cells. H9 cells infected with AZT-resistant HIV-IRTMF were
treated with serial dilutions of the viral entry inhibitor Gen-1, the integrase inhibitor
M522, and the transcription inhibitor G4N, individually and in combination. Human H9
cells were assayed for viral replication, viability, and toxicity effects of the inhibitors on
the cells. Dose-response curves were generated from the results of three independent
experiments performed in duplicate.
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H9 T-lymphocyte cell line and in isolated human PBMC. Inhibitors alone, Gen-
1, M522, and G4N were able to inhibit replication of the drug-resistant strain
in HI cells with IC50 values of 40.0 + 1.20 uM, 4.6 + 1.38 pM, and 18.0 + 1.02
uM, whereas the combination of these three inhibitors strongly inhibited the
replication of the same drug-resistant strain with an IC50 value of 1.3 + 1.08
uM without any toxicity of the combined inhibitors on human H9 T-lymphocyte
cells as resulted by the viability curve (Figure 2, Table 1). Using the median
effect analysis of Chou and Talalay [30], the combination index (CI) for the
three inhibitor combinations was determined. The results showed very strong
synergism at different effect levels: CI=0.030 at median effective dose (ED50),
CI=0.037 at ED75, CI=0.047 at ED90, and CI=0.056 at ED95 (Table 2).

Similar experiments were carried out with HIV-1IRTMF -infected PBMCs.
As with virus-infected H9 cells, the three viral inhibitors effectively inhibited
viral replication of the drug-resistant strain, both alone and with great potency
when used in combination (Figure 3A). IC50 values of 20.0 + 0.42 pM, 2.2
+ 0.83 pM, and 14.0 + 0.25 pM for Gen-1, M522, and G4N, respectively.
In addition, the combination of these three inhibitors strongly inhibited the
replication of an AZT-resistant strain with a low IC50 value of 1.2 + 1.30
uM (Figure 3A, Table 1). When M4N, a water-insoluble, methylated NDGA

derivative with antiviral activity [26,42] and approved for clinical trials as
an anticancer agent [28,43], was substituted for G4N, similar results were
obtained (Figure 3B, Table 1). Therefore, when we combined M4N with these
two inhibitors (Gen-1 and M522) against the viral infection of an AZT-resistant
strain in PBMC, we found that this combination of drugs highly suppressed
the replication of the virus with an IC50 value of 1.0 + 0.75 pM, especially with
the high efficacy of M522 for inhibiting HIV-1 replication (Figure 3B, Table 1).
Analysis of the three inhibitor combinations against the drug-resistant strain
in PMBCs showed a strong synergistic antiviral effect with Cl values of 0.138,
0.112, 0.095, and 0.086 at the ED50, ED75, ED90, and ED95 effect levels,
respectively, for the Gen-1, M522, and G4N combinations; and ClI values of
0.000199, 0.000639, 0.002, and 0.005, respectively, for the Gen-1, M522, and
M4N combinations (Table 2).

Efficacy of the three-drug combination against viral replica-
tion of a clinical HIV-1 isolates from an HIV-infected patient

As an initial step towards evaluating the utility of the inhibitor combination
to suppress HIV-1 replication in patients with AIDS, the inhibitor regimen was
tested with PBMCs infected in vitro with clinical isolates of HIV-1 from an HIV-

Table 1. Efficacy of viral entry (Gen-1), integrase (M,22) and transcription inhibitors (G,N or M,N) against the AZT-resistant HIV-1_ _ and clinical isolate from an HIV-infected patient,

alone and in triple combination in human H9 cells and PBMC.

H9 Cells
Inhibitor(s) IC, Inhibitor(s) IC,,
Alone or Triple HIV-1 - Alone or Triple HIV-1 -
Gen-1 40.0 +1.20 Gen-1 20.0 + 1.42
M,22 46+1.38 M,22 22+03
GN 18.0 £1.02 GN 140+0.25
Gen-1=M.22+G,N 1.3+1.08 Gen-1=M.22+G,N 12+1.30

Table 2. Combination index values for the three-drug combinations against AZT-resistant HIV-1_. - and clinical isolates.

Triple Combination of Drug Virus Infected Cells

Gen-1=M.22+G,N HO+HIV-1
Gen-1=-M.22+G,N PBMC+HIV-1_
PBMC+HIV-1

Gen-1=-M.22+M N
Gen-1=M_22+G,N

RTMFE.

PBMC+Clinical Isolate from HIV-infected patient

PBMC
Inhibitor(s) IC,, Inhibitor(s) Ic,,
Alone or Triple HIV-1 Alone or Triple Clinical Isolate
Gen-1 20.2 + 0.42 Gen-1 65.0 + 0.69
M22 2.2+0.83 M,22 18.0 + 0.66
MN 12.0 £ 147 GN 27.0 £ 1.65
Gen-1=M_22+M N 1.0+ 0.75 Gen-1=M.22+G,N 3.0+1.28
CI® (combination index) Values at
ED,, ED,, ED,, ED,,
0.03 0.037 0.047 0.056
0.138 0.112 0.095 0.086
0.000199 0.000639 0.002 0.005
0.164 0.199 0.258 0.313

4C,,, Concentration of inhibitor(s) required to inhibit viral replication by 50% and calculates as (uM) % SD. Results from three independent experiments performed in duplicate.

°Cl, Combination index (Cl<1, synergism; Cl=1, additive effect; Cl>1, antagonism).
°ED, inhibitor concentration required to achieve the indicated level of inhibition (effect).
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Figure 3. Inhibition of AZT-resistant HIV-1 in PBMCs by viral entry, integrase and
transcription inhibitors, alone and in combination. PBMCs were infected with HIV-
1RTMF virus and treated with serial concentrations of the viral entry Gen-1, integrase
inhibitor M522, and transcription inhibitors, either G4N or M4N. Dose response curves
for the inhibition of HIV-IRTMF replication in PBMCs by A) Gen-1, M522, and G4N,
tested alone and in combination, while B) Gen-1, M522, and M4N, tested individually
and in combination. The results were determined from three independent experiments
performed in duplicate.
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Figure 4. Inhibition of the replication of a clinical isolate of HIV-1 in PBMCs. Dose-
response curves for PBMCs infected with a HIV-1 clinical isolates from an HIV-infected
patient treated with serial dilutions of Gen-1, M522, and G4N, alone and in combination.
HIV replication was determined for three independent experiments performed in
duplicate with the HIV-1 p24 antigen ELISA.
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Figure 5. Binding mode of the Gen-1 compound bound to gp41 protein. Two possible modes of action of Gen-1 are shown as bend mode (left panel) and straight mode (right panel).
The NHR is shown in cyan and the CHR in pink. All hydrogen bonds are shown as green dashed lines. The figures were prepared using UCSF Chimera software version 1.11.2 [66],

(to see this figure in color, refer to the web version).
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infected patients. The efficacies of the three inhibitors against viral replication
were determined individually and in triple combination. The viral entry inhibitor
Gen-1, the integrase inhibitor M522, and the proviral transcription inhibitor
G4N suppressed replication of the clinical isolates in PBMCs with IC50 values
of 65.0 £ 0.69 uM, 18.0 + 0.66 uM, and 27.0 + 1.65 uM, respectively (Figure 4,
Table 1). We found that the combination of these three inhibitors inhibited viral
replication of the clinical isolates from an HIV-infected patients with a very low
IC50 value of 3.0 + 1.28 pM compared to each drug alone. The median effect
analysis of the three drug combinations showed a synergistic antiviral effect
against the replication of clinical isolates from HIV-infected patients. This was
demonstrated by the Cl values of 0.164, 0.199, 0.258, and 0.313 at the 50%,
75%, 90%, and 95% effect levels, respectively (Table 2).

Overall, the results of the current study indicated that the viral replication
of the drug-resistant strain of HIV and the clinical isolate from HIV-infected
patients in H9 cells and PBMCs were strongly inhibited by the triple
combinations more than by using each drug alone. Furthermore, they showed
low 1C50 values with synergistic antiviral effects.

Analyses of molecular interactions

Molecular bindings that showed the lowest binding free energy were
selected for further conformation and interaction analyses. As can be seen
in (Figure 5), the Gen-1 compound showed two possible conformations. We
termed them the bend mode (A), which showed binding-free energy of -9.9
kcal/mol, and the straight mode (B), which showed binding-free energy of
-9.2 kcal/mol. Binding conformation analysis revealed that in the bend mode,
Gen-1 could form H-bond interactions between GIn567 of the N-heptad repeat
(NHR) (3.10 A), Ser640 of the C-heptad repeat (CHR) (2.93 A), and His643 of
CHR (3.09, 3.33 A); whereas in the straight mode, Gen-1 could form H-bond
interactions between Trp571 of NHR (3.10 A) and GIn575 of NHR (2.95, 3.14,
3.04 A). Hydrophobic interaction analyses revealed that the Gen-1 bend
mode formed hydrophobic interactions with His564, GIn567, Leu568, Trp571,
Glu630, Trp631, Glu634, Asn636, Thr639, Ser640, His643, and Glu647,
whereas the Gen-1 straight mode showed hydrophobic interactions with

Figure 7. The binding conformation of G4N A) and M4N B) Bound to the Sp1-binding
site. The DNA is shown as a red and blue helix, and the G4N and M4N are depicted in a
ball and stick model. The figures were prepared using UCSF Chimera software version
1.11.2 [67] (to see this figure in colour, refer to the web version).
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Leu568, Trp571, Lys574, GIn575, Ala578, Glu630, Trp631, Glu634, Thr639,
Ser640, and His643, as depicted in (Figures 6A and 6B), respectively.

The binding poses of G4N and M4N have been analyzed and are shown
in (Figure 7). We found that G4N showed binding-free energy of -10.4 kcal/
mol and M4N -7.0 kcal/mol. (Figure 7A) shows that G4N was folded in the
bend mode. It formed an H-bond interaction with C116, C117, C118, C221,
C222, C223, and the G22 base pair. These H-bonds disappeared in the M4N
compound. We also found that M4N was folded more compactly compared
to G4N, as can be seen in (Figure 7B). This was due to a lower degree of
freedom and resulted in the formation of a m...mm interaction between two
phenyl rings. Additionally, these two inhibitors induced DNA intercalation at
the minor groove region. The tetra-O-glycyl-NDGA moiety of G4N can form
manifold H-bonds with DNA. Furthermore, as shown in (Figure 6C), the
(CH3)2 with adjacent positively charged nitrogen could form hydrophobic
interactions with DNA. These hydrophobic interactions were conserved and
found in M4N-bound DNA, as shown in (Figure 6D), which indicates the role
of hydrophobic interactions for molecular binding.

The docking of M4N with the sequence CTGGGCGGGACT [38] that is
present in the

LTR of the HIV-1 genome region shows the possibility of ligand (M4N)
binding, as shown in (Figure S1A-C and S1E). We do not know how the target
acts in vivo because the ligand M4N can reach the target. The docking energy
and geometry are favorable, so if there are no circumstances that exclude
the binding, the geometry itself is fine. The ligand M4N is not able to act as a
hydrogen bond donor; thus, the interactions are limited to m...7 interactions.
The ligand M4N penetrates the binding site formed by the DNA bases and
thus can modulate the action. While the docking of M4N with the sequence
AGGGGCGGCGACT [39] that is present after the LTR region of the HIV-1
genome shows that the shape complementarity is very good, the ligand fits
well into the pocket. In addition, a dimethoxy group accepts a hydrogen
bond from a guanine that can strengthen the interaction. There is a m...m
interaction between a dimethoxyphenyl group and another guanine that might
strengthen this interaction. Docking energy is low, suggesting potential strong
interaction. The docking of M522 with the sequence AGGGGCGGCGACT
[39] that is present after the LTR region of the HIV-1 genome, as shown in
(Figure S1) (A, D, E), indicates that the aromatic ring of the ligand M522 is
partially intercalating into DNA double helices. The ligand being intercalated
means that there are hydrophobic interactions between the ligand and DNA
(specifically called the T1...1 interaction).

Discussion

Antiretroviral regimens approved for HIV treatment can be categorized
into six major classes based on their activity and HIV life cycle target: 1)
NRTIs, which are incorporated into the nascent HIV DNA chain and halt further
DNA synthesis; 2) non-NRTIs, which bind directly to Reverse Transcriptase
(RT) and interfere with its ability to synthesize viral DNA; 3) integrase
inhibitors, which block the activity of the viral Integrase (IN) to insert HIV
DNA into host chromosomes; 4) protease inhibitors, which inhibit the activity
of the viral protease and block viral maturation; 5) fusion inhibitors; and 6)
coreceptor antagonists [44]. Two of the inhibitors analyzed in this report, Gen-
1 and M522, are new members of the HIV entry (fusion) and integrase classes
of inhibitors, respectively. The third, transcription inhibitor and anticancer
drug M4N, is a member of a new class of ART agents designated as HIV Tat-
mediated transactivation inhibitors [45].

Proviral transcription from the HIV LTR promoter is a complex process
that involves the cooperation of both viral and cellular factors. The viral protein
Tat increases the production of elongated proviral transcripts through its
interaction with the Trans-Activating Region (TAR) of the short, paused RNAs
generated by the basal transcription machinery [46]. In the last two decades,
various Tat-transactivation inhibitors have been identified [45] including RNA,
peptide, and small-molecule TAR ligands and, more recently, compounds that
interact directly with Tat to inhibit its function or accelerate its degradation.
Methylated NDGA derivatives like M4N were found to inhibit basal HIV proviral
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transcription and Tat-transactivated transcription in vitro. The presumed
mechanism of action was interference with SP1 transcription factor binding
to the HIV promoter [18,26]. This explanation does not easily explain M4N'’s
effect on Tat-transactivation, although there is new evidence that Tat has a
versatile role in regulating proviral transcription that may include interaction
with Sp1 sites within the HIV promoter [47]. For this reason, Tat-transactivation
inhibitors are also considered candidate agents for the suppression of HIV
reactivation from its latent reservoir and, because of their nucleic acid targets
(as for M4N and the TAR binding agents), might be expected to be less prone
to inducing drug resistance. The hidden HIV-1 virus is integrated as a provirus
within host cellular DNA [48].

The integrase inhibitors raltegravir, elvitegravir, and dolutegravir are the
newest class of HIV ART drugs to be approved [7]. These drugs have been
shown to be effective in ART-experienced patients harboring drug-resistant
viruses, and because of their tolerability, better drug—drug interaction profile,
dosing, excellent side-effect profiles, and high genetic barrier to resistance,
they are now included in recommended regimens for ART-naive patients
[49]. We have recently shown that M522 (lithospermic acid) was effective in
suppressing viral replication of HIV-1 strains resistant to raltegravir, structurally
diverse PR inhibitors, and non-NRTIs. Furthermore, viruses exposed to
increasing concentrations of M522 (four times its 1C50 value) through 20
passages of selection (160 days) remained sensitive to the inhibitor [23].

Entry of HIV-1 into the host cell is a complex, multistage process that
includes virus attachment, co-receptor binding, and membrane fusion [50].
The precise mechanism of action of Gen-1 as a viral entry inhibitor has yet
to be elucidated. It is presumed to be a membrane fusion inhibitor as it was
isolated using an HIV-1 envelope protein-mediated cell fusion assay. The
target of Gen-1 could be the HIV-1 envelope or the host cell membrane.

Potent therapeutic effects against various viruses can interfere with the
specific steps of the viral life cycle by blocking the binding between the virus
and the host cells [10]. Combining a non-toxic human broad neutralizing
antibody with antiretroviral drugs resulted in synergistic antiviral activity
against diverse HIV-1 strains, including those resistant to NRTIs, as well as
a delay in the emergence of drug-resistant strains and a reduction in drug
toxicity [11]. N-p-Tosyl-L-Phenylalanine Chloromethyl Ketone (TPCK) inhibits
HIV-1 replication in the late stages of its life cycle by impeding viral protease
enzyme activity. Furthermore, the combination of TPCK with established
HIV-1 protease inhibitors exhibits significant synergistic inhibitory potential,
implying that TPCK could be used in a combination ART regimen [51]. In
addition, compounds of HIV-1 integrase-LEDGF allosteric inhibitors retained
high antiviral activity against HIV-1 variants resistant to IN strand transfer
inhibitors [52]. It was found that no synergistic antiviral action was detected
when AZT was combined with a palbociclib inhibitor [53]. Our non-toxic
compounds, Gen-1 and M522 with either G4N or M4N, targeted three steps
of the HIV life cycle and showed high inhibition effects of viral replication for
the infected cells with the drug-resistant strain and the clinical isolate from
HIV-infected patients. The efficacy of the three-drug combinations for these
inhibitors against viral replication showed strong synergistic antiviral effects.
Therefore, these drug combinations protected the new cells produced by cell
division from reinfection with HIV-1.

Current lifelong ART can be disrupted by undesirable side effects or the
development of drug resistance. Botanical drugs, because they are generally
less expensive and have fewer side effects, are an attractive alternative to
conventional pharmaceuticals for overcoming these obstacles [54]. The
natural products calanolides (coumarins), betulinic acid (a triterpene), baicalin
(a flavonoid), and polycitone A (an alkaloid) are promising anti-HIV agents
that are currently being studied [55-58]. Similarly, Gen-1, M522, and M4N
were also derived from medicinal plants, and while triterpenoid saponins can
cause hemolysis, M522 and methylated NDGA derivatives have low toxicity
and, as components of Danshen and Chaparral, have been extensively used
by indigenous peoples of China and the desert Southwest for treating a
variety of maladies [24,59]. Furthermore, both M522 (salvia salt) and M4N
(terameprocol) have been studied in clinical trials: M522 for coronary artery
disease [60] and M4N for advanced leukemias and high-grade glioma [28,43]. In
these trials, M4N was well tolerated by patients at doses as high as 1700 mg/day.
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Molecular docking calculations of Gen-1 revealed two possible
conformations in which the C28 side chain sugar fragment of two conformations
was placed and extensively formed H-bond and hydrophobic interactions,
particularly with the C28-substituent that occupied the hydrophobic region of
the NHR, as shown in (Figure 5). This confirmed the role of the C28 fragment
in the antiviral activity of the Gen-1 molecule [61] and amino acids in the
NHR region [62,63]. The D-Glc moiety of the Gen-1 bend mode was occupied
and pointed toward Trp571. This conformation might form the CH...m
interaction between CH of the D-Glc part and the aromatic ring of Trp571 by
a distance of 2.75 A (H to centroid center of Trp571). The core structure of
Gen-1 straight mode formed a hydrophobic interaction with the backbone of
Lys574. Moreover, the L-tRha (end of C28 substituent) was placed in proximity
to Trp571 and formed an OH...T interaction by a distance of 3.07 A [64]. The
role of Trp571 and Lys574 in the molecular binding of the inhibitor has been
reported by He and colleagues [62].

G4N and M4N were identified as inhibitors of the transcription factor
Sp, which inhibited the growth of the HIV virus by blocking Sp1 from binding
to a promoter of HIV genes [61]. We found that G4N occupied and inserted
the tetra-O-glycy-NDGA moiety through DNA, in which all parts of G4N
are surrounded by DNA (Figure 6). The binding pose of M4N has likely
characteristics with G4N, but only small parts contact and form interactions
with DNA, which results in the lower binding free energy of ca. 3.4 kcal/mol as
compared with G4N.

Our published data for the docking study showed that M522 binds
HIV-1 integrase with the catalytic magnesium (Mg2+) ion and forms metal-
ligand chelation with nearby amino acids and viral DNA [65]. The 2,3-
dihydrobenzofuran ring formed a m...7 interaction with Tyr212, and one of the
catechol moieties (R1) of M522 formed a m...7 interaction with the adenosine
base A17 of the viral DNA. Moreover, the hydroxyl oxygen atoms in catechol
moieties can also form chelation interactions with Mg2+. The second catechol
ring (R2) of M522 established a hydrophobic interaction with Phe190 via an
edge-to-face character [65-67].

The present docking calculations study of M4N has shown that the ligand
(M4N) has the potential for strong interactions and binding with two different
regions in the HIV-1 genome as described in the supplementary data (Figures
S1A-C and S1E). The first M4N-binding DNA sequence (CTGGGCGGGACT)
is found in the HIV-1 genome's LTR region [38], but the second M4N-binding
DNAsequence (AGGGGCGGCGACT) is found after the LTR region [39]. While
the docking calculations of M522 with the sequence that is present after the
LTR region of the HIV-1 genome show that there are hydrophobic interactions
between the ligand M522 and DNA (specifically called ... interaction)
(Figures S1Aand S1D-E). We previously demonstrated that the M522 inhibitor
binds to DNA sequences derived from the HIV-1 LTR region and inhibits
3'-processing of HIV-1 integrase and HIV-1 integrase catalytic activities by
3'-joining to the DNA (GACCCTTTTAGTCAGTGTGGAAAATCTCTAGCA)
(Figure S1E), where the M522 inhibitor interacted with the catalytic core
domain of HIV-1 IN and blocked its activity [17,23]. Therefore, M4N and
M522 compounds have multiple binding sites in the HIV-1 genome, which is
a new finding as shown in (Figure S2). This results in high inhibition of HIV-1
replication by a combination of these inhibitors, so that there is a significant
synergy.

The cornerstone of successful HIV ART has been combination therapy that
targets multiple steps in the viral life cycle. Additional targets and combination
treatments directed at those targets would provide useful alternatives to current
ART when long-term treatments become intolerable due to toxicity or drug
resistance emerges due to undetected treatment failures. The high degree of
synergy we observed for our three inhibitors confirmed their specificity and
utility. They are involved in preventing viral entry, transcription, and integration
to produce new virus particles [17,23] (Figure S2). The combination of an
entry inhibitor, an integrase inhibitor, and a proviral transcription inhibitor
has not previously been reported, and they can be examined with infected
macrophages with HIV to test the latent virus. Since they are all botanical
products derived from and non-cytotoxic, it may be predictive of their future
success.
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Figure S1. Schematic representation of the HIV-1 genome, docking of inhibitors M4N and M522, and HXB2 nucleotide
sequence A) The nucleotide positions, sizes, and positions of the restriction fragments used for antisense-vector
construction are indicated where our inhibitors M4N and M522 show the sites of binding (Veres, et al.). B) The docking of
M4N with the sequence CTGGGCGGGACT that is present in the LTR of the HIV-1 genome region. The ligand M4N
penetrates the binding site formed by the DNA bases. C) Docking of M4N with the sequence AGGGGCGGCGACT that is
present after the LTR of the HIV-1 genome region shows that the dimethoxy group accepts a hydrogen bond from a guanine
that can strengthen the interaction. D) The docking of M522 with the sequence AGGGGCGGCGACT, which is present after
the LTR region of the HIV-1 genome, indicates the ligand M522 and DNA (specifically called the Tr...7 interaction). All
inhibitors are shown in blue and red, whereas the DNA bases are shown in green. E) (HIV-1 [HXB2], complete genome;

HIVI/HTLV-II/LAV reference genome, GenBank: K03455.1).
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Figure S2. Replication cycle of HIV and drug targets by our inhibitors Gen-1, M522 and M4N. The life cycle of HIV is from

the glossary of HIV/AIDS-Related Terms, 2021, 9" Edition (Clinical info.HIV.gov). The series of steps that HIV follows to
replicate in the body. The process begins when HIV encounters a CD4 cell. The seven steps in the HIV life cycle are
binding, fusion, reverse transcription, integration, transcription and replication, assembly, and budding. These are
antiretroviral therapy targets, and our inhibitors Gen-1, M522, and M4N inhibit binding, integration, and transcription,

respectively.

e Docking of MyN inhibitor with the sequence CTGGGCGGGACT [1] that is present in the LTR region of the
HIV-1 genome is equal to (387-398 nt) as in (Figure S1).

o  Figure S1 shows M;N inhibitor docking with the sequence AGGGGCGGCGACT [2], which is found in the y-
gag region and follows the HIV-1 genome’s LTR region (732-737 nt) [3].



e Docking of Ms22 inhibitor with the sequence AGGGGCGGCGACT [2], which follows the HIV-1 genome’s LTR
region (732-737 nt) and is present in the y-gag region [3] (Figure S1).

e Sequence that is presentin the LTR region: CTGGGCGGGACT
e  Sequence that is present in the gag region:. GGGGCGGCGACT
e  Both MyN and M:s22 hind to the same sequence, GGGCGG, so that there is a significant synergy.

e  The three-drug combinations of Gen-1 and Ms22 with either G;N or MyN, which target three steps of the HIV
life cycle (viral entry, integration, and transcription), inhibited viral replication in cells infected with the drug-

resistant strain and the clinical isolate from HIV-infected patients [4] (Figure S2).
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