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Abstract Two agents from natural sources, citroflavonoids
naringin and naringenin, can target enzymes in pathogenic
yeasts responsible for hospital infections and crop failure.
The aim of this study was to examine the molecular
recognition site for naringin and naringenin on the HMGR
and TOPOII enzymes of eleven Candida species and one
phytopathogen, U. maydis, and evaluate yeast susceptibil-
ity to these flavonoids. The HMGR and TOPOII enzymes
were analyzed in silico. The alignment of the two enzymes
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in the twelve pathogenic organisms with the corresponding
enzyme of Homo sapiens revealed highly conserved amino
acid sequences. Modeling studies of the enzymes indicated
highly conserved structures. According to molecular
docking simulations, both citroflavonoids recognized the
amino acid residues of the active site of the enzymes.
Binding energy values were higher for naringin (—10.75
and —9.38 kcal/mol, respectively) than simvastatin on
HMGR (—9.9) and curcumin on TOPOII (—8.37). The
appraisal of twenty-nine virtual mutations provided evi-
dence of probable mechanisms of resistance (high binding
energy) or susceptibility (low energy) to the drugs and
emphasized the role of key residues. An in vitro suscepti-
bility evaluation of the twelve yeasts demonstrated that the
two flavonoids have similar or better MIC values than
those reported for the reference compounds, obtaining
the lowest with Candida dubliniensis (2.5 pg/ml) and
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U. maydis (5 pg/ml). Based on the present findings, nar-
ingin and naringenin could possibly be effective for treat-
ing diseases caused by pathogenic yeasts of the Candida
species and U. maydis, presumably by inhibition of their
HMGR and TOPOII enzymes.

Keywords Candida spp. - U. maydis - HMGR - TOPOII -
Docking - Modeling - Mutagenesis

Introduction

Yeast infections have been on the rise in recent years,
being the main cause of high mortality rates in immuno-
competent patients hospitalized in medical units [1—4]. The
most relevant opportunistic pathogenic yeasts in humans
are those belonging to the Candida species, which is the
etiological agent of candidiasis [5]. A series of resistance
mechanisms of Candida spp. against triazoles have been
described. The representative drug in the triazoles, flu-
conazole [5-8], has been tested in combination with other
drugs in various studies to analyze the resulting inhibitory
activity. Nevertheless, the resistance mechanisms have led
to low effectiveness in the combination antifungal treat-
ments [9—11]. On the other hand, U. maydis is a basid-
iomycete and phytopathogenic fungus responsible for corn
smut disease, which can negatively affect farming and the
food industry, as seen in other endophytic fungi. Because
of the considerable economic impact of this fungus, its
physiology and genetics have been subjects of extensive
research [12, 13]. The yeasts Candida spp. and U. maydis
have both been employed as models of ascomycete and
basidiomycete organisms, respectively, in the search for
new therapeutic targets [14—16]. Diverse molecular targets
have been utilized for the assessment of new drugs on these
model organisms. The present effort focuses on the
enzymes 3-hydroxy-3-methylglutaryl coenzyme A reduc-
tase (HMGR) and DNA topoisomerase type II (TOPOII).

The HMGR enzyme intervenes in the biosynthetic
pathway of the membrane component, cholesterol in
humans and ergosterol in fungi. It has been a target for the
investigation of potential hypocholesterolemic and anti-
fungal agents [14—16] and was recently described as an
alternative target for the evaluation of reference com-
pounds (e.g., simvastatin) and new compounds, including
those derived from alpha asarone [15].

Another proposed target is the TOPOII enzyme, known
to be inhibited by compounds with anticancer activity such
as etoposide and curcumin [17, 18]. Derivatives of the
curcumin have shown a potent effect on the function of
TOPOII. Inhibitors of this enzyme have been evaluated on
clinical isolates of C. albicans, demonstrating inhibition of
their viability.
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Hence, new and previously known inhibitors of the
HMGR [15] and TOPOII enzymes represent possible
therapies for hypocholesteremia, fungal infections and
cancer [17, 18]. However, alternatives are needed to
improve their pharmaceutical activity and reduce their side
effects. Nowadays, there is increasing recognition of the
importance of compounds from natural sources as inhibi-
tors of enzymes and coadjuvants for other drugs. The
advantages of such compounds include their wide-ranging
pharmacological activity, the ease of obtaining them, and
their capacity to decrease adverse effects [19, 20].

Two compounds with interesting potential are naringin
and naringenin, present in citrus fruits (e.g., grapefruits and
oranges). Among the diverse biological properties of these
flavonoids are their anti-hyperlipidemic and anti-carcino-
genic activity, as seen in the extract of other plants [21].
Naringin is a glycosylated flavanone, while naringenin,
also a flavanone, is an aglycone of naringin formed by its
hydrolysis.

The modification of lipid metabolism is one of the
multiple pharmacological effects produced by the two fla-
vonoids [22]. Naringin has exhibited hypolipidemic activ-
ity in hamsters with diet-induced hypercholesterolemia,
and the combination of this compound with pravastatin
(inhibitor of the HMGR enzyme) improves the antiobeso-
genic effects of the latter [23]. Naringenin has shown
hypocholesterolemic action by diminishing the activity of
HMGR in rats fed a high-cholesterol diet. Additionally,
both naringin and naringenin suppress cell growth in can-
cer cells in vitro and in vivo (in experimental animal
models) [24]. Similar compounds have been shown in other
work to perform essential functions in plants and microbes
[25]. On the other hand, in previous studies, point muta-
tions have been reported in the HMGR and TOPOII
enzymes of Pseudomonas mevalonii and Escherichia coli,
respectively. So far there are no in silico studies of the
generation of point mutants in the HMGR and TOPOIIL
enzymes of opportunistic pathogenic fungi of the genus
Candida and U. maydis, this is the first work where such
mutations would be addressed, which will help us to know
the role of certain amino acids in the molecular recognition
of the citroflavonoids naringin and naringenin towards the
active site of the HMGR and TOPOII enzymes of Candida
spp. and U. maydis and predict a probable mechanism of
resistance or susceptibility to the compounds evaluated in
this work. The aim of the current study was to examine the
molecular recognition site of naringin and naringenin on
the HMGR and TOPOII enzymes of eleven Candida spe-
cies and one phytopathogen, U. maydis, and evaluate the
susceptibility of the yeasts to the flavonoid treatment.
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Material and Methods
Microorganisms and Compounds

The 12 fungal strains included presently were the follow-
ing: C. albicans (ATCC 10231), C. auris Val5, C.
dubliniensis (CD36), C. glabrata (CBS138), C. guillier-
mondii (also called Meyerozyma guilliermondii, ATCC
6260), C. haemulonii ENCB-87, C. kefyr ENCB-BMBL
(also called C. Kluyveromyces marxianus), C. krusei
ATCC 6358, C. lusitaniae (ATCC 38533), C. parapsilosis
(ATCC 22019), C. tropicalis (MYA -3404), and U. maydis
521. The flavonoids (naringin and naringenin) and refer-
ence compounds (fluconazole, simvastatin and curcumin)
were purchased from Sigma-Aldrich. Simvastatin was
acquired in the form of a lactone prodrug but was needed in
its active form.

Paired and Multiple Sequence Alignments
of the HMGR and TOPOII Enzymes of Candida
spp., U. maydis and H. sapiens

The alignments were carried out with the amino acid
sequences of the HMGR (catalytic fraction) and TOPOII
enzymes of Candida spp., U. maydis and H. sapiens from
the NCBI database (https://www.ncbi.nlm.nih.gov/) [26].
Subsequently, sequence alignment was performed in pairs
to calculate the local alignment (expressed as values of
identity and similarity) of each of the HMGR and TOPOII
enzymes of the 12 organisms (Candida spp. and U. maydis)
with the corresponding enzymes of H. sapiens, using the
EMBOSS Water tool (entailing the application of the
Smith-Waterman  algorithm).  Additionally, multiple
sequence alignment was done with the HMGR and TOPOII
enzymes of the 13 organisms on the Clustal Omega pro-
gram in order to locate the domains of interest (motif sites)
and the amino acid residues participating in the catalytic
site of both enzymes.

Homology Modeling of the HMGR and TOPOII
Enzymes of Candida spp. and U. maydis

The homology modeling technique was conducted with
version 9.24 of the Modeller program [27], designed for
comparative modeling of 3D protein structures. The
structures utilized were the crystallized HMGR enzyme
(PDB: 1DQA) and the TOPOII enzyme of H. sapiens in
complex with a 22-base pair DNA duplex (PDB: 3QX3).
Both complexes were deposited in the protein data bank
(https://www.rcsb.org/). Once downloaded in its PDB for-
mat, the scripts necessary to generate the 3D models were
executed to construct 24 3D models, consisting of 12 each

for HMGR and TOPOII, corresponding to the twelve yeast
species. Each of the models was evaluated on three pro-
grams: Procheck, ProQ and Verify3D.

Molecular Docking

Molecular docking studies were carried out between the
flavonoids (naringin and naringenin) and the enzymes
(HMGR and TOPOII of Candida spp. and U. maydis) on
the Autodock4 program [28]. The 2D structures of nar-
ingin, naringenin and reference compounds (simvastatin
and curcumin) were downloaded from the ZINC15 server,
then converted into 3D structures with the Open Babel GUI
program, which were optimized on the Gaussian 6.0 pro-
gram with semi-empirical AM1 calculations to obtain the
lowest energy conformation. Hydrogen atoms were added
to each of the models (12 HMGRs and 12 TOPOIIs) with
the MolProbity program. The parameters for simulation
were prepared with the Visual Molecular Dynamics pro-
gram (VMD 1.9.1) and the models were optimized on the
nanoscale molecular dynamics (NAMD) program. The
docked model with the lowest binding energy (Kcal/mol)
was employed in the docking analyses, editing the results
in Discovery Studio Visualizer [29].

In Silico Generation and Evaluation of Site-Directed
Mutations

Site-directed mutations were performed in silico in the
HMGR and TOPOII enzymes that exhibited the best
identity and similarity percentages in relation to the H.
sapiens enzymes. Point mutations were made and the
mutants provided by the Modeller 9.24 program [27].

In Vitro Susceptibility of Candida spp. and U. maydis
to Naringin and Naringenin

The minimal inhibitory concentrations (MICs) were
ascertained for the flavonoids (naringin and naringenin)
and reference compounds (simvastatin and curcumin) on
the 12 fungal species (see Sect. 2.1) as described in the
M27-A3 document for yeasts from the CLSI guide. In
supplementary supporting the methodology is detailed for a
better understanding.
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Results and Discussion

The Alignment of the Sequences of HMGR
and TOPOII of Candida spp. or U. maydis with those
of H. sapiens

Suppl. Fig. S1 shows the alignment of the catalytic fraction
of the HMGR enzyme of C. dubliniensis with the same
fraction of H. sapiens, highlighting the characteristic
domains of the catalytic fraction: the enzyme substrate
binding site (HMG-CoA) and the dimerization and cofactor
binding site (NADPH). Since such domains are highly
conserved in the 12 yeast sequences subjected to multiple
sequence alignment (Suppl. Fig. S2). In addition to the
previously mentioned domains, the amino acid residues
participating in catalysis (E97, K231, D307 and H405)
were observed in the HMGR of C. dubliniensis and the 12
yeasts currently investigated. Alignment was made
between the TOPOII sequences of U. maydis and H.
sapiens (Suppl. Fig. S3), as well as multiple alignments
with all 12 yeast sequences used presently (Suppl. Fig. S4).
In such alignments, the toprim domain (topoisomerase-
primase) is marked in green. It is a structurally conserved
catalytic domain involved in DNA strand breakage and
rejoining. The toprim domain has conserved motifs, one
focusing on the conserved glutamate residue (E) and
another on the two conserved aspartates (DxD). Two amino
acids, lysine (K) and glutamine (N), also play a role in the
interaction with the DNA of the enzyme. Given the
structural similarity between these enzymes, they could be
used as a model for the evaluation of new compounds
proposed as TOPOII inhibitors in the search for alternative
antifungal and anticancer therapy [17, 18]. The percentages
of identity and similarity of each of the HMGR and
TOPOII sequences under study with the respective
enzymes of H. sapiens is shown in Table 1. The analysis of
these two enzymes is presented here in the text, while the
results of the other enzymes are included in the supple-
mentary material.

Homology Modeling and Evaluation of the HMGR
and TOPOII Yeast Enzymes

Twelve models each of the HMGR and TOPOII enzymes
of Candida spp. and U. maydis were generated. The opti-
mal model with the lowest DOPE value was selected.
Suppl. Fig. S5 illustrates the overlay of the best twelve
models from the HMGR and TOPOII enzymes, indicating
a close structural similarity between the yeast and H.
sapiens enzymes. The best model selected from the HMGR
and TOPOII enzymes of Candida spp. and U. maydis is
portrayed in Figs. 1 and 2, respectively. The models of the
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HMGR and TOPOII of C. dubliniensis are included in the
Suppl. Figures S6 and S9, respectively, as are the results of
their analysis with the Procheck, ProQ and Verify3D
programs.

The values were above 90% for the Ramachandran plots
of the remaining yeast enzymes, evidencing that the
models generated are of good quality (Suppl. Figs. S7 and
S10). For the HMGR and TOPOII models of Candida spp.
and U. maydis, the majority of the values obtained with LG
were > 4 (Suppl. Tables 1S and 2S) and with MaxSub > 3.
The 3D atomic coordinate profiles were provided by Ver-
ify3D, finding that all profiles met the requirement: at least
80% of the amino acids scored > 0.2 in the 3D/1D profile
of all the enzymes evaluated (Suppl. Figs. S8 and S11). The
models proved to be of good to excellent quality for use in
subsequent analyses.

Molecular Docking of the Flavonoids and Reference
Compounds with HMGR and TOPOII of Candida
spp. and U. maydis

Molecular docking simulations were carried out at the
active site of the HMGR and TOPOII enzymes of Candida
spp. and U. maydis. The binding modes are illustrated for
the flavonoids, simvastatin, and the enzyme substrate
(HMG-CoA) at the active site of C. dubliniensis HMGR
(Suppl. Fig. S12). The molecular interactions involved in
the binding of the flavonoids (naringin and naringenin) to
the HMGR enzyme of Candida spp. and U. maydis is
included in the supplementary material (Suppl. Fig. S13).
The binding energy values of C. dubliniensis HMGR
(Suppl. Table S3) with naringin and naringenin (—10.75
and —9.75 kcal/mol, respectively) were better or similar to
the value found with simvastatin (—9.9 kcal/mol). Better
binding energy values were obtained for naringin and
naringenin with the remaining HMGRs of Candida spp.
and U. maydis (Suppl. Table S3). The values of the current
contribution are better than those reported previously when
using alpha-asarone analogs in docking studies with the
HMGR from C. glabrata (—4.53 to —6.1 kcal/mol) [15].
An analysis of the interaction of the TOPOII enzyme of
the yeasts under study with naringin, naringenin and cur-
cumin demonstrated that the flavonoids bind to the same
active site as the reference compound (Suppl. Fig. S14).
The 3D and 2D interactions are illustrated for the TOPOII
yeast enzymes with the flavonoids and the reference
compound (Suppl. Fig. S15). Among the highly conserved
residues in such interactions (Suppl. Fig. S15 and
Table S4) are Glu26, Asp28, Arg52 and Gly53 (amino acid
residues) as well as DC8, DT9, DG10, DA12 and DG13
(DNA). These amino acids have also been reported in H.
sapiens TOPOII (Asp479, Arg503 and GIn778) [30, 31].
The binding energy values of U. maydis TOPOII for
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Table 1 Percentage of identity and similarity of HMGR or TOPOII from the yeasts with the corresponding enzymes of H. sapiens

Enzyme Identity (%) Similarity (%) Enzyme Identity (%) Similarity (%)
C. albicans HMGR 60.1 76.5 C. albicans TOPOII 51.5 70.9
C. auris HMGR 59.9 74.6 C. auris TOPOIL 493 69.3
C. dubliniensis HMGR 60.6 76 C. dubliniensis TOPOIIL 51.6 70.8
C. glabrata HMGR 60.1 74.3 C. glabrata TOPOIL 499 69.3
C. guilliermondii HMGR 59.6 74.7 C. guilliermondii TOPOII 51.2 71.7
C. haemulonii HMGR 59.7 75.1 C. haemulonii TOPOII 49.1 69.8
C. kefyr HMGR 59.8 75.9 C. kefyr TOPOII 50.8 69
C. krusei HMGR 57.9 75.4 C. krusei TOPOII 48.5 67.9
C. lusitaniae HMGR 58.9 74.9 C. lusitaniae TOPOII 49.6 69.4
C. parapsilosis HMGR 60.1 75.6 C. parapsilosis TOPOIL 51.6 719
C. tropicalis HMGR 60.1 76.5 C. tropicalis TOPOII 52.5 70.8
U. maydis HMGR 60.7 75.9 U. maydis TOPOIL 554 71

curcumin, naringin and naringenin were —8.38, —8.38 and
—17.85 kcal/mol, respectively (Suppl. Table S4). The cur-
rent findings suggest that the flavonoids herein evaluated
could possibly be used as alternative hypolipidemic agents,
anticancer and antifungal treatments due to a remarkable
similarity with the mechanism of action of these
compounds.

Analysis and Assessment of Virtual Mutants in C.
dubliniensis HMGR and U. maydis TOPOII

Each of the mutants was generated (Suppl. Figs. S16 and
S19). The subsequent evaluation revealed that over 90% of
the residues are displayed in favorable regions for all
mutants (Suppl. Figs. S17 and S20). The verification of the
model was also performed with ProQ and Verify3D pro-
grams (Suppl. Tables S5 and S6), and observing that 80%
of the amino acids scored > 0.2 in the 3D/1D profile with
the latter (Suppl. Figs. S18 and S21), thus confirming that
the models generating mutants are of good quality.

Based on the values found for the interactions, the
binding energy values of the mutations in C. dubliniensis
HMGR (Suppl. Figs. S22 and S24) and U. maydis were
graphed. Studies on H. sapiens HMGR have described
similar results, with amino acid residues such as glutamate
(E) of the ENVIG and EGCLVAS site favoring diminished
activity. Three mutations led to a more positive binding
energy value, suggesting a resistance mechanism of sim-
vastatin and naringin in the A102R mutation, of naringenin
and naringin in the S103P mutation, and of naringin in the
G194Y mutation. These findings correlate with a previous
study, in which a mutation change from Serine (S) to
Proline (P) in the HMGR gene of Aspergillus fumigatus
caused significantly increased resistance to the triazole
class of agents [32].

The overlay of the interaction of the two forms of C.
dubliniensis HMGR (wild-type and mutant H405E) with
naringin is portrayed (Suppl. Figs. S23A), as are the 2D
interactions in the wild-type (yellow, Suppl. Figs. S23B)
and mutant (fuchsia, Suppl. Figs. S23C) respectively are
shown. In the mutant, the modification in amino acids from
histidine at position 405 to glutamic acid is depicted.
Mutants of this residue in H. sapiens HMGR have exhib-
ited low catalytic activity, thus evidencing their functional
role in catalysis.

According to the binding energy values of the nine
mutations generated in the U. maydis TOPOII enzyme
(Suppl. Figs. S24), most affect the affinity of the compound
for the enzyme (causing more negative values), as occurs
in C. dubliniensis HMGR mutations. However, a probable
resistance mechanism was observed for curcumin with the
G53S mutation, as a more positive binding energy was
obtained. A similar modification was found for naringenin
in the R52G mutation. The binding mode of naringin with
the nine mutants resulted in significantly more negative
binding energy values. Hence, naringin would likely be a
more effective inhibitor than curcumin, because the former
significantly affected the form, mode and energy value of
binding to the enzyme. A similar phenomenon was
described for triflamide derivatives with H. sapiens HMGR
[31].

For purposes of clarity, only the result of the interaction
between the R52G mutant and naringenin is portrayed in
the overlay of the wild-type TOPOII of U. maydis on the
mutant (Suppl. Figs. S25A). The 2D structures of the
interactions of the respective enzymes are shown as well
(Suppl. Figs. S25B and C). As can be appreciated, the
hydrophilic interaction between the arginine residue (R52,
wild-type) does not exist in the mutant. It was in this
interaction that a more positive binding energy value was
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Monomer f3 A

ProQ evaluation
LG score: 5.096
MaxSub: 0.395

Fig. 1 Model and assessment of C. dubliniensis HMGR. a The flat
ribbon 3D model of C. dubliniensis HMGR 1is represented in its
dimeric form (monomer o in yellow and monomer f3 in blue). In each
monomer, the HMG-CoA (substrate) is depicted in red and the

found, indicating the important role of the corresponding
amino acid in the resistance mechanism of naringin to the
enzyme. An impact on the type of interaction formed is
also evident, finding a hydrophilic interaction in the wild-
type amino acid Gly265 and a hydrophobic interaction in
the mutant, as well as a hydrophobic interaction in the
wild-type Ala267 and a hydrophilic interaction in the
mutant. All these changes contribute significantly to the
participation of this amino acid in a highly probable
resistance mechanism of naringenin.

@ Springer

Psi (degrees)

135 180
Phi (degrees)

% Residues in most favoured regions [A,B,L]: 95.2

81.59 % of the residues have averaged
3D-1D score >=0.2

NADPH (cofactor) in black. b Ramachandran plot of C. dubliniensis
HMGR. c¢ Portrayal of the verification of the 3D model C.
dubliniensis HMGR

Antifungal Assessment of Naringin and Naringenin
on Candida spp. and U. maydis

The MIC values were determined for each of the com-
pounds applied to the different yeasts (Suppl. Table S7).
The MICs of the naringin and naringenin were better than
or equal to the reference compound in most cases. They
were better than or equal to fluconazole in relation to six
yeasts, simvastatin with regard to ten yeasts (2.5-80 ng/
ml), and curcumin for twelve yeasts (>160 pg/ml). The
best inhibition values of the flavonoids were observed in C.
dubliniensis (2.5 pg/ml) and U. maydis (5 pg/ml). On the
other hand, the yeast (C. haemulonii, C. lusitaniae and C.
tropicalis) were more resistant to naringenin. The results of
MIC:s for naringin and naringenin in some Candida species
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A

ProQ evaluation

LG score: 4.197
MaxSub: 0.337

Psi (degrees)

Phi (degrees)

% Residues in most favoured regions [A,B,L]: 92.3

R

90.53 % of the residues have averaged
3D-1D score >= 0.2

Fig. 2 Model and assessment of TOPOII U. maydis. a The flat ribbon model of 3D TOPOII U. maydis is represented in complex with DNA.
b Ramachandran plot of TOPOII U. maydis. ¢ Portrayal of the verification of 3D TOPOII U. maydis model

were the same, while in other species they were different;
this is due to the varied susceptibility given their different
genetic backgrounds. Previous research has shown an
inhibitory effect of naringin on fungi (C. albicans and C.
parapsilosis), with MIC values similar to those found
presently for such species [33]. Likewise, a similar out-
come has been described for naringenin derivatives on
C. albicans, Alternaria alternata, Fusarium linii and A.
niger [34]. Hence, the flavonoids examined probably con-
stitute a good option for the treatment of infections caused
by yeasts. The major contribution of the current effort is to
demonstrate the broad spectrum of inhibition produced by
naringin and naringenin on the yeasts under study, and to
identify the binding mode of these flavonoids with the
molecular recognition site.

Conclusions

Two flavonoids, naringin and naringenin, were evaluated
for their inhibitory activity on twelve yeasts, including
eleven Candida species of medical relevance and U.
maydis, of biotechnological interest. Molecular docking
simulations displayed the binding of naringin and narin-
genin to amino acid residues at the active site of the two
yeast enzymes herein examined, HMGR and TOPOIIL.
Additionally, the flavonoids showed in vitro inhibition of
the yeasts. With most of the yeasts, their MIC values were
equal to or better than those of the reference compounds.
The flavonoids exhibited their best MIC values in relation
to C. dubliniensis and U. maydis. According to the current
results, the test compounds probably interact with the
catalytic site of the HMGR and TOPOII enzymes. It can be
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concluded that naringin, naringenin, or their respective
derivatives could possibility be administered as alternative
antifungal treatments for pathogenic yeasts, either alone or
in combination with other drugs. Moreover, the present
findings validate the use of the HMGR and TOPOII yeast
enzymes as models for research on new compounds pro-
posed as an option in antifungal or anticancer therapy,
respectively.

Supplementary  InformationThe online version contains
supplementary material available at https://doi.org/10.1007/s12088-
021-00980-0.
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