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APRESENTACAO

Em consonancia com as regras do Programa de P6s-Graduacdo em Ciéncias Biologicas,
esta tese € composta por um resumo geral do trabalho limitado a 3 paginas em portugués
e em inglés, e quatro artigos de pesquisa cientifica original contemplando os resultados
obtidos ao longo do desenvolvimento do doutorado. Em todos os trabalhos foram
utilizadas simula¢fes computacionais de macromoléculas. O primeiro artigo foi redigido
e submetido de acordo com as normas da revista cientifica Journal of Molecular Modeling
(ISSN: 1610-2940/ Impact Factor JCR: 1,33). Neste trabalho € descrito a descoberta de
moléculas com atividade antifingica que atuam na enzima homoserina desidrogenase do
fungo patogénico Paracoccidioides brasiliensis, causador da paracoccidioidomicose
(PCM). O segundo artigo esta sob revisao pela mesma revista citada anteriormente. Nele
foi utilizada a enzima a-amilase para compreender o mecanismo de inibicdo de compostos
com ac¢do hipoglicemiante. Este artigo ja foi avaliado pelos revisores, as correcdes
incorporadas e aguardamos a resposta final do editor. O terceiro artigo foi aceito para
publicacdo na revista Future Microbiology (ISSN: 1746-0921/Impact Factor JCR: 2,75)
e refere-se a descoberta de um potente inibidor da enzima corismato sintase de P.
brasiliensis, com acdo antifungica. Por fim, o Gltimo artigo, publicado na revista Journal
of Biomolecular Structure and Dynamics (ISSN: 1538-0254/Impact Factor JCR: 3,11)
apresenta a descoberta de uma molécula com acdo antiviral contra Bombyx mori Nuclear
Polyhedrosis Virus, hospedeiro do inseto bicho-da-seda (Bombyx mori). Em todos os

estudos foram realizados testes experimentais para a validagcao dos resultados.



RESUMO

A compreensdo das interagdes microscopicas entre um ligante e um determinado alvo
celular é um grande desafio para pesquisa cientifica. O entendimento destes detalhes
permite desenvolver medicamentos, por vezes, mais eficientes, ou ainda, podem trazer
beneficios em aplicacdes biotecnoldgicas de interesse econdémico. Neste campo, técnicas
de simulagcdo computacional, tais como modelagem, atracamento (docking) e dinamica
molecular, tém permitido entender varios aspectos deste mecanismo de interagcdo. O
conteddo da presente tese descreve resultados de quatro artigos cientificos que utilizaram
as técnicas computacionais citadas. Nos artigos 1 e 3 é descrito a descoberta de moléculas
com atividade antifungica, que atuam em dois diferentes alvos proteicos (homoserina
desidrogenase e corismato sintase), contra o fungo patogénico Paracoccidioides
brasiliensis, causador da paracoccidioidomicose (PCM). No artigo 2 foi utilizada a
enzima o-amilase para compreender o mecanismo de inibicdo de compostos com agédo
hipoglicemiante. Por fim, o artigo 4 descreve a descoberta de uma molécula com acéo
antiviral contra Bombyx mori Nuclear Polyhedrosis Virus, que afeta o inseto bicho-da-
seda (Bombyx mori). Em todos os estudos foram realizados testes experimentais
para a validacdo dos resultados.

Metodologia: Inicialmente as estruturas tridimensionais dos alvos proteicos foram
determinadas por modelagem molecular por homologia, exceto a da a-amilase, que ja
possuia estrutura cristalografica depositada no protein data bank (PDB). Todas as
estruturas dos alvos foram submetidas a procedimentos de minimizacdo de energia. Em
seguida, protocolos de docking molecular foram validados pelo método de redocking para
serem utilizados em simulagdes de varredura virtual em larga escala (VS) de pequenas
moléculas com disponibilidade comercial. Estas moléculas foram obtidas do banco de
dados Zinc e subdivididas por catadlogo de fornecedores. Estudos de dindmica molecular
(MD) foram realizados para verificar o comportamento e calcular as interagdes
envolvidas na estabilizacdo dos complexos proteina-ligante. Em alguns casos (artigo 2 e
4) foram utilizadas metodologias mais sensiveis como Molecular Mechanics Poisson-
Boltzmann Surface Area (MM-PBSA) para o célculo de AGiigaczo. Para a comprovagao
das teorias foram utilizados testes in vitro e in vivo. Para os testes in vitro, diferentes
metodologias foram empregadas, tais como: concentracdo inibitéria minima (MIC),
concentracdo fungicida minima (MFC), estudos cinéticos com a enzima alvo na presenca

do inibidor (I1Cxo) e, testes de citotoxicidade em células de mamiferos.



Artigo 1 - Resultados e discusséo: Neste estudo, o alvo celular foi a enzima homoserina
desidrogenase de Paracoccidioides brasiliensis (PbHSD). A estrutura da enzima foi
obtida por modelagem em estudos anteriores. A biblioteca virtual analisada por VS
continha 112.572 moléculas. Procedimentos de docking foram realizados por trés
diferentes programas. As moléculas HS9 (Zinc2123137), HS7 (Zinc15967722), HS6
(Zinc20611644) foram selecionadas em comum por todos os programas e adquiridas para
ensaios in vitro. Os ensaios microbioldgicos demostraram que todas as moléculas
apresentaram atividade antiftingica com valores de MICs/MCFs de 8, 32 e 128 pug.mL™?,
respectivamente. As duas moléculas mais promissoras apresentaram resultados
satisfatorios com ampla faixa terapéutica nos ensaios de citotoxicidade. As simulacGes de
MD da PbHSD com as moléculas selecionadas indicaram que o ligante se manteve preso
ao sitio ativo da proteina ao longo de toda a simulacdo e, sua presenca ndo levou a proteina
a se desenovelar. Além disso, as moléculas apresentaram um maior nimero de contatos
com a proteina em relacdo ao substrato HSE, o que pode justificar o valor de CIM obtido.
Os resultados apresentados sugerem que a molécula HS9 pode ser considerada como um
hit no desenvolvimento de farmacos contra a PCM.

Artigo 2 - Resultados e discussao: Neste trabalho a estrutura cristalogréafica da enzima
a-amilase pancreatica (pdbid: 3121) foi utilizada como alvo de VS. A biblioteca de ligantes
continha as estruturas de taninos hidrolisaveis e condensados, mais os inibidores ja
conhecidos da enzima. Calculos tedricos de AGiigaczo pelo método MM-PBSA foram
realizados e indicaram que o tanino hidrolizado (HTN), acarbose (ACA) e o tanino
condensado (CTN) possuem alta afinidade em relacéo ao substrato amilose (AMY), com
valores de —350,0, —346,2, —320,5 e —209,2 kJ.mol™, respectivamente. A afinidade
relativa encontrada para 0 HTN e CTN estdo de acordo com o0s valores obtidos
experimentalmente. Os resultados deste estudo forneceram informacdes Uteis para a
caracterizacdo da ligagéo de taninos em a-amilase, que podem ser aplicados em futuros
estudos visando encontrar novas moléculas hipoglicemiantes.

Artigo 3 - Resultados e discussédo: A enzima alvo deste estudo foi a corismato sintase
de Candida albicans (CaCS). A estrutura da enzima foi modelada na forma tetramerica,
ligada ao substrato 5-EPSP e ao cofator FMNH2. O melhor modelo de CaCS foi
submetido a minimizagéo de energia e, em seguida, utilizada em procedimentos de VS
por meio do protocolo validado por redocking. Foram selecionadas duas moléculas
identificadas como CS8 (Zinc6445805) e CaCS02 (Zinc4217277), dentro de uma
biblioteca virtual que continha 196.099 compostos. Simula¢des de MD da enzima CaCS
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durante 50 ns ligadas ao 5-EPSP, CS8 ou ao CaCS02 confirmaram a estabilidade da
unidade biolégica como um homotetramero e, que os compostos CS8 e CaCS02 se ligam
ao sitio ativo por um numero maior de contatos em relacdo ao substrato 5-EPSP.
Adicionalmente, estudos de MIC e MFC demonstraram atividade antifungica contra
Paracoccidioides brasiliensis com valores 512 e 32 pug.mL™ para o CS8 e CaCS02,
respectivamente. Além disso, o CaCS02 demonstrou forte efeito sinérgico em
combinacdo com amfotericina-B. Estudos in vitro utilizando a CS recombinante de P.
brasiliensis mostraram um ICso de 29 uM para 0 CaCS02 dando suporte a resultados in
silico, os quais sugeriram uma forte ligacdo com a CS, podendo ser responsavel pela
atividade fungicida observada. Os resultados demonstraram que utilizando técnicas de
simulacdo computacional foi possivel obter uma molécula com grande potencial
fungicida.

Artigo 4 - Resultados e discussdo: A estrutura da enzima catepsina viral (V-Cath) de
Bombyx mori Nuclear Polyhedrosis Virus (BmNPV-Cath) foi modelada em complexo
com o inibidor competitivo MYP. A estrutura minimizada da BmNPV-Cath foi utilizada
como alvo na VS de uma biblioteca com 111.500 moléculas de produtos naturais. Quatro
moléculas foram selecionadas em comum por dois programas de docking, sendo
denominadas de: Bm1 (Zinc70705449), Bm2 (Zinc70701476), Bm4 (Zinc 02496946) e
Bmb (Zinc1288007). Em simulagBes de MD, as anélises dos complexos indicaram que o
equilibrio foi alcangado apos 5 ns. Os célculos tedricos de 4Giigagao pelo método MM-
PBSA, indicaram que a molécula Zinc12888007 (Bmb5) tem alta afinidade pela enzima.
A partir de testes in vivo com lagartas de B. mori infectadas com BmNPV e tratadas com
0s compostos selecionados, confirmou-se que o candidato Bm5 foi o mais promissor. O
tratamento com dose Gnica de 100 pg do composto Bm5 dissolvido em Pluronic-F127
0,02%, foi possivel obter uma reducdo da mortalidade das lagartas em 22,6%. Estudos
com diferentes doses e em diferentes concentracdes do Bmb5 ainda ndo foram realizados.
Contudo, estes ensaios podem melhorar ainda mais os resultados desta pesquisa, que
demonstrou uma aplicacdo biotecnoldgica direta contra uma das pragas mais comuns na

sericicultura mundial.

Palavras-chave: simulacdo computacional, varredura virtual, docking molecular,

dindmica molecular, antifangicos, antivirais, hipoglicemiantes, descoberta de farmacos.
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ABSTRACT

The knowledge about the microscopic nature of the interactions between a ligand and a
particular cellular target is a major challenge for scientific research. The understanding
of these details allows to develop new medicines, which sometimes are more efficient, or
can bring benefits in biotechnological applications of economic interest. In this field,
computational simulation techniques, such as modeling, docking and molecular
dynamics, have allowed to understand several aspects of these mechanisms of interaction.
The content of the present thesis describes the results of four scientific papers that have
make use of the cited computational techniques. In articles 1 and 3 the discovery of
molecules with antifungal activity, acting on two different protein targets (homoserine
dehydrogenase and chorismate synthase), against the pathogenic fungus
Paracoccidioides brasiliensis, the causing agent of paracoccidioidomycosis disease
(PCM) is described. In article 2, the a-amylase enzyme was used to understand the
mechanism of inhibition of new hypoglycemic compounds. Finally, the article 4 describes
the discovery of a molecule with antiviral activity against Bombyx mori Nuclear
Polyhedrosis  Virus , that affects the silkworm (Bombyx mori ). In all studies ,
experimental assays were carried out to validate the results.

Methodology: Initially, the three-dimensional structures of the protein targets were
modeled by homology, except for a-amylase, which had already a crystallographic
structure deposited in the protein databank (PDB). All protein targets were submitted to
energy minimization procedures. Then, molecular docking protocols were validated by
the redocking method in order to be used in virtual screening simulations (VS) of
purchasable small molecules library. These libraries were obtained from the Zinc
database and subdivided by supplier catalog. Molecular dynamics (MD) studies were
performed to verify the behavior of the complex and also to calculate the interactions
involved in the stabilization of protein-ligands. In some cases, (article 2 and 4), more
sensitive methodologies such as Molecular Mechanics Poisson-Boltzmann Surface Area
(MM-PBSA) were used to calculate AGoinding. The in vitro and in vivo assays were used
to validate the theoretical findings. For in vitro assays, different methodologies were used,
such as: minimal inhibitory concentration (MIC), minimal fungicidal concentration
(MFC), kinetic studies using the target enzyme in the presence of the inhibitor (1Cso), and
cytotoxicity assays in mammalian cells.

Article 1 - Results and discussion: In this study, the cellular target was the enzyme

homoserine dehydrogenase from Paracoccidioides brasiliensis (PbHSD). The structure
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of the enzyme was obtained by homology modeling in previous studies. The virtual
library analyzed by VS contained 112,572 molecules. Docking procedures were
performed by three different programs. The molecules HS9 (Zinc2123137), HS7
(Zinc15967722) and HS6 (Zinc20611644) were selected in common by all programs and
purchased for in vitro assays. Microbiological assays showed that all the molecules
presented antifungal activity with MICS/MCFs values of 8, 32 and 128 pg.mL™,
respectively. The two most promising molecules presented satisfactory results with wide
therapeutic range in the cytotoxicity assays. The MD simulations of PbHSD with the
selected molecules indicated that the ligand remained bonded to the active site of the
protein throughout the simulation and its presence did not let the protein to unfold. In
addition, the molecules showed a greater number of contacts with the protein regarding
the HSE substrate, which may justify the MIC value obtained. The results presented
suggest that the molecule HS9 can be considered as a hit in the development of antifungals
against PCM.

Article 2 - Results and discussion: In this work the crystallographic structure of the
enzyme pig pancreatic a-amylase (pdbid: 3121) was used as target for VS. The library of
ligands contained the structures of hydrolysable and condensed tannins, plus the known
inhibitors of the enzyme. Theoretical calculations of AGuinding by the MM-PBSA method
were performed and indicated that hydrolyzed tannin (HTN), acarbose (ACA) and
condensed tannin (CTN) have highest affinity than the amylose substrate (AMY), with
values of -350.0, -346.2, -320.5 and -209.2 kJ.mol%, respectively. The relative affinity
found for HTN and CTN are in agreement with the values obtained experimentally. The
results of this study provided useful information for the characterization of tannin binding
in a-amylase, which can be applied in future in vivo studies aiming the discovery of new
hypoglycemic molecules.

Article 3 - Results and discussion: The target enzyme of this study was the chorismate
synthase from Candida albicans (CaCS). The structure of the enzyme was modeled in
tetrameric form, bounded to the 5-EPSP substrate and the FMNH2 cofactor. The best
CaCS model was submitted to energy minimization and then, used in VS procedures
through a protocol validated by redocking. Two molecules identified as CS8
(Zinc6445805) and CaCS02 (Zinc4217277) were screened within a virtual library
containing 196,099 compounds. The MD simulations of the CaCS enzyme bounded to 5-
EPSP, CS8 or CaCS02 by 50 ns confirmed the stability of the biological unit as a
homotetramer, and that compounds CS8 and CaCS02 bind to the active site by a greater



number of contacts than substrate 5-EPSP. Additionally, MIC and MFC studies
demonstrated antifungal activity against Paracoccidioides brasiliensis with values of 512
and 32 pg.mL! for CS8 and CaCS02, respectively. In addition, CaCS02 demonstrated a
strong synergistic effect in combination with amphotericin-B. In vitro studies using the
recombinant CS from P. brasiliensis showed an ICsp of 29 uM for the CaCS02 supporting
our in silico results, which suggested a strong binding of this ligand to CS and this fact
could be responsible for the observed fungicidal activity. These results demonstrated that
using computational simulation techniques, it was possible to identify a molecule with
great fungicidal potential.

Article 4 - Results and discussion: The structure of the viral cathepsin (V-Cath) enzyme
from Bombyx mori Nuclear Polyhedrosis Virus (BmNPV-Cath) was modeled in complex
with the competitive inhibitor MYP. The minimized structure of BmNPV-Cath was used
as target in the VS of a library with 111,500 molecules of natural products from Zinc
database. Four molecules were selected in common by two docking programs, being
named: Bm1 (Zinc70705449), Bm2 (Zinc70701476), Bm4 (Zinc 02496946) and Bm5
(Zinc1288007). In MD simulations, the analyzes of the complexes indicated that the
equilibrium was reached after 5 ns. The theoretical calculations of AGoinding by the MM-
PBSA method, indicated that the molecule Zinc12888007 (Bmb5) has high affinity for the
enzyme. The in vivo assays with B. mori caterpillars infected with BmNPV and treated
with the selected compounds was used to confirm the Bm5 as the most promising
candidate. The treatment with a single dose of 100 pg of BmS5 dissolved in Pluronic-F127
0.02% promotes a reduction in mortality of the caterpillars by 22.6%. Studies with
different doses and at different concentrations of Bm5 have not yet been carried out.
However, these assays may further improve the results of this research, which
demonstrates a direct biotechnological application against one of the most common

diseases in sericulture worldwide.

Key words: computational simulation, virtual screening, molecular docking, molecular

dynamics, antifungal, antiviral, hypoglycemic, drug discovery.



Artigo 1: New inhibitors of homoserine dehydrogenase from
Paracoccidioides brasiliensis presenting antifungal activity.
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Abstract

Paracoccidioidomycosis (PCM) is a systemic mycosis caused by fungi of the
genus Paracoccidioides spp., which mainly affects workers in rural regions of Latin
America. Although the antifungal agents currently available for the treatment of PCM
are effective in controlling the disease, many months are needed for healing, making the
side effects and drug interactions relevant. In addition, conventional treatments are not
able to control the sequelae left by PCM, even after the cure, justifying the search for
new therapeutic options against PCM. In this context, the enzyme homoserine
dehydrogenase of P. brasiliensis (PbHSD) was used to screen a library of natural
products from the Zinc database using three different docking programs, i.e. Autodock,
Molegro and CLC Drugdiscovery Workbench. Three molecules (Zinc codes: 2123137,
15967722 and 20611644) were better ranked than the homoserine substrate (HSE), and
were used for in vitro trials of the minimum inhibitory concentration (MIC) and
minimal fungicidal concentration (MCF). All three molecules presented a fungicidal
profile with MICs/MCFs of 8, 32 and 128 pg.mL~%, respectively. The two most
promising molecules presented satisfactory results with wide therapeutic ranges in the
cytotoxicity assays. Molecular dynamics simulations of PbHSD indicated that the
ligands remained bound to the protein by a common mechanism throughout the
simulation. The molecule with the lowest MIC value presented the highest number of
contacts with the protein. The results presented in this work suggest that the molecule
Zinc2123137 may be considered as a hit in the development of new therapeutic options
for PCM.

Keywords:  Paracoccidioides  brasiliensis;  virtual  screening;  homoserine

dehydrogenase; drug discovery.



Introduction

Paracoccidioidomycosis (PCM) is a systemic mycosis caused by fungi of the
genus Paracoccidioides spp., where P. brasiliensis is the best known species [1]. This
disease is restricted to countries in Latin America, where it affects mainly low-income
rural workers and is considered a neglected disease [2]. In Brazil, PCM is considered a
major public health problem, classified as one of the major causes of death among the
predominantly chronic or recurrent infectious diseases, and its mortality rate is the
highest among the systemic mycoses [3].

PCM manifests itself in two well-established clinical forms. The acute/subacute
(juvenile) form occurs predominantly in children and young adults. In these cases, the
disease develops in a few weeks or months after exposure to Paracoccidioides spp.
Among the most common clinical manifestations in the affected patient are fever,
exacerbated weight loss, hepatosplenomegaly and lymph node infarction. In contrast,
the chronic (adult) form of PCM, which affects about 80% to 95% of cases, usually
appears after age 30 and is limited to lesions in the lungs, upper airways, oral mucosa
and skin adjacent to the mouth and nose; in rare cases, the fungus spreads to the adrenal
glands and brain [4].

There are no specific drugs for PCM, and the therapeutic arsenal is limited to
two classes of antifungal agents. The first group are derivatives of polyenes, represented
mainly by amphotericin-B (AMB) [5]. Its mechanism of action occurs in the cell
membrane, which binds to the sterol ergosterol by altering the permeability of the
membrane [6]. This medication is usually effective in the treatment of mycoses and
used as the initial therapy for PCM, although its use is restricted to the hospital
environment [7]. It has several adverse effects, with nephrotoxicity as the most common
and most relevant [8].

In less severe cases or after clinical improvement in severe cases, the patient
undergoes continued treatment, mainly involving the use of azole derivatives [2]. These
drugs act specifically on the enzyme lanosterol demethylase, inhibiting ergosterol
biosynthesis [9]. Representatives of this group are itraconazole, voriconazole and
posaconazole. These drugs are less toxic than AMB, but are fungistatics and therefore
require a longer treatment time; this depends on the severity of the disease, and can
reach 24 months in severe cases.? This long-term treatment incurs high costs and
adverse effects [10,11], which increase the possibility of treatment abandonment and

thus promote the appearance of resistant strains [12]. Reports of P. brasiliensis strains



resistant to azole derivatives are common in the literature [13,14]; however, the
pharmacological arsenal against fungal infections is quite limited when compared to
antibacterial drugs. In addition, the fungus presents virulence attributes that may
contribute to the infection process in patients [15]. All these facts contribute to the
limitations in the treatment of PCM. These demonstrate the need for discovery of new
metabolic targets and new drugs with different and more effective mechanisms of action.

In this context, homoserine dehydrogenase (HSD) is an enzyme (EC 1.1.1.3) of
the aspartate metabolic pathway, which reduces L-aspartate 4-semialdehyde to L-
homoserine in a NAD(P)H-dependent reaction. This enzyme is essentially required for
the biosynthesis of methionine, threonine and isoleucine in fungi. Humans do not
synthesise these amino acids, as they are obtained from the diet [16]. Therefore, HSD
has recently been explored as an interesting metabolic target in the search for drugs with
selective antifungal action and low toxicity to the host [17-19].

In this context, the objective of this work was to perform virtual screening
simulations for the discovery of new inhibitor candidates of the enzyme homoserine
dehydrogenase from Paracoccidioides brasiliensis strain Pb18, the most virulent of this

species, and validate the activity of the hits by means of in vitro assays.

Material and Methods
Target preparation, library selection and filtering.

The biological unity of homoserine dehydrogenase from Paracoccidioides
brasiliensis (PbHSD) strain Pb18, in the presence of the cofactor NAD* plus the ligand
L-homoserine (HSE), has already been modelled and validated by previous results [17].
In this work, the structure of PbHSD was used in a new screening of a library of
purchasable natural products from the Zinc database [20]. The redocking protocol was
validated by three different programs using three different algorithms, i.e. Autodock
4.2.3 [21] implemented in the Pyrx-0.9 graphical interface [22], the program Molegro
Virtual Docker v6.0 [23] and the program CLC Drug Discovery Workbench v1.0.2 [23].
At the end of the screening, the compounds selected in common by the three programs
were filtered by the ADMTox criteria through the DataWarrior program
(openmolecules.org) and then acquired from InterBioScreen (Russia) for in vitro trials.



Molecular dynamic simulations

PbHSD in a complex with ligands and the cofactor was subjected to energy
minimisation and equilibration procedures by the molecular dynamics (MD) method
through the NAMD?2 program [24]. The Charmm c35b2-c36a2 force field (FF) [25] was
used for the atoms of the protein and the cofactor NAD™. In order to use accurate FF for
the L-homoserine and other ligands found by virtual screening, we initially downloaded
from Zinc database, the coordinate files in the *.mol2 format containing all hydrogens
at the expected protonation state for pH 7.0. Then, these files were submitted to
Swissparam server [26] for generation of the force fields in the Charmm format.
Simultaneously, the same files were also subjected to quantum optimization calculations
using the B3LYP/6-311G level of theory with the salvation model COSMO, by means
of the ORCA program [27]. Then, the topology files of the ligands provided by the
Swissparam were edited so that the partial charges of each atom were replaced by the
respective Mlliken’s charge provided by the ORCA program output.

Each protein-ligand complex was immersed in a periodic box with TIP3P water,
with limits at least 10 A away from the outermost surface of the molecule, under NPT
conditions (constants: number of atoms (N), pressure (1 atm) and temperature (300 K)).
A sufficient amount of Na* counterions was added to neutralise the system charges.

The simulations were performed in steps. Initially, the coordinates of the ligand
atoms were fixed in space, while all other atoms of the system were subjected to 30,000
steps of minimisation by the conjugate gradient (CG) method. In the second step, all the
atoms of the system were minimised by 10,000 steps of CG. The resulting minimised
coordinates were used as input parameters for redocking and virtual screening. In the
third step, the atoms of the protein, cofactor and ligand were fixed in space, while the
water molecules and ions were equilibrated by 60 ps of MD. In the fourth and last step,
all atoms were minimised again by another 20,000 steps of GC. For prolonged MD, all
atoms were equilibrated for 50 ns, a sufficient amount of time to verify the convergence
of the system to the conditions of thermodynamic equilibrium.

The analyses were performed in terms of root mean square deviation (rmsd); the
radius of gyration of the protein-ligand complexes and by the contact frequency of the
protein residues with the ligands within a range of up to 4.0 A, and also by the root
mean square fluctuation (rmsf) of the alpha carbons for each residue. All this
information was extracted from the trajectory file. The prolonged simulations were
performed on 20 nodes of an Intel Xeon E5-2695v2 Ivy Bridge, 2.4 GHz (480 cores)



from the SDumont cluster at Laboratorio Nacional de Computacdo Cientifica (LNCC),
Brazil.

In vitro assays

Compounds selected by virtual screening and the control drug amphotericin B
(Sigma-Aldrich) were tested. Initially, a stock solution of the selected compounds was
prepared in dimethylsulphoxide (DMSO) at 50 mg.mL1. The compounds were diluted
in RPMI [RPMI-1640 medium without bicarbonate, with L-glutamine, supplemented
with 2% glucose and buffered (pH 7.0) with 0.165 M morpholinopropanesulphonic
acid (MOPS)] (Sigma-Aldrich), DMSO (1%) and Pluronic F-127 at 0.1% (Sigma-
Aldrich) for trials. The fungi were incubated in the absence and presence of the diluent,
in order to confirm that exposition to it did not influence the growth of the tested
isolates.

To evaluate the susceptibility profile of the pathogenic fungi to the compounds,
the broth microdilution test was performed using a method proposed by CLSI (Clinical
and Laboratory Standards Institute, 2008), according to protocol M27-A3 (old NCCLS
- National Committee for Clinical Laboratory Standards), with modifications [28]. The
fungal isolates of P. brasiliensis (Pb18) were subcultured in Fava-Netto agar medium
[29] at 37°C for five days. The viability of Pb18 was determined by counting viable
cells in a Neubauer chamber by the trypan blue method [30]. For these experiments,
>80% was considered a viable count; cells were then used in the in vitro susceptibility
assays.

The inoculum were suspended in sterile saline buffer (0.85%) and added to
RPMI media at a final concentration of 1-2x10° cells.mL. The tests were performed
on sterile 96-well microplates (TPP Zellkultur Test Plate 96F, Switzerland) and the
final tested concentrations of the evaluated molecules ranged from 1 to 512 ug.mL™.
The incubation time was seven days at 37°C. The data are presented as MIC, which
corresponds to the concentration of each antifungal capable of inhibiting 80% of the
isolate’s growth. As the negative control was used only the RPMI medium plus DMSO
(2%), in order to verify possible culture medium contamination. For the positive
control, the yeast inoculum was added to the same medium (RPMI plus DMSO). The
optical density found in this control is considered to be 100% growth. After reading the
MIC, aliquots of 5 pL of all wells from the 96-well microplate were transferred and
subcultured into brain-heart infusion agar at 37°C for seven days to determine the



minimum fungicidal concentration (MFC). The fungicide profile considered the lowest
concentration capable of eliminating any fungal growth. All MIC (minimum
inhibitory concentration) and MFC (minimum fungicidal concentration)

determinations were done in duplicate.

Cytotoxicity evaluation

Cytotoxicity was assessed in two cell lineages, i.e. HeLa and Vero, using the
CellTiter 96 assay (Promega, Madison, WI, USA), based on the reduction of MTS (3-
[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-2-[4-sulphophenyl]-2H-
tetrazolium). Briefly, cells were incubated in 96-well culture plates and maintained in
Dulbecco’s modified Eagle’s medium (DMEM) with foetal bovine serum (5%) and
treated with compounds in concentrations ranging between 2 and 1024 pg.mL-*. After
24 h, the MTS solution was added to each well and the plate was incubated for 180 min
in a CO2 (5%) incubator at 37°C. Cell viability was determined by measurement of the
optical density at 490 nm using a spectrophotometer. The cytotoxicity results are
presented as the average from three independent experiments with three replicates for
each compound. Percent cell viability was calculated in relation to the viability of the

controls, which were treated with medium only.

Results and discussion
Virtual screening

The library of natural products obtained from the Zinc database contained
112,572 molecules. They were divided into 56 folders with approximately 2,000
molecules each, plus the structure of the substrate L-homoserine. The library was
initially screened with the Autodock program and 388 molecules that were better ranked
than the substrate (scores smaller than —5.61) were selected and stored in a folder called
“Best Results”. The best results were screened four times with the Autodock program,
another four times with the Molegro program and another four times with the CLC
program. The purpose of these replicates was to eliminate false positive results, since if
a molecule is selected by three programs using distinct search and ranking methods, it is
more likely that the selected ligand is indeed a promising hit. In order to perform the
screening, the Autodock and CLC programs used their standard search and rank
algorithms centred in the modelled ligand HSE. The Molegro program used the search
algorithm Moldock optimiser and the ranking function Moldock score and search radius



of 10 A, also centred in the ligand HSE. At the end, the molecules 2061164, 15967722
and 2123137 (Zinc codes) were selected in common by all the programs in all twelve
screens; these compounds were subsequently given the abbreviations HS6, HS7 and
HS9, respectively (Fig. 1), and acquired for in vitro assays.
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Fig. 1. Chemical structures of the molecules selected by the virtual
screening and the structure of the substrate L-homoserine (HSE) and a
known inhibitor of phenylalanine-tRNA ligase (pheS).

The values of the docking scores provided by the three programs used in the

virtual screening for the identified ligands plus the reference ligand HSE are shown in
Table 1.

Table 1 Docking scores provided by the programs used to identify the three
ligands evaluated in this work. Values represent the mean of four simulations and
the standard deviation.

Ligand Autodock score Molegro score CLC score
HS6 -9.8+0.19 -117.3 £ 0.06 -43.5+1.07
HS7 -8.6+£0.24 -120.0+£0.15 -52.1 +0.57
HS9 -7.5+0.15 -110.6 £1.73 -50.7 £ 0.94
HSE -5.6 + 0.07 -67.4 +0.98 -33.8+1.02

Biological trials

The MIC assays showed that the three molecules evaluated were able to inhibit
the growth of the P. brasiliensis isolate Pb18, where the molecule HS9 (MIC 8
ng.mL1) presented the best result, followed by the molecule HS7 (MIC 32 pg.mL™).

The molecule HS6 also presented antifungal activity in vitro; however, with an MIC of



128 pug.mL2, this was not considered a sufficiently promising result by our group. The
assay for the determination of the MFC showed that the values found were the same as
those observed in the MIC assays (Table 2). Thus, the ratio of the MIC and MFC

values equals 1, suggesting a fungicidal profile for these three molecules [31].

Table 2. Minimum inhibitory and fungicidal concentration of the molecules selected by virtual screening
against Paracoccidioides brasiliensis.

Ligand MIC ug.mL? MFC pg.mL™*?

HS6 128 128
HS7 32 32
HS9 8 8

The fact that all three identified molecules presented antifungal activity is quite
interesting. We attributed this result to the rigor of the adopted selection criterion, which
eliminated false positive results and highlighted the most promising ones. Among the
tested molecules, HS6 showed the lowest solubility in the assays. This characteristic
may have contributed to the high MIC value, since molecules with low solubility may
not be absorbed by the cell [32]. The water-octanol partition coefficients (xlogP)
calculated at pH 7.0 for the selected molecules were 0.48 (HS9), 1.89 (HS7) and 4.30
(HS6). The higher the xlogP value, the lower the solubility in water; this may have
influenced the results by different ways [33,34].

Molecule HS6

The molecule HS6 (Zinc20611644; InterBioScreen STOCK1N-58514, 92%
purity by NMR) has a neutral charge at pH 7.0, which, in theory, would facilitate its
permeability through the membrane [35]. However, its poor solubility in aqueous media
may have reduced its activity in the medium. So far, it has no patent or known
applicability. The analysis by the SEA predictions server, which compares the structure
of the query molecule with a database of molecules that are shown to bind to a given
protein/enzyme, suggested that HS6 bears some resemblance to the ligands of the alpha
subunit of phenylalanine-tRNA ligase (pheS), which is also present in fungi of the
genus Paracoccidioides (Uniprot id: c1gjz6), with a score of 0.29 and p-value of
3.367x10-%°, which is considered a low probability [36]. In fact, the molecule HS6 bears
some resemblance to known inhibitors of pheS (Fig. 1), with a Tanimoto index ranging

from 0.28 to 0.30. Thus, although the molecule HS6 was discovered by docking with

10



PbHSD as a target, we evaluated the docking of HS6 and HS7 on the active site of the
pheS alpha subunit as well (PDBIid: 3pco). The results did not present favourable

interactions and generated prohibitive scores.

Molecule HS7

The molecule HS7 (Zinc15967722; InterBioScreen STOCK1N-61006, 92%
purity by NMR) also has a neutral charge at pH 7.0 and, to date, has no patent or known
applicability. The SEA predictions server did not indicate a similarity between this
molecule and any other known ligand that could act on another enzyme.

The molecules used in the library were not selected by the resemblance of their
structure with a known ligand of PbHSD, but because of their origin as natural products.
The virtual screening simulation selected only three molecules out of 112,572 in the
library. Because of this small number, all three molecules were acquired for in vitro
assays regardless of their structural similarity.

The molecules HS6 and HS7 have in common the core 2-[(3S,3'S,3'aS,6'aR)-
2,4',6'-trioxo-1,2,3',3'a,4',5',6',6'a-octahydro-2'H-spiro[indole-3,1'-pyrrolo[ 3,4-
c]pyrrole]-3'-yl]acetamide, also known as spiro[pyrrolidine-3, 3"-oxindole]. The
Tanimoto index between them is 0.88, indicating high identity. Of the 388 molecules
selected in the first screening, at least 19 molecules were identified with this core. This
means that a new virtual screening from a library of molecules with the common core
spiro[pyrrolidine-3, 3"-oxindole], that are similar to HS6 and HS7, may identify other
more promising molecules. Neither molecule HS6 nor HS7 have patents deposited, but
other similar molecules that have the spiro[pyrrolidine-3, 3"-oxindole] core have

recently been described as potent drugs against breast cancer [37].

Molecule HS9

The molecule HS9 (Zinc2123137; InterBioScreen STOCK5S-99718, 90% purity
by mass) has net charge 0 at pH 7.0 and, to date, has no patent or known applicability.
The analysis by the SEA predictions server indicated similarity (p-value: 1.315x10-%,
score 0.42) with inhibitors of the enzyme cAMP and cAMP-inhibited cGMP 3',5'-cyclic
phosphodiesterase 10A from mouse (Uniprot: q8ca95) and similarity (p-value:
1.247x107°2, score 0.38) with inhibitors of proline-tRNA ligase, a cytoplasmic protein

in Candida albicans (Uniprot: p78600). However, molecule HS9 was not active against
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Candida albicans and had no cytotoxic effect on mammalian cells, which discards these
enzymes as alternative targets, i.e. acting as pan-assay interference compound (PAINS).
Cytotoxicity assays were performed with the most promising molecules HS7 and
HS9 in the mammalian HelLa and Vero cell lineages (Fig. 2). The HS7 molecule was
not toxic to the HelLa cells up to the tested concentration of 1,024 ug.mL"?, indicating a
therapeutic range of at least 992 pg.mL™t, more than 32 times the MIC value. In the
Vero cell line, the concentration of 1,024 pg.mL~ was shown to be significantly toxic
(p<0.05), indicating an interval of at least 480 ug.mL~2, which is equivalent to 16 times
the MIC value. Since the therapeutic window is calculated according to the LDso not by
the MIC [38], this window may be slightly larger than the range shown above. However,
we must consider that, because of the solubility and quantity of compounds tested, it
was not possible to determine the value of the LDsg, since concentrations higher than
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Fig. 2. In vitro cytotoxicity in HeLa (a) and Vero cells (b) in the presence of the molecules HS7 and HS9.
The tested concentrations ranged from 2 to 1,024 ug.mL™?, and cell viability was assessed by determining
mitochondrial activity using a CellTiter 96 AQueous One Solution cell proliferation assay (which
contains MTS) after 48 h of incubation. The percentage of viable cells after exposure to the compounds at
different concentrations was evaluated by considering the viability of untreated cells to be 100%. The
experiments were performed in triplicate. (*) indicates a significant reduction in cell viability (p<0.05).
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The HS9 molecule presented the same toxicity profile for the two cell lines after
128 pug.mL. The interval between the MIC value and the minimum cytotoxic dose was
at least 120 pg.mL™%, demonstrating a therapeutic range smaller than HS7.

To better understand the nature of the interaction of the selected molecules with
the target enzyme, MD simulations were performed in comparison to the HSE substrate.
Fig. 3 depicts the behaviour of the biological unit (homodimer) of PbHSD in the
presence of the three ligands mentioned, plus the cofactor NAD*, over time. The rmsd
value in the last 10 ns of the simulation remained stable, forming a plateau, in all
evaluated complexes (Fig. 3a), which indicates that the system entered into
thermodynamic equilibrium, allowing this interval to be used to analyse the interactions
that each ligand makes with the enzyme. Fig. 3b shows that the radius of gyration of the
complexes oscillated very little, i.e. within one Angstrom, throughout the simulation.
This indicates that the protein maintained its folded state, and the presence of the
ligands did not allow the protein to unfold. Fig. 3c shows that the greatest oscillations in
the protein occurred in the N-terminal region, which was expected, since the first
residues do not form any ordered element of secondary structure. When comparing the
rmsf of the three complexes, it was possible to observe that none of the ligands caused
greater oscillations in a given region of the protein. By means of visual inspection of the
trajectory, it was possible to verify that the ligands remained within the catalytic site of
the enzyme throughout the simulation (Fig. S1, supplementary data).

The ligands have distinct structures, which promote distinct interactions with the
protein (Figure S2, supplementary data). Because of this, the most important residues in
the protein for docking are those with a higher frequency of contact. The frequency of
contact that the protein residues made with each ligand is shown in Table S1
(Supplementary Material). In this analysis, it is considered the contact that each heavy
atom of a given ligand makes with a given protein residue, within a defined distance of
up to 4.0 A. Next, a statistics was made regarding the number of times that this contact
appears in the frames, being total number of frames = 1.00 (100%). Table S1 indicates
that Asp229 was essential for the binding of all evaluated ligands. Tyr216 made contact
with all inhibitors, suggesting a specific anchoring mechanism for these ligands. The
high frequency of contact with the cofactor NAD" indicates that the ligands bind to the
active form of the enzyme, which is essential for antifungal activity since there would
be no point in inhibiting an inactive enzyme. Table S1 also demonstrates that molecule
HS9 makes 14 contacts with a frequency greater than 70% with protein residues,
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including the cofactor NAD™. This suggests a common mechanism of interaction of
these ligands with the protein, that starts with ligand entry into the catalytic site and
interaction with residues in common. In this case, the Asp224 and Asp229 by means of
charge-charge or charge-dipole interactions (depending on the ligand) and with Tyr216
and NAD" by Van der Waals contacts.

There are many aspects involving the biological activity of a compound such as
solubility, cell permeability, target affinity, etc. Molecules HS6 and HS7 make nine
contacts each, while the HSE substrate makes only five contacts. This is certainly
reflected in the different affinities of the enzyme for each ligand and may explain in part,
the in vitro inhibition results (MIC and MFC). Coincidence or not, the ligand with the
highest number of contacts (HS9) had the lowest MIC, whereas the ligand with the
lowest number of contacts and lowest solubility in water (HS6) had the highest MIC.
However, the theoretical affinity of a protein for a ligand can only be estimated by
means of calculations, for example using MM-PBSA [39] or LIE [40] methods.

Details of the electrostatic contacts involving the protein residues with each
ligand identified by virtual screening are shown in Table 3. The full list of contacts
which includes van der Waals interactions are presented in Table S1 (Supplementary
Material).

Table 3 Details of electrostatic contacts between protein residues and the respective ligand atoms.

Protein HS6 HS7 HS9
residue
Atom Distance (A) Atom Distance (A) Atom Distance (A)

Lys122 N¢, o1 3.01 - - o1 2.80
Gly215 0O N3 3.99 - - - -
Glu218 O¢2 N2 3.34 - - N2 2.70
Asp224 052 N4 2.73 N4 2.84 N2 2.65
Asp229 052 N4 2.77 N4 2.83 N2 4.00
Lys233 N¢. - - 04 2.87 02 2.07
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Molecules HS6, HS7 and HS9 were screened into a library of 112,572
compounds. The chances of these three molecules having been discovered at random
and demonstrating fungicidal activity while having another enzyme as the target would
be (1/112,572)3. Therefore, it is most likely that these molecules are in fact ligands of
PbHSD. However, definitive confirmation should be obtained with spectroscopic
binding studies of these molecules with recombinant PbHSD. For this goal,
heterologous expression experiments are already underway to obtain the purified
enzyme to perform Kinetic assays.

The literature reports other HSD inhibitors that are amino acids or derivatives in
their chemical nature. The amino acid cysteine acts as competitive inhibitor of HSD
from the hyperthermophilic archaeon Sulfolobus tokodaii with a Ki of 11 uM and as
uncompetitive inhibitor of NAD* and NADP with K; values of 0.55 and 1.2 mM,
respectively [41]. The amino acid derivatives HS1 and HS2 were detected by virtual
screening and showed in vitro fungiostatic activity against Paracoccidioides brasiliensis,
with an MIC of 64 and 32 pg-mL, respectively [17]. The amino acid derivative 5-
hydroxy-4-oxo-I-norvaline (HONV) incorporated into dipeptides was able to inhibit the
growth of yeasts of the Candida genus in vitro, with MIC values ranging between 32
and 64 pg.mL! [42].

Since HSD is an enzyme that participates in the process of essential amino acid
biosynthesis, it is to be expected that certain amino acids or derivatives may inhibit it in
some way. In this sense, the molecule HS9 is an amino acid derivative and had the
lowest reported MIC value for the HSD enzyme of Paracoccidioides. The identification
of non-amino acid inhibitors is a major challenge. In this sense, a series of bis-
sulphanylalkylphenol molecules with ICso values ranging between 2 to 40 uM with
activity against strains of Candida albicans and Candida parapsilosis were the first
inhibitors of this category described [18].

The MIC values found in this work for molecules HS6 and HS7 (non-amino acid
inhibitors) are similar to the values found in the studies cited above. The differences are
related to their fungicidal profile and the relatively low cytotoxicity of the molecule
HS7 to human cell lines, which provides a greater therapeutic range than amphotericin
B [43], the reference fungicide for the treatment of PCM.
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Conclusions

This work identified three molecules with activity against the most virulent
strain of Paracoccidioides brasiliensis (Pb18), using virtual screening techniques. The
compounds HS6 (Zinc2061164), HS7 (Zinc15967722) and HS9 (Zinc2123137)
presented MIC/MCF values of 128, 32 and 8 pg.mL! respectively, presenting a
fungicidal profile. The HS9 molecule was the most promising, since the MIC/MCF
value found for it is lower than values recently reported in the literature for other
inhibitor candidates of PbHSD.

Molecular dynamics simulations of protein-ligand-cofactor complexes showed
that ligands remained within the catalytic site throughout the simulation, and Tyr216
residue proved to be very important in stabilizing HS6, HS7 and HS9 on the site. The
residue Asp219 was the most important in the stabilization of all ligands, including the
substrate. The stability of them within the site depends on the presence of NAD cofactor
configuring the active form of the enzyme.

By having fungicidal activity against P. brasiliensis and low cytotoxicity in
human cell lines, the molecule HS9 (Zinc2123137) may be explored as a hit against

paracoccidioidomycosis.
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Fig. S1. The representations in (A, C, E) shows that the main ligands evaluated in this study remained
within the catalytic cavity of PbHSD along simulations. The gray surface in these figures represents the
NAD™ cofactor. In B, D, F, the protein surface was removed for better view. The gold-colored structures
represent the initial position of the ligands HSE (B), HS7 (D) and HS9 (E) obtained by docking at the
beginning of the simulation. The green structures represent the positions of the ligands in the last 10
frames (100 ps) of the simulations. See that all ligands moved regarding to their initial position, however,
they have found a place to better interact with the protein and remain in this position until the end. This is
clear when we see a cluster of close conformations at the last stages of the simulation (equilibrium
reached). Figures generated using CCP4mg program.
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Fig. S2. Schematic representation of the interaction of ligands with PbHSD. Figure generated using
LigPlot" program.
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Table S1. Contact frequency between PbHSD residues and ligands. The
common residues with a higher frequency of contact are in bold. The contacts in
bold letters had frequency greater than 0.7 with all the ligands, indicating a
common docking mechanism. Blue contacts had a frequency greater than 0.9,
indicating a docking mechanism specific to inhibitors

Residue HSE HS6 HS7 HS9
(substrate) 58 61 99

VAL-12 - 0.18 - -
SER-99 - 0.65 - -
LYS-122 0.89 0.78 - 0.97
ALA-154 - - - 0.17
PHE-179 0.14 - 0.31 0.62
SER-180 0.21 - 0.93 0.96
GLY-181 0.14 - 0.87 0.84
THR-182 0.16 0.89 0.75 0.97
PHE-185 - - - 0.12
GLY-215 - 0.99 0.46 0.72
TYR-216 - 0.99 0.92 0.99
THR-217 - 1.00 - 0.71
GLU-218 0.75 1.00 0.23 0.99
PRO-219 - 0.60 - 0.21
ASP-223 0.35 - - -
ASP-224 0.48 0.97 0.52 0.94
ASP-229 0.98 0.99 0.99 0.95
LYS-233 0.98 0.22 0.89 1.00
SER-327 - - 0.85 0.33
ASN-329 - - 0.11 -
GLU-336 - - 0.23 -
ARG-337 - - 0.19 -
TYR-338 - - 0.10 -
GLY-339 - - 0.43 -
LYS-340 - - 0.24 -
ASN-341 - - 0.17 -
GLY-349 0.45 - 0.61 0.89
ALA-350 0.17 0.10 0.96 0.96
NAD-371 0.70 1.00 0.87 1.00
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Abstract

Amylases are interesting targets for antidiabetic drugs because their inhibition is able to lower
glycemia without the need of hormonal control, as promoted by insulin or glibenclamide. In
this context, the comparison between the binding features of a-amylases with their substrate
and known inhibitors, may provide insights aiming at the discovery of new antidiabetic drugs.
In this work, the structure of the porcine pancreatic a-amylase was modelled with the acarbose
pentasaccharide inhibitor, and used in structure-based virtual screening simulations based on a
library containing the structures of amylose (AMY), acarbose (ACA) and the more
representative structures of condensed tannin (CTN) and hydrolysable tannin (HTN). After
validation of the methodology by redocking (mean rmsd ~0.8 A), the scores provided by
programs AutoDock/Molegro were contradictory (—1.5/-23.3; —3.5/-24.6; —4.3/-14.6; —/-19.5
for AMY, ACA, CTN and HTN respectively), indicating that a more sensitive methodology
was necessary. The AGuinding Was calculated by the molecular mechanics Poisson-Boltzmann
surface area (MM-PBSA) method, which indicated that the HTN, ACA and CTN had higher
affinities for the enzyme regarding the AMY substrate, with values of —350.0, —346.2, —320.5
and —209.2 kJ-mol-!, respectively. The predicted relative affinities of HTN and CTN are in
agreement with those obtained experimentally. The results provided useful information for the
characterization of tannin binding to a-amylase, which can be applied in future studies aiming

at finding new hypoglycemic molecules among natural products.

Key words: enzyme, diabetes, natural products, mm-pbsa, docking.
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1. Introduction

Alpha-amylase (E.C. 3.2.1.1) belongs to the alpha-glucosidase family that hydrolyses o-
1,4-glycosidic bonds present in starch, glycogen and other oligo- and polysaccharides. The
human body produces two a-amylases, salivary and pancreatic, which are involved in the
digestion process, with consequent production of glucose, maltose, and oligosaccharides [1].
The presence of these fermentable sugars in the oral cavity is related to the development of
dental caries [2], whereas the absorption of monosaccharides into the bloodstream leads to an
increase in glycemia, which is related to metabolic disorders especially obesity and type 2
diabetes [3]. The prevalence of type 2 diabetes is increasing worldwide. A recent report from
the International Diabetes Federation (IDF; 2017) reveals that diabetes affects approximately
425 million people worldwide [4,5] This represents approximately 8.8% of the world
population and there are projections indicating that by 2045, 628 million people will have
diabetes. Type 2 diabetes presents the highest incidence with 85% of the total prevalence of
diabetes mellitus [4,5]. An appropriate response to these projections would be an intensified
search for new agents and approaches. In this respect, a-amylases have been extensively
investigated as potential targets for antidiabetic drugs [6]. The advantage of this target is that
its inhibition does not involve mechanisms of hormonal regulation, as occurs with insulin and
glibenclamide, whose continuous use may lead to the development of tolerance to these drugs
[7.8].

Drugs such as acarbose, voglibose, and miglitol have been described as inhibitors of
alpha-glucosidases, acting in the lumen of the intestine. Compared with acarbose, however,
miglitol is systemically absorbed [9]. In the intestine, the normal flora acts on these drugs,
especially on acarbose, generating new molecules that cause discomforts such as flatulence and
moderate diarrhoea [10]. To avoid these collateral effects, natural products identified as
inhibitors of alpha-glucosidases may be a good option for the reduction of glycemia without
propitiating such undesirable adverse effects [11]. Among these products are the flavonoids,
polyphenolics, cinnamic acid derivatives, terpenes and tannins, all found in plant extracts [12].

The tannins are polyphenols with molecular weights varying between 500 and 3,000 Da.
They are relatively large molecules, so that they are not absorbed into the bloodstream, and may
induce a local inhibition of alpha-amylase, resulting in a hypoglycemic effect. The tannins
comprise two groups, hydrolysable and condensed. Among the hydrolysable tannins, one of the
most studied is tannic acid (gallotannin) with up to 12 esterified galloyl groups and the core
glucose which is found in the Chinese natural gallnuts [13]. Among the condensed tannins, the
best known is that one extracted from the bark of the black wattle tree (Acacia mearnsii), rich

in the catechin-like flavan-3-ol monomers robinetinidol and fisetinidol [14]. In a preceding
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work we have characterized the kinetics of the a-amylase inhibitory activity of both the
hydrolysable tannin from Chinese natural gall and the condensed tannin from Acacia nearnsii
[15]. We also found that both compounds are able to reduce the post-prandial hyperglycemia
in vivo after starch administration [15]. Kinetic studies, however, do not reveal mechanistic
details about the inhibitory activity at the molecular level. Taking this into consideration, the
objective of this work was to compare, through computational simulations, the binding
characteristics of condensed and hydrolysable tannins to porcine pancreatic o-amylase in order
to get mechanistic insights into the experimentally detected differences in the behaviour of both

classes of compounds.

2. Material and methods
2.1. Protein ligand modelling and model minimization

The structure of porcine pancreatic alpha-amylase (PDBid 3I21) at 2.11 Angstrom
resolution [16] was used as the target in the simulations. Its glycidyl ligands were removed,
whereas the Ca?* and CI cofactors were maintained. Next, the structure of the human pancreatic
alpha-amylase (PDBid: 1xd0) bound to acarbose pentasaccharide (ACA) [17] was overlapped
with the porcine pancreatic alpha-amylase and the ACA ligand and the water molecules 511,
513 and 766 were copied in the resulting pose to the structure of the porcine pancreatic alpha-
amylase (geometric docking).

The modeled complex of porcine alpha-amylase bonded to ligand ACA and cofactors
Ca2* and CI- was minimized by conjugate gradient (CG) using the NAMD2 program [18], due
to the possibility of stereochemical collisions resulting from the geometric docking. The
minimization of the system was done stepwise. In the first step, the protein-ligand complex was
placed in a periodic box filled with Tip3 water and a sufficient amount of sodium counterions
to neutralize the system charges, and subsequently it was minimized by 20,000 steps of
conjugate gradient with the atoms of ligands and cofactors fixed in space. In the second step,
the atoms of the protein and ligand were fixed in space and waters and ions submitted to 60 ps
of molecular dynamics under NPT conditions. In the third and last step, the whole system was
minimized again by new 20,000 steps of CG. The CHARMM C35hb2-C36a2 force field [19]
was used for simulation of protein, water and ions. The force field for ACA was generated by
the Swissparam server [20] in the same format. The partial charges of the atoms of all ligands
at pH 7.0 were calculated by the B3LYP/6-311G method by means of the ORCA program

(https://orcaforum.cec.mpg.de/), in order to increase the accuracy of the ligand force field. The
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minimized structure that arose from this third step was used as input parameter in the docking

and long time molecular dynamics simulations.

2.2. Docking simulations

The docking simulations were carried out by means of two programs selected from five
available in our laboratory. The choice of the programs as well as the search and ranking
algorithms (when needed) were done by redocking the ACA ligand on the modeled structure.
The protocol was chosen and considered validated when the best score pose provided an rmsd
below 2.0 A in all repetitions. The first program was Molegro-6.0 virtual docker [21] using 12
A as search radius centralized at the ligand molecule. The Moldock Simplex Evolution was
used as search algorithm adjusted to 50 runs, energy threshold as 1000, and 400 maximum
steps. The Moldock Score [grid] algorithm was used for ranking. The second program was
AutoDock-4.2.3 [22] implemented in the Pyrx-0.9 graphical interface [23]. The search box was
centralized at the ligand, with grid dimensions of 50 at the x, y and z axes. The number of runs
was increased to 50 due to the large number of rotatable bonds of the ligands and the number
of energy evaluations was set to 2500000 (medium). Since the ligands have no acid or basic
character (proton donor or acceptor), neutral charges at pH 7.0 were assumed, as suggested by
Zinc database.

Pancreatic a-amylase has a pH optimum at 6.9 (neutral), so the degree of protonation
chosen for all the protonatable residues was that for pH 7.0: 1 negative charge for Asp and Glu
(charge -0.5 for both oxygen atoms of carboxyl groups); 1 positive charge for Lys and Arg and

neutral charge for His (residue Hsd, proton on No1).

2.3. AGpinding Calculations

The pose of the ligand found by docking was incorporated into the spatial coordinates
and the entire system was minimized by 2,000 steps of steepest descent through the Gromacs-
4.5.7 program [24]. The long time molecular dynamics simulations (20 ns) were performed
using the same program at NPT conditions (300 K, 1 atm, pH 7.0, 150 mM NacCl) using the
force field Gromos96 v43al [25]. The force fields of the ligands were generated in the same
format by Prodrg2 server [26]. The Gibbs free energy of binding (AGuinding) Was calculated by
Molecular Mechanics Poisson-Boltzmann Surface Analysis method implemented in the
g_mmpbsa program [27,28]. All analyses of the simulations were carried out from the trajectory
file. Root mean square deviation (rmsd) and radius of gyration (rgyr) were calculated from the

main chain atoms of the protein after the alignment of the frames on the reference structure by
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overlapping the protein backbone by means of the application “RMSD trajectory tool" available
in the VMD program. The simulations took place in four nodes of an SGI Altix ICE 8400 LX
running in parallel on 2 processors Intel Six Core 5680 of 3.33 GHz (48 cores) and 36 GB
RAM, at CENAPAD/Unicamp, Brazil.

2.4. Compound library.

The library of compounds evaluated in this study includes known a-amylase ligands: an
amylose tetrasaccharide (AMY), which is the enzyme's natural substrate; acarbose derived
pentasaccharide (ACA), as a crystallographic template, and inhibitors: condensed tannin
(CTN), as the most probable structure present in the extract of A. mearnsii [29] and the
hydrolysable tannin, tannic acid (HTN), MW 1701.2 g/mol acquired from Sigma-Aldrich. The
choice of the latter was due to the fact that this compound was isolated, what would allow

greater control in the experimental trials.

3. Results and discussion.

In order to maintain the crystallographic structure of the pancreatic a-amylase (pdbid:
3121) in a docking-friendly conformation, especially at the catalytic site region, it was necessary
to copy the structure of the water molecules 511, 513 and 766 due to the presence of hydrogen
bonds between the acarbose pentasaccharide inhibitor (ACA) and some amino acid residues of
the 1xdO template structure. Calcium and chloride cofactors, original from structure 312l, were
maintained for the same reason.

The structure of the inhibitor ACA was used in the redocking simulations on the porcine
a-amylase-ACA complex in order to validate the docking protocol. The ligand overlap gave an
average r.m.s.d. of 0.8 A (Fig. 1), suggesting the protocol is valid and may be used in the
docking of unknown molecules. The modeled structure of ACA has generally served as a

template for the proper guidance in the selection of the better pose of unknown inhibitors.
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Fig. 1 Redocking of the ligand acarbose pentasaccharide (ACA) (brown) on the modeled complex a-amylase-
ACA (gray), showing a very good overlay with an rmsd value of 0.8 A. Figure generated using the CCP4mg
program.

The redocking method consists in docking a ligand that is already present in a crystallographic
structure (or modeled) in this same complex. If the program can reproduce the crystallographic
pose observed in the complex and rank it as the best pose, it means that the program was able
to "understand” the forces involved in the interaction of the protein with the ligand and will
most likely be able to apply them for identification of a new molecule (unknown ligand) from
a library. Redocking is a way of looking for the best program (or docking algorithm) to be
applied to a particular target. The application of this method allowed to choose the programs
AutoDock-4.2.3 and Molegro Virtual Docker 6.0, among the five that were evaluated, as those
ones able to reproduce the pose of the ACA ligand in the form that it assumes in the model
complex porcine a-amylase-ACA, with reproducibility in all attempts. The scores obtained
with the redocking of the ACA ligand in the pig alpha-amylase using both programs are shown
in Table 01. This procedure generates reliability in the identification of the best unknown ligand
pose because if two different programs using distinct search and rank algorithms identify the
same pose of the same ligand from a library of compounds, it is more likely that the selected
ligand is, in fact, a true inhibitor.

A library with four compounds was used in the analysis of the porcine amylase inhibitors
(Fig. 2) and the scores obtained in their docking to this target by means of the two validated
programs are shown in Table 1.
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Fig. 2 Structures of the ligands used in this study.

The molecules HTN and CTN are the units that are repeated in the structures of the
tannins, therefore, they were used in the simulations. Due to the relatively large number of
rotational bonds present in the structures of the compounds, we increased the number of runs
from 10 (default) to 50, the energy evaluations and other sensitive parameters of the Molegro’s
simplex evolution search algorithm, so that reproducibility was obtained in all simulations.
Even so, the AutoDock program failed to anchor the hydrolysable tannin (HTN) ligand because
its number of rotatable bonds exceeds the limit of 32 set by the pertinent search algorithm. The
conformational search was considered sufficient, since each simulation produced a number of
similar poses (cluster), as shown in Fig. S1 (supplementary material). In addition, these clusters
were also found in different simulations. In this way, we chose the pose that we believe best

represents the cluster, so that it could be used in molecular dynamics simulations
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Table 1. Scores of the different ligands obtained by docking to the porcine a-amylase and free energy of binding
(AGpinding) calculated from the best pose found for each ligand.

Ligand Docking Score AGbindli(nj.(r;noTl'pbsa)
AutoDock | Molegro
Hydrolysable tannin (HTN) - -19.5 —-350.0 + 34.05
Acarbose pentasaccharide (ACA)* -35 -24.6 -346.2 + 35.77
Condensed tannin (CTN) -4.3 -14.6 -320.5 +27.55
Amylose tetrasaccharide (AMY) -15 -23.3 -209.2 +43.82

* The scores are the same for docking and redocking of this ligand.

The AutoDock and Molegro program scores shown in Table 1 are the mean values of
four simulations for each ligand. Because they are relatively low and close values, it is difficult
to establish an affinity ranking for each ligand. These results indicate, thus, that the use of more
precise methods is necessary for the calculations.

The programs AutoDock and Vina give an energy dimension, kcal-mol-2, to the score
of the poses. For this reason, it is a common practice in the literature to regard this score as
being the calculated free energy of binding (AGbinding) [30,31]. However, a more realistic
numerical value for AGyinding Can be obtained by means of calculations that make use of much
more sensitive and specific methods that analyse the trajectory of the molecular dynamics.
Examples of these methods are the Linear Interaction Energy (LIE) [32] or the Molecular
Mechanics Poisson—Boltzmann surface area (MM-PBSA) [28].

In order to improve our calculations of the AGyindging, thus, we performed molecular
dynamics simulations with the complexes of porcine a-amylase bonded to the ligands listed in
Fig. 2 during 20 nano seconds. This time was appropriate because all systems attained
equilibrium at approximately 15 ns. The system was assumed to be in equilibrium when the
rmsd of the atoms in the main chain of the protein began to oscillate at a constant frequency
taking into consideration the last five nanoseconds. (Fig. 3A-E).

The regions of low rmsd represented by the light regions in all-to-all plots (Fig. 3F-H),
indicate that the ligands moved little during a defined time interval of the simulation. When the
rmsd of the last frames on the x-axis is larger regarding the first frames of the y-axis, it means
that the position of the ligand at the end of the simulation is different from the initial position.
For the AMY ligand, which represents the enzymatic substrate, we can see after the frame ~
300, that it moved around 7 A of rmsd regarding its initial position (Fig. 3C and G) and
remained in this position along the rest of the simulation ranging within a cluster of similar
conformations. This is evident since the rmsd in the x and y axes are small after the frame ~300

(Fig. 3G). A plausible explanation for this behaviour is that the AMY ligand, which is composed
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of four glucoside unities (Gluc)a is relatively small compared to the natural starch substrate
(Gluc)n, where n can range in the order of thousands, until it be hydrolysed into smaller portions
(Gluc)2 and released from the alpha-amylase. Since the protein binding site is relatively large,
the smaller size of AMY allowed it to move inside this cavity. This movement makes the ligand
to stabilize at a nearby location, but still within the binding site after 8 ns of simulation. This
did not affect the calculation of AGpinding by the MM-PBSA method because AMY was still
inside the cavity (Fig S2, supplementary material).

The ligands ACA, HTN and specially AMY moved significantly with respect to their
initial positions (Fig. 3E, F and G). For CTN ligand, the distribution of the light colour for a
longer time interval indicates it moved little regarding its initial position (Fig. 3H) [33]. In
addition, the ligands evaluated here are relatively large, and part of them situates outside the
protein binding site and is exposed to the solvent. Without the constraints imposed by the
protein residues, these structure groups have a greater degree of movement freedom, what
justifies the relatively higher values of rmsd even when the ligand is bonded to its site. In spite
of this, no ligand completely left the binding site.

Although we have chosen the pose that best represents the cluster of lower energy to be
used in the simulations, the docking programs identified other clusters containing poses of close
scores. Because of the large number of rotatable bonds of the compounds, it is statistically
possible that the ligands may bind to the protein with slightly different but energetically close
poses. This could justify the results observed in the in vitro experiments, which revealed a
mixed (competitive-noncompetitive) parabolic inhibition type [15], meaning that more than one
inhibitor molecule (or the same inhibitor with different poses) can eventually bind
simultaneously to a given binding site. This could justify the variation in rmsd of some ligands
observed in the simulations, since these ligands would be alternating between these poses of
close energy.

The radius of gyration calculated for the alpha carbons of the protein oscillated around
1.0 A in all systems (Fig. 31), a relatively low value for a protein with 496 residues and
approximate 75 x 55 A dimensions. The low oscillation of the radius of gyration also indicates
that the protein maintained its fold design and that the presence of ligands did not let the protein
to unfold. Remarkable in Fig. 3 is that all ligands had an rmsd smaller that the substrate amylose
(AMY), suggesting that the putative inhibitors may be interacting more firmly with the enzyme.

Each ligand interacts with the amino acid residues in a distinct manner in consequence
of the different intermolecular forces that are active in their vicinity. For a best evaluation of

the ligand interactions with the porcine a-amylase the contact frequencies of each ligand with
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the various amino acid residues within a distance of 4 A was calculated (Table S1,
Supplementary Material). This provides a much more precise vision of the residues involved in
the anchoring of the ligands than that one provided by a sole docking frame. Table S1 shows
that the residues Trp58, Trp59, GIn63, His101, Tyrl51, Leul62, Leul65, Lys200, His201,
11e235, Leu237, Asp300, Gly306 and Ala307 are involved in the anchoring of all the four
ligands that were evaluated. They present a contact frequency higher than 30% with all ligands
(Fig. 4A-D), what makes them the most important ones in this process. A similar analysis
carried out with the human salivar a-amylase [34] concluded that the three residues most
strongly interacting with acarbose are Asp300 > Trp59 > GIn63, in this order. The latter
observation would, thus, in general terms at least, be in agreement with the present results.
Most of these contacts are of the dipole-dipole type (hydrogen bonds) or charge-dipole with the
OH groups of the ligands. Due to the relatively large size of the catalytic site of the porcine a-
amylase and its pronounced exposition to the solvent, water molecules also intermediate some
of the contacts between the residues and the ligands. These contacts, however, are not listed in

Table S1. Figure 4 illustrates how the ligands are bound to the active site of the enzyme.
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Fig. 4. Representation of the active site of the pancreatic a-amylase porcine showing the residues with higher
frequency of contact with all the ligands that were evaluated, according to Table S1. The orange beads represent
the water molecules that intermediate the contact of the substrate amylose tetrasaccharide (D) with the enzyme.
The green sphere represents the cofactor Cl- and the ligands in A, B and C are, respectively, the condensed
tannin, acarbose pentasaccharide and hydrolysable tannin. The picture was generated using the CCP4mg
program.

From the molecular dynamics trajectory, it was possible to calculate AGpinding Values by
means of the mm-pbsa method for each ligand, whose results are shown in Table 1. They show
that the three methods used to identify the ligand with greater affinity with the enzyme diverged
greatly. In addition, the AutoDock program was not able to evaluate the hydrolisable tannin
ligand (HTN). In this way, only the Molegro program was used to dock this ligand. The mm-
pbsa method, apparently the most sensible one, identified the hydrolysable tannin (HTN) as the
ligand for which the pancreatic porcine a-amylase has the highest affinity, above the condensed
tannin (CTN), when expressed in terms of AGpindging. It l00kS appropriate at this point to compare
these relative affinities with those computed from Kkinetic experiments [15]. Kinetic

experiments allow to compute inhibition constants (Ki) which reflect or are, at least,
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proportional to dissociation constants. For the formation of the enzyme-inhibitor complex (EI)
at the active site Kato et al. [15] found K values of 37.7 and 147 uM for the hydrolysable and
condensed tannins respectively. Kinetics reveals, thus that the pancreatic porcine amylase,
binds more strongly the hydrolysable tannin than the condensed tannin at its active site. When
the AGuinding (Table 1) values are converted into K; by means of the relation AG = —RTInK;j, it
is quite obvious that they differ by several orders of magnitude from the values obtained in
kinetic studies. Among the reasons for this discrepancy is the fact that docking simulates a
mechanism that corresponds to competitive inhibition with only one binding event whereas the
kinetic assays actually revealed a mixed (competitive-noncompetitive) inhibition type.
Additionally, inhibition was parabolic [15], meaning that more than one inhibitor molecule can
eventually bind simultaneously to a given binding site. Besides, one has to consider other
methodological factors in the computation of the AGpindging that are likely to influence the final
outcome. The MM-PBSA model makes several approximations as for example the assumptions
that the conformational phase space of the biomolecules is similar in vacuum and solvent and
that there is no contribution of entropy. Several physical parameters are assumed, as for
example the dielectric constant, the polar-solvation energy, the nonpolar-solvation energy the
partial atomic charge and the force-field [28,35,36]. For all these reasons there is ample consent
that values calculated by applying the mm-pbsa method cannot be compared to binding
parameters computed from Kkinetic experiments but are perfectly comparable between
themselves when the same simulation conditions are maintained. In the latter aspect, precisely,
the docking simulations are not in disagreement with the kinetic measurements in that both
predict that the hydrolysable tannin will be bound more strongly than the condensed tannin at
the active site of the enzyme.

The results provided useful information for characterizing tannin binding to a-amylase.
These and other similar future results can be applied in studies aiming at finding new
hypoglycemic molecules among natural products. There are numerous studies in which new
natural products, especially from plants, have been identified and characterized by their
structural features [37-39]. Biological testing can be quite laborious, especially when it comes
to in vivo experiments. The latter should be preceded by in vitro experiments in which enzyme
activities linked to starch hydrolysis are assessed. Previous knowledge of the binding strengths
of a given set of compounds to hydrolytic enzymes will allow to establish priorities for the
experimental work, saving time, financial resources and, thus, rationalizing the approach to

potentially useful new compounds. This applies to future studies as well as to the compounds
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for which the binding features to the pancreatic a-amylase has been obtained in the present

work.

5. Conclusion

The docking assays in addition to molecular dynamics simulation techniques of protein-
ligand complexes provided a valuable contribution to the characterization of both hydrolysable
and condensed tannins as inhibitors of porcine pancreatic o-amylase. The binding
characteristics can be used as a way of predicting if a given compound, especially tannin
derivatives, is or not able to inhibit the porcine pancreatic a-amylase and, in consequence, to
offer perspectives for being used as a hypoglycemic drug. This work also suggests that the
hydrolysable tannin would be a better inhibitor of the pig pancreatic a-amylase than the

condensed tannin.
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Fig. S1. Representation of the pose clusters of the evaluated ligands. The pose with best score from each
cluster was chosen to be used in molecular dynamics simulations. The regions of the ligand with poor
overlap is located outside the protein binding site and exposed to solvent. With fewer contacts to restrict
their movements, these regions of the ligands become more flexible throughout the simulation, which
may increase the rmsd value.
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Table S1. Contact frequency of the pig pancreatic a-amylase residues with the evaluated ligands as
computed from equilibrium molecular dynamics. Bold numbers refer to the residues with the
highest contact frequency with all ligands, being thus more important for their anchoring.
HTN (hydrolysable tannin), ACA (acarbose pentasaccharide), CTN (condensed tannin), AMY
(amylase tetrasaccharide).

Residue HTN ACA CTN AMY | Residuee HTN ACA CTN AMY

VAL-51 0.01 048 - - LEU-166  0.29 - - 0.02
ASN-53  0.07 0.08 - - ASP-167  0.98 - - 0.01
PRO-54 086 011 0.15 - ARG-195 - 0.87 - 0.26
PRO-57 001 011 0.01 - ASP-197 020 1.00 - 0.28

TRP-58 095 094 094 089 | ALA-198 094 099 002 0.87
TRP-59 100 1.00 100 099 | SER-199 0.12 0.01 - -

GLU-60 - 0.10 - - LYS-200 088 098 079 0.98
TYR-62 053 090 001 099 | HIS-201 100 044 09 0.99
GLN-63 092 099 087 069 | GLU-233 0.63 1.00 - 0.42
VAL-98 - - - 0.83 | VAL-234 0.18 - - -
ASN-100  0.97 - - - ILE-235 080 093 100 0.96
HIS-101 099 085 0.68 099 | ASP-236 098 046 0.75 -
CYS-103 - - 0.08 - LEU-237 098 053 092 0.72
GLY-104 - 0.49 0.29 - GLY-238 0.28 - 0.17 0.70
SER-105 0.95 0.73 0.20 - GLY-239 - 0.04 - 0.12
GLY-106 0.70 0.16 - - GLU-240 0.01 083 0.05 0.01
ALA-107 0.01 0.04 - - ALA-241 - 0.24 - -
SER-145  0.02 - - - ILE-242 - 0.44 0.57 -
GLY-146  0.07 - - - GLU-255 0.02 - - -
GLY-147 0.01 - - 0.04 | PHE-256 0.95 - - -
ILE-148  0.02 - 0.03 083 | LYS-257 0.33 - - -
GLU-149 - 0.01 0.08 - ALA-260 0.03 - - -
SER-150 - - - 0.03 HIS-299 065 090 0.07 0.78

TYR-151 017 099 100 0.79 | ASP-300 1.00 093 043 0.95

ASN-152 - - 0.53 - ASN-301 - 0.03 - -
ASP-153 - - 0.26 - GLY-304 0.90 - - -
PRO-154 - - 0.48 - HIS-305  1.00 - 097 0.17
GLN-156 0.01 - - 025 | GLY-306 092 030 052 0.82
VAL-157 002 025 063 083 | ALA-307 100 037 036 0.65
ARG-158 0.01 - 0.15 0.01 | GLY-308 0.95 - - -
ASP-159  0.01 - - - GLY-309 0.02 - - -
CYS-160 0.84 - - 0.57 | SER-311 0.01 - - -
GLN-161  0.27 - - 0.25 | ASN-350 0.01 - - -

LEU-162 100 094 086 098 | GLN-352 0.06 - - -
VAL-163 082 099 045 0.09 | VAL-354 0.10 - - -
GLY-164 010 033 024 001 | ASP-356 099 0.01 0.85 -
LEU-165 1.00 0.99 099 097 | TRP-357 0.95 - 0.87  0.03
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Aim: A structural model of chorismate synthase (CS) from the pathogenic fungus Candida albicans was
used for virtual screening simulations. Methods: Docking, molecular dynamics, cell growth inhibition and
protein binding assays were used for search and validation. Results: Two molecules termed CS8 and CaCS02
were identified. Further studies of the minimal inhibitory concentration demonstrated fungicidal activity
against Paracoccidioides brasiliensis with a minimal inhibitory concentration and minimal fungicidal con-
centration of 512 and 32 pg-ml’' for CS8 and CaCS02, respectively. In addition, CaCS02 showed a strong
synergistic effect in combination with amphotericin B without cytotoxic effects. In vitro studies using re-
combinant CS from P. brasiliensis showed 1Cs, of 29 uM for CaCS02 supporting our interpretation that
inhibition of CS causes the observed fungicidal activity.

First draft submitted: 20 February 2019; Accepted for publication: 3 June 2019; Published online:
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Invasive fungal infections pose serious threats to human health, resulting in at least 1.5 million deaths worldwide
each year [1]. Almost half of this number is caused by the Candida species [2). It lives commensally in the intestine,
urogenital tract and other mucosal surfaces with approximately 50% of the population being affected (3. The
immunosuppressed patients such as transplant recipients, patients with cancer and people affected by HIV are the
most affected by these nosocomial infections [4,5].

The paracoccidioidomycosis (PCM) is another invasive fungal disease, endemic in Latin American countries,
which presents a high prevalence in South America and stands out as the major cause of death among systemic
mycoses in Brazil (6,7]. The genus Paracoccidioides includes the thermodymorphic fungi Paracoccidioides brasiliensis
and Paracoccidioides lutzii, which are the species most commonly identified as agents of the PCM (s]. In Brazil, it
is estimated that approximately 51.2% of the deaths by systemic mycosis are caused by PCM [9]. Among the risk
factors for acquiring this infection are the external activities related to the management of soil contaminated with
the fungus and geographical exposure in affected regions. In addition, there are other associated factors, such as
sex, age, smoking, alcohol consumption and socioeconomic conditions [10].

PCM presents distinct symptoms, and may manifest in the acute/subacute and chronic form. The chronic form
of PCM affects 90% of the patients. In these cases, a pulmonary architectural distortion is observed in 63.8 to
100% of the patients [11-13]. The pulmonary damage caused by fungal stimulation remains the same after the
treatment and causes pulmonary fibrosis with the loss of respiratory function in 50% of the cases [14]. The arsenal
of drugs against systemic mycoses is limited to antifungal agents such as polyenes (amphotericin B [AmB]), azoles
(itraconazole and fluconazole) and echinocadins (caspofungin, micafungin). However, there are reports in the
literature describing strains resistant to each of these drugs [15], which further limits their use [16]. Therefore, there
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is an urgent need for the discovery of new antifungal agents, with preference for those that can act on different
metabolic targets.

Nowadays, the development of an antifungal agent is a challenge, due to the few potential metabolic targets that are
not shared by the fungus and the human species (host). Enzymes of the shikimate pathway are promising targets for
the development of new antifungal agents [17], besides antimicrobial agents [18], antiparasites [19] and herbicides [20],
because this pathway is absent in mammals [17). It converts two compounds present in carbohydrate metabolism,
phosphoenolpyruvate (PEP) and erythrose-4-phosphate (E4P), into chorismate in a seven-step enzyme-catalyzed
pathway. Metabolites such as the aromatic amino acids, folic acid, vitamin K and ubiquinone are produced from
chorismate, which are essential for the survival of fungi, bacteria, algae, plants and parasites of the apicomplex
phylum 21]. Thus, the enzymes that make up this pathway are excellent targets for drug discovery, despite still
being unexplored in Candida spp and Paracoccidioides spp.

The enzyme chorismate synthase (CS) (EC 4.2.3.5) acts in the last step of the shikimate pathway, catalyzing
the conversion of the substrate 5-enolpyruvylshikimate-3-phosphate (EPSP) to chorismate, in the presence of the
reduced form of flavin mononucleotide (FMNH,) [21,22]. Although the 3D structure of C. albicans CS (CaCS) has
not yet been solved by any experimental method, its amino acid sequence has already a confirmed status in the
Uniprot database. In addition, there are other crystallographic structures of CS deposited in the Protein Data Bank
(PDB) as for example from Saccharomyces cerevisiae (23], which shares 75% identity with the homologous enzyme
from C. albicans.

In this context, the objective of this work was to use bioinformatics tools, such as homology modeling and
large-scale virtual screening simulations to discover new molecules with potential antifungal activity. In order to
validate the results obtained 7 silico, a set of in vitro assays of minimal inhibitory concentration (MIC) and minimal
fungicidal concentration (MCF) in human pathogenic fungi were performed, as well as kinetic and binding studies
using CS from Paracoccidioides brasiliensis in the presence of the selected ligands.

Material & methods

Sequence identification & modeling of the 3D structure

The amino acid sequence of CaCS strain WO-1 was obtained from the Uniprot database [24] (uniprot id: C4YMI5),
and was used in the search for structural templates by means of BLASTp [25] in the PDB [26]. The model and template
sequences were aligned, and the result was used as the input parameter for the Modeller-9v14 program [27]. The
structure was modeled in its biological unit (homotetramer) where each subunit was bound to the EPSP substrate
and the FMNH, cofactor. A symmetry constraint was imposed between the Cat of the four chains, and then, 2000
models were generated. The top ten were selected based on Modeller DOPE score. From these, the best model
was selected based on the stereochemical quality evaluated by the program Procheck [28. The residues in forbidden
regions of the Ramachandran plot were corrected by means of point modeling.

Energy minimization & molecular dynamics simulations

Energy minimization was performed using the software package NAMD2/VMD [29,301. The structure of the
homotetramer obtained from modeling was solvated with TIP3P water in a periodic box with limits of 10 A away
from the outermost surface of the complex. Nat counterions were added in sufficient amount to neutralize the
system charges. The Charmm force field (FF) c35b2-c36a2 (51] was used for the protein atoms, while the FFs for
the substrate, FMNH), cofactor and molecules obtained by the virtual screening were generated in the same format
by the Swissparam server [32]. To increase the accuracy of the ligand FFs, the Mulliken’s charges were calculated at
the B3LYP/6-311 G level of theory using the Orca program [33], at the protonation state at pH 7.0.

The molecular dynamics (MD) process occurred in five steps. In the first step, the atoms of the ligand and
cofactor were fixed in the space, while those of the protein and other atoms of the system were free to move. At this
point, the system was subjected to 20,000 minimization steps by conjugate gradient (CG). In the second step, all
the atoms of the system were again minimized by other 10,000 steps of CG. The structure resulting from this step
was used in the redocking and docking.

In the third step, the atoms of protein and ligands were kept fixed, while the waters and salts were subjected to
60 ps of equilibrium MD. In the fourth step, all the atoms were subjected to a new CG cycle for 20,000 steps.
In the fifth and the last step, the entire system was subjected to 50 ns of equilibrium MD under NPT conditions
(constant: number of atoms, pressure 1 atm and temperature 300 K).
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The analyses were performed in terms of root mean square deviation (RMSD) from the reference structure
(second step of the MD), as well as the radius of gyration (R,,,) of the protein—ligand complexes, the residues in
contact with the inhibitors at a distance of up to 4.0 A, as well as the root mean square fluctuation (RMSF) of the
o carbons for each residue were extracted from the trajectory file.

The long time MD simulations required a higher processing power, being performed on 20 nodes of an Intel
Xeon E5-2695v2 Ivy Bridge processors, 2.4 GHZ (480 cores) from the SDumont supercomputer at National
Laboratory of Scientific Computation (LNCC), Campinas, SP, Brazil.

Docking & virtual screening simulations

The docking protocol was established by redocking simulations of the EPSP substrate in the protein—cofactor
complex using the AutoDock-4.2.3 program [34] implemented in the Pyrx-0.9 graphical interface (35]. The param-
eters used were the standard search algorithm (Lamarckian GA), grid of 0.375 A, search center on ligand EPSP
and box size of 50, 50 and 50 on x, y and z. The torsion angles of the enzyme and cofactor were restricted, but
flexibility of the ligands was allowed. All water molecules and ions were removed from the structure. The protocol
was considered validated when the EPSP pose overlapped the pose of the modeled substrate with RMSD less than
0.8 A.

For the large-scale screening simulations, three libraries were constructed. The first was assembled by searching
for purchasable molecules, similar to the known inhibitors of CS, using 70% Tanimoto index at the databases
PubChem (36, Zinc [37], DrugBank [38] and Brenda enzymes [39]. The second library consisted of the natural
products from Zinc database. The third library was the catalog of SIGMA (Sigma-Aldrich, MO, USA). The
EPSP structure was included in the libraries, so that, at the end of the simulation, only the best ranked molecules
relative to the substrate EPSP were considered. The selected molecules were downloaded in *.sdf format. Then, the
molecules selected in the first screening were subjected to three new screenings (repetitions) to select the ligands
with reproducibility, in order to eliminate false-positive results.

Microorganisms

The in vitro susceptibility assays were performed on the standard strains C. albicans ATCC 90028 (American Type
Culture Collection) and 2 brasiliensis (Pb18), both strains belonging to the Library of the State University of
Maringa. Prior to testing, the C. albicans strain was subcultured on agar sabouraud dextrose (SDA, Difco™, M1,
USA) and incubated at 35°C for 24 h. The Pb18 isolate was subcultured on Fava—Netto agar medium [40] at 36°C
for 5 days.

Ligand preparation

The compound CS8 (AG-690/37099007) was purchased from Molport (Riga, Latvia) and the compound CaCS02,
as well as the control drug, AmB were purchased from Sigma-Aldrich. Initially a stock solution of the molecules to
be tested was prepared in dimethylsulfoxide (DMSO) at a concentration of 50 mg-ml™! and stored at -80°C until
further use. For the assays, the molecules were diluted in RPMI [RPMI-1640 without bicarbonate, L-glutamine,
supplemented with 2% glucose] and buffered (pH 7.0) with 0.165 M morpholinopropanesulfonic acid (MOPS)
(Sigma-Aldrich) 0.2% plus Pluronic F-127 (Sigma-Aldrich). The fungi were incubated in the absence and presence
of the diluent to confirm that the exposure did not influence the growth of the assayed isolates.

Antifungal activity assays

In order to evaluate the susceptibility profile of the pathogenic fungi to the compounds selected by virtual
screening, a test based on the broth microdilution method proposed by CLSI (Clinical and Laboratory Standards
Institute, 2008) was performed according to protocol M27-A3 for the determination of MIC and minimum
fungicidal concentration (MFC) for C. albicans. The method was adapted to the conditions of P brasiliensis, as
previous described [41]. The tests were performed on sterile flat bottom 96-well microtiter plates (Techno Plastic
Products, Trasadingen, Switzerland) and the final tested concentrations of the evaluated molecules ranged from 1 to
512 pg-ml”. The inoculums were suspended in sterile saline buffer (0.85%), to a final concentration of 1-2 x 10°
cells-ml! for C. albicans and 1-2 x 10* cells-ml™! for P brasiliensis. The determination of the end points of the
MIC and MFC readings were performed visually and correspond to the concentration of each antifungal capable
of inhibiting the 100% growth of the isolates. The assays were performed in duplicate.
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Checkerboard assay

CaCS02 was selected for further trials due to its better antifungal potential. In order to evaluate the synergy
between AmB and CaCS02, microdilution checkerboard was performed. Briefly, concentrations below or above
the MIC of the drugs against P brasiliensis were combined in a 96-well plate, starting at 128 pg-ml’ and
vertically distributed, while 32 pg-ml! AmB were added horizontally [42]. After 6 days of incubation at 35°C,
the fungal growth was visualized and 20 pl of Resazurin (Sigma-Aldrich) 0.01% in sterile water were added to
each well and incubated for a further 24 h. A total of 7 days later, the inhibition was confirmed by the abrupt
change in color when there was fungal growth. Fractional inhibitory concentration (FIC) was determined by
YFIC = FICA + FICB = (Combans/MICpmp) + (Combc,csoa/MICc,cs02), revealing a strongly synergistic
effect, FIC <0.5; synergistic effect, FIC < 1; additive effect, FIC = 1; without effect, 1 < FIC < 2 and antagonistic
effect, FIC > 2 [43).

Recombinant production & binding of CaCS02 to CS from Paracoccidioides brasiliensis

Recombinant production of CS from Paracoccidioides brasiliensis (P6CS) was performed as described previously
[41]. For the binding studies, CaCS02 was dissolved in 50 mM MOPS, pH 7.5, diluted to a final concentration
of approximately 10 M (Asgg, ~0.2; 800 pl) and transferred to a quartz cuvette (with 800 pl of buffer in the
reference cuvette). After recording an initial UV-visible absorption spectrum between 300 and 800 nm, 10 pl
aliquots of P6CS (~393 uM) were added and spectral changes were monitored after each addition. In order to
quantify the binding affinity of CaCS02 to P6CS, the relative absorption changes at 530 nm were plotted as a
function of the protein concentration in the cuvette, with the standard deviations displayed as error bars (from
three titrations).

Inhibitory effect of CaCS02 on recombinant PbCS

To test the inhibitory effects of CaCS02 on P6CS, a coupled assay involving EPSP, CS and anthranilate synthase
was used [44,45]. This special assay setup allowed forward coupling of the CS reaction, leading to the formation of
anthranilate, a stable product that exhibits a fluorescence emission maximum at 390 nm, and thus, can be detected
spectrofluorometrically. Reaction mixtures containing 3 mM MgSOy, 7.5 mM L-Gln, 22.5 mM (NHy),SO4,
1 mM dithiothreitol (DTT), 10 uM FMN, 80 uM EPSP, 4 uM P6CS, ~20 uM anthranilate synthase and various
concentrations of CaCS02 (0.1-500 uM) were prepared in 50 mM MOPS (pH 7.5) and pipetted into a 96-well
plate (triplicate determinations). After the addition of 500 M Nicotinamide adenine dinucleotide phosphate
(NADPH), the plate was incubated at 37°C for 60 s before recording the fluorescence emission changes at 390 nm
(hex = 340 nm) using a Spectramax Gemini XS Microplate Spectrofluorometer (Molecular Devices, CA, USA) for
5 min (data points every 12 s). Initial velocities were extracted from the first 15 data points, and relative rates were
plotted as a function of the log (CaCS02 micromolar concentration), with the standard deviations shown as error
bars (triplicate determinations). Using the program GraphPad Prism 5 (GraphPad Software, Inc., CA, USA), the
data were fitted applying the nonlinear curve fit ‘log (inhibitor) versus normalized response — variable slope’, which
allowed for the determination of the I1Csy.

Cytotoxicity assay

The CaCS02 cytotoxicity evaluation was performed in Hela and Vero cell lineages, using the CellTiter 96 assay
(Promega, WI, USA) based on the reduction of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS). The cells were incubated in 96-well culture plates maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) with fetal bovine serum (5%) and treated with different concentrations of
CaCS02 (0.0 to 512 pg:ml™t). After 24 h, the 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) solution was added to each well culture and incubated in a CO; oven (5%)
at 37°C for 180 min. Cell viability was determined by optical density in a spectrophotometer at 490 nm. The
cytotoxicity was presented as the average of three independent experiments. The percentages of cell viability were
calculated relative to controls-containing medium only [46].

Results

The amino acid sequence of CaCS comprises 378 residues giving rise to a molecular mass of 40,895 Da and
a pl of 6.14 [47). In fungi, the first and seventh enzyme, in other words, phospho-2-dehydro-3-deoxyheptonate
aldolase tyrosine-inhibited and CS encoded by ARO4 and ARO2, respectively, are monofunctional; whereas, the
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Figure 1. Representations of the enzyme chorismate synthase from Candida albicans. (A) Ribbon model of the
quaternary structure colored by chain. The molecules bonded are 5-Enolpyruvylshikimate-3-phosphate (EPSP) (brown)
and Flavin mononucleotide (FMNH,) (green). (B) Representation of the surface of chain A colored by electrostatic
potential seen from the neighboring subunit. The molecules in the cavity are EPSP and FMNH,. (C) The same chain
after 180° rotation seen from outside. Since the protein was modeled in the ‘closed conformation’ EPSP and FMNH,
are not visible in this view.

remaining enzymatic activities are found on a single pentafunctional polypeptide (Supplementary Figure 5A & B,
Supplementary Data), which forms the so-called ‘arom complex’ encoded by ARO1 [24).

Further analysis of the sequence of CaCS by Blastp provided two structural templates. One of them, the CS
from Saccharomyces cerevisiae (PDB 1D: 1r53) (23] shares 75% identity with P6CS, and was used as a template for
the polypeptide chain. Because this structure does not provide the spatial coordinates of the substrate EPSP and
the cofactor, we modeled these two ligands using the structure of CS from Streprococcus pneumoniae (PDB 1D:
1gxo) (48], which shares 34% identity. The template 1r53 represents the biological unit of the homotetrameric
enzyme; however, many residues around the active site are ill-defined due to the lack of electron density in this
region. Therefore, the B chain of the 1qxo template was used to model these missing regions because they were
well defined in this chain. CS exhibits two distinct conformations of the active site: in the unliganded apo-form
several loops near the active site adopt an open conformation; whereas, in the presence of the substrate and FMN,
these loops are in a closed conformation basically forming a lid blocking the access to the active site. The use of the
1gxo template allowed the CaCS to be modeled in closed form and in the presence of the FMN cofactor plus the
substrate, which presumably represents a catalytically active conformation.

The high degree of freedom of movement of the protein in the monomeric form could compromise the config-
uration of the active site, essentially structured by random segments (loops and turns). Previous MD simulations
with the CS of Mycobacterium tuberculosis 1491, have demonstrated that the homotetrameric form is more stable
than the monomeric and dimeric forms. Therefore, we have modeled CaCS as a homotetramer, the most likely
biological unit. The stereochemical constraints of this conformation diminished possible distortions in the loops
contributing to the active site, and thus, renders this region more amenable to MD simulations. After modeling
and minimization, only one of the subunits was effectively used in the docking studies.

The final model of CaCS (Figure 1) showed 99.7% of the residues in allowed regions of the Ramachandran plot
(Supplementary Figure 6, Supplementary Data) indicating excellent stereochemical quality.

Finally, we have performed a two-step minimization by using the FF of the FMN cofactor in the reduced form
to account for the structural changes that occur upon reduction of the oxidized cofactor as present in the template
1gxo. At the end of the minimization, the isoalloxazine ring showed bending along the N(5)-N(10) axis indicating
that the reduced FMN adopts the so-called ‘butterfly conformation’ (s0).

Validation of docking protocol & large-scale virtual screening

The feasibility of using the CaCS in large-scale screening studies as well as the validation of the docking protocol
was performed by the redocking method using the Autodock program, which provided an RMSD of 0.762 A
(average of four simulations). Once the results were reproducible (Supplementary Figure 1, Supplementary Data),
the CCS structure and the docking protocol were validated and were applied in large-scale virtual screening.
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Figure 2. The chemical structure of the molecules selected by the virtual screening (CaCS02 and CS8), plus the
structure of the 5-enolpyruvylshikimate-3-phosphate substrate and the CP1 molecule. CP1 was described as a
Chorismate synthase from Paracoccidioides brasiliensis inhibitor.

EPSP: 5-Enolpyruvylshikimate-3-phosphate; PbCS: Chorismate synthase from Paracoccidioides brasiliensis.

The library of compounds similar to the known inhibitors of CS contained 2501 molecules. The library of
commercially available natural products from the Zinc database contained 120,435 molecules. The third library
was the Sigma-Aldrich catalog containing 73,163 compounds (total 196,099 molecules). The candidates were
subdivided into folders with 2500 molecules each, plus the EPSP structure. The final protocol validated in the
redocking was then applied in the virtual screening of the libraries. In the first screening, 941 molecules were better
ranked than EPSP (scores better than -11.0 £ 1.45). Of these molecules, 539 presented reproducibility in three
new screens, which were used to eliminate false-positive results. In all replicates, the molecules Zinc6445805 (CS8)
and Zinc4217277 (CaCS02) always appeared among the five best ranked, showing scores of -11.5 %+ 0.48 and
-11.2 £ 0.51, respectively. These two compounds were purchased for iz vitro assays. Figure 2 shows the structures
of CS8, CaCS02 and EPSP. In fact, CS8 is very similar to compound CP1, which was recently demonstrated to
exhibit antifungal activity against P brasiliensis and be a potent inhibitor of P6CS [41].

MD simulations
In order to investigate the structural stability of CaCS, as well as to obtain information about the residues involved
in the stabilization of the ligands, MD simulations were performed for 50 ns. In these simulations, the final model
with the cofactor FMNH, plus EPSP or the best pose of CaCS02 or CS8 were minimized and then equilibrated as
described in ‘Materials & methods’. The system reaches thermodynamic equilibrium when the RMSD calculated
for the protein main chain atoms oscillates at a constant plateau for at least 10 ns. As shown in Supplementary
Figure 2A (Supplementary Data), the structures converged to an equilibrium at 30 ns. For the C2CS-EPSP
complex, the RMSD was 3.0 A = 0.4. This value is close to those obtained in studies using CS from Mycobacterium
tuberculosis (49) and Shigella flexneri (18], as well as for the parasite Plasmodium falciparum 119). This result also showed
that the enzyme in complex with either CaCS02 or CS8 is more stable as compared with the enzyme—substrate
complex. This is probably due to the fact that these ligands are larger, and therefore, interact with a greater number
of residues as compared with EPSP (Supplementary Tables 1 & 2, Supplementary Material).

The stability of the structures was also evaluated in terms of the radius of gyration (R,,,), defined as the average
quadratic distance of a set of atoms from their common center of gravity. As shown in Supplementary Figure 2B
(Supplementary Material), the complexes stabilized after 10 ns and protein unfolding was not observed.
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Table 1. Minimum inhibitory concentration effect of CS8 and synergic effect of CaCS02 and amphotericin B for

Paracoccidioides brasiliensis.

Compound MIC/MFC (11g-ml") FIC model

Alone Combination FIC > FIC Interpretation
CaCs02 32 4 0.125 0.375 Strong synergistic
AmB 0.5 0.125 0.25
Cs8 512 - - - -

AmB: Amphotericin B; FIC: Fractional inhibitory concentration; MIC: Minimum inhibitory concentration; MFC: Minimum fungicidal concentration.

From the MD simulations, it was possible to evaluate regions of the protein with greater flexibility by means of
the RMSF of the Ca of each residue in the presence of the ligands. The RMSF was calculated in the last 5 ns of
the simulation, when the protein was in its equilibrium state (Supplementary Figure 3). The residues with greater
flexibility were those of the C-terminal regions in all chains, which is common in most proteins, and in the case
of CaCS, they refer to a segment without a defined secondary structure. Furthermore, we observed three regions
with greater flexibility in the presence of any of the three ligands. These regions 1, 2 and 3 were also verified in a
previous work [49], indicating that this pattern is a general property of CS in complex with a ligand. However, these
regions comprise long loops, which by nature, have a high degree of freedom of movement.

From the trajectory of MD simulations, it was also possible to evaluate the frequency of contacts between amino
acid residues of C#CS with the ligands at a distance of up to 4.0 A. A frequency greater than 60% was delineated
to identify the most important residues in the stabilization of the ligands. Each ligand has specific geometry and
composition, which makes them interact differently with the protein, and therefore, structuring different sites.
Thus, a complete list of the residues composing the active site for each ligand is shown in Supplementary Table 1
(Supplementary Material), as a probability of binding. It clearly shows that the residues Ser-16, Thr-55, Ser-125,
Ala-126, Arg-127, Arg-337 and Arg-345 are the most important in the anchoring of the substrate and ligands,
which means that amino acid replacements at these positions may significantly affect the enzymatic activity and/or
cause resistance to the presence of the inhibitors. Since our theoretical results strongly indicated that CS8 and
CaCS$02 bind to CS, we were also interested to evaluate their effect on the growth of fungi, e.g., C. albicans and P
brasiliensis. Toward this end, we determined the MIC using fungal strains from Candida and Paracoccidioides.

Antifungal activity assays

CS8 and CaCS02 were tested with five Candida species and P brasiliensis (Pb18). Antifungal activity against
Candida species was not observed. However, in vitro antifungal activity against P brasiliensis was observed for both
compounds with MICs of 512 and 32 pg:ml™! for CS8 and CaCS02, respectively (Table 1). The MFC assays
showed that the values found for CaCS02 were the same as the MIC, indicating a fungicidal profile (Table 1).
However, the most promising result for this compound was the strong synergistic effect observed when combined
with AmB. This combination was able to reduce the MIC of AmB fourfold (from 0.5 to 0.125 pug-ml™?) and the
MIC of CaCS02 eightfold (from 32 to 4 pg-ml") (Supplementary Figure 4).

Binding assays with PbCS

Although ligands CS8 and CaCS02 were identified by virtual screening using modeled CzCS, the binding studies
were conducted with the enzyme from P brasiliensis (P6CS) mainly because the ligands were found to be active
against P brasiliensis but not C. albicans. Because CS8 showed very poor solubility in aqueous buffers, a detailed
analysis was only conducted with CaCS02. As shown in Figure 3A, binding to P6CS can be monitored by following
the spectral changes occurring upon binding, yielding a dissociation constant of approximately 20 pM. Similarly,
CaCS02 inhibited the activity of P6CS exhibiting an ICsy = 29 £ 3 uM (Figure 3B). These results nicely fit to our
virtual screening and MD simulations.

Cytotoxicity assay

Next, we investigated the toxicity of CaCS02, which was predicted to be low (Supplementary Table 3, Supplementary
Data). The cytotoxic effects in vitro were also evaluated. For this, two mammalian cell lines were incubated with
different concentrations of CaCS02 (Figure 4). The results showed that CaCS02 does not present any cytotoxic
effects even at the limit of the evaluated concentrations, in other words, up to 16-times the MIC value.
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Figure 3. Binding of CaCS02 to chorismate synthase from Paracoccidioides brasiliensis and its inhibitory effect on the catalytic activity
of chorismate synthase from P. brasiliensis. (A) CaCS02 was dissolved in 50 mM morpholinopropanesulfonic acid, pH 7.5 (~10 uM, black
spectrum) and titrated with PbCS (~393 uM) using 10 pl aliquots (see inset). Spectral changes were monitored between 300 and 800 nm.
The green, orange and pink traces represent intermediate spectra at ~15, ~29 and ~49 uM PbCS, respectively, and the blue trace
corresponds to the final spectrum recorded at ~98 uM PbCS. The inset shows the mean absorption changes at 530 nm (from three
determinations) as a function of the protein concentration indicating the binding of CaCS02 to PbCS (the standard deviation at each PbCS
concentration is shown as error bars). (B) The influence of CaCS02 on the activity of PbCS was tested in an assay involving 80 uM
5-Enolpyruvylshikimate-3-phosphate, 4 uM PbCS and 20 uM anthranilate synthase at 37°C. By forward coupling the CS with the
anthranilate synthase reaction, PbCS activity could be studied spectroflourometrically by following the increase in fluorescence intensity
at 390 nm (hex = 340 nm) for 5 min, which correlates with the amount of anthranilate formed in the course of the reaction. The slopes of
the initial velocities were determined and plotted as a function of the log of the corresponding CaCS02 concentration. Using a nonlinear
curve fit, based on the Hill function, an ICsg of 29 4+ 3 uM was determined (rates were determined in triplicate with the standard
deviations shown as error bars).

CS: Chorismate synthase; PbCS: Chorismate synthase from Paracoccidioides brasiliensis.
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Figure 4. Evaluation of the in vitro cytotoxicity of CaCS02 in two cell lines by means of the
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium assay. Several
concentrations of CaCS02 were tested (0.0 to 512 ug-ml') without showing significant toxicity. The two cell lines
evaluated (HelLa and Vero cells) showed high viability after 24 h in contact as CaCS02, even in concentrations 16 x
minimum inhibitory concentration (32 ug-ml™'). The results represent the mean of three independent trials. Error bars
indicate their respective standard deviation.
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Discussion

Although this study initially focused on Candida CS, the compounds did not cause any effect on this species. This
may be linked to some kind of intrinsic resistance of the fungus C. albicans to the compounds [51]. In addition,
studies have shown that the presence of efflux pumps may further hamper the action of inhibitors [52]. However,
the most significant difficulty may be related to the reported differences in the cell wall structure and composition
of the two species [53].

The Tanimoto index between the CS8 and the recently reported inhibitor CP1 (Figure 2) is 0.75. Although CS8
did not lend itself to a more detailed analysis, its similarity to CP1 [41] and its antifungal activity, strongly suggests
that it may also bind to P4CS, since CP1 was shown to be a potent inhibitor of P4CS, which had in vive antifungal
activity similar to the reference drug itraconazole. The lower inhibitory activity found in the MIC trials with CS8 is
possibly due to the loss of one of the negatively charged groups compared with EPSP, CP1 and CaCS02, indicating
that negative charges are very important for the stabilization of the ligand in the active site.

The strongly synergistic effect observed between CaCS02 and AmB (Table 1) is a significant indication that
the two ligands act in different metabolic pathways. Indeed, AmB has been shown to act on ergosterol, in order
to alter the permeability of the cytoplasmic membrane [54]; whereas, CaCS02 interferes with the biosynthesis of
chorismate, confirming that the two compounds exert their influence on different aspects of cellular processes.
AmB is the most common antifungal agent used in severe forms of the disease, but despite its excellent activity in
reducing fungal load, it produces highly toxic adverse effects, such as nephrotoxicity and hepatotoxicity (55]. Thus,
a molecule, such as CaCS02, capable of enhancing the antifungal activity of AmB may reduce the damage since
it could be administered in smaller doses. In order to distinguish that CaCS02 acts as a specific inhibitor of P6CS
and not as pan-assay interference compound [56], we also performed binding and activity assays with recombinant
PbCS (Figure 3).

The CaCS02 ligand has a negative net charge (-2) and partition coefficient (xlogP) of -1.25 at pH 7.0. The
presence of these negative charges appears to be crucial for the stabilization of this ligand in the active site, since
the simulations predicted binding at the same site as the substrate EPSP, which has several negative charges that
interact with the enzyme by means of charge—charge and charge—dipole interactions (Figure 2 & Supplementary
Table 2, Supplementary Data).

Although other antifungal candidates against P brasiliensis have already been described with lower MIC val-
ues [41,42,57], the low cytotoxicity presented by CaCS02 may compensate for the greater dosages required. CaCS02
is a water-soluble azo dye, and to date, this type of molecule has never been described as an inhibitor of CS.
Since many azo dyes are commercially available, and the fact that isosteric mimetics may be accessible by chemical
synthesis, our research group will continue this line of research in the quest to obrtain highly specific CS inhibitors.
Since CS is also present in bacteria, plants and apicomplexan parasites, this research may also contribute to the
development of new antimicrobials, herbicides and/or antiparasitic (e.g., antimalaria) drugs.

There are currently eight specific CS inhibitors described in the Brenda database (58], all derived from modifi-
cations in the structure of the EPSP substrate. The discovery of specific inhibitors for CS whose structures differ
from the substrate, makes this work even more interesting,.

Conclusion & future perspective

This work presented the modeling, docking and MD simulations using C#CS. The analysis of the modeled structure
demonstrated a good quality of the proposed model, as well as its validation for use in virtual screening simulations.
Among the selected molecules, we identified the compound Zinc4217277 (CaCS02) and demonstrated its ability to
bind and inhibit the enzyme in in vitro studies. Furthermore, CaCS02 showed promising iz vitro antifungal activity
against the most virulent strain of the human pathogenic fungus P brasiliensis (Pb18). Its low cytotoxicity and the
significant synergistic effect with AmB, which is the reference drug in severe cases of this disease, demonstrated a
potential use in a combinatorial drug therapy against PCM.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: www.futuremedicine.com/doi/full/
10.2217/fmb-2019-0052
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Summary points

e The modeled structure of the enzyme chorismate synthase (CS) from Candida albicans was used in virtual
screening simulations.

e Two molecules, Zinc6445805 and Zinc4217277, also termed CS8 and CaCS02, respectively, were identified
in-common by different programs.

e The molecules were active against strains of Paracoccidioides brasiliensis in assays of minimum inhibitory

concentration (MIC) and minimal fungicidal concentration (MCF).

The MIC/MFC found were 512 and 32 ug-ml™' for CS8 and CaCS02, respectively, suggesting fungicidal profile.

Assays of enzyme inhibition were performed with the recombinant CS from P. brasiliensis.

The molecule CaCS02 inhibited the enzyme CS with ICsq of 20 uM.

The molecule CaCS02 presented strong synergism in combination with amphotericin B (=fic = 0.375).

No cytotoxic effect was observed when CaCS02 was incubated with HelLa or Vero cells up to the limit of

512 ug-ml'.
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Figure S1. Redocking of the EPSP substrate by the Autodock program. The modeled reference
structure is shown in coral; The poses found by redocking are depicted in blue and purple:.
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Figure S2: Protein behavior throughout the simulation. The CaCS-FMNH.-EPSP complex (black),
and the CaCS-FMNH,-CS8 complex (red) and the CaCS-FMNH,-CaCS02 complex (green). (A)
RMSD calculated for the protein main chain atoms. (B) Radius of gyration (Rgyr) calculated for the

protein main chain atoms.
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Figure S3. RMSF of the Ca atoms of the CaCS in the last 5 ns of simulation (equilibrium region). The
blue boxes highlight the regions with the greatest degree of flexibility.
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Figure S4. Checkerboard plate of the combination of AmB and CaCS02 assayed in P. brasiliensis
(Pb18) strains. We found values of MICamg=0.5 pg-mL"* and Combame=0.125; MIC cas02=32 pg-mL*
and Combcacsoz=4 pg-mLL. The black circle indicates the point of combination between the compounds
tested. The 2-fold drop in inhibition concentration for each compound revealed a strong synergistic
interaction with ZFIC=0.375. The plate was incubated at 35 °C for 7 days, on the 6th day resazurin
(0.01%) was added to each well. Blue color indicates fungal non-viability while pink color indicates
viable fungal growth. (PC) Positive control; (CN) negative control.
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Figure S5. A) The fungal pathway for the biosynthesis of phenylalanine, tyrosine, and tryptophan
(KEGG map00400), showing the enzymes of the shikimate pathway (yellow boxes) and the
chorismate synthase (EC: 4.2.3.5, red text). Source: KEGG (https://www.genome.jp). B) Detailed
view of the shikimate pathway. PEP = phosphoenolpyruvate, EAP = D-erythrose 4-phosphate,
DAHP 3-deoxy-D-arabino-hept-2-ulosonate ~ 7-phosphate, DHQ 3-dehydroquinate,
DHS=  3-dehydroshikimate, = SKM shikimate, S3P = 3-phospho-shikimate,
EPSP = 5-O-(1-carboxyvinyl)-3-phosphoshikimate, CHO = chorismate.
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Figure S6. Ramachandran plots of the modeled structure of CaCS and of the main template
(PDB ID: 1r53). CaCS has 91.7% of the residues in the most favored regions, 8.0% in the
additional allowed regions, 0.2% in the generously allowed region, and 0.2% in the disallowed
regions. The four residues highlighted in red all refer to Serb4, since the protein was modelled as a
homotetramer, which means that there is just one residue outlier per chain. The template 1r53 has
91.4% of the residues in the most favored regions, 7.3% in the additional allowed regions, 0.9% in
the generously allowed region and 0.4% in the disallowed regions. The three residues shown in red
are not the same, which means that there are three outliers per chain. The comparison indicates that
the model has better stereochemical quality than the template.
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Table S1: Contact frequency between CaCS residues and the evaluated ligands within the range of up to
4 A. Residues in bold have a contact frequency with ligand of greater than 60%.

Residues  EPSP CS8 CaCs02 Residues EPSP  CS8 CaCS02
Ser-16 0,71 0,67 0,66 Tyr-99 - - 0,17
His-17 - 0,53 0,57 Arg-101 0,46 0,96 1,00
Arg-46 0,99 0,31 1,00 His-104 - - 0,06
Arg-47 0,09 - 0,18 Ser-118 - - 0,08
Lys-52 0,19 - - Gly-121 - - 0,02
Ser-54 0,62 0,20 0,72 Ser-124 - 0,29 0,01
Thr-55 0,81 0,99 0,77 Ser-125 0,75 0,70 0,70
Pro-56 0,61 0,41 0,38 Ala-126 0,97 0,80 0,89
Asp-58 - 0,10 - Arg-127 0,96 0,62 0,97
Glu-59 0,08 0,42 0,18 Thr-129 - 0,27 0,31
Lis-86 0,19 - - Ile-130 0,06 - 0,02
Asp-87 - 0,26 0,22 Ala-314 - - 0,02
His-88 0,14 - 0,03 Thr-315 0,12 0,93 0,56
Arg-89 - 0,22 0,03 Ala-334 - 0,19 0,45
Pro-90 - 0,33 0,54 Arg-335 - 0,40 0,17
Tyr-93 0,05 0,31 0,26 Gly-336 - 0,49 0,22
Ser-94 - - 0,01 Arg-337 0,63 1,00 0,74
Glu-95 - - 0,14 His-338 - - 0,19
Thr-96 - - 0,13 Asp-339 - - 0,06
Asp-97 - - 0,35 Arg-345 1,00 0,69 0,99
Leu-98 - - 0,16 FMN 0,77 1,00 0,99

Table S2. Main electrostatic contacts between CaCS and the ligands evaluated by molecular
dynamics within a range of 4.0 A and contact frequency greater than 60%.

Protein residues EP.SP C.SB CaQSOZ
Atom Distance (A) Atom Distance (A) Atom Distance (A)

Ser16 Oy - - - - 02 2.4
Serl25N 010 3.0 03 4.0 - -

Serl25 Oy - - - - 011 2.4
Alal26 N 010 3.0 - - 011 3.1
Argl27 NH1 08 2.6 CL1 3.1 03 3.1
Arg337 NH1 o7 2.6 CL1 4.0 04 3.2
Arg337 NH2 o7 2.7 CL1 3.7 04 2.9
Arg345 Neg 02 2.9 01 2.9 010 2.7
Arg345 NH2 02 2.7 (0] 35 010 2.9
Arg345 NH2 01 3.0 - - - -

FMNH: O9 010 3.6 03 4.8 011 35
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Table S3. Toxicity predictions for hits found in virtual screening by admetSAR [58].

CaCs02 CSs8
Toxicity result probability result probability
Carcinogens Carcinogens 0.8384 Non-carcinogens 0.6517
Carcinogenicity (Three-class) Non-required 0.5648 Non-required 0.6256
Honey Bee Toxicity Low HBT 0.5419 Low HBT 0.7178
Biodegradation _Not ready 0.8416 _Not ready 1.0000
biodegradable biodegradable

Acute Oral Toxicity 11 0.5527 1 0.6163

Model value unity value unity
Rat Acute Toxicity (LDso) 2.3122 mol/kg 2.4709 mol/kg
Fish Toxicity (pLCso) 1.1239 mg/L 0.6797 mg/L
Tetrahymena Pyriformis Toxicity (pIGCso) 0.3619 ug/L 1.3225 ug/L

58. Cheng F, Li W, Zhou Y, et al. admetSAR: a comprehensive source and free tool
for assessment of chemical ADMET properties. J. Chem. Inf. Model. 52(11),

3099-3105 (2012).
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ABSTRACT

The viral cathepsin from Bombyx mori Nuclear Polyhedrosis Virus (BmNPV-Cath) is a broad-spectrum prote-
ase that participates in the horizontal transmission of this virus in silkworm by facilitating solubilization of
the integument of infected caterpillars. When a B. mori farm is attacked by BmNPV, there are significant seri-
cultural losses because no drugs or therapies are available. In this work, the structure of viral cathepsin
BmNPV-Cath was used as a target for virtual screening simulations, aiming to identify potential molecules
that could be used to treat the infection. Virtual screening of the Natural Products library from the Zinc
Database selected four molecules. Theoretical calculations of AGpinging by the molecular mechanics
Poisson-Boltzmann surface analysis (MM-PBSA) method indicated that the molecule Zinc12888007 (Bmb5)
would have high affinity for the enzyme. The in vivo infection models of B. mori caterpillars with BmNPV
showed that treatment with a dose of 100 ug Bm5 dissolved in Pluronic-F127 0.02% was able to reduce
the mortality of caterpillars in 22.6%, however, it did not impede the liquefaction of dead bodies. Our
results suggest a role of BMNPV-Cath in generating a pool of amino acids necessary for viral replication and
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indicate a mechanism to be exploited in the search for treatments for grasserie disease of the silkworm.

Introduction

Sericulture is an agroindustrial activity that contributes to the
economy of several countries (Inserco.org, 2018; Ribeiro,
Brancalhao, Torquato, & Fernandez, 2009). This activity revolves
around Bombyx mori, the silk-producing insect. Because of this,
producers face serious problems when pests caused by proto-
zoa, fungi, bacteria, or viruses occur in silkworms, viruses being
responsible for the greatest losses in production (Shobahah
et al, 2017). Among the viruses that attack (infect) B. mori, the
most important are baculoviruses such as Bombyx mori Nuclear
Polyhedrosis Virus (BmNPV), belonging to the Baculoviridae fam-
ily, which occurs as two phenotypically distinct virus groups
throughout the infection cycle: budded viruses (BVs), which are
extracellular viruses, and occluded viruses, also known as poly-
hedra or granules, depending on the genus (Herniou,
Olszewski, Cory, & O'Reilly, 2003; Murphy et al., 1995). This virus
is the cause of the disease known as grasserie, responsible for
losses of approximately 20% of the worldwide silkworm crop,
which can reach between 70% and 100% at the local producer
level (Brancalao & Ribeiro, 2003).

The caterpillar is infected by ingestion of polyhedra
(occluded viruses) present in mulberry leaves, which are the
caterpillars’ only food source. Under the alkaline conditions of
the caterpillar midgut, the polyhedra release viral particles,
which cross the membrane of the columnar cells and are

carried to the nucleus of the cell through the cytoskeleton
(Volkman & Keddie, 1990). The genetic material is released in
the nucleus, where viral gene transcription and genome replica-
tion are initiated, culminating in the release of new nucleocap-
sids to infect cells of the tracheal system and hemolymph
(Funk & Consigli, 1992). The other form of infection is the sec-
ondary one, characterized by the transport of viral particles dir-
ectly to the cells of the tracheal system and hemolymph, where
infected epithelial cells produce the first viral phenotype, the
BVs, which will infect other cells by receptor-mediated endo-
cytosis, in which the receptor recognizes the viral protein GP64.
This protein is present in the virus capsid and its recognition by
cellular receptors mediates the fusion of the viral membrane
with the endocytic membrane after endocytosis, culminating
with the entry of the virus into the cytoplasm of the infected
cell (Engelhard, Kam-Morgan, Washburn, & Volkman, 1994).

When the caterpillar dies, its integument is disintegrated,
thus liberating a great amount of polyhedra (polyhedral
viruses) into the environment, which serve as the inoculum
for infection of other insect hosts (Volkman & Keddie, 1990).
These processes are facilitated by the presence of viral
hydrolytic enzymes such as viral cathepsin (V-Cath) and chiti-
nase (chiA) (Ohkawa, Majima, & Maeda, 1994; Slack, Kuzio, &
Faulkner, 1995), which are essential for horizontal transmis-
sion of the infection (Hom & Volkman, 2000).
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In studies where the v-cath and chiA genes were silenced
in a recombinant baculovirus, Hawtin et al. observed that the
deletion of these genes did not affect viral replication in cell
culture nor in caterpillars, but the virus lost the ability to
liquefy the body of the insect (Hawtin et al., 1995). A similar
effect was observed when the v-cath gene was deleted from
the genome of the baculovirus Autographa californica mul-
tiple nuclear polyhedrosis virus (AcCMNPV), thus showing the
importance of this enzyme in the role of viral transmission
(Slack et al.,, 1995). In another study using protease inhibitor
E-64 [trans-epoxysuccinylleucylamido-(4-guanidino)butane] in
cell cultures, the cysteine protease activity of BmNPV virus
was inhibited, and deletion of the BmNPV-Cath had no sig-
nificant effect on viral multiplication or polyhedra produc-
tion, indicating that V-Cath is also not essential for
replication of the virus in vitro (Ohkawa et al., 1994).

These studies demonstrate that BmNPV-Cath plays an
important role in viral transmission. The selective inhibition
of this enzyme can interrupt the liquefaction of the integu-
ment and consequently interfere in the process of horizontal
transmission of the virus, reducing the number of infected
caterpillars, which facilitates the production management
and reduces losses.

Therefore, the objective of this work was to model the
structure of the enzyme BmNPV-Cath (EC 3.4.22.50) in com-
plex with the cathepsin inhibitor 4-Morpholin-4-Yl-Piperidine-
1-Carboxylic Acid [1-(3-Benzenesulfonyl-1-Propyl-Allylcarbamoyl)-2-
Phenylethyll-Amide, in order to use it as a drug target for
virtual screening simulations, aiming to identify inhibitors of
this enzyme.

Material and methods
Sequence identification and model building

The amino acid sequence of BmNPV-Cath (Uniprot: p41721)
was analyzed by using InterProScan (Mulder & Apweiler,
2007) to identify structural motifs. The search for structural
models was carried out in two ways, via BLASTp (Mount,
2007) and by structural alignment by means of folding rec-
ognition via pGenThreader (Lobley, Sadowski, & Jones, 2009),
which also predicted the secondary structure. Then, the
amino acid sequence was submitted to the server EDBCP
(Cheng, Saigo, & Baldi, 2005) to evaluate the presence of
possible disulfide bonds.

The crystallographic structures of the monomeric forms of
cathepsin F (PDBid: 1méd), cathepsin K (PDBid: 3kwz), and
cathepsin L1 (PDBid: 2xu3), all from Homo sapiens, served as
templates for protein alignment. The ligand of cathepsin F
(PDBid: 1m6d), 4-Morpholin-4-Yl-Piperidine-1-Carboxylic Acid
[1-(3-Benzenesulfonyl-1-Propyl-Allylcarbamoyl)-2-Phenylethyl]-
Amide (Myp, Zinc14880279), a protease inhibitor, was mod-
eled as the ligand of BmNPV-Cath, by means of Modeller
v.9.13 (Eswar et al.,, 2006) software, where 2000 models were
generated and the best five were classified by means of the
Modeller Dope Score. The best model was selected from
these five based on stereochemical evaluation by the pro-
gram Procheck (CCP4, 1994). From this model, 500 new mod-
els were generated, aiming to correct residues that were

70

positioned in non-permitted regions of the Ramachandran
plot. The final model was selected and re-evaluated among
them using the same criteria (Dope score and
Ramachandran plot).

Energy minimization

The final Modeller output model was subjected to 30,000
steps of energy minimization by the conjugate gradient
method through the NAMD2 program (Phillips et al., 2005)
so that the interactions of the protein with the ligand were
maximized. For this, the whole complex was immersed in a
periodic box with limits at least 10A away from the outer-
most surface of the molecule and with sufficient sodium
counterions to neutralize the system charges. The Charmm
C35b2-C36a2 force field (Mackerell, Feig, & Brooks, 2004) was
used for the polypeptide chain while the ligand force field
was generated in the same format by the SwissParam server
(Zoete, Cuendet, Grosdidier, & Michielin, 2011). This mini-
mized structure was used as the input parameter for docking
and molecular dynamics (MD) simulations.

Redocking and virtual screening

The minimized structure of BmNPV-Cath was used in redock-
ing simulations in order to validate the protocol to be used
in virtual screening. In this procedure, the programs Vina
(Trott & Olson, 2009) (implemented in Pyrx-0.9 graphical
interface (Wolf, 2009)) and Molegro virtual Docker 6.0
(Thomsen & Christensen, 2006) were used. In the Vina pro-
gram, the standard algorithm for search and rank was used.
The search box was centered on ligand with sizes of 15, 20,
and 20 in x, y, and z, respectively. The Molegro program uses
the search algorithm lterated Simplex in combination with
the rank function Plants Score (Grid), and a search radius of
11 A centered on the ligand. The docking results of the mod-
eled ligand Myp were reproducible in both programs, giving
a root mean square deviation (rmsd) of 1.7+0.52A and
mean scores of —8.8 (Vina) and —36.8 (Molegro). After the
validation, the docking protocol was applied in the virtual
screening simulations, which were performed from two libra-
ries, one composed of compounds with 80% structural simi-
larity to the cathepsin inhibitors and the other formed by
the purchasable natural products from the Zinc database
(Irwin, Sterling, Mysinger, Bolstad, & Coleman, 2012). All libra-
ries were initially evaluated by the Vina program, where the
molecules ranked higher than Myp were used in four other
replicates using both programs. The molecules selected in
common with 100% reproducibility were evaluated by the
ADMETox criteria through the AdmetSar server (Cheng
et al, 2012).

The structure of the cathepsin synthetic substrate known
as Z-Phe-Arg 7-amido-4-methylcoumarin (Zpa, Zinc14961466)
was used as a control in the simulations for comparison pur-
poses, since there are no data available in the literature
about the kinetic parameters regarding V-Cath with Myp.



MD simulations

The MD simulations of the protein in Apo form and com-
plexed with the ligands were performed with the Gromacs
4.5.7 program (Hess, Kutzner, van der Spoel, & Lindahl, 2008)
using a Gromos96 v43a1l force field (Scott et al., 1999) with
the residues adjusted to their expected protonation states at
pH 7.0. The force fields of the ligands were generated in the
same format by the Prodrg2 server (Schuttelkopf & van
Aalten, 2004). Next, the protein was immersed in a cubic
periodic box with limits at least 10A away of the outermost
surface of the molecule. A sufficient amount of NaCl was
added to neutralize the system charges and adjust the final
concentration to 150mM NaCl. Initially the complexes were
minimized by the steepest descent method until conver-
gence to the lower energy state, which was used for simula-
tion of molecular dynamics during 13ns under NPT
conditions where temperature was set to 300K and pressure
set to 1atm.

The simulations were analyzed from the trajectory file in
terms of the rmsd and radius of gyration (rgy), of the main
chain atoms of the protein with the minimized initial struc-
ture as a reference. The fluctuation of the alpha carbons
from each residue (root mean square fluctuation, rmsf), as
well as the contact frequency of the protein residues with
the ligand, were evaluated in the last 2 ns of the simulation
(thermodynamic equilibrium region). The free energy of
binding between protein and ligands (AGpinging) Was calcu-
lated from MD trajectory for each complex using the
Molecular Mechanics Poisson-Boltzmann Surface Analysis
method implemented in the program g_mmpbsa (Baker,
Sept, Joseph, Holst, & McCammon, 2001; Kumari, Kumar,
Lynn, & Consort, 2014), where, in general terms, the free
energy of binding from the protein with the ligand in a sol-
vated system can be expressed as:

AGbinding = Gcomplex*(Gprotein + GIigand) (M

Biological evaluation of the compounds

Experiments with B. mori caterpillars were carried out in the
Laboratory of Genetic Improvement of Silkworm at the State
University of Maringd. Commercial hybrid caterpillars of B.
mori were supplied by the company Fiacao de Seda Bratac
S/A (PR, Brazil). The hybrid caterpillars were bred inside plas-
tic boxes in a controlled temperature room (25+1°C) with a
14h:10h (light:dark) photoperiod and relative humidity
around 70% (+10%) until the end of their life cycle, being
fed three times a day with fresh mulberry leaves (Morus sp).
Caterpillars on the first day of the fifth instar (24 h after
ecdysis), which were not yet fed, were used for in vivo viral
infection assays. On this day, infection was carried out by
means of an inoculum of BmNPV, isolated from the geo-
graphic region of Parana-Brazil, to a concentration of 3 x 10°
COPs/mL (COPs = polyhedral occlusion bodies per milliliter).
A volume of 10pL viral suspension was dropped onto
shaped leaf discs of mulberry (16cm? diameter) and pro-
vided as food for the caterpillars of the infected group.
During feeding, the caterpillars remained individually
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confined within disposable plastic cups to ensure the inges-
tion of the entire viral suspension (Figure S1).

The inhibitors tested Bm1 (10mg), Bm2 (20mg), Bm4
(10mg), and Bm5 (20mg) were purchased from
InterBioScreen (Russia). Solutions containing inhibitors were
prepared in two distinct ways for two different sets of trials.
The reference inhibitor Myp is not purchasable, therefore
biological assays performed in the presence of this protease
inhibitor was not possible.

For the initial trial, all inhibitors were diluted to a final
concentration of 10mgmL™" in 10% DMSO. For this assay,
the caterpillars were divided into four groups with 10 cater-
pillars each, and the assays were performed in triplicate (or
duplicate), totaling 30 (or 20) caterpillars per group. The
groups were divided into negative control 1 (no virus inocu-
lation and treated with water), control DMSO (no virus inocu-
lation and treated with DMSO 10%), infected control
(infected with BmNPV and treated with water), and treatment
(infected with BmNPV and treated with the respective inhibi-
tor dissolved in DMSO 10%). On the fourth day post-infec-
tion, which corresponds to fifth day of the fifth instar, all
experimental groups received 10uL (100pug dose) of the
respective solution deposited on mulberry leaves, as previ-
ously described.

For the second trial, only Bm5 was tested. The compound
was dissolved to a final concentration of 10mgmL™" in the
presence of 0.02% Pluronic-F127 in distilled water (vehicle).
Five groups containing 20 caterpillars each were identified as
follows: Negative control 2 (no virus inoculation and treated
with water), Pluronic control (no virus inoculation and
treated with 0.02% Pluronic-F127 in water), treatment vehicle
(infected with BmNPV and treated with vehicle 0.02%
Pluronic-F127), infected control 2 (infected with BmNPV and
treated with water), and Bm5 (infected with BmNPV and
treated with Bm5 in 0.02% Pluronic-F127). On the fourth day
after infection, which was the fifth day of the fifth instar, all
groups received 10uL of the respective solution deposited
on mulberry leaves, as previously described. The trials were
performed in quadruplicate, totaling 80 caterpillars per
group. Statistical analyzes were performed using ANOVA.

Results and discussion

The amino acid sequence of the cysteine protease BmNPV-
Cath was obtained from the Uniprot database. It was pre-
dicted by the EDBCP server to have three disulfide bonds
between residues (21-62, 55-95, and 150-198) of a total
number of 323 residues, with residues 1-16 referring to a
signal peptide for the secretory pathway. The amino acids
17-112 refer to an inhibition peptide, which is removed dur-
ing the maturation process of the protein, so that the
enzyme does not become active in the intracellular medium.

In the interactive modeling process, only residues from
113 to 323 that corresponded to the active tertiary structure
of the enzyme were considered. In this way, the crystallo-
graphic structures of human cathepsins F (Somoza, Palmer, &
Ho, 2002), K (Rankovic et al., 2010), and L1 (Hardegger et al.,
2011) (PDBids: Tméd, 3kwz, and 2xu3, respectively) of which
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(A)

Figure 1. Tertiary structure of BmNPV-Cath bound to the inhibitor Myp (gray)
represented as ribbons (A) and by electrostatic colored surface (B). Figure gen-
erated by CCP4mg program (McNicholas, Potterton, Wilson, & Noble, 2011).

the set identity with BmNPV-Cath was 42%, enough to allow
homology modeling (Rost, 1999; Yang & Honig, 2000).
Alignment with multiple templates allowed the entire pro-
tein sequence of the BmNPV-Cath to be covered and thus
fully modeled from structural element information (Figure
S4). This fact is important, since it avoids the introduction of
inconsistencies into the model. The structure of BmNPV-Cath
was modeled in the presence of the inhibitor vinyl sulfone
(Myp), an irreversible inhibitor of cathepsin F, which cova-
lently binds to catalytic Cys at the active site (Somoza et al.,
2002). The structure of the inhibitor was copied into the con-
figuration in which it appeared in the original template, so
that the experimental information on its binding mode was
conserved, and the inconsistencies arising from a modeling
process could be eliminated. Modeling the protein in the
presence of a known ligand (substrate or inhibitor) allows
the clear identification of the binding site where the docking
simulation is to be performed, and also serves as a structural
guide for identifying the best pose of an unknown ligand.
The ligand Myp was modeled since it is a protease inhibitor
which was co-crystallized with the template enzyme. In this
way, the experimental information of its docking pose was
copied from the template to the model.

The structure of the templates was superimposed to
BmNPV-Cath and the r.m.s.d. calculated for the main chain
atoms from the equivalent regions (excluding regions of
insertions and deletions) was 3.24, 3.12, and 3.50A for the
templates Tmé6d, 2xu3, and 3kwz, respectively. From this
superimposition, it was possible to observe that the structure
around the active site remained well defined (Figure S2). The
final model (Figure 1) showed 100% of the residues in the
allowed regions of the Ramachandran plot, 90.4% in favor-
able regions, and 9.6% in the additional allowed regions.
However, the modeling program does not have the force
field information for the ligand and therefore could not
maximize its non-covalent interactions with the protein.
Because of this, the modeled structure of the complex
BmNPV-Cath-Myp was minimized by the conjugate gradient
method, in order to leave the structure of the active site as
adapted as possible to the presence of the ligand, which we
believe is the most suitable conformation for the docking
simulations (Zacharias, 2003). In addition, the presence of the
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Figure 2. Chemical structures of the reference ligands (Myp and Zpa) and the
inhibitors selected by virtual screening.

ligand provides a clear identification of the binding site
region, acting as a structural guide for selecting the best
pose of an unknown ligand in the virtual screening simula-
tions, which provides additional screening criteria.

Virtual screening

The redocking simulations indicate that the rmsd of the ligand
Myp oscillates substantially in the region of the radical group
piperidin-morpholin, which lies on the outer face of the mol-
ecule exposed to the solvent (Figure 1). This fact confers on
Myp a high degree of freedom of movement, which has raised
the mean value of the rmsd. However, the major region of the
ligand Myp that remains in contact with the protein oscillates
less than 0.7 A. Thus, the protocol was considered validated for
use in virtual screening simulations, which was performed using
two different programs, since we believe that if the same com-
pound is selected by both programs using different search and
ranking algorithms, the chances of selecting a false-positive
compound decrease. In this way, the protocol for both pro-
grams was validated by redocking of the modeled compound
before it was applied to the libraries. The libraries were divided
into folders with 2500 molecules each, plus the structure of the
reference inhibitor (Myp), and only compounds ranked higher
than Myp were selected.

The first library was built from a search of the literature
for compounds with cathepsin inhibitory activity, and for
each compound found, a new search in the Zinc database
for molecules with 80% similarity to it was conducted, total-
ing 10,159 molecules. None of the molecules in this library
were better ranked than the reference ligand Myp. The
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Figure 3. Analysis of the trajectory of the molecular dynamics from the atoms
of the main chain in terms of rmsd (A) and radius of gyration (B). The colors
represent the structure of BmNPV-Cath bonded to each ligand. Figures gener-
ated by the program SciGraphica v-2.1.0 (Muenchen, Germany).

second library consisted of natural products with purchasable
status from the Zinc database, totaling 111,500 molecules.
From this library, 137 compounds were initially selected by
the Vina program and, after checking the reproducibility of
these results with four other screenings, we found 50 com-
pounds better ranked than the reference inhibitor Myp.
These 50 compounds were then evaluated by the Molegro
program through four other simulations, and finally, only 12
compounds showed 100% reproducibility in all simulations
using both programs. All compounds were successfully fil-
tered by applying the ADMETox criteria by AdmetSar server.
However, the ADMETox prediction methods are based on
mammalian cells and tissues models. Therefore, the applica-
tion of these criteria to insects may be questionable. Four
molecules were selected as a representative sample of the
set to be purchased for animal trials. These compounds were
Bm1 (Zinc 70705449), Bm2 (Zinc70701476), Bm4 (Zinc
02496946), and Bm5 (Zinc12888007). The structure of each
compound selected is shown in Figure 2.

MD evaluation

The best ranked pose for each ligand found by virtual
screening was incorporated into the BmNPV-Cath structure
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and submitted to MD simulations using the Gromacs pro-
gram. Although the structure had already been minimized
by the NAMD2 program, the coordinates of the ligands had
not, so a steepest descent minimization was necessary to
start MD. As a result, the system quickly converged to the
lower energy state in this procedure. The conjugate gradient
(CG) method works better and faster to find the structure at
its real minimum compared to the steepest descent (Sarkar,
1991) and therefore, we believe that CG application would
be the most adequate to obtain the conformation to be
used in the docking simulations.

The analysis of the trajectory by means of the rmsd shows
that all the complexes reached thermodynamic equilibrium
after 5ns of simulation (Figure 3(A)), indicating the time of
13 ns was sufficient, which allowed them to be used in the
subsequent calculation of free energy of binding. All the
simulated complexes were stable regarding their folding sta-
tus because their radius of gyration remained stable around
15.8A over time (Figure 3(B)). This may reflect the three
disulfide bonds present in the molecule. Although the
observed oscillation around 0.2 A is not significant, it is clear
that there was a tendency to increase the value of the radius
of gyration in the Apo form. Comparatively, this may indicate
that the ligands further stabilized the protein structure.

When analyzing the fluctuation of the a-carbons of each
residue in the last 2ns of simulation, which comprises the
thermodynamic equilibrium region in all the complexes, it is
possible to infer which regions of the molecule presented
the greatest flexibility. This analysis can be performed in
terms of the rmsf and is shown in Figure S3 (Supplementary
Material). The highest fluctuation did not exceed 2.1 A, which
reinforces the observation that the structures of the com-
plexes are quite stable. However, the presence of regions
with greater fluctuation in all complexes, such as the amino-
terminal region (residues 1-5) and the regions of the loops
37-50, 161-174, and 175-191 are evident. The other fluctua-
tions observed for each complex can be attributed to the dif-
ferent contacts that the protein makes with the structure of
the different ligands. The information regarding the contact
frequency of the protein residues with the evaluated ligands,
within a range of 4.0A is shown in Table S5 (Supplementary
material). Since each ligand interacts with the protein differ-
ently it justifies distinct affinities. However, residues Gly22,
Ala23, Cys24, Trp25, Cys62, Asn63, Gly64, Gly65, Leu66,
Leu155, and Asn156 are the most important since they have
a contact frequency greater than 80% with most ligands.

The different levels of contacts that ligands make with the
protein, as suggested in Table S5 (Supplementary material),
are reflected directly in their binding energy, which can be
estimated by calculations of molecular mechanics. The mm-
pbsa method was used in these calculations and provides an
accurate assessment of the interaction energy of different
compounds with the same protein. Once the same simula-
tion conditions are maintained, the values obtained are com-
parable to each other and can be used to estimate which
compound binds with the highest affinity to the protein.
Table 1 shows the values for each component used in the
calculation of the AGyinging (Equation (1)).
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Table 1. Parameters obtained by mm-pbsa calculation to estimate the AGnging Of €ach ligand used in this work.

Energy (kJmol™")

Energy Myp ZPA Bm1 Bm2 Bm4 Bm5

van der Waals ~ —298.6 (17.83)  —309.5 (26.70)  —294.9 (17.98)  —323.5(28.26) —257.0 (18.56)  —298.0 (19.41)
Electrostatic —485.8 (46.02)  —459.7 (23.86) —46.1 (20.00) —40.1 (13.73) —23.3 (11.14) —62.3 (11.06)
Polar solvation 304.9 (61.37) 340.8 (31.37) 209.1 (25.40) 131.3 (16.25) 95.9 (13.44) 138.0 (11.47)
SASA —23.2 (1.47) —25.9 (1.89) —222 (1.71) —23.1 (1.59) —-17.9 (1.31) —21.2 (1.09)
AGpinding —502.7 (25.10)  —454.2 (23.31)  —154.1 (20.38)  —255.4 (28.15)  —202.2 (19.16)  —243.5 (19.45)
Vina score —36.8 (0.25) —36.4 (0.02) —37.2 (0.02) —39.1 (0.21) —41.0 (0.01) —39.8 (0.01)

The number in parentheses refers to the standard deviation.

According to the Vina program, the five selected ligands
have a higher docking score for BmNPV-Cath than the refer-
ence ligand Myp (Table 1). However, the calculations from
the MD show that Myp would bind with almost twice the
affinity of the best ranked inhibitor (Bm2). The answer to this
contradiction may be in the way these values were calcu-
lated. The scoring function of Vina ignores the electrostatic
component (Trott & Olson, 2009), whereas the mm-pbsa pro-
gram considers it, and this component contributed the most
to the lowest value of Myp AGyinging (Table 1).

The literature reports that the Ky for human cathepsin-F
with the Zpa ligand ranges from 0.44 to 17.0uM (Ho et al.,
2002; Wang et al, 1998), whereas, for human V-cathepsin,
the Ky for this ligand was 4.8uM (Yasuda et al., 2004).
Because it is a substrate recognized by several cathepsins
such as F, O, and V, we believe that it could also be used as
a substrate of BmNPV-Cath; therefore, it was used in calcula-
tions for comparative purposes. No reports citing the binding
constants or other kinetic parameters for Myp and proteases
were found in the literature; therefore, a comparison
between calculated and experimental values was not pos-
sible for Myp.

When we substituted the AGyinging value displayed in
Table 1 into Equation (2), we found a value of K that differed
vastly from those measured experimentally

AGbinding = —RTInK (2)

AG = AH—TAS (3)

These differences occur for several reasons (Kumari et al.,
2014); however, despite the differences between the kinetic-
ally measured value and the one calculated by the simula-
tion, the values of AGpinging Calculated using the mm-pbsa
method are comparable (Kumari et al., 2014). In this way, it
is possible to predict that in a comparison of the measured
and calculated values, the measured value should vary by
the same proportion as the calculated one. Thus, the compu-
tational simulations carried out in this work showed that the
Myp inhibitor would have a slightly higher affinity than the
synthetic substrate Zpa, whereas the inhibitor candidate
compounds would have a lower affinity than the syn-
thetic substrate.

The structures of the inhibitor compounds (Figure 2) con-
tain alternating NH, C, and C=0, mimicking the main chain
of a polypeptide, which is in direct contact with the catalytic
site of BmMNPV-Cath. The aromatic radicals of the compounds,
including that from the reference ligand Myp, penetrate the

74

protein pocket, providing additional stability by means of
van der Waals contacts.

Most B. mori infections occur orally, including BmNPV
virus. Treatment options using antivirals should therefore
also be administered orally; however, caterpillars tend to
reject mulberry leaves when odors or contaminants are pre-
sent (Porto, Okamoto, lkuno, Ferreira, & Margatho, 2005),
which may include antivirals. This factor may limit treatment
options; however, in in vivo experiments, compounds depos-
ited on mulberry leaves were ingested without rejection by
the caterpillars.

Biological activity of the molecules

The molecules Bm1, Bm2, Bm4, and Bm5 were used in the
initial evaluations. In this first trial, all compounds were dis-
solved in 10% DMSO, since it is the first choice of solvent for
solubilization of organic molecules (Ellson et al., 2005). The
caterpillars were inoculated with the virus on the first day of
the fifth instar and received the treatment on the fourth day
after infection, when the symptoms of viral infection were
visible (swelling of the intersegmental membranes and diar-
rhea). The results of these assays are shown in Table 2.

In the treatments with Bm1 and Bm4, only 20 caterpillars
were used due to the availability of the compound. Equal
letters in the same column represent no difference between
the means according to ANOVA (p > .05).

The results showed that treatment with Bm1 was more
deadly for caterpillars than the virus itself. Treatments with
Bm2, Bm4, and Bm5 reduced the mortality of caterpillars by
an average of 15%. The mortality rate of the pupae is calcu-
lated as a function of the number of cocoons generated by
the surviving caterpillars. However, they can die inside the
cocoon due to viral infection and therefore do not generate
viable matrices. The Bm5 group presented a mortality rate of
caterpillars similar to that observed with Bm2 and Bm4; how-
ever, no pupae died with this treatment. Calculation of bind-
ing free energy by the mm-pbsa method also suggested that
Bm5 could have a high affinity for BmNPV-Cath among inhib-
itors (Table 1). These results indicate that Bm5 would be the
most promising candidate. The DMSO proved to be toxic to
caterpillars (DMSO control), since administration of 10 L of
DMSO 10% solution caused a mortality rate of 10%, similar
to those observed in treatments with inhibitors (p > .05).

Due to these results, a further trial was performed on a
larger number of caterpillars using only the Bm5 molecule
dissolved in micelles of Pluronic-F127, another agent used
for drug solubilization. It is a hydrophilic non-ionic surfactant



JOURNAL OF BIOMOLECULAR STRUCTURE AND DYNAMICS . 7

Table 2. Mortality of caterpillars and pupae as a function of treatments.

Dead Dead Dead Dead
Treatment N caterpillars (n) caterpillars (%) Cocoon (n) pupae (n) pupae (%)
Negative Ctrl 1 30 0 0.00 30 1 3.33?
DMSO Control 20 2 10.00° 18 1 5.567
Infected Ctrl 1 30 8 26.67¢ 22 3 13.63°
Treatment Bm1 20 8 40.00° 12 1 8.33°
Treatment Bm2 30 4 13.33° 26 3 11.54°
Treatment Bmé4 20 3 15.00% 17 1 5.88%
Treatment Bm5 30 5 16.67° 25 0 0.00

For these trials, the caterpillars were infected with 10 L of a BmNPV suspension at a concentration of 3 x 107

COPS/mL.

Table 3. Mortality of caterpillars and pupae as a function of treatments.

Dead Dead Dead Dead
Treatment N caterpillars (n) caterpillars (%) Cocoons (n) pupae (n) pupae (%)
Negative Ctrl 2 80 1 1.25% 77 0 0.00
Pluronic Ctrl 80 1 1.25° 76 0 0.00
Infected Control 2 80 17 21.25° 63 6 9.52%
Treatment Pluronic 80 16 20.00° 64 2 3.12°
Treatment Bm5 79 13 16.45¢ 63 3 4.48°

For these assays, the caterpillars were infected with 10 uL of a BMNPV suspension at a concentration of 8 x 108 COPS/mL.

capable of forming micelles that aid in the solubilization and
absorption of organic compounds (Sezgin, Yuksel, & Baykara,
2006). In this assay, the concentration of inoculated virus
was increased to 8 x 10 COPS/mL so that the same DLs, of
the previous trial was obtained, since some polyhedra are
inactivated over time.

The results of this second trial (Table 3) showed that the
infected group treated with Pluronic-F127 at 0.02% (Pluronic
treatment) had a similar mortality rate to the infected and
untreated group (infected control 2) (p>.05). The group
treated with Pluronic-F127 at 0.02% (Pluronic control) had a
mortality rate similar to that of the water-treated group
(negative control 2) (p>.05). These results indicate that
Pluronic-F127, when used as a vehicle for solubilizing Bm5,
did not interfere with the treatment, was not toxic, and did
not have a curative effect on the caterpillars. On the other
hand, the group of caterpillars infected and treated with
Bm5 presented a 22.6% reduction in mortality rate, which is
quite significant (p < .07).

Equal letters in the same column represent no difference
between the means according to ANOVA (p > .07).

Although this result is quite promising, we must consider
that, in both trials, the caterpillars were treated on the fourth
day after infection, at a time when they already had the signs
of the viral infection. The appearance of these symptoms is the
first sign that allows the detection of the infection in silkworm
breeding grounds. It is possible that in this period, the infection
is so widespread that treatment is less effective. Therefore, it is
possible that by treating the caterpillar soon after infection
and/or by adding more doses of Bm5 along the fifth instar, the
mortality rate could be reduced further.

To date, no substance has been found that, alone, could
prevent silkworm infection by BmNPV. As a result, the cur-
rent method used to combat the virus occurs through man-
agement techniques such as disinfection of the environment
with chemicals such as 30% formaldehyde and the applica-
tion of hydrated lime on the floor before starting a new
breeding (Okamoto & Rodella, 2004). Despite this, there are

reports that show resistance of pathogens to these agents
(Brancalhao et al.,, 2013). Thus, methods that prevent lique-
faction of the dead body of the caterpillar can contribute to
management techniques, since they facilitate its removal
from the place, preventing the budded viruses from spread-
ing through the environment.

The dead caterpillars and pupae showed treatment-inde-
pendent body liquefaction. This liquefying effect is not only
caused by BmNPV-Cath, but also by viral chitinases (Hawtin
et al, 1995). Thus, we attributed this result to the action of
viral chitinases and remaining BmNPV-Cath that were not
inhibited by Bm5.

Although the initial hypothesis of our project was that inhib-
ition of BmMNPV-Cath could prevent liquefaction of the cater-
pillar's body, this was not observed in the trials. However,
unexpectedly, the results showed a significant reduction in the
mortality rate of treated caterpillars. Although the literature
reports that V-cath is not essential for virus replication (Hawtin
et al, 1995; Ohkawa et al, 1994), the results presented here
indicate that inhibition of BmNPV-Cath was important for cater-
pillar survival. In this way, our results also suggest that BmNPV-
Cath may play a role in the viral cycle that goes beyond just
liquefying the caterpillar's body and causing the spread of poly-
hedra. Because it is a broad-spectrum protease, BnNPV-Cath, as
well as other viral proteases, may play a role in the replication
and/or generation of a pool of amino acids that would be avail-
able for the synthesis of viral proteins (Brecher, Zhang, & Li,
2013; Tong, 2002).

Regarding future technologies, the use of BmNPV-Cath
inhibitors in combination with other compounds that may
interfere with viral replication may prove to be a useful strat-
egy in the development of therapies such as antiviral cock-
tails aiming to control this plague of sericulture.

Conclusions

Based on techniques of biochemistry and computational bio-
physics, the structure of Bombyx mori Nucleopedrovirus
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cathepsin (BmNPV-Cath) was modeled and used in the identi-
fication of the molecule Zinc12888007 (Bm5) by structure-
based virtual screening techniques. The use of the Bm5 mol-
ecule dissolved in Pluronic-F127 micelles for in vivo infection
trials of silkworm caterpillars with BmNPV promoted a signifi-
cant reduction in mortality of fifth instar caterpillars after the
onset of viral infection symptoms. The biological role of
BmNPV-Cath can go beyond just liquefying the body of dead
caterpillars for the propagation of the virus; it may also play
a role in generating a pool of amino acids to be used in the
synthesis of viral proteins. The results of this research have
the potential for direct biotechnological application in the
fight against one of the most common plagues in
sericulture.
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Figure S1. (A) Substances used in the treatments applied on mulberry leaves. It was expected for the
liquid to dry before the treated leaf was used to feed the caterpillars. (B) Fifth instar Bombyx mori
caterpillar imprisoned in a disposable cup until the ingestion of the treated leaf. (C) Zoon view of (B).

Figure S2. Ribbon model of the template structures 1méd (olive), 2xu3 (orange), 3kwz (gray),
superimposed on BmNPV-Cath (blue). The Myp ligand is in green (ball & stick).
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Figure S3. Root mean square fluctuation of the alpha carbons at the last two nano-seconds of simulation.
Each color indicates the BmNPV-Cath in complex with the simulated ligands. The higher the rmsf value,

the greater the oscillation of the residue in the structure.
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Figure S4. Clustaw alignment of the amino acid sequences from BmNPV-Cath and from templates used
in this work. Asterisks indicate identical residues; Residues composing the catalytic site in the BmNPV-
Cath and in the templates are highlighted in yellow; The regions corresponding to the alpha-helix
structural motifs are in red (H) and the structural motifs of beta-strands are in blue (E).
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Table S5. Contact frequency between BmNPV-Cath residues and the ligands identified by virtual
screening within 4.0 A distance at last 2 ns of molecular dynamics. Only contacts with frequency greater
than 5% are shown. Bold residues are those with a contact frequency greater than 80% with at least 3

ligands.
Residue BM1 BM2 BM3 BM4 BM5
Asn 17 17,73
GIn 18 66,50 99,01 100,00 62,07 0,49
Gly 19 1,48 93,10 73,40 63,05
Met 20 12,32 87,68 94,09 87,19
Cys 21 29,56 41,87 90,64
Gly 22 84,24 100,00 97,54 100,00 46,80
Ala 23 87,19 99,51 99,01
Cys 24 45,81 100,00 100,00 80,30 100,00
Trp 25 98,03 98,52 100,00 91,63 100,00
lle 53 2,46
Asp 59 0,49 12,81
Ala 60 3,94 41,38
Gly 61 75,37 93,60 77,34
Cys 62 98,03 94,09 95,57
Asn 63 86,21 96,55 88,67 43,35 99,51
Gly 64 47,78 100,00 | | 100,00 98,03 100,00
Gly 65 71,92 100,00 | | 100,00 99,51 100,00
Leu 66 97,04 93,60 91,63 96,06 98,52
Leu 67 51,72 95,57 67,98 47,29 92,12
His 68 1,97
Ala 90 25,12
Asp 91 2,46
Arg 111 0,49
Met 132 34,98
Ala 133 55,17 76,85 50,25 52,22 18,72
Ala 136 33,50 0,49
Asp 138 94,58
lle 139 99,51 87,68
Val 140 80,79 7,39 55,17 44,33
Asn 141 20,20
Gly 154 0,49 39,41 10,34
Leu 155 99,51 100,00 | | 100,00 96,55 100,00
Asn 156 | | 100,00 | | 100,00 | | 100,00 92,12 100,00
His 157 78,33 27,09 99,01 88,18 80,30
Ala 158 91,13 82,76 58,62 41,38 56,16
Thr 178 8,37
Trp 179 100,00 32,51 89,66 0,49 99,51
Trp 183 84,24 2,96
Met 200 3,45 48,28
Leu 204 0,49 52,71 66,50
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CONCLUSAO FINAL

Nesta tese foram descritos interessantes resultados utilizando técnicas de
simulacdo computacional. A partir de diferentes alvos celulares, conseguimos selecionar,
especificamente, candidatos a inibidores com sucesso, 0s quais possuem aplicacéo
biotecnoldgica direta. Um destes candidatos, o HS9, foi patenteado como formulagéo
farmacéutica contra infec¢Bes por fungos do género Paracoccidioides, para uso topico e
sisttmico em medicina humana e veterinaria.

Os estudos desta tese também demonstraram que os resultados das simulacGes
conseguem apenas apontar para uma molécula candidata a ligante com maior
probabilidade. A comprovacdo de que este candidato pode, de fato, se ligar ao alvo
selecionado ainda depende de comprovacdo experimental. Porém, ao selecionar um
namero reduzido de candidatos dentro de uma biblioteca com centenas de milhares de
opcoes, reduz-se em muito 0 nimero de ensaios de bancada necessarios para se observar
o efeito esperado. Isso demonstra um carater sustentavel das metodologias in silico, pois
reduzem os custos com material quimico, energia e tempo de experimentos.

O uso da simulacdo computacional para o entendimento de sistemas biol6gicos,
tem aumentado nos Gltimos anos em funcdo do aumento da capacidade de processamento
dos computadores e do numero de informaces disponiveis nas bases de dados online. A
cada trabalho desenvolvido nesta tese, novas metodologias in silico foram aplicadas

decorrentes da evolugéo constante deste campo de pesquisa.

82



	0.0-Capa.pdf
	0.1-Partes_iniciais.pdf
	1.0-Artigo1.pdf
	1.1-Bueno-et-al-2019-JMM.pdf
	1.2-Supplementary-data.pdf
	2.0-Artigo2.pdf
	2.1-Bueno_et_al_2018-R2.pdf
	2.2-Supplementary-data.pdf
	3.0-Artigo3.pdf
	3.1-fmb-2019-0052.pdf
	3.2-supplementary-data.pdf
	4.0-Artigo4.pdf
	4.1-Artigo-online.pdf
	Abstract
	Introduction
	Material and methods
	Sequence identification and model building
	Energy minimization
	Redocking and virtual screening
	MD simulations
	Biological evaluation of the compounds

	Results and discussion
	Virtual screening
	MD evaluation
	Biological activity of the molecules

	Conclusions
	Disclosure statement
	Funding
	References


	4.2-Supplementary-Data-bm5.pdf
	5-Conclusão.pdf



