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RESUMEN

Introduccion: la infeccién por el VIH-1 se considera uno de los principales problemas de
salud publica en todo el mundo. Debido al limitado acceso a la terapia antirretroviral, a los
efectos secundarios asociados y a la resistencia que puede generar el virus, se ha hecho
necesario continuar con el desarrollo de nuevos agentes antivirales. Los productos naturales
y sus derivados han mostrado potencial terapéutico contra el VIH-1, entre estos se incluyen
la zidovudina, el bevirimat, el calanolide A, entre otros. En el presente estudio se propuso
identificar el potencial anti-VIH-1 (in vitro e in silico) de dieciséis compuestos sintéticos di-

halogenados derivados de la L-Tirosina.

Metodologia: la modelacion toxicolégica se realiz6 con ADMET Predictor® y el
acoplamiento molecular con proteinas virales fue evaluado in silico usando Autodock Vina®.
La citotoxicidad in vitro fue determinada por MTT en la linea celular TZM-bl. Se realizé una
estrategia de tamizaje antiviral combinada (tratamiento pre y post infeccion) en células TZM-
bl, infectadas con VIH-1 (cepas R5 y X4). El efecto inhibitorio fue cuantificado mediante la
actividad de la luciferasa. Por otra parte, se determind la actividad antiviral de los compuestos
mas promisorios frente a un virus pseudotipado (HIV-GFP-VSV-G) mediante citometria de

flujo.

Resultados: se observo una menor toxicidad in silico e in vitro de los compuestos derivados
de las L-tirosinas con el OH libre comparado con los compuestos derivados de la tiramina.
Los compuestos TODB-2M, TODC-2M, TODC-3M y YDC-3M demostraron una actividad
inhibitoria estadisticamente significativa mayor al 40% frente a las cepas X4 y R5 del VIH-
1, y mayor al 12% contra el virus HIV-GFP-VSV-G. Finalmente, los resultados in silico
mostraron una energia de union favorable, principalmente con la proteasa, la transcriptasa

reversa o la gp120.

Conclusion: los compuestos TODB-2M, TODC-2M, TODC-3M y YDC-3M tienen
potencial antiviral frente al VIH-1. La actividad antiviral, puede deberse a la interaccion con

la transcriptasa inversa y/o la proteasa viral, o con la gp120 de la envoltura.

Palabras clave: VIH-1, antiviral, citotoxicidad, acoplamiento molecular, derivados de L-

tirosina.



ABSTRACT

Introduction: HIV-1 infection is considered one of the major public health problems
worldwide. Due to the limited access to antiretroviral therapy, the associated side effects, and
the resistance that the virus can generate, it has become necessary to continue the
development of new antiviral agents. Natural products and their derivatives have shown
therapeutic potential against HIV-1, including zidovudine, bevirimat, calanolide A, among
others. The present study aimed to identify the anti-HIV-1 potential (in vitro and in silico) of

sixteen synthetic di-halogenated compounds derived from L-Tyrosine.

Methodology: toxicological modeling was performed with ADMET Predictor® and
molecular docking with viral proteins was evaluated in silico using Autodock Vina®. In vitro
cytotoxicity was determined by MTT in the TZM-bl cell line. A combined antiviral screening
strategy (pre- and post-infection treatment) was performed in HIV-1 infected TZM-bl cells
(R5 and X4 strains). The inhibitory effect was quantified by luciferase activity. Moreover,
the antiviral activity of the most promising compounds against a pseudotyped virus (HIV-
GFP-VSV-G) was determined by flow cytometry.

Results: lower toxicity (both in silico and in vitro) of L-tyrosine-derived compounds was
observed for those compounds with the free OH compared to tyramine-derived compounds.
The compounds TODB-2M, TODC-2M, TODC-3M and YDC-3M showed statistically
significant inhibitory activity greater than 40% against HIV-1 strains X4 and R5, and greater
than 12% against HIV-GFP-VSV-G virus. Finally, in silico results showed favorable binding
energy, mainly with protease, reverse transcriptase or gp120.

Conclusion: compounds TODB-2M, TODC-2M, TODC-3M and YDC-3M have antiviral
potential against HIV-1. The antiviral activity may be due to interaction with reverse

transcriptase and/or viral protease, or with envelope gp120.

Keywords: HIV-1, antiviral, cytotoxicity, molecular docking, L-tyrosine derivatives.
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INTRODUCTION

Human immunodeficiency virus (HIV) is responsible for one of the most devastating human
pandemics. From the beginning of the epidemic in 1981 [1], to the present day, HIV has

infected around 79 million people worldwide [2].

According to the United Nations Program on HIV/AIDS (UNAIDS) report, in 2021, 38.4
million people were living with HIV, and 1.5 million contracted the infection last year. An
estimated 28.7 million people (74.7% of those infected) had access to antiretroviral therapy.
Despite global efforts to reduce HIV/AIDS-related deaths and the implementation of
antiretroviral therapy (ART), there were nearly 680,000 deaths from acquired
immunodeficiency syndrome (AIDS)-related illnesses by 2020 [2].

In Colombia, the high-cost account estimates 134,636 people living with HIV. In 2021,
13,864 new cases were reported and antiretroviral treatment coverage was 95.28% [3].

Combination antiretroviral therapy (CART) successfully suppresses HIV viral load, increases
the number of CD4* T lymphocytes, restores immune function, prevents HIV transmission,
avoids resistance, prevents clinical progression of the disease, and improves the quality of
life [4]. Given these advances, UNAIDS has set a target of "95-95-95" by 2030, to have 95%
of HIV-infected people know their HIV status, 95% of those diagnosed have access to
treatment, and 95% of those on ART achieve undetectable viral load [5]. CART acts on
different steps of the HIV replication cycle. This therapy includes two nucleoside reverse
transcriptase inhibitors (NRTIs) combined with an integrase inhibitor, a protease inhibitor

(PI), or a non-nucleoside reverse transcriptase inhibitor (NNRTI) [6, 7].

Due to adherence problems and toxic effects, prolonged treatment with combination
therapies can be challenging to sustain. Strict adherence is necessary to achieve virological
success; lack of adherence can increase viral resistance to antiretroviral drugs and
transmission of drug-resistant strains of HIV [8]. However, drug resistance can also appear
during treatment. This acquired resistance is observed in patients with a more extended time
of treatment; but this resistance also depends on the genetic barrier for each drug, which is
defined by the number of mutations required to cause resistance [9, 10]. Adherence often

depends on the complexity of therapeutic regimens, side effects, personal habits, depression,
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other comorbidities, or conditions specific to each patient [11]. All antiretroviral drugs can
have both short-term and long-term adverse effects. Adverse effects are related to each
compound, host genetic factors and patient lifestyle [12]. These include an increased risk of

cardiovascular, renal, hepatic, and neurological diseases [12-14].

Thus, the continued development of new drugs with high potency against new therapeutic
targets, with improved efficacy and safety profile, is a priority. The development of new
therapies will help increase the number of new drugs available and broaden the scope of

combination therapy.

General aspects of the HIV-1 infection

HIV-1 is a lentivirus, a member of the Retroviridae family which are positive-sense single-

stranded ribonucleic acid (sSRNA) viruses. The genome is about 9.3 kb in size [15].

Two distinct species of HIV have been identified: HIV-1 and HIV-2. HIV-1 has been further
disrupted into four virus groups: M, N, O, and P. Group M is the predominant circulating
HIV-1 and is responsible for the pandemic, this group is further subdivided into nine subtypes
(A-K), and the missing subtypes E and I belong to circulating recombinant forms (CFR) [16,
17].

HIV-1 is transmitted via direct viral exposure at mucosal surfaces and percutaneous
inoculation. The virus is found in blood, semen, pre-seminal fluid, rectal and vaginal fluids,
and breast milk [18, 19].

HIV infects all CD4" cells, including T lymphocytes, dendritic cells, monocytes, and
macrophages. Once infected, CD4" cells have a shorter half-life and are destroyed by various
mechanisms. With the increasing depletion of this population, due to depletion of lymphoid
precursors, fibrosis of lymphoid tissues and chronic immune activation, as well as
dysregulation of B-cell function, the immune system fails, and the individual becomes
susceptible to opportunistic infections and cancer [20, 21].
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HIV-1 replication steps

Virus entry into the host cell initiates with the binding of gp120 to the CD4 cell receptor and
the interaction with the co-receptor (CCR5 or CXCR4); then gp41 mediates the fusion of cell
membrane and viral envelope. HIV can be classified based on its co-receptor binding: CCR5
binding (R5-tropic HIV), CXCR4 binding (X4-tropic HIV), and both R5X4 (dual-tropic
HIV) [22].

After entry, the p24 protein is disorganized and the contents of the viral particle are released
into the cytoplasm. The single-stranded RNA is then converted to double-stranded DNA by
the action of the viral reverse transcriptase (RT) enzyme [23]. The newly synthesized DNA
strand is then imported into the host cell nucleus by the viral protein R (Vpr) action. In
addition to being involved in nuclear transport, this viral protein is responsible for G2 cell
cycle blockade of dividing cells and transcriptional modulation of immune function [24].
Once in the nucleus, the viral enzyme integrase (IN) is responsible for transferring the viral
DNA into the host cell genome. After insertion, the HIV provirus can either remain dormant
or be actively transcribed [23, 25].

Once the viral DNA is integrated, it is transcribed into an incompletely spliced mRNA. The
viral regulatory proteins Tat and Rev, which are essential for replication, act at this point. Tat
protein binds to RNA sequences and activates transcription, increasing HIV gene expression.
Rev protein facilitates the nuclear export of spliced and unspliced viral mMRNA [23]. Then,
in the cytoplasm it is translated into the different Gag and Gag-Pol polyproteins. The viral
RNA and proteins come to the cell surface and assemble into an immature virion. Finally,
plasma membrane budding and viral maturation occur, where polyproteins are cleaved into
the different proteins: Matrix (MA), capsid (CA), nucleocapsid (NC), p6, protease (PR),
reverse transcriptase (RT), and integrase (IN). Once the virions are budded, they are released

into the extracellular space [25, 26].

HIV therapy targets and agents

The Food and Drug Administration (FDA) has played a major role in the progress against
HIV/AIDS by streamlining the approval process for antiretroviral drugs, diagnostics, and
AIDS vaccines [27].
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HIV infection has changed from a fatal disease to a manageable chronic disease with a life

expectancy, in some cases, estimated to be close to that of the general population [28].

Currently, the FDA has approved 5 classes of drugs that target different stages of the
replication cycle. 1) Entry Inhibitors, 2) NRTIs, 3) NNRTIs, 4) Integration Inhibitors -
Integrase strand transferase inhibitors (INSTIs) and 5) Protease Inhibitors (PIs).

Viral entry Inhibitors

They are a group of agents that block viral entry into CD4+ cells through various
mechanisms. This group includes attachment inhibitors, CCR5 antagonists, and fusion
inhibitors [29].

Attachment Inhibitors

Glycoprotein 120 (gp120) is the protein that is responsible for the HIV entry process in the
host cells. It consists of five variable protein domains (V1-V5) interspersed with five
relatively constant domains (C1-C5). The viral gp120 protein is composed of an inner and an
outer domain connected by a bridging sheet. The conserved domains contribute to the core
of gp120, whereas the variable domains are located near the surface of the molecule [30, 31].

Currently, the only FDA-approved drug in this class is Fostemsavir. Temsavir, the active
metabolite of fostemsavir, binds directly to gp120 near the CD4 binding site and blocks
gp120 in a closed state that prevents the conformational change necessary for the initial
interaction between the virus and surface receptors on CD4 cells [32, 33]. It is widely used
for patients with multidrug-resistant HIV-1 infection [34]. Fostemsavir is well tolerated; the

most frequent adverse effects include headache, nausea, and diarrhea [33, 35].

Co-receptor antagonists

The chemokine receptors CXCR4 and CCR5 function together with CD4 to facilitate viral
entry into target cells. Maraviroc (MVC) acts as an antagonist of the HIV-1 co-receptor
CCRS5 by blocking its interaction and binding with gp120 and the membrane fusion events
required for HIV-1 tropism-CCRS5 entry into human cells [36, 37]. It is a drug usually very
well tolerated, with an excellent metabolic and digestive tolerability profile; adverse effects

include headache, dizziness, rhinitis, and nausea [38].
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Fusion Inhibitors

Glycoprotein 41 (gp41) mediates the fusion of the viral envelope with the target cell
membrane. It is organized into three main domains: an extracellular domain, a
transmembrane domain, and a C-terminal cytoplasmic tail. The extracellular domain contains
an N-terminal hydrophobic region known as the fusion peptide, a polar region, and heptad

repeat regions HR1 and HR2, which are fusion determinants [30, 39].

FDA-approved enfuvirtide (T20) is the only drug in this class approved by the FDA for the
treatment of HIV. T20 is an HR2 mimetic peptide that competes by binding to HR1, blocking
the conformational changes required for membrane fusion [40, 41]. As it is a drug
administered subcutaneously, the most common adverse effect is the appearance of painful
macules, itching, and induration of the injection site [42].

Reverse transcriptase inhibitors

Reverse transcriptase (RT) is an RNA-dependent DNA polymerase that produces double-
stranded DNA from single-stranded RNA. RT is a heterodimeric enzyme comprising a
regulatory subunit (p51) and a catalytic subunit (RNase H - p15) that form the p66 molecule
[43], consisting of the finger, palm, and thumb subdomains. Additional domains include the

connexin and the C-terminal RNase H domain [43, 44].

This group includes nucleoside-nucleotide RT inhibitors (NRTIS) and non-nucleoside RT
inhibitors (NNRTIS).

Nucleoside/Nucleotide RT Inhibitors (NRTISs)

Inhibits reverse transcription of viral RNA to double-stranded DNA. Prevents elongation
during reverse transcription using deoxyribonucleosides lacking a 3'-OH. Upon DNA
transcription, it terminates strand growth and stops DNA synthesis by competing with the
natural substrate dNTP [45, 46].

Currently, the available FDA-approved NRTIs are zidovudine, didanosine, zalcitabine,
stavudine, lamivudine and abacavir, Tenofovir disoproxil fumarate, Emtricitabine, Tenofovir

alafenamide fumarate [47, 48].
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The most frequent adverse reactions in this group of drugs are hypersensitivity reaction,
mitochondrial toxicity, myopathy, lactic acidosis, pancreatitis, peripheral neuropathy,

anemia, hepatic steatosis, and lipoatrophy [6, 12].

Nonnucleoside RT Inhibitors (NNRTISs)

It blocks the completion of reverse transcription by binding to the binding pocket near the
catalytic residues of the reverse transcriptase active site, thereby inducing a conformational
change that inactivates the enzyme [45].

The NNRTIs approved for the treatment of HIV-1 are delavirdine, doravirine, efavirenz,
etravirine, nevirapine, and rilpivirine [47]. Hypersensitivity reactions, skin rash, headache,
and depression have been found in this class of inhibitors [6, 12, 48].

Integrase strand transferase inhibitors (INSTIs)

Integrase is a protein composed of three structural and functional domains. An N-terminal
zinc-binding, a catalytic center (which contains the active site residues Asp64, Asp116, and
Glul52), and a C-terminal DNA-binding. This enzyme cleaves the 3'-OH group and then
transfers the viral strand to the host chromosome for integration [49].

Integrase inhibitors bind to the catalytic domain and block the strand transfer reaction,

preventing the viral genome from inserting into the DNA of a host cell [50].

The FDA-approved INSTIs are: Raltegravir, elvitegravir, dolutegravir, bictegravir,
cabotegravir. This group of drugs has been characterized as having a higher potency than the
others and are generally well tolerated. Neurological, weight gain, and gastrointestinal effects
have been described [51].

Inhibitors of the Viral Maturation - Protease inhibitors (PIs)

HIV protease (PR) is an aspartic protease active as a homodimer. The active site is between
the two subunits and has the triad, Asp25-Thr26-Gly27. The two D25 residues (one on each
chain) act as catalytic residues [52]. This enzyme cuts the Gag and Gag-Pol precursor
proteins for virion maturation. IPs bind to HIV-1 protease and block proteolytic cleavage of

protein precursors required to produce infective viral particles [53].
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Currently approved for use are saquinavir, ritonavir, indinavir, nelfinavir, amprenavir,
lopinavir, atazanavir, fosamprenavir, tipranavir and darunavir. Pls are disadvantaged by the
number of adverse effects they can produce, including lipodystrophy, dyslipidemia,

transaminitis, and hepatotoxicity [12].

Natural compounds and derivates with antiviral activity against HIV

Natural products are an important source for the development of pharmaceuticals. In fact, a
high percentage of FDA-approved drugs are derived directly or indirectly from natural
products [54]. HIV treatment has limitations; therefore, finding new anti-HIV compounds

with accepted toxicity and a lower resistance profile is a pressing need.

In this section, natural products with potential anti-HIV activity and putative mechanisms of
action were reviewed and compiled. These compounds were mainly isolated or derived from
plants and marine sponges. This review focus on terpenes, coumarins, flavonoids, laccases,

lectins, ribosome-inactivating proteins (RIPs) and bromotyrosines.

This specific section containing this information was reviewed in Review: Natural Products
with Inhibitory Activity against Human Immunodeficiency Virus Type 1. Serna-
Arbeldez MS, Florez-Sampedro L, Orozco LP, Ramirez K, Galeano E, Zapata W. Adv Virol.
2021 May 29; 2021:55520 DOI: 10.1155/2021/5552088. PMID: 34194504; PMCID:
PMC8181102 (Attachment 1).

Problem statement

Although for several decades there have been multiple specific antiretroviral treatments to
control HIV infection, this therapy produces side effects that can lead to problems of
adherence. The most common short-term adverse effects of this medication are headache,
asthenia, diarrhea and hypersensitivity reactions; at the same time, in the long-term, they

have been associated with cardiac, bone and renal complications [12].

The lack of adherence can affect the total inhibition of viral replication, favoring the
emergence of resistant strains [55]. This resistance to CART can be primary or transmitted at
the time of infection, in the case of patients who have not been previously exposed to the

drug, or secondary or acquired resistance which has been described in patients taking these
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drugs [55, 56]. For notwithstanding treatment with effective drugs and even when treatment
adherence is maintained, some resistance to anti-HIV cART is expected to emerge. This drug
resistance differs depending on the class of antiretroviral drugs, as some have a higher genetic
barrier than others [56, 57]. HIV drug resistance can affect the efficacy of CART and the

duration of the drugs available to treat HIV infection.

Considering the need to adopt new therapeutic approaches against HIV-1, it is necessary to
investigate new compounds, easily accessible and inexpensive, with strong antiviral activity

and with the least possible side effects.

Natural products have attracted special interest due to the existing biodiversity worldwide.
Natural products and their derivatives represent an excellent option due to their therapeutic

potential against HIV-1 infection.

The evaluation of the pharmacological properties of compounds isolated from marine
sponges dates back to the 1950s, with the purification of nucleotides, isolated from extracts
of the sponge Tectitethya crypta [58]. A few years later, Zidovudine, the first anti-HIV drug,
was synthesized from this nucleotide [59].

Taking this into account, the Marine Natural Products Group of the University of Antioquia
researched the Colombian Caribbean sponge species Aiolochroia crassa and Verongula
rigida, which evidenced a wide range of bromotyrosines-like molecules, which showed

pharmacological potential as inhibitors of HIV-1 replication in vitro [60].

In this context, the active search for compounds that can be used for the treatment of HIV is
a worldwide research priority. Therefore, it was proposed to identify the anti-HIV-1 potential

(in vitro and in silico) of sixteen di-halogenated compounds derived from L-tyrosine.
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OBJECTIVES

General objective

e Toevaluate the invitro and in silico antiviral activity against HIV-1 of di-halogenated

compounds derived from L-tyrosine.

Specific objectives
e To determine in silico possible interactions between compounds and HIV-1 viral
proteins.
e To model and analyze the possible in silico toxicity of the compounds against HIV-
1.
e To evaluate the in vitro cytotoxicity of the compounds in susceptible cells for HIV-1
infection.

e To evaluate the in vitro antiviral activity of the compounds against HIV-1.

RESEARCH QUESTION

Is there in silico and in vitro antiviral activity of di-halogenated compounds derived from L-

tyrosine against HIV-1?

HYPOTHESIS

Based on evidence from previous studies performed on other compounds structurally related
to L-tyrosine derivatives, we hypothesize that some di-halogenated compounds exhibit in

silico and in vitro activity against HIV-1.

MATERIALS AND METHODS

Di-halogenated compounds derived from L-Tyrosine

Two groups of di-halogenated compounds derived from L-Tyrosine were evaluated: L-
Tyrosine derivates and Tyramine derivates. L-Tyrosine derivates included those compounds

with the free phenolic OH and the methyl ether derivates of tyrosine, which have their
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carboxyl group methylated. Within these, four compounds were evaluated: two dibrominated
in the aromatic ring in the ortho positions concerning the phenolic OH and two dechlorinated
in the same positions, corresponding to their respective tertiary amine and quaternary
ammonium salts (TDB-2M, TDB-3M, TDC-2M, and TDC-3M and TODB-2M, TODB-3M,
TODC-2M, and TODC-3M respectively). The Tyramine derivates compounds were
classified in the same way as L-Tyrosine derivates thus obtaining eight compounds: YDB-
2M, YDB-3M, YDC-2M, YDC-3M, and YODB-2M, YODB-3M, YODC-2M, and YODC-

3M. The classification of the compounds can be seen in Figure 1.
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Figure 1. Classification of evaluated compounds. Sixteen di-halogenated compounds
derived from L-tyrosine were evaluated, which were classified into derived from L-tyrosine;
and derived from tyramine. These groups were further subdivided into: compounds with free
phenolic OH and methyl ether derivatives. Finally, each subgroup was disrupted into

compounds classified by halogen type: bromine (Br), or chlorine (Cl).

The di-halogenation of the sixteen compounds was performed with substitution on the phenyl

ring at positions 3 and 5, as previously described [61]. All compounds were dissolved in a
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water solution with 5% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St Louis, MO, USA)
at a concentration of 1 mg/mL for the preparation of a mother stock in concentrations

dependent on the molecular weight of each compound (according to its chemical nature)

(Table 1). Working dilutions were done in Dulbecco’s Modified Eagle’'s Medium-high
glucose (DMEM) (Sigma-Aldrich, St Louis, MO, USA) at a concentration of 300 - 9,37 uM.

Code IUPAC name Molecular mass
(g/mol)
TDB-2M (28)-3-(_3,5-d|bromo-4-hydrox_yphe_nyl)-z- 338.98
(dimethylamino)propanoic acid
(1S)-1-carboxy-2-(3,5-dibromo-4-
TDB-3M hydroxyphenyl)-N,N,N-trimethylethan-1- 382.07
aminium
TDC-2M (28)-3-(3,5-d|chIo.ro-4-hydroxyphe.nyl)-2- 27813
(dimethylamino)propanoic acid
(1S)-1-carboxy-2-(3,5-dichloro-4-
TDC-3M hydroxyphenyl)-N,N,N-trimethylethan-1- 293.16
aminium
TODB-2M (28)-3-(_3,5-d|bromo-4-methoxyphe_nyl)-2- 38106
(dimethylamino)propanoic acid
(15)-1-carboxy-2-(3,5-dibromo-4-
TODB-3M methoxyphenyl)-N,N,N-trimethylethan-1- 396.09
aminium
TODC-2M (28)-3-(_3,5-d|chI0|.ro-4-methox>/phe.nyl)-2- 292 16
(dimethylamino)propanoic acid
(1S)-1-carboxy-2-(3,5-dichloro-4-
TODC-3M methoxyphenyl)-N,N,N-trimethylethan-1- 307.19
aminium
YDB-2M 2,6-dibromo-4-[2-(dimethylamino)ethyl]phenol 337.05
YDB-3M 2-(3,5-d|b_romo-4-hydroxypher_1yl)—N,N,N- 35208
trimethylethan-1-aminium
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YDC-2M 2,6-dichloro-4-[2-(dimethylamino)ethyl]phenol 248.15
YDC-3M 2-(3,5-d|c,:hloro-4-hydroxyph.er.1yI)-N,N,N- 263.18
trimethylethan-1-aminium
YODB-2M 2-(3,5-d|b_romo-4-methoxypr_1enyl)-N,N- 35107
dimethylethan-1-amine
-(3.5-di 4- - . 366.11
YODB-3M 2-(3,5 dlb.romo 4 methoxypr.\e.nyl) N,N,N
trimethylethan-1-aminium
YODC-2M 2-(3,5-d|c_hIoro-4-methoxyphenyl)-N,N- 262 17
dimethylethan-1-amine
YODC-3M 2-(3,5-d|c.hIoro-4-methoxypr.1er1yl)-N,N,N- 27791
trimethylethan-1-aminium

Table 1. Di-halogenated compounds derived from L-tyrosine evaluated in the study.

The positive control of HIV inhibition was zidovudine (AZT) (Sigma Aldrich, St Louis,
USA). The AZT concentration was established at 10 uM after literature consultation [62],

and untreated cells were used as a negative control.

Cell maintenance

TZM-bl cells were obtained from the NIH AIDS Research and Reference Reagent Program
(Cat. no. 8129). This cell line is derived from a clone of HeLa cells designed for expressing
HIV-1 virus entry co-receptor (CD4 CXCR4 and CCR5) with an integrated luciferase gene
under the control of the HIV-1 promoter long terminal repeat (LTR) [63, 64], which makes
it possible to measure infection. The cells are highly permissive to infection by most strains
of HIV, including primary viral isolates and pseudotyped viruses [65]. TZM-bl cells were
cultured at 37°C with 5% CO> in DMEM supplemented with heat-inactivated fetal bovine
serum (FBS) (Sigma-Aldrich, St. Louis, MO, USA). Cell monolayers were detached by
treatment with Trypsin ethylenediaminetetraacetic acid (EDTA) solution of 0.25% (Sigma-
Aldrich, St. Louis, MO, USA).

HEK?293T is a derivative cell line of the human embryonic kidney that expresses the SV40

large T antigen, which enables them to produce recombinant retroviruses. These cells were
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maintained in DMEM (Sigma-Aldrich, St Louis, MO, USA) containing 10% FBS and 2mM
glutamine (Sigma-Aldrich, St. Louis, MO, USA). Cells were incubated at 37°C in a
humidified environment of 5% CO,. Cell monolayers were detached by treatment with
Trypsin EDTA solution 0.25%. In these cells, transfection assays to produce pseudotyped

virus were performed.

HI/HTLV-1IIB cells (ATCC-CRL-8543) of lymphoblastoid origin were maintained in
RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, USA), supplemented with 10% FBS,
and were incubated in a humid atmosphere with 5% CO, at 37°C. This cell line is persistently

infected and was used to produce HIV-1ys (X4-tropic HIV-1) viral stocks.

Human peripheral blood mononuclear cells (PBMC) from two healthy donors were obtained
from the blood bank of the Hospital Universitario San Vicente Fundacion. PBMC were
isolated through density gradient with Ficoll-Histopaque (Sigma-Aldrich, St. Louis, MO,
USA) by centrifugation at 400g for 30 minutes; then PBMCs were washed 3 times with
Phosphate-Buffered Saline (PBS) (Lonza, Rockland, ME, USA) to eliminate platelets and
debris. After, cells were counted and frozen until they were used. PBMCs were thawed and
let in culture for 24 h before each experiment.

Production of viral stocks

R5-tropic HIV-1 was obtained through the NIH HIV Reagent Program, Division of AIDS,
NIAID, NIH: Human Immunodeficiency Virus Type 1 (HIV-1) BaL, ARP-510, contributed
by Dr. Suzanne Gartner, Dr. Mikulas Popovic and Dr. Robert Gallola [66]. Viral stocks were
obtained after propagation in the presence of 10 pg/ml polybrene (Sigma Aldrich, St Louis,
USA) in PBMCs stimulated with 5 pg/ml of Phytohemagglutinin- PHA (Sigma-Aldrich, St.
Louis, USA) and 20 U/ml IL-2 (R&D Systems, MN, USA) and cultured with RPMI medium
supplemented with 10% FBS.

X4-tropic HIV-1jg was obtained from the HIV-1 chronically infected human T cell line 111B
(H9/HTLV-11IB) (ATCC-CRL-8543). Supernatants were collected and stored at -70°C for

viral titration.

Pseudotyped HIV-1 virus stocks were produced in HEK293T cells by co-transfection of
pNL4-3 delta env GFP (HIVAenv.GFP) and pVSV-G plasmids encoding for full-length HIV-
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1 NL4-3 proviral DNA with a frameshift in the env gene and expressing GFP instead of nef
and for vesicular stomatitis virus G protein, respectively. These plasmids were kindly
provided by Johnny He [67, 68]. For this procedure, HEK293T cells (4.5x10° cells/well)
were seeded in 6-well plates, 24 h later co-transfected with 3.2 pg of HIVAenv.GFP and 0.8
ug of pVSV-G per well-using lipofectamine 3000 (Invitrogen, USA) for 4 h in the presence
of Opti-MEM medium (Gibco, Grand Island, NY), after which time the DNA-lipofectamine
complex was removed and 2ml/well DMEM supplemented 10% with FBS was added. The
supernatants containing virus stocks HIV-GFP-VSV-G reporter virus, were collected 72 h
after transfection and centrifuged at 500 g for 10 min to remove cell debris. A Lenti X
concentrator (Clontech, Mountain View, CA, USA) was used to concentrate the supernatants,
and these were stored at -70°C for subsequent titration and use. Cells were directly observed
under an Olympus 10-fold objective lens microscope (Zeiss). Fluorescence images were

observed using the GFP filter cube.

Quantification of p24 by ELISA.

The supernatants obtained in the production of the different viral stocks were collected for
titration by p24 estimation using an ELISA kit (XpressBio, Ballenger Creek, Maryland,

USA), following the manufacturer's instructions.

Determination of cytotoxicity

The in vitro cytotoxic effect of the di-halogenated compounds on TZM-bl cells was
determined by the MTT (3-(4,5- Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay (Sigma-Aldrich, St. Louis, MO, USA). For this purpose, 1,2x10° cells/well were
seeded in 96-well plates, which were incubated at 37°C and 5% CO> for 24 h. DMEM was
used as a negative control and serial two-fold dilutions of the compounds were performed at
9.37 to 300 uM in DMEM supplemented with 5% FBS. 100uL/well of each dilution was
added and incubated for 48 h. Subsequently, the cells were washed 2 times with 1X PBS, and
30 ul of MTT solution (2 mg/mL) was added and incubated for 2 h at 37°C, in a light-
protected culture. Then, 100 pl of DMSO was added to dissolve the formazan crystals, placed
in shaking for 15 min and absorbance reading was performed at 570 nm, using the Microplate

Spectrophotometer (Thermo Scientific™ Multiskan™ GO). Each experimental condition
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was evaluated in quadruplicate in two independent experiments (n=8). The percentage of
viability was calculated concerning the absorbance of the controls without compound (100%
viability). The 50% cytotoxic concentration (CCso) was calculated and analyzed with
GraphPad Prism version 8.0.1 (GraphPad Software, Inc.).

Antiviral screening

As a strategy for the determination of the antiviral effect of compounds, an antiviral screen
was performed in TZM-bl cells. For this, cells were seeded in a flat-bottom 96-well plate
(Corning, NY, USA) at the concentration of 1,2x10° cells/well and incubated for 24 h at 37°C
before the addition of each compound at non-cytotoxic concentrations (pre-infection
treatment). 1 hour later the treatment was removed, and infection was performed by adding
10 ng/ml of HIV-1u8 p24 (X4) or 2 ng/ml of HIV-1 BaL (R5) to the monolayers which were
incubated for 3hrs; finally, the viral inoculum was removed, washed with 1x PBS and the
compounds were added again (post-infection treatment). Additionally, three wells were left
for the negative control (cells without treatment or infection), the positive control of infection
(cells infected with the virus without treatment), and the positive control of inhibition (AZT).
Antiviral activity was quantified 48 hours after treatment by measuring luciferase activity,

which is directly proportional to the number of infectious virus particles in the sample [69].

The luciferase activity was quantified by luminescence emitted by the cells using Bright-
Glo™ Luciferase Assay System (Promega Corp., Madison, WI) following the
manufacturer’s instructions. Briefly, 100 ul of the reagent is added to 100 ul of TZM-bl cells
and incubated for at least 2 min protected from light. Relative light units (RLUS) were
measured using the multi-mode plate reader (Thermo Scientific™ Varioskan™ LUX). Each

experimental condition was performed in triplicate in two independent experiments (n=6).

The percentage inhibition was calculated as follows: 100 - (RLU of treated cells - RLU of

uninfected cells / RLU of infection control - RLU of uninfected cells) * 100.
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VSV-pseudotyped HIV-1 infection assay and quantification of the percentage of
infected cells by flow cytometry

TZM-bl cells were seeded in a 96-well plate at the concentration of 1,2x10° cells/well 1 day
before infection, then inoculated with HIV-GFP-VSV-G reporter virus stocks (40 ng of p24)
in the presence of 10 pug/ml polybrene (Sigma Aldrich, St Louis, USA) for 3 hours. Cells
were washed twice with 1X PBS and treated with the most bioactive compounds at non-
cytotoxic concentrations for 48 hours; finally, cells were trypsinized and rewashed with PBS.
Antiviral activity was quantified by flow cytometry for GFP.

TZM-bl VSV-pseudotyped HIV-1-infected cells and TZM-bl control cells, as described
above, were used to measure the percentage of infection by flow cytometry for GFP
expression. Cells were acquired using LS Fortessa (BD Biosciences, San Jose, CA, USA)

and data were analyzed using FlowJo version 10.5.3 (FlowJo, LLC, Oregon, USA).

The percentage of inhibition was calculated as follows: 100 — (Infection percentage in treated
cells x 100 / percentage in control infection).

Evaluation of the interaction of compounds with viral proteins by molecular docking

Ligand preparation

The structure of the di-halogenated compounds derived from L-tyrosine was obtained with
the program ACD/ChemSketch ® 12.01 (Freeware Version), and the structure of the control
compounds from the DrugBank database (https://www.drugbank.ca/). The geometry of all
compounds was optimized using Avogadro software in the lowest energy conformation using
the MMFF94 force field [70, 71].

The ligands were prepared for docking was performed using Autodock tools (ADT) program

[72], where the charges and degrees of torsion were added.

Protein preparation

For molecular docking, three-dimensional structures of structural and non-structural viral
proteins were downloaded from the PDB (Protein Data Bank), and structures with a

resolution equal to or less than 2.5 A were considered.
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The seven HIV-1 viral proteins chosen for analysis were: gp120 (PDB: 4J6R), gp41 (PDB:
3VTQ), RT (PDB: 4G1Q), IN (PDB: 1QS4-30YA), protease (PDB: 5YOK), p17 (PDB:
4JMU) and p24 (PDB: 2XDE). For the integrase structure, the 1QS4 structure, which has one
of the Mg?* of the active site, was initially taken as a basis. The missing residues were
incorporated [73] and the second magnesium ion was placed in the same relative position
according to the two metal structures of the Prototype Foamy Virus integrase (PDB code
30YA) [74].

The 3D models of interest were prepared for docking using the Python Molecular Viewer
(PMV) software [75], removing both water molecules and co-crystallized molecules that
were not part of the target protein, adding Gasteiger charges, adding non-polar hydrogens,

and the torsional degrees of freedom were also assigned by the ADT program [72].

To determine the possible molecule binding sites on these proteins, the PeptiMap server [76,
77] was used and based on these sites, box coordinates with 1 A spacing and number of points

at xyz = 30 were defined and evaluated with the completeness of 10.

Finally, to determine the best interactions between the viral proteins and the compounds,

Autodock Vina software [78] was used.

Several authors have considered -6.0 Kcal/mol as a cut-off point in ligand binding studies
[79-81]. Considering this, our study established a score lower than the upper threshold
(AGbind=-6.0 Kcal/mol), determining that a ligand-protein interaction is strong. Evaluation
of possible interactions was performed by PMV and Discovery Studio software [82]. Table
2 shows the viral proteins evaluated in the study and the amino acids that were used as targets
for molecular docking.

Protein PDB Resolution Sequence Chain | Active site amino acids
code (A) length
W112, T257, D368,
E370, S375, F382,
gp120 4J6R 1.64 359 G 1424, V426, W42T
M434, M475
gp4l 3VTQ 1.53 37 N L565, L566, T569,
/570, W571, G572,
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1573, K574, L576,
Q577.

D110, Y183, D185,
D186, L100, K101,
K103, V106, T107,
V108, V179, Y181,
Y188, V189, G190,
F227, Y318, E138.

RT 4G1Q 1.51 557 A

Protease 5YOK 0.85 100 A-B D25, T26, G27

Integrase 1Q54 2.1 154 A D64, D116, E152

F32, E35, V36, N57,

V59, E60, H62, Q63,

A65, Q67, K70, T107,
M118, T119

p24 2XDE 1.4 145 A

L21, R22, P23, Y29,

K32, H33, W36, S77,

L88, N80, T81, T81,
T97, K98, L101

pl7 4IJMU 2.0 112 A

Table 2. Viral proteins and binding sites are defined in the study as targets for molecular

docking with the compounds.

In silico toxicological modeling

In silico toxicological modeling of halogenated molecules derived from L-Tyrosine was
performed using ADMET Predictor® v8 software from Simulation Plus [83], which predicts

toxicity parameters in different biological models.

For this, the structures of the molecules were modeled in the ACD/ChemSketch ®12.01
(Freeware Version) program, the geometry optimized using the Avogadro software and
subsequently, they were entered into the ADMET Predictor® software, which issued the

results of the parameters of interest defined in the study.

For the toxicological evaluation, in addition to the compounds and control drugs evaluated,
we used a compound that was called "ideal”, which is hypothetical, to compare the toxicity
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among all the compounds. With these results, a hierarchical cluster analysis (Ward's method,

Bray-Curtis similarity index) was performed with R [84].

Moreover, the score of the potential toxicity level of each compound was defined on a scale
from 0 to 13 and was reported as cumulative toxicity, according to the sum of the qualitative
result of each parameter, whether it was toxic (T) one (1) point, or non-toxic (N) zero (0)
points and was classified as low: 1 to 4 positive toxic parameters, medium: 5 to 8 positive

toxic parameters, and high: 9 to 13 positive toxic parameters.

Statistical analysis

The CCso will be defined as the concentration of each compound that can reduce cell viability
to 50% of the untreated cell control. The ICso will be defined as the compound concentration
that can reduce viral infection to 50% of the control infected cells not treated with the
compounds. The therapeutic selectivity index (SI) will be determined as the ratio of the CCsg
to the ICso.

The results of the experiments will be expressed as means = SD of at least 2 independently
performed experiments. Differences between groups were analyzed using one-way analysis
of variance (ANOVA) since the data were normally distributed and statistically significant
differences with a p-value less than 0.05 were considered for all cases. Data were analyzed
on the GraphPad Prism v.8.0.1 software (San Diego, CA, USA).

RESULTS

Di-halogenated compounds derived from L-tyrosine have no significant cytotoxic effect
on TZM-bl cells.

Cytotoxicity of the compounds was determined by the MTT assay, using the cell line TZM-
bl. In the treatments with the TDB-2M, TODB-2M, TODC-2M, and TODC-3M compounds,
lower cytotoxicity was observed as the concentrations decreased, in a dose-dependent
manner (Figure 2A-B). All tyrosine-derived compounds exhibited cytotoxicity <10% (with
viability greater than or equal to 90%) at a concentration of 150 uM, except for TODB-3M
whose cytotoxicity at this concentration was less than 20%. L-Tyrosine-derived compound
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that presented the highest viability was TDC-2M at 75 uM (115%), while the lowest viability
was of compound TODB-2M at a concentration of 300 uM (67.7%).

Figure 2C-D shows that as the concentration of tyramine-derived compounds increased,
there was a dose-dependent increase in cytotoxicity, except for YDC-2M, YDC-3M, and
YODC-3M compounds. All compounds in this group exhibited cytotoxicity <30% (with
viability greater than or equal to 77%) at a concentration of 150 uM, except for YDB-3M,
whose cytotoxicity was higher. The maximum and minimum viability for this compound was
91.6% and 21.4% at concentrations of 37.5 uM and 300 uM, respectively. Therefore, the
optimal concentration to be evaluated for YDB-3M was determined to be less than or equal
to 75uM. Maximum viability was 133% and was observed for YDB-2M at a concentration
of 9.375 uM. Neither the viral inhibition control (AZT) nor the solvent (DMSO) were toxic
(Supplementary figure 1).
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Figure 2. TZM-bl cells treated with tyrosine-derived di-halogenated compounds. A. L-
tyrosine with free phenolic OH derivatives. B. L-tyrosine methyl ether derivatives. C.
Tyramine with free phenolic OH derivatives. D. Tyramine methyl ether derivatives. TZM-bl
cells were treated with different concentrations of each compound (9.37 uM up to 300 uM
for 48 h). Percentage viability was calculated relative to untreated cells. Each sample was
tested in triplicate in two independent experiments; the results have shown as mean *

standard deviation. The dotted line indicates 80% of viability.

Considering the low cytotoxicity of the compounds tested and the availability, subsequent
assays were performed at non-cytotoxic concentrations. The CCso values for each treatment
are shown in Table 3.

Group Compound CCso (UM)
TDB-2M ~ 98,99
TDB-3M 74,76
TDC-2M ~174,4
L-tyrosine TDC-3M >300
derivates TODB-2M 164,9
TODB-3M ~103,6
TODC-2M >300
TODC-3M 74,9
YDB-2M 37,52
YDB-3M ~100,9
YDC-2M ~101,0
Tyramine YDC-3M 39,88
derivates YODB-2M 139,8
YODB-3M 78,7
YODC-2M 74,94
YODC-3M 132,4

Table 3. Cytotoxic concentration of the compounds evaluated.

Di-halogenated compounds showed low in silico toxicity.

In silico toxicity modeling for all compounds and control drugs was performed by ADMET
Predictor®, and the findings are described in Table 4. The results showed that the quaternary
ammonium salts TDB-3M and TDC-3M that present within their structure 3 methylations in
the amino group, and the compounds YDB-2M, YDB-3M, YDC-2M, and YDC-3M, as well
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as YODC-2M, have genotoxic potential (indicated by chromosomal aberration score) as well

as the drug zidovudine.
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Skin sensitization 1 1 0 0 1 1 0 0 1 1 1 0 1 1 0 0 1 1 1 0 0 1 0 1

Respiratory sensitization | 0 0 0 0 1 0 1 0 1 1 1 1 1 1 1 1 1 0 1 0 0 0 0 0
Neurotoxicity 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 1 0 0 0 0 0

Cardiac toxicity 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 0 0

Endocrine tox (estrogen
receptor)

Endocrine tox (androgen
receptor) 0 0 0 0 1 1 1 1 1 1 1 1 0 1 0 1 0 0 1 0 1 0 1 0

ALP increase 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 1 0 1 1
GGT increase 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 1 0 1 1
LDH increase 0 0 0 0 0 0 0 0 0 0 1 1 1 1 0 0 0 0 0 0 1 0 1 1
SGOT increase 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 1 0 1
SGPT increase 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1 0 1 1
Reproductive tox 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 1 0 1 1
Accumulated tox 3 3 1 2 5 4 3 3 7 5 6 6 6 6 4 4 6 2 8 1 6 2 6 8

ADMET_Risk 00 09 00 10|00 07 09 14,00 03 20 28|05 04 23 18|14 00 47 50 75 25 97 54




Table 4. In silico toxicity score of ADMET properties.
ALP: Alkaline Phosphatase, GGT: gamma-glutamyl transferase, LDH: Lactate dehydrogenase,
SGOT: Aspartate Aminotransferase, SGPT: Alanine Aminotransferase, ABC: Abacavir, DTG:
Dolutegravir, EFV: Efavirenz, FTR: Fostemsavir, LPV: Lopinavir, RAL: Raltegravir, RTV:
Ritonavir, AZT: Zidovudine.

Regarding allergenic toxicity, all brominated compounds were predicted to be skin sensitizers, as
were YDC-2M, and the control drugs dolutegravir, efavirenz, raltegravir, and zidovudine.
Respiratory sensitizers were the methyl ether L-tyrosine derivatives (TODB-2M and TODC-2M)
and all tyramine derivates compounds, and typically the control drug Efavirenz.

ADMET data indicated that 12 compounds (except methyl ether tyramine-derivatives) could
exhibit endocrine toxicity by interacting with estrogen receptors. In contrast, methyl ether L-
tyrosine-derivates, tyramine with free phenolic OH derivatives, YODB-2M and YODC-3M

compounds could interact with the androgen receptor.

No compound was predicted to cause reproductive toxicity, except YDB-2M and the control drugs
efavirenz, lopinavir, ritonavir, and AZT. All methyl ether tyramine-derivatives compounds were
predicted to induce a neurotoxic and cardiac effect (indicated by inducing phospholipidosis and

having affinity on potassium channels, respectively).

ADMET Predictor offers 5 individual models corresponding to enzymes used to diagnose
hepatotoxicity. Possible elevation of alkaline phosphatase (ALP) was predicted only with YDC-
3M, while all tertiary amines presenting bromine in their structure showed possible elevation of
gamma-glutamyl transferase (GGT). On the other hand, the tyramines YDC-2M, YDC-3M,
YODB-2M, and YODB-3M showed possible elevation of lactate dehydrogenase (LDH). No
compound predicted elevation of Aspartate Aminotransferase (SGOT) or Alanine
Aminotransferase (SGPT) enzymes. In contrast, zidovudine, ritonavir, and lopinavir showed

significant potential to cause liver damage by elevation of ALP, LDH, GGT, and SGPT.

In terms of accumulated toxicity, none of the compounds or controls exhibited high toxicity. Low
toxicity was observed for L-tyrosine derivates, except for TODB-2M, and medium toxicity for
tyramines, except for compounds YODC-2M and YODC-3M, which present low toxicity. The
compound predicted to be the most toxic in the toxicity parameters evaluated was YDB-2M (7

points), like the control drugs efavirenz and zidovudine (8 points).
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In addition, Table 4 shows the data corresponding to the global risks (ADMET-RIisk) calculated by
the software, where the rules of Lipinski are considered. In this case, all compounds have a
minimum global risk since they presented a score of less than 7, except for the control drugs

lopinavir and ritonavir, with scores of 7.5 and 9.7, respectively.

In complement to the parameters described in Table 4, with the additional results of biological
activity of the ADMET predictor, a hierarchical cluster analysis (Ward's method, Bray-Curtis
similarity index) was performed with R, where the formation of three clusters was observed (Figure
3). In this case, the most promising compounds in terms of toxicity are those in the same group as
the "ideal” compound, which, as seen in the dendrogram, are the L-tyrosine derivatives and the
control drugs dolutegravir, raltegravir and fostemsavir, which have the lowest cumulative toxicity.
In the second cluster are placed all tyramine derivates, which were more toxic than L-tyrosine
derivatives, with cumulative toxicity in the range of 4-7 points. Finally, zidovudine occupied the
third cluster, with major differences with respect to the other compounds in terms of toxicity level.

Figure 3. Cluster analysis of di-halogenated compounds. Hierarchical cluster analysis (Ward's
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method, Bray-Curtis similarity index) based on the toxicity parameters of the different compounds,
evaluated by ADMET predictor®.

Anti-HIV-1 BaL (R5 strain) in vitro activity screening of di-halogenated compounds

As a strategy for determining the antiviral effect of the compounds, an antiviral screen was

performed on TZM-bl cells, which were infected with HIV-1 BaL, using Gag p24 at 2 ng/ml.
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The L-tyrosine-derived brominated compounds with free phenolic OH TDB-2M and TDB-3M
showed no anti-HIV-1 activity at any of the concentrations tested. In contrast, replication seems to
be promoted compared to positive infection control (Figure 4A — B and Supplementary table 1).
The analogues chlorinated TDC-2M (ICso 140.7 uM) and TDC-3M, statistically significantly
(p<0.0001) inhibited HIV-1 BaL infection by 47.3% (300 uM) and 39.7% (75 uM), respectively,
compared to the positive infection control, as shown in Figure 4C — D and Supplementary table 1.
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Figure 4. Antiviral activity of di-halogenated L-tyrosine-derived compounds with free
phenolic OH on HIV-1 BaL replication. A. TDB-2M B. TDB-3M C. TDC-2M D. TDC-3M.
AZT (10 uM) was used as a control of replication inhibition. Each sample was tested in triplicate
in two independent experiments; the results have shown as mean + standard deviation. The signs
** *** and **** above the columns mean p>0.01, p<0.001 and p<0.0001, respectively, and
correspond to the comparison with the positive infection control. The dotted line indicates the RLU
of the positive infection control.
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The compound TODB-2M (ICso 113.5 uM) at a concentration of 150 pM showed an anti-HIV
activity of 45.8%, which was statistically significant (p<0.0001). In contrast, its respective
quaternary ammonium salt (TODB-3M) showed no antiviral activity (Figure 5A - B and
Supplementary table 1). On the other hand, the analogs chlorinated TODC-2M (ICso 67.42 uM)
and TODC-3M (ICsp 333.5 puM) inhibited HIV-1 BaL infection statistically significantly
(p<0.0001) by 61.1% (150 pM) and 59.9% (300 uM), respectively (Figure 5C - D and
Supplementary table 1).
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Figure 5. Antiviral activity of di-halogenated methyl ether L-tyrosine-derived compounds on
HIV-1 BaL replication. Antiviral activity was assessed by luminescence. A. TODB-2M B.
TODB-3M C. TODC-2M D. TODC-3M. AZT (10 uM) was used as a control. Each sample was
tested in triplicate in two independent experiments; the results have shown as mean + standard

deviation. The signs *** and **** above the columns mean p<0.001 and p<0.0001, respectively,
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and correspond to the comparison with the positive infection control. The dotted line indicates the

RLU of the positive infection control.

The tyramine-derived brominated compounds YDB-2M and YDB-3M showed no statistically
significant anti-HIV-1 activity. On the other hand, at the highest concentration tested, both
compounds increased viral replication concerning the positive infection control, as shown in
Figures 6A — B and Supplementary table 1. It was statistically significant (p 0.0045 and p<0.0001,
respectively). The analogue chlorinated YDC-2M did not inhibit HIV-1 BaL replication
statistically significantly. In comparison to its respective quaternary ammonium salt YDC-3M
(ICs0 37.2 uM), which inhibited the infection by 50.2% (18 uM) in a statistically significant manner
(p<0. 0001), YDC-3M activity was inversely proportional to the concentrations used, as seen in

Figure 6C - D and Supplementary table 1.
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Figure 6. Antiviral activity of di-halogenated L-tyrosine-derived compounds with free

phenolic OH on HIV-1 BaL replication. Antiviral activity was assessed by luminescence. A.
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YDB-2M B. YDB-3M C. YDC-2M D. YDC-3M. AZT (10 uM) was used as a control. Each sample
was tested in triplicate in two independent experiments; the results have shown as mean + standard
deviation. The signs *, ** and **** above the columns mean p<0.05, p<0.01 and p<0.0001,
respectively, and correspond to the comparison with the positive infection control. The dotted line

indicates the RLU of the positive infection control.

Although the brominated compound YODB-2M had no antiviral effect at any of the concentrations
tested, it increased viral replication statistically (p 0.0031) at a concentration of 75 uM. Similarly,
the quaternary ammonium salt YODB-3M demonstrated the same effect but at a concentration of
18 uM. Also, the chlorinated compounds YODC-2M and YODC-3M did not show any antiviral
activity compared to the positive infection control, as illustrated in Figure 7A - D and
Supplementary table 1. Finally, the positive inhibition control (AZT) at a concentration of 10uM
inhibited more than 90% of virus infection in TZM-bl cells. The inhibition percentages of each

compound at the different concentrations evaluated are shown in Supplementary table 1.
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Figure 7. Antiviral activity of di-halogenated methyl ether tyramine-derived compounds on
HIV-1 BaL replication. Antiviral activity was assessed by luminescence. A. YODB-2M B.
YODB-3M C. YODC-2M D. YODC-3M. AZT (10 uM) was used as a control. Each sample was
tested in triplicate in two independent experiments; the results have shown as mean + standard
deviation. The sign **** above the columns mean p<0.0001 and corresponds to the comparison
with the positive infection control. The dotted line indicates the RLU of the positive infection

control.

Compounds TDC-2M, TODB-2M, TODC-2M, TODC-3M and YDC-3M, which were active
against R5 strain, showed a Sl of ~1.24, 1.45, >4.45, 0.22 and 1.07, respectively (Table 5).

Compound CCso (LM) Clso (UM) Sl
TDC-2M ~ 1744 140,7 ~1.24
TDC-3M >300 - -

TODB-2M 164,9 113,5 1.45
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TODC-2M >300 67,42 >4.45
TODC-3M 74,9 333,5 0.22

YDC-3M 39,88 37,7 1.07
Table 5. Selectivity index of the compounds against HIV-1 BaL.

When it was compared the number of times in which the concentration of the compounds differed
from those of the Inhibition control (AZT= 10 uM), we observed that for TDC-2M this was 30
times higher. Similarly, compared with the compounds TODC-3M, TODB-2M, TODC-2M, and
YDC-3M, the concentration was also 30, 15, 15 and 1.8 times higher than AZT concentration,
respectively.

Anti- HIV-1is (X4 strain) in vitro activity screening of di-halogenated compounds

Similarly, antiviral screening was performed on TZM-bl cells that were infected with HIV-1y8

(X4 strain) using a Gag p24 concentration of 10 ng/ml.

The brominate L-tyrosine-derived with free phenolic OH compounds TDB-2M and TDB-3M did
not inhibit HIV-1 replication compared to the positive infection control (Figures 8A — B and
Supplementary table 2). The analogue chlorinated TDC-2M no-showed activity against HIV-1 at
any of the concentrations tested. Instead, it significantly promoted infection (p<0.0001) at a
concentration of 150 uM. The respective quaternary ammonium salt TDC-3M did not inhibit HIV-
1 infection statistically significantly compared to the positive infection control (Figure 8C — D and
Supplementary table 2).

43



B
125000+ TDB-2M 125000 TDB-3M

100000+ 100000{ ——

75000+ 75000

RLU
RLU

50000+ 50000

25000+ 25000

0

0

150000 200000+

120000

160000 T

120000

90000

RLU
RLU
|

80000 s = =

60000

30000 40000

0

0]

pM

Figure 8. Antiviral activity of di-halogenated L-tyrosine-derived compounds with free
phenolic OH on HIV-1us replication. Antiviral activity was assessed by luminescence. A. TDB-
2M B. TDB-3M C. TDC-2M D. TDC-3M. AZT (10 uM) was used as a control. Each sample was
tested in triplicate in two independent experiments; the results have shown as mean + standard
deviation. The sign **** above the columns mean p<0.0001 and corresponds to the comparison
with the positive infection control. The dotted line indicates the RLU of the positive infection

control.

The brominated tertiary amine TODB-2M (ICso ~82.68 M) showed potent antiviral activity with
an inhibition percentage of 95.9% (150 uM), with statistically significant differences (p<0.0001)
compared to the positive infection control (Figure 9A and Supplementary table 2). On the other
hand, the respective quaternary ammonium salt TODB-3M no-showed statistically significant
inhibitory activity (Figure 9B). Similar results were observed with the chlorinated compounds;
TODC-2M (ICso ~39.15 uM) showed a statistically significant (p<0.0001) antiviral activity of
99.6% (150 uM), while the inhibition presented by TODC-3M was not statistically significant

(Figures 9C — D and Supplementary table 2).
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Figure 9. Antiviral activity of di-halogenated methyl ether L-tyrosine-derived compounds on
HIV-1s (X4 strain) replication. Antiviral activity was assessed by luminescence. A. TODB-2M
B. TODB-3M C. TODC-2M D. TODC-3M. AZT (10 uM) was used as a control. Each sample was
tested in triplicate in two independent experiments; the results have shown as mean + standard
deviation. The signs * and **** above the columns mean p<0.05 and p<0.0001, respectively, and
correspond to the comparison with the positive infection control. The dotted line indicates the RLU
of the positive infection control.

The tyramine-derived compounds YDB-2M and YDC-2M did not inhibit HIV-1 infection a
statistically significantly compared to the positive infection control, as seen in Figure 10A, C. In
contrast, the respective quaternary ammonium salts YDB-3M (ICso 3.090 uM) and YDC-3M (ICso
22.31 uM) at a concentration of 18 puM inhibited HIV-1 replication by 39.2% and 40.9%,
respectively, with statistically significant differences (p<0. 0001) compared to the positive
infection control (Figures 10B, D and Supplementary table 2).
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Figure 10. Antiviral activity of di-halogenated L-tyrosine-derived compounds with free
phenolic OH on HIV-1ms (X4 strain) replication. Antiviral activity was assessed by
luminescence. A. YDB-2M B. YDB-3M C. YDC-2M D. YDC-3M. AZT (10 puM) was used as a
control. Each sample was tested in triplicate in two independent experiments; the results have
shown as mean + standard deviation. The signs ** and **** above the columns mean p<0.01 and
p <0.0001, respectively, and correspond to the comparison with the positive infection control. The
dotted line indicates the RLU of the positive infection control.

Regarding the tyramine-derivates compounds with free phenolic OH, antiviral activity was only
observed for YODB-3M (ICso 321.7 uM) with a percentage of inhibition of 20.3% (75 uM) in a
statistically significant way (p=0.0004); the other compounds did not show antiviral activity
(Figure 11 and Supplementary table 2). Finally, the positive inhibition control AZT at a
concentration of 10 uM inhibited more than 90% of virus infections in TZM-bl cells. The inhibition
percentages of each compound at the different concentrations evaluated are shown in
Supplementary table 2.
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Figure 11. Antiviral activity of di-halogenated methyl ether tyramine-derived compounds on

HIV-1ins (X4 strain) replication. Antiviral activity was assessed by luminescence. A. YODB-
2M B. YODB-3M C. YODC-2M D. YODC-3M. AZT (10uM) was used as a control. Each sample

was tested in triplicate in two independent experiments; the results have shown as mean + standard

deviation. The signs *, *** and **** above the columns mean p<0.05, p<0,001 and p <0.0001,

respectively, and correspond to the comparison with the positive infection control. The dotted line

indicates the RLU of the positive infection control.

Compounds TODB-2M, TODC-2M, YDB-3M, YDC-3M and YODB-3M, which were active
against X4 strain, showed a Sl of ~1.99, ~7.66, 1.79, ~0.03 and 0.25, respectively (Table 6).

Compound CCso (UM) Clso (UM) Sl
TODB-2M 164.,9 ~82,68 ~1.99

TODC-2M >300 ~39,15 ~7.66
YDB-3M ~100,9 3.090 1.79
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YDC-3M 39,88 22,31 ~0.03
YODB-3M 78,7 321,7 0.25
Table 6. Selectivity index of the compounds against HIV-1jg.

In addition, we observed that the concentration of the compounds TODB-2M, TODC-2M, YDB-
3M, YDC-3M y YODB-3M were 15, 15, 1.8, 1.8, and 7.5 times higher than AZT concentration,

respectively.

Anti-HIV-GFP-VSV-G in vitro activity of di-halogenated compounds

According to the results obtained in the antiviral screening of the 16 compounds, the three
compounds with the highest antiviral activity against both viral strains (R5 and X4) were chosen
to evaluate the anti-HIV activity in a different viral model. These were TODB-2M, TODC-2M,
and YDC-3M. Since viruses with CCR5 tropism (R5 strain) are responsible for the initial or acute
HIV-1 infection, the TODC-3M compound was also chosen for this assay, since it obtained an

inhibition percentage of 59.9% against the R5 strain.

The virus used for this assay was pseudotyped virus (HIV-GFP-VSV-G), which was produced by
the transfection of HEK293T cells (Figure 12).

A

Figure 12. GFP expression in HEK293T cells co-transfected with HIVAenv.GFP and pVSV-G
plasmids. A. Cells observed in phase contrast bright field microscopy. B. Cells observed using the

GFP filter cube. Cells were observed using a 10-fold objective lens.

TZM-Dbl cells were infected with 40 ng/ml of HIV-GFP-VSV-G and treated with the compounds,

or AZT as an inhibition control of viral replication. The antiviral activity was measured after 48hrs
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of infection through the evaluation of the percentage of GFP* cells by flow cytometry. The

representative gating strategy of the flow cytometry analysis is shown in Figure 13.
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Figure 13. Representative flow cytometry gating strategy of TZM-bl GFP+ cells assessed 48 hours
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post-infection. A. Population of TZM-bl cells. B. Percentage of GFP+ in uninfected TZM-bl cells.
C. Percentage of GFP+ in TZM-bl cells infected with 40ng/ml of untreated p24. D. Percentage of
GFP+ in TZM-bl cells infected with 40ng/ml p24 and treated with 150 uM TODB-2M. E.
Percentage of GFP+ in TZM-bl cells infected with 40ng/ml p24 and treated with 10 uM AZT.

The tested compounds TODB-2M (ICso 141,8 uM), TODC-2M (ICso 397,1 puM), and YDC-3M
(ICso 2784 uM) showed a percentage inhibition of 44.2%, 29%, and 12.5%, respectively, at the
highest concentration tested (150 uM). These differences were statistically significant (p=0,0044,
p=0,0184 and p=0,0138) for all compounds compared to the infection control. All three compounds

inhibited HIV-1 replication in a dose-dependent manner. Compound TODC-3M inhibited infection

by 19.5%, but it was not significantly different from the infection control. The positive inhibitory

control, AZT, inhibited 93.2% of viral replication (Figure 14).
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Figure 14. Antiviral activity of di-halogenated compounds on HIV-GFP-VSV-G in vitro

replication. Antiviral activity was assessed by flow cytometry. A. TODB-2M B. TODC-2M C.
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TODC-M D. YDC-3M. AZT (10 uM) was used as a control of viral inhibition replication. The
graphs represent the median of two independent experiments performed in triplicate but measured
as a single pool; the results have shown as mean = standard deviation. The signs *, ** and ****
above the columns mean p<0.05 and p <0.01 and p <0.0001, respectively, and correspond to the

comparison with the positive infection control.

Compounds TODB-2M, TODC-2M, and YDC-3M, which were active against pseudotyped virus
obtained a selectivity index of 1.16, >0.75, and 0.01, respectively (Table 7).

Compound CCso (UM) Clso (UM) Sl

TODB-2M 164,9 141,8 1.16

TODC-2M >300 397,1 >0.75
YDC-3M 39,88 2784 ~0.01

Table 7. Selectivity index of the compounds against HIV-GFP-VSV-G.

The concentration of the compounds TODB-2M, TODC-2M, and YDC-3M, were 15 times above

the AZT concentration.

The L-tyrosine derivatives exhibit favorable binding energies with the tested proteins.

To evaluate the possible interaction of the compounds on viral proteins, in silico molecular docking
of each compound with 7 of the HIV-1 viral proteins: gp120 (PDB: 4J6R), gp41 (PDB: 3VTQ),
RT (PDB: 4G1Q), IN (PDB: 1QS4-30YA), protease (PDB: 5YOK), p17 (PDB: 4JMU) and p24
(PDB: 2XDE) was evaluated.

All compounds had favorable binding energies against the different proteins evaluated (between -
3.53 + 0.047 and -9.37 + 0.09 Kcal/mol). Still, the compounds only qualified the established
threshold value (AGbind =-6.0 Kcal/mol) as a strong interaction when docked with protease and
reverse transcriptase. Similarly, only the chlorinated tertiary amines (YDC-2M and YODC-2M)
satisfied this threshold when interacting with gp120 (Supplementary table 3 and Figure 15).
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Figure 15. Heat map of binding energies between compounds and viral proteins and study

control drugs. Free binding energies were obtained by molecular docking with AutodockVina®.

Each interaction was analyzed in triplicate. Less than O kcal/mol were considered favorable

energies. The averages were graphed in color scale red. PR (protease), RT (Reverse transcriptase),

gp120 (glycoprotein 120), p24 (capsid protein), pl7 (matrix protein), IN (integrase), gp4l

(glycoprotein 41).
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The free binding energies obtained between HIV-1 glycoprotein 120 (gp120) and the compounds
ranged from -4.0 £ 0.0 to -6.23 + 0.05 Kcal/mol (Supplementary table 3 and Figure 15). The
approved control drug inhibiting this protein is fostemsavir (FTR), which obtained binding energy
of -6.23 + 0.40 Kcal/mol and formed hydrogen-bond interactions with Asn425, Gly431, and
GIn432 and hydrophobic interactions with residues Thr257, Asp368, Glu370, 11e371, Met426,
Trp427, Ala430, Gly473, and Met475. The compound that presented the most favorable binding
energy (-6.23 £ 0.05 Kcal/mol) and complied with the established threshold value (AGbind =-6.0
Kcal/mol) was YODC-2M forming a hydrogen bond with Gly473 and Van der Waals, alkyl and pi
— pi T interactions with the Trp112 residues, Val255, Ser256, Thr257, Asp368, Glu370, 11e371,
Ser375, Phe376, Asn377, Phe382, lle424, Asn425, Met426, Trp427 and Met475 (Figure 16A).

54



SER THR
G:256 G:257

VAL
G:255
PHE
G:376
ILE
G371

ASN
G:377

MET 3 ASP

G:475 g G:368

Interactions

=
|
[

C

van der Waals |:| Alleyl

Conventional Hydrogen Bond I:I Pi-Alkyl

Pi-Pi T-shaped
. s A93
I/'wn‘-, A:l01
<
\
LYs
A103 * AL00
PHE
A227
amumme st
PRO
A225
VAL
A:106 LEU
A234
PRO
A:236

Interactions

=
||
|
|

E

wvan der Waals

[ Fieistacked

Conventional Hydrogen Bond |:| Alkeyl
[ Pi-alkyt

Halogen (Cl, Br, I)
Pi-Anion

ASP ILE
A6l A96
ASP
A9
”
-
GLN - -
A:93 -
i
GLU e
A97 LYS
GLY 3
A4 A:101
Interactions

D van der Waals
- Salt Bridge

D Metal-Acceptor

B nfavorable Metal-Donor

- Attractive Charge D Alleyl

- Conventional Hydrogen Bond

GLN
E:56

Interactions

[ venderwaals [ Amide-Pi Stacked
- Conventional Hydrogen Bond D Alkyl
[l Unfavorable Positive-Positive

D WAL

ASP
B30 LEU

GLy
A48
6Ly
A48
ILE
AB4
&l ALA GLY Fy ILE
B:28  B:49 B:50
ASP Gy
ARG A25 A27
GLY
&3 B:48
GLY
B:27 ALA
A28

Interactions

I:I van der Waals - Unfavorable Negative-Negative
- Attractive Charge - Pi-Anion

- Conventional Hydrogen Bond I:I Alkyl

|:| Carbon Hydrogen Bond |:| Pi-Alkyl

F GLN

A63
GLN
A7
LEU
A:69 MET
Abb
ASN
AS3
4 —
ILE |
A:73
ASN
A7
LYS
AT0
THR
A 107
Interactions

I:I van der Waals I:I Alkyl
|:| Carbon Hydrogen Bond |:| Pi-Alkyl

55



LEU ’ A:80
A21
s
’ TVR
4 A:29
I
’ —Q
7 H.
o THR
—Q A8l
SER
ARG AT pp
A22 L3 A:36

A27

Interactions
van der Waals I Unfavorable Positive-Positive
Salt Bridge alkyl
Conventional Hydrogen Bond Pi-Alkyl

Figure 16. Compounds that obtained higher binding energy with the different viral proteins
were evaluated in molecular docking. A) Interactions between gp120 and YODC-2M; B) gp41
and TDC-3M; C) RT and TDC-2M; D) PR and TODC-3M; E) IN and TDC-2M; F) p24 and TODC-
3M; G) p17 and TDC-2M. The figures obtained using Discovery Studio show the possible docking
site of the compounds on the viral proteins.

The interaction scores between HIV-1 glycoprotein 41 (gp41) and the compounds ranged from -
3.53+£0.05t0-4.0 £ 0.0 + 0.0 Kcal/mol (Supplementary table 3 and Figure 15). TDC-3M formed
two hydrogen bonds with residues Trp60 and GIn64 and interacted with GIn56, and Val59, in
addition an unfavorable interaction with Lys63 was obtained (Figure 16B).

The binding energies obtained between the reverse transcriptase (RT) and the compounds were
between -6.03 £ 0.05 and -7.20 + 0.00 Kcal/mol. All compounds complied with the established
threshold value (AGbind =-6.0 Kcal/mol) (Supplementary table 3 and Figure 15). The control drug
that obtained the strongest binding energy (-10.10 + 0.00 Kcal/mol) was efavirenz (EFV) and
interacted with residues Leul00, Lys101, Lys103, Vall06, Vall79, Tyrl181, Tyr188, Gly190,
Pro225, Phe227, Trp229, Leu234, His235, Pro236, Tyr318. The most favorable binding energy (-
7.2 £ 0.0 Kcal/mol) was with TDC-2M via hydrogen bond formation with His235 and Van der
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Waals interactions with Pro95, Leul00, Lys101, Lys103, Vall06, Tyrl81, Tyrl88, Pro225,
Phe227, Trp229, Leu234, Pro236 and Tyr318 (Figure 16C).

The interaction scores between HIV-1 protease and the compounds ranged from -8.17 + 0.05 to -
9.37 + 0.09 Kcal/mol. All compounds complied with the established threshold value (AGbind =-
6.0 Kcal/mol) (Supplementary table 3 and Figure 15). The control drug that obtained the strongest
binding energy (-14.97 = 0.05 Kcal/mol) was lopinavir (LPV) and interacted with residues Asp25,
Asp25', 11e50, 11e50', Gly27, and Asp29, forming six hydrogen bonds, and with other residues of
both chains, close to the active site by VVan der Waals interactions. The compound that presented
the most favorable binding energy (-9.37 + 0.09 Kcal/mol) was TODC-3M forming two hydrogen
bonds with Asp29', and 11e50, obtained attractive charges with residues Asp25 and Asp25' and Van
der Waals interactions with other residues close to the active site. Moreover, this compound
presented an unfavorable negative-negative interaction between the carboxyl group and Asp25'
(Figure 16D).

The binding energies obtained between the integrase (IN) and the compounds were between -4.00
+ 0.00 and -5.03 £ 0.38 Kcal/mol (Supplementary table 3 and Figure 15). The control drug that
obtained the strongest binding energy (-7.50 £ 0.08 Kcal/mol) was dolutegravir (DTG) and
interacted with residues His12 and Lys101 by forming pi-cation interactions and interacted with
Mg?* present within the active site, furthermore by Van der Waals interactions it interacted with
residues Asp9, Thrll, Glu37, Gly63, Ser64, Asn65, Glu97, Asn100 and Lys104. The most
favorable binding energy (-5.03 + 0.38 Kcal/mol) was with TDC-2M through the formation of a
hydrogen bond with Asn100 and a bond between the carboxyl group of the compound and one of
the Mg?* ions present in the active site. Similarly, an unfavorable interaction between the amino
group of the compound and Mg?* was also present. In addition, attractive charge, salt bridge, alkyl
and Van der Waals type interactions with residues Asp9, Asp61, GIn93, Gly94, Glu97, 11e96 and
Lys101 (Figure 16E).

The binding energies found between the capsid protein (p24) and the compounds were between -
5.00 + 0.00 and -5.60 £ 0.00 Kcal/mol (Supplementary table 3 and Figure 15). The compound that
presented the most favorable binding energy (-5.60 + 0.00 Kcal/mol) was TODC-3M and interacted
with residues Asn53, Leu56, Asn57, GIn63, Met66, GIn67, Leu69, Lys70, lle73, Thrl07 and
Tyr130 (Figure 16F).
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Finally, the interaction scores between the matrix protein (p17) of HIV-1 and the compounds
ranged from -4.70 £ 0.00 to -5.37 = 0.05 Kcal/mol (Supplementary table 3 and Figure 15). The
most favorable binding energy (-5.37 £ 0.05 Kcal/mol) was with TDC-2M through forming of a
hydrogen bond with Tyr81, an unfavorable interaction was obtained with Hys33 and Van der Waals
interactions with Leu21, Arg22, Lys27, Tyr29, His33, Trp36, Ser77, Asn80, and Thr97 (Figure
16G).

The anti-HIV-1 effect of these compounds could be explained by the action on reverse transcriptase
and/or viral protease, considering that the binding energies were more favorable when the
compounds interacted with these proteins. Moreover, the possible mechanism of action of TODC-

3M may be due to interaction with gp120.

Reverse transcriptase (RT) is a heterodimer enzyme (p66/p51) that converts viral single-stranded
RNA into double-stranded proviral DNA [85]. There are two classes of drugs approved by the
FDA. Nucleoside RT inhibitors (NRTI) have a similar structure to the natural substrate (ANTP) but
lack the OH group in the 3' position and terminate chain synthesis, among these are AZT and ABC.
The second group is non-nucleoside RT inhibitors (NNRTI) which bind to an allosteric site,
changing the conformation of the enzyme, as is the case with EFV [86]. The latter show interactions
with residues Leul00, Lys101, Lys103, Val106, Trel07, Val108, Vall79, Tyrl81, Tyrl88,
Val189, Gly190, Phe227, and Tyr318 of the p66 subunit and Glu138 of the p51 subunit [45, 46].

When the complexes between the compounds with RT were studied, it was observed that they all
interacted with a large amount of the residues present in the NNRTI binding site. Interestingly,
TODB-2M presented binding energy of -6.4 £ 0.0 Kcal/mol with RT; this interaction was through
the formation of a hydrogen bond with Tyr318 and the carboxyl group of the compound. Similarly,
alkyl-type bonds were present with Br and the residues of Pro95, Leul00, Val179, Tyr181, and
Trp229. A Pi-sigma type bond was formed between LeulO0 and the phenolic ring. Finally,
hydrophobic van der Waals-type interactions with Lys101, Lys103, Val106, Phe227, Leu234,
His235, Pro236, Pro238, Pro238, and Pro239 were observed (Figure 17A). The affinity for RT
increased when the halogen Br was replaced by ClI, thus the TODC-2M compound had binding
energy of -6.73 £ 0.09 Kcal/mol. Like TODB-2M, this compound formed a hydrogen bond with
Tyr318 (3.21 A), but this time it did so by interacting with the oxygen found in the ortho position
of the phenolic ring. Through its amino group, this compound interacted with Tyr188 and Trp229
forming pi-cation and pi-sigma covalent bonds, a pi-anion bond was also formed between the
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carboxyl group of the compound and Tyr181. Finally, Van der Waals interactions were observed
with the residues of Lys101, Lys102, Tyr183, Phe227, and His235 and alkyl interactions with
Leul00, Lys103, Val106, and Leu234 (Figure 17B). TODC-3M presented binding energy of -6.1
+ 0.0 Kcal/mol with RT; this interaction occurred through the formation of VVan der Waals-type
interactions with Pro95, Lys104, Val179 and Gly190, in addition alkyl-type bonds were formed
with the residues of Leu100, Val106, Tyr181, Tyrl88, Phe227, Trp229 and Leu234. A Pi-Pi type
bond was formed between Tyr181 and the phenolic ring. Finally, the formation of a salt bridge was
observed between the carboxyl group of the compound and the Lys101 residue (Figure 17C).
Tyramine YDC-3M had binding energy with RT of -6.5 £ 0.0 Kcal/mol. This compound did not
form hydrogen bonds with any protein residue, but a non-covalent Pi-Pi type interaction between
the phenyl ring and Tyr181 was present. Cl formed alkyl bonds with Pro95, Tyr181, Tyr188,
Phe227, Trp229, and Leu234. The amino group formed carbon-hydrogen bonds with residues
Lys101, His235, and Pro236; Van der Waals bonds were also present with Lys103, Val106, and
Tyr318 (Figure 17D).
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Figure 17. Interactions of TODB-2M, TODC-2M, TODC-3M and YDC-3M compounds with
HIV-1 reverse transcriptase. A) TODB-2M. B) TODC-2M. C) TODC-3M. D) YDC-3M.
Figures obtained by Discovery Studio show the possible site of the binding of the compounds with

the viral reverse transcriptase.

HIV protease is a key enzyme in the viral replication process, as it is responsible for the maturation
of the viral particles. It is an aspartyl protease consisting of two monomers of 99 amino acids. The

aspartyl protease motif (catalytic triad: Asp25-Thr26-Gly27) is a key target for drug development
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[87, 88]. There are currently multiple FDA-approved inhibitors of this enzyme, including ritonavir
and lopinavir, which are catalytic active site competitive inhibitors [89, 90]. It was observed that
our compounds interact directly with the key amino acids in the active site.

The TODB-2M compound, upon interaction with PR, had binding energy of -9.07 + 0.5 Kcal/mol.
It is a molecule that interacts, forming a hydrogen bond with the oxygen in the ortho position of
the phenolic ring and Asp29'. It also forms salt bonds between Asp25 and Asp25' and the amino
group. This phenolic ring also interacts with Asp25' forming a pi-anion bond. It forms carbon-
hydrogen bonds with Ala28' and Gly48'. The halogen Br forms alkyl-type bonds with VVal32', l1le47'
and Ile84'. 1t also has VVan der Waals interactions with Arg8, Gly27, Gly27', Ala28', Asp30', Gly49,
Gly49', 11e50, Pro81' and Ile84. In addition, this compound exhibited an unfavorable negative-
negative interaction between the carboxyl group and Asp25' (Figure 18A). TODC-2M upon
interaction with PR had binding energy of -9.3 £ 0.0 Kcal/mol. It is a molecule that interacts
forming a hydrogen bond with the oxygen at the ortho position of the phenyl ring and Asp29' and
with the carboxyl group and 11e50. It also forms salt and carbon-hydrogen bonds between Asp25
and Asp25' and the amino group. It forms alkyl-type bonds with Ala28', 1le47" and 1le50. It also
has Van der Waals interactions with Arg8, Gly27, Gly27', Ala28, Asp30', Val32', Gly48, Gly49,
Gly49', 11e50', Pro81' and 11e84. In addition, this compound also showed an unfavorable negative-
negative interaction between the carboxyl group and the Asp25' (Figure 18B). TODC-3M obtained
the highest binding energy with PR being -9.37 + 0.09 Kcal/mol; this interaction was produced by
forming two hydrogen bonds and multiple Van der Waals interactions with other residues close to
the active site, as previously described (Figure 16D). Finally, compound YDC-3M had binding
energy with PR of -8.5 + 0.0 Kcal/mol. This compound interacts forming two hydrogen bonds with
Asp30, it also forms salt bonds between Asp25 and Asp25' and the amino group and carbon-
hydrogen bonds with 11e50. It forms alkyl bonds between Val32 and 1le47' and the halogen Cl and
between 11e50 and the phenolic ring. It also forms a Pi-sigma bond between Ala28 and the phenolic
ring. It also has Van der Waals interactions with Gly27, Asp29, Gly49, Gly49', Leu76, 1le84, and
11e84' (Figure 18C).
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Figure 18. Interactions of TODB-2M, TODC-2M and YDC-3M compounds with HIV-1
protease. A) TODB-2M. B) TODC-3M. C) YDC-3M. Figures obtained by Discovery Studio show

the possible site of the binding of the compounds with the viral protease.

Gp120 is a viral surface protein responsible for virus entry. It has five variable (V1-V5) and five
constant (C1-C5) domains. The V3 loop is important for membrane fusion and co-receptor
specificity, that is, the use of CCR5 versus CXCR4 [91]. TODC-3M value (AGbind =-4.83 + 0.24
Kcal/mol) forming Van der Waals interactions with the Trp112 residues, Val255, Ser256, Thr257,
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11e371, Ser375, Phe376, Phe382, lle424, Asn425, Metd26, Trp427, Gly4d73 and Met475. In
addition, this compound presented an unfavorable negative-negative interaction between the
carboxyl group and Asp368 and Glu370. (Figure 19).
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Figure 19. Interactions of TODC-3M compound with HIV-1 gpl120. Figure obtained by

Discovery Studio shows the possible site of the binding of the compounds with the viral gp120.

DISCUSSION

HIV/AIDS continues to be a public health problem worldwide. Despite the existence of combined
treatment that reduces the circulating viral load to undetectable levels, there are problems of
toxicity and resistance to the currently used drugs [92]; therefore, the search for new antiviral

strategies continues.

In this study, we evaluated 16 synthetic di-halogenated compounds derived from L-tyrosine, which
are structural derivatives of compounds previously isolated from the marine sponges Verongula

rigida and Aiolochroia crassa [60].

The discovery and development of a new drug is a costly and time-consuming process; therefore,
in recent years, ADMET technology has been adopted to predict the pharmacological potential of
a compound and thus avoid failure [93]. The compounds presented in our study have low and
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medium cumulative toxicity, like the control drugs evaluated (Table 4). Only the compounds in
YODB-2M, YODB-3M, YODC-2, and YODC-3M were predicted to be toxic because they had a
neurotoxic effect by inducing phospholipids and a cardiac effect by blocking hERG channels. In
the ADMET _Risk variable, which serves as a comprehensive filter that includes 24 parameters
addressing absorption, metabolism, toxicity, and pharmacokinetic parameters associated with the
five rules of Lipinski [94], all our compounds obtained a minimal overall risk as they had a score
below 7, and they were even improved in some respect than the control drugs lopinavir and
ritonavir with scores of 7.5 and 9.7, respectively (Table 4). Therefore, di-halogenated compounds
with potent antiviral activity (Supplementary table 1 and 2) would be appropriate candidates as

oral drugs.

In our study, the in vitro cytotoxicity of these compounds was initially evaluated in TZM-bl cells.
Cell viability higher than 77% at a concentration of 150 uM for all compounds except YDB-3M
was found (Figure 2). These data are congruent with those reported for other halogenated L-
tyrosines, where in vitro cytotoxicity lower than 25% was reported in the U373-MAGI cell line
treated with concentrations <320 uM [60]. Similarly, our collaborators found cell viability of
VERO cells up to 90% when treated with L-tyrosine-derivates compounds with free phenolic OH
at a concentration of 250 uM [95]. With these results, we calculated the CCso for each compound,
where we ruled out a cytotoxic effect as a potential mechanism to explain the viral inhibition.

According to the in silico and in vitro cytotoxicity results, the compounds showed low toxicity and
could be evaluated at subsequent stages; however, studies in other non-tumor cell and in vivo

models are needed to know the safety profile of the compounds.

Other compounds derived from L-tyrosine structurally related to ours have been previously
reported for their antiviral activity against HIV-1 [60, 96, 97], respiratory syncytial virus, [98] and
SARS-CoV-2[99, 100]. In contrast, in our study, the compounds presented the variable activity to
inhibit the HIV-1 infection, depending on the strain evaluated and the structural modifications of

each compound.

We included a combined antiviral screening strategy to evaluate the antiviral effect of the 16
compounds in HIV-1 infection. The HIV-1 BaL (R5) strain was used as a viral model since this
virus is predominantly detected during early infection. In the natural course of infection,
individuals become infected with this strain, but in the more chronic stages of infection, a change

of tropism occurs [101]. The tropism shift from R5 to X4 strain is associated with accelerated CD4"
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T cell depletion and disease progression and is primarily explained by modifications in the region
of gp120 that encodes the VV3 loop [102]. The HIV-1g (X4) strain was used to evaluate this model.
In addition, HIV-GFP-VSV-G, which does not have the HIV envelope, but instead uses the
vesicular stomatitis virus envelope for entry; was used as a model to evaluate the inhibition of the
replicative cycle after entry. Thus, the differences in antiviral activity between the R5 and X4
strains suggest different times in the development of virus infection. This, coupled with the HIV-
GFP-VSV-G pseudotyped virus assays will allow us to determine whether the compounds act by
inhibiting early or late stages of infection, and thus determine the possible mechanism of action

involved in the antiviral activity.

The brominated compounds TDB-2M and TDB-3M did not inhibit the replicative activity of the
strains tested. In contrast, the chlorinated compounds TDC-2M and TDC-3M showed antiviral
activity in the R5 strain, while no antiviral activity in the X4 strain was observed (Supplementary
table 1 and 2). These compounds were also evaluated by colleagues against other viral models; it
was observed that all of them increased the production of infectious dengue virus -2 particles, but
showed a potential to significantly inhibited the production of infectious viral particles of
chikungunya virus, with inhibition percentages between 60,1% and 71,5% [95]. That suggests, that
the antiviral activity of these compounds depends on the viral model evaluated, and that the
inhibition of HIV replicative activity is not affected by exposure to brominated L-tyrosine-derivates

with free phenolic OH compounds, probably due to a factor inherent to the viral infection.

For methyl ether L-tyrosine-derivates compounds, TODB-2M inhibited strains R5 and X4, while
its respective quaternary ammonium salt (TODB-3M) showed no activity against any of the strains
tested. TODC-2M inhibited replication of strain R5 and strain X4. In addition, TODC-3M
effectively inhibited replication of strain R5 (Supplementary table 1 and 2). To date, there are no
other studies evaluating the antiviral activity of these methyl ether L-tyrosine-derivates compounds
in this viral model or in others, but several authors have evaluated the activity of bromotyrosines
derived from marine sponges such as mololipids [103], psammaplysine D [104], aeroplysinin-1
[60], fistularin-3 [105], purealidin B [60] and observed antiviral activity against different HIV-1
strains evaluated (e.g Haitian RF strain of HIV-1, HIV-GFP-VSV-G virus), attributing their
activity to the inhibition of different steps of the HIV replicative cycle. This can be extrapolated
with this study due to the structural similarity with our compounds, since all of them are tyrosine

derivatives and present di-halogenation with Br in the structure.
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The structural difference between TDB-2M and TODB-2M is the addition of a methyl group on
the free phenolic OH. Interestingly, this structural difference appears to favor the antiviral activity
of the compound, such as was observed for TDC-3M and TODC-3M. This opens the door to new
studies in which modifications such as the addition of methyl groups in compounds with antiviral

potential could enhance their activity as potential therapeutic agents against HIV.

In tyramine-derivates compounds, YDB-2M had no antiviral activity against strains R5 or X4. The
quaternary ammonium salt YDB-3M inhibited replication of strain X4 at the lowest concentration
tested but had no activity against strain R5. At the highest concentration evaluated the compounds
YDB-2M and YDB-3M may produce an increase in strains R5 HIV-1 replication (Supplementary
table 1 and 2). This effect may be due to the action of the compound on TZM-bl cells, increasing
cell proliferation, enhancing cell metabolism or gene transcription and consequently increasing
cellular and viral proteins synthesis. Our collaborators observed a similar effect in the Zika viral
model, with di-halogenated compounds with chlorine and bromine structurally similar to ours [95].
However, further studies are needed to elucidate how viral replication is enhanced. The chlorinated
analogue YDC-2M also had no activity against the strains tested, while YDC-3M inhibited
replication of both strains. Unexpectedly, an inverse relationship was observed between YDC-3M
concentration and the anti-HIV-1 activity. This means that the inhibitory activity decreases as the
YDC-3M concentration increases. Higher concentrations of the compound are not optimal for
achieving its antiviral activity. At these concentrations the compounds may produce saturation of
TZM-bl cells, preventing the entry of the compound or the interaction with viral proteins, which
may be detrimental to the evaluation of the antiviral effect. Finally, methyl ether tyramine-derivates
compounds were the least active against the virus, as only YODB-3M had anti-HIV activity,
inhibiting the replication of strain X4. At 75 uM, the compound YODB-2M increased the
replication of HIV-1 strains R5 and X4 (Supplementary table 1 and 2). As with the brominated
analogues of tyramine-derivates with free phenolic OH compounds, this effect may be due to the
action of the compounds on the cells, increasing cell proliferation, enhancing cell metabolism or
gene transcription and consequently increasing cellular and viral proteins synthesis. Other
compounds derived from bromotyrosines have exhibited variable ability to inhibit HIV-1
replication in vitro, among these are YDB-3M and YODB-3M. The latter inhibited HIV-1 entry
(X4 strain) in a dose-dependent manner, but neither compound had activity against the R5 strain

[60]. These results are congruent with those found by us.

66



Following the antiviral screening, four compounds with the highest inhibitory capacity against viral
strains were selected and evaluated against a pseudotyped virus (HIV-GFP-VSV-G). TODB-2M,
TODC-2M, and YDC-3M compounds obtained an inhibition percentage between 12.5 - 44.2%
(Figure 14). Likewise, these compounds had an antiviral effect when evaluated with R5 and X4
strains; this suggests that the mechanism of action of these compounds may be due to interactions
with viral proteins involved in the replication steps that occur after virus entry. This mechanism,
coupled with in silico assays, may indicate that inhibition of viral replication is due to interaction
with protease or RT. The TODC-3M compound did not exhibit antiviral activity using HIV-GFP-
VSV-G, as with the X4 strain. This suggests that the possible mechanism of action is at virus entry,
by interacting with gp120 of the R5 strain. Wu ZY et al., observed that di-brominated compounds,
such as diarylpyridinamine analogues (DAPA), favored antiviral activity over di-chlorinated
compounds against wild-type HIV-1 NL4-3 (X4 strain) infection in TZM-bl cells. [106]. These
results are consistent with ours when using the X4 strain, where it was observed that three of the
five compounds exhibiting antiviral activity were di-brominated. In contrast, higher antiviral

activity was observed when the di-chlorinated compounds were used against the R5 strain.

Interestingly, by using HIV-GFP-VSV-G as a viral model, the TODB-2M compound showed the
highest percentage of inhibition; this compound has two Br halogens in its structure, while the
activity of di-chlorinated compounds was significantly lower. Our study suggests that these

compounds could be promisor to evaluate in studies as potential anti-HIV-1 drugs.

Although the concentrations at which the di-halogenated compounds had an antiviral effect are
higher than the AZT concentration, it is important to consider that this drug is potentially toxic
[107]. In addition, although the compound concentrations with antiviral activity were not toxic in
the cells evaluated, it is important to carry out in vivo studies to determine whether these
concentrations are safe. Therefore, searching for new molecules with a safer pharmacological

profile is necessary.

Molecular docking is a frequently used methodology for designing and discovering new bioactive
molecules due to the potential to simulate interactions between a ligand and a target and predict
the binding mode and affinity between them, thus predicting whether it can produce the expected
biological effect [108, 109]. In our study, all 16 compounds interacted with viral RT and PR. In
addition, compounds YDC-2M and YODC-2M complied with the threshold when interacting with
gp120 (Supplementary table 3 and Figure 15). In this case, we observed a higher affinity score for
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compounds with CI in their structure, which is congruent with that found by Bollini et al., who
observed that chlorine substitution in the terminal phenolic ring predicts more favorable binding
energies with RT [110]. The anti-HIV-1 effect of TODB-2M, TODC-2M and YDC-3M
compounds could be attributed to action on viral RT and/or PR, since the binding energies were
more favorable upon interaction with these proteins. The TODC-3M compound in addition to

interacting with these proteins, action may be due to inhibition of entry by interacting with gp120.

RT is an enzyme that converts viral single-stranded RNA into double-stranded proviral DNA [111].
The results presented in this work agree with those obtained by Ortega et al. when evaluating the
antiviral activity of myricetin derivatives as NNRTIs against HIV-1ys (strain X4), because the
binding interactions of our compounds also occurred with residues of the hydrophobic NNRTI-
binding pocket (Figure 17), specifically with residues Leul00, Lys101, Lys103, Val106, Vall179,
Tyrl81, Tyrl88, Phe227, Trp229, and Tyr318 of p66 subunit [112]. Likewise, it has been described
that nevirapine (FDA-approved drug as an NNRTI) acts against RT by binding to this hydrophobic
pocket specifically [113, 114]. Therefore, our compounds TODB-2M, TODC-2M and YDC-3M
could be working as NNRTIs.

HIV protease is responsible for the maturation of the viral particles. The protease active site is
formed by the catalytic triad: Asp25-Thr26-Gly27, this region is a crucial target for drug
development [87, 88]. Our study observed that TODB-2M, TODC-2M and YDC-3M compounds
interact directly with the critical amino acids in the active site (Figure 18); these interactions could
enhance the inhibitory effect by blocking the structure in its closed conformation and thus hindering

the entry of natural substrates.

Gp120 is the viral protein that mediates entry into the host cell by interacting with the CD4 receptor
and a coreceptor (CCR5 or CXCR4) [115]. The drug fostemsavir binds to this protein and interacts
with residues Asp425, Met426 and Trp427 and alters their conformation, blocking subsequent
binding to the CD4 receptor [116]. Our study predicted that the compound TODC-3M interacted
with these crucial residues in the protein binding to the receptor (Figure 19), indicating a similar
effect to fostemsavir, blocking entry.

In our study, 16 compounds were evaluated and modified with bromine and chlorine halogens. The
use of halogenated compounds can give an advantage for the design of new drugs due to the
formation of halogen bonds (X) formed by chlorine (CI), bromine (Br), and iodine (1), which are
comparable to hydrogen bonds and can increase the protein-ligand affinity [117, 118]. Previous
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studies have shown that the presence of Br in the molecules improves the selectivity of protein-
ligand interactions, while the presence of Cl improves the pharmacokinetic properties [119]. The
results obtained in this study open the door to further investigations of di-halogenated compounds
as potential lead compounds; that is, molecules or chemical compounds that can be optimized from
the initial molecule to improve the activity, potency and selectivity of the compound to progress

towards the development of antiviral agents.

CONCLUSION

TODB-2M, TODC-2M, TODC-3M and YDC-3M are new synthetic di-halogenated compounds
derived from L-tyrosine that could be considered as lead compounds to develop a promising anti-
HIV-1 agent. According to biological activity assays, TODB-2M, TODC-2M and YDC-3M
compounds showed inhibitory activity against HIV-1 replication viruses with CCR5 and CXCR4
tropism and a pseudotyped virus, while TODC-3M was effective against CCRS5 tropic virus. These
compounds demonstrated antiviral activity, but the mechanism of action has not yet been elucidated
experimentally; however, based on the viral models used in our study, we can hypothesize that
TODB-2M, TODC-2M and YDC-3M act by inhibiting steps downstream of viral entry; while
TODC-3M would inhibit steps upstream of entry. According to in silico results, the possible
mechanism is the interaction with reverse transcriptase and/or viral protease, or with the envelope
protein in the case of TODC-3M. In addition, the in vitro and in silico methodology used in this
study are valuable tools for studying antivirals, determining possible mechanisms of action and

toxic effects associated with the chemical nature of different compounds.

LIMITATIONS AND PERSPECTIVES OF THE STUDY

In vitro evaluation of the antiviral activity using the pre-infection and post-infection treatment
screening strategy within the same experimental unit, allows elucidating the antiviral activity of
the compounds on R5 and X4 strains, but not the step of the replicative cycle that they inhibit. For
this reason, in addition to these viral models, we used a pseudotyped virus that allowed us to
evaluate the antiviral activity of the compounds in the post-entry steps, but the exact mechanism
of action has not yet been elucidated. Therefore, it is necessary to evaluate by other strategies

different steps of the HIV replicative cycle to confirm the hypotheses proposed.
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Similarly, the present study was performed in transformed human cells (TZM-bl). Evaluation in
target cells of the infection such as peripheral blood mononuclear cells (PBMC), may provide
closer information on a possible antiviral response, so it can be considered as a perspective to be

evaluated.

Furthermore, it is important to evaluate the toxicity of these promising compounds in vivo models
to determine the systemic toxicity that is not possible to achieve through cellular assays and thus

correlate in vivo results with those found in vitro and in silico.

The in silico methodology evaluated the binding energies with wild-type viral proteins; in this
context, performing in silico assays with drug-resistant proteins would be helpful. In addition, only
the interactions of the compounds with gp120 of the R5 strain were evaluated; we intend to perform
molecular docking with the X4 strain. Likewise, molecular dynamics studies between protease,
reverse transcriptase and gp120 will allow us to know the stability of these proteins in complex

with the most promising compounds and thus support or reject the hypotheses proposed.
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SUPPLEMENTARY INFORMATION
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Supplementary figure 1. Cell viability of TZM-bl cells A. TZM-bl cells treated with AZT. B.
TZM-bl cells treated DMSO. TZM-bl cells were treated with different concentrations of each

compound for 48h. The percentage viability was calculated relative to the no-compound control.

Each sample was tested in triplicate in two independent experiments; the results have shown as

mean % standard deviation.

Concentrations (uM)

Compounds (%

inhibition) 300 150 75 37 18

TDB-2M N/A -51,9 -19,2 -45,5 -57,9
TDB-3M N/A -61,9 -18,0 -9,6 -20,5
TDC-2M 47,3* 32,3 37,9 33,0 N/A
TDC-3M 25,9 29,6* 39,7* 20,4 N/A
TODB-2M N/A 45,8* 37,7 34,1 36,3
TODB-3M N/A -9,2 -17,7 -43,3 -26,0
TODC-2M N/A 61,1* 60,5* 46,4* 38,0*
TODC-3M 59,9* 46,7* 37,6* 54,9* N/A
YDB-2M N/A -45,8 7,0 2,7 26,1
YDB-3M N/A N/A -845,8 -10,2 7,2

YDC-2M N/A -2,8 19,1 8,8 -4,1
YDC-3M N/A 27,5 33,4 42,3* 50,2*
YODB-2M N/A -14.9 -88,5 -73,9 -51,1
YODB-3M N/A 9,3 -9,0 -14,1 -25,1
YODC-2M N/A -96,2 26,9 12,2 24,5
YODC-3M N/A -1,3 -1,0 -1,7 -19,7
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Supplementary table 1. Percentage inhibition of HIV-1 BaL replication of each di-
halogenated compound. Each sample was tested in triplicate under two independent experiments.
Compounds marked with * showed p-values less than 0.0001 when compared to the positive
infection control and those marked with N/A have no statistical analysis available.

Concentrations (UM) 150 75 37 18
TDB-2M 2,9 -2,9 15,9 -1,3
TDB-3M -22,4 -15,7 21,6 2,7
TDC-2M -72,2 -39,5 -15,4 -4,8
TDC-3M 15,1 8,1 9,6 -110,9
TODB-2M 95,9* 9,9 -4,0 22,2
TODB-3M -34,0 3,2 -41,1 12,0
TODC-2M 99,6* 62,8 40,6 -18,5
TODC-3M 14,9 26,7 -6,9 -1,3
YDB-2M -20,7 9,8 -7,0 14,6
YDB-3M N/A -194 1,8 39,2*
YDC-2M 29,1 22,6 -22,0 15,1
YDC-3M 29,9 31,2 -25,7 41,0*
YODB-2M -17,0 -20,2 -20,0 -24,6
YODB-3M 13,1 20,3 -10,5 -3,1
YODC-2M 2,5 -2,2 2,3 -0,3
YODC-3M 0,5 -8,6 -5,8 3,2

Supplementary table 2. Percentage inhibition of HIVV-1us (X4 strain) replication of each di-
halogenated compound. Each sample was tested in triplicate under two independent experiments.
Compounds marked with * showed p-values less than 0.001 when compared to the positive

infection control and those marked with N/A have no statistical analysis available.
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gpl20 RT gp4l PR IN pl7 p24

TDB-2M -487+0,19 -6,90+0,00 -390+0,00 -9,10+0,00 -4,87+0,38 -5,33+0,09 -5,20 +£ 0,00
TDB-3M -450+0,14 -6,23+0,09 -390+0,00 -9,20+0,00 -4,43+0,05 -5,10+ 0,00 -5,20 £ 0,00
TDC-2M -5,17+0,66 -7,20+0,00 -4,00+£0,00 -9,00+0,00 -5,03+0,38 -5,37+£0,05 -5,50 £ 0,08
TDC-3M -490+0,00 -6,67+0,05 -4,00+£0,00 -9,30+0,00 -4,60+0,00 -5,30+0,00 -5,40 £ 0,00
TODB-2M  -4,77+0,24 -6,40+0,00 -3,83+0,09 -9,07+0,05 -4,47+0,05 -5,33+0,09 -5,30+0,00
TODB-3M  -4,23+0,09 -6,13+0,05 -3,90+0,00 -9,30+0,00 -4,53+0,05 -5,07+0,05 -5,40 + 0,00
TODC-2M  -4,67+0,05 -6,73+0,09 -4,00+0,00 -9,30+0,00 -4,77+0,31 -5,03+0,05 -5,50+ 0,08
TODC-3M  -483+0,24 -610+0,00 -3,90+0,00 -9,37+0,09 -450+0,00 -5,07+0,05 -5,60 0,00
YDB-2M -5,03+0,17 -6,53+0,05 -3,80+0,00 -8,17+0,05 -4,63+0,05 -5,00+0,00 -5,20 £ 0,00
YDB-3M -493+0,45 -6,53+0,05 -3,80+0,00 -850+0,00 -4,20+0,08 -4,73+0,05 -5,10 £ 0,00
YDC-2M -6,10+0,00 -6,97+0,05 -3,97+0,05 -830+0,00 -4,67+0,12 -4,80+ 0,00 -5,20 + 0,00
YDC-3M -557+0,76 -6,50+0,00 -3,83+0,05 -850+0,00 -4,40+0,14 -4,70+0,00 -5,07 £ 0,05
YODB-2M  -4,73+0,17 -653+0,05 -3,73+0,05 -8,20+0,00 -4,63+0,09 -4,90+ 0,00 -5,00 + 0,00
YODB-3M  -5,17+0,05 -6,20+0,00 -3,53+0,05 -8,40+0,00 -4,30+0,08 -4,70+0,00 -5,10 + 0,00
YODC-2M  -6,23+0,05 -6,80+0,00 -393+0,05 -8,40+0,00 -4,60+0,14 -4,73+0,05 -5,20 £ 0,00
YODC-3M  -557+0,90 -6,20+0,00 -3,60+0,00 -853+0,05 -4,33+0,05 -4,80+0,00 -5,20 + 0,00
Fostemsavir -6,23+0,40 -957+0,05 -5,77+0,05 -12,87+0,52 -7,47 0,74 -7,67 £0,05 -8,07 £0,31
Abacavir -5,70+£0,22 -7,03+0,09 -4,30+0,08 -10,70+ 0,00 -5,70+ 0,00 -6,30 £ 0,24 -6,13 £ 0,09
Zidovudine -6,63+0,66 -7,87+0,05 -4,67+0,05 -10,20+ 0,00 -5,40+ 0,00 -5,97 + 0,33 -6,30 + 0,00
Efavirenz -6,00 £ 0,00 -10,10+ 0,00 -4,90+ 0,00 -11,60+ 0,00 -5,30 £ 0,00 -6,40 £ 0,00 -6,10 + 0,00
Lopinavir -760+£0,45 -947+0,29 -550+0,00 -14,97+0,05 -597+0,12 -7,20+ 0,00 -6,80+£0,14
Ritonavir -5,37+£0,39 -8,60+0,00 -4,70+0,22 -13,73+0,05 -5,33+0,12 -6,10+ 0,36 -6,90+0,43
Dolutegravir -7,37 0,57 -9,17+0,05 -5,73+0,05 -13,87+0,19 -7,50+ 0,08 -7,90 £ 0,00 -8,90 £ 0,00
Raltegravir -7,77+0,78 -890+0,00 -547+0,05 -13,23+0,12 -7,33+0,24 -7,47+0,12 -750+ 0,14

Supplementary table 3. Binding energies between compounds and viral proteins and study
control drugs. Free binding energies were obtained by molecular docking with AutodockVina®.
Each interaction was analyzed in triplicate; data represent the mean * standard deviation. gp120
(glycoprotein 120), RT (Reverse transcriptase), gp4l (glycoprotein 41), PR (protease), IN
(integrase), p17 (matrix protein), p24 (capsid protein).
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