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Este trabalho € dedicado as criancas adultas que,

quando pequenas, sonharam em se tornar cientistas.
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Resumo

Indolocarbazolas (ICZs) sdo produtos naturais glicosilados com amplas diversidade quimica
e espectro de atividade biologica, notadamente, antitumoral, antimicrobiana e antiviral.
Por diferentes abordagens sintéticas, esta classe de pequenos ligantes é complementada
com uma variedade de modificagoes quimicas que visam melhorar sua biodisponibilidade e
especificidade. Embora sejam conhecidos complexos de ICZs com proteinas alvo, apoiando
a otimizacao das propriedades bioativas dos ligantes baseada em estrutura, as proprie-
dades conformacionais dos substituintes flexiveis em ICZs, como carboidratos, ainda sao
parcialmente inacessiveis aos métodos classicos de biologia estrutural. Como complemento
a esses métodos, calculos de mecanica molecular podem oferecer dados exclusivos para
acessar o conjunto conformacional de moléculas flexiveis e fornecer detalhes estruturais
uteis para melhorar os recursos terapéuticos por meio de relagoes conformacao-atividade e
estrutura-atividade. A fim de avaliar as caracteristicas conformacionais de ICZs e suas
interagoes no solvente aquoso, simula¢oes de dinamica molecular foram realizadas através
do campo de forca GROMOS. Parametros especificos para a descricao de ICZs foram
derivados de calculos quanticos e ajustados a dados experimentais de espectroscopia de
ressonancia magnética nuclear para reproduzir na mecanica molecular a flexibilidade e o
potencial eletrostatico envolvido na interagao intermolecular desses ligantes. Célculos de
metadindmica apoiaram a amostragem ampliada dos sistemas e elucidaram o conjunto
conformacional das estruturas. A partir dos novos parametros topoldgicos, foram realizadas
simulagoes de 30 derivados de ICZs com diferentes padroes de substituicao e porcoes
sacaridicas. Algumas variagoes na rede de substituicdo mostraram estar envolvidas em
modificagdes nas caracteristicas de interagdo com a dgua e liberdade rotacional de diedros.
A frequente interconversao entre conférmeros de carboidratos ampliou a percep¢ao do
espaco conformacional de ICZs em solugao, enquanto concorda bem com o principio de
sele¢do conformacional do ligante para a complexagao ao alvo e revela o carater limitante
das técnicas experimentais classicas para a descrigdo da conformacao dessas moléculas. A
presenca de substituintes halogénicos e a combinacgao de grupos polares vizinhos aumentam
a afinidade para ligagdes de hidrogénio com o solvente, o que pode afetar a energia livre de
complexacao a proteinas alvo, devido a variagoes nos custos energéticos de dessolvatacao.
O uso de simulagbes computacionais com parametros calibrados para dados experimentais
pode fornecer informagcoes precisas da dinamica de ICZs em soluc¢ao. A possibilidade tinica
de acessar estados conformacionais e a disponibilidade para interagoes intermoleculares
biologicamente relevantes pode orientar o desenho racional de ligantes com distribuicao e

seletividade melhoradas e assim, expandir o potencial terapéutico de ICZs.

Palavras-chaves: Indolocarbazolas. Parametrizacao. Conformagao. Interacao Intermole-

cular. Dinamica Molecular.






Abstract

Indolocarbazoles (ICZs) are glycosylated natural products presenting wide chemical di-
versity and a broad spectrum of biological activity, notably antitumor, antimicrobial
and antiviral. Through different synthetic approaches, this class of small ligands has
already been complemented with a variety of chemical modifications aiming to improve its
bioavailability and specificity. While complexes of ICZs with target proteins are known,
thus supporting structure-based optimization of ligands bioactive properties, the con-
formational properties of flexible substituents on ICZs, such as carbohydrates, are still
partially inaccessible to classical structural biology methods. As a complement to these
methods, molecular mechanics-based calculations can offer a unique set of data to assess
the conformational ensemble of flexible molecules and provide useful structural details
to improve therapeutic properties through conformational-activity and structure-activity
relationships. In order to evaluate the conformational features of ICZs and their inter-
actions in aqueous solvent, molecular dynamics simulations were performed using the
GROMOS force field. Specific parameters for the description of ICZs were derived from
quantum calculations and adjusted to experimental data from nuclear magnetic resonance
spectroscopy to reproduce in molecular mechanics the flexibility and electrostatic poten-
tial involved in intermolecular interaction of these ligands. Metadynamics calculations
supported the systems enhanced sampling and elucidated the compounds conformational
ensemble. From the new topological parameters, it were carried out simulations of 30 ICZ
derivatives presenting different substitution patterns and carbohydrate moieties. Some
variations on the substitution network were shown to be involved in changes in water
interaction features and dihedral rotational freedom. The frequent interconversion between
carbohydrate conformers expanded the perception of the conformational space of 1CZs
in solution, while it matches with the conformational selection of the ligand for target
complexation and exposes the limiting character of the classical approaches to describe
these ligands conformations. The presence of halogen substituents and the combination of
neighboring polar groups increase their affinity for hydrogen interactions with the solvent,
which can affect the free energy to complexation with target proteins due to variations in
desolvation energy costs. The use of computer simulations with parameters calibrated to
experimental data can provide accurate information on the dynamics of ICZs in solution.
The unique possibility to assess biologically relevant conformational states and availability
for intermolecular interactions can guide the rational design of ligands with improved

distribution and selectivity, and thus, to expand the therapeutic potential of 1CZs.

Key-words: Indolocarbazoles. Parameterization. Conformation. Intermolecular Interac-

tion. Molecular Dynamics.
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1 Introducao

1.1 Indolocarbazolas

Indolocarbazolas (ICZs) constituem uma familia de compostos heterociclicos, isola-
dos pela primeira vez em 1977 de actinobactérias Streptomyces staurosporeus [1]. Pouco
tempo depois, compostos desta familia puderam ser encontrados também em fungos
[2], cianobactérias [3] e invertebrados marinhos [4]. Sua estrutura é composta por um
sistema de anéis planos constituido de elementos indol e carbazola. Diferentes arranjos
destes grupos quimicos resultam em cinco principais sistemas de anéis isoméricos que
compoem a familia de ICZs. Os isémeros sao definidos pela posi¢ao e orientacao da fusao
entre o indol (na ligacdo C-2-C-3) com um anel de benzeno da unidade de carbazola,
nomeados de acordo com as regras de nomenclatura IUPAC como 11,12-di-hidroindolo[2,3-
a]carbazola, 5,12-di-hidroindolo[3,2-a|carbazola, 5,7-di-hidroindolo[2,3-b]carbazola, 5,11-di-
hidroindolo[3,2-b|carbazola e 5,8-di-hidroindolo[2,3-c|carbazola (Figura 1). Outros arranjos
envolvendo grupos indol e carbazola também sao possiveis, no entanto sao de ocorréncia
rara e geralmente nao associados a defini¢ao "classica’ de ICZ [5]. Por outro lado, outros
compostos podem ser considerados parte da mesma familia em fungao das estreitas relagoes

biossintéticas, como ¢ o caso de derivados de bis-indolilmaleimida [6].

A maioria dos ICZs isolados da natureza sdo derivados do isémero 11,12-di-
hidroindolo[2,3-a|carbazola (por simplicidade, passa a ser referido no texto como indolo[2,3-
aJcarbazola), que por apresentar significativa atividade bioldgica, é a classe de compostos
mais estudada e complementada por uma grande variedade de compostos sintéticos [7].
Os compostos estudados no contexto deste trabalho sao derivados do isémero indolo[2,3-
a]Jcarbazola e apresentam uma hexopiranose ligada ao sistema de anéis planos. A porgao
sacaridica ¢ ligada a porc¢ao indol por meio de uma ou duas ligagoes glicosidicas com o
atomo de nitrogénio deste grupamento. A seguir, os compostos sao apresentados em grupos
estruturalmente e quimicamente relacionados: rebecamicina e seus derivados, staurosporina

e seus derivados e streptocarbazolas.

Desde a primeira descrigdo em 1977, mais de 130 ICZs foram isolados de diferentes
organismos incluindo bactérias, fungos e invertebrados. Até o momento, pelo menos 23
derivados de rebecamicina foram isolados de invertebrados marinhos e bactérias, majo-
ritariamente estreptomicetos e actinobactérias. Entre as staurosporinas, pelo menos 55
compostos de origem natural sdo conhecidos. Eles foram obtidos de tunicados, mariscos, as-
cidias, lesmas e bactérias, principalmente estreptomicetos, actinobactérias e cianobactérias
[7].
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Figura 1 — Cinco principais isomeros indolocarbazolicos e alguns dos principais organismos
produtores.

O composto rebecamicina foi descoberto em cultura de actinomicetos Nocardia
aerocolonigenes (Saccharothriz aerocolonigenes) [8, 9, 10] e é o composto lider de uma
série de analogos identificados posteriormente e derivados sintetizados. Os compostos deste
grupo apresentam apenas uma ligagdo N-glicosidica ligando a porc¢ao sacaridica ao sistema
plano de anéis (ou porgao aglicona), que por sua vez é caracterizado pela presenca de um
anel de imida (Figura 2 A). Logo que isolada, a estrutura de rebecamicina foi determinada

por cristalografia de raios-X e sintese total [8, 11].

No processo de sintese de rebecamicina por culturas de S. aerocolonigenes, ocorre
naturalmente a producao de andlogos desprovidos de alguns substituintes como cloro
e metila. Tanto rebecamicina quanto esses analogos produzidos em menor quantidade,
identificados como 11-descloro-rebecamicina, 1,11-didescloro-rebecamicina e 4- O-desmetil-
1,11-didescloro-rebecamicina, apresentaram atividade antitumoral em diferentes linhagens
celulares [10, 9]. Rebecamicina apresentou atividade contra leucemia e melanoma em mu-
rinos e inibiu o crescimento de células de adenocarcinoma de pulmao humano, produzindo
quebras de fita simples no DNA dessas células [9]. O composto 11-descloro-rebecamicina

apresenta ainda atividade antibacteriana [12].

Novos derivados sintéticos de indolo[2,3-a|carbazola puderam ser facilmente obtidos
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A

Figura 2 — Estruturas de rebecamicina e andlogos (A) e de staurosporina e analogos (B).

através de mudancas nas condic¢oes de cultura, como substituicao de substratos ou precur-
sores em etapas especificas da sintese. A adicdo de brometo de potdassio a cultura de S.
aerocolonigenes permitiu a introducao de atomos de bromo na estrutura de rebecamicina,
em substituigdo aos dtomos de cloro de ocorréncia natural [13]. No entanto, a simples
adicao de sais de flior nao levou a formagcao de derivados correspondentes. A producao de
uma série de fluoroindolocarbazolas foi possivel através da adicao de 7-fluoro-triptofano
na cultura de S. aerocolonigenes [14]. Esforgos posteriores resultaram na sintese de outros
compostos fluorados com variagoes na porc¢ao sacaridica, além da presenca do halogénio
na por¢ao aglicona dos fluoroindolocarbazolas. Sdo os compostos BMS-250749, um 4’-fliior
derivado, e BMS-251873, um 6’-amino derivado, que mostraram surpreendente desempe-
nho quanto a atividade antiproliferativa [15, 16], uma vez que os compostos com fliior
apresentaram maior atividade antitumoral in vivo quando comparados com rebecamicina

[10].

A Dbiossintese combinatoria também é uma ferramenta empregada para a obtencgao
de novos derivados de indolo[2,3-a]carbazola. A clonagem de genes de diferentes organismos
em um cluster funcional possibilitou a obten¢do de multiplos derivados de rebecamicina e
staurosporina [17]. Além disso, estratégias envolvendo a combinagao de genes em diferentes
estruturas plasmidiais, 7. uma designada para a sintese da porcao aglicona e adig¢ao
do residuo de carboidrato a essa porcao e 7. outra exclusiva para a sintese da porcao
sacaridica, possibilitaram expandir a variabilidade dos aglicares e das substitui¢oes ligadas
a indolo[2,3-a]carbazola [18, 19].

O sucesso da engenharia genética na expansao da variabilidade de 1CZs forneceu
o composto ED-110, obtido através da adicao de um residuo de D-glicopiranose ao
nitrogénio do indol do composto intermedidrio BE-13793C, formado pelo sistema indolo[2,3-

a]carbazola e o grupo imida. A subsequente adigao do substituinte NHCHO no atomo de
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nitrogénio da imida originou o derivado NB-506 [20], que apresenta atividade citotéxica
em células de linhagem tumoral e atividade antitumoral in vivo em xenoenxertos [21, 22].
A estruturta de NB-506, por sua vez, serviu de ponto de partida para etapas biossintéticas
adicionais que originaram o composto edotecarin. A substituicao do grupo NHCHO na
imida de NB-506 pelo grupo NHCH(CH2OH); e o deslocamento dos grupos hidroxila das
posigoes 1 e 11 para as posi¢oes 2 e 10 [23], deu origem ao composto que apresenta intenso
efeito inibitério sobre a topoisomerase I [24, 25]. O desempenho de edotecarin chegou a ser
avaliado como agente antitumoral em ensaios clinicos de fase I e II, porém néao foi eficaz

contra tumores de diversas histogéneses e os testes foram encerrados [25, 26].

Becatecarin é um composto semi-sintético obtido pela introduc¢ao do substituinte
(CH3)2NEts no nitrogénio do grupo imida da molécula de rebecamicina [11, 27]. Becatecarin
é um agente intercalante e inibidor de topoisomerases I e 1T [28, 10]. Becatecarin apresentou
atividade moderada em estudos clinicos de fase II. Embora beneficios clinicos tenham sido
observados em pacientes com cancer biliar avancado, a toxicidade hematologica levou a
redugdo de dose na maioria dos pacientes tratados [29] e, em geral, sua eficdcia foi inferior
aquela de medicamentos ja existentes [30, 31]. Outro estudo, que empregou becatecarin no
tratamento de cancer de pulmao de pequenas células, mostrou toxicidades gerenciaveis.
Embora tenha sido descontinuado devido a dificuldades na produ¢ao do medicamento,
os resultados nao mostraram provavel superioridade em comparacao com os agentes ja

existentes para esta doenca [32].

Mais recentemente, o derivado de rebecamicina 9-metoxi-rebecamicina foi isolado
da cepa BCI2 de bactérias do género Pseudonocardia. Essas bactérias apresentaram um
plasmideo circular estavel abrigando um cluster génico necessario para a producao de
rebecamicina, além de sequéncias que codificam outras enzimas, possivelmente responsaveis

pela adigao do grupo 9-metoxi especifico para esta molécula [33].

Em relacao aos andlogos da staurosporina, estes sao caracterizados pela presenca de
duas ligagoes N-glicosidicas conectando os atomos de carbono 1’ e 5’ da porg¢ao sacaridica
com os nitrogénios indélicos da porgao aglicona, que se caracteriza pela presenga de um
grupo amida [7] (Figura 2 B). Staurosporina foi o primeiro ICZ naturalmente isolado
a partir de culturas de Streptomyces staurosporeus coletadas em uma amostra de solo
[1]. A estrutura descrita por cristalografia de raios-X, embora inicialmente mostrasse
a estereoquimica incorreta, revelou um croméforo derivado de indolo|[2,3-a]pirrolo[3,4-
c|carbazola, ao qual se liga uma aminopiranose através de duas ligacoes glicosidicas em
ambos os nitrogénios dos grupos indol [34]. A estereoquimica correta foi estabelecida

posteriormente [35] e confirmada pela sintese total [36].

Embora a staurosporina tenha apresentado atividade antimicética no mesmo estudo
em que foi isolada, a atividade antibacteriana nao se confirmou [1]. Estudos posteriores

mostraram agao citotéxica associada & capacidade de inibir proteina cinase C (PKC), no
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entanto, com efeito inespecifico sobre diversas serino/treonino e tirosino cinases [37, 38, 39].
Mais recentemente, o composto também mostrou propriedades antiparasitarias ao induzir

a morte de Trypanosoma brucei [40].

Um programa de triagem de inibidores seletivos de PKC, através da identificagao
de ligantes em diferentes isolados bacterianos do solo, mostrou que staurosporina, embora
seja o produto principal, pode ser produzida juntamente com outros compostos relacio-
nados. Assim, foram isolados os derivados 7-hidroxistaurosporina, UCN-01, um potente
inibidor de PKC [41], e seu estereoisdbmero UCN-02 [42, 43]. UCN-01 mostrou atividade
antitumoral in vitro e in vivo, bloqueando o crescimento de células de cancer colo-retal e
potencializando a atividade do agente irinotecan [44]. O mesmo composto ainda mostrou
atividade citoprotetora ao mediar uma parada especifica e reversivel do ciclo celular de
células normais em modelo de cancer mamério em camundongos, diminuindo a toxicidade

da quimioterapia citotéxica associada sem comprometer sua eficicia [45].

UCN-01 é um dos derivados de staurosporina mais investigados na pratica clinica,
seja como agente tinico ou em combinagao com outros quimioterapicos. Ambas as estratégias
mostraram respostas discretas e o manejo da toxicidade foi uma questao importante durante
os estudos. O uso combinado de UCN-01 com carboplatina, em pacientes com tumores
sélidos avangados, foi considerado pouco significativo [46], assim como a associa¢ao com
topotecan, onde a avalia¢do contra céncer de ovério foi realizada em fase I e II [47, 48].
Outro estudo usando cisplatina e UCN-01 em pacientes com tumores sélidos malignos
avangados precisou ser encerrado devido a alta toxicidade [49]. Por outro lado, avaliagoes
posteriores mostraram toxicidade aceitavel em combinagao com irinotecan, em pacientes
com tumores s6lidos malignos [50] e com monofosfato de fludarabina, em pacientes com

leucemia cronica [51].

Produzido em menor quantidade pela mesma via de sintese natural de stauros-
porina, o composto TAN-1030A também foi isolado de culturas de Streptomyces sp. e
mostrou propriedades ativadoras de macrofagos associada a reducao da progressao de
células tumorais em camundongos [52]. Durante um estudo mais recente de extratos de
Streptomyces sp. a staurosporina N-acetilada foi identificada. Na ocasiao, a resolugao da
estrutura por cristalografia de raios-X, revelou que esse derivado apresenta a particulari-
dade de ligar a porc¢ao sacaridica com a porcao aglicona através de apenas uma ligacao
N-glicosidica. No mesmo estudo, a staurosporina N-acetilada mostrou citotoxicidade sobre
linhagem de células tumorais prostaticas e potente atividade inibitéria contra proteino

cinases [53].

Outras espécies, além de Streptomyces sp. também mostraram estar associadas a
produgao de derivados de staurosporina. O derivado ZHD-0501, naturalmente isolado de
Actinomadura sp., apresenta um anel de oxazolona fundido a hexopiranose, conferindo

uma estrutura biciclica na porc¢ao sacaridica. O mesmo estudo testou a citotoxicidade de
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ZHD-0501, que inibiu a proliferagdo de células tumorais humanas (adenocarcinoma de
pulméao, hepatocarcinoma e leucemia) e de camundongos (leucemia e cancer mamario)
[54]. Alguns derivados de staurosporina, apresentando substituintes oxigenados na porgao
aglicona, foram isolados de tunicados marinhos Cystodytes solitus, no entanto, ainda nao
esta claro se esses compostos sao produzidos pelo proprio tunicado ou por microrganismos
associados a essa espécie. Citotoxicidade significativa contra linhagens de carcinoma de
pulmao humano, carcinoma colorretal e adenocarcinoma de mama foi observada no estudo

da atividade desses produtos naturais [55].

Outro estudo, que visava a obtencao de inibidores seletivos de proteino cinases,
sintetizou o composto midostaurin (4’- N-benzoilstaurosporina), que foi obtido a partir
da staurosporina por meio da introducao de um grupo benzoila na porc¢ao sacaridica, por
meio da reacao de acilagao [56]. Atualmente, midostaurin é utilizado na prética clinica,
empregado no tratamento de leucemia mieldide aguda e mastocitose sistémica avancada
[57, 58]. Midostaurin é um potente inibidor do fator estimulador de colénia de macréfagos
tirosino cinase (FLT3, FMS-like tyrosine kinase 3) [59, 60] e tem atividade contra formas
mutantes do receptor de tirosino cinase do proto-oncogene KIT, que leva a mastocitose
sistémica avancada [61, 62]. Por meio de uma série de colaboragoes entre a industria e a
academia, o composto midostaurin foi avaliado em combinac¢ao com quimioterapia padrao
em um grande estudo de fase III com pacientes recém-diagnosticados com mutagao em
FLT3 [63, 64, 65]. Na mesma época, respostas persistentes também foram observadas em
outros estudos que empregaram midostaurin no tratamento de pacientes com mastocitose
sistémica avangada [66, 67, 68]. Coletivamente, esses dados clinicos levaram a aprovagao
de midostaurin pela Food and Drug Administration (FDA) dos EUA e pela European
Medicines Agency (EMA) para o tratamento de leucemia mieldide aguda com mutagao em

FLT3 e mastocitose sistémica avancada [58].

Os compostos streptocarbazolas, também isolados de actinomicetos marinhos do
género Streptomyces sp., trouxeram uma nova configuracao em relagao a glicosilacao em
ICZs. Streptocarbazolas apresentam duas ligagoes N-glicosidicas entre atomos de carbono
17 e 3’ porgao sacaridica e os atomos de nitrogénio dos grupos indol. As estruturas de
streptocarbazola A e B, os primeiros a serem isolados, foram estabelecidas por métodos
espectroscopicos associados a calculos de mecanica quantica, que indicaram a presenca de
uma insaturagao entre os carbonos 4’ e 5" do carboidrato [69]. Streptocarbazola A mostrou
citotoxicidade em cultivo de células tumorais humanas [69], enquanto streptocarbazola B
tem acdo antiparasitdria contra amebas do género Acanthamoeba sp. [70]. Posteriormente,
o composto streptocarbazola C foi isolado, nao apresentando a insaturagdao na porgao
sacaridica como ocorre em streptocarbazola A e B, conforme revelou a cristalografia de
raios-X. Streptocarbazola C nao mostrou atividade inibitoria contra PKC neste estudo

preliminar [71].
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1.1.1 Mecanismos de Acao Molecular
1.1.1.1 |Inibidores de Cinases

As proteino cinases constituem uma grande familia de enzimas que catalisam a
fosforilagao de residuos de aminoacidos em proteinas. Como resultado, geralmente ocorrem
mudancas conformacionais na proteina alvo, afetando sua func¢do. As proteino cinases
sao responsaveis pelo controle de uma ampla variedade de processos de transdugao de
sinal dentro da célula [72]. A atividade desregulada de proteino cinase é implicada na
fisiopatologia de importantes doencas, incluindo cancer, distirbios do sistema imunoldgico
e disturbios neurodegenerativos. Desde a descoberta de que staurosporina é um inibidor
nanomolar de proteino cinase [37], a busca de inibidores seletivos de cinases, com potencial
terapéutico, ¢ de grande interesse entre a comunidade envolvida no desenvolvimento de

novos farmacos [7, 73].

Staurosporina é capaz de inibir proteino cinase por competir com a molécula de
trifosfato de adenosina (ATP) pelo seu sitio de ligacao [37, 38]. A interacao de staurosporina
com o sitio de ATP, em cinases, foi confirmada pela determinacgao de estruturas cristalo-
graficas do ligante complexado a cinase 2 dependente de ciclina (CDK2) [74] e & proteina
cinase dependente de cAMP (PKA) [75]. Mais tarde, foi demonstrado que o efeito inibitério
de staurosporina ¢é inespecifico e afeta a atividade de muitas serino/treonino e tirosino
cinases [38, 39, 6]. Esses dados estdo em boa concordancia com a citotoxicidade deste com-
posto mostrada em experimentos com diversas linhagens de células tumorais. Atualmente,

staurosporina é considerado composto chave de todo o grupo indolo[2,3-a]carbazola [7].

Estruturas cristalograficas subsequentes confirmaram que staurosporina, bem como
seus analogos, se ligam na fenda que compoe o sitio de ligacdo do ATP na proteino
cinase. A fragdo indolo[2,3-a|carbazola ocupa a bolsa hidrofébica de ligagao a adenina,
com o grupo lactama imitando o padrao de ligacdo de hidrogénio da base de adenina,
geralmente formando duas ligagdes de hidrogénio com residuos presentes no fundo da
cavidade. A porcao sacaridica, na conformacao de bote e perpendicular ao plano do
heterociclo indolocarbazolico, forma contatos hidrofébicos e ligagoes de hidrogénio no sitio
de ligacao a ribose do ATP [74, 75, 6]. A Figura 3 mostra staurosporina complexada a

CDK2 e PKA e as ligagdes de hidrogénio formadas entre o ligante e os residuos nas cinases.

Os alvos celulares de UCN-01 incluem isoformas de PKC, CDKs, proteina de
checkpoint cinase 1 (Chkl) e cinase 1 dependente de 3-fosfoinositideo (PDK1). Esses alvos
provavelmente sao responsaveis pelas variadas toxicidades observadas em ensaios clinicos
[50]. Uma avaliagdo comparativa da especificidade de staurosporina e UCN-01 contra um
painel de 29 cinases mostrou que, embora ambos ligantes sejam inibidores relativamente
nao especificos, a andlise de fingerprint da inibicao de UCN-01 apresenta um conjunto de

proteino cinases diferente quando comparado ao painel de inibi¢do de staurosporina [76].
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1AQ1

Figura 3 — Os complexos cristalogréficos de staurosporina-CDK2 (PDB ID 1AQ1, resolugao
2,00 A) e staurosporina-PKA (PDB ID 1STC, resolucio 2,30 A) revelaram
como o ligante combina muito bem com a forma do sitio de ligacao ao ATP,
o que o torna um inibidor altamente potente, mas relativamente inespecifico
para proteino cinases. Ligagoes de hidrogénio sao representadas por linhas
pontilhadas na cor magenta.

Uma anélise dos complexos cristalograficos disponiveis mostrou que o andlogo
hidroxilado, UCN-01, ocupa a mesma posi¢cao ocupada por stauroporina, no sitio de
ligagdo ao ATP de proteino cinase, com geometria semelhante. Os complexos de ambos os
ligantes com PDK1 mostram que as mesmas interacoes hidrofoébicas sao estabelacidas pela
porc¢ao heterociclica e que as ligacao de hidrogénio tanto do heterociclo quanto da porcao
sacaridica também sao conservadas. As diferencgas aparecem com relagao as novas ligagoes
de hidrogénio formadas pelo grupo 7-hidroxila de UCN-01, além de moléculas de agua
ordenadas em posicoes que entram em contato com esse grupo e o deslocamento da cadeia
lateral de alguns rediduos da proteina em dire¢ao ao ligante, em comparagdo ao complexo
com staurosporina. Essas mudangas resultam em mais espaco para acomodar o volumoso
grupo 7-hidroxila em UCN-01 [76]. Complexada com a Chkl, UCN-01 estabelece ligagoes

de hidrogénio semelhantes com residuos equivalentes. Chkl parece ter uma cavidade
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Figura 4 — Os complexos cristalograficos de UCN-01-PDK1 (PDB ID 10KZ, resolugao
2,51 A) e UCN-01-Chkl (PDB ID 1NVQ, resolucio 2,00 A) mostram como
o substituinte 7-hidroxila forma novas liga¢des de hidrogénio, inclusive com
moléculas de dgua (representadas com esferas vermelhas) ordenadas a residuos
no sitio ativo das proteinas. O complexo UCN-01-AGP2 mostra a conformacao
em cadeira na porcio sacaridica do ligante (PDB ID TOUB, resolucio 1,82 A).

hidrofilica mais extensa, que permite a formacao de uma rede de liga¢des de hidrogénio
mediada por moléculas de dgua e envolvidas em interagoes com o grupo 7-hidroxila [77]. A
Figura 4 mostra UCN-01 complexada a PDK1 e Chkl1 e as ligacoes de hidrogénio formadas

entre o ligante, os residuos nas cinases e moléculas de dgua presentes na cavidade.

UCN-01 é reconhecido ha muito tempo como potencializador do efeito de varios
agentes citotoxicos [49, 47, 50, 51] e também se destaca como um agente protetor citostatico
[45]. No entanto, a forte afinidade de UCN-01 pela glicoproteina acida alfa 2 (AGP2)
tem um impacto significativo em sua eficicia, e essa interacao é conhecida por causar
um baixo volume de distribuigao do farmaco [78]. Vérios residuos aromaticos revestem
a bolsa de ligagao de AGP2 a UCN-01, o que propicia diversas interagoes hidrofébicas
CH-7 e empilhamento m com o sistema de anéis aromaticos do ligante. O complexo
apresenta apenas uma ligacao de hidrogénio bem definida, envolvendo o grupo 7-hidroxila.
Diferente do que ocorre nos complexos citados anteriormente, onde o carboidrato aparece
na conformacao de bote, quando UCN-01 complexa com AGP2, a conformacao de cadeira

estd presente, como mostra o complexo 7OUB (resolucio 1,82 A) na Figura 4 [79].
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O composto midostaurin, resultado da acilagdo do grupo metilamino [56] chegou a
ser descrito como um inibidor seletivo de PKC, de KIT, de FLT3, do receptor do fator
de crescimento endotelial vascular 2 (VEGFR2) e do receptor do fator de crescimento
derivado de plaquetas § (PDGFRJ) [80, 59, 60]. Esses estudos pré-clinicos apoiaram o
prosseguimento de uma série de ensaios clinicos, embora a especificidade do alvo e a alta

taxa de ligagdo a proteinas tenham sido reconhecidas como problemas [58].

A resolucao da estrutura de midostaurin complexado a cinase de dupla especificidade
regulada por fosforilagao de tirosina 1A (DYRK1A) mostra a incomum formagao de ligacao
dissulfeto e alteracoes conformacionais na proteina associadas a presenca deste composto.
Como outros derivados de staurosporina, midostaurin também se liga no sitio de ATP, no
entanto através de apenas duas liga¢oes de hidrogénio, mediadas pelos a&tomos de nitrogénio
e oxigénio de grupo amida, em dire¢do a aminoacidos presentes no fundo da cavidade.
O complexo midostaurin-DYRKI1A é caracterizado por diversas interacoes hidrofébicas

envolvendo o sistema heterociclico e o grupo fenila (Figura 5) [81].

Em contraste com staurosporina, midostaurin nao possui um grupo NH que poderia
fazer uma ligacao de hidrogénio estabilizadora ao carbonil de Glu291, por exemplo (como
observado nos complexos da Figura 3). A substituicdo com o grupo benzoila, induz um
deslocamento conformacional no residuo e coloca o grupo metila em direcao ao anel fenila
de midostaurin. Em média, midostaurin liga-se a proteino cinases mais fracamente do que
staurosporina [82] e a perda dessa ligacao de hidrogénio provavelmente contribui para a

menor afinidade na ligacao [81].

Uma andlise mais cuidadosa do complexo midostaurin-DYRK1A (Figura 5), per-
mite observar que, como na maioria dos complexos anteriormente citados e disponiveis
na literatura, a porc¢ao sacaridica desse derivado de staurosporina também aparece na
conformacao de bote (resolucao 2,60 A). Essa conformacao favorece a interacao hidrofébica
com o residuo Glu291, a medida que posiciona o anel de fenila para fora da cavidade de
ATP.

1.1.1.2 Inibidores de Topoisomerases

As DNA topoisomerases sao enzimas encontradas em todos os organismos vivos,
desde arqueobactérias até humanos. Essas enzimas sao agrupadas em duas classes, topoi-
somerases do tipo I (Topl) e topoisomerases do tipo II (Top2), e desempenham papel
essencial em muitos processos celulares associados a separacao de fitas de DNA, como

replicagdo, transcri¢ao, recombinagao, remodelagdo da cromatina e reparo [83].

As Topl fazem a clivagem transitoria em uma tnica fita do duplex de DNA, com a
fungao de aliviar sua tensdo conformacional [83, 84]. Outra fun¢ao de Topl é promover a
fosforilagao dos fatores de splicing da familia SR, gragas a sua atividade de cinase [85, 86].

As Top2 sado organizadas em dimeros e promovem a clivagem transitoria das duas fitas
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Figura 5 — O complexo cristalografico midostaurin-DYRK1A (PDB ID 4NCT, resolugao
2,60 A) mostra que é marcante a influéncia das estruturas apolares de midostau-
rin na complexacao a proteina alvo. Ligagoes de hidrogénio sao representadas
por linhas pontilhadas na cor magenta, enquanto as interagoes hidrofébicas, na
cor verde.

de DNA através de hidrélise de 2 moléculas de ATP em cada ciclo catalitico [87, 83, 88].
Os intermediarios comuns da acao das topoisomerases sao quebras de DNA ligadas as
enzimas. Ao final dos processos que demandam o corte das fitas, as topoisomerases religam
o DNA sem perda de base ou alteracao na sequéncia. As DNA topoisomerases sao alvo de

diferentes classes de farmacos, com aplicagao antitumoral e antibacteriana [89].

Quando o DNA ¢ clivado por Top1, uma molécula andloga de rebecamicina estabiliza
o complexo intermedidrio covalente DNA-Topl, impedindo a religacao da fita. A acao do
ligante resulta em extensa fragmentacao no DNA celular, citotoxicidade celular e apoptose
9, 90]. Com essas descobertas, muitas ICZs antitumorais foram sintetizadas para atingir
processos relacionados ao DNA, por meio de dois mecanismos primarios: intercalagao de
DNA e bloqueio de Topl [91, 92, 16]. Um terceiro mecanismo de ac¢ao atribuido a ICZs,
seria a inibigao direta da Top2 por staurosporina, que mostrou inibir a atividade catalitica

da enzima bloqueando o sitio ativo de tirosino cinase [93].

Em contraste com a grande variedade estrutural encontrada entre os inibidores de
cinase, as [CZs com significativa ligacdo ao DNA ou atividade de bloqueio de Top1 perten-
cem, quase exclusivamente, ao grupo de compostos glicosilados derivados de rebecamicina
[6]. As relagoes estrutura-atividade foram exaustivamente estudadas e revisadas. Trés
dominios funcionais foram propostos para esses compostos: o dominio de interacao com
Topl (a funcdo imida no pirrol), o dominio de ligagao intercalante de DNA (o sistema de
anéis apolares) e o dominio de ligagdo ao sulco de DNA (a porgao sacaridica). A insercao
do cromoforo planar entre dois pares de bases consecutivos colocaria o residuo de agucar
em um sulco da dupla hélice [94, 95, 91, 16].
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Figura 6 — O complexo cristalografico SA315F-DNA-Topl (PDB ID 1SEU, resolucao
3,00 A) revelou que o ligante (magenta) intercala entre dois pares de bases
consecutivos do DNA (verde) enquanto estabelece ligagoes de hidrogénio com a
enzima Topl (ciano). A presenga do carboidrato no sulco maior da cavidade de
ligacao intercalante ao DNA pode estabilizar o complexo SA315F-DNA-Topl.

A obtencao de estrutura cristalografica do derivado de rebecamicina SA315F ligado
ao complexo covalente Topl-DNA, mostrou que o ligante SA315F intercala o DNA no local
da clivagem mediada por Topl, conforme mostra a Figura 6. O grupo indol glicosilado
estabelece empilhamento m com as bases no lado da fita integra do duplex de DNA,
enquanto o grupo indol nao glicosilado empilha-se com as bases no lado da fita clivada. As
hidroxilas simétricas dos grupamentos indol fazem ligacoes de hidrogénio com residuos
da enzima Topl, assim como uma das carbonilas do anel maleimida, que se posiciona no

sulco menor da cavidade de ligagao intercalante ao DNA [96].

O residuo de acucar desempenha um papel essencial tanto para a interacao com o
DNA quanto para a inibigao de Top1 [97, 94, 95]. Compostos indolocarbazélicos nos quais o
residuo de agucar estd ligado aos dois nitrogénios indélicos (como ocorre em staurosporina)
geralmente mostraram interacao muito fraca com o DNA e produziram efeitos minimos
em Topl [90, 98, 99]. A remocao da por¢ao glicosidica diminui a inibi¢do de Topl e a
intercalagdo no DNA por indolocarbazolas [94]. O mapa da densidade globular mostrou a
proeminéncia do substituinte sacaridico, que ocupa o sulco maior da cavidade de ligacao
ao DNA. E provével que essa por¢ao do ligante estabilize o complexo SA315F-DNA-Topl e
contribua para a maior poténcia do ICZ quando comparado a outros agentes intercalantes

de DNA néo glicosilados, como camptotecina e indenoisoquinolina [96].

Os ICZs mais ativos na inibicdo de Topl contém substituintes na posicao N6 do
anel maleimida, que se posiciona no sulco menor da cavidade da ligacao intercalante ao
DNA adjacente. E o caso dos derivados NB-506 e edotecarin, que apresentam o grupo

N-formil e o grupo di-hidroximetil, respectivamente, nessa posicao [100, 101]. Um modelo,
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do complexo ternario desses ligantes N6-substituidos com Topl-DNA, sugere que seria
necessario um movimento de translacio de menos de 1 A do ligante ou um movimento
conformacional de residuos da enzima na vizinhanga para melhor acomodar a complexacao.
O substituinte polar ainda forneceria grupos passiveis de estabelecer ligagdes de hidrogénio
na regiao, contribuindo para a estabilidade do complexo [96]. A estrutura do modelo néao

esta disponivel.

Mais recentemente, a estrutura cristalografica do intermediario de rebecamicina,
4’- O-demetil-1,11-didescloro-rebecamicina, complexado a uma enzima que cataliza a adi¢ao
do grupo metila na posi¢ao 4’ do carboidrato, foi depositada no PDB. A enzima RebM
é caracterizada como metiltransferase responsavel pela metilagdo no grupo 4’-hidroxila
na porg¢ao sacaridica de derivados de rebecamicina, reacao que constitui a ultima etapa
da sintese desses compostos [102]. Com base em evidéncias de homologia com RebM, a
enzima AtmM foi posteriormente caracterizada como uma 4’-O-metiltransferase capaz
de metilar uma ampla variedade de ICZs in vitro [103]. Curiosamente, AtmM exibiu um
escopo de substratos mais amplo do que RebM, o que beneficiou a produgao de novos

compostos a partir de sua atividade [104, 105].

Embora o trabalho que gerou o complexo 6UV6 ainda nao tenha sido publicado, uma
estimativa das interagoes intermoleculares, entre o ligante intermediério e a enzima AtmM,
foram obtidas através de andlises realizadas nos servidores Protein-Ligand Interaction
Profiler (PLIP) [106] e ProteinsPlus [107] e mostradas na Figura 7. Nesta exploracao, o
ligante, ainda na forma de substrato, apresenta interagoes com a enzima em todas as suas
porgoes. Interagoes m envolvem o sistema de anéis aromaticos, enquanto a porcao sacaridica
participa de uma rede ligagdes de hidrogénio que envolve os grupos 3’- e 4’-hidroxila, uma
molécula de dgua e um residuo de isoleucina, cuja cadeia lateral é rica em grupos CH,,. As
interagoes eletrostaticas na porc¢ao do agticar sao consistentes com a reacdo a ser catalizada
pela enzima no grupo 4’-hidroxila, o que sugere uma boa adequacao da geometria das

estruturas envolvidas no complexo.

Diferentes ICZs analogos de rebecamicina, como 11-descloro-rebecamicina, NB-506 e
di-Br-rebecamicina, exibiram simultaneamente uma gama de modos de agao sobre a fungao
de DNA topoisomerases: prejudicando a atividade relaxante da tensao conformacional do
DNA e potentemente inibindo a atividade cinase dessas enzimas, além de se mostrarem
agentes intercalantes do DNA [86, 99, 108, 6]. O composto becatecarin, um derivado
sintético de rebecamicina concebido para melhorar a sua solubilidade em agua, seria um
agente intercalante de DNA e um inibidor de Topl e Top2 [27, 109]. BMS-250749 ¢é um
fluoroindolocarbazola desenvolvido para atuar seletivamente sobre Topl. Em cultura celular,
esse composto é cerca de 5 vezes mais potente que a camptotecina ao induzir quebras de
fita simples no DNA, mediadas por Topl, com complexos de clivagem mais persistentes

do que os observados no tratamento com camptotecina [10]. Ao nosso conhecimento, os
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Figura 7 — O complexo cristalografico do substrato 4’-O-demetil-1,11-didescloro-
rebecamicina ligado a enzima AtmM (PDB ID 6UV6, resolugao 2,72 A)
apresenta, a partir de um estudo exploratorio, interacoes intermoleculares
envolvendo todas as porgoes do ligante. Interagoes 7 (em verde) envolvem o
cromoforo, enquanto a porcao sacaridica participa de uma rede ligagoes de
hidrogénio que envolve uma molécula de dgua (esfera em vermelho) e a cadeia
lateral, rica em grupos CH,,, de um residuo de isoleucina.

mecanismos de acao desses compostos ainda nao foram elucidados em detalhes, assim
como nao se dispoe de estruturas que apresentem os modos de interacao dos ligantes e

seus alvos complexados.

1.2 Resolucao Estrutural de Ligantes Glicosilados

Desde os primeiros passos do estudo da quimica, os quimicos perceberam que a
compreensao da estrutura das moléculas poderia levar a compreensao de muitos aspectos
de suas propriedades quimicas e reatividade. A ideia de estruturas tridimensionais para
moléculas surgiu em meados do século XIX. A descoberta da quiralidade molecular
por Louis Pasteur em 1848 foi baseada em observagoes experimentais de alguns cristais
de moléculas organicas. Em 1865 foram introduzidos modelos de bolas e bastoes para
demonstrar conceitos estruturais, recurso que foi utilizado em 1874 para apresentar o
principio tedrico do a&tomo de carbono tetraédrico assimétrico, quando surgiram as primeiras

publicagdes sobre o tema [110].

A estrutura dos ligantes ICZs, analisados na presente tese, é composta por um
sistema de anéis aromaticos heterociclico, derivado de indolo[2,3-a]carbazola, e uma por¢ao
sacaridica, composta por anéis de hexopiranose. O sistema de anéis insaturados constitui
um cromoforo, pois contém muitos elétrons capazes de absorver energia ou luz visivel na
regiao do infravermelho ou ultravioleta e assim emitir cor quando os elétrons finalmente
passam do estado excitado ao estado basal [111]. A porgao sacaridica, cuja estrutura apre-
senta hexopiranoses com variados padroes de substituicao nos compostos aqui estudados,

desempenha um papel importante na estabilidade da formacao dos complexos com seus
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receptores alvo [74, 75, 94, 95, 97, 6]. Devido a suas caracteristicas estruturais intrinsecas,
como a alta flexibilidade, influenciada ainda pelo tipo de substituicao presente nos anéis,
os carboidratos continuam sendo os compostos menos estruturalmente caracterizados entre

as principais classes de moléculas biologicas [112].

Carboidratos sao muito dificeis de cristalizar e, na maioria dos casos, cristais inicos
de qualidade suficiente para analise de raios-X nao podem ser obtidos. Além disso, mesmo
para uma minoria de cristalizagoes bem-sucedidas, foi relatado que a cristalografia de
raios-X fornece estruturas mal resolvidas de porgoes glicanas [113, 114, 112]. Um levan-
tamento realizado por nosso grupo caracterizou o estado atual de informagoes referentes
a carboidratos no Protein Data Bank (PDB). A andlise de estruturas de alta qualidade,
mostrou que a maioria dos dados esta concentrada em um pequeno conjunto de tipos de
carboidratos, em suas formas monossacaridicas e conectados por uma pequena diversidade
de ligacoes glicosidicas, sinalizando para a baixa variabilidade da disponibilidade de es-
truturas descritas com qualidade [115]. A espectroscopia de massas de carboidratos pode
ser considerada uma técnica util, porém nao suficiente como ferramenta estrutural por si
sO, uma vez que a importante questao da estereoquimica de carboidratos nao pode ser

resolvida pelos métodos rotineiramente disponiveis [116].

Uma vantagem importante da espectroscopia de ressonancia magnética nuclear
(nuclear magnetic resonance, NMR) diz respeito a determinagao da estrutura tridimensional
de biomoléculas diretamente em solucao aquosa, onde ocorrem os processos de relevancia
biolégica e quimica. Ao contrario de muitos métodos analiticos de alto rendimento, a
espectroscopia de NMR é capaz de tolerar a escassez de dados de referéncia e, portanto,
desempenha um papel fundamental na elucidacao estrutural priméria de novas glicanas
[117]. Por esses motivos, e devido a caracteristicas proprias do principio da espectroscopia
de NMR, essa técnica se apresenta potencialmente poderosa para fornecer informagoes
relativas as conformagoes dinamicas de glicanas em solucao, fornecendo informagoes valiosas

sobre as ligagdes covalentes em nivel atdémico [116, 112].

1.2.1 Espectroscopia de Ressonancia Magnética Nuclear

O estudo espectroscopico de moléculas fornece dados muito finos aplicaveis ao
conhecimento detalhado de sua estrutura. Esta analise se propoe nao apenas a determinar
as posicoes relativas dos atomos que compoem uma molécula, mas também a intensidade
das forcas que os mantém unidos e suas relagoes. A ressonancia é o fendmeno pelo qual
se produz uma vibracao de frequéncia igual a outra vibragao previamente estabelecida.
No contexto da espectroscopia de NMR, a ressonancia é consequéncia da transferéncia de
energia entre um campo magnético radiofrequente e um ntucleo sujeito a uma excitagao

eletromagnética constante e intensa o suficiente para desacopla-lo de seus elétrons orbitais
[118].
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A espectroscopia de NMR foi desenvolvida no final da década de 1940 para estudar
nucleos atoémicos. Em 1951, os quimicos descobriram que a espectroscopia de NMR
poderia ser usada para determinar estruturas de compostos organicos. Esta técnica pode
ser empregada apenas para estudar ntcleos atémicos com nimero impar de prétons ou
néutrons (ou ambos), que ocorre nos dtomos de 'H, 3C, N, 19F e 3'P, ou seja, nticleos
magneticamente ativos, que possuem spin, assim como os elétrons. Como os nicleos
possuem carga positiva e giram em torno de seu eixo, o efeito de spin faz com que eles se

comportem como se fossem pequenos imas [119, 118].

Na auséncia de um campo magnético, os spins nucleares se orientam aleatoriamente.
No entanto, quando uma amostra é colocada em um campo magnético, os nicleos com
spin positivo sao orientados na mesma dire¢ao do campo, em um estado de energia minima
chamado estado de spin «, enquanto os niicleos com spin negativo sao orientados na direcao
oposta ao do campo magnético, em um estado de energia mais alto chamado estado de
spin 3. A diferenca de energia entre os estados de spin « e 3 depende da for¢a do campo
magnético aplicado. Quanto maior o campo magnético, maior a diferenca de energia entre

os dois estados de spin [118].

Quando uma amostra contendo um composto organico é brevemente irradiada por
um forte pulso de radiacao do espectro eletromagnético, cuja radiofrequéncia é definida,
os nucleos no estado o sao promovidos ao estado 5. Quando os nicleos retornam ao seu
estado inicial, eles emitem sinais cuja frequéncia depende da diferenga de energia (AFE)
entre os estados de spin a e 8. O termo ressonancia magnética nuclear vem do fato de
que os ntcleos estao em ressonancia com a radiofrequéncia. Ou seja, os nicleos passam de
um estado de spin para outro em resposta a radiofrequéncia a qual estdao sujeitos [118]. A
relagdo entre a frequéncia do sinal (v) e a forga do campo magnético (H,) esta definida

pela equagao

AE=hw = h--H,
2

onde h é a constante de Planck (valor aproximado de 6,63x1072*]J.s) e 7 representa o

constante giromagnética, que depende do tipo de ntcleo irradiado (no caso de 'H ¢ igual a
2,67x10% rad. T~1.s7! [119].

Ao avaliar moléculas por espectroscopia de NMR, é realizada uma sequéncia de
pulsos eletromagnéticos excitatorios capazes de manipular os spins de uma forma complexa
e revelar influéncias externas sob um nicleo, como a proximidade e a ligacdo de outros
atomos. A representacao grafica da distribuicao da intensidade da radiagao eletromagnética
em funcao da sua frequéncia é registrada de forma grafica em um espectro de NMR. As

informagoes estruturais sdo interpretadas a partir da analise de caracteristicas como a
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largura, a intensidade e o deslocamento quimico do sinal de cada ntcleo registrado no
espectro de NMR [118, 120].

A nuvem eletronica dos atomos presentes nas vizinhancas de um nucleo é capaz de
gerar campos magnéticos secundarios que sao os principais responsaveis pela alteracao
do deslocamento quimico do ntcleo, registrado ao longo do eixo de frequéncia de um
espectro de NMR. A influéncia na magnetizacdo de um nicleo causada pela ligagdo com
outros atomos é conhecida por acoplamento escalar ou spin-spin, sendo representada pela
constante de acoplamento ".J, ;, onde n ¢ o nimero de ligacoes covalentes separando os
nucleos a e b. Normalmente, o acoplamento escalar se estabelece entre atomos separados

por até trés ligagoes quimicas [120].

Um fator importante para a determinacao da estrutura de moléculas por NMR é
que as constantes de acoplamento ?J, ;, dependem do angulo de torgao entre os dtomos
a e b acoplados. As informacgoes relativas aos angulos torcionais sao bastante tteis na
determinacao da estrutura tridimensional de uma molécula. Assim, a espectroscopia por
NMR em solucao constitui uma das poucas técnicas experimentais capazes de fornecer

informagoes da estrutura tridimensional de uma molécula com resolugdo atéomica [120].

Os bidlogos estruturais de proteinas obtém grandes beneficios desta técnica que,
aliada ao aprimoramento de equipamentos, softwares e sofisticadas metodologias de pre-
paracao de amostras, determinaram com sucesso as coordenadas atomicas desse tipo de
biomolécula. A espectroscopia de NMR de carboidratos, no entanto, ainda apresenta
alguns aspectos criticos. O ntimero consideravel de graus de liberdade, disponiveis para os
movimentos internos das cadeias sacaridicas, dificulta as abordagens tradicionais para sua
caracterizagdo conformacional. Além disso, é frequente a sobreposi¢ao de sinais no espectro,
devido a baixa variabilidade local das estruturas quimicas. A resolucao do espectro ainda
sofre com o baixo indice de restri¢des conformacionais, em comparacao com as estruturas
proteicas [121, 122, 123].

Desta forma, devido a flexibilidade inerente dos carboidratos em solucao, essa classe
de biomoléculas é frequentemente melhor descrita como conjuntos de distintos conférmeros.
Por isso, os dados estruturais determinados por espectroscopia de NMR nem sempre sao

representativos do real comportamento de uma molécula, mesmo estando ela em solucao.

1.2.1.1 Constantes de Acoplamento Vicinal 3Jy g

Através de um espectro de NMR, é possivel observar sinais especificos de diferentes
nucleos em diferentes ambientes quimicos e ainda ligados a diferentes atomos. Assim,
podem-se distinguir diversos grupos de atomos de hidrogénio através do seu perfil de
deslocamento quimico, que constitui um dos parametros mais importantes em estudos por
NMR [120]. A equagao de Karplus descreve a correlacao entre as constantes de acoplamento

3J . e os angulos de torcao diedrais na espectroscopia de NMR, através da relacao
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3, a = Acos?¢ + Beosg + C

onde *Jy g define a constante de acoplamento; ¢ é o angulo diedral entre os atomos de
hidrogénio, também conhecido como o angulo de valéncia projetado, o angulo de torcao
ou a tor¢ao; A, B e C sao parametros derivados empiricamente cujos valores dependem da
eletronegatividade, do comprimento e do angulo de ligagdo entre os atomos envolvidos
na substituicao, embora as duas ultimas propriedades moleculares tenham provado ter
efeitos menores. Na relagao *Jy g, o algarismo "3" sobrescrito indica que um atomo de 'H
esta acoplado a outro atomo de 'H a trés ligagoes de distancia. Em funcao das ligagoes

H-C-C-H, esses hidrogénios ligados a dtomos de carbono vizinhos sdo denominados vicinais
[124, 125, 126].

A dependéncia de 3J g gy na orientacao da eletronegatividade dos substituintes foi
abordada por Haasnoot, Altona e colegas em 1979, através da publicacao de uma série
de trabalhos em que os valores de *J g i de etanos substituidos e outras moléculas foram
investigadas detalhadamente [127, 128, 129]. Esses estudos, auxiliados pela sofisticagao
crescente da instrumentacao de NMR, refletiram diferencas nas observagoes experimentais
associadas a orientagao de substituintes eletronegativos, indicando aumento da magnitude
do acoplamento quando a orientacao gauche estava presente, enquanto uma diminuicao foi
observada quando a orientacdo trans a substitui. A partir destas availagoes, Haasnoot-
Altona propuseram uma nova relacao para a descricao do acoplamento 3.J g, 5, dependente
da orientacao dos substituintes eletronegativos e cuidadosamente cobrindo todos os valores
possiveis de ¢ [130].

Apés o entendimento de que 3Jy y depende tanto da eletronegatividade e da
orientacao dos grupos substituintes, quanto da disponibilidade de um conjunto de constantes
de aditividade (valores de A.J), Haasnoot-Altona desenvolveram uma regra de aditividade
simples para predigao de valores de J i i em anéis de piranose. As constantes de aditividade
foram derivadas de dados de '"H NMR de alta qualidade e podem ser definidas por AJ(z)
para substituintes z em anéis de piranose. A partir de entdo a equagao pdde ser reescrita

da senguinte forma:
gt 3 g g = 13,86c08%¢ -0,81cosd + Z{ZJAXZ'[O,56 -2,32c08(£;0, " + 17,9|Axi)]

na qual j,=1 Hz, ¢,=1°, ¢ é o angulo diedral entre os &tomos de hidrogénio acoplados,
I corresponde ao nimero de substituintes diferentes de hidrogénio do fragmento H-C-C-
H, Ax; = x; - x ¢ a diferenca de eletronegatividade entre um dtomo 7 e hidrogénio,
assumindo efeitos aditivos dos substituintes ligados aos carbonos do fragmento H-C-C-H
e dependentes da eletronegatividade relativa de Huggins [131]. Por fim, o pardmetro &;
assume o valor +1 ou -1, dependendo da orientagao do substituinte eletronegativo, sendo

negativo na conformacao onde os dtomos de hidrogénio acoplados sao eclipsados [130].
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Uma série de reparameterizagoes da equacao de Karplus ja foram propostas, no entano a
equacgao de Haasnoot-Altona é amplamente aceita e conhecida como equacgao de Karplus

generalizada [132].

Essa relacao entre a geometria local e a constante de acoplamento é de grande
valor no ambito da espectroscopia de NMR e é particularmente valiosa para determinar
os angulos de torcao diedral entre atomos, e assim, descrever o perfil conformacional
de moléculas em solucao. A disponibilidade de dados experimentais das constantes de
acoplamento *Jy p auxilia na validacao dos modelos propostos para o estudo da dindmica
de ICZs em solugao aquosa, além de inferir sobre a acuracia da descri¢cdo conformacional
dessas moléculas. Estratégias semelhantes ja foram empregadas em outros trabalhos do

nosso grupo [133, 134].

1.3 Dinamica Molecular

Simulagoes computadorizadas sao amplamente utilizadas para obter informacoes
sobre processos moleculares dindmicos em uma escala de resolu¢ao proxima a atéomica. Os
métodos de dindmica molecular (molecular dynamics, MD) podem ser usados para modelar
a evolucao temporal de sistemas biomoleculares compostos por proteinas, lipidios, acidos
nucleicos e carboidratos para estudar processos dinamicos como dobramento de proteinas
ou para estimar propriedades termodinamicas, como energias livres de ligacao de ligantes
ao seu alvo. O principal desafio dessas simulagoes é justamente descrever as propriedades
do sistema em termos das interagoes entre os dtomos [135]. O nivel de resolugdo atomistico
deve-se ao tamanho e complexidade dos sistemas biomoleculares e das escalas de tempo
que devem ser alcancadas para modelar os processos de interesse. Para esse tipo de analises,
o uso da mecénica cldssica, também chamada de mecanica molecular (MM), em conjunto
com um campo de forca é normalmente o método de escolha, a medida que torna o custo
computacional acessivel e permite o acesso das propriedades analisadas, sem todavia,
grande comprometimento da qualidade dos dados. Nessa abordagem, cada atomo em uma
molécula é representado por um ponto no espaco com massa, carga parcial e parametros de
van der Waals (vdW). Assim, os elétrons nao sao considerados explicitamente e assume-se
que o sistema estd no estado eletronico fundamental. Nesse caso, a dinamica do sistema

pode ser descrita pelas equagoes de movimento de Newton [136].

Nas simulagoes de MD, as interagoes entre os atomos ou particulas do sistema sao
definidas por meio de uma funcao de energia potencial das coordenadas atomicas, também
chamada de campo de forga. Essa funcao de energia é empirica quando parametrizada,
a partir de dados experimentais e/ou de calculos de mecanica quintica de alto nivel,
para reproduzir uma gama de propriedades estruturais, energéticas ou termodinamicas

associadas a um conjunto de compostos modelo [135, 137]. Além da escolha do campo
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de forca mais apropriado ao tipo de analise que se deseja realizar, ha outros aspectos

importantes no emprego simulagoes por MD.

A agua ¢ o principal solvente de biomoléculas e uma das vantagens de estudos
baseados em MD ¢ a possibilidade de incluir a presenca de moléculas de 4gua nos sistemas
modelados. Os modelos de dgua podem ser divididos em dois grupos: nos modelos explicitos,
a estrutura da molécula de agua, contendo os dtomos, é incluida na simulagao, enquanto nos
modelos implicitos (ou continuos) as moléculas sao representadas através de propriedades
dielétricas do solvente. Descrever eficientemente as interagoes da dgua com as moléculas
analisadas em fungao do tempo, depende da escolha do modelo de 4gua e das caracteristicas
da caixa de simulagao (formato e volume de espago onde ocorrerd a simulagao) [120, 138,
139].

Em simulagoes por MD, a grande maioria dos atomos que compdem um sistema
constitui o solvente. Por isso, a otimizac¢ao no nimero de moléculas de agua pode representar
um ganho de economia no tempo de maquina para realizar uma simulacao. O tamanho e a
forma da caixa, usualmente centralizada no soluto, definira a quantidade de solvente a ser
inserida. Os formatos de caixas, mais frequentemente empregados estao relacionadas a uma
estratégia denominada condicOes periddicas de contorno, capaz de fornecer continuidade no
ambiente soltivel no qual se encontra o sistema. Réplicas periddicas da caixa, em todas as
diregoes, mantém a molécula em contato com o solvente, enquanto conservam constantes
as condigoes da simulagdo e o nimero de moléculas no sistema [120, 138, 139]. A Figura

8A mostra uma representacao das condigoes periddicas de contorno.

A evolucao temporal da simulagao é registrada em uma trajetéria do comportamento
molecular. Essa trajetoria ¢ constituida de pequenas etapas nao continuas, cujo tamanho
é chamado de tempo de integragdo. Em uma escala de femtossegundos (fs), a defini¢ao do
tempo de integragao esta diretamente associada ao tamanho da amostragem da simulacao e,
assim, ao custo computacional da mesma. Tempos de integrag¢ao muito pequenos descrevem
eventos lentamente e em grandes detalhes, mas demandam maior custo computacional. Por
outro lado, tempos maiores sdo menos custosos, mas podem dar origem a instabilidades
na simulacao, de forma que o uso de valores intermediarios sdo geralmente a alternativa
de escolha [120, 138, 139]. A Figura 8B mostra uma representacao do efeito do tempo de

integracao em trés magnitudes.

1.3.1 Campos de Forca

No ambito da quimica e da modelagem molecular, um campo de forca corresponde
a um método computacional que engloba uma cole¢ao de equacgoes aliadas a um conjunto
de parametros que permitem calcular a energia potencial de um sistema de atomos ou
moléculas. A partir de uma abordagem Hamiltoniana, é possivel reproduzir a geometria

molecular e propriedades selecionadas de estruturas quimicas em sistemas com intercon-
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Figura 8 — (A) Representagao das condigoes periddicas de contorno em uma simulagao
por dinamica molecular, onde a caixa central é circundada por réplicas que
garantem a continuidade do sistema. (B) Representacao do efeito de diferentes
tempos de integracao. Valores mais elevados (4,0 fs) apresentam menores custos
computacionais, embora possam gerar instabilidades. Valores muito pequenos
(0,5 fs) descrevem eventos com mais detalhes, embora mais lentamente. Valores
intermediarios (2,0 fs) podem descrever adequadamente o evento em uma escala
de tempo acessivel. Adaptado de Verli, 2014.
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versao entre as energias potencial e cinética durante a evolucao temporal, como ocorre em

simulagoes de dindmica molecular [140].

Simulagoes de dindmica molecular classica fazem uso das leis do movimento de
Newton para gerar uma trajetoria, que descreve as posigoes e velocidades de um conjunto
de moléculas ou atomos em funcao do tempo. Cada atomo em uma molécula é representado
por um ponto no espago constituido de massa, carga parcial e parametros de vdW. Os
elétrons nao sao considerados explicitamente e as cargas parciais atomicas nao variam,
assume-se portanto que o sistema esta no estado eletronico fundamental. As forcas que
governam os movimentos atomicos sao derivadas das interagoes atomo-atomo obtidas a

partir das fungoes de energia potencial que compdem o campo de forga [140, 141, 136].

Os campos de forga classicos sao constituidos de centenas de termos, cuidadosamente
escolhidos para melhor reproduzir as caracteristicas do sistema. Os parametros adicionados
aos termos que compoem uma funcao de energia podem ser derivados de experimentos
fisico-quimicos, calculos de mecanica quantica ab initio ou a partir da combinacao de
ambos. Assim, a func¢do de energia potencial do campo de forca tem carater empirico,
sendo parametrizada através do ajuste de um conjunto de propriedades selecionadas com
base em dados experimentais para um grupo de sistemas moleculares modelo [140, 142]. O
campo de forga é dito efetivo, quando os parametros sdo ajustados empiricamente a dados

experimentais e/ou dados de calculos de mecéanica quantica (QM) de nivel superior [136].

Os campos de forga classicos utilizam essencialmente a mesma expressao empirica
proposta por Levitt e Lifson em 1969 para aproximar a energia potencial total de um
sistema [143]:

Epot (F) = Ebond(F) + Ecmgle(f’) + Etorsion(f’) + Eimproper (F) + Eelec<F) + EvdW(F)

onde E,, ¢ a fungao de energia potencial do sistema e 7" corresponte as coordenadas de
todos os atomos do sistema. Os termos ligados ou covalentes descrevem o estiramento
das ligagao quimicas (Eponq), & deformacao dos angulos de ligagao (Eangie), a rotagao dos
dngulos diedrais proprios (Etorsion) € a distor¢ao dos angulo diedrais improprios (Ejmproper)
em moléculas. Os termos nao ligados F .. ¢ E,qw descrevem, respectivamente, as interagoes
eletrostaticas e o componete de vdW entre atomos nao ligados [136]. A Figura 9 mostra
as fungoes associadas a cada um desses termos, com as respectivas representacoes graficas

dos mesmos.

As interagoes eletrostaticas tém sido geralmente representadas por interagoes de
Coulomb entre cargas atomicas pontuais [144, 145], equanto o componente de vdW,
composto por um termo de repulsao e um termo de atracao, é definido pela funcao
de Lennard-Jones [146]. A mesma estratégia de aproximagao da energia potencial tem

sido usada por décadas, com maior incremento em termos de descricao dos potencias
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Figura 9 — Representacao dos termos que compdem um campo de forga e descrevem a
energia potencial total de um sistema. Adaptado de Verli, 2014.

de Coulomb [147]. A partir do ano 2000, os campos de for¢a polarizdveis, ou seja, que
incorporaram a polarizagao explicita dos dtomos tornaram-se mais frequentes [148], mas os
campos de forga classicos baseados em interagoes Lennard-Jones e cargas pontuais ainda

sdo dominantes [110].

Compartilhando a mesma forma funcional mostrada na equagao acima, os campos
de forga classicos AMBER [149, 150], OPLS [151, 152], CHARMM ([153, 154] ¢ GROMOS
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[155, 156] foram amplamente aprimorados, testados e aplicados em uma infinidade de
estudos de simulagoes moleculares em fase condensada, durante as tltimas décadas [157,
110]. Quando o alvo desses estudos sdo biomoléculas como proteinas, acidos nucléicos,
lipidios e carboidratos, cuja caracteristica estrutural é serem constituidas de um ntmero
relativamente pequeno de blocos de construcao, o processo de parametrizacao e validacao
dos termos do campo de forca é de certa forma simplificado. Em se tratando de outras
moléculas orgénicas, no entanto, o cenario é diferente [136]. A citar, pequenos ligantes
moleculares - com agao terapéutica ou candidatos a farmacos - apresentam um vasto espago
quimico para tamanho e diversidade estrutural, o suficente para dificultar a elaboracao de
blocos de construcao e exigir parametrizagao individual de cada ligante, ou no minimo,

familia de ligantes.

Uma abordagem comum para compor a funcao de energia em simulagoes molecula-
res de pequenas moléculas organicas, é o emprego de parametros pré-estabelacidos para
termos ligados e nao ligados em um campo de forca, definidos a partir de uma estratégia de
similaridade quimica e estrutural. Mesmo assim, célculos de mecanica quintica (semiempi-
rico ou ab initio) sao necessarios para gerar as cargas parciais das nova moléculas [157].
Exemplos de campos de forca para moléculas organicas, que adotam essa filosofia, sao o
campo de forca geral Amber (General Amber Force Field, GAFF) [158], o campo de forca
de todos os dtomos OPLS (OPLS All-Atom, OPLS-AA) [159, 160], o campo de forga geral
CHARMM (CHARMM General Force Field, CGenFF) [161, 162] e o gerador automético
de topologias do GROMOS (Automated Topology Builder, ATB) [135, 163, 164].

Campos de forga ainda mais genéricos, que dispensam qualquer parametrizacao
individual, s@o o campo de forga molecular Merck (Molecular Merck Force Field, desen-
volvido em 1994, MMFF94) [165] e o campo de for¢a universal (Universal Force Field,
UFF) [166]. As fungoes de energia centrais do MMFF94 sao derivadas de calculos de
mecanica quantica e os parametros sao atribuidos de acordo com resultados ajustados a
dados experimentais ou de computacao quintica de maior nivel [167, 168, 169]. Embora
os parametros possam ser classificados nos sete termos de energia que ocorrem nos demais
campos de for¢a anteriormente citados, esses campos de for¢ca empregam fungoes de energia
potencial mais complexas e, portanto, nao sao compativeis com a maioria dos campos de

forga biomoleculares [157].

1.3.2 Construcao de Topologias de Pequenos Ligantes

Embora os protocolos listados acima sejam amplamente empregados na geracao
automatica de topologias e simulacoes de pequenos ligantes, obter parametros confidveis e
compativeis com esses campos de forca para o estudo de classes heterogéneas de compostos
como substratos, inibidores, cofatores e compostos bioativos, continua sendo um grande

desafio [164]. Permanece em aberto também a questao em relacao ao grau de confiabilidade
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e precisao das interagoes produzidas e observadas através do uso desses parametros [135].

Os campos de forca classicos de carga fixa sao campos de forca efetivos, ou seja, se
caracterizam pelo ajuste empirico dos parametros a dados provenientes de calculos de QM
de alto nivel e/ou a dados experimentais, quando estes estiverem disponiveis. No entanto,
a disponibilidade limitada de dados experimentais, somada ao niimero potencial de graus
de liberdade de um modelo, seja em relacao a sua flexibilidade, interagdo com o solvente
ou mesmo aos efeitos eletronicos omitidos, torna o processo de validacao de parametros de

campo de forca altamente desafiador [164, 170].

Enquanto o campo de forca MMFF94 envolve extensa parametrizagao para uma
ampla gama de grupos funcionais organicos, ele foi, entretanto, desenvolvido com o objetivo
de "definir um campo de for¢a que descreva com precisao as propriedades moleculares em
fase gasosa e que se comporte adequadamente quando o mesmo sistema ¢é incorporado
em fase condensada'[165]. Uma das potenciais fraquezas nessa abordagem, no entanto, é
a omissdao de dados de fase condensada, tanto nas etapas de parametrizacdo quanto na
testagem [110]. Mesmo com o extenso conjunto de bases de métodos de QM, a abordagem
do MMFF94 se mostrou subestimada [171] e reafirmou a importancia de incluir uma ampla
gama de dados experimentais, amostrando propriedades intramoleculares e interagoes
intermoleculares, incluindo fase condensada na derivacao de parametros ou testagem do

campos de forca [110].

O processo de parametrizacao do campo de forca GROMOS baseia-se na reproducao
do comportamento molecular em fase condensada e de seus dados termodinamicos. Na
versao GROMOS53A6, os critérios usados para avaliar a precisao dos parametros derivados
incluiram a densidade e o calor de vaporizagao [155, 172]. Dentro da filosofia do GROMOS,
o servidor ATB é uma alternativa para a geracao automatica de parametros para pequenos
ligantes compativel com o desenvolvimento de estudos no campo de forca GROMOS.
Embora o ATB forneca parametros passiveis de refinamento, com base em seu préprio
banco de dados e dados de QM, a producao de parametros com base em similaridade nem
sempre contempla o potencial de graus de liberdade de um grupo heterogéneo de moléculas,
suas cargas atOomicas e seus potenciais diedrais. Assim, o campo de forca GROMOS nao
possui um conjunto de parametros oficial para o tratamento de estruturas heterogéneas.
Avancos neste sentido tém sido propostos pelo nosso grupo e resultado em contribui¢des com
parametros para o estudo de pequenos compostos. O desenvolvimento de parametros para
melhor descrever a flexibilidade de carboidratos [173, 174] e a calibragao de propriedades
fisico-quimicas de anéis aromaticos comumente usados em quimica medicinal [175] ja
auxiliaram no estudo de outros grupos de compostos bioativos como chalconas, flavonéides

[134] e acidos sidlicos (em preparagdo).

Na concepcao do campo de forca GROMOS, as moléculas sao constituidas de uma

colecao de grupos funcionais, o que permite alocar uma gama limitada de pardmetros,
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aumentar a transferabilidade e mitigar a necessidade de sobreajustes [164]. Esse conceito
de grupo empregado pelo GROMOS permite uma transferéncia versatil de fragdes quimicas
entre moléculas, ou seja, parametros conhecidos de grupos funcionais em comum podem
ser aplicados a diferentes moléculas, mesmo em presenca de outras diferencas estruturais
entre elas. Assim, é possivel construir a topologia de uma molécula, de forma consistente
com a derivacao do campo de forca GROMOS, juntando os blocos de construcao existentes
(172, 136, 176]. A simetria na atribuigdo dos pardmetros, ou seja, garantir que atomos
equivalentes recebam os mesmos parametros, independentemente da geometria, também
deve ser consideradas quando as topologias forem empregadas em simulagoes onde as

moléculas podem mudar de conformagao [135].

Para os campos de forga classicos de carga fixa, apenas um conjunto de cargas
atomicas parciais é usado. O ajuste para reproducao da superficie de Potencial Eletrostéatico
Restrito (RESP), por ser um ajuste algoritmico de cargas pontuais centradas no atomo,
possibilita a transferabilidade de cargas entre grupos funcionais comuns e é adequado para
o uso em dindmica molecular classica [177]. O GROMOS usa grupos de carga, ou seja,
grupos de aproximadamente cinco atomos cujo somatorio de carga total é um niimero
inteiro. As cargas parciais do GROMOS53A6 foram ajustadas para reproduzir a densidade,
o calor de vaporizagao e as energias livres de solvatacao em agua e em alguns solventes

organicos [155, 136].

No ATB, a determinacao de parametros para descrigao de angulos diedrais é baseada
na combinacao dos tipos de atomos que os definem. Em casos ambiguos, varias opg¢oes
sao listadas a partir do banco de dados. Caso nenhuma correspondéncia adequada seja
encontrada, um parametro diedral padrao com a menor constante de forca e coeficientes
correspondentes, derivados da arquitetura da regido, é escolhido [135]. A parametrizagao
de angulos diedrais torcionaveis, no entanto, ¢ menos trivial. O estudo da flexibilidade
molecular de espécies heterogéneas, como ¢é o caso dos pequenos ligantes, requer calibracao
acurada dos potenciais associados a ligacoes, considerando suas especificidades quimicas e
estruturais. Na década de 1990, os métodos de QM tornaram-se suficientemente rapidos
para que os perfis de energia de tor¢cao pudessem ser calculados em maior escala. Embora
esses calculos nem sempre sejam realizados em fase condensada, mais recentemente, tém
sido propostas estratégias de validacao e ajuste a dados experimentais, como acoplamentos

vicinais 3J provenientes de espectroscopia de NMR [136].

1.4 Desenho de Farmacos Auxiliado por Computador

Inovagoes em quimica combinatéria contribuiram massivamente com o aumento de
bancos de dados de compostos, permitiram a cobertura de grandes espagos quimicos e,

por fim, impulsionaram a expansao da descoberta de medicamentos e o desenvolvimento
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de métodos de triagem de alto rendimento (high-throughput screening, HTS) [178, 179].
No entanto, apesar desses avangos, o numero de novas entidades moleculares lancadas
com sucesso no mercado nao cresceu na mesma proporc¢ao, em grande parte devido ao

desempenho inadequado em diferentes fases dos ensaios clinicos [180].

O processo de desenvolvimento de medicamentos, desde a descoberta até o lan-
camento no mercado leva, em média, de 10 a 15 anos e apresenta um custo aproximado
de US$ 800 milhdes a US$ 1,8 bilhao [181]. Essa tarefa drdua, demorada e cara, requer
colaboragoes de muitas especialidades, incluindo quimica medicinal, quimica computacio-
nal, biologia e pesquisa clinica [182]. As metodologias de desenho de farmacos auxiliado
por computador (computer-aided drug design, CADD) tém se apresentado como uma
ferramenta essencial na descoberta de medicamentos, sendo base para o emprego de
novas abordagens e tornando esse processo mais rapido e menos custoso financeiramente
[183, 184]. Esses métodos sao relevantes para diminuir o uso de modelos animais em
pesquisas farmacolégicas, para auxiliar o projeto racional de novos e seguros candidatos a
medicamentos e para reposicionar medicamentos ja comercializados, apoiando a trajetoria
da promogao de novas moléculas [185]. A Figura 10 apresenta algumas abordagens do
CADD empregadas nas fases iniciais do processo de desenvolvimento de novos farmacos,

antes que os ligantes candidatos sejam testados in vitro e in vivo.

Embora o HTS continue representando uma grande parte do processo de descoberta
de medicamentos na industria farmacéutica devido a sua alta taxa de sucesso, a falta de
compreensao primaria do mecanismo molecular envolvido na atividade dos compostos
hits identificados pode dificultar a busca de candidatos promissores [186, 187]. Na fase
inicial do processo de desenvolvimento de novos farmacos, é comum que exista pouca ou
nenhuma informagcao sobre o alvo, os ligantes ou suas estruturas. As técnicas de CADD
sao capazes de fornecer essas informagoes, identificando quais proteinas podem ser alvo na
patogénese e quais sdo os possiveis ligantes ativos que podem inibir essas proteinas [184].
Através do emprego de informacgoes estruturais, seja do receptor alvo ou de um grupo de
potenciais ligantes, em simulagdes computacionais, o CADD pode excluir compostos com
propriedades indesejaveis e selecionar candidatos com mais chances de sucesso, fornecer
informacoes valiosas sobre detalhes da interagao responsavel pela formacao do complexo,

bem como a afinidade de ligagao [188, 189].

Dentre as estratégias de CADD, a utilizacao de simulagdes de dindmica molecular
pode contribuir com o entendimento da formagao de complexos proteina-ligante [190]. O
detalhamento da dinamica conformacional de um ligante na complexacao ao seu receptor-
alvo é capaz de fornecer informacoes valiosas a respeito do modo de ligagao. Oportunamente,
o emprego de métodos de amostragem ampliada como a metadinamica, através do emprego
de vieses sobre determinadas variaveis coletivas, pode auxiliar na observacao de eventos

raros e/ou lentos, calcular energia livre e estimar parametros cinéticos associados a formagao
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Figura 10 — Estratégias do desenho de farmacos auxiliado por computador (CADD) empre-
gadas no desenvolvimento de farmacos. Os métodos de CADD séo classificados
em métodos baseados em estrutura e métodos baseados em ligantes. A abor-
dagem depende da disponibilidade de informagoes estruturais do alvo e/ou de
ligantes. Os acertos (hits) sao identificados, filtrados e otimizados (leads) para
obter potenciais candidatos a farmacos, antes que sejam testados em ensaios
pré-clinicos. QSAR é relacao estrutura-atividade quantitativa.

do complexo receptor-ligante [191, 192].

O crescente aumento da capacidade computacional e do desenvolvimento de campos
de forga com fungoes de energia mais acuradas é uma realidade [193]. Essa evolugao vem
ao encontro da necessidade da parametrizagao sistematica, usando propriedades em fase
condensada no processo de calibragao, para a melhor descricdo de grupos especificos de
moléculas, como é o caso de pequenos ligantes e produtos naturais. Métodos analiticos
relacionados a dinamica molecular, como o estudo da flexibilidade de moléculas bioativas
em solucado e a estimativa de medidas de interacao com o solvente, podem se beneficiar de
parametros acurados na reproducao do comportamento molecular e, consequentemente,

contribuir no desenho racional de novos farmacos.
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2 Justificativa

1CZs sao produtos naturais produzidos por diversos organismos vivos, que apresen-
tam propriedades biolbgicas associadas a inibicado de proteino cinases e topoisomerases.
Embora essa familia de ligantes compreenda um conjunto de moléculas de ampla variabili-
dade quimica e estrutural, pouco se conhece sobre diferengas no padrao de substitui¢ao
quimica determinantes de diferencas no processo de complexacao. Na verdade, esses ligantes
estao associados a inibi¢ao nao-seletiva de cinases e a diferentes graus de poténcia na
parada do ciclo celular mediada pela inibicao de topoisomerases. Os resultados de estudos
pré-clinicos apoiaram o empenho de uma série de ensaios clinicos, no entanto, a falta de
especificidade do alvo e a alta taxa de ligagdo a proteinas plasméaticas representaram pro-
blemas no seu seguimento. Como resultado, a persisténcia de efeitos adversos e toxicidade

ainda tém impedido o avanco clinico de diversos andlogos.

O wuso de informacoes estruturais provenientes de complexos cristalograficos e
de espectroscopia de NMR de ICZs forneceu informagoes tteis sobre a interacdo com
receptores alvo e estimativas conformacionais dos ligantes. No entanto, dificuldades técnicas
na cristalizacao da porc¢ao sacaridica desses ligantes podem levar a diferengas associadas
a resolucao da qualidade de estrutura, além da desvantagem de os dados se referirem
ao estado sélido. Por outro lado, as informagoes estruturais provenientes de medidas
realizadas em solucdo, por espectroscopia de NMR, fornecem médias conformacionais de

uma populagao de conférmeros sujeitos a variacoes conformacionais.

O processo de obtencao de pardmetros do campo de forca GROMOS é baseado na
reproducao do comportamento molecular em fase condensada e de seus dados termodina-
micos, sendo assim, uma abordagem promissora para reproduzir in silico dados obtidos
empiricamente. Portanto, através de simulagoes de MD no campo de forca GROMOS, é
possivel reproduzir, em fase condensada, as propriedades fisico-quimicas de sistemas mole-
culares. A descri¢ao acurada das caracteristicas termodinamicas de ligantes ICZs é possivel
ap6s o emprego de processos de parametrizacao, especificos para essa familia de ligantes,
baseados em célculos quanticos e calibrados para dados experimentais de espectroscopia
de RMN, tudo de acordo com a filosofia do GROMOS. Informagcéoes obtidas a partir dessas
simulacgoes, como caracteristicas de interagao com o solvente e da flexibilidade molecular,
podem auxiliar no desenho racional e otimizacao de ligantes ICZs, uma vez que esses

fatores sao diretamente implicados no desempenho da complexacao a alvos terapéuticos.
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3 Objetivos

3.1 Objetivo Geral

Avaliar as caracteristicas de flexibilidade e de interagdo com o solvente aquoso de
ligantes indolocarbazélicos livres em solucao através de simulagoes de dinadmica molecular.
Tendo por base as caracteristicas estruturais e funcionais dos compostos, o trabalho foi

dividido em dois capitulos:

3.2 Objetivos Especificos

o Capitulo I - Indolocarbazolas inibidoras de cinases: staurosporina e derivados.

— Parametrizar e validar topologias baseadas no campo de forga GROMOS através

de dados de espectroscopia de NMR.

— Obter o conjunto conformacional de staurosporina e seus derivados em solugao

aquosa.

— Observar, em nivel atomico, caracteristicas de interacao com a agua implicadas

na complexagao ao receptor alvo.
o Capitulo II - Indolocarbazolas inibidoras de topoisomerases: rebecamicina e derivados.

— Desenvolver parametros especificos para a descricao, no campo de forca GRO-

MOS, de aspectos estruturais envolvidos nos mecanismos de ac¢ao.

— Observar a dindmica das mudancas conformacionais envolvidas em processos

bioativos.

— Avaliar como as variagoes estruturais estao envolvidas em mudancas na solvata-

¢ao e inferir sobre a farmacodinamica das moléculas.
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4 Procedimentos Metodologicos

4.1 Construcao das Topologias

As geometrias das estruturas moleculares de cada composto ICZ foram retiradas
do PDB, quando disponiveis, ou construidas usando o editor molecular Avogadro [194]
com base em dados estereoquimicos consultados na literatura. Essas estruturas tridi-
mensionais, serviram como referéncia para a construgao da topologia de cada molécula,
utilizando os parametros ligados e nao-ligados dos campos de forca GROMOS53A6 [155] e
GROMOS53A6¢1yc [156, 173]. Pardmetros especificos para compostos ICZs, compativeis
com o campo de forca GROMOS, foram derivados de QM. As cargas atOmicas parciais
foram obtidas pelo método least-square fit solution [134] e novos potenciais diedrais fo-
ram calculados com o objetivo de garantir maior acuricia na descricao das preferéncias
torcionais e conformacionais desses compostos. Um fluxograma da derivacao dos novos

parametros, com base em calculos quanticos, é apresentado na Figura 11.

Os principios de transferabilidade e simetria foram observados durante a construcao
das topologias. A construcao em forma de blocos permitiu a transferéncia versatil de
pardmetros para grupos funcionais semelhantes entre as moléculas [172]. A simetria da
molécula foi observada para assegurar os mesmos parametros em atomos equivalentes,

mesmo em geometrias diferentes [135].

4.1.1 Derivacido de Cargas Atomicas Parciais

As cargas atdmicas parciais foram calculadas por métodos quanticos, através do
Gaussian [195], utilizando a teoria de perturbagao de segunda ordem de Mgller-Plesset
(MP2) [196] na base 6-31G* [197], com solvatagao implicita pelo Modelo do Continuo
Polarizavel (PCM) [198]. O ajuste para reproducio da superficie de Potencial Eletrostético
Restrito (RESP) possibilitou a transferéncia de cargas parciais entre grupos funcionais
comuns entre as diferentes moléculas estudadas, por ser um ajuste algoritmico de cargas
pontuais centradas no atomo, adequado para o uso em mecanica, dinamica molecular e

calculos de energia livre em sistemas bioldgicos [177].

O vetor momento de dipolo do sistema de anéis aromaticos do cromoforo dos
ICZs, calculado por métodos quanticos, foi utilizado como referéncia para derivacao das
cargas atOmicas na mecanica classica, assim como grupos de carga ja parametrizados
em trabalhos anteriores e calibrados para a reproducao de propriedades experimentais
[175]. Para a derivagao das cargas atdmicas em regioes moleculares com diferentes padroes

de substituicao, foram construidos fragmentos moleculares de idéntica estrutura quimica
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Figura 11 — A construcao de topologias iniciou com o célculo das cargas atomicas e dos
potenciais diedrais através de método quantico. As cargas atOmicas parciais
foram ajustadas para a mecanica classica através do protocolo least-square
fit solution, enquanto os potenciais diedrais foram submetidos ao servidor
Rotational Profiler. Outros parametros topolégicos foram retirados do campo

de forca GROMOS53A6¢1ye.

constituidos por pelo menos um anel, que tiveram as cargas atomicas calculadas pelo

mesmo método quantico.

As cargas atOmicas destes fragmentos foram ajustadas para a MM através do
método least-square fit solution, utilizando limites de variacao superiores e inferiores para
as cargas de cada atomo a serem ajustadas e cargas fixas de atomos pertencentes ao
cromoéforo ou grupos de carga anteriormente parametrizados como citado acima. Um
esquema representativo desta metodologia é apresentado na Figura 12. A solucao do
algoritmo retorna cargas atomicas parciais que, em conjunto, reproduzem a direcao e o
sentido do vetor momento de dipolo dos fragmentos obtido por QM [175, 134]. A defini¢ao
dos grupos de carga, em anéis e seus substituintes, permitiu a transposicao das cargas
parciais desses grupos de atomos entre moléculas, com o mesmo padrao de substituicao

de grupos funcionais, de acordo com o principio de transferabilidade do campo de forga
GROMOS [172].

4.1.2 Novos Potenciais Torcionais

Novos parametros especificos para a descricdo do perfil rotacional de angulos

diedrais foram derivados da QM para a construcao das topologias de cada ICZ estudado.
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Figura 12 — Fluxo de geragao de cargas atomicas parciais. As cargas foram calculadas por
método quantico e ajustadas para a mecanica classica, preservando o vetor
momento de dipolo e utilizando limites inferiores e superiores. As novas cargas
foram distribuidas em grupos de carga e o principio de transferabilidade foi
empregado na construcao das topologias.

Os novos potencias diedrais foram calculados na QM e ajustados para melhor serem

reproduzidos na MM.

Os perfis rotacionais quanticos de cada angulo diedral foram calculados usando
Gaussian [195], utilizando o método MP2/6-31G* [196, 197], apés otimizagdo da energia
total de cada fragmento molecular, adotando o critério de convergéncia tight. A rotina scan
foi utilizada para calcular a energia total em conformacoes diédricas a cada 30° e indicou
a localizagdo dos minimos e a magnitude das barreiras energéticas a serem transpostas

para o giro das ligagoes que definem cada angulo diedral.

Para o calculo do perfil rotacional na MM, as mesmas conformacoes diedrais empre-
gadas no cédlculo quantico foram mantidas fixas durante a minimizagao de energia utilizando
o algoritmo conjugate gradient do GROMACS e o campo de forca GROMOS53A6, ado-
tando o critério de convergéncia de 1,0 kJ/mol [175]. O programa gmx energy calculou os

minimos e as barreiras energéticas associadas a cada conformagao.

Para obter o fit dos potenciais da MM aos potenciais quanticos, ambos os perfis
calculados foram submetidos ao servidor on-line Rotational Profile [199] que, através
de regressao linear de minimos quadrados, calculou os novos parametros para melhor

reproduzir os potenciais quanticos em simulagoes classicas de MD.

4.2 Dinamica Molecular

A MD é um método de simulacao no qual o movimento das particulas do sistema é

calculado ao longo de um determinado periodo de tempo, permitindo que a evolugao do
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sistema seja investigada. As equagoes de movimento de Newton sdo normalmente usadas
para descrever as trajetorias das particulas no sistema e a energia potencial é calculada

com base nos parametros do campo de forga.[200]

A etapa de simulagao da dindmica molecular de cada um dos compostos em solugao
biologica foi realizada através do pacote de simulagaio GROMACS 5.1, empregando os
campos de forca GROMOS53A6 [155] e GROMOS53A6¢1yc [156, 173] para a descrigao
dos parametros fisico-quimicos das moléculas estudadas. Os sistemas de simulagao foram
montados em caixa dodecaédrica, onde uma tinica molécula de cada composto foi colocada
e solvatada com o modelo explicito de dgua extended simple point charge (SPC/E) [198]. O
tempo das simulagoes para o estudo das caracteristicas conformacionais e de interacao com
o solvente foi definido em 1 us, com etapas de integracao de 2 fs e condigoes periddicas de
contorno. A minimizacao da energia do sistema foi alcangada por algoritmo de maximo
declive. As ligagoes covalentes foram fixados pelo método de Lincs [201] e distancias
minimas entre os atomos das moléculas e as bordas da caixa de simulagdo foram restritas
a 1,0 nm. As interagoes eletrostaticas foram tratadas pelo algoritmo particle-mesh Ewald
(PME) [202], enquanto os contatos de vdW com o cutoff-scheme de Verlet [203] para

truncar todas as interagoes nao ligadas em 1,2 nm [204].

4.3 Metadinamica

Em simulagoes de dindmica molecular convencionais, nem sempre é possivel que
o sistema visite todas as conformagoes energeticamente relevantes para seu estudo. As
conformagdes relevantes podem estar separadas por altas barreiras de energia livre e para
popular tais estados conformacionais, suplantando os custos energéticos da transicao de
um estado metaestavel para outro, muitas vezes é necessaria a acao de flutuagoes raras que
impulsionam o sistema ao longo da energia livre. Outro fator que limita essa convergéncia
do sistema ¢é o longo tempo necessario para a difusdao no espago da configuragao. Nesses
casos, a presenca de eventos lentos associados as caracteristicas em estudo requerem uma

quantidade muitas vezes indisponivel de tempo computacional [205].

Para ampliar a amostragem em simulagoes de dinamica molecular, e reproduzir a
superficie de energia livre (free-energy surface, FES), a metadindmica é uma ferramenta
poderosa. Através da introdugao de um potencial de bias (viés de forga) em fungao de
um selecionado ntimero de graus de liberdade, frequentemente referido como variaveis
coletivas (collective variables, CVs), é possivel visitar tais eventos raros. Na metadinamica,
o potencial de bias é adicionado ao operador Hamiltoniano, que age sobre as CVs de uma
forma dependente da evolugao da simulacao. Este potencial, correspondente a soma de
Gaussianas depositadas ao longo da trajetéria do sistema no espago das CVs, é capaz de

desencorajar o sistema a revisitar regioes que ja foram amostradas a medida que estimula
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energia livre

tempo

Figura 13 — Representagao da energia livre de uma variavel coletiva (CV) s durante uma
simulac¢ao de metadinamica. As linhas azuis representam a soma da energia
livre depositada através das Gaussianas nos momentos a, b e ¢ da simulacao.
Essas Gaussianas induzem flutuagoes cada vez maiores na CV (d), preenchendo
o primeiro minimo e em seguida o segundo minimo, até que a CV comega a
se difundir livremente entre os dois minimos. Adaptado de Bussi e Laio, 2020.

a transposicao de outras barreiras e permite a constru¢ao de uma efetiva FES em funcao
das CVs escolhidas [192, 205, 206]. Uma representacao da deposigdo das Gaussianas e da
flutuacao de energia livre a elas associada durante uma simulacao é apresentada na Figura

13.

Para o estudo desenvolvido no contexto desta tese, a escolha das CVs teve como
alvo a descrigao de estados conformacionais dos compostos ICZs. Para observar os graus
de liberdade da rotacao da ligacao glicosidica que une a porg¢ao sacaridica ao sistema de
anéis do croméforo, foi definido o angulo diedral ¢, enquanto para observar a dinamica do
puckering de carboidratos ligados a esses compostos, foram escolhidas as coordenadas 6 e
¢ definidas por Cremer—Pople [207].

A biblioteca PLUMED, versao 2.5 [208] foi interfaccada ao GROMACS para a
execucao de calculos de metadindmica well-tempered durante 300 ns usando um fator de
bias igual a 10. Para calcular a torcao das ligagoes glicosidicas, através da coordenada
angular ¢, as dimensoes das Gaussianas foram restritas a largura (o) de 0,35 rad, o intervalo
de deposicao foi de 500 fs com altura inicial (h) de 1,2 kJ/mol, que corresponde a uma taxa
de deposigao (w) de 2,4 J/mol.fs. Para o estudo do puckering de carboidratos, definiu-se o
= 0,1 rad e h = 0,5 kJ/mol, com w = 1,0 J/mol.fs. A taxa de erro relacionada as CVs foi
calculada por andlise de média de bloco (block-averaging), abrangendo até 3% do valor da
barreira. As imagens representativas do FES, que indica os estados conformacionais de
hexopiranoses de maior estabilidade, foram construidas usando o utilitario sum hills e o

pacote grafico Gnuplot.
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5 Resultados

5.1 Capitulo I: Aspectos Estruturais de Staurosporina e Analogos

Implicados na Complexacao a Receptores-Alvo

5.1.1 Preambulo

Staurosporina e seus analogos sao ICZs com propriedades de inibigdo nao-seletiva
de proteino cinases que resultam em acao antimicrobiana e citostatica. Em funcao do
carater indiscrimidado da inibicao de cinases, os efeitos adversos e a toxicidade ainda
associados ao uso desses compostos tém impedido o avanco clinico de farmacos derivados

desses andlogos.

Através de simulacdes de dindmica molecular no campo de forca GROMOS, é
possivel reproduzir, em fase condensada, propriedades fisico-quimicas de sistemas mole-
culares. A descricao acurada das caracteristicas termodinamicas de staurosporina e seus
analogos é possivel apds processos de parametrizagao baseados em calculos quanticos e
calibracao para dados experimentais de espectroscopia de NMR para esses compostos, de
acordo com a filosofia do GROMOS. Assim, avaliamos caracteristicas moleculares desses
ligantes livres em solucao aquosa, como flexibilidade e padroes de interacdo com a agua. O
conhecimento dessas caracteristicas moleculares, relacionadas ao processo de complexac¢ao
com os receptores alvo, é substancial para o desenvolvimento racional de compostos bioati-
vos com propriedades terapéuticas aprimoradas. A coexisténcia de multiplos conférmeros
observada durante as simulagoes, e confirmada por calculos de metadinamica do puckering
da fracao sacaridica, expandiu a percepcao do espaco conformacional de staurosporina e
seus analogos. A facil interconversao entre os conférmeros, associada & baixa energia livre,
sugere que o modelo de selecao conformacional do ligante é um mecanismo favoravel no
processo de complexacao. Mudancas na disponibilidade para interagées com o solvente
aquoso, medidas através de ligacao de hidrogénio e da distribuicao do bulk de dgua, de
acordo com diferencas nos substituintes dos ligantes mostrou efeitos aditivos na formacao
de ligacoes de hidrogénio com o solvente, que podem refletir em efeitos na energia livre
de complexacao devido & variacdo nos custos energéticos de dessolvatacao. Além disso,
mudancas na formacao da rede de solvatagao impactam na disponibilidade de moléculas

de agua de coordenagao, que expandem o potencial de afinidade do ligante a seu receptor.

Os resultados referentes ao Capitulo I sao apresentados a seguir, através do artigo
cientifico Theoretical models of staurosporine and analogs uncover detailed structural infor-

mation in biological solution, publicado no Journal of Molecular Graphics and Modeling.
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e Molecular dynamics showed coexistence of multiple staurosporine analogs conformers
e Spectroscopy data were reproduced using a tool based on Haasnoot-Altona equation
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ARTICLE INFO ABSTRACT

Keywords: Staurosporine and its analogs (STA-analogs) are indolocarbazoles (ICZs) compounds able to inhibit kinase
Conformation proteins in a non-specific way, while present antimicrobial and cytostatic properties. The knowledge of
Indolocarbazole

molecular features associated to the complexation, including the ligand shape in solution and thermodynamics
of complexation, is substantial to the development of new bioactive ICZs with improved therapeutic properties.
In this context, the empirical approach of GROMOS force field is able to accurately reproduce condensed phase
physicochemical properties of molecular systems after parameterization. Hence, through parameterization
under GROMOS force field and molecular simulations, we assessed STA-analogs dynamics in aqueous solution,
as well as its interaction with water to probe conformational and structural features involved in complexation
to therapeutic targets. The coexistence of multiple conformers observed in simulations, and confirmed by
metadynamics calculations, expanding the conformational space knowledge of these ligands with potential
implications in understanding the ligand conformational selection during complexation. Also, changes in
availability to H-bonding concerning the different substituents and water can reflect on effects at complexation
free energy due to variation at the desolvation energetic costs. Based on these results, we expect the obtained
structural data provide systemic framework for rational chemical modification of STA-analogs.

Intermolecular interaction
Molecular dynamics
Parameterization

Water shell

1. Introduction States, and European Medicines Agency (EMA), in Europe, for the
treatment of acute myeloid leukemia and progressive systemic masto-
cytosis [13,14,17]. Still, the broad and indiscriminate ability to inhibit
a wide range of kinases is an undesirable property of STA-analogs,
and therefore it is necessary to search for new structures with higher
specificity. Some success in this regard was achieved by compounds 2

and UCN-01 (3), whose selectivity was enhanced by the introduction of

Indolocarbazoles (ICZs) are natural products isolated for the first
time from actinomycetes, being also found in cyanobacteria, fungi,
and marine invertebrates, among other organisms [1]. Since the first
isolation of the staurosporine (1) in 1977 [2], these alkaloids received
the attention of researchers and pharmaceutical companies because of
its natural abundance, wide structural chemical variety and broad spec-

trum of biological activity, notably antitumor, antibacterial, antifungal,
antiviral [3,4], antiparasitic [5] and neuroprotective properties [6].
The indolo[2,3-a]carbazole isomer, the most naturally abundant, has
been reviewed extensively over the years, focusing particularly on its
biosynthesis and development of analogs [1,7-12]. The results from
these efforts already led some of these derivatives to clinical trials,
which showed discrete responses against several oncological diseases,
in a scenario where the toxicity management was an important issue
during the studies [13-16].

The staurosporine analogs (STA-analogs) are known as kinase in-
hibitors due to competition with ATP molecules for the ATP-binding
site. The drug midostaurin (2) is a STA-analog presenting a N-benzoyl
hexopyranose moiety attached to the chromophore, and has been ap-
proved by both Food and Drug Administration (FDA), in the United

* Corresponding author.
E-mail address: hugoverli@gmail.com (H. Verli).

https://doi.org/10.1016/j.jmgm.2023.108653

substituents at the amide ring and at the carbohydrate moiety, which
act as donors/acceptors of hydrogen bonds (H-bonds) [12].

The development of new bioactive ICZs with improved therapeutic
properties depends on the understanding of the specific molecular
features associated to the complexation, which in turn may include the
knowledge of ligands ensemble in solution [18]. Such information can
both allow us to realize if the molecular recognition by its target recep-
tor is based on conformational selection or induction [19,20], as well as
to screen for the entropic and enthalpic costs of complexation [21-23].

In this regard, computational techniques provide benefits such as
cost and labor saving, reduce time to market and accelerate the de-
velopment of new drugs [24,25]. Among these approaches, molecular
dynamics (MD) simulations, represent an important tool to aid the
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Fig. 1. Structures of compounds staurosporine (1), midostaurin (2), streptocarbazole A (7), B (8) and C (9), TAN-1030 A (10), N-acetylated staurosporine (11), and ZHD-0501

(12), whose dynamics in solution was assessed.

rational design and optimization of ligands by estimating the con-
formational ensemble and dynamics of chemical entities, generally
inaccessible through most of the structural biology experiments [26]. In
turn, the accuracy of results from MD simulations is directly associated
with the calibration of ligands parameter set [27]. In our research
group we have been produce parameters for multiple ligands under
the GROMOS philosophy, including chalcones, flavonoids, hexopyra-
noses, aromatic and heterocyclic systems, focusing on calibration of
torsions to quantum mechanics profiles and fit of atomic charges to con-
densed phase properties [28-30], as alternative to automated topology
generators, aiming higher accuracy of experimental information [31,
32].

In the same way, the unusual shape of hexopyranose rings attached
to STA-analogs, whose structures are presented in Fig. 1, reinforces the
requirement for individual parameterization of topological terms to this
molecule set. The empirical approach of GROMOS is promising to re-
produce, in condensed phase, physicochemical properties of molecular
systems after parameters calibration to experimental thermodynamic
data, as can include NMR (nuclear magnetic resonance) spectroscopy
data. Hence, by the use of molecular dynamics simulations, the current
work aims to assess an STA-analogs ensemble in aqueous solution
and its interaction with water to probe conformational and structural
features involved in its complexation to biological targets. Comple-
mentary metadynamics calculations were also employed to reinforce
the coexistence of different conformers in solution, supporting the
development of a systemic framework able to be further applied on the
rational chemical modification of STA-analogs.

2. Methods
2.1. Deriving the new torsional potentials

In order to obtain the best parameters to characterize the molecular
flexibility of the compounds, the relative energy associated with the
rotation of bonds at each dihedral angle was calculated by quantum
mechanics (QM) and then fitted on molecular mechanics (MM) using
relevant molecular fragments (shown in Fig. 3). Gaussian 09 [33] was
employed to calculate the potential energies at progressive steps of 30°,
describing the quantum system by Mgller—Plesset perturbation theory
at second-order level (MP2) and using the scan routine under 6-31G*
basis set, after geometry optimization adopting a tight convergence

criteria. The MP2/6-31G* theory level has been shown to provide con-
formational data in agreement with experimental geometries for small
molecules and complex systems [34,35], while being computationally
accessible.

The potential energy associated with the torsion of the dihedral an-
gle m in MM calculations based on GROMOS96 force field is described
by the equation below: V,, = k4,[1 + cos §, cos(n,¢,)] whose
terms were parameterized and represent the dihedral angle value ¢,,,
the multiplicity of the term n,,, the associated phase shift §,,, and the
corresponding force constant k ,, [36]. The quantum new parameters
were fitted to MM potentials using the Rotational Profiler server [37]
under the GROMOS53A6 force field [36].

2.2. Topology building

The compounds structures were taken from the Protein Data Bank
(PDB), when available, or built using the molecular editor Avogadro
[38]. The GROMOS53A6 [36] and GROMOS53A6,;yc [30,39] force
fields provided the topological parameters, such as bond stretching,
bond-angle bending, improper dihedral deformation, and Lennard-
Jones potentials that supported the MD simulations. The dihedral
potentials of the hexopyranose rings were empirically adjusted by relax-
ation of the associated energy and analyzed through the xy dispersion
in relation to the 3Jyy; vicinal coupling constants observed in NMR
spectrocopy experiments, aiming to better reproduce its flexibility in so-
lution. Additionally, the parameters to describe the bond angles formed
between the atoms involved in bicyclic and tricyclic structures in the
carbohydrate moiety were assigned after the geometry optimization in
QM. Parameters for aromatic rings were obtained from a previous work
from the group [29]. QM calculations were performed by Gaussian
09 [33] in order to obtain, for the relevant fragments, the partial atomic
charges based on MP2 theory under 6-31G* basis set using polarizable
continuum model (PCM) solvent and fitted to Restrained Electrostatic
Potential (RESP) charges. MM atomic charges were adjusted to better
reproduce the QM dipole moment vector using an in house script
searching for least-squares fit solutions previously developed [28]. In
this process, the partial atomic charges from charge groups previously
parameterized in GROMOS [28,29] were employed to restrict the fitting
to the dipole moment vector, reinforcing the uniformity of the produced
charges to the GROMOS 53A6 force field.
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To validate the topological parameters employed to describe the
hexopyranoses, the obtained conformational ensemble was compared
to experimental data of 3JH,H, taking into account the correlation
between the vicinal coupling constants and the dihedral torsion an-
gles [40]. Firstly, the hydrogen atoms were added to carbon atoms
of the hexopyranose rings, directly on the trajectory simulation, by
OpenBabel tool [41]. The geometry of the added hydrogens was in-
spected, and accurately reproduced the carbon atoms expected hy-
bridization. The average + sd of the 3J nu constants from MD were cal-
culated using an in house developed tool based on the Haasnoot-Altona
parameterization of the Karplus equation [40,42,43]: ja‘l.

3. = 13.86c0s%¢ — 0.81cos¢

1
+ Z Ay,10.56 — 2.32cos (&, +17.9|4x])]

i=1
where j,=1 Hz, ¢,=1°, ¢ is the dihedral angle between the coupled
hydrogen atoms, I corresponds to the number of substituents differ-
ent from hydrogen on the fragment H-C-C-H, 4y, = y; - yy is
the difference in electronegativity between an atom i and hydrogen,
assuming additive effects of the substituents attached to the carbons
of the H-C-C-H fragment and dependent on Huggins’ relative elec-
tronegativity [44]. Finally, ¢; takes the value +1 or -1, depending on
the orientation of the electronegative substituent, being negative in the
conformation where the coupled hydrogen atoms are eclipsed [45].

2.3. Production simulation settings

In order to analyze the dynamics of STA-analogs in aqueous solu-
tion, MD simulations were performed using GROMACS suite in con-
junction with GROMOS53A6¢;yc force field during 1 ps, aiming to
reproduce the possible conformational states in solution, specially slow
hexopyranose transitions [46,47]. The simulations were conceived with
an integration step of 2 fs in a dodecahedron simulation box, where
a single molecule of each compound was placed and solvated with
the extended simple point charge (SPC/E) water model [48], under
periodic boundary conditions, after an initial energy minimization by
steepest descents algorithm. Electrostatic interactions were treated by
the particle-mesh Ewald (PME) algorithm [49], while van der Waals
contacts were evaluated with the Verlet cutoff-scheme [50] to truncate
all non-bonded interactions at 1.2 nm [51]. The solvent and solute
covalent bond lengths were constrained by the LINCS method [52,53],
and the system temperature and pressure were kept constant at 298
K and 1 bar, respectively, using the V-rescale thermostat [54] and the
Parrinello-Rahman barostat [55].

2.4. Obtaining the conformational ensemble of STA-analogs

The conformational ensemble of STA-analogs was assessed through
the observation of the rotational profile of dihedral angles from sub-
stituents, glycosidic bonds, and the hexopyranose puckering. The dis-
tribution of dihedral angles was obtained from the gmx angle tool
and distances between atoms establishing intramolecular electrostatic
interactions from the gmx pairdist tool. The PLUMED library, version
2.5 [56], was interfaced to GROMACS to describe the hexopyranose
puckering using the coordinates of # and ¢ angles, whose distributions
were further obtained from gmx analyze tool. The hexopyranose con-
formations populated during the simulations were identified using a
protocol based on the Cremer-Pople ¢ and ¢ angular coordinates [57].
We refer to specific carbon and oxygen atoms in hexopyranose rings by
its IUPAC numbering designation [58].
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Fig. 2. New partial atomic charges derived to build the STA-analog topologies
comprised into charge groups represented by different colors. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

2.5. Metadynamics

In order to reinforce the sampled conformational ensemble of STA-
analogs hexopyranose in solution, particularly its rings conformations,
well-tempered metadynamics was carried out by PLUMED. Metady-
namics was a strategy chosen to reconstruct the free energy landscape
(FEL) of the hexopyranoses as a function of selected collective variables
(CVs). A bias potential as a function of CVs was added to the system
Hamiltonian in a mode dependent on the evolution of the system [59].
The calculations were performed until 600 ns using the coordinates of 6
and ¢ angles as CVs, under a bias factor of 10, after pilot evaluations to
obtain the better convergence for all molecules through a standardized
protocol. The Gaussians potential was deposited every 500 time steps
with initial height h = 0.5 kJ mol~! and width ¢ =0.1 rad. The errors
(e) related to the CVs were calculated by block-averaging analysis and
comprised up to 2% of the barrier value. The FEL of the puckering was
built using the sum hills utility and Gnuplot plotting package.

2.6. Assessing the interactions with water

The interaction between STA-analogs and hydration water molecules
was analyzed to probe the availability of compounds functional groups
to interact with its target receptors. The water accessibility to make
H-bonds with polar atoms was observed by solvent Radial Distribution
Function (RDF), using the gmx rdf tool. Polar atoms that showed first
solvation shell within 0.5 nm were evaluated for H-bond averages
(Averyg) and for autocorrelation functions to estimate the H-bond life-
time (Lifetimeyp) and H-bond free-energy of breakage (4Gyp) using the
gmx hbond tool [60,61]. These H-bond descriptors were complemented
by Spatial Distribution Functions (SDF) [62], calculated by the gmx
spatial tool, to find out the water molecules location around STA-
analogs. All the estimates were obtained from the entire simulation
trajectory of each compound, recorded at each 1 ps.
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Fig. 3. Structures and energy potential curves applied to derive the new torsional
parameters.

3. Results and discussion
3.1. Topology building

The parameters set generated to describe the STA-analogs confor-
mational ensemble in solution was empirically developed considering
the GROMOS force field parameterization approach compatibility. The
partial atomic charges distributed into charge groups, were presented
by the representative structure in Fig. 2, which facilitates future efforts
to parameterize similar compounds. Atomic charges not shown were
taken from previous works [29,30]. The respective curves representing
the energy minima and barriers of new dihedral potentials derived by
fitting the MM profiles to the corresponding profiles calculated by QM
and its fit are shown in Fig. 3, herewith the structures used to generate
them. The fitted torsion parameters are indicated on Table 1.

From the novel torsional potentials and partial atomic charges, it
was possible to perform MD simulations of a series of 12 compounds,
presenting variable substituents and complexity in carbohydrate moi-
eties (Fig. 1). The validation of the conceived topologies was performed
comparing theoretical averages of 3J mu coupling, obtained from unbi-
ased MD, to respective available experimental NMR data (see further
in the text).

3.1.1. Calibration of the hexopyranose torsions

When we initially analyzed the puckering of hexopyranoses at-
tached to the ICZ chromophore by two N-glycosydic linkages, this
moiety showed an noticeable rigidity, characterized by a single confor-
mational state stability. Previous analysis suggested that the parameters
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Table 1
Dihedral potentials generated to describe the STA-analogs flexibility from MD
simulations.

Dihedral angle kg (kJ mol) 5 n
a C-CH,-N-H -8.207 0 0
C-CH,-N-H 5.910 0 1
C-CH,-N-H 5.769 120 1
C-CH,-N-H 5.951 0 3
b C-C-CH,-NH, -3.364 0 0
C-C-CH,-NH, 2.138 0 2
C-C-CH,-NH, 2.981 120 2
c CH,-CH-O-H —4.295 0 1
CH,-CH-O-H 2.759 0 3
d CH,-CH-O-CH, -3.132 0 0
CH,~CH-O-CH, 5.012 0 3
e C-C-C-NH, 1.931 0 0
C-C-C-NH, 2.585 0 1
C-C-C-NH, -8.474 0 2
C-C-C-NH, 0.925 0 6
f CH,-C-N-CH, 17.711 0 0
CH,-C-N—-CH, -28.630 0 2
CH,-C-N—-CH, 14.117 120 2

of the dihedral potentials employed by the GROMOS53A6¢;yc force
field to evaluate the hexopyranoses flexibility are associated with high
barriers and large timescales to observe the transition of conform-
ers [63,64]. In this sense, the presence of double glycosylation may
have caused an additive effect on energy barriers and timescales to
observe the complete conformational ensemble. The high barriers ob-
served from metadynamics of the carbohydrate puckering, with original
parameters of GROMOS53A6¢; v force field, motivated us to apply an
empirical adjustment of the dihedral potentials exploring the relaxation
of the energy involved in the flexibility of hexopyranose rings. Relaxing
the empirical force constant to 10% allowed the conformers transition
and brought the 3J nu theoretical values closer to the experimental
ones, with lower standard deviation (Table S1), so this relaxed poten-
tials were implemented in analyses of carbohydrates attached by double
glycosylation.

As general feature for most compounds analyzed, the vicinal cou-
pling average of H1’ regarding H2’a and H2’e calculated from MD
simulations are close to those observed by empirical measurements, as
presented in Table 2. Concerning the compound 1, the main discrep-
ancy occurs towards the vicinal coupling involved to the H3’ signal.
Attached to the same carbon atom, the 3’-amino group assumes the
protonated form in aqueous solution. Differences in Haasnoot-Altona
estimate, related to compounds presenting non-conjugated lone pairs
of electrons in the a substituent position, were already observed and
would be associated to lack of calibration for predictions involving
charged groups [70,71]. The Haasnoot-Altona equation takes into ac-
count the number of substituents bonded in « and § positions belonging
to the coupling pathway, besides its electronegativity and orienta-
tion [70]. Furthermore, interactions between substituents were found
to affect 3J u,g couplings by an important extent [72]. In this sense, the
geometry of the aminopyranose allows the intramolecular electrostatic
interaction between the 3’-amino group and 4’-oxygen, with average
distance equal to 0.24 + 0.02.

Other important factor affecting 3J mu couplings is the measure of
the bond angles along the coupling pathway, that is, H-C-C and C-
C-H angles [73]. An exploration of the bond angle bending in the
carbohydrate nuclei is presented by snapshots in Fig. 4 and shows
how the ring strain may affect the 3Jy y vicinal coupling prediction by
changes in bond angle measure over the canonical 109.5° of aliphatic
carbons. It is possible to realize the magnitude of bond angle bending
effect in compound 1 by comparing the vicinal coupling constants from
its protonated form to the free base ones, as presented in Table 2.
In the same way, it is likely that the unsaturated bond connecting
the NOH group to C3’ in compound 10 causes additional ring strain
in this region, changing the magnitude of 3JH1,,H2, couplings when
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Compound 7

Fig. 4. Bond angle bending, intramolecular interaction and ring strain in STA-analog carbohydrate nuclei may affect the 3Jyy vicinal coupling prediction by the Haasnoot-Altona
equation. Orange dashes indicates X-C—-C bond angle, while purple dashes indicates intramolecular interaction. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

Table 2

Comparison of empirical and theoretical vicinal coupling constants of STA-analogs sugar moieties employed to validate its topology.
Compound 1 1 (free base) 2 7
3JH‘H NMR [65] MD NMR [65] MD NMR MD NMR [66] MD
H1-H2’a 9.4 79+ 1.1 5.8 6.1 +1.2 - 7.7 + 1.1 6.0 42+ 1.0
H1’-H2%e 1.8 1.7 + 1.3 1.3 1.7 £ 0.8 - 1.2 + 0.8 35 2.6 £ 0.7
H2’a-H3’ 7.4 7.9 + 24 3.6 6.8 + 1.5 - 9.6 + 1.3 - -
H2%e-H3’ 11.2 41 + 4.4 3.6 1.2 + 0.6 - 4.6 + 2.6 - -
H3-H4 1.6 6.4+ 1.4 3.6 58 + 1.0 - 7.9 £ 0.9 - -
Compound 9 10 11 12
3Jyu NMR [67] MD NMR MD NMR [68] MD NMR [69] MD
H1-H2’a 3.9 2.7 £ 0.7 - 8.5+ 0.5 11.7 99 + 1.4 10.0 82+ 1.1
H1-H2’e 6.1 3.6 + 0.8 - 0.79 + 0.3 3.4 38+1.8 6.0 1.6 + 1.2
H2’a-H3’ - - - - - 83+ 1.7 12.0 89+ 1.3
H2’e-H3’ - - - - - 48 + 4.1 5.3 4.6 + 3.6
H3-H4’ - - - - - 6.6 + 3.5 8.8 7.8 £ 0.8
H4-H5’ 9.9 9.2 + 0.4 - - - 7.4 +25 - -

NMR shows 3Jyy; in Hz from spectroscopy and MD shows average+sd from simulations.

compared with compound 1, which has similar geometry in C1’ and
C2’ (unfortunately, to our knowledge, there is not available data for
singlet 3.J nu coupling related to compound 10 [74-76]).

The sugar moiety of compound 2 differs from the aminopyranose
of compound 1 by a N-methylbenzamide group attached to C3’. Al-
though there is no available data for singlet 3Jy; ; coupling related to
compound 2 [77,78], it is possible to realize the predicted averages
of 3Jyy o are very close between compounds 1 and 2, as shown
in Table 2, once the structure similarity in this molecular site allows
for the comparison. On the other hand, there is a notable difference
when comparing the values involving the 3’ position. Once the N-
methylbenzamide group is present in compound 2, it can change the
stereo-electronic effect on the carbohydrate puckering. Furthermore,
it is possible to predict differences between the calculated vicinal
coupling and the experimental ones due to the intramolecular apolar

interaction involving the benzene ring at the N-methylbenzamide sub-
stituent and the pyrrole ring bonding C1’, as presented in Fig. 6 A and
discussed in the next topic.

Originating from marine-derived Streptomyces sp., the streptocar-
bazoles A (7) and B (8) presented for the first time two N-glycosylations
bonding C1’ and C3’ in hexopyranose to the indole groups nitrogens, in
addition to one unsaturation between C4’ and C5’ [66]. Later reported,
the streptocarbazole C (9) presents a similar glycosylation structure, but
lacks the unsaturation and the methyl and hydroxyl exocyclic groups
(Fig. 1) [79]. The theoretical averages for the 3Jyy, pyq and 3Jyp e
vicinal coupling in compound 7 are close to the only two signals ob-
servable by NMR spectroscopy [66], due to the chemical configuration
itself, as presented in Table 2.

Regarding the compound 9, the simplicity of the exocyclic groups,
hinders any intramolecular interaction. On the other hand, it may favor
the development of a partial double bond, which requires electron
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donation by a suitably lone pair on the endocyclic oxygen, and is
typically present in transition state conformations [80]. Geometry vari-
ations in this molecule site, possibly caused by the intermittent partial
double bond, may explain the variation observed on the predicted
averages of the coupling constants when compared to the empirical
values [67,79] for the compound 9, as presented in Table 2. The
theoretical average of the 3Jy4 ys coupling constant, however, agrees
with the experimental data, indicating consistency in conformational
dynamics in this molecular site.

The compound 12 is the first natural STA-analog presenting a
heterocycle fused to the hexopyranose ring, which takes the B; o con-
formation in solution, as elucidated by NMR spectroscopy [69]. The
theoretical 3Jy; ; averages calculated from MD simulation, when com-
pared to NMR spectroscopy data [69], showed considerable differences
regarding 3Jy . and 3Jyy,ps values, as presented in Table 2.
The stereoelectronic effect of the fused oxazolone ring, and lack of
parameters for this kind of substituent in Haasnoot—Altona predictions
may contribute to the differences observed. Meanwhile, the theoretical
values of 3J 1 yog, 3T ez and 3Jyz g are close to the experimen-
tal ones, which suggests an appropriate geometry in this molecular
site.

The hexopyranose topology at compound 11 was built based on
parameters developed for N-acetylated hexopyranoses [81,82], after-
wards the GROMOS53A6¢; yc force field. The lower energy associated
to the dihedral angles avoided any empirical adjustment and dis-
played theoretical 3.J n,g averages very close those observed from NMR
spectrocopy [68].

For all ligands analyzed, it is important to point out for possible sol-
vent related differences. The solvation influence on the conformational
properties of carbohydrates consists of a combination of specific inter-
actions among both solute and solvent, including preferential solvation
in more accessible groups and competition between intramolecular
and solute-solvent interactions [83]. This complex combination of
phenomena can change the conformers population equilibrium, adding
up the intrinsic effects of the different solvents [84,85], which affects
the calculation of the NMR spectroscopy properties when averaging
over these molecular clusters [86].

3.2. STA-analogs conformational ensemble

Empirical observations agree that the carbohydrate moiety, at-
tached at one or both nitrogens of indole group, plays a crucial role
in ICZs biological activity [87-89]. With a few exceptions, the N-
glycosylation is curiously restricted to the fused bis-indole-containing
members [90], whose carbohydrate stereochemistry and complexity
were able to affect the biological activity leading to changes in cy-
totoxicity [89,91]. It has been reported that glycosylated ICZs are
more potent antitumor agents than its corresponding aglycone form,
while structural modifications at these carbohydrates play a role on
the selectivity towards different tumor cell lines [89,92].

It is well reported that carbohydrate intrinsic structural features
represent difficulties for structures description by experimental tech-
niques, such as X-ray crystallography and NMR spectroscopy. In fact,
the structural complexity of carbohydrate chains, including their het-
erogeneity and flexibility, combined with the non-availability of these
compounds in sufficient quantities have hindered structural studies of
carbohydrates [93]. Furthermore, its conformation depends on ring
strain, stereoelectronic effects and changes in electronic density of the
substituents, that can lower the barrier between conformers and allow
dynamics conformational changes [94,95].

In addition to quantum mechanical methods, calculations based
on well parameterized force fields, such as MD simulations, are able
to provide detailed and accurate conformational description of carbo-
hydrates in solution [28,96,97], while the comparison to NMR spec-
troscopy data can be numerically assessed resorting both vicinal cou-
pling constants, estimated using the Haasnoot-Altona equation, and
Cremer-Pople puckering coordinates.
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The compound 1 and its hydroxylated and oxygenated derivatives,
compounds 3-6, share the same carbohydrate moiety, an aminopy-
ranose with a 3’-amino group attached to the chromophore by two
N-glycosylations. Previous analyses observed that this aminopyranose
presents two main conformational states in solution, corresponding to
boat and chair conformations, which are sensitive to the protonation
state of the 3’-amine group [65]. Accordingly, our simulation showed
the conformational transition between B;, and 1C, states, showing
the coexistence of both conformers in solution (Fig. 5). Two factors
were previously reported as able to facilitate conformational transitions
between B o and 'C4 conformations. The axial 3-amine group in !C,
would act as a destabilizing factor of the chair form [98], and the
cationic form favors the transition to the boat conformation, which
allows for a better solvation of the ammonium group [99]. In water,
the 3’-amine group is readily ionized, contributing to the variation of
the conformational equilibrium due to the stereoelectronic effects, that
involve dipolar component [100] and may be solvent sensitive [101].
The enhanced sampling simulations confirmed the B; 5 and 1c, share
the global minima, but also indicated a local minima corresponding to
4Gy (€5 < 0.9, €4 < 0.6), as showed the FEL in Fig. 5. The energy barrier
between Bs o and ! C, states was observed to be <20 kJ mol~?, allowing
a frequent interconversion during the unbiased simulation, while 4C;
state remains isolated by a barrier of at least 140 kJ mol~! and was not
sampled during the 1 ps simulated, since it is an unlikely state under
normal solution conditions.

Compound 3 is a known enhancer of cytotoxic agents [16], and
occupies the same position of compound 1 in kinase ATP-binding site,
conserving carbohydrate boat geometry and interactions, as revealed
by crystallographic complexes (PDB ID 10KZ, INVQ, 1AQ1 and 1STC).
However, the strong affinity of compound 3 for alpha-acid glycoprotein
2 (AGP2) leads a significant impact on its efficacy, due decreasing the
drug distribution [102]. Unlike the boat conformation in complexes
with kinases, it seems the chair is present when compound 3 complexes
with AGP2, as reveled the crystallographic complex 70UB [103]. Our
data, estimates the high frequency and interconversion between both
conformers in biological solutions and, by using the parameters pro-
posed here, structural strategies to avoid the chair conformation could
be implemented aiming to prevent the binding to nonspecific plasma
proteins like AGP2.

In contrast to compound 1, compound 2 lacks the 3’-amine group
available to H-bonding. On average, compound 2 binds to protein
kinases more weakly than compound 1 and the loss of this H-bond
likely contributes to the lower binding affinity [104]. The additional
N-methylbenzamide group in compound 2 also caused some modifi-
cations in FEL of the puckering metadynamics when compared to the
compound 1. The main difference was the formation of a single and
bigger valley involving regions compatible to the 1C,, B; o, and 284
conformers (¢, < 0.8, €y < 0.7) (Fig. 5). During the unbiased simulation
the 1C, conformer was prevalent, although B3, and 2Sy also were
populated. The prevalence of !C, state can be favored by the inter-
action between the benzene ring belonging to the N-methylbenzamide
substituent and the five members ring from the indole (pyrrole) bonded
to C1’, potentially associated to a = — z interactions. The average
distance between the rings was 0.55 + 0.05 nm, while the minimum
distance was about 0.3 nm, consistent with molecular planes separated
by interplanar distances of about 0.33 to 0.38 nm, to which the = —
& interaction is attributed [105]. On the other hand, the maximum
distance was about 0.7 nm and was reached when the carbohydrate
6 angle was compatible to the B3 ; state, whose geometry keeps away
the benzene ring from the chromophore, as presented in Fig. 6 B. As
occurs with other complexes involving STA-analogs, the compound 2
carbohydrate also appears in the boat state when complexed to dual-
specificity tyrosine phosphorylation-regulated kinase 1 A (DYRK1 A,
PDB ID 4NCT). This conformation places the phenyl ring outside the
ATP cavity where it takes part of a hydrophobic interaction [104].
Supporting the apparent rigidity of this molecule moiety, the dihedrals
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Fig. 5. Puckering of the STA-analogs carbohydrate moiety. The free energy landscape (FEL) of the hexopyranose nuclei obtained from metadynamics calculations as a function of
the 6 and ¢ angles is presented. The ¢ angle distribution through unbiased molecular dynamics simulations and the cluster representative conformers are also included.

distribution of the N-methylbenzamide substituent, shown in Fig. 6 A,
suggested small flexibility of these bonds, that can be influenced by the
resonance effect involving the carbonyl group and the nitrogen lone
pair, further on the intramolecular = — r interaction. Such interactions
could aid in the improvement of SARs for this class of molecules, and

affinity.

be explored in the design of new compounds with improved binding

Concerning compounds 7 and 8, the stereochemical variation of the
two N-glycosylation geometry and the additional unsaturation between
C4 and C5’, which produce a resonant effect with the endocyclic
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Fig. 5. (continued).

oxygen, contribute to the rigidity of the system observed during the MD
simulation and evidenced in the metadynamics approach (e, < 0.4, €, <
0.3). It is likely that, this chemical configuration keeps the carbohydrate
at E; and 'H, conformers, as showed the study of the compound 7
hexopyranose puckering presented in Fig. 5.

To illustrate the use of hexopyranose unusual conformations in drug
design, let us to draw a parallel with the drug zanamivir (13), whose
structure is shown in Fig. 7. This antiviral was designed to improve
a well-known sialidase inhibitor, the Neu5Ac2en neuraminic acid, by
the rational inclusion of a guanidine substituent in a hexopyranose
ring to target a negatively charged pocket near the active site in
sialidades [106]. The inhibitor, compound 13, which has a double bond
between C2’ and C3’, had not present the expected success. It would not
be able to assume the “Hjy transition state, predicted to bind to siali-
dases, while only the E5 conformer was observed in complexes [107].
The compound 13 was associated with reduced binding avidity to the
enzyme, which still showed some catalytic competence [106,108]. The
compound 7, on the other hand, presented both E, and 'H, conformers
during the simulation. A careful comparison between the compounds 7
and 13 structures, point out the simplest exocyclic groups in the ICZ
hexopyranose that are not large enough to establish intramolecular in-
teractions and thus to influence conformational states [94,95]. Based on
this comparison and on the presence of intramolecular interactions sta-
bilizing conformers in hexopyranoses, observed from our simulations,
a kind of intramolecular electrostatic effect would also be compatible
in compound 13, promoting the Es stabilization due to its large and
polar substituents.

The absence of the endocyclic unsaturation in compound 9 re-
laxes the ring system rigidity of streptocarbazoles. The analysis of the
hexopyranose ¢ angle distribution showed the prevalence of the!C,
conformer, while the®S, was more rarely populated. By enhanced
sampling analysis it was observed that both conformers are separated
by an energy barrier of at least 20 kJ mol~, relatively high to the easy
transition between each other (¢y < 0.2, €, < 0.2), justifying the poor
frequency of the®S, state during the unbiased simulation (Fig. 5).

The analysis of 6 angle distribution in compound 10 hexopyranose
showed the prevalence of 1C4, while B3, and 2Sy conformers were
also populated. The unsaturation bonding NOH group to C3’ adds
rigidity to this ring site, while maintains some symmetry during the
conformational itinerary. Analyzing Fig. 5 one can realize the confor-
mational states transit through chair, envelope and boat maintaining
the regularity of ¢ angle among 160° and 180°. By enhanced sampling
analysis it was observed that the minima are separated by an energy
barrier of less than 20 kJ mol~!, allowing the conformers transition
during the simulation (¢, < 0.3, €y < 0.3).

NMR spectroscopy data suggest the most likely conformation of
the compound 11 hexopyranose in solution would be 4C; [68], thus
the start geometry for simulations was built in this state. The MD
showed 6 angles distribution ranging from ~ 0° to ~ 100°, thereby
enhanced sampling calculations were performed to better identify these
conformers based on Cremer-Pople coordinates. Surprisingly, the FEL
did not showed the global minimum near the “C; region. Instead, two
local minima were observed in !C, and 2S, regions (e; < 0.7, ¢, < 0.4)
as presented in Fig. 5. Based on the metadynamics FEL, it is possible
to point out that the carbohydrate transited between the conformers
33,,°H;, and #C; during the unbiased simulation. Its respective local
minima valleys are poorly defined, allowing the spontaneous conform-
ers interconversion in solution, within a region of about 40 kJ mol~1.
An energy barrier of at least 90 kJ mol~! was observed to separate the
sampled states from the global energy minima region, which is high
enough to make difficult the observation of the !C4 and 2S, conformers
during the unbiased simulation starting from 4C;.

To better investigate the structural features implicated in the confor-
mational dynamics of compound 11, simulations using 1C, as hexopy-
ranose starting geometry, analyses of N-glycosidic bond angle distribu-
tion and intramolecular interactions were carried out. The simulation
starting from 1C, geometry presented frequent transition between 1C,
and 2S, conformers. The carbohydrate puckering metadynamics re-
sulted in a FEL showing the same two energy minima, while it did not
present the local minima observed when the simulation started from
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Fig. 7. Structure of zanamivir (13), the antiviral designed to inhibit sialidases resorting
the rational inclusion of a guanidine substituent in a hexopyranose ring.

the 4C; geometry (¢, < 0.4, €, < 0.3), as presented in Fig. 5. The
N-glycosidic dihedral angle average was 90.5 + 52° starting from 1C,,
while it was —119.5 + 34° starting from #C;. The enhanced sampling of
the N-glycosidic bond angle distribution showed two energy minima,
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which coincide with the dihedral angles averages observed during both
simulations, as showed in Fig. 8 A. The observed differences may be
associated to factors that limit the rotational freedom degrees of the
N-glycosidic bond and the free conformational interconversion of the
carbohydrate. The energy cost for the N-glycosidic bond to populate the
two main conformation is at least 30 kJ mol~!, when starting from 4C;
(Fig. 8 A). However, starting from C,, the cost is at least 80 kJ mol ™!,
unlikely to be achieved under normal conditions in solution. In addition
to the energetic component of N-glycosidic bond, intramolecular inter-
actions can modulate the hexopyranose molecular flexibility, stabilizing
some conformations. It was already observed in silico that the presence
of exocyclic groups makes rich conformational landscapes, affecting the
conformer transition of the hexopyranose rings. Intramolecular inter-
actions in free f-N-acetylglucosamine stabilized the °E conformation,
favored by the proximity of N-acetyl arm (attached in C2’) to the
hydroxyl group at the neighboring carbon [95]. On the same direction,
a detailed analysis of the distance between the polar groups showed
that electrostatic interactions can modulate the N-acetylated hexopy-
ranose puckering in compound 11. From the simulation started with
4C; geometry, the minimum distance between indole amine group and
acetyl oxygen was about 0.12 nm (average distance of 0.35 + 0.02 nm)
and occurred when # < 90°, what is compatible with °H; and “C;
conformers. On the other hand, indole amine group and acetyl oxygen
presented increase of the distance between each other associated to
0 ~ 90° and accompanied by approximation of the 4’-oxygen and acetyl
amine groups until 0.20 nm (average distance of 0.32 + 0.02 nm), what
is compatible with the 381 conformer (Fig. 8 B). The simulation started
from 1C, showed that the minimum distance between 4’-oxygen and
acetyl amine groups was 0.24 nm (average distance of 0.32 + 0.02 nm),
what is compatible with the 1C, state. The minimum distance between
4’-hydroxyl to the acetyl oxygen was until 0.18 nm (average distance
of 0.38 + 0.06 nm) which is, on the other hand, compatible with 2So
state (Fig. 8 C).

Regarding the compound 12, the ring strain generated from the
complexity of the tricyclic structure, allied to the dynamic stereo-
electronic and electrosctatic changes [94,95], may contribute to favor
the broad conformer interconversion observed during the simulation.
The 6 angle was distributed between ~ 85° and ~ 180°, indicating a
great flexibility in the conformational transition of the hexopyranose in
compound 12. Moreover, the FEL from enhanced sampling calculations
showed a large valley that holds conformations within the angular
coordinates of § > 90° combined with 120° < ¢ < 210°, comprising
B3 0, %S0, Eg, °Hy, and 1C4 and confirming the broad flexibility (e, <
0.9, ¢, < 0.8).

The anticancer and antimicrobial properties of these small ligands
are involved in the inhibition of several protein kinases, including
various isoforms and cyclin-dependent kinases in a competitive ATP-
binding site fashion [6,109]. The boat state is expected to be the bioac-
tive conformer, once crystallographic structures showed the inhibitor
complexed to the ATP-binding site in this state, what is accompanied
by conformational induced fit on residues in the target proteins to
accommodate the bigger volume of the ligands when compared to
the ATP substrate [104,110]. Our simulation showed the coexistence
of different conformational states of STA-analogs hexopyranoses in
aqueous solution, with variable frequencies, depending on the car-
bohydrate complexity. The accessibility of interconversion between
conformational states observed for these ligands might correlate with
a conformational selection as a model to describe kinetic data of com-
plexation on these molecular systems. Furthermore, the interconvertion
equilibrium may be biased by the presence of a given protein target,
thus ligands may bind its respective targets in an atroposelective-like
way [111].
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Fig. 8. Flexibility of the N-acetylated hexopyranose in compound 11. The dihedral angle distribution of N-glycosidic bond is associated to the hexopyranose geometry (A). The
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minima distances are indicated.
3.3. Interactions with water bulk

Direct ligand-receptor interaction is not the only factor determining
the binding affinity between ligand and target molecule. In addition to
electrostatic forces, one of the most important processes contributing
to the binding free energy is desolvation. Water molecules play a
crucial role in the mutual recognition of proteins and ligands during the
complexation. Previously the complexation, both the protein binding
site and the ligand are solvated, hence energy is needed to remove its
water shells to allow the access of the ligand to the protein environ-
ment [112,113]. Have been suggested that aspects involving the ligand
desolvation can result in differences in binding affinity. The ligand
desolvation cost may be compensated by subsequent ligand-receptor
interactions, while the exact balance between these contributions has
an important role in determining the resulting affinity of the ligand for
the protein [114]. In this regard, to assess aspects of the interaction
between the free ligand with the water bulk can probe potential polar
ligand-receptor interactions, as well can identify polar groups unavail-
able or less likely for interactions upon complexation. Such estimates
can be accurately performed based on measures of the ligand energy
cost for desolvation.

From MD simulations of STA-analogs in aqueous solvent, measures
of its interaction with water were obtained from all polar atom and
presented by Averyg, Lifetimeyy and AGyy for interaction breakage,
which can be consulted in Table S2 (supplementary material). Polar
atoms that showed first solvation layer within 0.5 nm are discussed
and enthalpies of desolvation are compared between the ligands to infer
differences in binding affinities.

Regarding the chromophore in STA-analogs, the main polar interac-
tions observed at compound 1 are centered at the lactam ring, through
atoms 5-carbonyl and 6-amine (Table 3). Ranging from 8.61 + 0.03
to 11.07 + 0.02 kJ mol~1, these interactions undergo different inter-
ference levels by substitutions on the chromophore. The desolvation
enthalpy can be reduced up to 7.69 + 0.02 kJ mol~! when a hydroxyl
group is added at R7, directly on the lactam ring, as occurs in com-
pound 3 and its stereoisomer UCN-02 (4), competing with 5-carbonyl
and 6-amine for the solvent interaction. The SDF analysis showed the
changes of the water molecules spacial distribution, that is, how the
water bulk shifts from 5-carbonyl surrounding to nearby of the 7-
hydroxyl groups. As shown in Fig. 9, the water bulk responds to the
attractive electrostatic effect of the additional polar group, according
to the 7-hydroxyl group stereochemistry of each compound.
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These changes in the hydration water structure are in agreement
with data observed by X-ray diffraction. Compounds 1 and 3 occupy
the same ATP-binding site in different kinase proteins, both compounds
make very similar hydrophobic interactions involving the apolar ring
system, and conserve the H-bonds from the lactam ring and from the
carbohydrate. The differences occur regarding the 7-hydroxyl group
at compound 3, which makes additional H-bonds with surrounding
residues in kinases, accompanied by coordination water molecules in
distinct regions [110,115]. The SDF analysis showed the presence of
water bulk in regions compatible with the location of these coordi-
nate water molecules empirically described, as pointed out in Fig. 9
A and B. These observations reinforce the predictive power of us-
ing ligand-solvent interactions, obtained by MD simulations, to probe
ligand-receptor interactions.

The kinases inhibited by compound 3 show residues presenting side
chains able to make H-bond with the 7-hydroxyl group, in the hydroxyl-
group-binding pocket site [110]. Regarding compound 4, however,
there is a little structural data available in the literature. A recent study
points to the H-bond lost and probable clash with hydrophobic residues,
besides shift of the ligand optimal binding pose when the reverse
position of 7-hydroxyl group is present [103]. Alternative positions of
hydroxyl group constitute valuable information for aiding the discovery
of more specific analogs, since previous studies with compound 3
showed that the hydroxyl at lactam ring was responsible for differential
interaction with kinases [110]. Indeed, as occurs with compound 3, the
structural water incorporation is thought to be a promising approach
to enhance the binding affinity, once the binding site can be extended
by water molecules mediation and additional hydrogen bonds can be
formed [116].

The substitution features at the lactam ring was observed to inter-
fere in the solvation shell surrounding the amide atoms, suggesting a
possible influence on both accessibility and strength of polar interac-
tions of this ring and target molecules of STA-analogs. The inclusion of
a second H-bond acceptor at the ring reduces the 5-oxygen interaction
with the solvent by 3 kJ mol~!, while adds an interaction of at least
7.69 + 0.04 kJ mol~! at 7-hydroxyl (Table 3) and reflects in the RDF
decline around 5-oxygen, in compounds 3 and 4, as presented in Fig. 9.
On the other hand, desolvation costs increasing by 5 kJ mol~! at 6-
amine group is observed together the symmetry of maleimide ring in
compounds 5 and 6. The additional 7-carbonyl represents itself at least
10.68 + 0.02 kJ mol~! (Table 3) and contributes to define the first
solvation layer of 6-nitrogen before 0.3 nm, as presented in Fig. 9.
One second H-bonding group disrupts the solvent shell surrounding
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Table 3
Desolvation entalphies of the STA-analog chromophore suggest competitive or additive effects between nearby polar centers for the interaction
with water.
AGyp + sd (kJ mol™!)
Analog 3-OH 5=0 6-NH 7-OH 7=0 8-OH 9-OH
1 - 11.07 + 0.02 8.61 + 0.03 - - - -
3 - 7.92 + 0.02 7.69 + 0.02 7.99 + 0.02 - - -
4 - 7.97 + 0.02 7.72 + 0.01 7.69 + 0.04 - - -
5 - 9.99 + 0.02 13.18 + 0.04 - 10.68 + 0.02 9.32 + 0.06 7.94 + 0.03
6 7.72 + 0.03 9.90 + 0.02 13.16 + 0.04 - 10.69 + 0.04 9.35 + 0.06 7.97 + 0.05
RDF RDF RDF RDF
Compound 1 Compound 3 and 4 Compound 5 Compound 6
2.0 2.0r 2.0~ 2.0- - 03
- 05
— N6
1.5F 15 1.5- - 07
- 08
1,00 H -0
1,0 , 1,0 -
— 04'
0.5/ 0.5 0.5-
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Fig. 9. Radial Distribution Functions (RDF) and Spatial Distribution Functions (SDF) of water. The SDF of compound 1 (magenta) and compound 3 (green) show solvation changes
when 7-hydroxyl group is present, using isovalue 11 (A), while water bulk near the 5-carbonyl at compound 3 just appears with isovalue 9 (B). The solvation shell reduction
around 5-carbonyl is evidenced in the RDF decline in compounds 3 and 4. The dotted circles show regions compatible with the location of coordinate water empirically described
by X-ray diffraction. The SDF of compound 5 (orange) shows an additional water bulk around the carbohydrate amine group, when compared to that of the compound 6 (purple),
using isovalue 14 (C), while RDF shows increase of solvation at 3’-nitrogen atom. The solvation shell around the 3-hydroxyl group at compound 6 just appears if expanded its
SDF, using isovalue 12 (D), while the RDF shows the distance magnitude. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

the lactam ring, thus, adding a hydroxyl or carbonyl group at R7
increases up to 14 kJ mol~! the global contribution for interactions
with the solvent, which may help to understand the structure-activity
relationship (SAR) for this group of compounds, particularly the effect
of these modifications on STA-analogs activities.

On the other hand, the inclusion of hydroxyl groups at the chro-
mophore seems to be able to influence the ligand solvation reinforcing
the interaction of the solvent with the maleimide polar centers, espe-
cially in the compounds 5 and 6. The proximity of the 8-hydroxyl to
7-carbonyl appears to trap the water shell between the groups, raising
the desolvation cost in maleimide polar centers, as presented in Table 3.
Farther from the maleimide ring, the first solvation layer of 3-hydroxyl
at compound 6 is slightly displaced from the polar center, as shown
in Fig. 9 by the dotted line in the RDF and after expansion of the SDF
to make the solvent observable around this group (Fig. 9 C and D).
This suggests that substitutions on the chromophore possess a small
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potential to interfere negatively in the maleimide interactions with the
target receptor, but could in turn potentiate such interactions.

Regarding the water bulk distribution around STA-analog hexopy-
ranoses it was observed two different situations. From compounds
with two glycosidic bond attaching the carbohydrate moiety, the in-
dole nitrogens and 5’-oxygen have no good availability for H-bonding
since they did not showed the first solvation layer well defined until
0.5 nm. In these cases, the availability for H-bonding belongs to the
polar centers in the substitution groups, whose particularities are next
presented. Differently, the compound 11, presenting just one glycosidic
bond, has the 12-amine group available for H-bonding, which includes
13.17 + 2.19 kJ mol~! in the chromophore enthalpy (Table S2). More-
over, this configuration in carbohydrate moiety, allows the 5’-oxygen
to include 5.57 + 0.07 kJ mol~! in the interaction with the solvent or
target receptor, as presented in Table 4, which shows hexopyranoses
desolvation costs.
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Table 4
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Desolvation entalphies of the STA-analog hexopyranoses show differences in H-bonding affinity, that can reflect the strength to binding the

target receptor.

R6'

7 R6"OH
8 R6"H

3
& o
AGyy + sd (kJ mol™)

Compound 3’-nitrogen 3’-oxygen 4’-oxygen 5’-oxygen 6’-oxygen
2 1.96 + 0.59 12.36 + 0.54 7.24 + 0.21 - -

5 14.24 + 0.06 - 4.48 + 0.10 - -

6 16.72 + 0.22 - 3.25 + 0.18 - -

7 - 3.29 + 0.96 5.98 + 0.24 - 10.54 + 0.02
8 - 4.30 = 1.10 6.82 + 0.24 - -

9 - 11.76 + 0.03 11.97 + 0.07 - -

10 8.96 + 0.04 12.35 + 0.06 6.65 + 0.09 - -

11 11.54 + 0.24 10.76 + 0.31 10.89 + 0.03 5.57 + 0.07 -

12 1.76 + 0.33 7.25 + 0.04 6.42 + 0.04 - -

The measurements include hydrogen when colored in the figure.

About the compound 5, the lack of the methyl group attached to
carbohydrate amine increases the solvation concentration around this
group. The raising in the RDF peaks is accompanied by a third water
bulk around the nitrogen atom (Fig. 9 C and D), resulting from the addi-
tional H-bond donor availability which increases the Averyp in amine
group to 2.77 + 0.49, when compared to 1.88 + 0.35 in compound
6 methylamine group (Table S2). However, is arranged a consequent
distribution of the desolvation cost between the H-bond donors and
acceptor centers, as shown by the enthalpy change in nitrogen atom,
from 16.72 + 0.22 kJ mol~! in compound 6 to 14.24 + 0.06 kJ mol~!
in compound 5, as presented in Table 4.

Each hydroxyl group in hexopyranoses represent at least 10 kJ mol~!
as observed in compounds 7, 9, 10, and 11 (Table 4), an important
contribution to tightly H-bonding the water, and possibly the target
receptor. The proximity between polar centers, belonging to the same
substituent, in compounds 10 and 11 seems to cause an additive effect
in its water affinity, once the average energy remains high, even in
the presence of unsaturation. The same effect was not observed in
compound 12, whose heterocycle fused to the hexopyranose ring can
decrease the solvent accessibility, possibly due to geometry effects
keeping the polar centers near the apolar chromophore and CH,
groups.

The AGyy values obtained for the desolvation of polar atoms in STA-
analogs have positive values, indicating the need of an energy gain to
break the H-bond with water molecules. In this regard, to improve the
affinity and selectivity of STA-analogs, the rational design of derivatives
needs to be planned keeping in mind that the interaction energy of
the ligand with the target should be large enough to compensate the
desolvation enthalpy costs, or the ligand structure should be modified
in order to reduce such costs. Still, the displacement of its hydration
shell is expected to result in an affinity gain when the ligand binds
to the target in a complementary way, that is, hydrophobic regions in
the ligand interact with hydrophobic residues in the protein and polar
atoms in the ligand interact with polar atoms in the protein [114,117,
118].

The differences of STA-analogs to H-bonding water can be thought
as differences in ligand availability and strength to bind the target
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receptor. The prediction of interaction with the solvent derived from
MD simulations in water is useful to understand the solvent role in pre-
complexation states of STA-analog ligands. The crucial role played by
hydration had been showed through conformational changes observed
when compared crystal and hydrated structures of the ligand [114],
what supports the importance of observing the dynamics of STA-
analogs in solution and not only consider crystallographic data of
these ligands in approaches aiming to develop its application against
therapeutic targets.

4. Conclusions

In this article we present theoretical models empirically fitted to
quantum mechanics to reproduce, through molecular mechanics, de-
tailed structural information of STA-analogs analyzed by molecular
simulations in aqueous solution. The obtained data, regarding the in-
teraction of the molecules with the biological solvent and its molecular
flexibility, helps to elucidate features involved in biological activity of
the compounds.

The comprehensive puckering study of STA-analog carbohydrates
presented, as well the multiple exocyclic groups and its degrees of
freedom represent a potential factor to be exploited to expand the
therapeutic potential of these compounds. In addition, the transition be-
tween conformers, observed in the carbohydrate moiety, expanded the
perception of the conformational space of these ligands, and revealed
the limiting character of classical experimental techniques, which gen-
erally indicate values of conformational averages, as occurs in NMR
spectroscopy. The coordinate usage of computational chemistry and
experimental data from NMR can provide access to biologically relevant
conformations that can guide rational design of compounds or drive
preferences for synthesis or biological characterization of new ligands.

The estimates of interaction between ligand and water, presented
here in atomic level, constitute valuable information for the rational
design of analogs with improved affinity and selectivity. In this sense,
the changes regarding the availability to H-bonding, observed for dif-
ferent polar substituents can reflect on effects at complexation free
energy due to variation on desolvation energetic costs. Furthermore,
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the stereochemistry and small structural variations could dramatically
influence the biological activities of STA-analogs, which requests fur-
ther SAR studies aiming the development of new drugs, as selectivity
is an unsolved problem for kinase inhibitors.

Finally, to know in detail the kinase inhibitors dynamic in solution is
important not only for the treatment of diseases, but also for constitute
scaffold boards in research to further understand the physiological
roles of kinases. These structural data provide a systemic framework
for rational chemical modification of STA-analog ligands and may
contribute to the design of more selective kinase inhibitors.
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Supplementary Material

Table S1: Values resultings of xy dispersion and of diedral potential relaxation for the hexopyranoses
puckering study in STA-analogs.

Compound 1 Compound 12
3 Jun NMR  original 10% 1.0% 0.1% NMR  original 10% 1.0% 0.1%
H1-H2'a 94 57410 7.9+11 84409 84409 100 54410 82+1.1 85409 85+0.9
H1-H2'e 1.8 21408 17+1.3 21+1.6 22+1.6 6.0 23408 16+12 16+12 1.7+12
H2'a-H3' 7.4  6.0+12 7.9+24 7.04+28 7.04+2.8 120 49+12 89+1.3 01412 9.1+1.2
H2'e-H3' 112 13405 4.1+44 6.9+4.8 6.9+4.8 53 1.9+40.7 46+36 57+3.4 59+33
H3-H4' 1.6 49409 6.4+1.4 6.1+1.7 6.1+£1.7 88 65+0.6 7.840.8 7.840.8 7.840.8




Table S2: Measures of interaction between STA-analogs and water. The average of H-bonds formed
during 1 us simulations are shown with the respective lifetime and free-energy of breakage at each

polar atom.
Compound Group Averyg & sd  Lifetimeyg + sd (ps) AGug + sd (kJ/mol)  AC x?
1 5-oxygen 2.5774+0.67 14.01140.11 11.0724-0.02 0.002
6-NH 0.916+0.60 5.195+0.08 8.613+0.03 0.007
12-nitrogen  0.020+0.01 0.323+0.04 1.7254+0.28 0.043
13-nitrogen  0.007+0.00 0.44340.45 2.511£1.80 0.058
3'-NH,™* 1.893+0.34 189.20417.52 17.5254+0.22 <0.001
4'-oxygen 0.023£0.15 0.4104+0.03 2.320+0.18 0.026
5'-oxygen 0.003=£0.00 6.178+4.17 0.0424-8.20 0.062
2 5-oxygen 2.587+0.61 14.165+0.13 11.099+0.02 0.002
6-NH 0.91440.66 5.212+0.07 8.621+0.04 0.008
12-nitrogen  0.026+0.01 0.312+0.04 1.642+0.32 0.033
13-nitrogen  0.009+0.00 0.360+0.43 1.9954-0.98 0.055
3'-nitrogen  0.009+0.09 0.35640.11 1.96940.59 0.044
3'-oxygen 1.540+0.54 23.616+4.71 12.36640.54 0.003
4'-oxygen 0.17140.38 2.99340.25 7.245+0.21 0.028
5'-oxygen 0.006+0.00 0.439+3.02 2.489+5.19 0.058
3 5-oxygen 1.150+0.65 3.938+0.03 7.926+0.02 0.009
6-NH 0.67040.51 3.591+0.06 7.697+0.02 0.008
7-OH 1.045+0.74 4.044+0.04 7.992+0.02 0.016
12-nitrogen  0.044+0.00 0.485+0.05 2.732+0.16 0.031
13-nitrogen  0.01840.00 0.310+1.62 1.621+0.36 0.045
3'-NH,* 1.895+0.34 179.34+16.23 17.3924-0.21 <0.001
4’-oxygen 0.0234-0.14 0.373£0.03 2.085+0.18 0.030
5’-oxygen 0.00440.00 1.007+4.54 4.544+5.50 0.061
4 5-oxygen 1.160+0.64 4.010+0.03 7.9714+0.02 0.009
6-NH 0.67440.51 3.626+0.06 7.721+0.01 0.008
7-OH 1.079+0.74 3.58440.03 7.692+0.04 0.013
12-nitrogen  0.040+0.01 0.45540.05 2.574+0.10 0.032
13-nitrogen  0.014+0.00 0.29840.05 1.5314+0.33 0.045
3'-NH,™* 1.904+0.33 408.83+23.24 19.4354+0.12 <0.001
4'-oxygen 0.017+0.13 0.344+0.03 1.886+0.26 0.036
5'-oxygen 0.0044+0.00 1.133+5.34 4.83745.31 0.061
5 5-oxygen 1.518+0.58 9.080+0.46 9.997+0.02 0.003
6-NH 0.963+0.15 32.804+0.65 13.18140.04 <0.001
7-oxygen 1.678+0.63 11.97240.21 10.682+0.02 0.004
8-OH 1.0814+0.53 6.927+0.16 0.326+0.06 0.011
9-OH 1.106+0.59 3.964+0.08 7.942+0.03 0.010
12-nitrogen  0.008+0.00 0.299+0.04 1.5324+0.58 0.047
13-nitrogen  0.006+0.00 0.439+0.04 2.485+3.92 0.056
3'-NH3™* 2.77240.49 50.592+15.05 14.24340.06 <0.001
4'-oxygen 0.059+0.23 0.983+0.04 4.484+0.10 0.020
5'-oxygen 0.0044-0.00 1.145+5.28 4.8644+4.90 0.055
6 3-OH 1.111+0.56 3.627+0.04 7.722+0.03 0.011
5-oxygen 1.49940.59 8.743+0.47 9.903+0.02 0.004
6-NH 0.966+0.15 32.639+0.63 13.168+0.04 <0.001
7-oxygen 1.6794+0.62 12.040+0.19 10.696-+0.04 0.004
8-OH 1.083+0.54 7.002+0.17 9.3524-0.06 0.011
9-OH 1.109+0.59 4.019+0.09 7.976+0.05 0.010
12-nitrogen  0.007+£0.00 0.292+0.04 1.478+0.52 0.048
13-nitrogen  0.006+-0.00 0.44440.05 2.518+1.09 0.059
3'-NH,* 1.884+0.35 137.176+18.45 16.7284+0.22 <0.001
4'-oxygen 0.03440.18 0.598+0.04 3.254+0.18 0.021



5'-oxygen 0.003£0.00 1.038+4.89 4.621+6.56 0.056

7 5-oxygen 2.048+0.64 9.617+0.12 10.13940.03 0.003
6-NH 0.890+0.60 5.001+1.13 8.5184+0.04 0.007

12-nitrogen  0.027+0.01 0.439+0.04 2.487+0.80 0.035
13-nitrogen  0.021+0.00 0.303£0.04 1.566+0.29 0.043
3’-oxygen 0.055+0.22 0.609+0.25 3.299+0.96 0.022
4’-oxygen 0.178+0.38 1.803+0.18 5.989+0.24 0.027
5’-oxygen 0.018+0.00 0.392+0.45 2.205+0.42 0.051

6'-OH 2.191+0.64 11.320+0.11 10.54340.02 0.003

8 5-oxygen 2.052+0.54 9.633+0.13 10.14340.03 0.003
6-NH 0.889+0.60 4.913+1.08 8.4744+0.02 0.007

12-nitrogen  0.050+0.02 0.635+0.03 3.4024+0.91 0.033
13-nitrogen  0.027+0.01 0.330+0.04 1.779+0.30 0.040
3'-oxygen 0.090+0.03 0.913+0.28 4.302+1.10 0.023
4’-oxygen 0.247+0.41 2.522+0.20 6.821+0.24 0.025
5’-oxygen 0.013+0.00 0.519+0.55 2.903+1.42 0.057

9 5-oxygen 2.047+0.65 9.672+0.13 10.1534+0.02 0.003
6-NH 0.885+0.60 4.927+1.12 8.4814+0.04 0.007

12-nitrogen  0.028+0.00 0.456+0.04 2.58140.16 0.031
13-nitrogen  0.026+0.00 0.572+0.04 1.8174+0.23 0.042

3'-OH 1.289+0.73 18.5214+0.24 11.76440.03 0.004

4'-OH 1.767+0.63 20.153+0.26 11.97340.07 0.003

5’-oxygen 0.012+0.00 0.451+0.46 2.5544+1.03 0.056

10 5-oxygen 2.572+0.60 13.601+0.12 10.998+40.02 0.002
6-NH 0.908+0.63 5.037+0.07 8.5636+0.03 0.008

12-nitrogen  0.029+0.00 0.339+0.04 1.844+0.20 0.034
13-nitrogen  0.008+0.00 0.339+0.04 1.844+0.20 0.055
3'-nitrogen  0.98640.65 5.981+0.11 8.962+0.04 0.010

3'-OH 2.136£0.75 23.530+0.11 12.35740.06 0.007

4'-oxygen 0.185+0.39 2.354+0.25 6.650+0.09 0.030
5’-oxygen 0.004+0.00 1.090+3.25 4.743+7.62 0.061

11 5-oxygen 2.561+0.60 13.68340.11 11.01340.02 0.002
6-NH 0.912+0.63 5.113+0.06 8.573+0.04 0.008

12-nitrogen  0.475+0.59 32.692+14.39 13.172+£2.19 0.010
13-nitrogen  0.024+0.00 0.311£0.04 1.6314+0.44 0.043

3'-NH 0.924+0.29 16.920+0.11 11.540+0.24 0.001

3'-oxygen 1.2194+0.75 12.401+0.11 10.76940.31 0.004

4'-OH 1.988+0.62 13.0484+0.12 10.89540.03 0.002

5'-oxygen 0.215+0.41 1.527+4.37 5.578+0.07 0.017

12 5-oxygen 2.576+0.60 13.42940.12 10.967+£0.02 0.002
6-NH 0.910+0.63 4.898+0.05 8.466+0.03 0.008

12-nitrogen  0.026+0.00 0.354+0.05 1.954+0.11 0.043
13-nitrogen  0.011+0.00 0.397+0.04 2.23840.60 0.058
3'-nitrogen  0.008+0.09 0.329+0.04 1.769+0.33 0.047
4’-oxygen 0.386+0.50 2.145+0.04 6.420+0.04 0.020
5’-oxygen 0.004+0.00 1.144+4.51 4.861+9.02 0.055
1"-oxygen 0.990+0.07 3.002+0.05 7.2534+0.04 0.021




82 Capitulo 5. Resultados

5.2 Capitulo Il: Dinamica Conformacional e da Afinidade de Inte-

racdo com o Solvente de Rebecamicina e Derivados

5.2.1 Preambulo

A atividade de bloqueio do ciclo celular mediada pelos ICZs rebecamicina e analogos
estd possivelmente associada a trés dominios funcionais da estrutura dos ligantes. No
cromoéforo, o anel maleimida constitui um dominio de interagdo com a topoisomerase,
equanto o sistema de carater apolar composto por grupos indolo e carbazola, o dominio de
ligacao intercalante de DNA. O dominio de ligacao ao sulco de DNA e estabilizacao do
complexo seria atribuido a porcao sacaridica. As propriedades terapéuticas antitumoral,
antibacteriana e antifingica sao resultado dessa capacidade intercalante ao DNA e inibitéria
de topoisomerases, originando complexos do ligante ICZ intercalando o DNA clivado ligado
a enzima. Enquanto o sistema apolar de anéis desempenha um papel importante ao
intercalar o DNA, por outro lado reflete em dificuldades na distribuicao tecidual de
rebecamicina e analogos e na sua capacidade de atingir o alvo terapéutico, dentro da

célula, o que tem prejudicado o avanco clinico desses farmacos.

Para melhorar a farmacocinética e farmacodindmica desses ligantes, e assim promo-
ver a obtengao de farmacos mais eficazes, o CADD pode oferecer informagoes valiosas sobre
variagoes estruturais associadas a sua complexacao ao alvo. Assim, através de simulagoes
de dinamica molecular, avaliamos a flexibilidade de rebecamicina e andlogos em solucao
bioldgica e sua interacao com a agua para investigar caracteristicas estruturais e confor-
macionais envolvidas em suas propriedades bioativas. A abordagem empirica do campo de
forca. GROMOS permite reproduzir, em fase condensada, propriedades fisico-quimicas de

sistemas moleculares apds parametrizacao baseada em calculos de mecanica quantica.

A presenca de substituintes de halogénio em rebecamicina e analogos refletiu no
aumento da afinidade por interagoes eletrostaticas com a agua, a partir de grupos polares
vizinhos. A presenca de halogénio em posi¢oes especificas, mostrou favorecer a manutencao
da conformacao bioativa desses ligantes, associada a geometria da ligacao glicosidica. Com
relagdo a porcao sacaridica, a preferéncia conformacional de diferentes apresentagoes da
B-glicose por “C; sugere a prevaléncia desse conférmero em solucdo e diverge de dados
cristalograficos envolvendo um analogo de rebecamicina. Assim, a conformacao *C; da
[-glicose deve ser considerada no planejamento racional de novos bloqueadores do ciclo
celular baseados em rebecamicina, uma vez que representa um elemento chave para a

inibicao da topoisomerase.

Os resultados referentes ao Capitulo II sdo apresentados a seguir, sob a forma de
manuscrito cientifico, preparado seguindo as normas do Journal of Chemical Information
and Modeling.
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Abstract

Therapeutic properties such as antitumor, antibacterial, and antifungal are results
of rebeccamycin and analogs (REB-analogs) DNA intercalative capacity and topoiso-
merase inhibition, disrupting the cellular cycle. Meanwhile, the apolar structure of
REB-analogs reflect in difficulties in tissue distribution and arrival at the therapeutic
target, hindering its clinical advance. To improve its pharmacokinetics and pharma-
codynamics and obtain more effective drugs, computer-aided drug design can offer
valuable information about structural changes in these ligands associated to its target
complexation. Hence, through molecular dynamics simulations, we assessed the REB-
analogs flexibility in biological solution, and their interaction with water to probe
conformational and structural features involved to their bioactive properties. The
empirical approach of GROMOS force field allows to reproduce in condensed phase,
physicochemical properties of molecular systems after parameterization based on quan-
tum mechanics. The presence of halogen substituents in REB-analogs was shown to

enhance the polar groups water affinity, while favoring the maintenance of the bioactive



conformation of these ligands. The observed conformational preference of 8-glucose for
4Cy should be considered in rational design of new analogs, since it represents a key

element for topoisomerase inhibition.

Introduction

A planar ring system consisting of indole and carbazole elements compose the characteristic
structure of an heterocyclic class of compounds called indolocarbazoles (ICZs). The first
member of this compound class were found in streptomycetes! and subsequently isolated
from numerous representatives of flora and fauna.?® The indolo[2,3-a]carbazoles, are the
most extensive and biologically significant subclasses of 1CZs, and include rebeccamycin
(1) as a key compound, which was later isolated from culture of actinomycete Nocardia
aerocolonigenes (Saccharothriz aerocolonigenes).

The ICZs constitute an unique class of indole alkaloids, of natural or synthetic origin,
presenting a variable number of therapeutic properties such as antitumor, antibacterial, anti-
fungal, antiviral,* " antiparasitic,® and neuroprotective® activities. Right after isolated, the
compound 1 showed its cytostatic properties. It inhibited the growth of human lung adeno-
carcinoma cells, being associated with the formation of single-stranded DNA breaks,® and
stabilizes the covalent enzyme and DNA intermediate complex, when DNA is cut by topoi-
somerase I (Topl).!! After that, rebeccamycin analogs (REB-analogs) have been identified
and a number of derivatives have been synthesized.?312°16

The characteristic features of the REB-analogs structure is the presence of the maleimide
ring in the planar ring system and one N-glycosidic bond, mostly binding a S-glucose.? Com-
pound 1 is the lead compound of the series, however, due to its insolubility in water, only its
analogs have been further investigated. Its analogs intercalate into DNA and through topoi-
somerases inhibition, can disrupt the cellular cycle. Among these compounds, edotecarin (2)
was studied as an antitumor drug in phase I and II clinical trials, however it was not effec-

tive against tumors of various histogenesis, and the tests were terminated.!”!® The synthetic



derivative, becatecarin (3), showed moderate activity in phase II studies. Although clinical
benefits were observed, the hematologic toxicity led to the dose reduction for the majority of
patients'® and in general its effectiveness was lower than that of existing drugs.2%?! Another
study involving compound 3 was not continued due to insufficient drug supply.??

More than 1200 ICZ derivatives have been generated via total synthesis or semisynthe-

sis, 23,24

aiming to improve the compound pharmacokinetics and to obtain more water-soluble
drugs, through adding hydrophilic substitutions on the maleimide nitrogen or changing sac-
charide extensions.?> Thus, the analysis of the contribution from each structural variation in
the compounds behavior in biological solution can be greatly favored by the use of computa-
tional approaches such as molecular dynamics (MD). The observation of the conformational
ensemble and dynamics of chemical entities, generally inaccessible through most classical
structural biology experiments, constitute an important tool to aid the rational design and
optimization of ligands.?%2” However, it is important to notice that the development of a
parameters set, specially to describe a selected compounds group, through careful calibration
can offer more consistent information about the dynamic of small ligands in a given chemical
environment.?® In this sense, proper energies of interaction and conformational profiles in
condensed phase had already been observed in previous works from our group.??3!

The empirical approach, i.e. based on the fitting to a set of selected properties from
experimental data, of GROMOS force field parameters development process, is the chosen
strategy.323* The GROMOS philosophy marries very well with strategies to calibrate tor-
sional potential and partial atomic charges of molecules in order to reproduce, in condensed
phase, physicochemical properties and the dynamics of small molecules in solution. Thus,
through the development of specific parameters for the GROMOS force field, the current
analysis aims to assess the conformational ensemble of REB-analog compounds, in aqueous
solution, and to observe their interaction with explicit water. From these observations, it is

possible to probe, at atomic level, how structural determinants of the molecular flexibility

and availability to interaction can change aspects in the complexation to the therapeutic



target.

Methods

Compounds topology building

Specific parameters, as relative energy associated with each dihedral angle and partial atomic
charges, were calculated by quantum mechanics (QM) and then fitted on molecular me-
chanics (MM) aiming to better characterize REB-analogs dynamics in biological solution
through GROMOS force field. After energy optimization of the geometries, Gaussian 093°
calculated the potential energy associated with the rotation of each dihedral angle through
Mpgller—Plesset perturbation theory at second-order level (MP2) under 6-31G* basis set, while
GROMACS 5.1 computed the dihedral potentials on MM using GROMOS53A6 force field.3*
The QM torsional parameters were fitted to reproduce on MM the dihedral rotational profile
through the Rotational Profiler server.?® The partial atomic charges were obtained from QM
calculations under the same theory and basis, in implicit solvent, i.e. polarizable continuum
model (PCM), using Restrained Electrostatic Potential (RESP) charges. Atomic charges of
the chromophore were adjusted to better reproduce the quantum dipole moment vector on
MM through a tool based on least-squares fit solution, previously developed.?® Charge groups
were defined using aromatic rings as reference and attending the chemical transferability into
functional groups. The input geometries of REB-analogs were built using the molecular ed-
itor Avogadro.3” Further topological parameters to describe atom types, bond stretching,
bond-angle bending, improper dihedral deformation, and Lennard-Jones potentials, to sup-
port the MM analyses, have been provided by GROMOS53A63* and GROMOS53A6¢1yc !

force fields and by a dataset dedicated to aromatic rings.*°



Production simulation settings

MD simulations of REB-analogs were performed using GROMACS 5.1 suite in conjunction
with the GROMOS53A6¢1yc % force field during 1 us. Each molecule was placed in a do-
decahedron box and solvated with the extended simple point charge (SPC/E) water model.*
The calculations were carried out using integration steps of 2 fs, under periodic boundary
conditions, after the system energy minimization was reached by steepest descents algorithm.
The electrostatic interactions were treated by the particle-mesh Ewald (PME) algorithm 4
and the van der Waals contacts with the Verlet cutoff-scheme.** All covalent bonds lengths in
the system were constrained by the LINCS method,**%3 while the temperature (298 K) and

t4* and Parrinello-Rahman

pressure (1 bar) were kept constant, applying V-rescale thermosta
barostat. 4?
Well-tempered metadynamics were the approach employed to enhance the sampling of

546 was interfaced to

the REB-analogs conformational ensemble. PLUMED library, version 2.
GROMACS and carried out calculations performed during 500 ns using until two collective
variables (CVs) and bias factor of 10. To calculate the torsion of glycosidic bond, the angular
coordinate ¢ was used as CV setting the Gaussian width (o) to 0.35 rad, the deposition
interval was 500 fs with a starting Gaussian height (h) of 1.2 kJ/mol, which corresponds to a
deposition rate (w) of 2.4 J/mol fs. To calculate the puckering of the sugar, the coordinates
6 and ¢ were used as CVs with 0 = 0.1 rad and h = 0.5 kJ/mol, with w = 1.0 J/mol fs. The
errors (€) related to CVs were calculated by block-averaging analysis and comprised up to
3% of the value of the barrier. Estimates of free energy as a function of the dihedral angle

and the free energy landscape (FEL) of the sugar were built using the sum hills utility and

Gnuplot plotting package.

Assessing conformational ensemble and water interaction

The compounds conformational ensemble was assessed through the observation of the rota-

tional profile of dihedral angles at substituents and glycosidic bond, beyond the sugar pucker-



ing. Measures of the dihedral rotational degrees of freedom were obtained from GROMACS
angle tool, while the distances between atoms establishing intramolecular interactions, from
the pairdist tool. Both values are presented by average + standard deviation (sd). The sugar
conformation populated during the simulations were identified through a protocol based on
the Cremer—Pople angular coordinates 8 and ¢.%” We refer to specific carbohydrates carbon
and oxygen atoms by the IUPAC numbering designation.4®

The REB-analogs interaction with the hydration water was analyzed to probe structural
features involved in the hydrophilic character of the molecules. The water accessibility
to establish hydrogen bonds (H-bonds) with polar atoms was observed by solvent Radial
Distribution Function (RDF), using the rdf tool. Heteroatoms that showed first solvation
shell within 0.5 nm were evaluated about their measures of interaction with aqueous solvent
obtained from hbond tool. The H-bond averages (Averyg) are shown through average + sd,
while correlation between average lifetime (Lifetimeyp) and average energy costs to H-bond

breakage (AGyg) are shown through y?.49%0

Results and discussion

In order to describe the molecular flexibility and the energies of interaction with the aque-
ous solvent of REB-analogs, specific topological parameters were empirically developed in
accordance with GROMOS philosophy. The partial atomic charges, derived from QM and

9 are shown in Figure 1, which

fitted to classical mechanics by a least-squares fit solution,?
presents by different colors how the charge groups were distributed.

To describe the rotational bonds, novel dihedral potentials were calculated through MM
and fitted to the corresponding profiles obtained by QM. The structures used to derive
both potentials together with the respective energy curves are shown in Figure 2. The final

parameters from the fitting, applied to the topologies building, are presented in Table 1.

Using the new parameters to dihedral angles and partial atomic charges assigned to shared



-0.64 -0.64

+0.41 H O O H+o 41

+0.23 +0.23

+0.09 +0.09

+0.10
40.20  +0.20
C=0 N4
/* 0.44 048 ’
+040HN .46

[+0.30

-0.24 N H +0.40

+0.20

+0.20

R9

R10
Rll +0.51 Rl
O-a‘zgz _‘\OH
rR6' -0 Ouoss
\
CH;

+0.118

Figure 1: Representation of the new partial atomic charges for REB-analogs. The charges
were derived from quantum mechanics and fitted to classical mechanics by a least-squares
fit solution. The different colors represent the charge groups used to build the topologies.

Table 1: Novel parameters for dihedral potentials generated to describe the REB-analogs
flexibility through molecular mechanics.

Dihedral angle ke(kJmol ™) & n

a CH3-CH-O—-CHg -3.132 0 0
CH3;-CH-O-CH; 5.012 0 3

b C-NR-CH,-CHg 0.146 0 1
C NHQ*CHQ*CHQ*NHQ 2.860 120 1
NH,-CH,;-CH,-NH, 8.647 0 3

d C-NR-NH-CHj; 7.119 0 2
e N,-NH-CH-CHj; -4.994 0 0
No—NH-CH-CHj; 6.510 0 1
No-NH-CH-CHj 9.641 0 3

f NR-NH-C=0 35.760 0 0
NR-NH-C=0 -44.414 0 2
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functional groups, it was possible to build topologies and carring out MD simulations of a
series of 18 molecules. From these simulations we assessed the conformational ensemble and
the water interaction measures of the most researched REB-analog compounds, including
those investigated in clinical trials. The chemical structure of REB-analogs and its variable
substituents are shown in Table 2.

Table 2: Structures of the REB-analog compounds modeled and analyzed.

Rl R2 R3 R4 R6 R8 R9 RI0O RIl R4 R6
I < H H H H H H H Cl OMe OH
2 H OH H H NHCH(CH2OH)s H H OH H OH OH
3 C H H H (CHz)N(CHpCHz) H H H Cl  OMe OH
4 OH H H H NHCH(=0) H H H OH OH OH
5 C H OMe H H H H H C OMe OH
6 OH H H H H H H H OH OH OH
7 H OH H H H H H OH H OH OH
8 C H H H H H H H H OMe OH
9 H H H H H H H H H OMe OH
100 H H H H H H H H H OH OH
11 Br H H H H H H H Br OMe OH
12 H H Br H H H Br H H OMe OH
3 H F H H H H H F H OMe OH
4 H F H H H H H F H OH OH
15 H H F H H H F H H OH OH
16 H H H F H F H H H OH OH
17 H H F H H H F H H F OH
18 H H F H H H F H H OH NH

The compounds are 'rebeccamycin, 2edotecarin, 3becatecarin, *NB-506,
9-methoxy-rebeccamycin, SED-110, "SA315F, #11-deschloro-rebeccamycin,
91,11-dideschloro-rebeccamycin, 194’- O-demethyl-1,11-dideschloro-rebeccamycin,
Hhromorebeccamycin, '21,11-dideschloro-3,9-dibromo-rebeccamycin,
13-16flyoroindolocarbazoles, 1"BMS-250749, and '*BMS-251873.

Assessing water interactions

From these analogs, the lead compound 1 has natural poor water solubility, which is why it

is not perfectly suitable for use as a drug in the human body, then right after its discovery,



the design of analogs with improved water solubility was required for its clinical use.®* Some
of these compounds, resulting from a effort union with the purpose of discovering analogs
of compound 1 more water soluble and with in vivo activity, are the compounds 2, 3, and
compound NB-506 4. The 6-N-formylamino derivative, the compound 4, was more soluble
and showed remarkable antineoplastic activities.?? In addition, it was the basis to design
the compound 2, through the formylamino substituent replacement by a more polar group
on the maleimide nitrogen, increasing its aqueous solubility, plasma stability, and reinforc-
ing its cytotoxicity without penalizing the action on Topl.?® The most studied, however, is
the compound 3. In this semi-synthetic analog, the shift by a 6-N-diethylaminoethyl group
improved the pharmacokinetic and the anticancer properties and led it to be pursued as
a clinical candidate. '6:21:51:54 These approaches evidenced that changing the substituents on
the maleimide ring do not cause a loss of activity, but can improve its water solubility.? This
observation motivated us to investigate how these structural differences can affect the inter-
action with the water bulk and its magnitude in terms of Lifetimeygg and desolvation cost,
AGgg. The complete data of Averyg, Lifetimeyg and AGyg for breakage of all polar atom
that showed first solvation shell within 0.5 nm can be consulted in Table S1 (supplementary
material).

The analysis of the solvent organization, through RDF, allowed to compare the effect of
the maleimide ring, in compound 1, with its substituted derivatives in 6-nitrogen, and to
observe changes in the organization of the solvation water layers, as presented in Figure 3.
The compound 2 presented a well organized hydration shell regarding the first, second and
third solvation layers of both the oxygen substituints, which is accompanied by a global high
desolvation cost, about 42 kJ/mol, due the substituent at 6-nitrogen, as presented in Table
3. Around the compound 4, the solvent presented a similar distribution in the first layer and
more disorganization in the distal layers (Figure 3). In this compound, it is possible that the
chemical configuration of the 6-N-formylamino group potentiates the resonant effect in the

region, dislocating the nitrogens lone pairs and making them more unavailable for H-bond.

10



This character can be reflected in smaller Lifetimeyg and desolvation costs when compared
to compound 2 (Table 3).

The inclusion of a protonable 6-N-diethylaminoethyl group, as occurs in compound 3,
provides a very strong interaction with water from this substituent, with Lifetimeyp of
531.154+171.17 ps and breakage energy mean of 20.08+1.09 kJ/mol, in a similar magnitude
that occurs in the ionized nitrogen of the compound 2, which presents two H-bond donors
group (Table 3). Although H-bond life time is very expressive in the 6-N-diethylaminoethyl
substituent presence, the solvent RDF showed a displacement of the probability to find-
ing solvent more concentrated to further distance from polar centers, as shown in Figure
3. This displacement of the solvation shell can contribute to tone down the global effect
of the significant increase in desolvation costs, since this location penetrates into less or-
ganized regions of the water bulk and the H-bond formation dynamics may be affected by
the compensatory entropy contribution.®® The improvement of water solubility in compound
3 altered the physical and pharmacokinetic properties, when compared to the performance
of the compound 1, and was responsible for uncovering the compound 3 as a strong DNA
intercalating agent with distal site activity, required for in vivo therapeutic usage.®!

Table 3: Differences in affinity to H-bonding and desolvation costs at REB-analogs sub-
stituents can reflect in changes regarding the strength to binding the target receptor.

Compound  Atoms Lifetimegp+sd (ps) AGuptsd (kJ/mol)
1 5,7-oxygen 8.2140.10 9.784+0.03
6-NH 24.85+0.35 12.4940.04
2 5,7-oxygen 7.614+0.10 9.534+0.03
6-nitrogen 0.00£0.00 0.00£0.00
6a-NH?*+ 579.34439.94 20.29+0.17
66,,60,-OH 12.78+0.30 10.6740.06
3 5,7-oxygen 8.324+0.11 9.784+0.03
6-nitrogen 0.53£0.02 2.93+0.06
6v-NHT 531.15£171.17 20.084+1.09
4 5,7-oxygen 6.724+0.10 9.244+0.03
6-nitrogen 0.27£0.01 1.28+0.03
6a-NH 12.07+0.15 10.7040.03
6y-oxygen 6.11+0.12 9.01£0.03

As clinically useful compounds may have enhanced water solubility, ICZs with more

potent biological activities have been obtained through strategies of structural modifications

11
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Figure 3: Radial Distribution Function of water around polar atoms at maleimide ring of
the compounds rebeccamycin (1), edotecarin (2), becatecarin (3), and NB-506 4.

by adding substituents on the planar ring system or introducing a hydrophilic group on the
maleimide nitrogen. Approaches to replace the uncharged sugar residue of REB-analogs
with a positively charged amino-carbohydrate and to elongate the carbohydrate side chain
were also applied.®” In this sense, our data suggest that also halogen groups attached to the
REB-analogs chromophore seem to play an influence on the dynamics of H-bond formation
in neighboring polar groups.

The compounds 11-deschloro-rebeccamycin (8) and 1,11-dideschloro-rebeccamycin (9),
showed shorter Lifetimeyp and lower AGyp breakage on hexopyranose 6’-hydroxyl (17.24+0.75
ps and 11.58+0.06 kJ/mol, 17.01£0.58 ps and 11.55+0.06 kJ/mol, respectively) when com-
pared to the compound 1, which has Cl in both positions (25.84+0.81 ps and 12.59+0.08
kJ/mol). The absence of Cl in position 1, as occur in 9, showed to affect also H-bonds
on 2-hydroxyl in a minor scale, from 12.95+0.13 ps and 10.8840.02 kJ/mol to 11.06+0.14

ps and 10.49+0.01 kJ/mol. This results are in the same direction of previous data, that

12



suggested that the chlorine group can enhance the availability of neighboring heteroatoms to
H-bonding.®® An equal influence due to halogen position was observed when Cl is replaced
by Br. The 6’-hydroxyl group on hexopyranose attached to bromorebeccamycin (11) showed
more affinity with water (25.31£0.69 ps and 12.30+0.07 kJ /mol) when compared with 1,11-
dideschloro-3,9-dibromo-rebeccamycin (12) (16.57+0.65 ps and 10.894+0.06 kJ/mol), where
Br positions were changed from 1 to 3 and from 11 to 9, followed by a discrete reduc-
tion of the water affinity on hexopyranose 2’-hydroxyl of these compounds (12.86+0.14 ps
and 10.86+0.02 kJ/mol, 12.254+0.13 ps and 9.76+0.03 kJ /mol, respectively). As covalently-
bonded halogen atoms can interact attractively with both nucleophile and electrophile cen-
ters,® as is the water, our data suggest that the presence of this functional groups are able
to improve the molecular affinity to water H-bonding. The sugar hydroxyl groups closer of
the halogen (2’-hydroxyl and 6’-hydroxyl) showed higher water affinity averages, which could
be favored by the formation of a solvent networking on bulk water around these atoms.%
Our observation regarding the influence of halogen groups attached to REB-analogs on their
water affinity is useful to the drug rational design, once halogenated molecules have been
recognized as able to directly bind biomolecular targets via halogen bonds. Then, to know
specific and directional non-covalent interactions that these groups can establish, even as to
estimate desolvation costs of halogenated ligands is essential. %162

Regarding compounds with fluorine, the halogen on positions 4 and 8 of the fluoroindolo-
carbazole 16 was able to increase the maleimide oxygens Lifetimegg and AGygg breakage
to 11.014+0.12 ps and 10.47£0.03 kJ/mol (Table S1), when compared to the compounds
with this positions occupied by hydrogens, that presented averages about 8.3 ps and 9.7
kJ/mol (Table 3). The presence of the 4’-fluor group in the compound the BMS-250749 (17)
changes, on the carbohydrate hydroxyl groups, the water interaction measures in a similar
way to those observed in compounds presenting hydroxyl group in the same position. The
slight affinity reduction observed on 2,3’ and 6’ hydroxyl groups attached to the sugar, is a

probable consequence of the redistribution of availability to H-bonding in the carbohydrate,
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due to the electronegative character of fluorine which can modify the water shell hydra-
tion. Although fluorine is generally not considered to form halogen bonds, due its tendency
to engage significant sp hybridization,% the combination of this halogen and oxygen sub-
stituents was shown to tune halogen bonds.% Such substitutions can dramatically increase
the halogen bond strength to a comparable degree of the H-bond strength one by making
substitutions of polar groups near the halogen. This tunability of halogen bonds has been
shown mainly as result from the modulation of the electrostatic contribution arising from
the overall interaction, a property that classifies halogen bonds a very promising mode of

interaction for the design of novel pharmaceutical ligands. %46

Conformational features affecting target receptors interactions

Regarding the structure of REB-analogs and their action mechanism on the Topl-DNA
complex blocking, three functional domains have been proposed. While the maleimide ring
constitute the Topl-interacting domain, the ICZ ring system is the DNA-intercalative do-

main. 9667

The insertion of the planar chromophore between two consecutive base pairs would
place the carbohydrate residue into a groove of the double helix. Thus, the sugar moiety
constitute the third domain, the DNA-groove binding domain.?3%%% It was already observed
that the sugar moiety plays an essential role for both DNA interaction and Topl inhibition,
once analogs for which the sugar is attached to the two indole nitrogens (as occurs in stau-
rosporine) generally showed very weak interaction with DNA and produced minimal effects
on Topl.11:69

Compounds with a single N-glycosidic bond, like REB-analogs, were related to be balance
between two conformations. The closed pose shows an H-bond between the indole NH group
and the sugar endocyclic oxygen (NH-O5’ interaction), while at the open one the indole NH
group is free to make H-bond with the solvent. Previous empirical studies observed that

there is a conformational preference for the closed geometry, against the open one, between

REB-analogs, in several solvents.®®™ Based in that observations, it is possible that these
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compounds have few degrees of freedom in the carbohydrate moiety. Thus, to investigate
how structural aspects are involved in modulation of the REB-analogs flexibility is useful to
infer if the forces that influence its conformational status in solution could favor a preferential
conformation when the ligand binds to its biological target. Therefore, we analyzed the REB-
analogs flexibility through the observation of the electrostatic intramolecular interactions,
the N-glycosidic bond dihedral angle rotation, and the carbohydrate puckering.

Regarding the H-bond resulting form the NH-O5’ interaction, involved in the closed
conformation, we investigate if the chlorine groups presence have some hindrance effect on
this electrostatic interaction. From the simulation, the H-bond average distances observed
showed equal measures in compounds 1 (with both chlorine group) and 9 (lacks both chlorine
group), 0.2140.01 nm. Analysing the compound 9, it was also possible to observe the
bifurcated H-bond formation between 6’-OH group and the indole NH, at 0.264+0.06 nm,
that occurs in absence of the chlorine hindrance.®® The compound 18, which presents the 6'-
amino group, an exclusively donor of H, preserved the closed conformation, even with a slight
distance of the NH-O5’ interaction, 0.304-0.01 nm, confirming the main importance of this
interaction for the maintenance of the closed conformation. The additional H-bond which
results in the bifurcated H-bond, however, contribute to stabilize the closed conformation,
that seems to be required to inhibition of Top1," "1™ furthermore, the addition of a methyl
group on indole nitrogen led to a loss of the closed conformation, reduced the interaction
with DNA, abolished Top1 inhibition, and reflected on decreased cytotoxicity. ™

To probe the effect of the methyl group to destabilize the closed conformation, it addition
at the indol nitrogen in compound 9 was implemented. The presence of the 12-N-methyl
group harm the close conformation, probably due to a steric hindrance which shifted the
N-glycosidic bond dihedral angle to 87.3 + 8.5°, when compared to compounds able to
establish the NH-O5’ interaction, whose averages were about 60°, as presented in Figure 4.
The presence of halogen group at the positions 1 and 11 of the chromophore, on the other

hand, showed minimal affects on the freedom degrees of the N-glycosidic bond, as shown

15



in Figure 4 in terms of dihedral distribution regarding compounds 1 and 9. The angular
averages were very similar between the compounds with and without chlorine groups, 1
(60.5 4+ 7.6°), 8 (58.6 £7.4°), 9 (54.5 +8.2°), and 10 (54.7 + 8.2°).

As previous observations suggested that the chlorine group, peri to the N-glycosidic bond,

would favor the closed conformation®®

we investigate why the N-glycosidic bond dihedral
angles measures were so similar in presence and absence of halogen groups. Thus, an en-
hanced sampling of the N-glycosidic bond dihedral angle flexibility was performed to ensure
the complete conformational space observation. Through metadynamics calculations, it was
possible to observe that the halogen presence in positions 1 and 11 (compound 1) can form
steric hindrance to the N-glycosidic bond rotation, since only a global minimum near 60°
was populated. On the other hand, the absence of halogen groups (compound 9) resulted in
two possible energy minima for the N-glycosidic bond rotation, whereas the global minimum
when the sampling was enhanced was near —120°. The high energy barrier that separates the
two conformational minima (at least 50 kJ/mol) can explain why the conformers transition
was not observed during the unbiased simulation, even in absence of halogen groups (Figure
4). In solution, it is possible that the compounds with no halogen groups in positions 1
and 11 coexist at two conformations, which do not interconvert with each other under usual
conditions, since the energy barrier is too high and the transition is not observable, even in
very long simulations. This feature can be associated to an atropisomerism-like effect, due to
the steric hindrance and/or electronic factors account for the slow rate of interconversion.™
Furthermore, from input geometries with either N-glycosidic bond dihedral angle of 60° or
—120°, the dihedral angle remained restricted at each start angle during the simulation,
corroborating the hindrance of dihedral flexibility due the high energy costs associated to
the rotation, as represented in Figure 4.

The closed conformation in REB-analogs is possible when N-glycosidic bond dihedral

angle is nearly to 60°. A compatible geometry of the compound 10 is observed in the ligand

bounded to the methyltransferase AtmM, resulting in the complex 6UV6 (to be published),
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Figure 4: The distribution of the N-glycosidic bond angle in rebeccamycin (1) and 1,11-
dideschloro-rebeccamycin (9) show how structural changes affect the conformational dy-
namics of the bioactive pose, the closed conformation involving the NH-O5" interaction.

available in Protein Data Bank (PDB). The methyltransferase AtmM methylates a vari-
ety of ICZs in vitro™ and the compound 10, in the substrate form, presents the closed
conformation in the crystal, with H-bond distance between the NH-O5’ interaction of 0.27
nm, N-glycosidic dihedral angle of 60.6° and sugar ring conformation is a *C; (resolution
of 2.72 A) To probe the closed conformation observed during our simulation, we merged
its geometry into the ligand electron density map available from the 6UV6 complex. The
conformation of the compound 10, with average angle of 54.7 4+ 8.2°, is very close to the
crystal (60.6°) and settles well within its electron density map, as shown in Figure 5 A. The
addition of the 4’-O-methyl is the last step of the REB-analogs biosynthesis.™ It is likely
that the conformational selection of the closed conformation is present in this biosynthesis
stage, what could contribute to release the bioactive conformer in solution.

Other crystal structure available in PDB presents the REB-analog SA315F (7) complexed
to the target Topl and clivated DNA in entry 1SEU. In this complex, the carbohydrate
moiety of the ligand is shown in a different way, the H-bond distance between the NH-O5’
interaction is 0.27 nm, the N-glycosidic dihedral angle is —65°, while the [-glucose ring
is presented through the energetically unfavorable conformation 'Cy (resolution of 3.00 A),
although the work lacks structural discussion about the carbohydrate moiety of the ligand.

Given that it is not available the electron density map of this complex, an exploratory
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overlay was carried out to observe how the ligand complexed to the target Topl-DNA would
fit in the electron density map from the complex with the enzyme AtmM, aiming to analyze
the carbohydrate moiety. The hexopyranose almost fits within the electron density map,
presenting a little region out, depending on the observation angle, as shown in Figure 5 B.

Sugars intrinsic structural features represent difficulties for classical techniques of struc-
tures description, such as X-ray crystallography and NMR spectroscopy. The structural
complexity of sugar chains, including their heterogeneity and flexibility, combined with the
non-availability of these compounds in sufficient quantities and scarcity of reference data
have made difficult the structural studies of carbohydrates.™

The sugar moiety of REB-analogs is mainly characterized by the presence of a S-glucose
attached to the planar ring system through one N-glycosidic bond.? The sugar puckering
analyses of the compounds included in this study was performed, for analogs presenting /-
glucose and S-glucose with exocyclic groups variation, to probe if the stereoelectronic effect
and changes in electronic density of the substituents could affect the rings conformations
and allow conformational changes. ™

The calculation of the §-glucose puckering, obtained from MD simulations, showed a
conformational preference for *C;, as defined by the CremerPople puckering coordinates
0° < 6 < 45° and 0° < ¢ < 360°.47 The angular averages of the S-glucose were § = 9.8° 4.7
and ¢ = 158.0°+83.8 and it were very similar to that calculated from the substituted sugars
attached to the compounds 17, with a 4’-fluorine group, and 18, with a 6’-amino group
(data not shown). Through the enhanced sampling, the conformational preference for 4Cy,
was confirmed in both compounds, which constitutes the global and single minimum of the
FEL (e9<0.56, €,<0.25) (Figure 5 C).

Previous empirical studies showed the importance of the sugar moiety, its presence and
configuration, for the Top1 interference and formation of intercalating complexes mediated by
REB-analogs. Glycosylated ICZs are more potent cytostatic agents than their corresponding

aglycone. In addition to that, selectivity toward the cell lines was observed for compounds
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Figure 5: Carbohydrate conformation of REB-analogs free in solution and complexed to
proteins. (A) The average conformation of the free compound 10 (pink) settles well in the
electron density map of the ligand from the complex 6UV6 (green), while (B) the ligand from
the complex 1SEU (orange) presents an outside region. (C) The carbohydrate conformation
at *C; was stable during 1 ps of molecular dynamics and it preferential conformation was

confirmed by metadynamics, performed during 500 ns.
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presenting the sugar, but not for compounds lacking this substituent.?3%%80 Compounds
possessing an a-N-glycosidic bond do not behave as intercalating agents and have less effect
on Topl, while the 3-N-glycosidic bond represents a key element for its inhibition.?*#! Due
to the evidences associated to carbohydrate geometry and the bioactivity of REB-analogs,
to understand the conformational dynamics of this molecular moiety can contribute in the

improvement of the efficiency of these ligands.

Conclusions

Through this study, the models conceived to assess structural information required to im-
prove the therapeutic properties of REB-analogs elucidate chemical and conformational fea-
tures involved in bioactive processes and might help to expand the therapeutic potential
of these compounds. In the same way, changes regarding H-bonds lifetimes with the sol-
vent could potentially affect the complexation free energy due to the dessolvation energetic
costs. The broad array of REB-analogs conformation represents a potential factor to be
exploited aiming the efficacy of these compounds. Together, the dynamic behavior observed
for the REB-analogs elucidate structural features involved in its complexation process and

can contribute to the clinical advancement of drugs from these analogs.
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Supplementary Material

Table S1: Measures of interaction between REB-analogs and water. The average of H-bonds formed
during 1 us simulations are shown with the respective lifetime and free-energy of breakage at each
polar atom.

Compound  Atom Averygtsd  Lifetimepgtsd (ps) AGpgtsd (kJ/mol)  AC x?
1 05 1.424+0.58 8.127+0.10 9.772+0.03 0.004
NH6 0.924+0.16 24.846+0.35 12.49240.04 <0.001

o7 1.46140.58 8.334+0.11 9.784+0.03 0.003

OH2' 1.584+0.50 12.950+0.13 10.877+0.02 0.003

OH3’ 1.592+0.48 13.457+0.23 10.966+0.04 0.003

04 0.205+0.42 1.101+£0.02 4.767+£0.05 0.014

05’ 0.02540.01 0.422+0.02 2.474%+0.11 0.028

OH6’ 1.81440.50 25.845+0.81 12.590+0.08 0.002

2 OH2 1.075+0.56 3.691+0.32 7.765+0.04 0.011
05 0.639+0.53 7.644+0.09 9.570+0.03 0.008

N6 0.000+0.00 0.000+0.00 0.000+0.00 0.062

NH2*g,  1.919+0.31 579.34+39.94 20.299+0.17 <0.001

OHesa 1.50940.53 12.013+0.31 10.691+0.06 0.003

OHesb 1.504+£0.53 11.853+0.30 10.657+0.06 0.003

o7 0.640+0.53 7.549+0.10 9.539+0.03 0.008

010 1.968+0.60 13.09440.15 10.904+0.03 0.004

OH2’ 1.611£0.54 12.50240.18 10.734+0.05 0.007

OH3’ 1.720+0.50 12.9924+0.15 10.9734+0.03 0.003

OH4' 1.763+0.48 10.986+0.17 10.469+0.03 0.003

05’ 0.025+0.01 0.420+0.02 2.452+0.10 0.027

OH6’ 1.687£0.57 17.941+0.78 11.685+0.07 0.002

3 05 0.829+0.52 8.358+0.10 9.791+0.03 0.004
N6 0.001+0.34 0.525+0.02 2.930+0.06 0.058

NH*6,  0.936+0.19 531.15+171.17 20.084+1.09 <0.001

o7 0.874+0.52 8.2908+0.11 9.773+0.03 0.004

OH2’ 1.579+0.49 12.653+0.15 10.774%0.03 0.003

OH3’ 1.581+0.48 13.271+0.19 10.948+0.04 0.003

o4 0.201+0.41 1.036+0.01 4.616+0.03 0.014

05’ 0.026+0.01 0.431+0.01 2.5632+0.11 0.028

OHe6’ 1.967+0.50 23.410+£0.75 12.963+0.09 0.003

4 OH1 1.510+£0.57 12.32440.28 10.754+0.04 0.005
05 1.017+0.60 6.656+0.10 9.227+0.03 0.006

N6 0.022+0.14 0.270+0.01 1.283+0.03 0.036

NHgq 0.971+0.27 12.070+0.15 10.702+0.03 0.002

Oe+ 1.226+0.61 6.108+0.12 9.014+0.03 0.008

o7 1.056£0.60 6.768+0.11 9.268+0.03 0.006

OH11 1.626+0.60 12.579+0.15 10.805+0.04 0.005

OH2’ 1.60040.52 12.063+0.20 9.702+0.06 0.006

OH3’ 1.737+£0.52 12.092+0.17 9.995+0.03 0.005

OH4’ 1.763+0.46 11.006+0.12 10.474+0.03 0.003

05’ 0.026+0.01 0.432+0.01 2.534+0.11 0.003

OH6’ 1.779+0.62 16.369+0.75 11.458+0.05 0.002

5 03 0.292+0.46 0.771+0.23 3.884+0.02 0.013
05 1.557+0.58 9.660+0.11 10.150+0.03 0.003

NH6 0.925+0.15 25.397+0.37 12.235+0.03 <0.001

o7 1.543+0.58 8.576+0.10 9.855+0.03 0.003



OH2' 1.601+0.49 12.396+0.14 10.588+40.02 0.007

OH3’ 1.511+£0.59 12.635+0.22 10.789+0.04 0.004

04’ 0.225+0.42 1.125+0.02 4.820+0.05 0.014

05’ 0.024+0.01 0.398+0.01 2.532+0.10 0.030

OH6’ 1.033+0.50 13.94540.65 11.060+0.06 0.002

6 OH1 0.655+0.50 2.2344+0.30 6.5214+0.03 0.004
05 1.531+£0.58 8.510+0.10 9.836+0.04 0.003

NH6 0.971+0.16 25.992+0.29 12.604+0.05 <0.001

o7 1.536£0.58 8.796+0.11 9.918+0.03 0.002

OH11 0.956+0.56 4.539+0.15 8.278+0.05 0.011

OH2’ 1.70440.52 12.566+0.18 9.852+0.05 0.005

OH3’ 1.697£0.51 12.2734+0.19 9.080+0.04 0.004

OH4' 1.763+0.46 10.986+0.20 10.469+0.03 0.003

05’ 0.025+0.01 0.412+0.01 2.487+0.10 0.002

OH6’ 2.023+0.59 16.533+0.69 11.482+0.04 0.003

7 OH2 1.085+0.46 3.95940.28 7.939+0.03 0.006
05 1.543+0.58 8.652+0.32 9.877+0.02 0.003

NH6 0.926+0.15 24.406+0.32 12.293+0.04 <0.001

o7 1.547+0.58 8.797+0.12 9.918+0.04 0.003

010 1.976+0.59 13.216+0.14 10.622+0.03 0.006

OH2' 1.797+0.51 13.289+0.16 11.086+0.04 0.004

OH3’ 1.797£0.51 13.289+40.18 11.086+0.03 0.004

OH4' 1.745+0.46 12.9184+0.15 10.952+0.03 0.002

05’ 0.024+0.01 0.435+0.01 2.437+0.11 0.029

OH6’ 1.734+0.58 17.486+0.75 11.518+0.08 0.004

8 05 1.418+0.58 8.089+0.11 9.710+0.04 0.004
NH6 0.925+0.16 25.458+0.34 11.952+0.03 <0.001

o7 1.456£0.58 8.355+0.11 9.791+0.04 0.004

OH2' 1.687£0.50 13.100+0.13 10.905+0.03 0.003

OH3’ 1.716+0.49 13.309+0.17 10.945+0.02 0.003

04’ 0.211+0.42 1.10840.02 4.782+0.04 0.014

05’ 0.033+0.01 0.411+0.02 2.3234+0.10 0.025

OHe6’ 1.774+0.55 17.246+0.75 11.587+0.06 0.002

9 05 1.430+0.58 8.319+0.12 9.780+0.02 0.003
NH6 0.024+£0.15 24.635+0.18 12.467+0.02 <0.001

o7 1.461+£0.58 8.363+0.10 9.793+0.03 0.003

OH2' 1.600+£0.54 11.058+0.14 10.485+0.01 0.005

OH3’ 1.717+0.49 12.964+0.15 10.880+0.02 0.003

04’ 0.213+0.42 1.127£0.01 4.825+0.02 0.014

05’ 0.037+0.01 0.457+0.02 2.585+0.11 0.024

OHo’ 1.75040.55 17.009+0.58 11.5534+0.06 0.002

10 05 1.435+0.58 8.338+0.10 9.785+0.03 0.003
NH6 0.925+0.16 25.491+0.27 12.765+0.03 <0.001

o7 1.458+0.58 8.347+0.11 9.788+0.02 0.003

OH2’ 1.618+0.53 11.18440.15 10.5134+0.03 0.004

OH3’ 1.624£0.51 9.189+0.12 10.026+0.01 0.004

OH4' 1.761+£0.46 10.950+0.11 10.461+0.02 0.003

05’ 0.042+0.01 0.476+0.02 2.688+0.12 0.023

OH6’ 1.788+0.57 15.795+0.67 11.369+0.05 0.005

11 05 1.4154+0.58 8.177+0.09 9.737+0.04 0.004
NH6 0.925+0.16 23.555+0.41 12.068+0.03 <0.001

o7 1.461+0.58 8.401+0.11 9.804+0.03 0.003

OH2' 1.574+0.49 13.143+0.12 10.171£0.02 0.004

OH3’ 1.563+0.48 13.59440.17 10.159+0.03 0.003

04’ 0.204+£0.42 1.11940.02 4.808+0.03 0.014

05’ 0.032+0.02 0.432+0.01 2.675+0.10 0.029

OHé6’ 1.905+0.49 25.310+0.69 12.292+0.07 0.002

12 05 1.418+0.58 9.245+0.11 10.041+0.02 0.004



NH6 0.926+0.15 24.417+0.37 12.3614+0.03 <0.001

o7 1.456+0.58 9.216+0.11 10.033+0.03 0.003

OH2' 1.663+0.52 12.858+0.14 10.859+0.02 0.004

OH3’ 1.725+0.49 13.052+0.19 10.896+0.03 0.003

04 0.213+0.42 1.108+0.01 4.782+0.04 0.014

05’ 0.041+£0.02 0.473£0.02 2.673+0.10 0.024

OHe6' 1.630+£0.57 16.568+0.65 10.896+0.06 0.003

13 05 1.424+0.58 8.283+0.13 9.769+0.02 0.003
NH6 0.924+0.16 21.586+0.28 13.201+0.02 <0.001

o7 1.457+0.58 8.396+0.11 9.803+0.14 0.003

OH2’ 1.68240.52 12.24940.13 9.759+0.03 0.006

OH3’ 1.817+0.49 13.309+0.12 9.9224+0.03 0.003

04’ 0.210+0.42 1.113+0.01 4.793+0.02 0.014

05’ 0.035+0.01 0.485+0.02 2.745%+0.11 0.035

OH6’ 1.649+0.57 15.620+0.55 10.963+0.04 0.004

14 05 1.419+0.58 8.285+0.14 9.769+0.02 0.003
NH6 0.924+0.16 21.504+0.28 13.231+0.02 <0.001

o7 1.459+0.58 8.452+0.10 9.819+0.14 0.003

OH2’ 1.776+0.52 12.2924+0.13 9.772+0.02 0.006

OH3’ 1.739£0.51 12.113+0.13 9.616+0.02 0.005

OH4’ 1.767+0.46 11.568+0.11 9.853+0.03 0.003

05’ 0.037+0.02 0.547+0.01 2.862+0.10 0.039

OH6’ 1.688+0.58 14.8914+0.51 10.313+0.03 0.004

15 05 1.415+0.58 8.4251+0.11 9.811+0.02 0.003
NH6 0.925+0.15 21.470+0.27 12.954+0.02 <0.001

o7 1.442+0.58 8.472+0.10 9.825+0.15 0.003

OH2' 1.782+0.52 12.3264+0.12 9.812+0.01 0.006

OH3’ 1.739+£0.52 12.1274+0.11 9.021+0.02 0.006

OH4’ 1.768+0.45 11.58440.11 9.858+0.02 0.002

05’ 0.042+0.01 0.487+0.02 2.978+0.11 0.023

OHo6’ 1.740+0.58 14.961+0.56 10.338+0.04 0.004

16 05 1.639+0.56 11.0114+0.12 10.475+0.03 0.003
NH6 0.927+0.16 21.458+0.26 12.591+0.02 <0.001

o7 1.679+0.56 11.003+0.13 10.473+0.03 0.003

OH2’ 1.783£0.51 12.651+0.10 9.877+0.02 0.006

OH3’ 1.733£0.51 12.098+0.12 9.910+0.02 0.005

OH4' 1.861+0.46 11.50940.11 9.836+0.03 0.003

05’ 0.037+0.01 0.503+0.01 2.934+0.10 0.029

OHe’ 1.723£0.57 14.7224+0.53 10.497+0.05 0.004

17 05 1.4114+0.58 8.384+0.10 9.799+0.02 0.003
NH6 0.924+0.15 21.448+0.25 12.537+0.02 <0.001

o7 1.444+0.58 8.431+0.09 9.813+0.02 0.003

OH2' 1.670+0.52 12.697+0.03 10.828+0.16 0.004

OH3’ 1.760£0.51 10.75940.02 10.417£0.15 0.003

05’ 0.041+£0.02 0.480+£0.02 2.706+0.12 0.023

OHé6' 1.670+£0.57 15.43540.48 11.312+0.05 0.002

18 05 1.419+0.58 8.484+0.12 9.828+0.02 0.003
NH6 0.925+0.16 21.402+0.24 12.271+0.03 <0.001

o7 1.450+0.58 8.570+0.11 9.853+0.03 0.003

OH2' 1.693+0.51 13.175+0.11 10.920+0.04 0.003

OH3’ 1.623£0.51 9.373+0.09 10.076+0.02 0.004

OH4' 1.601£0.51 10.355+0.10 10.323+0.03 0.003

05’ 0.005+0.001 0.262+0.01 1.209+0.01 0.030

NH3T6"  2.738+0.85 25.007+£0.56 12.508+0.12 0.001
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[CZs compoem uma familia de compostos heterociclicos glicosilados produzidos
por diferentes microorganismos e uma série de invertebrados marinhos [1, 2, 3, 4]. Desde
o primeiro isolado de staurosporina em 1977, a partir de actinobactérias coletadas no
solo [1], a variabilidade de compostos dessa familia de ligantes expandiu-se através do
emprego de diversas abordagens biossintéticas, de sintese quimica ou engenharia genética
em organismos produtores [7]. Através dos estudos que compuseram os capitulos I e II,
esta tese buscou compreender a dinamica conformacional e as caracteristicas de interacao

com o solvente de compostos ICZs livres em solugao aquosa.

6.1 Derivacao dos Parametros Topoldgicos

A fiel reprodutibilidade de dados experimentais a partir de simulagdes de MD é
dependente da parametrizacdo do campo de forca utilizado, assim como da derivacao dos
parametros topoldgicos apropriados para a descricao dos sistemas e suas particularidades.
Nesse contexto, o processo de elaboracao de topologias para descrever novas moléculas é
uma etapa crucial para garantir simulagoes confiaveis e que fornegam corretas predicoes
do comportamento molecular em estudo. Um problema no desenvolvimento de campos de
forca é a grande variedade de compostos quimicos, para os quais parametros adequados
precisam ser derivados. Essa questao pode ser, até certo ponto, suavizada se os parametros
puderem ser transferiveis entre atomos ou grupos de atomos em moléculas diferentes,
mantendo-os simples, o que facilita inclusive a eficiéncia da simula¢ao e a amostragem das
variagoes dindmicas [170]. Assim, os pardmetros sao especificados dentro de fragmentos
moleculares representativos dos grupos funcionais presentes. As topologias moleculares sao

construidas pela montagem de blocos, a partir do principio da transferibilidade [176].

Para a geracao de novos parametros para o estudo de pequenos ligantes, visando
o desenvolvimento de farmacos, o ATB produz topologias compativeis com o campo de
forca. GROMOS de forma sistematica e automatizada. Ao utilizar essa ferramenta, os
parametros para descrever cargas atomicas parciais, ligagoes, angulos de ligacao e diedros
improprios sao derivados de calculos quanticos, enquanto que os parametros para angulos
torcionais sao atribuidos a partir de dados ja existentes no banco de dados do campo
de forca GROMOS, basta que o usuério forneca a estrutura do ligante [135]. Em se
tratando de moléculas flexiveis, entretanto, algumas limitagoes resultantes da abordagem
do ATB merecem ser pontuadas, como a sensibilidade das cargas atomicas as mudancas
conformacionais da molécula e da flexibilidade molecular a presenca de dgua explicita no

sistema em analise. Esses aspectos podem dificultar a derivagao sistematica e até mesmo
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o emprego da transferaribilidade de um conjunto de cargas parciais para moléculas com
alto grau de flexibilidade [175]. A omissdo de estratégia de derivagdo de pardmetros para
angulos torcionais para novas estruturas moleculares representa perda na acuracia da
reproducao do comportamento molecular do sistema, uma vez que as variaveis que definem
os potenciais diedrais sao sensiveis a configuragao funcional e estrutural do fragmento,

além dos efeitos aditivos da vizinhanga quimica.

Assim, a derivagao de parametros especificos para a descrigao de ligantes ICZs no
campo de forca GROMOS, a partir de célculos quanticos, e o ajuste empirico através da
calibracao a dados de espectroscopia de NMR constituem uma estratégia para refinar a

reprodutibilidade do comportamento molecular desses ligantes em simulacées de MD.

A derivagao de cargas parciais para 1CZs, utilizando como referéncia o vetor
momento de dipolo obtido por calculos quanticos, seguiu o protocolo desenvolvido por
Poléto et al. que forneceu parametros topologicos robustos para sistemas aromaticos ao
derivar novas cargas através de um algoritimo baseado em least-square fit solution em
conjunto com moédulos de cargas ja parametrizados [175]. A estratégia vai ao encontro do
principio de transferabilidade, dinamizando com seguranca a construcao de topologias,
uma vez que permite a extrapolacao dos pardmetros dos grupos funcionais calibrados para
novas moléculas. Além disso, uma melhor descricdo das propriedades termodindmicas de
ICZs pode ser atingida através do uso de modelos bem calibrados para a descricao de
propriedades fisico-quimicas em fase condensada. A isso, soma-se a vantagem do uso do
campo de forca GROMOS e sua filosofia de parametrizacao que faz uso de propriedades em
fase condensada, como entalpia de vaporizagao e energia livre de solvatacao, e a sensibilidade
as cargas atOmicas parciais e aos parametros de Lennard-Jones, das energias de interacao,

tanto intra quanto intermoleculares, e de seus componentes entalpicos [164, 172, 155].

A geracao de novos parametros para ligacoes torcionaveis representa um impacto
direto sobre a descri¢do conformacional de ICZs. A obtencao dos potenciais diedrais a
partir de calculos quanticos e o ajuste para sua reproducao ma mecanica classica, através de
regressao linear de minimos quadrados empregada pelo protocolo de Rusu et al., permitiram
a manutencao dos potenciais maximos e minimos da rotagao diedral e simplicidade dos
pardmetros [199], o que favoreceu a eficiéncia da simulagdo e a ampla amostragem das

variagoes conformacionais dos compostos.

O ajuste empirico dos potenciais diedrais para carboidratos permitiu uma melhor
amostragem do conjunto conformacional de hexopiranoses e aproximou os dados teéricos
de 3Jy,n aos sinais observados por espectroscopia de NMR. Esses resultados concordam
com a previsao de Hansen e Hiinenberger de que a parametrizacdo de campos de forga
para descricdo de hexopiranoses dependeria principalmente de observaveis experimentais
espectroscopicos, termodinamicos e cinéticos em solucao para a adequada descricao da

energia livre da conformagao desses anéis, o que representa um importante desafio em
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vista da relativa escassez de dados experimentais sobre carboidratos solvatados [209].
As discrepéancias pontuais na reprodugao dos sinais de acoplamento 3Jy y podem estar
refletindo a falta de calibracdo da equacao de Haasnoot-Altona para o calculo de acopla-
mentos envolvendo grupos carregados, além da interagao entre substituintes e das flexdes
irregulares de angulos de ligacao entre os atomos que compoem a via de acoplamento
[210, 126, 132], eventos observados durante as simulagoes de diferentes compostos 1CZs.
Soma-se a isso, a conhecida incerteza de 1 a 2 Hz na parametrizacao da relagdo de Karplus
para converter angulos diedrais em constantes de acoplamento [211] e a ambiguidade
intrinseca a valores de acoplamento em torno de 7 Hz, que podem ser o resultado de uma

média conformacional, dificultando a distin¢ao entre conférmeros [136].

Dessa forma, a proposta desta tese fornece um conjunto de parametros calibrados
para a simulagao de ICZs livres em solugao bioldgica e visa uma adequada reprodugao
da dindamica conformacional e das energias de interacao entre o ligante e o solvente
aquoso, utilizando a filosofia da mecanica molecular classica. Espera-se que uma adequada
predicao de energias livres de interacdo e dos estados conformacionais pré-complexagao
proporcionem uma melhor compreensao dos modos de ligacao aos receptor-alvo de ICZs e

auxilie na expansao do potencial clinico desses ligantes.

6.2 Amostragem Conformacional

A flexibilidade molecular esta diretamente associada ao nimero de ligagoes quimicas
torcionaveis entre os atomos de sua estrutura, impactando na variabilidade do conjunto
conformacional que um determinado composto pode apresentar. A transicdo entre os
conformeros que compdem essa populagao, no entanto, ocorre em escalas de tempo muito
pequenas para que possam ser facilmente observadas experimentalmente. Por outro lado,
o emprego de simulagoes computacionais permitem a observacao de fenomenos estruturais

em uma escala de tempo e espago que dificilmente podem ser atingidas experimentalmente.

A populagao conformacional dos ligantes, ou seja, a quantidade de conférmeros
possivel no meio biolégico, impacta diretamente o custo entrépico para a formacgao do
complexo receptor-ligante. Nesse sentido, quanto maior o teor de conférmeros similares a
conformagao bioativa (complexada), menor serd o custo entrépico para a complexagao.
Assim, o estudo da dindmica conformacional de ICZs em meio biolégico é de grande
importancia para melhorar a compreensao do processo de formacao de complexos e torna-
lo mais eficiente [212]. Para mapear a dindmica conformacional desses ligantes, de forma a
reproduzir ao maximo as condigoes bioldgicas no estado pré-complexacao, utilizou-se dgua

como solvente durante as simulagoes.

Apesar de serem constituidos por um sistema de anéis aromaticos, com consequente

rigidez nessa regiao, os ICZs possuem uma regiao de alta flexibilidade, a porcao sacaridica.
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O importante papel desse dominio molecular no mecanismo bioativo desses compostos,
como mimetizacao de ATP e estabilizacdo do complexo receptor-ligante, ja é bem descrito
(74, 75, 94, 95, 91]. As simulagoes em meio biolégico mostraram diferentes conférmeros
nessa regiao, multiplas conformagcoes de hexopiranoses e variagoes na distribuicao do angulo
diedral da ligacao glicosidica. Para aumentar a amostragem e preencher todo o espaco
conformacional dos ICZs estudados, assim como identificar a energia livre associada a cada
conformacao e a barreira que separa um conférmero de outro, calculos de metadindmica
foram empregados. A amostragem ampliada pela adi¢ao de viés, sobre as coordenadas
que definem a conformacao dos anéis e o angulo da ligacao glicosidica, permitiu acesso
ao conjunto de conformacoes que populam cada perfil, nos quais as conformagoes mais

prevalentes tendem a ser aquelas com menor energia livre [205, 192].

Por outro lado, a amostragem conformacional avaliada é diretamente dependente
da acuracia dos parametros topoldgicos utilizados, em especial dos potenciais torcionais
e das cargas atdomicas parciais. Assim, a acuracia da calibragao das torgoes impacta
diretamente na adequada descricao de suas populagoes conformacionais e, por consequéncia,
na entropia do ligante livre em solugao [172]. Além disso, outros fatores podem atuar na
variagao conformacional da porc¢ao sacaridica de ICZs, dentre eles, a configuragdao dos
grupos exociclicos nos carboidratos, o impacto das substitui¢coes no croméforo sobre as
conformagoes preferenciais, a presenca de ligacoes de hidrogénio intramoleculares e as
interacoes mediadas por moléculas do solvente aquoso. Esses fatores podem desempenhar
um papel crucial na mudanca da abundancia relativa de certas conformagoes e constituem

um desafio analitico devido a dificil previsibilidade e dependéncia da dindmica do sistema.

A identificacao dos possiveis conformeros e suas frequéncias relativas em solucao
permitem inferir sobre as suas respectivas disponibilidades para complexacdo com o
receptor-alvo em meio bioldgico. A presenca de multiplos conférmeros de hexopiranoses
observada durante as simulac¢oes, com pelo menos dois conféormeros bem definidos e
relativa baixa energia livre para interconversao combina bem com mecanismos de selecao
conformacional de ligantes, devido ao baixo custo entdlpico associado. Estudos envolvendo
simulagoes da dinamica molecular da complexacao receptor-ligante podem beneficiar-se
dos parametros propostos nesta tese, uma vez que o mapeamento do espago conformacional
do ligante permite estudar os processos que envolvem a sele¢ao conformacional do mesmo,

um topico ainda pouco abundante na literatura.

6.3 Caracteristicas de Interacdo com o Solvente

O processo de formagao do complexo receptor-ligante esta intimamente relacionado
com a dindmica do solvente ao redor de ambos, receptor e ligante. As variagdes entélpicas

que ocorrem durante esse processo resultam das dindmicas de formagao e rompimento
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de um grande nimero de interacoes, dentre elas ligagoes de hidrogénio e interagoes de
vdW entre receptor e ligante e de ambos com o solvente circundante. Da mesma forma, as
variagoes entropicas envolvem o rearranjo do solvente e as mudangas conformacionais do

receptor e do ligante durante o processo de complexagao [213].

Para inferir sobre a participacao entélpica das ligacoes de hidrogénio que os grupos
polares em ICZs estabelecem com o solvente aquoso, foram calculadas propriedades
derivadas dessas interagoes, como o nimero médio de ligagoes de hidrogénio, seus tempo
de residéncia e meia-vida, além da energia livre de rompimento da ligagao. Variacoes
nessas propriedades também puderam ser observadas analisando mudangas no padrao de
substituicdo nas vizinhancas desses grupos, com resultados que variaram desde o aumento
da afinidade com a agua até a competicao pela interacao e consequente redistribuicao

dessa afinidade e reorganizacao do solvente na camada de solvatacao.

Esses resultados permitem compreender melhor o papel da dindmica de substituin-
tes e do solvente na descri¢ao das interagoes de ICZs com o solvente biologico, além de
fornecer informagoes que podem ser utilizadas em estudos da termodinamica do processo
de complexacao. Assim, os dados obtidos nessa andlise podem ser empregados em estra-
tégias que visam a otimizacao dos compostos ICZs em termos de especificidade de alvo,
relacionada a disponibilidade para interagoes com diferentes residuos em proteino cinases,
e biodisponibilidade, devido a solubilidade em agua desses ligantes ser um aspecto alvo de

aprimoramento.
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7 Conclusoes

Este trabalho se propos a estudar as caracteristicas de flexibilidade e de interagao
com o solvente aquoso de ligantes indolocarbazolicos livres em solugao através de simulagoes
de dinamica molecular, como meio de prospeccao das propriedades de interacoes ligante-

receptor. Os resultados apresentados permitem tragar as seguintes conclusoes:

o Capitulo I - Indolocarbazolas inibidoras de cinases: staurosporina e derivados.

— A validacao dos pardmetros desenvolvidos para o campo de forca GROMOS,
utilizando-se de dados de espectroscopia de NMR, indicou a adequacao das

topologias para o estudo da MD desses ligantes;

— A ampla percep¢ao do conjunto conformacional de staurosporina e seus de-
rivados, em solugao aquosa, representa um fator a ser explorado visando a

seletividade e eficiéncia desses compostos;

— As caracteristicas de interagdo com a agua, observadas em nivel atémico, podem
afetar a energia livre de complexacao ao receptor alvo, devido a variagdes nos

custos de dessolvatacao associados.
o Capitulo II - Indolocarbazolas inibidoras de topoisomerases: rebecamicina e derivados.

— A geracdo de parametros especificos e baseados em dados quanticos para a
descricao, no campo de forca GROMOS, de aspectos estruturais envolvidos nos
mecanismos de agao permitiu a descri¢cao conformacional acurada das moléculas

estudadas;

— A analise da dindmica conformacional, envolvida no mecanismo de acao dos
ligantes, elucidou o efeito de substitui¢oes vizinhas na barreira rotacional de
ligagOes e permitiu compreender melhor a dindmica da conformagao bioativa

das moléculas estudadas;

— A avaliacao das variagoes estruturais e seus impactos sobre a rede de solvatacao
estao implicadas na farmacodinamica e, consequentemente, em mudangas nas

propriedades bioativas das moléculas.
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8 Perspectivas

O desenvolvimento deste trabalho e as informacoes elucidadas abrem perspectivas,
tanto para aprofundar o estudo de ligantes ICZs, quanto para expandir investigagoes da
dindmica de outras familia de pequenos ligantes, no ambito da quimica medicinal e do

desenvolvimento de novos farmacos. Neste sentido, podem-se elencar os seguintes cenarios:

o Implementacdo de MD de complexos ICZ-proteina, apds a triagem de derivados
contra potenciais alvos, através de atracamento molecular, ou modelos preditivos
baseados em QSAR, para investigar varia¢oes estruturais implicadas na melhoria da

afinidade e seletividade;

« Expandir a anélise conformacional e de interacdo com o solvente para outras familias

de pequenos ligantes, através das abordagens de parametrizacao especifica, dentro
da filosofia. GROMOS, aqui empregadas;

e O desenvolvimento de rotinas automatizadas, para a construcao de topologias de
pequenos ligantes e validacao de parametros com base em dados de espectrocopia de

NMR, sao encorajados a partir dos resultados aqui expostos;

e O avanco de estudos comparativos, para avaliar a confiabilidade da descricao de
sistemas biologicos tedricos, podem beneficiar-se do uso de metodologias computacio-
nais que fazem uso de dados experimentais para a pesquisa de moléculas de interesse

terapéutico.
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APENDICE A - Atracamento Molecular de

Ligantes Piperazinicos

Em colaboracdo com o grupo do Prof. Dr. Ricardo Menegatti, do Laboratério
de Quimica Farmacéutica Medicinal na Universidade Federal de Goias, foi realizado um
estudo de atracamento molecular para avaliar as interacoes de compostos bioativos da

classe das piperazinas com os receptores alvo GABA, e 5-HT4.

Esta anélise elucidou os mecanismos envolvidos na atividade ansiolitica de LQFMO032
e LQFM212, resultante do efeito agonista da interacao de ambos os ligantes com o sitio
benzodiazepinico presente no complexo do receptor GABA,. O ensaio de atracamento
molecular contribuiu ainda para compreender a diferenca observada com relacao aos
efeitos de LQFM032 e LQFM212 sobre o receptor 5-HTA. A interacao diferencial desses
ligantes, com residuos envolvidos no agonismo e no antagonisto do receptor serotoninérgico,
esclareceu como o efeito ansiolitico de LQFM212 pode ser mediado pela ativacao do receptor
5-HT A em carater agonista. Diferentemente do que ocorre com o ligante LQFMO032, que

mostrou um padrao de interacao antagonista com os residuos do mesmo receptor.

Este trabalho resultou na publicacao do artigo intitulado "Neuropharmacological
assessment in mice and molecular docking of piperazine derivative LQFM212" na revista

Behavioural Brain Research.
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ARTICLE INFO ABSTRACT

Piperazine derivatives are an attractive class of chemical compounds for the treatment of various mental illness.
Herein, we demonstrated the synthesis of LQFM212, a piperazine derivative, behavioral evaluation in mice and
computational studies. In neuropharmacological assessment, LQFM212 treatment at doses of 18, 54 or 162
umol/kg increased the sleep duration in sodium pentobarbital-induced sleep test. LQFM212 at dose of 162 pmol/
kg increased climbing time in the chimney test and decreased the number of squares crossed in the open field
test, suggesting that LQFM212 in high doses reduces spontaneous movement. However, LQFM212 treatment at
the doses of 18 or 54 umol/kg increased the preference for the center of field which could be indicative of
anxiolytic-like effects. In elevated plus maze and light-dark box tests, LQFM212 treatment altered all parameters
observed that demonstrate anxiolytic-like activity. These effects were reversed by flumazenil, mecamylamine,
WAY-100635 and PCPA, but not with ketanserin, showing that anxiolytic-like activity involve benzodiazepine
site of GABA, receptor, nicotinic and serotonergic pathways. Molecular docking of LQFM212 showed that the
ligand has more interactions with GABA, receptor than with 5-HT; receptor. Despite the involvement of
benzodiazepine site on anxiolytic-like effect of LQFM212, treatment with this compound did not alter cognitive
function in the step-down avoidance test. In this sense, this piperazine derivative is a good prototype for treating
anxiety disorders with putative mechanism of action.

Keywords:
Anxiolytic-like activity
Benzodiazepine site
Nicotinic receptor
Serotonergic pathway

1. Introduction

Mental illness, including anxiety disorders, are among the most
prevalent and burdensome diseases worldwide with serious impairment
to affected patients, resulting in significant morbidity and impairment
of daily activities [1]. In anxiety disorders, occur neurochemical
changes that contribute to extensive excitation of the central nervous
system (CNS) and several modulators can affect brain activity in spe-
cific areas and throughout the neurocircuit system, allowing for many
potential pharmacological targets [2,3].

The y-aminobutyric acid (GABA) is the main inhibitory neuro-
transmitter in CNS, acts in control emotionality and changes in
GABAergic function system appear to be a common denominator of

anxiety disorders [4-6]. The relationship between GABAergic system
and behavior arose from the recognition of allosteric modulation of
GABA, receptors by drugs such as benzodiazepines (BZDs), which due
many adverse effects, e.g. memory impairment, motor incoordination,
tolerance and dependence, are restricted to short-term treatment of
anxiety disorders [7].

The first long-term treatment line for anxiety disorders consists
mainly of selective serotonin reuptake inhibitors (SSRIs) because they
have less adverse effects than BZDs but have therapeutic delay [7].
SSRIs restore the abnormalities of serotonergic neurotransmission by
acting on the serotonin reuptake transporter (SERT). Besides that, other
damage on serotonergic pathway can occur and include serotonin (5-
HT) release dysregulation, related to presynaptic autoreceptors 5-HT; 5,
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1p, deficits in postsynaptic serotonergic receptors responsiveness and
alteration of serotonin neurotransmission in non-serotonergic systems,
since there are 5-HT heteroceptors in neurons of other neurochemical
systems, for example, activation of 5-HT54 o receptors located in GA-
BAergic interneurons leads to an increase in release of GABA [2,8,9].

The large variety of studies both human and animals have shown
that in addition to the classical neurotransmitters mentioned above,
other pathways can be unregulated in mental disorders and make po-
tential new targets for the treatment of conditions such as anxiety
disorders. Alterations in signaling through nicotinic acetylcholine re-
ceptors (nAChRs) can affect many aspects of emotionality. nAChRs are
expressed on many cell types throughout the CNS, e.g. neurons of hip-
pocampus, locus coeruleus and amygdala, and modulate multiple brain
circuits. Nicotine is known to stimulate the release of many different
neurotransmitters including glutamate, GABA, ACh, dopamine, nor-
epinephrine and 5-HT by activating nAChRs [10,11].

Evidence on literature shows that piperazine derivatives constitute
an attractive class of chemical compounds for treatment of several
mental disorders, including anxiety disorders (for review see [12]).
These compounds have small size which confer the ability to cross the
blood-brain barrier (BBB) and act in the CNS, producing anxiolytic
[13], e.g. buspirone, antidepressant [14], e.g trazodone, and anti-
psychotic effects [15,16], e.g. clozapine.

The present paper describes the synthesis of the piperazine com-
pound  2,6-di-tert-butyl-4-((4-(2-hydroxyethyl)piperazin-1-yl)methyl)
phenol (3) (LQFM212), which was designed through molecular hy-
bridization strategy between LQFMO032 (1) and butylated hydro-
xytoluene (2) (BHT). The compound (1) has an anxiolytic-like activity
mediated through GABA, receptor benzodiazepine site and nicotinic
receptors but not by 5-HT;, receptors [17], and (2) is considered an
antioxidant gold standard [18,19]. As illustrated in Fig. 1A, we changed
1-(phenyl)-1H-pyrazole (A and B) present in LQFMO032 (1) by 2,6-di-
tert-butylphenol from BHT (2), aiming produce a new compound with
pharmacological activity and additional mechanisms of action.

The main objective of the present study was to assess the neuro-
pharmacological activity of the new piperazine derivative LQFM212 (3)
and the mechanisms involved in the observed activities. In the first
phase, we carry out a screening CNS-related activity using well-vali-
dated animal models, followed to specific tests to assess anxiolytic-like
effects and discriminate the activity found. The second phase was car-
ried out with the experimental assays directed to evaluate the possible
mechanisms of action in vivo using previous administration of antago-
nists and enzymatic inhibitors of the, GABAergic, nicotinic and ser-
otonergic pathways. Besides that, were performed experimental session
to check for possible cognitive damage. In the third phase, computa-
tional studies were performed to better clarify and establish the me-
chanism of action of LQFM212 (3).

2. Material and methods
2.1. Chemistry

2.1.1. General methods

Reactions were monitored by TLC using commercially available
precoated plates (Whatman 60 F254 silica) and developed plates were
examined under UV light (254 and 365 nm). 'H and '*C-NMR spectra
were recorded in the indicated solvent on Bruker Avance III 500 MHz
spectrometer. Chemical shifts are quoted in parts per million downfield
from TMS and the coupling constants are in Hertz. All assignments of
the signals of 'H and '°C NMR spectra are consistent with the chemical
structures of the products described. Infrared spectra were recorded on
a Perkin-Elmer Spectrum Bx-II FT-IR System spectrophotometer in-
strument as films on KBr discs. Mass spectra (MS) were obtained with a
microTOF III (Brucker Daltonics Bremen, Germany). The sample pre-
paration for MS analysis consisted of diluting 1 pug of sample in 1 ml of
methanol. To perform the analysis in positive mode, 1 pL of formic acid
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was added to the sample. The solution obtained was directly infused at
a flow rate of 3 puL/min into the ESI source. ESI(+) source conditions
were as follows: nebulizer nitrogen gas temperature and pressure of 2.0
bar and 200 °C, capillary voltage of —4,5 kV, transfer capillary tem-
perature of 200 °C; drying gas of 4 L.min " *; end plate offset of —500 V;
skimmer of 35 V and collision voltage of —1.5 V. Each spectrum was
acquired using 2 microscans. The resolving power (m/Am50 %
16.500,00, where Am50 % is the peak full width at half-maximum peak
height). Mass spectra were acquired and processed with data analysis
software (Brucker Daltonics, Bremen, Germany). Melting points were
performed using a Marte melting point apparatus, and the results were
uncorrected. The organic solutions were dried over anhydrous sodium
sulfate and organic solvents were removed under reduced pressure in a
rotary evaporator.

2.1.2. Synthesis of LQFM212 (3)

To a stirred heterogeneous mixture of 200 pl of acetic acid, (130.2
mg, 1 mmol) 1-(2-hydroxyethyl) piperazine (5), with cooling in an ice
bath was added (90 pL, 1.0 mmol) 37 % aqueous of formaldehyde so-
lution. The flask was removed from the ice bath and equipped with a
reflux condenser, through which (206.3 mg, 1 mol) of 2,6-di-tert-bu-
tylphenol (4) was added all at once. In turn the mixture was stirred at
temperature of 80 °C for 1 h (Fig. 1B) [20]. The mixture cooled to room
temperature and the residue was partitioned between water and
CH,Cl,. The phases were separated and the aqueous layer was extracted
3 x 15 ml with CH,Cl, and the combined organic layers were dried
(Na,SO,), concentrated in vacuo, and the crude product was purified by
column chromatography (SiO,, hexane/EtOAc = 73:27) to afford 2,6-
di-tert-butyl-4-((4-(2-hydroxyethyl)piperazin-1-yl)methyl)phenol  (3)
(285 mg, 82 %) as a brown oil, Rf = 0.65 (CH,Cl,/MeOH, 90:10):
IRmax (KBr) cm ™ !: 3600 (v O-H), 3500 — 2500 (v O-H), 2956 (v C-H),
1575 (v C = C) (Figure S1, supplementary material); H NMR
(500.13 MHz) CDCl; 6: 1.43 (s, 18H, H7’ and 8’); 2.02 (s, 1H, H10);
2.65 (t, 2H, H8); 2.58 (m, 4H, H4 and H6); 2.69 (m, 4H, H3 and H7);
3.49 (s, 2H, H1); 3.67 (m, 2H, H9); 5.16 (s, 1H, H11); 7.07 (s, 2H, H2’
and 6°) (Figure S2 and Table 1, supplementary material); '>*C NMR
(125.76 MHz) CDCl;3 §: 30.5 (C-7’ and 8’); 34.4 (C-9’ and 10’); 50.4 (C-4
and 6); 52.3 (C-3 and 7); 57.4 (C-9); 59.7 (C-8); 62.4 (C-1); 124.7 (C-1");
126.4 (C-2’ and 6%); 135.7 (C-3’ and 5’) (Figure S3-4 and Table 1,
supplementary material); [M*H] " m/z = 349.2795; purity > 99 %
(Figure S5, supplementary material).

2.2. Drugs and treatments

The chemicals used were: LQFM212 (2,6-di-tert-butyl-4-((4-(2-hy-
droxyethyl)piperazin-1-yl)methyl)phenol) (3) - molecular weight:
348.28 g/mol; Tween 80° (Vetec, Brazil); NaCl (Belga); Diazepam
(Teuto, Brazil); Sodium pentobarbital (Sigma-Aldrich, USA); 2,5-di-
methoxy-4-iodoamphetamine (DOI - Sigma-Aldrich, USA); Flumazenil
(Uniado Quimica, Brazil); Mecamylamine hydrochloride (Sigma-Aldrich,
USA); p-chlorophenylalanine (PCPA - Sigma-Aldrich, USA); WAY-
100635 (Sigma-Aldrich, USA); Ketanserin (Sigma-Aldrich, USA).
LQFM212 (3) was solubilized in 2% Tween 80® and administered orally
(p.o.) at doses of 18, 54 or 162 pmol/kg. These doses are equimolar to
the doses LQFMO032 (1) [17]. Control group was treated orally with 2%
Tween 80® (10 mL/kg) in distilled water, as vehicle. Diazepam were
prepared in distilled water and administered orally at doses of 3.5 or 18
umol/kg. Sodium pentobarbital, DOI, mecamylamine, PCPA, WAY-
100635 and ketanserin were prepared in 0.9 % saline (NaCl) and ad-
ministered intraperitoneally (i.p.). Doses of the drugs were chosen ac-
cording to the literature data and we also confirmed the selected doses
in previous studies [17,21]. In particular, experiments for 5-HT2x /oc
receptors, a prior standardization was performed to find dose of ke-
tanserin antagonist that did not interfere with results but could reverse
effect of DOI agonist (Figure S6-7, supplementary material).
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Molecular hybridization
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Fig. 1. Design of 2,6-di-tert-butyl-4-((4-(2-hydroxyethyl)piperazin-1-yl)methyl)phenol (3) (LQFM212). (A) Structural design of LQFM212 (3) from LQFM032

(1) and BHT (2). (B) Synthetic route to preparation LQFM212 (3).

2.3. Neuropharmacology assessment

2.3.1. Animals

Experiments were conducted using adult male Swiss mice, weighing
approximately 30-45 g (6-8 weeks old), provided by the Central Animal
House of Universidade Federal de Goiés. The animals were maintained
under controlled conditions of temperature (22 + 1 °C), 12:12 h light/
dark cycle and free access to water and food and acclimatized for 7 days
before the beginning of the experiments. All protocols carried out be-
tween 8:00 a.m. and 4:00 p.m., with eight mice per group, and were
approved by the Ethics Committee on Animal Use of Universidade
Federal de Goiés-Brazil (no. 021/13).

2.3.2. Pharmacological screening of central activity

Initially, a screening CNS-related activity was carried out, in which
three tests were performed, namely: sodium pentobarbital-induced
sleep, chimney and open field test (OFT). Sixty minutes after oral
treatment with vehicle, LQFM212 (3) at doses of 18, 54 or 162 pmol/kg
or diazepam 18 pmol/kg, in the sodium pentobarbital-induced sleep,
the animals received an intraperitoneal administration of sodium pen-
tobarbital at dose of 200 umol/kg to evaluate possible central de-
pressant or stimulant effects of LQFM212 (3) due to synergistic or an-
tagonism effect with barbiturate. The latency time, from pentobarbital
injection to sleep onset (when occurs to loss of the righting reflex) and
the duration of the sleeping time (the time required to recover the

righting reflex) were recorded for each animal [22]. The chimney test
was performed in order to verify possible impairment in motor co-
ordination. Sixty minutes after the same oral treatments, the animals
were placed, individually, in a glass tube with a predetermined mark.
The time that the animal took to climb backwards in the glass tube in
vertical position to reach the predetermined mark has been recorded,
with cut-off to climbing of 30 s. Animals that could not perform this
activity were considered with impaired in motor coordination [23]. In
addition, OFT was carry out to assess the mice ambulatory behavior.
The apparatus is a circular arena with the floor divided into eight equal
squares and sixty minutes after the same oral treatments each animal
was placed at the center of arena and allowed to explore freely for 5
min. The number of squares crossed, rearing number, grooming fre-
quency, immobility time (s), crossings frequency and time spent at the
center (%CrCe and %TCe, respectively) of the arena were recorded
[21,24].

2.3.3. Evaluation of anxiolytic-like activity

Specific tests were performed to evaluate the anxiolytic-like activity
of LQFM212 (3): elevated plus maze (EPM) and light-dark box (LDB)
tests. Sixty minutes after oral treatment with vehicle, LQFM212 (3) (54
umol/kg) or diazepam (3.5 umol/kg), the animals were submitted to
EPM and LDB tests. EPM apparatus consists of two open arms and two
enclose arms connected by a central platform and raised from the floor.
The test is based on the natural aversion of mice for open and elevated
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areas, as well as on their natural spontaneous exploratory behavior in
novel environments [25]. In EPM protocol, the animals were place in-
dividually at the center of the EPM, facing the closed arms and the
experiment was recorded for 5 min. Parameters such as percentage of
open arms entries and percentage of time spent in open arms, percen-
tage of time spent on central platform and ethological evaluations,
stretched-attend postures (SAP) and head dips, were used as a measure
of anxiety-like activity [26,27]. LDB test assesses the rodent’s natural
preference for the dark and aversion to bright lights since the apparatus
consists of two compartments, one dark and one illuminated with the
floor divided into nine equal squares, separated by an opening in the
central wall. In LDB protocol, the animals were placed individually at
center of the light area facing the opening of the dark area. Time of
second latency (first transition from dark to light area), number of
transitions between the compartments, time spent and number of
squares crossed in the light area were recorded over 5 min [28,29].

2.3.4. Mechanism of action involved on anxiolytic-like activity

To evaluate the role of benzodiazepine site of GABA, receptor and
nicotinic receptors, animals were pretreated by intraperitoneal admin-
istration with 0.9 % saline, flumazenil (6.6 pmol/kg), a benzodiazepine
site antagonist, or mecamylamine (30 umol/kg), a non-selective nico-
tinic receptors antagonist. After 30 min, the animals were treated orally
with vehicle or LQFM212 (3) (54 pumol/kg). Sixty minutes after treat-
ment, mice were submitted to EPM.

To evaluate the role of serotonergic pathway were used antagonists
of 5-HT;4 and 5-HT, receptors, and inhibitor of tryptophan hydro-
xylase. For participation of 5-HT; receptors, animals were pretreated
by intraperitoneal administration with 0.9 % saline or WAY-100635
(0.7 umol/kg), a 5-HT;, receptor antagonist, and 30 min after were
treated orally with vehicle or LQFM212 (3) (54 pmol/kg). For partici-
pation of 5-HT,s,c receptors, animals were pretreated by in-
traperitoneal administration with 0.9 % saline or ketanserin (0.25
umol/kg), a 5-HT4 2c antagonist, and 30 min after, were treated with
vehicle, LQFM212 (3) (54 umol/kg, p.o.) or 2,5-dimethoxy-4-iodoam-
phetamine - DOI (3.35 pmol/kg, i.p.), a 5-HT4 o agonist. In another
protocol to evaluate the influence of endogenous serotonin, animals
were pretreated (i.p.) during 4 consecutive days (once a day) with 0.9
% saline or p-chlorophenylalanine — PCPA (500 pmol/kg), a serotonin
synthesis inhibitor by inhibition of tryptophan hydroxylase. One hour
after the last pretreatment, the animals were treated orally with vehicle
or LQFM212 (3) (54 pumol/kg). In all protocols, one hour after treat-
ment with vehicle or LQFM212 (3), and thirty minutes after treatment
with DOI, mice were submitted to EPM.

2.3.5. Evaluation of cognition activity on step-down avoidance (SDA) test

The protocol of SDA test is divided into sections, first the animals
are subjected to a training session, where sixty minutes after oral
treatment with vehicle, LQFM212 (3) at doses of 18, 54 or 162 pmol/kg
or diazepam 18 pmol/kg mice were placed on the safe platform and the
step-down from the platform with all four paws was immediately fol-
lowed by a foot-shock (0.5 mA) for 1 s. The latency to step-down was
recorded for basal information. Afterward, test session was carry out
after an interval of 90 min and 24 h from the training session, which
was conducted in the absence of shock, and the step-down latency from
the platform was recorded (cut-off 180 s) and evaluated as indicative of
memory retention [30].

2.4. Computational studies

The molecular docking study was performed on the GABA, and 5-
HTa receptors. The GABA, structure came from the 6HUO PBD entry,
that provides the alf3y2 GABA, receptor [31]. For the analyses in-
volving the receptor 5-HT; 4 receptor we applied a model predicted by
GPCR-I-TASSER designer of 3D structure prediction of G protein-cou-
pled receptors, available in https://zhanglab.ccmb.med.umich.edu
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[32]. The protein receptors were ionized at pH = 7.4 and the proto-
nation state was assigned through PROPKA 3.1 web server [33,34]. The
ligands structures were built in Avogadro molecular editor [35]. Be-
yond the ligands LQFMO032 (1), BHT (2) and LQFM212 (3) tested at
both receptors, diazepam and flumazenil were tested at GABA,, while
8-OH-DPAT and WAY-100635 were tested at 5-HT;,, as agonist and
antagonist control, respectively.

Molecular docking was carried out through DockThor [36,37] using
a grid to limit the search space to 5-HT;, inner channel, taking as re-
ferences the PDB entries of 5-HT;p protein-ligand complexes 5V54 [38]
and 6G79 [39] and taking care of reach as the top as the deep inner
channel [40], using the grid size of 34 x 20x20 A. The grid at GABA,
was placed to encompass the BZD-binding site, as have showed early
experimental studies involving BZDs [31,41,42], such dimensions were
20 x 20x28 A, except for flumazenil whose docking required a slightly
grid size reduction, measuring 20 A at each axis. Non-covalent inter-
action results among the receptors and the ligands were evaluated with
Protein-Ligand Interaction Profiler (PLIP) [43] and images were gen-
erated with PyMOL Molecular Graphics System 1.8 and PoseView
[44,45].

2.5. Statistical analysis

Results were expressed as mean = standard error of the mean
(SEM). Differences between two groups were detected by Student's T-
test and among three or more groups by the one-way ANOVA followed
by Newman-Keuls test. Statistical difference was considerate when
p < 0.05. GraphPad Prism software was used for all analyzes.

3. Results
3.1. Synthesis of LQFM212 (3)

Compound LQFM212 (3) was obtained in 82 % of yields by Mannich
reaction (Fig. 1B). And it was duly identified by the spectroscopic
techniques described above (Figure S1-5, supplementary material).

3.2. Effects of LQFM212 (3) on pharmacological screening of central
activity

As described in Table 1, none of the tested doses of LQFM212 (3)
was able to decrease the sleep latency, but all doses of LQFM212 (3)
increased the sleep duration around 28 % in the sodium pentobarbital-
induced test. However, positive control diazepam (18 pmol/kg) de-
creased the sleep latency and increased sleep duration. The dose of 162
umol/kg of LQFM212 (3) increased the climbing time by 305 % in
chimney test, similarly to positive control diazepam (18 pmol/kg). In
OFT, LQFM212 (3) treatment at doses of 18 and 54 pmol/kg increased
%CrCe by 27 % and 38 %, and %TCe by 46 % and 69 %, respectively.
The dose of 162 pumol/kg decreased the number of squares crossed,
grooming frequency and rearings number by 26 %, 22 % and 53 %,
respectively, similarly to positive control diazepam (18 pmol/kg) which
decreased all parameters observed.

3.3. Anxiolytic-like activity of LQFM212 (3)

LQFM212 (3) treatment modified all behaviors observed in EPM
and LDB, as described in Table 2. Concerning parameters in EPM,
percentage of open arms entries and percentage of time spent in open
arms increased by 29 % and 27 %, respectively, and number of head
dips increased by 112 %. Furthermore, decreased percentage of time
spent on central platform and number of SAP by 29 % and 80 %, re-
spectively. In LDB, number of transitions, time spent and squares
crossed in the light area increased by 32 %, 62 % and 26 %, respec-
tively, and decreased the time of second latency by 33 %. All these
results observed with LQFM212 (3) are similar to the positive control
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Table 1
Effects of LQFM212 (3) on pharmacological screening of central activity.
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Vehicle 10 mL/kg
Sodium pentobarbital-induce sleep test

Latency (s) 173.9 + 12.85 169.8 + 5.11
Duration (min) 39.89 + 3.38 50.75 * 3.53*
Chimney test

Climbing time (s) 4.62 + 0.56 4.78 £ 0.66
Open field test (OFT)

Squares crossed 70.78 £ 3.09 62.40 = 5.76
Rearings 54.13 + 2.98 57.33 = 4.20
Grooming 4.29 + 0.68 3.57 £ 0.37
Immobility (s) 2.33 £0.75 5.46 £ 1.33
%CrCe 37.41 £ 2.19 47.40 + 1.89*
%TCe 21.35 + 2.08 31.24 + 3.34*

LQFM212 18 pmol/kg

LQFM212 54 pmol/kg LQFM212 162 pmol/kg Diazepam 18 pmol/kg

188.7 + 14.92 172.1 £ 8.01 127 + 8.02**
51.71 + 3.29* 50.9 + 3.23* 104.7 + 11.16***
4.25 = 0.52 18.71 £ 4.11%** 30.00 £ 0.0***
66.13 £ 5.46 52.67 + 5.78* 52.29 * 7.65*
53.00 * 3.20 42.40 * 3.75* 33.25 * 3.89%**
2.50 + 0.42* 2.00 = 0.38* 2.22 + 0.55*
3.86 = 1.64 17.16 = 6.89 46.99 * 6.86%**
51.27 * 2.67*** 39.85 + 2.95 15.88 + 2.19%**
36.15 * 3.99** 16.72 £ 2.15 12.37 + 2.37*

test). %CrCe, percentage of center crosses in the OFT. %TCe, percentage of center time in the OFT.

diazepam (3.5 pumol/kg).

3.4. Mechanism of action involved on anxiolytic-like activity

Percentage of open arms entries and percentage of time spent in
open arms in EPM increased by treatment with LQFM212 (3).
Flumazenil or mecamylamine pretreatment reverted these parameters
by 21 % and 31 % (Fig. 2A-B), and by 22 % and 35 %, (Fig. 4A-B),
respectively. Furthermore, flumazenil or mecamylamine, per se, did not
change the observed parameters. In evaluation of participation of ser-
otonergic pathway,

WAY-100635 pretreatment reverted the anxiolytic-like effect of
LQFM212 (3) in 18 % and 24 %, respectively (Fig. 5A-B), whereas, per
se, WAY-100,635 did not change the observed behavior. Similar to
LQFM212 (3) anxiolytic-like effect, DOI treatment in EPM increased the
percentage of open arms entries and percentage of time spent in open
arms by 68 % and 87 %, respectively. Ketanserin treatment reverted
partial the anxiolytic-like effect of DOI On the other hand, this reversal
was not observed with LQFM212 (3) treatment (Fig. 5C-D). Further-
more, per se, ketanserin did not alter the observed parameters. PCPA
pretreatment also reverted the anxiolytic-like effect of LQFM212 (3) as
it decreased the percentage of time in open arms in EPM by 29 %
(Fig. 5F), whereas, per se, PCPA did not alter the observed parameters.

3.5. Effects of LQFM212 (3) on SDA test

LQFM212 (3) did not cause memory impairment on short- and long-
term memory (after 90 min and 24 h, respectively; Fig. 3) as demon-
strated by an increase in latency to step-down during test session.
However, diazepam (18 pumol/kg) decreased latency to step-down on
SDA after 90 min and 24 h by 61 % and 63 %, respectively.

Table 2
Anxiolytic-like effect of LQFM212 (3) in EPM and LDB.

3.6. Computational studies

The tested ligands LQFMO032 (1), BHT (2), LQFM212 (3) and the
agonist and antagonist controls, diazepam and flumazenil, have showed
interaction with residues from al-D and y2-C chains in GABA, re-
ceptor, as defined as BZD-binding site [41,42,46] (Figure S8, supple-
mentary material). Flumazenil has formed hydrophobic interaction
with Tyr58, Phe77, Phel00, and Thr207 in addition to H-bonds with
Tyr160 at 3.59 A and Ser205 at 3.82 A, corroborating previous results
[42] (Figure S8C, supplementary material). LQFM032 (1) and BHT
(2), could interact with similar residues when compared to the agonist
diazepam: Phe100, Phe77, Tyr58, and Ser205 (Figure S8B, D-E, sup-
plementary material). LQFM032 (1) showed a T-shaped m-stacking at
60.57° between the imidazole ring and Tyr58 and a parallel displaced -
stacking at 23.53° between the benzene ring and Tyr210, besides five
electrostatic interactions that were H-bond with Ser205 at 3.26 A,
GIn204 at 2.94 A, and Glu189 at 2.64 A plus a double salt bridge with
this same residue (at 3.67 A and 5.38). BHT (2) has presented a parallel
displaced mi-stacking at 17.54° with Phe77 and a H-bond at 3.16 A with
Ser205 and further hydrophobic interactions with Thr142 and Val203.
The two compounds combination to obtain LQFM212 (3) has preserved
from BHT (2) the hydrophobic interaction between one tert-butyl group
and Tyr58 and Val203, inherited from LQFMO032 (1) interaction of the
same type with Phe77 plus the electrostatic interactions with Glu189
(single salt bridge at 3.78 A and H-bond at 2.61 i\) and H-bond with
GIn204 at 2.71 A, and finally has yield a weaker H-bond with Asn60 at
3.47 A (Fig. 6 and Figure SSF, supplementary material).

Regarding, docking studies on 5-HT;, receptor, both ligands
LQFMO032 (1), BHT (2), LQFM212 (3) and the controls 8-OH-DPAT and
WAY-100635 tested were able to establish interaction in a binding site
located in the top of receptor transmembrane helices (TMH) between
TMH3, TMH6, TMH7 (Figure S9, supplementary material) on the
same direction from previous docking results [47-49]. WAY-100635

Vehicle 10 mL/kg
Elevated plus maze (EPM)

Open arms entries (%) 47.25 + 5.14
Time spent in open arms (%) 42.91 * 4.22
Time spent on central platform (%) 23.39 + 2.64
Number of SAP 19.00 + 2.73
Number of head dips 22.86 + 3.62
Light-dark box (LDB)

Number of transitions 18.78 £ 1.11
Second latency (s) 14.17 = 1.12
Squares crossed in light area 26.00 * 3.12
Time spent in light area (%) 40.43 = 4.84

LQFM212 54 pmol/kg Diazepam 3.5 pmol/kg

61.09 + 2.92* 66.67 + 3.75*
54.56 + 2.65* 59.37 + 4.49*
6.50 + 1.35% 14.28 + 1.90*
3.70 = 0.76*** 1.89 * 0.71%**

48.50 =+ 2.85%** 62.43 + 3.75%**

24.89 + 0.99* 29.57 + 3.81**
9.49 + 1.42* 7.58 = 1.20**

42.13 * 3.62* 45.75 + 4.97**
50.99 + 1.97* 56.08 + 2.35%*

Results are expressed as mean = SEM. *p < 0.05, **p < 0.01 and ***p < 0.001 — compared with the vehicle group (one-way ANOVA followed by Newnman-Keuls

test). SAP, stretched-attend postures.
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Fig. 2. Effects of pretreatment with flumazenil on the effects of treatments with vehicle or LQFM212 (3) in the EPM. Results are expressed as mean = SEM.
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presented hydrophobic interactions with residues Vall17, Phe362, in-
deed a T-shaped m-stacking at 84.62° between the phenol ring and
Phe361, according with previous observations [48]. The known an-
tagonist also showed one H-bond among Asp116 and phenol hydroxyl
group at 2.55 A. When analyzing LQFMO032 (1) interactions, PLIP was
able to show a salt bridge (at 5.42 A) between Asp116 and the piper-
azine nitrogen, although did not show H-bond formation among the
same groups. Even more, it was found a weaker H-bond between GIn97
and hydroxyl group at 4.07 A (Figure S9C-D, supplementary mate-
rial). LQFMO032 (1) and BHT (2) have shared hydrophobic interaction
with the same residues Vall17 and Ile113. Moreover, Phe361 also in-
teracted with both ligands, through a T-shaped m-stacking at 81.34°
with the LQFMO032 (1) phenyl ring and a hydrophobic interaction with
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BHT (2), that in turn has displayed also a hydrophobic interaction with
11e189 at extra cellular looping 2 (ECL2) (Figure S9E, supplementary
material). The 5-HT;, control agonist 8-OH-DPAT have showed H-
bond with Asp116 at 2.58 A and Asn386 at 3.44 A from hydroxyl group,
besides hydrophobic interactions with Ala365, Phel12 and Phe361
(Figure S9B, supplementary material). LQFM212 (3) displayed hy-
drophobic interactions with Ala383 and Asn386, besides with Phel9
present at ECL1. Further that, also formed H-bond (at 3.66 A) with the
same residue Aspl16, plus a salt bridge (at 4.67 A) from the nitrogen
atom, closer the hydroxyl group H-bond former, reinforcing the elec-
trostatic interaction (Fig. 6 and Figure S9F, supplementary mate-
rial).

4. Discussion

Behavioral effects of LQFM212 (3) were examined herein using
well-validated animal models to screening CNS-related activities. In
sodium pentobarbital-induced sleep test all doses at LQFM212 (3) in-
creased sleep time without altering the latency time, which is indicative
of central depressant effect probably related to the synergistic effect
with barbiturate [22]. Our findings in chimney test suggest that at
highest dose tested of LQFM212 (3) leads to motor impairment. In OFT,
LQFM212 (3) showed preference for the center of field which could be
indicative of anxiolytic-like effects [23]. However, LQFM212 (3)
treatment at highest dose decreased the number of squares crossed,
suggesting that LQFM212 (3) in high doses reduces spontaneous
movement and corroborate with results detected in chimney test. These
data are similar to positive control, diazepam, which has anxiolytic
effect at lower doses and produces sedation and myorelaxant effect at
higher doses [50]. The intermediate dose of LQFM212 (3) was chosen
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mean + SEM. *p < 0.05 and **p < 0.01 by t-test. (A) Percentage of open arms entries. (B) Percentage of time spent in open arms.
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Fig. 5. Effects of pretreatment with WAY-100635, ketanserin or PCPA on the effects of treatments with vehicle or LQFM212 (3) in the EPM. Results are
expressed as mean = SEM. *p < 0.05 and ***p < 0.001 by t-test. (A) Percentage of open arms entries. (B) Percentage of time spent in open arms.

for the subsequent tests, because results previous tests suggested an-
xiolytic-like effect without altering the locomotor activity, which ex-
cludes the possibility of false positives in specific tests to evaluation of
the anxiolytic-like activity: EPM and LDB. These tests are intensively
used in the study of the neurobiological bases of anxiety and in the
screening of anxiolytic compounds, and both methodologies are based
on the natural behavior of the animals [51]. LQFM212 (3) showed
anxiolytic-like effect in both tests, similarly to other piperazine deri-
vatives [13,17].

To elucidate the action mechanisms involved on anxiolytic-like ac-
tivity of LQFM212 (3), firstly was evaluated the participation of

benzodiazepine site present in the GABA, receptor complex.
Benzodiazepine agonists act as positive modulators by opening the
chloride channel, resulting in increased chloride influx and hyperpo-
larization of neuronal membrane, with consequently anxiolytic, antic-
onvulsive, myorelaxant and/or hypno-sedative effects [52-54]. Our
data showed that the effects of LQFM212 (3) were abolished with flu-
mazenil pretreatment, suggesting benzodiazepine site of GABA, re-
ceptor can contribute to anxiolytic-like effect observed with LQFM212
(3), similarly the effects found with LQFMO032 (1) [17], one lead
compound used to design LQFM212 (3). When docked to GABA, re-
ceptor, LQFM212 (3) was able to preserve some relevant interactions
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Fig. 6. Ligands binding poses docked in GABA, and 5-HT;, receptors. Orange dashed lines are H-bond. Ligands are LQFM032 (1) (magenta), LQFM212 (3)

(yellow), WAY-100635 (green), flumazenil (cian) and agonist controls (purple).

from the precursors LQFMO032 (1) and BHT (2). Such interactions re-
flect an interesting similarity to those observed between GABA, re-
ceptor and the diazepam agonist and LQFMO032 (1), that were Tyr58,
Phe77, Glul89, and GIn204. Among the GABA, residues implicated on
the LQFM212 (3) interaction rescued from docking, Tyr58, Phe77, and
Asn60 have already shown to be involved on interaction with dia-
zepam, that indicate also the residues Phe100, Ser205 and Tyr210 [31]
matching with our agonist control analyses. Regarding flumazenil ac-
tion to abolish the LQFM032 (1) and LQFM212 (3) effects, the early
interaction with the same residues implicated on agonists interaction,
highlighting Tyr58, Phe77, and Phel00, seems to have occupied the
BZD-binding site and blocked the later ligands tested access. Our results
corroborate previous data from electron microscopy structures that
clarified how the competitive antagonist flumazenil can to block the
agonist effect on GABA, receptor interacting with the same residues,
outlined by aromatic residues to nest flumazenil, including Tyr58,
Phe77, Phel00, and Tyr160 [42].

BZDs are often associated with undesirable anterograde amnesia
stem primarily from an impair acquisition processes of information
[55,56]. Regarding cognition impairment caused by BZDs was eval-
uated if LQFM212 (3) treatment damage mice performance on SDA.
Inhibitory avoidance involves learning to inhibit a response in order to
avoid an aversive stimulus, e.g. foot-shock during the training session
on SDA. In this regard, is possible evaluate a good memory acquisition
shown by a higher latency to descend from a platform to a previously
electrified grid, and treatment that reduces this latency can be con-
sidered amnestic [57]. LQFM212 (3) treatment did not alter cognitive
function and vehicle group showed the same effect. However, treatment
with diazepam reduced latency to step-down on SDA at both assess-
ments in the test session. This result is consistent with the adverse effect
on memory of classic BZDs described above.

GABA, receptor is pentameric ligand-gated ion channel formed by
various combinations of different subunits which bestow certain

physiological characteristics as well as pharmacological properties. For
instance, al subunit is related mainly to sleep and sedating effects, a2
subunit with anxiolytic effects, a3 with myorelaxation and a5 with
memory and learning [52]. Benzodiazepine site involvement in the
anxiolytic-like effect of LQFM212 (3) was well characterized by flu-
mazenil antagonism and docking assays. However, none of the tested
doses of LQFM212 (3) affected cognition on SDA, as occurred with
diazepam treatment. It is known that a5-containing GABA, receptors is
one of the minimal requirements for diazepam action (for review see
[52]) which might explain its amnestic effects. Experimental findings
related a5 knockout mice, compared to the wild-type animals, show
enhanced platform learning in the Morris water maze [58] while an
inverse agonist selective for a5-containing GABA, receptors facilitated
the acquisition in a similar protocol of working memory [59]. In this
regard, it is plausible to suggest that perhaps LQFM212 (3) has greater
selectivity of action on GABA, receptor subunits than diazepam. Zol-
pidem as well as another nonbenzodiazepine hypnotics, zaleplon and
eszopiclone, has action on al-containing GABA, receptors and are
known to be useful in the treatment of insomnia and may offer a better
safety profile over BZD. Moreover, eszopiclone is also a piperazine
derivative predominantly selective for the a2 and a3 subtypes with less
sensitivity for al subtype and, consequently, has anxiolytic effects in
addition to hypnotics [60].

Alterations in cholinergic signaling might be involved in mood
regulation and learning [for review see [10]]. Nicotine has been re-
ported enhance passive avoidance learning [61] and has anxiolytic-like
effects [62] in animal models. Role of intrinsic cholinergic tone in an-
xiety can be tested by administering the mecamylamine nicotinic re-
ceptor antagonist. Our results suggest that mecamylamine pretreatment
reverses effects of LQFM212 (3) in EPM. Therefore, nicotinic receptors
would be relevant to LQFM212 (3) effects. These results, as well as
those found on SDA, are similar to the results shown by LQFM032 (1)
[17]. Brito et al. suggest that the participation of the cholinergic
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pathway through nicotinic receptors contributes to anxiolytic-like ac-
tivity and non-impairment of cognition through a co-transmission in-
volved nicotinic pathway and modulated benzodiazepine site [17]. ABT
418 is a potent agonist at a4/p2-containing nAChRs which enhances
retention of the inhibitory avoidance response in mice [63] and has
anxiolytic-like effects in EPM [64]. LQFM212 (3) and LQFM032 (1) are
structurally similar to the JWB1-84-1 choline analog [65] and can be
explaining the agonist activity at nicotinic receptors of both piperazine
derivatives.

Structural studies relating to the pharmacology of nAChRs is a
challenge given the variety of subtypes and heterogeneity of subunits.
However, 3D-QSAR pharmacophore models display two essential
pharmacophoric elements to interaction with nAChRs: a cationic center
and a hydrogen bond acceptor [66]. B-973, a piperazine derivative, acts
as an agonist and positive allosteric modulator (ago-PAM) of a7-con-
taining nAChRs. This subtype of nAChR which implicates in the bene-
ficial effects of nicotine on attention and has become a target for im-
proving cognitive deficits [67,68]. Allosteric activation of nAChRs
represents an attractive alternative to orthosteric agonists and its lim-
iting efficacy as tachyphylaxis, upregulation of receptor, and possible
cellular toxicity associated with chronic activation [67]. Several pi-
perazine derivatives have been investigated in this line [69-71], and
further studies to determine the action of LQFM212 on nAChRs have
great importance. In general, nAChRs are widely expressed both pre-
synaptically and postsynaptically and it has been suggested that the
most important role in CNS is the modulation of neurotransmitter re-
lease modulated by the nAChRs expressed in cholinergic, glutama-
tergic, and GABAergic terminals. Nicotinic receptor activity directly
and indirectly initiates an intracellular Ca®>* signal that contributes to
neurotransmitter release [72]. Nicotine has also been shown to inhibit
the firing of serotonergic neurons in the dorsal raphe which project to
many areas of the CNS [73].

Further investigation the involvement of 5-HT in the mechanism of
action of anxiolytic-like effect of LQFM212 (3) we evaluated direct
participation some serotonergic receptors, 5-HT;, and 5-HT54 /2¢, and
the contribution of endogenous serotonin. 5-HT;, receptor plays an
important role in anxiety and partial agonists of this receptor such as
buspirone are used to treat this condition [74]. This receptor is linked to
the inhibition of adenylate cyclase and mainly function as inhibitory
presynaptic mainly in serotonin neurons of the midbrain raphe nuclei
and as postsynaptic receptors mainly in the hippocampus, septum,
amygdala and corticolimbic areas [75]. Pretreatment with WAY-
100635 reversed the effect of LQFM212 (3), suggest that anxiolytic-like
effect of LQFM212 (3) can be mediated by activation of 5-HT;, re-
ceptor, differently than occurs with LQFMO032 (1) [17].

To support this evidence, we performed molecular docking of 5-
HT;n receptor and the ligands WAY-100635, LQFMO032 (1) and
LQFM212 (3). All G-protein-coupled monoaminergic receptors contain
a highly conserved Asp residue at similar positions in TMH3, corre-
sponding to Asp116 in the 5-HT; 4 receptor [47]. The presence of both
H-bond and salt bridge between Aspl116 and LQFM212 (3) piperazine
nitrogen, similar with 8-OH-DPAT agonist, can contribute to stabilize
the receptor-ligand complexation, although in accordance with results
in vivo by WAY-100635 pretreatment. Our results suggest that WAY-
100635 and LQFMO032 (1) are both antagonists of 5-HT;, and have
interacted with similar residues, specially the residues Phe361 and
Phe362 corroborate with previous results that have indicated that
phenylalanine residues in TMH6 are crucial for ligand binding [76].
Furthermore, both established hydrophobic interaction with Vall17
indeed LQFMO032 (1) has presented two electrostatic interactions, while
WAY-100635 has presented only one. The docking assay helped us to
understand the difference observed in results by LQFM212 (3) and
LQFMO032 (1) for 5HT;, receptor, as the anxiolytic-like effect of
LQFMO032 (1) was not reversed by NAN-190 pretreatment [17].

5-HT, receptors has been implicated as playing a role in anxiety
[8,77,78], this receptor family is preferentially coupled to Gq/11 to
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increase inositol phosphates and cytosolic [Ca®*]. They are expressed
mainly in cortical areas and can also be expressed in GABAergic and
glutamatergic interneurons, besides involved in tonic modulation of
dopaminergic activity [77]. Literature data suggest that modifications
of neurotransmission mediated by 5-HT,, agonists may assist anxiolytic
effects of SSRIs and benzodiazepines [79,80]. Here, we demonstrated
that pretreatment with ketanserin was not able to revert the anxiolytic-
like effect observed with LQFM212 (3). On the other hand, the effect of
DOI was reverted partial by pretreatment with ketanserin, demon-
strating that the anxiolytic-like effect of DOI depends, at least in part, of
5-HT;a/2¢ receptor.

Serotonin depletion by inhibiting its synthesis is a tool that can be
used to investigate the functionality of the serotonergic system.
Pretreatment with PCPA leads to a slow and cumulative depletion of 5-
HT, which can range from 60 to 80 % reduction in endogenous ser-
otonin levels [81,82]. Pretreatment with PCPA reversed the anxiolytic-
like effect of LQFM212 (3), characterizing the involvement of ser-
otonergic pathway and 5-HT bioavailability contributes to the action
mechanism of LQFM212 (3).

In summary, the findings in present paper suggest that piperazine
derivative, LQFM212, has anxiolytic-like activity with putative action
mechanisms, which involves the benzodiazepine site of GABA, re-
ceptor, nicotinic receptors, and serotonergic pathways, without to alter
cognitive function. Molecular docking of LQFM212 showed that the
ligand has more interactions with GABA, receptor than with 5-HT;,
receptor. In this sense, this piperazine derivative is a good prototype for
treating anxiety disorders.
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Figura S8 — Receptor GABA, com as poses de ligacao dos ligantes e o detalhamento das
interagoes observadas. A) O receptor (ciano) e a regiao de atracamento em detalhe. Os
ligantes sdo B) controle do agonismo diazepam, C) controle do antagonismo flumazenil, D)
LQFMO032 (1), E) BHT (2) e LQFM212 (3). As linhas tracejadas representam interacoes
hidrofébicas (verde, as esferas sdo empilhamento ), ligacao de hidrogénio (preto), ponte sa-
lina (laranja) e de (azul).
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APENDICE B - Triagem Virtual de Ligantes
Peptidicos anti-SARS-CoV-2

Em colaboragao com os grupos do professor Dr. Alexandre Macedo, do Centro
de Biotecnologia da Universidade Federal do Rio Grande do Sul, e dos professores Dr.
Walter Beys e Dra. Lucélia Santi, do Centro de Pesquisa Experimental do Hospital de
Clinicas de Porto Alegre, a estratégia de HTS foi realizada para identificar, a partir de um
banco composto por pelo menos 5000 peptideos multiespécie, ligantes peptidicos capazes
de bloquear a interagao de SARS-CoV-2 com seu principal receptor celular, a enzima

conversora de angiotensina 2 (ECA2).

Os peptideos foram testados quanto a afinidade no atracamento molecular em
duas regices de ECA2: no dominio de interagdo com a proteina spike do SARS-CoV-2, a
hélice N-terminal, e na fenda catalitica da enzima. A triagem virtual em dois dominios
de ECA2 teve por objetivo selecionar peptideos capazes de impedir a interagdo com o
virus e evitar ligantes que comprometessem a atividade da enzima. Os 10 peptideos com
melhor afinidade tedrica, foram selecionados, sintetizados e testados em cultura celular. A
partir de andlises in vitro, dois peptideos mostraram significativa propriedade antiviral.
Andlises das caracteristicas de interagdo dos complexos proteina-ligante, envolvendo os
peptideos bioativos, foram realizadas e revelaram diferencas na estabilidade da interacao
que podem estar diretamente relacionadas a diferencas na 1Csy observada para a contencao

da proliferacao viral.

Neste trabalho estao sendo apresentados dados parciais associados a resultados
preliminares das analises in vitro, que ainda estao sendo conduzidas em laboratorio de

apoio.
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Virtual Screening of Peptide Ligands Against
SARS-CoV-2 Infection

Crisciele Fontana, Joao Luiz de Meirelles, Hugo Verli

1. Introduction

Since the end of 2019 the world faces a global pandemic of acute respi-
ratory tract infections caused by the novel coronavirus SARS-CoV-2, first
identified in Wuhan, Hubei Province, China [1, 2]. This virus, responsible
for the outbreak denominated coronavirus disease 2019 (COVID-19), is much
more contagious than previous viruses involved in severe acute respiratory
syndrome (SARS) coronavirus (SARS-CoV) in 2002 and Middle East Respi-
ratory Syndrome (MERS) coronavirus (MERS-CoV) in 2012 [3].

The SARS-CoV-2 is a RNA enveloped virus containing 29.9 kb present-
ing until 79.6% of identity with SARS-CoV [4], and both viruses use the
angiotensin-converting enzyme 2 (ACE2) as a cellular entry receptor [5, 6].
The coronavirus are comprised by the structural proteins that compose the
envelope (E), the membrane (M), the nucleocapsid (N), and spike (S) pro-
teins. These latter are characterized by large protrusions from the virus
surface, giving the appearance of a crown, what gave rise to the name coro-
navirus [7]. The S protein consists of subunits S1 and S2, responsible for the
attachment and membrane fusion, respectively. The SARS-CoV-2 S protein
binds to human ACE2 in the cell membrane through the S1 subunit of the
receptor-binding domain (RBD) with a 10- to 20-fold higher affinity when
compared to SARS-CoV RBD binding capacity [8, 6]. This enhanced affin-
ity for human ACE2 may contribute to SARS-CoV-2 higher infectivity, as
COVID-19 is globally widespread and new cases are constantly reported [7].

The SARS-CoV-2 binding to the host ACE2 receptor is the start step to
the virus entry, replication, and spread. Accordingly, to prevent this inter-
action is an approach highly promising therapy to treat the viral infection
through the blocking of the virus accessibility to the membrane-bound ACE2
[9]. In order to disrupting extended protein binding interfaces, peptides offer
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a synthetically accessible solution to disrupt protein-protein interaction by
binding at interface regions containing multiple contact hot spots [10].

In this context, we dispose a library of multi-species peptides to be ex-
plored in order to identify inhibitors of the SARS-CoV-2 binding to its cell
receptor ACE2. The library is constituted with natural peptides or generated
from biochemical-enzymatic processes, using proteins from different sources:
animal, vegetable, fungi, yeast and bacteria [11, 12, 13, 14, 15, 16, 17]. The
search of protein nature inhibitors, such as peptides and miniproteins, to
prevent the SARS-CoV-2-ACE2 complexation is a strategy that has been
explored since the beginning of the pandemic [18, 19, 20, 21, 22, 23, 24].

2. Methods

2.1. Preparing the peptides and ACE2 structures

The peptide sequences from the database were initially converted to
FASTA format, before the PeptideBuilder library [25] for Python generates
the extended peptide structure in PBD format. The dihedral angles used
were ¢ = -120°, ¢ = 140° and w = 180°, based on the rotamer library by
Shapovalov Dunbrack [26]. The peptides were ionized at pH = 7.4 through
the LigPrep ionizer from Maestro Schrodinger [27].

The ACE2 structures available in protein data bank entries 6M0J [28] and
1RAL [29] were accessed. The complex 1R4L was used as inhibitory control of
ACE2 through a crossdocking of its ligand at the catalytic site of the protein
structure present in 6MO0J, that was applied to the screening of peptides.
In this way, the inhibitory effect in the pre-complexation conformation of
ACE2 were controlled. ACE2 structure from 6M0J was ionized at pH = 7.4
and the protonation state was assigned through PROPKA [30]. PrepWizard
from Maestro Schrodinger [27] optimized the structure and the hydrogens
network before curated by visual inspection at the target domains, both the
catalytic site and S protein interaction domain. The Zn?* coordination in
the catalytic site was kept.

2.2. Running the virtual screening

The extended structure of the peptide was used as input to the ligand
flexible virtual screening through the DockThor program [31, 32, 33] using
ACE2 as target protein.
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Peptide ligands, containing from 6 to 14 residues, were grouped by the
sequence size and jobs were performed separately for each group in two dif-
ferent ACE2 domain. The search space was limited by grids positioned on
the domain of interaction with the S protein, in the N-terminal helix [34],
and in the catalytic cavity [29] of ACE2, taking care to include the residues
involved with interactions as showed in original complexes. This approach
was chosen to select peptides able to inhibit the virus interaction with its
receptor and to exclude peptides that interfere in ACE2 catalytic activity.

The top 1 to 5 ligands from each run were imported in Maestro Schrodinger
[27] to a visual inspection of the complexes. The presence of interactions was
used as a criterion for the run inclusion while avoiding the presence of ligands
with positive intramolecular energy. The top 5 ligands from each run were
pooled and reordered according to the affinity energy [33]. The 10 peptides
with the best predicted binding affinity to the site of interaction of ACE2
with the S protein, were synthesized and tested for the antiviral activity in
culture of pulmonary fibroblasts (MRC5 strain) in a support laboratory.

2.3. Running the molecular dynamics

Based on the results from the in vitro analyses, molecular dynamics sim-
ulations of peptide-ACE2 complexes of the most biologically active ligands
were performed through GROMOS53A6 [35] force field.

In order to refine the interaction aspects between the peptides and the
protein target ACE2, molecular dynamics of 100 ns were performed after
the system energy minimization and equilibration. The temperature and
pressure were kept constant, at 298 K e at 1 bar, respectively, using the
V-rescale thermostat [36] and Parrinello-Rahman barostat [37]. The simula-
tions were carried out in aqueous solvent under periodic boundary conditions
and integration step of 2 fs. Electrostatic interactions were treated by the
particle-mesh Ewald (PME) algorithm [38], while the van der Waals con-
tacts with the Verlet cutoff-scheme [39]. The covalent bonds lengths were
constrained by the LINCS method [40].

3. Results

Assessing the SARS-CoV-2-ACE2 co-crystal structure, shows that the
interaction interface spans a large elongated surface area, as is common for
protein-protein interactions [19]. Considering this interface of interaction and
the presence of hot spot residues involved in this complexation, were selected
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10 peptides with better affinity predictions to binding ACE2 N-terminal
helix to be synthesized and tested in cell culture. The affinity energy of the
peptides to binding the ACE2 N-terminal helix and its catalytic cavity are
shown in Table 1.

Table 1: Affinity measures of peptide ligands predicted to binding to the
N-terminal helix and in the catalytic cavity of ACE2.

Peptide ID size N-terminal affinity Catalytic cavity affinity
(residues) (kcal/mol) (kcal/mol)
1362 peptide 10 -10.123 -7.611
1459 peptide 10 -10.110 -8.677
1546 peptide 10 -9.825 -10.310
1761 peptide 10 -9.809 -9.055
1753 peptide 10 -9.685 -10.271
3181 peptide 12 -9.221 -9.976
3818 peptide 13 -8.819 -9.963
2286 peptide 11 -8.759 -9.464
2529 peptide 11 -8.709 -9.710
2374 peptide 11 -8.707 -9.162

From the analyses carried out in culture of pulmonary fibroblasts, the
peptides 1459 and 1761 showed bioactive properties against the SARS-CoV-
2 infection, presenting ICsq of 470.47 uM and 296.29 uM, respectively. The
analysis of peptide-~ACE2 complexes from molecular docking showed electro-
static interactions between these ligands and residues in the ACE2 domain
were the SARS-CoV-2 S protein binds, mainly Asp30, Glu35, Gln42, and
Lys353 [34, 28], as presented in Figure 1. Molecular dynamics of these com-
plexes reveled differences regarding the stability of the peptide ligands at
the interaction domain with the ACE2 N-terminal helix. The complex with
1761 ligand showed stability on interaction site, as evaluated through root-
mean-square deviation of atomic positions (RMSD), when compared to the
complex with 1459 ligand. Both structures fluctuation are showed in Figure
2, which can be directly related to the ligands ICs5y obtained in cell culture.



Figure 1: The peptide 1459 (orange) makes hydrogen bonds (green dashes) with residues
in the ACE2 domain were the SARS-CoV-2 S protein binds. The peptide 1761 (yellow)
makes even cation-m interaction (magenta dashes) and salt-bridge (orange dashes).



RMSD

RMSD (nm)

n L 1 " 1 n L
0 20 40 60 80 100 0 20 40 60 80 100
Time (ns) Time (ns)

Figure 2: Molecular dynamics simulation of peptide-ACE2 complexes from docking
showed a displacement of the ligand 1459 from the ACE2 interaction surface with the
SARS-CoV-2 S protein (A), while the ligand 1761 was more stable in the binding domain
(B) during the 100 ns observed. RMSD analyses of the ACE2 receptor is shown in black
and RMSD of the peptide ligands in red. S protein was after positioned in the complex to
indicate the interaction surface.
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4. Discussion

When one compares the ligands predicted affinities to binding ACE2, it
is possible notice a very similar free energy to binding the N-terminal helix
and the catalytic cavity. Although these predictions helped to chose the most
likely peptides to prevent the S protein binding, this measure should not be
rigidly considered, due to variations in the scoring function employed to de-
scribe the binding event, to predict affinity data using experimental measures,
and finally to ranking the ligands based on these descriptors [41, 33]. Then,
we chose the first 10 ligands with the best predict affinity to binding the
N-terminal helix, to be tested in cell culture, after careful visual inspection.
These ligands does not displayed important interactions with residues in the
catalytic cavity, so were included as candidate to prevent e SARS-CoV-2—
ACE2 complexation. Previous reports suggested the enzymatic activity and
viral receptor property of ACE2 are independent, since most known ACE2
inhibitors reduce ACE2 enzymatic activity with no effects on the SARS-CoV
S protein binding [42, 9]. Moreover, studies indicated that the binding of a
virus to ACE2 does not necessarily interfere on its enzymatic activity [43, 44].

The in wvitro analysis indicated the 1459 and 1761 ligands were able to
contain the SARS-CoV-2 infection. The ligand 1459 presented electrostatic
interactions with the residues Asp30 and Glu35, in the ACE2 receptor N-
terminal helix, and with Lys353, in a nearby coil present in the protein S
binding surface. The ligand 1761 presented electrostatic interactions with
the residues Glu3b and GIn42, in the N-terminal helix, and with Lys353
and Asp355, in the nearby coil. Both peptide ligands showed electrostatic
interaction with the Glu35 side chain and two contacts with the Lys353
residue, with the backbone carboxyl group and with the side chain amino
group. The ligand 1761 even showed a cation-7 interaction with the amino
group in Lys353, while a salt-bridge was observed with the Glu35 residue
(Figure 1).

To better understand how complexation features are associated with the
differences observed in ICs, of the ligands, molecular dynamics simulations of
peptide-ACE2 complexes were carried out to refine the information regarding
the interactions data observed from molecular docking. During the simula-
tion, the complex 1459-ACE2 preserved interactions with residues Asp30
and Lys353, even additional contact with His34, Glu37, Tyr41, and Asp355.
While the complex 1761-ACE2 preserved interactions just with Lys353, but
showed new ones with Asp30, His34, Glu37, and Asp38. As can be observed
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in the 6MO0J complex, the S protein establishes electrostatic contacts with
the residues Asp30, Glu3b, Asp38, Tyrdl, GIn42, Lys353, and Arg393, be-
sides others residues [28]. While other complex, the 6M17, indicated contacts
with GIn24, Asp30, His34, Tyr4l, Gln42, Lys353, and Arg357 [34]. Interac-
tions between the peptides and the same residues which the S protein makes
contact, as data from 6MO0J and 6M17 complexes, corroborate the bioactive
properties of both 1459 and 1761 ligands contain the infection by SARS-
CoV-2 through a competitive way.

The RMSD analyses showed less conformational variation related to 1761—
ACE2 complex, indicating a more stable complexation when compared to the
complex with the 1459 peptide, which slipped of the surface interaction (Fig-
ure 2. The permanence of 1761 ligand on the contact region with S protein
may be a factor which contributed to the lower ICsq to contain the viral
proliferation when compared to 1459 ligand.

5. Conclusion

From an extensive library of multispecies peptides, it was possible to
screen ligands with potential application on prevention of the SARS-CoV-2—
ACE2 interaction and consequently to contain the viral infection causing the
worldwide prevalent COVID-19. Data generated for prediction of binding
affinity and molecular dynamics between peptide-ACE2 interaction agree
with results obtained from in wvitro analysis of the bioactive properties of the
ligands. This alignment reinforces the appropriate structures preparation
strategies as well as the virtual screening protocol developed for this search.

In order to better understand the structural determinants of the complex-
ation and to improve the efficacy of antiviral peptides through a rational drug
design aspect, additional analysis and new search strategies should be em-
ployed. New virtual screening including new peptide candidates through an
enriched search by similarity, using the results from this round as positional
restrictions, is a promising approach.
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