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Abstract

Infection by the human immunodeficiency virus, which gives rise to acquired
immunodeficiency syndrome, is still a major global health challenge, with millions of
people being affected. The use of combination antiretroviral therapy has been a great
success, leading to reduced mortality rates over the years. Although successful, these
drugs are associated with various side effects, necessitating the development of new
treatment strategies. This study investigated three metal-based complexes that were
previously shown to possess some anticancer activity. The complexes were
investigated against three pseudoviruses, which consisted of HIV-1 subtype C (CAP
210 and Du 156) and subtype A (Q 23). These complexes inhibited viral entry at low
micromolar concentrations, with 1Csp values ranging from 5.34 to 7.41 yM for N-aryl-
1H-1,2,3-triazole-based cyclometalated ruthenium-(Il) (A), 2.35-8.09 uyM for N-aryl-
1H-1,2,3-triazole-based cyclometalated iridium-(lll) (B) and 2.59—4.18 uM for N-aryl-
1H-1,2,3-triazole-based cyclometalated osmium-(Il) complex (C). This inhibition was
significant, with no significant inhibition from the ligand alone at similar concentrations.
Additionally, these concentrations were non-toxic to mammalian cells. The complexes
were further analysed for their potential mechanism of action using in silico docking
(Maestro 12.2), which indicated that the activity is potentially due to their interaction
with the CCRS5 co-receptor. The predicted interaction involved amino acids (Glu 283,
Tyr 251 and Tyr 108) that are essential for the interaction of the chemokine receptor

with viral gp120.
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1 Introduction

It has been estimated by the WHO and UNAIDS that there are currently 38 million
individuals living with HIV globally, with an estimated 1.7 million new infections in 2019
(UNAIDS 2019). The countries most affected are largely in sub-Saharan Africa, with
South Africa reporting a prevalence of more than 13% of its population (StatsSA 2020).
Only 70% of these individuals are currently undergoing therapy and of these
individuals, approximately 64% have successful viral suppression (UNAIDS 2020).
Challenges arise due to the cost of therapies as well drug-associated adverse effects,
leading to drug non-compliance (Nagpal et al. 2010; Bor et al. 2013; Tadesse et al.
2014).

Current therapies largely focus on the three main enzymes of the viral life cycle,
with the biggest targets being reverse transcriptase and protease. The general initial
regimen consists of a nucleoside and non-nucleoside reverse transcriptase inhibitor
along with a protease inhibitor (Riddler et al. 2008). If resistance occurs during these
first-line therapies, an additional second or third-line therapy becomes an option that
makes use of drugs that target integrase or viral entry (Bhatti et al. 2016). There are
currently three entry inhibitors in clinical use. These are Enfuvirtide, Maraviroc and
more recently, Ibalizumab. Enfuvirtide is a 36 amino acid polypeptide that is
homologous to a section from gp41 (residues 643—-678) and targets this viral protein
(LaBonte et al. 2003). The binding of Enfuvirtide to gp41 prevents the required
conformational changes from taking place and thus inhibits the fusion of the viral
membrane with the host cell (Greenberg and Cammack 2004). The other two entry
inhibitors target the host proteins, with Ibalizumab binding to the CD4 receptor.
Ibalizumab is a monoclonal antibody fragment that binds to domain two of CD4 and
prevents the viral V3 loop of gp120 from binding to the co-receptors (Burkly et al. 1992;
Moore et al. 1992). The last of these inhibitors is Maraviroc, which is the only small
molecule of these three, targeting the CCRS co-receptor. Although effective, these

drugs must still be used in combination with other HIV inhibitors as resistance is a



challenge when used as monotherapy (Wei et al. 2002; Pace et al. 2013; Lin et al.
2017). Maraviroc is the easiest to administer, with Enfuvirtide and Ibalizumab requiring
invasive subcutaneous or intravenous administration (Zhang et al. 2002; lacob and
lacob 2017). Enfuvirtide and Ibalizumab are associated with adverse effects, such as
injection site reactions (Jamjian and McNicholl 2004; Beccari et al. 2019), while
Maraviroc has been associated with more severe adverse effects which include liver
toxicity and cardiac complications. Additionally, these drugs are extremely costly,
where Ibalizumab has a cost of more than $1000 for a single dose vial (Beccari et al.
2019). There is, therefore, a need for new drugs, which would be less toxic and more
cost-effective. This study investigated metal-based complexes as potential new drugs

against HIV entry.

Metallodrugs have shown promising results in treating cancers, with the very
well-known platinum-based drug Cisplatin and its derivatives being used in cancer
therapy (Rosenberg et al. 1969). Several metal-based complexes are currently in
clinical trials or have recently been approved, and examples include Nedaplatin,
Heptaplatin, Lobalatin and TLD-1433 (Smithen et al. 2020; Yousuf et al. 2021). The
addition of metals to organic compounds offers additional options in drug design,
where the oxidation states of the metals, as well as the geometries of the metals to
the bound ligand, could play a role in drug activity. This gives options outside of the
usual geometries seen with organic molecules (tetrahedral, planar, trigonal-planar, or
linear) and can give rise to new geometries which could include square-pyramidal-
and octahedral geometries, due to the higher coordination numbers of the metals
(Noffke et al. 2012). That being said, the ligand structure bound to the metal plays a
particularly important role in the activity of the metal-based complexes, as alterations
in the ligand structure can increase or decrease the activity of the metal-based

complex (Leung et al. 2013).

Most of the research on the anti-HIV activity of metal-based complexes has
mainly focussed on targeting reverse transcriptase and protease, with little focus on
metal-based complexes targeting the entry aspect of the viral life cycle (Okada et al.
1993; Sechi et al. 2006; Sun et al. 2007; Fonteh and Meyer 2009; Gama et al. 2016).
However, a study on dipicolylamine-zinc (Il) complexes targeting CXCR4 has shown

the potential for metal-based complexes to inhibit viral entry, and when Zinc (ll) was



removed from these structures, the activity was reduced, demonstrating the

importance of the zinc-(ll) atom in binding to CXCR4 (Tamamura et al. 2006).

The metal-based complexes used in this study were previously analysed for
potential anticancer abilities. These complexes were N-aryl-1H-1,2,3-triazole-based
cyclometalated ruthenium-(Il), osmium-(Il), and iridium-(Ill) complexes (Table 1), with
the geometries of the complexes being pseudo-octahedral. In the study done by Rono
et al. (2019), these complexes showed promising results with modest- to good
cytotoxic activities against lung-, cervical- and kidney cancer cells. The CCsg values
were determined (the concentration at which 50% of the cells are viable). The Iridium
complex had the lowest CCs values, with the CCso values of the complexes obtained
for lung cancer (4-20 uM), cervical cancer (29-70 uM), kidney cancer (9-80 uM) and
leukaemia (25—> 100 yM) (Rono et al. 2019).

Table 1: The structures of the complexes investigated in the study

Name Structure Chemical formula Molecular
weight (g/mol)
N-aryl-1H-1,2,3- C25H25CINsRu 504.010

triazole-based -

N, _n—Ru
cyclometalated N°
ruthenium-(ll) complex,

Referred to as A

N-aryl-1H-1,2,3- C25H27CINslr 597.173

triazole-based

cyclometalated iridium- d"'w%
(1ll) complex,

Referred to as B

N-aryl-1H-1,2,3- C25H25CIN3Os 593.170

triazole-based

—ClI

/OS/CI

cyclometalated N.N,,N’@A
osmium-(ll) complex, d

Referred to as C
; N@
\

NﬁN

Ligand C15H13N3 235.284




2 Materials and methods

The complexes (Table 1) used were obtained from C. Rono (University of
Johannesburg’s, Chemistry Department) where they were synthesised as previously
described (Rono et al. 2019). The complexes were prepared for testing by dissolving
them in DMSO and stored at-20 °C. The final concentration of DMSO used during

experimentation was below 0.2%.

2.1 Cell viability

The effects of the complexes on cell viability were analysed in Peripheral blood
mononuclear cells (PBMCs) and TZM-bl cells which contain the necessary receptors
for HIV infection. Ethics approval was obtained from the Faculty of Natural and
Agricultural Sciences Ethics Committee (NAS041/2019) and HIV negative blood was
drawn from consenting adults. The blood was diluted with RPMI 1640 media (1:1) and
the diluted blood was layered onto Histopaque®-1077 in a 2:1 ratio and centrifuged
(30 min, 1600%g). The layer of PBMCs was isolated following the gradient
centrifugation. The isolated PBMCs were washed with RPMI 1640 media and
centrifuged for 10 min at 860xg. To lyse any potential red blood cells, ammonium-
chloride-potassium lysis buffer (ACK) (150 mM NH4CI, 10 mM KHCO3 and 0.1 mM
EDTA) was added and incubated with the cells for 5 min. The PBMCs were washed a
second time with RPMI 1640 media at 258xg for 10 min. Trypan blue-stained cells
were counted using a Haemocytometer. Isolated cells were stimulated with 4 ug/mL
phytohemagglutinin (PHA) for 2 h and added to 96 well plates (1 x 108 cells/mL per
well). The cells were treated for 72 h with a serial dilution of the complexes and the
anti-cancer drug Cisplatin (positive control that will indicate cytotoxicity), ranging from
100 to 1.56 yM in RPMI 1640 with 0.05% gentamicin and 1% antibiotic/antimycotic
solution and 10% Fetal bovine serum (FBS). Following the treatment period, 3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) solution (5 mg/mL MTT
in RPMI 1640 media, in a 1:5 ratio) was added and incubated overnight (Prabst et al.
2017). The formazan crystals that formed were solubilised using an acidic solution
(1 M HCl and propanol in a 1:9 ratio). After a 15-min incubation period, the absorbance
was measured at 550 nm and 690 nm using a SpectraMax® Paradigm® Multi-Mode

Detection Platform plate reader (Molecular Devices, California, USA).

The effects of the complexes on cell viability were further analysed in TZM-bl cells

which were grown in DMEM media containing 3.7 g/L of NaHCO2 0.05% gentamicin,
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1% antibiotic/antimycotic solution and 10% FBS. Once confluent, the cells were
trypsinised and plated in a 96 well plate with 1 x 10° cells/mL per well. The cells were
incubated overnight to allow for attachment and treated the following day with a serial
dilution of the complexes and Cisplatin (positive control), ranging from 200 to 3.13 uM.
As was done with the PBMCs the cells were treated for 72 h following which the MTT

assay was carried out as previously described and the absorbance measured.

2.2 Pseudo-virus production and treatment

The plasmids used for the production of the pseudo-viruses are available at the NIH
AIDS reagent program and were obtained from the laboratory of Dr P Mthunzi-Kufa
(CSIR, South Africa). The HIV-1 SG3 AEnv Non-infectious Molecular Clone is
originally from Drs. J. Kappes and X. Wu. The Env expressing plasmid,
CAP210.2.00.E8, SVPC17 is originally from Drs. L. Morris, K. Mlisana and D.
Montefiori. The Env expressing plasmid Du156, clone 12 (SVPC3) is originally from
Drs. D. Montefiori, F. Gao, S. Abdool Karim, G. Ramjee. The Env expressing plasmid
HIV-1 Env Expression Vector (Q23.ENV.17) is originally from Dr J. Overbaugh.

To produce pseudo-virus, a backbone expressing plasmid (HIV-1 SG3 AEnv) and
envelope expressing plasmid was propagated and used in combination. Three
envelope expressing plasmids were used and propagated in Escherichia coli DH5a,
CAP 210 (subtype C), Du 156 (subtype C) and Q 23 (subtype A). The backbone
expressing plasmid was propagated in MAX Efficiency™ Stbl2™ Competent Cells
(Invitrogen, California, USA). HEK 293T-cells were required for transfection and were
grown in DMEM as was done with the TZM-bl cells. Once confluent, 3 x 108 cells were
seeded into a fresh flask and allowed to attach overnight. These cells were co-
transfected with 5 ug of Env expressing plasmid and 10 ug of backbone expressing
plasmid using the PolyFect transfection reagent (Qiagen, Hilden, Germany) with the
adjustments in the protocol as described by (Montefiori 2004; Lugongolo et al. 2017).
After 48 h of incubation, the pseudo-viruses were harvested using a 0.45 pm filter. To
determine the concentration of pseudo-virus isolated, a titre was performed following
the methods described by (Montefiori 2004). TZM-bl cells which have been modified
from Hela cells to contain the necessary receptors for infection to take place, as well
as a luciferase reporter gene that is upregulated following HIV infection, were used
(Platt et al. 1998; Wei et al. 2002; Montefiori 2004). To examine the inhibition of the

complexes, the pseudo-viruses (200 TCIDsg) were pre-treated for an hour with the
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complexes. Nevirapine was used as a positive control at 0.22 uM which has been
shown to inhibit HIV pseudo-viruses previously (Prokofjeva et al. 2011). To all the wells
1 x 103 TZM-bl cells/mL were added with DEAE at a final concentration of 25 ug/mL
(Montefiori 2004). These plates were incubated for 48 h and following the incubation,
media was removed until 50 yL remained. An equivalent amount of BrightGlo™
(Promega Corporation, Wisconsin, USA) containing luciferase substrate was added to
all the wells and the solution was incubated for two minutes to lyse the cells. The
supernatant was transferred to a black 96 well plate and the luminescence was
measured using the SpectraMax® Paradigm® Multi-Mode Detection Platform plate

reader.

2.3 In silico docking of the complexes

To identify a potential mechanism of action of the complexes in silico docking was
carried out using Maestro 12.2 by Schrédinger (New York City, USA). The options
available to dock metal-based complexes is very limited due to the available force
fields which cannot model the interactions because of the metals (Hu and Shelver
2003; Adeniyi and Ajibade 2013). Docking metal-based complexes in Maestro is
possible, however, does require alternative methods for preparing the ligands for
docking (Adeniyi and Ajibade 2013). As the complexes contain metal ions, the
structures had to be edited to create zero-order bonds to the metals before preparation
could take place. The complexes, controls and proteins were prepared as described
by Adeniyi and Ajibade (2013) using the protein preparation function since the usual
ligand preparation method did not generate three-dimensional structures for the metal-
containing ligands (Adeniyi and Ajibade 2013). Glide was used to define the docking
site, based on the binding site of the ligand co-crystalised to the protein as obtained
from the protein data bank (PDB). The proteins used for docking were those involved
in the viral entry; CD4 (PDB code 2NY4), CCR5 (PDB code 4MBS), gp120 (PDB code
4RZ8) and gp41 (PDB code 2KP8). The prepared complexes were docked to the
prepared proteins using the extra precision option with the OPLS3e force field and a

GlideScore generated (Friesner et al. 2004).

Following the docking further in silico analyses were done to determine the
potential uptake of the complexes. This was important to ensure the complexes will be
bioavailable in the body. The Octanol-water partition coefficient (logP) value was

determined. Potential cellular uptake was analysed by looking at the volume of the
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complexes and the Molecular polar surface area. These analyses were done using

Molinspiration Cheminformatics (Nova, Slovakia).

2.4 Statistical analysis

Each experiment was conducted in triplicate and three biological repeats were done.
The CCsp values and statistical analyses were conducted using GraphPad Prism 9,
version 9.3.1 (GraphPad Software, California, USA). One-way analysis of variance
(ANOVA) followed by Dunnett’'s post hoc test was used to evaluate the statistical
differences between the compound percentage viral inhibition and the untreated virus
control. Differences were considered statistically significant from the controls when
P <0.05.

3 Results and discussion

3.1 Cytotoxic analysis of the complexes

The toxicities of the complexes in PBMCs and TZM-bl cells were evaluated to
determine the non-toxic concentrations for use in downstream experimentation. The
complexes were found to have lower CCsg values in PBMCs compared to TZM-bl cells
(Table 2). The complexes A and C were non-toxic in TZM-bl cells, as none of the
tested concentrations caused a decrease in viability values to below 50%, while
complex B on the other hand, had the highest toxicity in both cell lines with the lowest
CCso values (13.09+3.18 uM in PBMCs and 36.13+£2.99 uM in TZM-bl cells)
(Supporting information, Figs. S1, S2). This toxicity could be due to the characteristic
reactivity of the iridium-(lll) complex ion and the relatively high rate of hydrolysis (Rono
et al. 2019). The ligand was analysed in TZM-bl cells for use in downstream
experimentation, with pseudo-virus inhibition. The ligand was found to be non-toxic,
as none of the tested concentrations resulted in percentage cell viability values below
50% (Supporting information, Fig. S1). With complex B, the aggregation of the
complex was observed at higher concentrations, leading to reduced availability in the
wells (Fig. S2).

The CCso values of Cisplatin were not as low as expected, however, falling
within a range (10-180 uM) of values previously reported for Cisplatin on various other
cell lines (Islami-Moghaddam et al. 2009; Varela-Ramirez et al. 2011; Bennukul et al.

2014; Mora et al. 2019). The differences in cytotoxicity in these cell lines could be due



to varying degrees of resistance. This is due to Cisplatin not accumulating in resistant

cells as it does in non-resistant cells (Shen et al. 2012).

Table 2: CCso values of the complexes in PBMCs and TZM-bl cells.

Complex CCso% SEM (uM) in PBMCs CCsot SEM (uM) in TZM-bl cells
A 24,36 + 5,98 >200

B 13,09 £ 3,18 36,13 +2,99

C 29,16 + 8,03 >200

Cisplatin 49,09 + 3,26 43.52 £ 3,45

For downstream experimentation, the CCsp values from PBMCs were used. There
were a few reasons for this. Firstly, PBMCs give a much better representation of the
toxicity in physiological conditions compared to TZM-bl cells. Secondly, PBMCs
consist partly of CD4 cells which HIV naturally infects. Finally, downstream
experimentation was carried out using TZM-bl cells, due to the luciferase reporter gene

and the CCsp values from the PBMCs were not toxic to TZM-bl cells.

3.2 In vitro inhibition of HIV pseudo-viruses

The pseudo-viruses were pre-treated with the complexes and allowed to infect TZM-bl
cells (Figure 1). Infected cells produce luciferase based on the luciferase reporter gene
(Montefiori, 2004, Wei et al., 2002). Inhibition of the three metal-based complexes
were found to be statistically significant compared to the untreated virus (P < 0,05),
with the exception of treatment of Q 23 with A (P-value of 0.053). The ligand did not
have a significant reduction in luciferase production in the pre-treated cells, with 13,
8% inhibition at 30 yM (Supporting information, Figure S3). This indicates the
importance of the metals complexes in the inhibition of the pseudo-viruses. The
complexes at the starting concentrations of the dilutions had comparable inhibition to
the positive control Nevirapine (0, 22 uM), where the control exhibited between 68%

and 86% inhibition of the different pseudo-viruses.
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Figure 1: Percentage inhibition of the pseudo-viruses (CAP 210, Du 156 and Q 23) after
treatment with the complexes. The control was Nevirapine at 0,22 uM, with the inhibition in CAP
210 displayed in blue, Du 156 in green and Q 23 in red. A. The inhibition of the pseudo-viruses with
N-aryl-1H-1,2,3- triazole-based cyclometalated ruthenium-(ll) complex (A). B. The inhibition of the
pseudo-viruses with N-aryl-1H-1,2,3- triazole-based cyclometalated iridium-(ll1l) complex (B). C. The
inhibition of the pseudo-viruses with N-aryl-1H-1,2,3- triazole-based cyclometalated osmium-(ll)
complex (C). The inhibition values are reported as mean + SEM for n=3. The graphs were normalised
for values above 100% and below 0%.
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To eliminate any false positives, the complexes were analysed for potential inhibition
of the luciferase enzyme and none of the complexes exhibited enzyme inhibition
(Supporting information, Fig. S4). The complexes exhibited inhibition of the pseudo-
viruses at low micromolar ICso values (Table 3). These ICso values were used to
determine the selectivity index (Sl) of each complex by comparing the ICso values to
the CCsp values in TZM-bl cells (Table 4).

Table 3: The ICso values of the complexes in the pseudo-viruses.

Complexes CAP 210 Du 156 Q23

A (UM = SEM) 5,34 £ 0,75 7,37+£0,73 7,41+0,76
B (UM + SEM) 2,35+0,30 8,09 + 1,68 3,18+0,28
C (MM = SEM) 4,18+2,22 2,59 £0,35 3,73+0,80

Table 4: The Sl values of the complexes.

Sl value
Complex/ Pseudo virus CAP 210 Du 156 Q23
A >37.45 >27.14 >26.99
B 15.37 4.47 11.36
C >47.85 >77.22 >53.62

The higher the Sl value, the more effective the complex was and less toxic to
uninfected cells at these effective concentrations. N-aryl-1H-1,2,3-triazole-based
cyclometalated osmium-(ll) complex (C) had the highest Sl values, greater than 47,85,
77.22 and 53.62 for the three pseudo-viruses respectively. This indicated that the
complexes were selective to the virus (Ashok et al. 2015). These Sl values, however,
were not as highly selective as many of the current HIV drugs, which are in the
hundreds to thousands (Pauwels et al. 1993; Yuan et al. 2011; Cheng et al. 2016).
The Sl values of the complexes indicate there is great selectivity, however, structural

improvements could result in improved selectivity.

3.3 In silico analysis of the complexes

Since the complexes had inhibitory effects on the pseudo-viruses, it was important to
identify the potential mechanism of action. The potential mechanism of action was

determined through the in silico docking (using Maestro 12.2) of the complexes with
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four (CD4, CCR5, gp120 and gp41) of the main proteins involved in the viral entry.
The complexes were docked and the obtained docking scores were compared to the
docking scores of the co-crystallised ligands, which are known inhibitors (Table 5).
The exception was with CD4, as the PDB structure did not have a ligand bound but
had antibody fragments and gp120 bound. For this protein, docking was performed by
creating a Glide grid around Phe 43 of CD4, since this amino acid has been shown to

have many important interactions with gp120 (Kwong et al. 1998)

Table 5: Docking scores of the complexes against the proteins involved in viral entry into the
host cell.

Complexes Protein (PDB code) Glide docking score
Maraviroc (Control) CCRS5 co-receptor (4MBS) -10,342

A CCRS5 co-receptor (4MBS) -9,294

C CCRS5 co-receptor (4MBS) -6,455
Ligand CCRS5 co-receptor (4MBS) -6,388

B CCRS5 co-receptor (4MBS) -5,126

XIG (Control) gp41 (2KP8) -4,716

B gp41 (2KP8) -3,104

A gp41 (2KP8) -2,189
Ligand gp41 (2KP8) -1,514

C gp41 (2KP8) Did not dock
NBD-11021 (Control) gp120 (4RZ8) -7,552

A gp120 (4RZ8) -4,264
Ligand gp120 (4RZ8) -4,201

C gp120 (4RZ8) -3,650

B gp120 (4RZ8) -3,353

B CD4 (2NY4)* -2,169

A CD4 (2NY4)* -1,140
Ligand CD4 (2NY4)* -0,815

C CD4 (2NY4)* -0,729

* 2NY4 consisted of multiple chains, only chain B (T-cell surface glycoprotein CD4) was used during
docking. This allowed for the exposure of Phe 43.

The more negative the docking score, the better the interactions were between the
ligand and protein. Generally, a good docking score starts from — 8 (Schrodinger
2017). This study used the reference value of — 5 from Adeniyi and Ajibade (2013) to
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determine the acceptability of the obtained docking scores for metal-based complexes
(Adeniyi and Ajibade 2013). The lowest negative docking scores obtained were with
the CCR5 co-receptor, and this was the only protein where the complexes had docking
scores that were below — 5. This could indicate that inhibition of the pseudo-viruses
observed in vitro is potentially due to the binding of the complexes to CCR5. Based on
this observation, only interactions with the CCRS co-receptor are further discussed.
These interactions were compared to Maraviroc, a CCR5 antagonist currently in
clinical use. Similar to Maraviroc, the complexes were bound to a hydrophobic pocket
and sub-pockets surrounded by the transmembrane regions (Fig. 2A). In previous
mutagenesis studies with Maraviroc, there were 11 amino acids identified as being
crucial for inhibition (Garcia-Perez et al. 2011; Scholten et al. 2012). All these
interactions were present during the docking of Maraviroc (Fig. 2B, key amino acids
circled in blue), indicating the accuracy of the docking strategy. All the complexes
interacted with these key amino acids to a different degree, with A interacting with
nine, B with six and C with eight of the key amino acids (Fig. 2C—E, key amino acids
circled in blue). Based on this finding, the more the complexes interacted with the key
amino acids, the better the docking score was. Complexes A and B, formed pi-cationic
interactions with Trp 86 of the co-receptor while Tyr 108 formed another pi-cationic
interaction with ruthenium (A) (Fig. 2C, D). The geometries and oxidation states of the
metal ions of the complexes could play a role in these interactions, where the
complexes take up a pseudo-octahedral geometry (Leung et al. 2013; Rono et al.
2019). Predictably with the largely hydrophobic structures, there were many
hydrophobic interactions, as seen with the green amino acids and the green lining
surrounding the structures in Fig. 2B—E. Complex A and C had pi- stacking with the

aromatic rings (residues 108—112), which was in the same region as with Maraviroc.
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Figure 2: A. Docking images of the control Maraviroc and complexes. Ligand interactions of
Maraviroc (green), N-aryl-1H-1,2,3- triazole-based cyclometalated ruthenium-(ll) complex (A) (red),
N-aryl-1H-1,2,3- triazole-based cyclometalated iridium-(Ill) complex (B) (blue) and N-aryl-1H-1,2,3-
triazole-based cyclometalated osmium-(Il) complex (C) (pink). B-E. Green lines show pi-pi stacking
interaction in B-E, purple lines being hydrogen bonds, blue-red lines being salt bridge formations and
red lines being pi-cationic interactions.
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The complexes also interacted with key amino acids (Glu 283, Tyr 251 and Tyr
108) which play important roles in the binding of the V3 loop of gp120 to the CCR5 co-
receptor. With these interactions being present, the binding of the complexes would
prevent the Arg 18 of the V3 loop from interacting with the Glu 283, Tyr 251 and Tyr
108 of the co-receptor (Tamamis and Floudas 2014). These predicted interactions
suggest that inhibition could potentially occur by preventing the viral gp120 from
binding to CCR5.

To ensure the complexes can be bioavailable in the body, the cellular uptake of
the complexes was predicted. Using Molinspiration Cheminformatics the LogP,

volume and Molecular polar surface area were determined (Table 6).

Table 6: Cellular uptake prediction of the complexes

A B C Maraviroc
LogP 3.02 2.96 3.02 3.50
Molecular polar surface 21.71 21.71 21.71 63.05
area (TPSA) (A2)
Volume 403.72 403.72 409.10 489.18

Comparing the complexes to Maraviroc in silico indicates that the complexes have
potential bioavailability. Maraviroc has 23% absolute bioavailability (Abel et al. 2008).
A negative LogP value indicates a higher concentration of the complex in the aqueous
phase, whereas a positive value indicates a higher concentration in the lipid phase
(Leo et al. 1971). The LogP value is lower than that of Maraviroc, with a lower value
indicating potential better solubility in aqueous solutions compared to Maraviroc.
Lower LogP values are usually found in drugs that are primarily found in aqueous
regions like the blood, which is desired (Bhal 2007). The molecular polar surface area
and volume indicate the potential uptake of the complexes from intestinal tissue (Ertl
et al. 2000; Curreli et al. 2017). This indicates the bioavailability and transport of the
complexes, with values below a TPSA of 140 A? indicating good intestinal absorption
(Anichina et al. 2021). These results indicate that the complexes do have the potential

to be taken up through the intestinal wall and be bioavailable.

The future work includes chemical modification along with docking studies, with

the desire to improve docking scores to the CCR5 co-receptor. Improved chemically
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modified complexes could then be synthesised and analysed in vitro to improve the
activity, with the desire of obtaining ICso values in the nanomolar range. Additionally,
the complexes will be further analysed to confirm the mechanism of action in vitro

using crystallisation techniques.

4 Conclusion

In conclusion, three complexes with good pseudo-virus inhibition at micromolar
concentrations were analysed, and this inhibition was statistically significant (P < 0.05).
In silico studies showed the presence of the metal ions in the ligand-co-receptor
complex was essential for the observed inhibition. The potential mechanism of action
of these complexes was through the interaction with the chemokine receptor, CCR5,
resulting in the hindrance of gp120 binding. The data obtained support further

investigation and chemical modification of these complexes to improve the activity.
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