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Abstract

This work describes the synthesis, anti-Candida, and molecular modeling stud-
ies of eighteen new glucosyl-1,2,3-triazoles derived from eugenol and corre-
lated phenols. The new compounds were characterized by combined Fourier
Transform Infrared, 'H and "*C nuclear magnetic resonance and spectroscopy
of high-resolution mass spectrometry. The synthesized compounds did not show
significant cytotoxicity against healthy fibroblast human cells (MCR-5) providing
interesting selectivity indexes (SI) to active compounds. Considering the antifun-
gal activity, nine compounds showed anti-Candida potential and the peracety-
lated triazoles 17 and 18 were the most promising ones. Eugenol derivative 17
was active against three species of Candida at 26.1-52.1 pM. This compound was
four times more potent than fluconazole against Candida krusei and less toxic
(SI > 6.6) against the MCR-5 cells than fluconazole (SI > 3.3) considering this
strain. Dihydroeugenol derivative 18 showed similar activity to 17 and was four
times more potent and less toxic than fluconazole against C. krusei. The deacety-
lated glucosides and non-glucosylated corresponding derivatives did not show
considerable antifungal action, suggesting that the acetyl groups are essential for
their anti-Candida activity. Molecular docking coupled with molecular dynam-
ics showed that 14a-lanosterol demethylase is a feasible molecular target, since
17 and 18 could bind to this enzyme once deacetylated in vivo, thereby acting as
prodrugs. Also, these studies demonstrated the importance of hydrophobic sub-
stituents at the phenyl ring.
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1 | INTRODUCTION

Indicators of morbidity and mortality from fungal infec-
tions are increasing at an alarming rate, both in immu-
nocompetent and in immunosuppressed patients. It is
estimated that there are approximately six million fungal
species in the world and about 600 species can cause dis-
eases in humans. These infections affect over one billion
people each year and leading to more than 1.5 million
deaths worldwide annually (Strickland & Shi, 2021).

Candida infection is one of the most common fungal
infections and Candida albicans is the most commonly
recovered from clinical species, followed by Candida
glabrata. Other clinically important species include
C. parapsilosis, C. krusei, C. tropicalis, C. dubliniensis,
C. lusitaniae, and the most recent, C. auris. C. auris is an
emerging multiresistant species that is difficult to diag-
nose and is causing great concern in health centers cur-
rently. The cases associated with C. auris increased by
318% between 2015 and 2018 (Bhattacharya et al., 2020).
In Latin America, these infections are caused mainly by
C. albicans, but other species are also relevant and preva-
lent under certain conditions. For example, vulvovaginal
candidiasis in diabetic patients and patients with hema-
tological diseases is often caused by C. glabrata. Patients
undergoing treatment for myeloid leukemia commonly
present infection by C. tropicalis. Invasive infections by
C. krusei are very relevant in bone marrow transplant pa-
tients. C. parapsilosis causes infections mainly in children
and is the second leading cause of endocarditis (Whaley
et al., 2017).

There are only three classes of available drugs for the
treatment of systemic fungal infections, the polyene am-
photericin B, echinocandins and azoles. Most species of
fungi have already developed resistance to these drugs
and, in addition to resistance problems, these drugs can
lead to adverse effects as nausea and vomiting, besides
some potentially dangerous effects, such as liver and
kidney toxicity, and hepatobiliary disorders (Revie et al.,
2018).

Lately, our research group has spared no efforts in the
search of new substances with antimicrobial potential
that can increase the therapeutic arsenal for the treatment
of these infections. We have focused mainly on the syn-
thesis of glycosidic derivatives of eugenol (I, Figure 1), a
natural allylphenol that shows several biological activi-
ties, including antifungal. Linking bioactive compounds
to carbohydrate residues (as glucose) could increase the
ability of these compounds to penetrate microorgan-
ism cells through glucose transporters present in fungal
membranes and contribute to modulate important phys-
icochemical properties for drug action, such as solubil-
ity. Furthermore, the insertion of saccharide units in a

bioactive substance can lead to an increase in its biological
activity by creating new points of attachment with a tar-
get of the microorganism. Therefore, we recently reported
the synthesis of eugenol glucosides with antifungal po-
tential: Derivative II was active against Candida glabrata
at 3.4 uM (3.4 times more potent than fluconazole), and
derivative IIT showed fungistatic (IC5,: 18.1 uM) and fun-
gicidal (ICsy: 36.2 uM) activities against this same strain
(Souza et al., 2014, 2016).

Based on the anti-Candida activity observed for glyco-
sidic derivatives II and ITI, we report herein the synthesis
and evaluation of new glucosyl triazoles derivatives of eu-
genol and related substances (dihydroeugenol, guaiacol,
phenol, vanillin, and isoeugenol) with the structural pat-
tern showed in Figure 2. In addition to the glucosylated
compounds (in peracetylated and deacetylated forms), the
respective non-glucosylated derivatives were also synthe-
sized to evaluate the importance of the saccharide moiety
in the antifungal activity. We decided to associate the sac-
charide unit to the phenols through a 1,2,3-triazole ring
from a click reaction, which is already a well-established
reaction by our research group. This heterocycle could
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FIGURE 1 Eugenol (I) and glucosyl derivatives (IT and III)
with antifungal activity
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FIGURE 2 Structural pattern of glucosylated and non-
glucosylated 1,2,3-triazoles derived from eugenol and analogues
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also act as an isoster of pharmacophore azole rings pres-
ent in different drugs as ketoconazole, miconazole, and
other antifungal agents, and here, we could evaluate the
influence of this group in the mono or disubstituted form
regarding its potential to mimic different azole rings of
these drugs. Moreover, with the proposed compounds, we
were able to have a greater understanding about the im-
portance of carbohydrate and the groups from eugenol to
their antifungal potential against Candida spp.

2 | RESULTS AND DISCUSSION

21 | Chemistry

The new triazoles derived from eugenol and analogues
were synthesized according to the synthetic route seen in
Scheme 1.

First, eugenol (1) and the other phenols (2-6) were al-
kylated from the Williamson synthesis, using propargyl
chloride to provide the alkynes 7-12 by the method de-
scribed by Achard et al. (2011). In parallel, D-glucose (13)
was converted to its peracetylated derivative (14) after its
reaction with acetic anhydride, which subsequently pro-
vided the acetobromoglucoside (15) after reaction with

hydrobromic acid and acetic acid (Guilherme et al., 2019).
The reaction of 15 with sodium azide led to the a-glucosyl
azide 16, which was employed in the next step without
previous purification (Pote et al., 2018). The reaction of
alkynes (7-12) with the glucosyl azide 16 by cooper cata-
lyzed 1,3-dipolar cycloaddition (“click” reaction) resulted
in the peracetylated 1,2,3-triazole derivatives (17-22) with
yields in the range of 51-71%. Copper (I) acts by complex-
ing with the terminal carbon of the alkyne generating a
metal acetylide and the nucleophilic nitrogen of the al-
kylazide attacks the complexed copper, directing the for-
mation of the 1,4-regioisomer (Safavi et al., 2019). The
deacetylated 1,2,3-triazoles (23-28) were obtained with
yields in the range of 30-98% after methanolysis of glu-
cosides 17-22 (Safavi et al., 2019). In order to evaluate the
importance of the saccharide unit in the structure of the
compounds, the respective non-glycosylated triazoles (29—
34) were also synthesized from the reaction of the alkynes
7-12 with sodium azide and acetic acid, thus obtaining
yields in the range of 57-61% (Banert et al., 2016).

The analysis of infrared spectra of derivatives 17-22
showed typical bands of ester carbonyl and aromatic
C=C stretching near 1740 and 1599-1450 cm ™", respec-
tively. For deacetylated triazoles 23-28, hydroxyl bands
near 3300 cm ™! were noticed as expected. In 'H nuclear
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SCHEME 1 Synthesis of glucosylated-1,2,3-triazole derivatives of eugenol and analogues
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magnetic resonance (NMR) spectra of derivatives 17-22,
a singlet was registered near 7.40 ppm corresponding
to the 1,2,3-triazolic ring proton, proving the formation
of this heterocycle. The signals related to the aromatic
hydrogens were recorded between 7.0 and 6.6 ppm, ac-
cording to the substitution pattern of each compound.
The saccharide hydrogens were observed between 6.38
and 3.95 ppm, while the acetyl group hydrogens were
recorded as singlets between 2.91 and 2.18 ppm. For
deacetylated derivatives 23-28, singlets and triplets re-
ferring to hydroxyl groups were observed, with coupling
constants between 5 and 6 Hz. A typical trans-diaxial
coupling constant (’J 8.0 Hz) was observed for the ano-
meric hydrogen of all final glucosides, which confirms
that all of them were obtained as the f-anomers. In the
3¢ NMR spectra of derivatives 17-22, signals between
170.6 and 168.0 ppm corresponding to the ester carbonyl
groups were observed. The signals of the saccharide car-
bons were recorded between 85 and 63 ppm for all the
glucosides. The methylene carbon attached to the tri-
azolic ring gave a signal near 70 ppm for triazoles 17—
28 and near 62 ppm for triazoles 29-34. The infrared and
NMR spectra of all synthesized compounds are presented
in the Supplementary Material.

The synthesized 1,2,3-triazoles were also character-
ized by high-resolution mass spectrometry (HRMS),
and the molecular ion peak values are shown in Table
A (Supplementary Material) As could be observed, the
mass accuracy between the calculated and found values
was lower than 5 ppm, which are acceptable for propos-
ing a molecular formula using this technique (Balogh,
2004). The HRMS spectra are also presented in the
Supplementary Material.

Other physicochemical properties of 1,2,3-triazoles
17-34 were determined (solubility and calculated logP)
in order to have a better understanding of the biological
results described below. These data are shown in Table B
(Supplementary Material).

2.2 | Biological assays

Following, the compounds were evaluated against dif-
ferent species of fungi (Candida albicans, C. tropicalis,
C. krusei, C. glabrata, and C. parapsilosis) by the micro-
dilution method, and the results were estimated using
the inhibitory concentration that was able to inhibit 50%
of microbial growth (ICs; fungistatic activity; EUCAST
- European Committee on Antibiotic Susceptibility
Testing, 2008). The cytotoxicity of the compounds
was also evaluated against healthy human lung fibro-
blast cells (MRC-5 cells) by MTT colorimetric method
(Mosmann, 1983; Twentyman & Luscombe, 1987). The

selectivity indexes (SI) were determined by the ratio
CCsy (MRC-5)/1Cs, of each strain. The results are shown
in Table 1.

The synthesized compounds did not show significant
cytotoxicity against fibroblast human cells (MCR-5), with
CCy, values varying between 173.8 and 487.6 pM, which
was sufficient to confer interesting SI values for the ac-
tive substances. Considering the antifungal activity, the
peracetylated triazoles 17 (derived from eugenol) and 18
(derived from dihydroeugenol) were the most promis-
ing ones. Triazole 17 was active against three species of
Candida (C. tropicalis, C. krusei, and C. glabrata) with
ICs, values in the range 26.1-52.1 pM. This compound
was four times more potent than fluconazole against
C. krusei, presenting a good selectivity to this species,
although it was not active against C. albicans or C. para-
psilosis. In addition, triazole 17 was less toxic against the
MCR-5 cells (SI > 6.6) than fluconazole (SI > 3.3) con-
sidering C. krusei. The compound 18 showed consider-
able activity against C. tropicalis e C. krusei, as observed
for its analogue 17. This compound was four times more
potent and less toxic than fluconazole against C. krusei
and as active as 17 against C. tropicalis with the same
IC,, value (25.98 pM). The prominent antifungal activ-
ity and spectrum of action found by the derivatives 17
and 18 suggest that the presence of acetyl groups con-
tributed positively to anti-Candida activity, since the
respective deacetylated glycosides (23 and 24) did not
show considerable antifungal action. The peracetylated
triazoles 19, 20, 21, and 22 were inactive against the
evaluated strains. This allows us to conclude that the
presence of an allyl or propyl chain seems to cooperate
significantly to antifungal activity, as seen in the com-
pounds 17 and 18. The conjugation of a double bond
with the aromatic ring also appears to be deleterious for
the antifungal activity of the compounds, since deriva-
tives 21 (formyl group conjugated) and 22 (1-propenyl
group conjugated) were also inactive. Another import-
ant observation about the structure-activity relation-
ship of the synthesized substances is that the presence
of carbohydrate is essential for anti-Candida activity,
since the non-glycosylated derivatives corresponding
to 17 and 18 (29 and 30, respectively) were inactive or
weakly active against some species (ICs, values between
242.7 and 407.9 pM). Finally, when comparing the anti-
Candida activity of glucosyltriazoles 17 and 18 with the
peracetylated glycoside of eugenol already reported by
our group (compound II, Figure 1), we can conclude
that the presence of the 1,2,3-triazole ring contributed
to a large increase in activity against C. tropicalis and
C. krusei, as related triazoles were active at 26.1 pM
against these two strain, while glycoside II was weakly
active at 202 pM.
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TABLE 1 Invitro antifungal activity (ICs,, uM), cytotoxicity against MRC-5 cells (CCs,, tM) and selectivity index (SI, CCsy/ICs,) of the
compounds 17-34

Ca (SI) Ct (SI) Ck (SI) Cg (SI) Cp (SI)
Compound IC, IC, IC,, IC,, IC,, MRC-5CCs,
17 -8 26.1 (>6.6) 26.1 (>6.6) 52.1(>3.3) - >173.8
18 173.2 (>1) 25.98 (>6.7) 25.98 (>6.7) 103.94 (>1.6) = >173.2
19 - - - - - >186.8
20 - - - - - >197.95
21 - - - - - >177.5
22 = = 173.8 (>1) = = >173.8
23 245.6 (>1) - 245.6 (>1) - 245.6 (>1) >245.6
24 244.3 (>1) = = = = >244.3
25 - - - - - 158.7 £ 1.63
26 - - - - - >296.6
27 - - - - - >253.1
28 = = 147.3 (>1.6) = = >245.6
29 - - 407.98 (0.52) - - 215.6 + 2.19
30 404.6 (0.65) = = 404.6 (0.65) 242.7 (1.1) 265.8 +1.33
31 - - - - - >487.6
32 - - - - - -
33 - - - - - >429.0
34 = = 407.9 (0.4) 407.9 (0.4) = 180.4 + 1.53
Fluconazole 3.2(>102) 3.2(>102) 104.4 (>3.1) 16 (>20) 6.4 (>51) >326.5

*Inactive at highest evaluated concentration; Ca: Candida albicans ATCC 10231; Ct: Candida tropicalis ATCC 750; Ck: Candida krusei ATCC 6258; Cg:
Candida glabrata ATCC 90030; Cp: Candida parapsilosis ATCC 22019; and MRC-5: human lung fibroblasts cells.

FIGURE 3 (a) Comparison
between lowest RMSD solution of VT1
from redocking (cyan sticks) and its
crystallographic conformation (green
sticks). (b) Best docking solutions

of itraconazole (yellow sticks) and
posaconazole (pink sticks). (c) Best
docking solution of peracetylated
compound 21 (blue sticks). (d) Best
docking solution of deacetylated
compound 27 (purple sticks). The heme
prosthetic group is shown in orange
sticks, and some binding site residues are
shown as white sticks with a transparent

. N/
solvent accessible surface \ )
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2.3 | Molecular modeling studies

In order to investigate the likely mechanism of action
of the active derivatives, we decided to perform docking
studies of the synthesized compounds on 14a-lanosterol
demethylase (CYP51). This is a heme-containing enzyme
that is involved in ergosterol synthesis, hence vital for
membrane stability and fungal survival. It is one of the
most explored targets for fungi and has as representative
approved drugs itraconazole, posaconazole, and flucona-
zole (Mani Chandrika & Sharma, 2020). Given the pres-
ence of an azole and an aromatic ring in their structures,
the synthesized compounds in this study bear some struc-
tural similarity with marketed inhibitors of CYP51. It is
known from crystallographic structures that this azole
ring establishes an important interaction with the iron in
the heme cofactor, and this is the reason why it is con-
sidered the pharmacophore of the azole drugs (Hargrove
et al., 2017; Peyton et al., 2015). By performing docking of
the triazole derivatives against CYP51, we sought to inves-
tigate not only the probability of acting on this target, but
also the role of the triazole ring in the predicted complex.

The crystallographic structure used in the molecular
modeling studies (PDB code 5tz1) consisted of a 14a-
lanosterol demethylase from C. albicans, one of the evalu-
ated species, and it was resolved in an adequate resolution
of 2.0 A. The structure is a complex of the protein with the
inhibitor VT1, also an azole compound, in which, it is pos-
sible to observe a coordination between a nitrogen from
the azole ring and the iron atom from the heme group
(Hargrove et al., 2017).

The docking protocol was determined by choosing
a scoring function, the number of runs, and size of the
search area that reproduced the ligand conformation
closer to the crystallographic complex, given by its root
mean square deviation (RMSD). The value found of 1.03 A
was lower than the 2.0-2.5 A usually recommended in the
literature, thus confirming the protocol liability in predict
ligand conformation (Figure 3a). More importantly, the
docking correctly predicted the azole-iron coordination
found in the crystallographic structure.

For referencing purposes, two known azoles that act
in the CYP51 system were also docked: itraconazole and
posaconazole. Both drugs had the same binding mode of
VT1: one nitrogen of the azole ring interacting with the
iron atom in the heme group, a hydrogen bond with a
conserved water and the halide substituted phenyl ring
inserted into a hydrophobic pocket near the heme group
(Figure 3b). Additionally, their protonated piperazine
ring is capable of establishing an additional hydrogen
bond with a conserved water molecule. Altogether, these
observations illustrate the importance of the azole ring
and help to explain the higher Goldscore obtained in the

docking experiment (VT1 91.8 vs itraconazole 117.9 and
posaconazole 105.7).

When analyzing synthesized 1,2,3-triazoles 17-34, the
top3 ranked compounds, with a Goldscore close to VI1’s,
were peracetylated compounds (17, 18, and 21). In the pre-
dicted binding poses, the carbohydrate moiety is placed
near the entrance of the binding site, while the phenyl
ring is pointed toward the heme group. Interestingly, the
carbonylic oxygens of compound 21 found 2.63 A away
from the heme iron atom, thereby establishing an inter-
action (Figure 3c). Although the deacetylated derivatives
ranked more inferiorly classified than the peracetylated,
hence removal of acetyl groups allowed the molecule to
position itself deeper into the pocket, as observed by a
shift of 3.49 A when comparing 27 and 21 glucosidic rings
(Figure 3d). Also, some of the free hydroxyls could engage
hydrogen bond with a conserved water in the binding site,
as seen in predicted binding poses of the approved drugs
and the phenyl ring is positioned deeper in the pocket,
establishing hydrophobic contacts. Although these hydro-
gen bonds contributed to their final scoring, peracetylated
larger van der Waals contribution and water displace-
ment were more relevant, as the binding pocket is formed
mostly by hydrophobic residues. However, deacetylated
derivatives might play an important role in antifungal
activity, since the peracetylated compounds could be me-
tabolized once absorbed by fungi to desacetylated corre-
sponding derivatives.

Despite their lower Goldscore (<63.69), monosubsti-
tuted triazoles 29 and 30 had a similar interaction mode
than azole drugs regarding the heme group. The low score
and antifungal activity shown by these non-glycosylated
derivatives could be associated with their lower molecular
weight, as less atoms are available to interact with the tar-
get; therefore, further optimization should be considered
to try to improve their action. For instance, compound 30
had a discreet activity against C. parapsilosis and it has a
reasonable logP for improved cellular penetration (calcu-
lated logP 2.62).

Since docking has some intrinsic limitations, such as
treating the protein as a rigid body and the absence of an
explicit water model, molecular dynamics (MD) were per-
formed in order to refine docking results and observe the
binding dynamics. Since this method has a higher compu-
tational cost when compared to docking, we choose rep-
resentative molecules for this study: the crystallographic
ligand (VT1), the best ranked peracetylated (21) and
deacetylated (27), the best-monosubstituted triazole (30),
the most active compound (18) and its deacetylated de-
rivative (24). We also decided to include an inactive com-
pound in the studies. For this purpose, we searched the
ChEMBL database for inactive compounds tested against
C. albicans 14a-lanosterol demethylase and selected
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compound 13758 for being more structurally related to
synthesized compounds (Figure 4).

The complex stability was confirmed during the equil-
ibration phase by monitoring the fluctuation of the tem-
perature, pressure, and density of the system. Also, in
all complexes, the protein radius of gyration (Rg), an in-
dication of protein compactness, was maintained stable
during the entire 20 ns production simulation and a simi-
lar RMSF profile was observed for all complexes (Figure 5;
Lemkul, 2019).

The protein in all the complexes had only small con-
formation changes throughout the simulation, given by
their mean heavy atoms RMSD (1.5-1.9 A) to the crystal-
lographic structure. These changes occurred mostly at the
beginning of the simulation, since the complex is going
from a crystal packing to a solvated system.

As for the ligands, when compared to the initial con-
formation from docking, VT1 and 30 had the least varia-
tion, with a mean RMSD below 2.0 A, while compound 24
had an acceptable variation (2.5 A). In the contrary, com-
pounds 18, 21, and 27, as well as the inactive compound
13758, had significative variations in their conformations
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FIGURE 4 Structure of inactive compound 13758
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during the trajectory indicating that docking failed to cor-
rectly predict these complex conformations, resulting in
non-stable ones (Figure 5f).

Although ligands with hydrophobic character are wel-
come in this particular binding site, it seems reasonable
to think that extra volume conferred by acetyl groups
of peracetylated compounds might be the cause of such
conformation changes. When comparing the trajecto-
ries of peracetylated compound 18 and its correspondent
deacetylated 24, there is a clear difference in the binding
dynamics. While 18 moves outwards of the hydrophobic
channel, thus leaving the binding pocket, compound 24
has a lateral movement, placing its phenyl ring deeper in
the hydrophobic pocket near heme-binding site (Figure 6).

Although peracetylated compounds 17 and 18 per-
formed better than correspondent deacetylated in the in
vitro assays, the possibility of these compounds act as pro-
drugs might help to explain such divergence. It is known
that ester groups could be readily hydrolyzed once in-
side fungal cells, thus affording deacetylated compounds
which in turn can bind to the molecular target in the cy-
toplasmic side of plasma membrane (Monk et al., 2014).
Consequently, compounds 17 (logP: 3.34) and 18 (logP:
3.25), having a presumably better absorption profile given
by their calculated logP, would penetrate the fungal to af-
ford their correspondent deacetylated active compounds.
On the other side, when tested directly, deacetylated 23
(logP: 0.53) and 24 (logP: 0.61) are too much hydrophilic
to cross the fungal membrane, being inactive in the in vitro
assays.

As coordination between azole ring and the heme iron
atom is an important feature in ligand binding, we also
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FIGURE 5 10ps moving averages of parameters monitored during the equilibration phase: temperature (a), pressure (b), and density
(c); and the protein radius of gyration in the MD simulation (d). VT1 (black), 17 (red), 21 (blue), 24 (green), 27 (yellow), 30 (purple), and
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FIGURE 6 Trajectory snapshots of 18 (a) and 24 (b). The snapshots were extracted at each 1 ns of simulation and the ligand gradient
colored from red (first frame) to blue (last frame). A referencing protein is partially shown as a yellow ribbon and the heme group as orange
sticks with the iron atom highlighted as a green sphere. The arrow indicates the tendency of the ligand movement in the binding site
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FIGURE 7 Interatomic distance between triazole nitrogen

(VT1 and 30) or carbonylic oxygen (21 and 27) and the iron atom
throughout the simulation. VT1 (black), 21 (blue), 27 (yellow), and
30 (purple)

measured the distance between ligand triazole nitrogen
and the iron throughout the simulation (Hargrove et al.,
2017; Lepesheva et al.,, 2018; Lepesheva & Waterman,
2004). Both VT1 and 30 maintained a mean distance be-
tween these atoms compatible with a coordination bond
(VT1 N-Fe: 2.6 A and 30 N-Fe: 2.5 A; Figure 7; Kirton
et al., 2005). As for the other ligands, the phenyl ring was
turned toward the heme group while the triazole ring was
too far away to establish any interaction. Though 21 and
27 could engage such interaction via their carbonylic oxy-
gen, only in the complex with 27 this interaction was ob-
served, although only in the first 5 ns, when a significant
conformational change occurred (Figure 7).

The solvent-accessible surface area (SASA) is an im-
portant measure when analyzing ligand binding and com-
plex stability. A relatively lower SASA means a greater
complementarity between ligand and the biding site and
a large difference between SASA in the bounded and
nonbonded complex could indicate the displacement of
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FIGURE 8 Solvent-accessible surface area of binding site
residues throughout the simulation

water molecules in the binding site (Alonso et al., 2006).
For reference, the residues of the binding site in the VT1
complex had a mean SASA of 2.33 nm? while 18 and 21
had a SASA of 2.11 and 2.73 nm?, respectively (Figure 8).
The complex with compound 24 had a SASA of 2.26 nm?,
close to the crystallographic ligand, despite its lower mo-
lecular weight (Figure 8). In CYP51, a binding site which
is formed mostly by hydrophobic residues, where the dis-
placement of highly organized water could favor complex
formation by a gain in the system entropy (Alonso et al.,
2006). On the other side, the complexes with compounds
27 and 30 had a calculated SASA closer to complex with
the inactive compound 13758 (3.81, 3.27, and 4.00 nm?, re-
spectively), meaning that the binding site is not effectively
occupied by these ligands (Figure 8).

The total interaction energy of the complex calcu-
lated by Gromacs (sum of Coulombic and Lennard-Jones
terms) could provide an estimate of complex affinity, al-
though other parameters should be considered to deter-
mine the ligand binding energy, such as the solvation
effects. Considering the last 15 ns of simulation, most
compounds had a total interaction energy close to VT1
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FIGURE 9 Representative conformations of 24 (green sticks) and 27 (yellow sticks) extracted from final 1ns of MD after clustering. The

heme prosthetic group is shown in orange sticks; water molecule oxygens are shown as red-scaled balls and important binding site residues
as white sticks. Only the main non-bonding interactions between CYP51-24 are shown as dashed lines (green, hydrogen bond; pink, x-
stacking) and distances in angstroms for clarity. A solvent-accessible surface was of residues Thr122, Phe126, Ile131, Leu300, and Ile304 is

shown to emphasize the hydrophobic pocket

(—299.06 kcal/mol), while the inactive 13758 and 30 had
the worst interaction energy (—184.09 and —173.28 kcal/
mol, respectively). Surprisingly, compound 24 had an IE
of —390.96 kcal/mol, value 30% lower than VT1, indicat-
ing a greater affinity.

Visualization of both trajectories reveals that propyl
(24) and carbonyl (27) groups end up in a hydropho-
bic pocket formed by residues Thr122, Phel26, Ile131,
Leu300, and I1e304 (Figure 9). As this pocket surrounds
heme carboxylates, repulsion with the carbonylic oxygen
of 27 might be the cause of positive coulombic compo-
nent in the complex. When analyzing each term of the
interaction energy separately, the major contribution
interaction energy of 24 with aforementioned residues
comes from the Lennard-Jones, while the Coulombic
term is close to zero, meaning a strong hydrophobic
contribution to the interaction energy. In relation to 27,
the Coulombic contribution is larger at first and turns
repulsive at the end of simulation, due to proximity to
heme carboxylates. Also, the calculated SASA of these
residues for complex with 24 has the same value of VT1
(0.12 nm?), while in the complex with 27 the SASA is
more than doubled (0.28 nm?).

In Figure 9 is also possible to visualize the main
nonbonded interactions between 24 and the protein. In
addition to those arising from insertion of propyl sub-
stituent in the hydrophobic pocket, a n-stacking inter-
action is observed between triazole ring and the Tyr118
residue. Several hydrogen bonds were also observed,
mainly from saccharidic portion, with some of them in-
volving water molecules. Interesting, the oxygen in the

methoxy group acts as a hydrogen bond donor in the in-
teraction with Tyr132. A similar interaction is observed
with VT1 and in other crystallographic complexes (i.e.,
5EAD and 5ESM), but with the alcoholic hydroxyl and
mediated by water.

3 | CONCLUSION

In this research study, eighteen new glucosyl-1,2,3-
triazoles derived from eugenol and analogues were
synthesized and characterized by spectroscopy and spec-
trometry methods. The new compounds were evaluated
against Candida spp. by microdilution method, and the
promising ones were peracetylated derivatives 17 (an
eugenol derivative) and 18 (a dihydroeugenol deriva-
tive). Furthermore, the triazole 17 was active C. tropi-
calis, C. krusei, and C. glabrata at 26.1-52.1 pM, and it
was four times more potent than fluconazole against
C. krusei. Derivative 18 showed a wider spectrum of ac-
tivity than 17, and it was four times more potent and less
toxic than fluconazole against C. krusei and as active as
17 against C. tropicalis. Altogether, molecular modeling
studies suggest that antifungal activity of compounds
17 and 18 might be due to inhibition of CYP51, thereby
disrupting fungal ergosterol synthesis. Since their re-
spective deacetylated derivatives, 23 and 24, showed to
be more promising but had lower activity in vitro, we
believe that peracetylated compounds might be acting
as prodrugs. Guided by the molecular modeling results,
further modifications in the glycosidic ring and the R,
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substituent at the phenyl ring should improve ligand
binding. Additionally, despite their lower activity, mono-
substituted triazoles showed a similar binding mode of
known active azoles and could be used as a starting point
in the design of new ligands.
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