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Abstract

In the last decades, computational techniques have become valuable tools for research of biological
systems. They are applied to biochemistry, immunology, pharmacology, etc. Regarding antimicrobial agents,
the search for new medicaments or pharmacological strategies is fully justified because of different reasons
such as emergence of resistance and drug interactions, particularly in immunocompromised patients. In this
work we proposed to update knowledge about application of computational methods to research on natural
antifungal compounds. We searched scientific findings through electronic databases according to pertinence
and relevance of the information. Then, we analyzed and selected articles in order to organize the
information in different items according to set schedules. We updated information about in silico studies
regarding new and already known natural antifungal agents. Data were then placed in a pharmacological
context regarding molecular targets, mechanisms of therapeutic and toxic effects, as well as resistance
mechanisms and their reversion, with special focus on human mycoses. Thus, in this review we summarized
important contributions of bioinformatics studies to the design and discovery of new potential agents. We
also integrated data related to pharmacology and other disciplines in order to provide a framework for the

bioinformatics findings.
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Introduction

Computational techniques have become valuable tools for drug studies over the last decades. When they
are applied to biochemical phenomena, bioinformatics arises. It is defined as the science of managing and
analyzing biological data using advanced computing techniques, according to the International Human

Genome Sequencing Consortiumt,

According to other authors, bioinformatics would be a practical discipline that employs a wide range of
computational techniques, database design and data mining, macromolecular geometry, phylogenetic tree
construction, prediction of protein structure and function, gene finding and expression data clustering. Some

authors have integrated a variety of computational methods and heterogeneous data sources!2.
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Bioinformatics allows the knowledge of new chemical structures and functions and new targets to drive drug
design in a more precise and accurate way. Since 1980, the idea of rational use of drugs arises applying the
"rational design of new drugs” (structure-guided drug design) and using technologies related to structural
biology to generate a target protein and small molecules in silico as basis for drug generationts! (FIGURE 1).

FIGURE 1: Different bioinformatics techniques are applied to diverse biological fields.
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Computational methods offer the advantage of low costs and rapid acquisition of information. They could
be complemented by experimental research to optimize the route of scientific work. In this way,
bioinformatics serves to expand the horizon of the experimental conclusions, and vice versa. It is being
applied to different fields as biochemistry, biophysics, genetics, pharmacology, toxicology, immunology,
bromatology and agriculture. Bioinformatics is largely involved in the development of new drugs. In 2016,
Tamay-Cach et al.¥l summarized the methods most used in the search and design of drugs used against
bacteria, virus and parasites.

Our labs have complemented experimental and computational studies on antifungal agents and updated
contributions of bioinformatics to pharmacology of natural products 59. These investigations take place in
the frame of recommendations of the World Health organization (WHO), which promotes the search of
pharmacological products from natural resources. Considering current increase in resistance to antimicrobial
agents, particularly to antifungal ones (as discussed below), the discovery of natural drugs and biological
activities is absolutely necessary for the safe treatment of infections.

In this review we update information on advances in natural antifungal agents, particularly regarding
bioinformatics studies. We integrate data related to pharmacology and other disciplines in order to provide
a framework for the bioinformatics findings.

Thus, this review has been prepared by collecting information about natural antifungal products with
therapeutic efficacy, their molecular targets and the eventual resistance developed. We have looked
especially for bioinformatics data related to the study of the items above mentioned.
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Material and methods

Methodology used for the review

Information about in silico studies regarding new and already known natural antifungal agents was updated.
Scientific findings were searched and screened through electronic databases according to article titles and
abstract text. Selected articles were then analyzed in order to organize the information in different items
according to set schedules. Data were related to molecular targets, mechanisms of therapeutic and toxic

actions as well as resistance mechanisms and their reversion, with special focus on human mycoses.
Electronic databases used: PubMed (Medline), Scopus, Lilacs, Web of Science, Google Scholar.

The terms used in the searches were related to the above mentioned data and may be summarized as
follows: in silico, bioinformatics, computational, theoretical, docking studies AND/OR natural antifungal,
antimicrobial products, antifungal therapeutic and adverse effects, resistance mechanisms, bioinformatics

studies and biological activities related to human mycoses.

Criteria for inclusion or exclusion of articles were the scientific pertinence and relevance of the information

reported in relation to the topics focused.
Studies on natural products
Different biological activities

Since prehistoric times, people have used natural resources for nutritional and medicinal purposes. For
example, they consume numerous plants for the preparation of meals and beverages using different
techniques that may alter the chemical composition of some compounds. Plants can be used as cheap
sources of different nutritive substances like proteins, carbohydrates, lipids and crude fibers. Numerous

studies about nutritional quality of diverse plants have been madetd.

In recent years, the interest in the development of functional foods and nutraceuticals has increased due to
the beneficial health effects associated with their intake. Since 1950, microalgae were mainly viewed as an

alternative food source and functional biomolecules!.

Custadio et al.l'4 found that organic and water extracts of some microalgae species exhibit antioxidant,
antitumoral activities and acetyl cholinesterase inhibition, besides a highly unsaturated fatty acids profile.
These results suggest that those microalgae, particularly /. galbana T-ISO, could be a source of

biomolecules for pharmaceutical and food industries.

Regarding medicinal fields, plants belonging to diverse families are popularly used to treat different diseases.

Some scientific works have identified various compounds which are responsible for many therapeutic effectst41.

The Argentine folk medicine employs many plants to counteract diverse diseases such as catarrh, bronchitis,
pneumonia and diarrheas. Our labs have carried out several studies on antimicrobial activity related to some
of the mentioned plants. The antimicrobials reported can be extracted easily in an aqueous medium. This
observation may be useful in isolating these principles from consumption residues (i.e. fruit pericarp of

oranges and pomegranates) at a reduced cost. Moreover, Citrus aurantium L. (bitter orange) pericarps are
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codified in the Pharmacopeias of Argentina and Great Britain. They contain flavonoids as naringin and
hesperidin, which are active against Candida albicans and dermatophytes. Besides antimicrobial properties,

flavonoids show antioxidant anti-inflammatory, antiasmathic, antiagregant and hormonal effects!!17,

We have conducted other studies in relation to natural compounds isolated from plants of Argentina. The
compounds studied were mainly flavonoids with different chemical formulae and some of them were present
in essential oils. Others have an infrequent distribution in nature and exhibit specific biological activities that
allow them to be classified as potential medicaments to collaborate with others existing in the pharmaceutical
marketl®1819 Other compounds showing bioactivity are alkaloids, lectins, saponins and peptides, which

were found in plants as well as in microorganism’s cultures contained in soil samples(2,

B -citronellol, a monoterpenoid contained in several plant essential oils, modulates expression of ERG genes
and ergosterol levels as part of its antifungal effect2!l. The results suggest that B-citronellol has various
modes of action, including inhibition of morphological transition in C. albicans and decrease of the secretion
of hydrolytic enzymes involved in the early stage of infection as well as modulation of the expression of
associated genes. In fact, it has a significant inhibitory effect on biofilm formation and secretion of

extracellular proteinases and phospholipases as well in the membrane ergosterol levels.

Among the medicaments of vegetal origin, we can mention the cardiotonic digoxin, the analgesic morphine,
the antitumoral vincristine and the antiseptic agent eugenol, widely used in Odontology. Coming from other
natural resources, the betalactamyc antibiotics are produced by fungal cultures and the polypeptides ones

by soil bacteria.

Recently, investigation on natural resources has been increased due to vital need for new agents. In this
sense, it can be also applied to different fields such as medicine, pharmacy, biochemistry, bromatology,

cosmetology, agriculture, etc.
Research on natural antifungal agents. Human mycoses

Fungal infections are a public health problem. The most common fungal pathogens for humans are the
species of Candida and Aspergillus. Opportunistic yeast Candida, mainly C. albicans, is responsible of 50-

90% human candidiasis(22.

The use of antimicrobial drugs always carries the risk that resistance appears due to adaptable nature of the
microorganism populationsi23. The need for safe and effective antifungal drugs has increased in parallel with

the expansion of immunocompromised patients at risk for fungal infections.

The major limitations associated with currently used antifungal compounds are low efficacy rate and severe

side effects. Thus, it is necessary to search for new compounds with low toxicity on human cells.

Commonly used antifungal drugs belong to various pharmacological groups and are characterized by different
mechanisms of action and spectrum of activity. They act mainly in cell membrane, cell wall and intracellular
entitiesl24, Several actions have been stated for antifungal therapy; usually they are related to synthesis

inhibition of ergosterol, squalene epoxidase, glucan, chitin, nucleic acids, proteins and microtubules!23,
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There are several chemical structures which have demonstrated antifungal activity such as those belonging
to the groups of azoles, morpholines and other heterocyclic compounds. Different natural compounds have
been reported as possible antifungal agents, such as phenols, flavonoids, coumarins, quinones, saponins,

xanthones, alkaloids and terpenoids26:271,

For many years, the treatment of invasive fungal infections was limited to amphotericin B. Afterwards, azoles

and echinocandins have been mostly used for the treatment of fungal infections with high mortality rate(28l,
Antifungal drug targets
Sterol 14 alpha demethylase CYP51

Sterol 14 alpha demethylase is the main enzyme involved in ergosterol synthesis. Due to its inhibition,
depletion of ergosterol is produced and accumulation of 14-methyl sterols results in impaired fungal cell
growth. In Candida albicans, the enzyme is called CYP51 and is a member of Cytochrome P450 family that
converts lanosterol into 4,4'-dimethylcholesta-8,14,24-triene-3-beta-ol. The essential role of CYP51 enzyme
in fungi and yeast metabolism makes it an important target for antifungal drug design. Thus, azoles interfere

with the synthesis of ergosterol by inhibiting this enzyme(22:39,

There are many studies that apply informatics tools to natural and synthetic products. In 2015, Irfan and
AbidBY carried out docking studies to build a three dimensional model of Candida albicans CYP51 and study

its interactions with eighteen newly synthesized triazoles derived from naturally bioactive scaffolds.

Docking studies using I-TASSER (iterative threading assembly refinement) server for 3D showed that a
compound containing the quinoline ring NT-03 binds with higher affinity the enzyme at the predicted site for
medicaments, in accordance with experimental bioactivity data. The authors concluded that similar triazole

derivatives can be developed as more effective antifungal agents.
N-Myristoyl transferase

Other therapeutic target is the enzyme N-Myristoyl transferase (NMT), which catalyzes the transfer of the 14-
carbon saturated fatty acid myristate from myristoyl-CoA to the N-terminal glycine residue of a variety of
eukaryotic cellular and viral proteins. NMT exists as isoenzymes that are involved in a wide variety of biological
processes and function as protein kinases, kinase substrates, protein phosphatases, a-subunits of many
heterotrimeric G-proteins and endothelial cell nitric oxide synthasel®2. NMT participates in diverse biological
processes, including signal transduction cascades and apoptosis. It has even been employed as drug target

for human pathogens like Candida sp and proposed in antitrypanosomatid and antimalarial therapeuticst3324.,

Guerrero-Perilla et al.®% studied the docking of thirty-two natural compounds to the active site of N-myristoyl
transferase (NMT) in comparison with a previously reported synthetic inhibitor. Among the tested
compounds, alkaloids, flavonoids, xanthones and quinones exhibited a stronger mean interaction with NMT
than terpenoids, coumarins and phenolic derivatives. Particularly, affinities for an aporphine alkaloid, a
prenylated flavonoid and two xanthones resulted to be comparable with the reference inhibitor. The results

allowed selecting three possible lead structures to continue search for antifungal drugs.

551
Revista Fitos. Rio de Janeiro. 2020; 14(4): 547-562 | e-ISSN: 2446-4775 | www.revistafitos.far.fiocruz.br | CC-BY 4.0


https://creativecommons.org/licenses/by/4.0/
http://www.ncbi.nlm.nih.gov/pubmed/?term=Luscombe%20NM%5BAuthor%5D&cauthor=true&cauthor_uid=11552348

Contributions of bioinformatics to study natural antifungals: review in a Miozza, Barceld, Passero et al
pharmacological context

Mevalonate-5-diphosphate decarboxylase and other molecular targets of wortmannin

Fungal strains from soil samples are able to produce narrow to broad spectrum antifungal metabolites.
Among them, Penicillium sp have ubiquitous occurrence in diverse ecological niches and demonstrate some
important functional attributes associated with plant growth such as solubilisation of phosphorus, biological
control of root diseases and phytohormone production3€l, Several metabolites from Penicillium spp, such as

paxisterol and compactin, have been reported for analgesic and antifungal properties in animals2Z,

Using soil samples as antifungal resources, Singh et al.28 isolated a cell-permeable metabolite known as
wortmannin (Wtmn) from Penicillium radicum. It showed a broad spectrum on antifungal activity and
irreversible inhibition of phosphoinositide 3-kinase (PI3K). Among 38 fungal species, wortmannin was active
against various strains of Candida sp, Cryptococcus terreus, Trichophyton rubrum, Rhizoctonia oryzae,
Aspergillus versicolor, Aspergillus fumigates, Aureobasidium pullulans, Fusarium moniliforme and

Saccharomyces cerevisiae.

Virtual screening predicted that the hydrophobic estrogen-related wortmannin may inhibit some targets more
efficiently than known antifungal agents such as voriconazole and nikkomycin. The targets are: a)
mevalonate-5-diphosphate decarboxylase (1F14), responsible for sterol/isoprenoid biosynthesis; b) exocyst
complex component SEC3 (3A58) where Rho- and phosphoinositide-dependent localization is present and
c) Kre2p/ Mnt1p, a Golgi alpha 1,2-mannosyltransferase involved in the biosynthesis of yeast cell wall

glycoproteins Singh et al.(8l,

The authors suggest that wortmannin produced by P. radicum is a promising lead compound which could
be potentially used as efficient antifungal drug in the near future after appropriate structural modifications to

reduce toxicity and improve stability.
Thioredoxin reductase on paracoccidioidomycosis

Invasive fungal infections have been important causes of morbidity and mortality, especially in the large
population of immunocompromised patientsi®¥. These infections have also increased significantly and
represent a serious public health problem, because they are associated with prolonged length of hospital
stay and, consequently, high costs for critically ill patients. The most important microorganisms agents
involved in opportunistic mycoses are Candida spp., Cryptococcus neoformans and Aspergillus spp,
whereas the most commonly endemic mycoses are due to Histoplasma capsulatum, Paracoccidioides

brasiliensis and Coccidioides spp.

P. brasilisiensis is known to cause the systemic granulomatous mycosis paracoccidioidomycosis. However,
recent phylogenetic studies have established the involvement of a new species, named Paracoccidioides
lutzit®¥, The disease is restricted to Latin America, where ten million people are supposed to be infected
with this fungus. The chronic form is the most frequent one among adult males and progresses slowly. The

acute form is fast (weeks or months) and more severe, leading to high mortality levels,

In this context, one promising fungal target is the thioredoxin reductase (TRR1), a flavoprotein enzyme
involved in the oxidative stress resistance, regulation of DNA and methionine biosynthesis, cell growth, gene
transcription and apoptosis. Abadio et al.“2 studied the docking of P. lutzii TRR1 to 3,000 small molecules

that had showed antifungal activity against Paracoccidiodes spp. Twelve compounds were selected from
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the results and then tested experimentally on Paracoccidioides lutzii and P. brasiliensis. Three of the
compounds tested showed inhibitory activity against the fungal enzyme and were patented. Another
compound demonstrated both selectivity and high antifungal activity against Paracoccidioides species. Once
again, a rational combination of molecular modeling simulations and virtual screening of new drugs has

provided a cost-effective solution to an early-stage medicinal challenge.
Emergence and reversion of antifungal resistance

In the three past decades a significant increase in the prevalence of resistance to antimicrobial agents has
been detected. Resistance has important implications for morbidity, mortality and health care in hospitals as

well as in the community.

The study of resistance to antifungal agents has lagged behind that of antibacterial resistance for several
reasons. Perhaps fungal diseases were not recognized as important pathologies until relatively recent times.
For example, the annual death rate due to candidiasis was steady between 1950 and 1970. Since 1970, this
rate increased significantly in association with more widespread use of therapies that decrease the immune

system, the indiscriminate use of broad-spectrum antibacterial agents, the advent of AIDS, etc.[43],

For more than 30 years, amphotericin B was the sole drug available to control serious fungal infections, in
spite of its nephrotoxicity. The approval of azoles in late 1980 meant a major achievement in consideration

of the safety/efficacy ratio. However, their widespread use has been correlated with antifungal resistance.

It was tempting to compare mechanism of resistance to antifungal and antibacterial agents. Although it may be
useful to develop a perspective common to the two kingdoms, there are some limitations due to their differences

in biological structures, the generation time, the pharmacological targets and functions to be inhibited!“3l,

The mechanisms of resistance to antifungal agents are closely related to those of action. The three main
groups of antifungal agents in clinical use, azoles, polyenes and allylamine/thiocarbamates, interact directly

or indirectly with ergosterol, which is the predominant component of the fungal cell membrane.
Resistance related to ergosterol synthesis

Resistance linked to this pathway may be mediated either by modification of the enzyme sterol 14 alpha-
demethylase or by an overexpression of its encoding gene ERG114, Some fungal species are naturally
resistant to azole drugs due to the chemical structure of the enzyme, which presents polymorphism. For
example, Aspergillus fumigates intrinsic resistance is related to the isoenzyme known as Cyp51Ap. Edlind
et al.#8 compared in silico the enzyme sequences from Candida albicans and A. fumigatus. They found that
the substitution of the polar T315 residue by the non-polar alanine (T315A) in C. albicans enzyme is enough

to confer fluconazole resistance to the yeast.

Aminoacid substitutions Y132 and K143 in ERG11 sequences of Candida auris confer a phenotype of
resistance to fluconazol similar to that described for Candida albicans!“Sl. Candida auris, recently recognized
MDR yeast found in healthcare settings, is considered a major threat to ICU patients. Worldwide reports of
C. auris, which was initially described in 2009, have considerably increased in less than a decade, witnessing

its spread in different continents“Z48. MDR C. auris is causing persistent colonization and invasive infections
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among hospitalized patients. In 2016, international health agencies including the US CDCES, ECDCEY and
Pan American Health Organization (PAHO)/WHOB!Y warned about it.

Later experimental studies confirmed that the natural polymorphism 1301 in the Aspergillus fumigatus
enzyme Cyp51Ap is necessary and sufficient to explain the fluconazole intrinsic reduced susceptibility of the

yeast. Thus, molecular changes in the enzyme may reverse the resistance to antifungal agentsf®2.

Aspergillus fumigatus is the most common hyphomycete to cause disease in humans®354, |t is intrinsically
resistant to ketoconazole and fluconazole but normally susceptible to other available azole antifungal agents

as itraconazole and posaconazole%58],
Resistance related to efflux pumps
ABC transporters cdr

Polymorphism of other molecules such as drug transporters may also generate antifungal resistance. Efflux
pumps are important molecular targets involved in antifungal resistance. Thus, reduced intracellular
accumulation of drugs as a consequence of their rapid efflux is another prominent mechanism of resistance

in Candida cellsl#4:27,

Most commonly, genes encoding drug efflux pumps belonging to ATP binding cassette (ATP) and Major
Facilitator superfamilies (MFS) of proteins are overexpressed, since ABC and MFS transporters are among

the major players that contribute to azole resistance in clinical isolates of Candida.

The genome of C. albicans possesses 28 ABC and 95 MFS proteins; however, only ABC transporters Ca
cdr1, Ca cdr2, Cdr6p/Roa1p and MFS transporter Ca mdr1 are known to be multidrug transporters which
play major role in drug extrusion from resistant strains. Cdr1 is the major drug exporter in C. albicans and
plays a key role in antifungal resistance. Even when Ca cdr2 exhibits 84% identity with Ca cdr1, it has a

distinct drug resistance profilel5859,

ABC proteins of C. albicans are divided into four subfamilies: PDR/ABCG, MDR associated protein
(MRP)/ABCC, MDR/ABCB and adrenoleukodystrophy protein/ABCD These transporters are usually located
in plasma membrane, specifically Cdr1p, Cdr2p, Cdr3p, and Cdr4p, but can also be found in vacuolar
membrane like Adp159,

ABC proteins are generally made up of two domains located into the plasmatic membrane and two
nucleotide-binding regions situated in the cytoplasm, being the non catalytic nucleotide-binding site essential
in the transport mechanism of Cdr1’s protein®28%, The transporters require energy from the ATP hydrolysis

which is carried out at the last mentioned sites.

The range of Ca cdr1 substrates varies enormously and includes structurally unrelated compounds such as
azoles, lipids and steroids. This promiscuity towards substrates is a characteristic feature of most ABC-type
drug transporters and makes their functionality more complex to understand®Z. Nim et al.’l identified
tetrazolium chloride and trimethyltin chloride like new substrates, and also discovered new substrate

recognition sites. TMH 1, -2, -4, -8 and -11 harbour multiple overlapping drug-binding sites®.
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Puri et al.4 made studies to build computational models for classification of substrates and non-substrates
of Ca cdr1 and Ca mdr1. Then they selected randomly 67 compounds of different characteristics in order to
evaluate toxicity on S. cerevisiae strains over-expressing the mentioned transporters using experimental
methods. Berberine, vinblastine and quinidine were found among the natural compounds that result common

substrates of Ca cdr1 and Ca mdr1.

In the search for novel modulators or inhibitors of these efflux pump proteins, our labs had reported that the
prenylated flavonoid 2’,4'-hydroxy - 5'-(1" '-methylallyl)- 6-prenyl pinocembrine (6PP) inhibits the ATP-
dependent cdr transporters through a competitive mechanism and reverses azole resistance in Candida

albicans. Besides this, it has an antimicrobial activity by itself (58],

In order to further analyze the possible molecular interactions between the transporters cdr1 and cdr2 with the
ligands 6PP, fluconazole and adenosine triphosphate (ATP), preliminary bioinformatics studies were
conducted. The compound 6PP and fluconazole could compete in different ways by a transmembrane stereo
specific site of Candida albicans cdr pumps. The most probable site is shared by cdr1 and cdr2 and contributes
selectively with some amino acids. In addition, 6PP may compete with ATP in the cytosolic domain and
fluconazole would mimic it} (FIGURE 2). Since 6PP chemical formula was reviewed as 2’,4'-hydroxy -5'-(1" -

methylallyl)-8-prenylpinocembrine (8PP), current bioinformatics studies are currently updated.

FIGURE 2: Structure of Candida albicans cdr2 transporter showing proposed binding sites for 6PP, fluconazole and ATP.
The models were generated and visualized through the VINA-AUTODOCK and PYMOL programs!Z.
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Substitution of residues in Ca cdr1 and other fungal ABC transporters plays an important role in ATP binding

and hydrolysis and therefore are essential for drug effluxi7.
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ABC transporter pdr5 (Pdr5p)

There is a high structural and functional similarity between Candida albicans cdr1 and Saccharomyces

cerevisiae pdrb (Sc pdr5), even when some distinct functional features tend to distinguish them.

As the best-studied and most abundant ABC transporter in Saccharomyces cerevisiae, pdr5 mediates
cellular detoxification and multidrug resistance (MDR). The predicted topological structure of pdrSp shows
that it contains two nucleotide binding domains and two transmembrane domains which harbor twelve
transmembrane helices, six extracellular loops and four intracellular loops. Pdr5 shares similar secondary

topological structure with other similar molecules(®3l,

To clarify the mechanisms of how pdr5 recognizes and extrudes a wide variety of compounds out of the
cells, numerous mutants had been generated by random or site-directed mutagenesis. To investigate the
potential loss-of-function mechanism Chen et al.f% used mutants of the ABC transporter and evaluated its
efficacy by comparing results from computational and experimental methods. In order to study the structure—
function relationship of pdr5, they used a recently published 3D model of the transporter mutations to perform

a study on molecular docking to different compounds.

Mutations adjacent to the end of transmembrane helices 6 and 7 affect drug efflux capacity of yeast pdr5.
These mutations might disturb interactions between the drugs and pdr5, preventing the drugs from

approaching the intracellular or extracellular portal and subsequently from being exported by the transporter.
Methods used by bioinformatics

Bioinformatics uses different techniques and programs that have been reviewed by Tamay-Cach et al.®! and
Diniz and Canduri®®, in relation to their application in the knowledge of biological systems and in the study
of antimicrobial agents. Different bioinformatics approaches discussed by Bencurova et al.9 help in the

identification of novel fungal drug targets.

Among most used methods, virtual screening (VS), docking simulation, molecular dynamics (MD)
simulations, biological sequence comparison by alignment, quantitative structure-activity relationship
(QSAR), multi-target quantitative structure-activity relationship (mtQSAR) and multi-tasking quantitative
structure biological effect relationships (mtk-QSBER) can be mentioned. Some examples and applications

are stated below.
Biomolecular docking

According to Chaskar et al.®®8, docking methods are concerned with the study of the possible molecular
interactions between a ligand and the binding site of a target macromolecule, usually an enzyme, a receptor
or a transporter. In this context, Irfan and Abid2! applied docking methods to study the interactions of diverse
triazole drugs with the enzyme lanosterol 14-a demethylase of Candida albicans (see section “Antifungal

molecular targets” above).

A new way to find therapeutic targets of a given drug is the inverse docking. In this technique, the ligand is
evaluated in silico for binding to different potential targets included into a digital protein cavity database. For

example, the natural compound tanshinone has been associated with 10 potential disease targets related
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to cortisone reductase deficiency and other disorders®d, Meanwhile, the natural flavanone 8PP could bind
to different target macromolecules such as ATP cdr transporters, Hsp90 molecular chaperone and epidermal

growth factor receptortel,
Alignments

Sequential and structural alignment is another bioinformatics method which compares DNA, RNA or protein
structures. Study of similarities between compared sequences assigns function to genes and proteins that
may be involved not only in medicine but in agriculture and other fields6859, Edlind et al.“3 compared in
silico the Cyp51Ap enzyme sequences from Candida albicans and A. fumigatus (see section “Resistance
related to ergosterol synthesis” above). The multiple sequence alignment (MSA) is a powerful tool to include

a function or a structure by a determined consensus sequencel’%,

Conclusion

From its beginning, bioinformatics has grown by leap and bounds. Many laboratory groups in the world perform
several bioinformatics studies to have a better vision of the experimental hypothesis or to complement it.
Moreover, the use of bioinformatics techniques allows the research groups to direct an experimental design

towards a positive outcome, obtaining a virtual preliminary result of what would happen in reality.

Bioinformatics has made important contributions to the study of compounds with diverse pharmacological
activities. Among them, antifungal agents deserve special consideration due to the emergence of resistance.
In this sense, the search for strategies addressed to reverse it or to find new agents with high efficacy and low
toxicity are fully justified, particularly taking into account that other factors, such as drug interactions, may occur.

Complementing in silico and experimental methods may be useful to optimize cost of resources and time.
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