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Gold(l) N-heterocyclic carbenes have been explored for their therapeutic potential against several dis-
eases. Neglected tropical diseases, including leishmaniasis, Chagas disease, and viral infections, such as
zika, mayaro, and chikungunya, urgently require new treatment options. The emergent SARS-CoV-2 also
demands significant attention. Gold complexes have shown promise as alternative treatments for these
conditions. Previously, gold()(1,3-bis(mesityl)imidazole-2-ylidene)Cl (AulMesCl) demonstrated significant
leishmanicidal and anti-Chikungunya virus activities. In this study, we synthesized and fully characterized a
series of gold()(1,3-bis(mesityl)imidazole-2-ylidene)(SR) complexes, where SR includes thiolate donor
species such as 1,3-thiazolidine-2-thione, 1,3-benzothiazole-2-thione, 2-mercaptopyrimidine, and
2-thiouracil. These compounds were stable in solution, and ligand exchange reactions with N-acetyl-L-
cysteine indicated that complexes with SR ligands are more labile than those with chloride. Although the
reactions are rapid, they reach equilibrium at varying molar ratios depending on the SR ligand. The
increased lability of these compounds results in higher cytotoxicity to host cells, such as Vero E6 and
bone marrow-differentiated macrophages, compared to AulMesCl. Despite this, the compounds effec-
tively inhibited viral replication, achieving 95.5% inhibition of Zika virus replication at 2 yM with 96% host
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Trypanosoma cruzi, their high cytotoxicity for macrophages confirmed AulMesCl as a better candidate
with a higher selectivity index. This work correlates the coordination chemistry of pyrimidines and thiazo-

rsc.li/dalton lidines with their in vitro biological activities against significant diseases.

Introduction

Gold has been used to treat diseases since ancient times.!
Robert Koch’s study on gold dicyanide advanced its medical
use, and Jacques Forestier’s research led to the approval of
gold thiolates for rheumatoid arthritis in 1978.>° Since then,
gold’s medical applications have been extensively studied.’™®
Therefore, gold(r) and gold(m) complexes show promising anti-
tumor, antiviral, and antiparasitic activities.”'® Approved anti-
rheumatic drugs strongly inhibit the human immunodefi-
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ciency virus (HIV) in vitro and in patients."'™™ Auranofin
reduced the virus reservoir in SIV-infected monkeys and
decreased viral load in HIV-infected patients.’*'*> Gold com-
pounds also inhibited Leishmania and Trypanosoma cruzi
growth in vitro and showed significant antiparasitic activity
in vivo by binding to cysteine residues in trypanothione
reductase.’®>' Auranofin is currently in clinical trials for
amoebiasis and more than 11 clinical trials were completed,
including HIV, ovarian cancer, chronic lymphocytic leukemia,
non-small-cell lung cancer, and giardiasis.**

Auranofin is an Au(r) non-polymeric, mononuclear, neutral,
linear geometry complex, stabilized by triethylphosphine con-
taining a trans tetraacetylthioglucose coordinated.?® It is orally
absorbed, exchanging thioglucose with albumin in the
bloodstream.>**® In general, Au(i) complexes assume the
linear dicoordinated structure, and they can be neutral, such
as auranofin, or cationic, such as bisphosphines and bis-car-
benes. Auranofin and other gold(1) compounds inhibit thiore-
doxin reductase (TrxR), causing redox imbalance, increasing
the levels of reactive oxygen species (ROS), and leading to
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apoptosis.”’®° This mechanism explains its antitumor and
anti-inflammatory effects and likely its antiparasitic activity, as
parasites rely on a finely tuned redox balance to survive among
different environments imposed by their life cycle.*™*?

N-heterocyclic carbenes (NHC) have emerged as better sta-
bilizing ligands than phosphines for gold complexes due to
their similar n-accepting abilities and ease of tuning
properties.®**?* Several Au()(NHC) complexes have been
explored for their biological activities.*?

Regarding antiviral activity, early studies demonstrated that
gold(1) phosphine compounds inhibit HIV reverse transcrip-
tase, and gold thiolates and dinuclear gold carbenes interact
with viral envelope proteins, protecting cells from
infection.">*® More recently, it was shown that Auranofin inhi-
bits severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) replication in human cells with an ECs,
1.4 pM.*” Some Au(1)(NHC) compounds have shown promising
activity against SARS-CoV-2 in the profiling of a large panel of
metallodrugs, by inhibiting Spike/ACE2 receptor interaction
and SARS-CoV-2 papain-like protease (PLpro).*®

Despite all the good results of Au(r) based drugs, most clini-
cal trials fail in dose-limiting toxicity. Over the years, our
research has focused on the biological mechanisms of gold(1)
compounds, especially ligand exchange reactions.*® Gold, with
its thiophilic nature, exchanges ligands with cysteine and sele-
nocysteine-rich molecules, including TrxR, zinc finger
domains, and cysteine proteases, causing the biological
effects, but also, speciating in biological milieu, puzzling the
interpretation of activity and toxicity.>*°~**

Among possible ligands, here we propose thiolate-substi-
tuted thiazolidines and pyrimidines. Thiazoles and thiazolines
occur naturally and have inspired their use in the synthesis of
peptidomimetics, biological probes, and pharmaceuticals.*>**
It is one of the most common units in FDA-approved drugs.*?
Thiazoles are a dehydrated cyclized derivative of cysteine natu-
rally incorporated in peptide sequences by ribosomal biosyn-
thesis. They are planar heterocycles with a strong accepting
proton nitrogen, a sulfur atom with extended lone pair elec-
tron orbital.

Similarly, the pyrimidine derivatives also play a crucial role
in nature and inspire drug design.*>*® They naturally occur as
substituted and ring-fused compounds including nucleotides,
thiamine, and alloxan. Pyrimidine derivatives turn out to be
significant pharmacophore groups such as the 5-fluoroacil,
anti-HIV drug zidovudine, and barbiturates. Pyrimidines are
1,3-N-substituted six-member aromatic heterocycles. They are
n-deficient rings with lower basicity than pyridine. Protonation
and other electrophilic additions occur in one nitrogen due to
further deactivation by the second nitrogen. Thione derivatives
of thiazoles and pyrimidines, depending on the substituents,
coordinate well with soft and intermediate Pearson acids such
as Au(1), Pd(u), and Cu(u). Due to these characteristics, we have
been studying their coordination chemistry and biological
applications.

Recently, we studied heteroleptic N-aryl [Au(i)(NHC)Cl] com-
plexes as leishmanicidal agents and compared [Au(Ph;P)Cl]
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and [Au(IMes)Cl] (IMes = 1,3-bis(mesityl)imidazole-2-ylidene)
for Chikungunya virus inhibition.>*” Gold(1))(NHC) reduced
Leishmania amastigotes by 50% at 5 pM in infected macro-
phages and inhibited Leishmania cysteine protease.” The phos-
phine derivative was more effective against the Chikungunya
virus (98% inhibition), while [Au(1)(IMes)Cl] inhibited 50% of
viral replication at 10 pM, a non-cytotoxic concentration.*”

We studied the ligand exchange reaction of [Au(IMes)Cl]
with N-acetyl-L-cysteine (NAC), finding that 20% of [Au(IMes)
(NAC)] is in equilibrium, favoring cysteine over water or
DMSO0.>*>*” The thiophilic nature of Au(i) affects ligand
exchange rates and biological activity. Here we prepared Au(i)
IMes complexes with thiolate derivatives (SR) of thiopyrimi-
dines and thiazolidines (Scheme 1) such as 1,3-thiazolidine-2-
thione (HStzn), 1,3-benzothiazole-2-thione (HSbtz), pyrimi-
dine-2-thione (HSpym) and 2-thiouracil (2-tuH) and called the
series [Au(IMes)(SR)] generally. Besides its full characteriz-
ation, we studied their ligand exchange reactions and biologi-
cal effects on Leishmania, Trypanosoma cruzi, viruses such as
Zika (ZIKV), Mayaro (MAYV), and VSV-eGFP-SARS-CoV-2-S, a
psdeudotyped vesicular stomatitis virus expressing SARS-CoV-2
spike protein. The study correlates chemical properties to bio-
logical activity.

Results and discussion
Ligands SR undergo tautomeric equilibrium

The ligand precursors HSR used in this work exhibit a
dynamic tautomeric equilibrium in solution.*®>” Single crystal
structure determination of the ligands consistently reveals a
thiazolidine-2-thione or pyrimidine-2-thione as the crystallized
isomer.>*® The C-S bond exhibits an intermediate bond dis-
tance laying between 1.66-1.68 A. Experimental and theoretical
studies affirm that the thione configuration predominates in
the solid state, owing to enhanced stabilization facilitated by
intramolecular NH---S bonding, which decreases the C-S bond
order and distance. This stabilization significantly elevates the
energy barrier for interconversion. Nonetheless, Fourier-trans-
form infrared spectroscopy (FTIR) analysis indicates the coexis-
tence of the thiol tautomer alongside the thione in the solid
phase.*®®” In solution, however, the equilibrium can be influ-
enced by the solvent environment. Proton nuclear magnetic
resonance (1H NMR) spectroscopy conducted on HStzn, HSbtz,
HSpym, and 2-tuH in DMSO-d, at 25 °C (see Fig. S17) reveals
that the thiol/thione equilibrium is shifted to the thione
isomer. Notably, previous research by our group has demon-
strated the solvent-dependent nature of this equilibrium.>®
Polar solvents promote the prevalence of the thione tautomer,
with DMSO-d expected to predominantly stabilize the thione
form.”® Consistently, the same predominance of the thione
tautomer is observed under these experimental conditions,
underscoring its similar interconversion dynamics compared
to other ligands in the study. Here, we calculated the differ-
ence in energies (AG) between isomers by DFT, and we found

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Structural formulas of the AulMesSR complexes and ligands in the thione form (protonated).

HStzn, 2-tuH, HSbtz, and HSpym have favored thione tautomer
by 56.4, 48.8, 39.6, and 11.6 k] mol ™, respectively.

An important parameter of these ligands is their pKsy. We
measured pKgy by potentiometric titration of the ligands in
aqueous solution. The ligands were dissolved in a basic solu-
tion, and in this condition, they assumed a thiolate form. The
titration with HCI gives the pKsy that further isomerizes to
thione after protonation. The thiazolidines are more acidic
than pyrimidines with pKgy values of 2.0 and 3.5 for HSbtz
and HStzn, respectively. The pyrimidines are 5.9 and 7.2 for
2-tuH and HSpym, respectively. It will be further discussed
that the behavior of thiazolidines and pyrimidines are signifi-
cantly different, and they need to be compared as isolated
families.

Synthesis and structural characterization

The current study undertook the synthesis of AuIMesSR
through a methodology involving the substitution of chloride
ligands in AulMesCl within an alkaline methanolic solution,
drawing upon established protocols detailed in the literature
(Scheme 2).%%>°

The HSR ligand-precursors were deprotonated in methanol
to generate the requisite thiolate species, which serves as a
nucleophile displacing the chloride ligand from AulMesClL
The single crystals of AuIMesSpym and AulMes2tu complexes
were achieved through the controlled evaporation of methano-
lic solutions at 5 °C. While single crystals of the AuIMesStzn
and AulMesSbtz complexes were obtained from the precipi-
tation procedure with diethyl ether.

Subsequent characterization employing techniques such as
'H and “C{'"H} NMR, 2D NMR correlation experiments as {'H,
3C} HSQC and {'H, *C} HMBC (Fig. $3-S221), high-resolution
mass spectrometry (Fig. S23-S261) and elemental analysis

This journal is © The Royal Society of Chemistry 2024
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Scheme 2 General synthesis route of the complexes AulMesSR.
Ligands were basified and further reacted with AulMesCl in methanol.
After the removal of methanol, compounds were extracted in dichloro-
methane, filtered in Celite for residue removal, and precipitated by the
addition of diethyl ether.

(ESIT Experimental) confirmed the formation and high purity
of the target products, identified as [AuIMesSR]. The alkaline
methanolic environment was found to facilitate the coordi-
nation of the thiolate group with Au(i), with the ligands adopt-
ing the thiolate form, as supported by the absence of a broad
NH signal in the "H NMR spectra and corroborated by single
crystal X-ray diffraction data.

Notably, mass spectrometric analysis conducted on the
complexes dissolved in methanol/water solutions containing
0.1% (v/v) formic acid consistently yielded prominent signals
corresponding to the molecular ion [AulMesSR + H']".
Additional fragments assigned to [HSR + H']" and
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[Au,(IMes),SR]" were detected, albeit in lower abundance
across all complexes, attributed to artifacts associated with
electrospray ionization processes.

Single crystal X-ray diffraction was used to elucidate the
molecular structures. The obtained ORTEPs and crystallo-
graphic data can be found in Fig. S27-S30 and Table S1.f
Fig. 1 depicts the ORTEP diagram of AulMesSR complexes.
AulMesSbtz and AulMesSpym crystalize in a triclinic unit cell
and space group P1, while AulMesStzn crystalize in ortho-
rhombic P2,2,2; and AulMes2tu in monoclinic P2,/c. The
main bond distances and angles are reported in Table 1.

A ¥ B jv
?I/G AulMesSbtz
%:

I~

|

%) AulMeStzn

g

=S

Fig. 1 ORTEP diagram of the molecular structure of (A) AulMesStzn, (B)
AulMesSbtz, (C) AulMesSpym, and (D) AulMes2tu obtained by single
crystal X-ray diffraction, ellipsoids 50% probability.
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Another characteristic of these complexes is the presence of
disorder in the ligands or asymmetric units containing two
similar molecules with different ligand conformations. This
results from molecular fluxionality, where the ligands exhibit
dynamic behavior, leading to varying conformational positions
within the crystal structure.

The ligands consistently coordinate to gold via the thiolate
group with characteristic Au-S bond distances across all com-
plexes. The longer S-C bond distance in the complexes, com-
pared to the free ligands (1.66-1.68 A) demonstrates a typical
C-S single bond in the coordinated ligand. Moreover, the
nitrogen in the thiazolidines assumes a typical double bond
N-C distance (1.25-1.28 A). The coordination geometry is
slightly distorted from the linear geometry in all complexes as
indicated by C-Au-S angles, remarkably for AuIMesSpym.

Except for AulMesStzn, the crystal structures reveal the
presence of two complexes within each asymmetric unit.
Additionally, in the case of AulMes2tu, intermolecular
n-stacking interactions are observed between the pyrimidine
ring and the mesityl group at 3.476(+0.008) A within the asym-
metric unit. Furthermore, intermolecular hydrogen bonding is
identified between the oxygen atom of 2-tu ligand and the NH
group of molecules belonging to distinct asymmetric units.
The Au-S distance presented by the complexes agrees with the
values reported for triphenylphosphine derivatives of the Stzn
and Sbtz.>®

Ligands SR decrease carbene shielding in comparison to
chloride and increase lipophilicity

The *C{'H} NMR chemical shift of the carbene serves as a
valuable parameter for assessing the strength of M-C bonds.
De Frémont et al. conducted a comparative analysis of the
carbene '*C{'H} chemical shifts in [Au(NHC)CI] complexes
employing various NHC ligands, revealing that unsaturated
arylated NHC exhibit superior donor capabilities compared to
alkylated unsaturated ones, which in turn are more effective
donors than saturated NHC ligands.®* By keeping the NHC
constant, it becomes feasible to assess the electronic para-
meters of the ligand situated trans to the NHC moiety, infer-
ring its donor strength. Building upon this framework, Huynh
and collaborators showcased in their work on trans-
[PdBr,(iPr,-bimy)L]" complexes how the *C{'H} NMR chemi-
cal shift of the carbene experiences a downfield shift contin-
gent upon the donating ability of the ancillary ligand, denoted
as L.°* Table 2 presents the *C{'H} chemical shifts of the
IMes-coordinated carbene alongside the corresponding Au-C

Table 1 Main values of length (A) and bond angles (°) of AulMesSR. Values obtained by single crystal X-ray diffraction. Data for AulMesCl complex

was extracted from ref. 61

Compounds Au-C (A) Au-S (A) S-C (A) C-Au-S (°)
AulMesCl *° 1.998(5) 2.2756(12) (Au-Cl) — 180.0 (C-Au-Cl)
AulMesStzn 2.001(5) 2.2964(10 1.736(11) 179.32(18)
AulMesSbtz 1.998(3) 2.2936(8) 1.745(2) 176.61(8)
AulMesSpym 1.992(3) 2.2847(8) 1.755(3) 171.00(8)
AulMes2tu 1.989(3) 2.2914(7) 1.743(3) 179.98(8)
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Table 2 *C{*H} NMR chemical shift values (5) of the IMes carbene bound to Au(l) and the Au—C bond distance in different gold complexes with the
general formula [Au(IMes)L], pKsy of ligands in water acquired by potentiometric titration, partition coefficient octanol/water (log P), and percentage
of buried volume (%Vg,,) for IMes e SR ligands. 13C NMR was acquired in Bruker 500 MHz (125 MHz for 13¢), using DMSO-dg as solvent, and adjusted

by residual solvent signal at 39.52 ppm

Compounds s§13C Au-C (A) PKsi log P + SD %Vaur
AuIMesCl 170.75 2.01 — 0.82 + 0.09 (ref. 7) —
AulMesSbtz 179.47 1.999 5.02 £ 0.30 0.81 £ 0.02 59.5
AulMes2tu 180.00 1.993 5.52 +0.15 1.00 £ 0.07 59.5
AulMesStzn 180.26 2.001 3.98 £0.16 1.27 £ 0.05 59.8
AuIMesSpym 181.63 1.989 6.91 + 0.23 1.37 +0.21 58.6
distances derived from single-crystal X-ray diffraction analysis A

and pKgy of the ligands.

Chloride and thiolate ligands are known to be s-donor
ligands, however, the sulfur present in thiolate has a soft base
character and higher affinity for gold, a soft acid, and gener-
ates a stronger bond with this metal ion than the chloride
ligand. This electronic effect leads a downfield shift of **C{"H}
NMR carbene signals in the structures of AuIMesSR series in
comparison to the carbene of the precursor AulMesCl
(Table 2), demonstrating that the thiolate ligands have a lower
capacity to inject electronic density into the gold(i) center than
chloride.®" Interestingly, within the subset of thiolates, the var-
iance is small, indicating a relatively uniform donor capacity
across these ligands. Consequently, this similarity in behavior
does not exert a notable influence on the Au-C bond dis-
tances. However, differences can be noted by looking at thiazo-
lidines and pyrimidines separately. The most basic ligand of
the pair is the strongest donor.

The study of lipophilicity is essential to correlate how these
species are distributed in biological environments (cell mem-
branes, blood plasma and others). The values are expressed as
partition coefficient (log P) and it were determined by Shake
Flask method according to OECD guidelines.®® Species with
logP < 0 values are considered hydrophilic species, while
species with logP > 0 values have affinity with lipophilic
species as organic solutions. Table 2 shows the log P values of
the complexes quantified by Au content by ICP-OES. These
values express the contrast of the increased lipophilicity of the
AulMes2tu, AulMesStzn and AulMesSpym complexes in
relation to the precursor AulMesCl, showing that thiolates
ligands SR increase the lipophilicity slightly. On the other
hand, the AuIMesSbtz complex showed a partition coefficient
equal to that of the precursor AuIMesCl.

The SR ligand affects the exchange equilibrium with N-acetyl-
L-cysteine (NAC)

The study of the coordination of NAC by "H NMR is a simple
and elegant model that can reveal the speciation of complexes
in the presence of cysteine-rich biomolecules. Free NAC CH;
signal is a singlet seen at 1.875 ppm in DMSO-de. After coordi-
nation with gold, as represented in Fig. 2A the CH; chemical
shift is 1.767 ppm, allowing us to calculate the percentage of
coordinated NAC.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Evaluation of ligand exchange of AulMesSR by N-acetyl-L-
cysteine. (A) Ligand exchange equation. (B) %Coordinated NAC with
time in a stoichiometric reaction of NAC and AulMesSR in DMSO-dg
and monitored by *H NMR with time. The amount of NAC was
obtained by integration of 'H NMR spectra at 1.875 ppm for
free NAC (NACf) and 1.767 ppm for coordinated NAC (NAC().
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The compounds react fast with NAC establishing an equili-
brium in solution. Our group had previously compared the
exchange reaction of AulMesCl and Au(Ph;P)Cl with NAC,
showing that the Ph;P favors the reaction toward the co-
ordinated NAC better than the IMes. All the gold compounds
we have studied in our group react fast with NAC, precluding
achieving kinetic data using this technique. However, depend-
ing on the ligands, the equilibrium is shifted for one side or
the other, and it can be thermodynamically determined.
Previously, we conducted Density Functional Theory (DFT) cal-
culations on the exchange reaction between AuIMesCl and
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cysteine, in thiolate form (Cys).** The results indicated a
thermodynamically favored reaction with a kinetic barrier of
66.7 k] mol™", using DMSO as an implicit solvent. However,
the equilibrium does not favor NAC coordination, with only
approximately 11% of AulMesCl exchanging chloride for NAC
in DMSO-d¢ (Fig. 2). This suggests that a new model is
required, incorporating NAC in its protonated form, as the
energy of deprotonation of the SH group cannot be neglected.
This approach will allow us to compare the experimental NMR
results with theoretical predictions.

Fig. 2B shows that SR ligands favor substitution in compari-
son to chloride and significative differences were found
among the complexes. The compounds AulMesStzn and
AulMes2tu are almost completely converted to AulMesNAC,
while AuIMesSbtz and AulMesSpym reached the equilibrium
with 78% and 62% of NAC coordinated respectively.

To better understand this phenomenon, we use 'H NMR
and "*C{"H} NMR of the converted solution of AuIMes2tu and
NAC to check the carbene chemical shift from IMes in the
AulMesNAC complex (Fig. S31 and S32%). The carbene chemi-
cal shift in the AuIMesNAC complex is 183.48 ppm, which
demonstrates a deshielding of the carbene in comparison to
AulMesSR complexes in all cases, suggesting a stronger bond
Au-S in AuIMesNAC. When compared to the values reported in
Table 2, the thiolate form of NAC exhibits a better donor
ability than the SR ligands, implying a thermodynamic favor-
ability for the exchange reaction.

The optimized compounds by DFT allowed the prediction
of the free Gibbs energy of the reaction by simply calculating
the energy differences between reagents and products. The
results corroborate experimental observation when cysteine
reacts with the complex producing the compound AulMesNAC
and the thione tautomer derived from the SR ligand or HCI in
the case of AulMesCl. The reaction of AuIMesCl is endergonic
by 59 k] mol ™", probably an overestimated value as the solvation
effects were implicit and dissociation of HCI in DMSO was neg-
lected. Interestingly the reaction of AuIMesSpym was also ender-
gonic by 6 k] mol™" corroborating the experimental results and
the lower predicted energy for tautomerization. The compounds
based on ligands Stzn, 2-tu, and Sbtz were predicted to react
exergonically with NAC by —30.7, —21.7, and —15.7 k] mol™,
respectively, corroborating the experimental results.

To investigate the role of steric effects in the exchange reac-
tion with NAC, we calculated the percentage of buried volume
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(%Vgy,) for ligands IMes and SR in the AuIMesSR complexes
series (Fig. S33f). The data (Table 2) demonstrate similar %
Vgur values for the complexes, which reflect the similar steric
demand shared by this series. The complex AuIMesStzn has
the greatest value, 59.8, and AulMesSpym the lowest value,
58.6.

The SR ligand changes considerably the binding affinities of
AulMesSR for BSA

BSA was used as a model transporter protein due to its simi-
larity to HSA.®® It has long been reported that the interaction
of Au(r) compounds with HSA is not only by non-covalent inter-
action but also by exchanging ligands with the Cys-34 close to
one of the binding sites of HSA.°®"*® Auranofin is reported to
exchange its thiosugar by Cys-34 HSA in the bloodstream of
patients, and the same with BSA. Moreover, non-covalent inter-
actions can also take place between the compound and BSA or
HSA.

The intrinsic fluorescence of BSA is attributed to the amino
acid residues tryptophan and phenylalanine in its structure.”
Among these, the tryptophan residues on its surface exert the
greatest influence on this property. The suppression of BSA
protein fluorescence occurs through various interaction
mechanisms with the titrant, such as substrate binding, con-
formational changes in the protein structure, or even
denaturation.”””*> The emission spectra of BSA titrated with
AuIMesSR compounds are presented in the ESI (Fig. S33t). For
comparative analysis, the results of fluorescence suppression
data were treated according to the Stern-Volmer (Fig. S357)
and Scatchard equations” (Fig. S36). Table 3 describes the
main parameters.

Fluorescence quenching can happen through two different
mechanisms: static, caused by the formation of a ground-state
complex between fluorophore and quencher, or dynamic,
which results from collisional encounters between the excited-
state fluorophore and the quencher. In the concentrations
studied, the data fit shows high linearity demonstrating that
Stern-Volmer is an adequate model. The values of k, were
obtained using the fluorescence lifetime 7, 5.78 x 10™° 5,”* a
general average value for biomacromolecules. They are larger
than the maximum scatter collision quenching constants of
various kinds of quenchers to biopolymers (2.0 x 10" mol L™"
s7"),” suggesting AulMesSR quench the BSA fluorescence by a
static mechanism.

Table 3 Stern—Volmer parameters of the AulMesSR interaction with BSA. Stern—Volmer constant (Ksy), quenching rate constant (kg), binding con-
stant (Kp), and number of binding sites (n) of the compounds’ interaction with BSA. Equations: Stern—Volmer Fo/F = 1 + Ksy[Ql = 1 + kq7olQl,
Scatchard log(Fo — F)/F = loglK,] + nlog[Ql, [Q] concentration of the quencher F, steady-state BSA fluorescence intensity and F steady-state BSA flu-
orescence intensity in the presence of the quencher. Concentration BSA 20 pM, [Au(IMes)L] 1.2-9.6 uM in DMSO. Temperature 25 °C (298 K)

Compound Ksy (10* L mol ™) kq (10 L mol ™ s7) R Ky (10* L mol ™) R n

AulMesStzn 2.05 + 0.09 3.62 0.987 13.2 0.993 1.16
AulMesSbtzFIGURE 2.57 +0.02 4.45 0.999 3.32 0.999 1.03
AuIMesSpym 3.07 + 0.08 5.31 0.995 350.0 0.978 1.40
AulMes2tu 2.57 + 0.06 4.45 0.995 13.6 0.994 1.14
AulMesCl*” 0.70 1.21 0.891 3.5 — 0.95
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The binding constant K;, is a useful parameter to describe
the binding ability of the molecule to the protein. It can give
information on pharmacokinetics and pharmacodynamics
properties of compounds. A high degree of binding can
prolong the drug action, decrease the concentration of the free
drug, and affect biodistribution. The results show the ligand
SR affects the BSA affinity considerably. The range 10*-10°
shows a high influence of the SR in BSA binding. While chlor-
ide and Sbtz have K;, values in order of 10*, Spym elevated the
binding constant to 10°. The exchange equilibrium with NAC
does not correlate directly with Ky, although the Stzn and 2-tu,
which are completely exchanged by NAC, present both a
similar constant. It is not possible to infer the reason for the
different binding by this study only, but it is an interesting
property that can be modulated by these ligands. It might
include a mix of non-covalent and coordination interactions to
different extents.

AulMesSR does not affect the CT-DNA structure in circular
dichroism (CD)

The CD spectrum of calf thymus DNA (CT-DNA) in the range
of 190-340 nm exhibits two characteristic bands, with one
negative band around 247 nm, related to the right-handed
helix conformation of the B form, and another positive band
at 275 nm, attributed to the stacking of nitrogenous bases in
DNA. The CD spectra of CT-DNA in the presence of the gold
complexes explored here in different concentrations are pre-
sented in the ESI (Fig. S37%). The compounds change the
intensity of the positive band, but not in a concentration
dependent manner. This result suggests interference with the
stacking and a mode of interaction by non-covalent binding.
The main helix structure is not affected, and the non-concen-
tration dependence of the changes demonstrates that it is not
a significant interaction.

AuIMesSR inhibit a broad spectrum of viruses at low
concentrations

The antiviral activity of the complexes was evaluated here
against viruses from three different viral families: an arbovirus
from Togaviridae, MAYV expressing the nanoluciferase gene
reporter; an arbovirus from Flaviviridae, ZIKVpg,43;’® and a
pseudotyped vesicular stomatitis virus (VSV) expressing eGFP
as a marker of infection, in which the glycoprotein gene (G)
was replaced by the spike protein (S) of SARS-CoV-2 (VSV-
eGFP-SARS-CoV-2-S).”” The investigation of inhibition was per-
formed in one concentration, determined through the cell via-
bility in the host cells Vero E6. The viability of the compounds
AulMesSR and AulMesCl towards Vero E6 cells was first
measured by treating the cells with each complex at 2, 10, and
50 pM, and performing the MTT assay (Table S27). The results
showed that the highest non-cytotoxic concentration tested
was 2 pM for AulMesSR and 10 uM for AuIMesCl. The effect of
compounds on the virus replication was evaluated by the infec-
tion of Vero E6 cells with the respective viruses, followed by
the treatment with compounds. Viral replication rates were
assessed by measuring the Focus of Forming Unit (FFU)

This journal is © The Royal Society of Chemistry 2024
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24 hours post-infection (h.p.i.) for 72 h.p.i. for ZIKV and VSV-
eGFP-SARS-CoV-2-S; and by quantifying the activity of the
nanoluciferase reporter at 24 h.p.i. for MAYV-nanoluc. In paral-
lel, cell viability was evaluated by MTT assay. The results are
presented in Fig. 3.

A 125
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Fig. 3 Antiviral activities of the series of compounds AulMesSR. (A)
ZIKV. Vero E6 cells were seeded at a density of 5 x 10 cells per well in
96-well plates for 24 h, and then infected with ZIKVpg243 at a multiplicity
of infection (MOI) of 0.01 in the presence of each compound at the
established non-cytotoxic concentration for 72 h. Non-infected cells
were also treated with the non-cytotoxic concentration of each com-
pound and cell viability was determined by MTT assay. The infected cells
were fixed with 4% (v/v) formaldehyde, washed with PBS [1x], and added
with a blocking buffer for immunofluorescence assay. FFU were
counted using fluorescence microscopy of EVOs cell imaging systems.
(B) MAYV. Vero E6 cells at a density of 2 x 10* cells per well were seeded
in 48-well plates. After 24 h, cells were infected with MAYV-nanoluc in
the presence of each compound. After 48 h cell were lysed and viral
replication was quantified by measuring nanoluciferase activity using
Renilla-luciferase assay. (C) VSV-eGFP-SARS-CoV-2-S. 1 x 10* Vero E6
cells were cultured in 96-well plates 24 h before infection. Cells were
infected with VSV-eGFP-SARS-CoV-2-S (MOI of 0,001) in the presence
of compounds at non cytotoxic concentration for 2 hours. Then, cells
were washed and incubated with fresh media for 24 hours in a
humidified incubator with 5% CO, at 37 °C. FFU were counted using flu-
orescence microscopy of EVOs cell imaging systems, detecting eGFP
expression. Mean + SD values of three independent experiments, each
measured in triplicate. DMSO was used as untreated control. P < 0.05
was considered statistically significant. (**) p < 0.01, (***) p < 0.001, and
(****) p < 0.0001.
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The cytotoxicity of the series AuIMesSR is higher than the
precursor AuIMesCl limiting the concentration for viral inhi-
bition evaluation to 2 pM (Table S2t) while the precursor is
viable to this cell line up to 10 pM. Cell viabilities of the series
AulMesSR vary from 88% to 96% at 2 pM. However, even at
this lower concentration, the compounds presented an excel-
lent inhibition of viral replication in general (Fig. 3).
Regarding the inhibition of ZIKV, the compounds AulMesSbtz
and AulMes2tu significantly inhibited 96% and 94% of the
viral replication at 2 pM, respectively, while the precursor
AulMesCl inhibited 70% at 10 pM (Fig. 3A). Though the other
compounds were less efficient they also performed well in the
low concentration, presenting an inhibition of 88.3% and 55%
for AulMesStzn and AulMesSpym, respectively. Concerning
MAYV inhibition, all the complexes similarly inhibited the
replication, varying in values between 80 to 90% (Fig. 3B).
Contrasting the ZIKV inhibition, AuIMesSpym inhibited MAYV
replication at 90% at 2 pM, the best value in the series. All the
compounds presented better values than the precursor
AulMesCl at 10 uM (76.2%). It is important to emphasize that
besides ZIKV and MAYV are arboviruses, they are classified in
different viral families, which means that the replication pro-
cesses for these viruses varies, and therefore, different antiviral
profiles can be expected. However, based on the results pre-
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sented here the series of AuIMesSR compounds significantly
inhibited ZIKV and MAYV.

Alternatively, the potential activity of these compounds on S
protein of SARS-CoV-2 was evaluated using the pseudotyped
VSV-eGFP-SARS-CoV-2-S, which represents a useful tool for
studying emerging and highly pathogenic enveloped viruses in
level 2 biosafety facilities.

In general, the compounds were less active against VSV-
e€GFP-SARS-CoV-2-S in comparison to the other viruses evaluated
here (Fig. 3C). We can highlight the AulMesSpym and
AulMesStzn, which inhibited 76% and 70%, respectively, both
at 2 pM. The other compounds inhibited in the same range as
the precursor 52-60%. Taking into consideration that by using
VSV-eGFP-SARS-CoV-2-S the effects of the compounds were eval-
uated only on early stages of the virus infection and focusing on
the presence of S protein into the VSV particle, the interference
of these compounds on post-entry stages of SARS-CoV-2 needs
to be further investigated in a future study.

Compounds are active against Leishmania amazonensis and
Trypanosoma cruzi

The series of compounds were evaluated against promastigotes
of Leishmania amazonensis and epimastigotes of Trypanosoma
cruzi in vitro (Table 4). In general, the compounds have a toxic

Table 4 Antiparasitic activity of the of the series of compounds AulMesSR. 50% effective (ECsp) and cytotoxic (CCsg) concentrations against
Leishmania amazonensis promastigotes, Trypanosoma cruzi epimastigotes and BALB/c mouse primary macrophages (BMDM) after 24 h. SD: stan-
dard deviation; Cl 95%: 95% confidence interval; ND: not determined. Two independent experiments were performed in triplicates

Compound L. amazonensis ECsq (uM) T. cruzi ECso (UM) BMDM CCs, (uM) SI L. amazonensis
AulMesStzn 1.93 + 0.09 2.33 £0.55 10.3 5.3
AulMesSbtz — 1.50 + 0.38 — —
AulMesSpym — 5.80 £ 0.41 — —
AulMes2tu 2.03 £ 0.21 2.13 £ 0.44 11.3 5.6
AulMesCl > 1.57 +0.41 — 21.81 +1.07 13.9
A B
40— 40—
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o
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S
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Fig. 4 Reduction of in vitro infection by AulMesStzn and AulMes2tu. BMDM infected with promastigotes of L. amazonensis at a ratio of 5: 1 incu-
bated with AulMesStzn and AulMes2tu for 24 h. Each bar refers to the percentage of reduction of the infection rate (A) and parasite burden per
macrophage (B) in relation to untreated control infections (100%). The results presented are representative of two independent assays performed in
triplicate. Ordinary One Way ANOVA was applied as a statistical test comparing treated groups with the untreated control: *p < 0.05; **p < 0.01; ***p
< 0.001.
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effect on the parasites with an ECs, around 2 pM. The com-
pounds AulMesSbtz and AulMesSpym were evaluated against
T. cruzi showing contrasting results. AulMesSbtz presented the
lowest EC5, of the series, while AuIMesSpym presented the
highest. The limiting point of application is the cytotoxicity in
primary macrophages, which is around 10 pM, decreasing con-
siderably the selectivity index, however, we considered that
in vitro infections should be performed using lower concen-
trations (up to 5 pM) of the best candidates to assess their
activity against intracellular amastigotes (Fig. 4). Infection
rates and intracellular parasite burden were determined and
AuIMes2tu led to a reduction in the infection rate when incu-
bated at the higher concentration tested (22.3%; Fig. 4A), and
pronounced results in the second parameter, being able to
decrease the parasite burden in ~30% when incubated with
5.0 uM of the complex (Fig. 4B).

Conclusions

This work described the preparation and full characterization
of a set of AuIMesSR compounds where SR are derived from
1,3-thiazolidine-2-thione = (HStzn), 1,3-benzothiazolidine-2-
thione (HSbtz), 2-thiopyrimidine (HSpym) and 2-thiouracil
(2-tuH), and IMes is the NHC 1,3-bis(mesityl)imidazole-2-
ylidene. This series was idealized expecting to have a different
reactivity toward sulfur-rich biomolecules in comparison
with AulMesCl, expressed in this work by the exchange with
the model amino acid, NAC. We have been investigating Au
(NHC) compounds, especially AuIMesCl, as a chemotype for
the design of gold-based antiparasitic and antivirals. As the
SR ligands mimic biomolecules functional groups, we looked
for the correlation of the reactivity and chemical behavior,
mainly the ligand exchange reactions, with biological
activity.

The results showed that SR ligands bind gold through the
sulfur atom in typical Au-S single bond distance and assume
the thiolate tautomer conformation after coordination, while
in solid and solution state the ligand-precursors are predomi-
nantly the thione tautomer. The SR ligands act as better
donors than chloride, which promotes stronger bonds. It
would be expected that the SR ligands would be less labile
than chloride in reaction with sulfur-rich biomolecules, but
the reverse was observed. The nature of SR ligands consider-
ably affects the thermodynamics of the ligand exchange reac-
tion with NAC, and AulMesSR complexes are more reactive
towards NAC than AulMesCl. The AuIMesSpym is the less reac-
tive in the series, reaching 62% exchange in the equilibrium,
while gold complexes AulMesStzn and AulMes2tu exchange
the ligand by NAC almost completely at a fast rate. In contrast,
AuIMesCl exchanges only 11% of chloride by NAC at the equili-
brium in DMSO-ds. DFT calculations could predict the experi-
mental results, elucidating the favored reaction. This trend is
almost followed by the BSA binding constant with one outlier,
the AulMesSpym, which needs further investigation to under-
stand the significantly higher BSA binding constant (10°).
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The high reactivity towards NAC of AuIMesSR might explain
the higher cytotoxicity found for the host cells (Vero E6 and
BMDM) for the series when compared to AuIMesCl, impairing
the selectivity index in the antiparasitic evaluation, but not in
the antiviral activity. The higher antiviral activity, even in lower
concentrations (non-cytotoxic to host), makes the AulMesSR
better antiviral candidates than AulMesCl, with promising
inhibition (90-95%) at 2 puM. This result moves one step
forward the field in the search for ligands to design gold-based
pharmaceuticals. Despite the apparent low selectivity observed
in leishmanicidal assays, intracellular amastigotes of
L. amazonensis were inhibited by ~30% after 24 h incubation,
preserving host cell viability. In this sense, our results point to
a great perspective for future evaluation of the new gold
complex AulMes2tu against Leishmania parasites.
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