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RESUMO 

 

Na biologia e em outras ciências experimentais, a pesquisa in silico (do pseudo latin 

‘in silicon’, que em Latin seria ‘in silício’) é aquela realizada tendo o computador 

como ferramenta auxiliar principal, o que contrasta com a pesquisa realizada 

utilizando-se organismos vivos in vitro e in vivo. Nesta tese, fazemos uma descrição 

dos fundamentos da Biologia Molecular in silico, dando uma visão sucinta do que é a 

Bioinformática, Dinâmica Molecular e Bioquímica Quântica no contexto das 

pesquisas que realizamos em alguns sistemas biológicos. Utilizamos sequências de 

resíduos/estruturas de proteínas de sistemas biológicos (dados do UNIPROT e do 

PDB), e sua interação com ligantes (pequenas moléculas e outras proteínas) 

visando um entendimento (com base molecular) dos processos biológicos em foco, e 

de aplicações voltadas à criação, melhoria, reposicionamento e desenvolvimento de 

fármacos (pequenas moléculas e polipeptídeos). No escopo da biologia molecular in 

silico e/ou in vivo, descrevemos nesta tese pesquisas básicas e aplicações 

desenvolvidas com a Candida spp (in vitro), Covid, Imunologia do Câncer, e Ligação 

do Pesticida Atrazina à Albumina Sérica Humana (HSA). Elas foram fundamentadas 

nas sequências dos resíduos e estruturas de proteínas (UNIPROT e PDB), 

modelagem de proteínas por homologia, docking em proteínas (ClusPro, Frodock e 

Vina), dinâmica molecular em proteínas e membranas (CHARMM e GROMACS), e 

bioquímica quântica (função dielétrica não-homogênea e metodologia dividir para 

conquistar – MFCC) da interação de pequenas moléculas e polipeptideos com as 

proteínas-alvo de cada sistema biológico. Das atividades e colaborações realizadas 

durante o desenvolvimento da tese resultaram cinco publicações sobre a Candida 

spp., seis publicações sobre o COVID, e duas publicações sobre a interação do 

adoçante stevia e do pesticida atrazina com a HSA/BSA, o que fornece informações 

sobre como estas importantes moléculas são transportadas pelo sangue. 

 
Palavras-chave: Covid; Candida; Câncer; Albumina; Bioquímica quântica. 



ABSTRACT 

 

In biology and other experimental sciences, in silico research (from the pseudo-Latin 

'in silicon', which in Latin would be 'in silício') is carried out with the computer as the 

main auxiliary tool, which contrasts with research carried out using whether living 

organisms in vitro and in vivo. In this thesis, we describe the fundamentals of 

Molecular Biology in silico, giving a succinct description of what Bioinformatics, 

Molecular Dynamics, and Quantum Biochemistry are in the context of the research 

we carry out in some biological systems. We use sequences of residues/structures of 

proteins from biological systems (data from UNIPROT and PDB), and their interaction 

with ligands (small molecules and other proteins) aiming for a (molecular-based) 

understanding of the biological processes in focus, and applications aimed at the 

creation, improvement, repositioning, and development of drugs (small molecules 

and polypeptides). In the scope of in silico and/or in vivo molecular biology, we 

describe in this thesis basic research and applications developed with Candida spp 

(in vitro), Covid, Cancer Immunology, and Atrazine Pesticide Binding to Human 

Serum Albumin (HSA). They were based on the sequences of residues and 

structures of proteins (UNIPROT and PDB), modeling of proteins by homology, 

docking in proteins (ClusPro, Frodock, and Vina), molecular dynamics in proteins and 

membranes (CHARMM and GROMACS), and quantum biochemistry (non-

homogeneous dielectric function and divide-and-conquer methodology (MFCC) of the 

interaction of small molecules and polypeptides with the target proteins of each 

biological system. The activities and colaborations carried out during the 

development of the thesis resulted in five publications on Candida spp., six 

publications on COVID, and two publications on the interaction of the sweetener 

stevia and the pesticide atrazine with HSA/BSA, which provides information on how 

these important molecules are carried by the blood. 

 

Keywords: Covid; Candida; Cancer; Albumin; Quantum biochemistry. 
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1 INTRODUÇÃO  

 

Com o avanço da computação e descobertas realizadas no campo da 

biologia estrutural, possibilitou-se estudos de biologia in silico, ou seja, pesquisas em 

biologia realizadas por simulações computacionais (BEHL et al., 2021; SHULI et al., 

2022).  

Diversas metodologias estão, constantemente, sendo desenvolvidas e 

melhoradas para facilitar e desenvolver a biologia computacional. Entre as 

metodologias mais utilizadas, pode-se citar a modelagem de proteínas por 

homologia, o docking molecular, as simulações de dinâmica molecular e, mais 

recentemente, a bioquímica quântica (ALBUQUERQUE et al., 2020; MORRIS; 

CORTE, 2021; STANZIONE; GIANGRECO; COLE, 2021). 

Nosso grupo de pesquisa é um dos pioneiros com o estudo de bioquímica 

quântica no Brasil, sendo o primeiro trabalho publicado em 2012, demonstrando os 

cálculos quânticos da inibição da HMG-CoA redutase pelas estatinas (DA COSTA et 

al., 2012). Nesses 10 anos de pesquisa (a partir da primeira publicação), mais de 35 

artigos envolvendo diferentes sistemas proteicos foram publicados e mais de 10 

drogas já foram sugeridas pelo grupo liderado pelo professor Valder Nogueira Freire. 

Nosso laboratório desenvolveu e disponibilizou para o mundo um novo 

método capaz de calcular a função dielétrica não homogênea para aplicar em 

bioquímica quântica de sistemas proteicos, o que melhorou os cálculos realizados, 

tornando-os mais acurados. Em 2021, o professor líder do grupo publica o livro 

“Quantum Chemistry Simulation of Biological Molecules” na editora Cambridge 

University Press descrevendo as pesquisas e avanços alcançados por nosso grupo. 

A partir de toda a expertise do grupo, esta tese foi desenvolvida 

abordando diferentes temas e sistemas proteicos e, ao longo do meu doutorado, 

foram publicados 14 artigos. Para compor o corpo da tese, foram escolhidos os 4 

primeiros artigos dos 14 listados abaixo. Os demais encontram-se nos apêndices.   

Artigo 1: Quantum biochemistry, molecular docking, and dynamics 

simulation revealed synthetic peptides induced conformational changes affecting the 

topology of the catalytic site of SARS-CoV-2 main protease. DOI: 

https://doi.org/10.1080/07391102.2021.1920464 
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Figura 1. Capa do livro “Quantum Chemistry Simulation of Biological Molecules” 
publicado pelo professor Valder Nogueira Freire na Cambridge University Press. 
 

 

Fonte: ALBUQUERQUE et al., 2020 
 

 

 
Nesse artigo demonstramos a capacidade de peptídeos sintéticos 

interagirem com a Mpro de SARS-CoV-2 e ocasionarem mudanças conformacionais, 

reduzindo o volume do sítio proteolítico da enzima, figura2. O artigo completo que foi 

publicado na revista Journal of Biomolecular Structure & Dynamics encontra-se no 

3.2 desta tese. 

Artigo 2: ACE2-derived peptides interact with the RBD domain of SARS-

CoV-2 spike glycoprotein, disrupting the interaction with the human ACE2 receptor. 

DOI: http://dx.doi.org/10.1080/07391102.2020.1871415 

A interação entre o domínio RBD da proteína S de SARS-CoV-2 com a 

proteína ECA2 de humanos é crucial para a invasão do vírus às células. Descreveu-

se através de bioquímica quântica as interações existentes entre as duas proteínas 

(RBD da proteína S com ECA2) e identificou-se os principais resíduos de 

aminoácidos nessa interação. A partir disso, desenhou-se peptídeos derivados da 

ECA2 que seriam capazes de inibir a interação da proteína S de SARS-CoV-2 com a 

proteína humana, ou mesmo ocorrer uma interação de forma anormal, inibindo, 

dessa forma, a entrada do vírus e evitando a doença, figura 3. O artigo completo que 

foi publicado na revista Journal of Biomolecular Structure & Dynamics encontra-se 

no tópico 3.3. 
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Figura 2. Peptídeos sintéticos interagem com Mpro e reduzem o volume do sítio 
ativo da enzima.  

 
Fonte:Elaborado pelo autor a partir das figuras de AMARAL; OLIVEIRA; et al., 2021. 

 

Artigo 3: Quantum biochemistry in cancer immunotherapy: New insights 

about CTLA-4/ipilimumab and design of ipilimumab-derived peptides with high 

potential in cancer treatment. DOI: https://doi.org/10.1016/j.molimm.2020.09.013. 

O artigo completo que foi publicado na revista Molecular Immunology, 

encontra-se no tópico 4.1. O câncer consegue escapar do sistema imune através da 

produção de ligantes que mascaram proteínas checkpoints. Com a aplicação de 

anticorpos monoclonais, é possível impedir a ligação desses ligantes às proteínas e, 

então, o sistema imune consegue identificar e destruir células cancerígenas. Apesar 

das vantagens, os anticorpos ainda apresentam algumas desvantagens que podem 

ser superadas através do desenho de peptídeos cíclicos miméticos inspirados nos 

anticorpos. Nesse trabalho, realizou-se o cálculo de bioquímica quântica entre o 

anticorpo Ipilimumab e a proteína CTLA-4. A partir dos dados obtidos dos cálculos, 



22 

 

 

foi possível desenhar peptídeos das regiões que apresentam maior afinidade do 

anticorpo com CTLA-4. Os peptídeos desenhados possuem diversas vantagens 

 
Figura 3. Peptídeos sintéticos derivados da proteína humana ECA2 interagem com a 
proteína S de SARS-CoV-2 e induzem interações anormais com a ECA2, sugerindo 
uma inibição da invasão do vírus a células humanas.  
 

Fonte: Elaborado pelo autor a partir das figuras de SOUZA et al., 2022  
 

como maior resistência a proteólise do que a utilização do anticorpo inteiro. Um 

esquema dos principais resultados obtidos no trabalho é apresentado na figura 4.  

 

Artigo 4: Characterization of the binding interaction between atrazine and 

human serum albumin: Fluorescence spectroscopy, molecular dynamics and 

quantum biochemistry. DOI: http://dx.doi.org/10.1016/j.cbi.2022.110130 

A atrazina é um dos pesticidas mais utilizados no mundo e possui vários efeitos 

tóxicos para humanos como: redução da fertilidade, aumento do risco de câncer de 

próstata e toxicidade neuroendócrina. Nesse trabalho foi avaliado como esse 

herbicida interage com a principal proteína presente no sangue: albumina sérica 

humana (HSA). O estudo da interação entre o pesticida e a albumina fornece dados 

relevantes para estudos farmacocinéticos de farmacodinâmica e de toxicidade da 
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atrazina. Utilizando espectroscopia de fluorescência, docking, dinâmica molecular e 

bioquímica, obteve-se que a atrazina interage principalmente nos sítios FA3/4 e FA8, 

realizando, em ambos, ligações de hidrogênio, interações de van der Waals e 

interações hidrofóbicas, como demonstrado no resumo gráfico do artigo (figura 5). O 

artigo completo, que foi publicado na revista Chemico-Biological Interactions, 

encontra-se no tópico 5.1. 

 

Figura 4. Desenvolvimento de peptídeos miméticos ao anticorpo Ipilimumab para 
tratamento de câncer.  
 

 
Fonte: Elaborado pelo autor com as figuras de AMARAL et al., 2020. 
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Figura 5. Atrazina interage com a albumina sérica humana nos sítios FA3/4 e FA8.   

 

Fonte: FRANÇA et al., 2022 

 

 

Artigo 5: Computational approach, scanning electron and fluorescence 

microscopies revealed insights into the action mechanisms of anticandidal peptide 

Mo-CBP3-PepIII. DOI: https://doi.org/10.1016/j.lfs.2021.119775. 

Esse artigo completo, que foi publicado na revista Life Sciences, 

encontra-se no apêndice A da tese. Resumidamente, avaliou-se os mecanismos de 

ação do peptídeo Mo-CBP3-PepIII contra Candida spp. Utilizou-se docking molecular 

para avaliar a interação do peptídeo com as proteínas SAP1, SAP5, CYP51 e exo-β-

1,3-glucanase de Candida albicans. Bem como, analisou-se interação desse 

peptídeo com uma membrana mimética de Candida spp. através de simulações de 

dinâmica molecular. Constatou-se, assim, que o peptídeo possui maior afinidade 

com exo-β-1,3-glucanase que o inibidor comercial castanospermina e que o 

peptídeo é capaz de penetrar na membrana da levedura e induz a formação de 

poros, demonstrado na figura 6. 
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Figura 6. Principais mecanismos de ação do peptídeo Mo-CBP3-PepIII contra 
Candida spp. 
 

 

 

 

Fonte: AMARAL; SOUZA; et al., 2021. 

 

 

 

 

Artigo 6: Peptide fraction from latex of Calotropis procera exhibits 
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antifungal and insecticidal activities. DOI: http://dx.doi.org/10.1007/s11829-021-

09828-2 

O látex é um fluido endógeno exsudado por algumas plantas após lesão. 

É rico em diferentes moléculas e tem demonstrado muitas atividades biológicas 

contra diferentes fungos e insetos. Neste trabalho, isolou-se uma fração peptídica do 

látex de Calotropis procera (PepCp) e avaliou-se sua atividade contra dois fungos e 

um inseto. PepCp (1,25 mg mL−1) inibiu o crescimento micelial de C. gloeosporioides 

em 80% e reduziu o peso larval do inseto Callosobruchus maculatus em 90% a 0,1%, 

e a 0,2%, sendo nenhuma larva encontrada, demonstrando o potencial dessa fração 

peptídica contra fungos e insetos, figura 7. Artigo completo, que foi publicado na 

revista Arthropod-Plant Interactions, encontra-se no apêndice B.  

 

Figura 7. Fração peptídica do látex de C. procera possui atividade antifúngica e 
inseticida.  
 

 

Fonte: AMARAL; FREITAS; et al., 2021. 

Artigo 7: Synthetic antimicrobial peptides: Characteristics, design, and 

potential as alternative molecules to overcome microbial resistance. DOI: 



27 

 

 

http://dx.doi.org/10.1016/j.lfs.2021.119647 

O aumento da resistência antimicrobiana, percebido recentemente, tem 

recebido atenção da Organização Mundial da Saúde e alertado o mundo sobre a 

necessidade de desenvolver novas drogas, bem como racionalizar o uso de 

antimicrobianos. Peptídeos antimicrobianos sintéticos (SAMPs) são considerados 

eficientes para combater micro-organismos multirresistentes. Nesse artigo, revisou-

se as pesquisas sobre o desenvolvimento e testes de SAMPs, incluindo os AMPs 

naturais, mecanismos de ação e aplicações como novas drogas ou, até mesmo, 

como moléculas que possuem efeito sinérgico com drogas comerciais, resumido na 

figura 8. O artigo completo que foi publicado na revista Life Sciences, encontra-se no 

apêndice C. 

 

Figura 8. Peptídeos sintéticos são drogas potenciais para o combate de micro-
organismos multirresistentes. Esses peptídeos possuem como principais 
mecanismos de ação a formação de poros na membrana que induzem a morte 
celular. 
 

 

 

Fonte: LIMA et al., 2021 

Artigo 8: Combined antibiofilm activity of synthetic peptides and antifungal 

drugs against Candida spp.. DOI: http://dx.doi.org/10.2217/fmb-2022-0053 
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Leveduras do gênero Candida ssp. causam infecções sistêmicas e mortes, 

sendo esses micro-organismos capazes de formar uma estrutura de resistência 

denominada biofilme, tornando o tratamento mais complicado. Nesse artigo, avaliou-

se o efeito sinérgico entre peptídeos sintéticos e drogas antifúngicas convencionais. 

Foi possível observar que as drogas e os peptídeos, utilizados de forma isolada, não 

são capazes de destruir biofilmes estabelecidos, entretanto, quando aplicada a 

combinação droga-peptídeo, observou-se uma redução no biofilme, como 

demonstrado na figura 9. Constatou-se, ainda, que os peptídeos são capazes de 

reduzir o efeito hemolítico das drogas, reduzindo suas citotoxicidades. O artigo 

completo, que foi publicado na revista Future Microbiology, encontra-se no apêndice 

D. 

 

Figura 9. Combinação entre peptídeos sintéticos e drogas (itraconazol e nistatina) 
reduzem a massa de biofilmes estabelecidos de C. krusei. 
 

 

 

Fonte: BEZERRA; SILVA; et al., 2022. 

 

 

Artigo 9: Synergistic Antifungal Activity of Synthetic Peptides and 

Antifungal Drugs against Candida albicans and C. parapsilosis Biofilms. DOI: 

http://dx.doi.org/10.3390/antibiotics11050553 

Nesse estudo, pesquisamos a atividade antibiofilme dos peptídeos Mo-

CBP3-PepI e Mo-CBP3-PepIII isolados, bem como seus efeitos sinérgicos com as 

drogas itraconazol e nistatina contra biofilmes de C. albicans e C. parapsilosis, figura 
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10. Observou-se que os peptídeos foram capazes de melhorar a atividade 

antibiofilme das drogas de 2 a 4 vezes. Os resultados de docking molecular sugerem 

que os peptídeos interagem fracamente com as drogas, indicando que o efeito 

sinérgico ocorra no alvo, diretamente. Dessa forma, os peptídeos podem ser 

utilizados como drogas adjuvantes para serem aplicados contra biofilmes de 

Candida spp. O artigo completo, que foi publicado na revista Antibiotics, encontra-se 

no apêndice E. 

 

Figura 10. Mo-CBP3-PepI e Mo-CBP3-PepIII possuem efeito sinérgico com 
itraconazol e nistatina para atividade antibiofilme contra Candida albicans e C. 
Parapsilosis 
 

 

 

Fonte: BEZERRA; FREITAS; et al., 2022. 

 

 

Artigo 10: A molecular docking study revealed that synthetic peptides 

induced conformational changes in the structure of SARS-CoV-2 spike glycoprotein, 

disrupting the interaction with human ACE2 receptor. DOI: 

http://dx.doi.org/10.1016/j.ijbiomac.2020.07.174 

Nesse artigo avaliou-se a capacidade de peptídeos sintéticos interagirem 

com a proteína S de SARS-CoV-2 e induzirem uma  interação incorreta com a 

proteína humana ECA2. Os estudos foram realizados utilizando docking molecular 
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dos peptídeos com a proteína S e, após dela, com a ECA2.  

Observou-se que os peptídeos sintéticos se ligam à proteína spike do 

vírus, induzem mudanças conformacionais na estrutura dessa proteína e, na 

presença dos peptídeos, a proteína S interage com a ECA2 de maneira incorreta, 

possivelmente impedindo a entrada do vírus a células humanas, figura 11. O artigo 

completo, que foi publicado na revista International Journal of Biological 

Macromolecules, encontra-se no apêndice F. 

 

Figura 11. Peptídeo sintético Mo-CBP3-PepII interagem com a proteína S de SARS-
CoV-2 e induzem uma interação incorreta entre a proteína S e a ECA2 de humanos. 
A- Local de interação do peptídeo. B e C – Interações entre peptídeo e proteína S. 
Conformação correta seria o domínio SB interagindo com PD.  
 

 
 

Fonte: SOUZA et al., 2020. 
 

Artigo 11: The human pandemic coronaviruses on the show: The spike 

glycoprotein as the main actor in the coronaviruses play. DOI: 

http://dx.doi.org/10.1016/j.ijbiomac.2021.02.203 

Neste artigo de revisão, demonstramos o papel central da proteína spike 

na infecção de células humanas pelos coronavírus. Nas últimas 2 décadas foram 

observados 3 surtos causados por: MERS-CoV, SARS-CoV e SARS-CoV-2. 

Possuindo eles alto grau de similaridade genômica e proteômica, porém, as 
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diferenças moleculares presentes são responsáveis pelos diferentes 

comportamentos observados. Como a proteína spike é uma proteína chave no 

processo de infecção e transmissão dos coronavírus, realizamos um estudo 

analisando as diferenças de sequências e estruturas dos três coronavírus, sendo 

possível notar as mutações que tornaram o SARS-CoV-2 mais agressivo, como 

demonstrado na figura 12. O artigo completo publicado na revista International 

Journal of Biological Macromolecules, encontra-se no apêndice G. 

 
Figura 12. Diferenças estruturais observadas nas proteínas spike dos coronavírus 
MERS-CoV, SARS-CoV e SARS-CoV-2. 
 

 
 

Fonte: SOUZA et al., 2021. 

 

Artigo 12: Neutralizing Effect of Synthetic Peptides toward SARS-CoV-2. 

DOI: http://dx.doi.org/10.1021/acsomega.2c02203 

Testou-se quatro peptídeos sintéticos quanto à capacidade de proteger as 

células Vero E6 da infecção por SARS-CoV-2 e sua toxicidade para células humanas 

e embriões de peixe-zebra. Dockings molecular indicaram que todos os peptídeos 

que interagem e induzem alterações conformacionais na proteína spike, figura 13. 

PepKAA foi o mais eficaz e inibiu a infecção de SARS-CoV-2 em 50% na 

concentração de 0,15 mg.mL-1, sendo um forte candidato para desenvolvimento de 

uma nova droga. O artigo completo que foi publicado na revista ACS Omega 

encontra-se no apêndice H. 
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Figura 13. Peptídeos sintéticos inibem a infectividade de SARS-CoV-2 através da 
ligação com a proteína spike do vírus.  
 

 

 

Fonte: SOUZA; VANTILBURG; et al., 2022. 

 

 

Artigo 13: The spike glycoprotein of SARS-CoV-2: A review of how 

mutations of spike glycoproteins have driven the emergence of variants with high 

transmissibility and immune escape. DOI: 

https://doi.org/10.1016/j.ijbiomac.2022.03.058 

A glicoproteína spike desempenha um papel central na infecção, 

patogenicidade, transmissão e evolução do vírus SARS-CoV-2. Nesse trabalho, 

revisamos e discutimos as mutações nessa proteína que levaram ao surgimento das 

variantes do coronavírus, que aumentaram a transmissibilidade e poderiam 

ocasionar um escape imunológico, figura 14. O trabalho completo que foi publicado 

na revista International Journal of Biological Macromolecules, encontra-se no 

apêndice I. 
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Figura 14. Interação entre a proteína spike das diferentes variantes de SARS-CoV-2 
com o receptor humano ECA2.  
 

 

Fonte: SOUZA; MESQUITA; et al., 2022. 
 
 

Artigo 14: Molecular Insight On The Binding Of Stevia Glycosides To 

Bovine Serum Albumin. DOI: http://dx.doi.org/10.1016/j.cbi.2021.109526 

Neste artigo, estudou-se a interação do esteviol e seus glicosídeos (SG) 

com albumina sérica bovina (BSA) através de espectroscopia de fluorescência e 

docking molecular. Observou-se a interação dos derivados de estévia com a BSA 

através do quenching da fluorescência, sendo constatada a formação de ligações de 

hidrogênio e interações de van der Waals entre os ligantes e a proteína. Docking 

molecular apontou os sítios de ligação FA1 e FA9 de BSA como os prováveis locais 

de ligação de esteviol e SG, respectivamente, demonstrado no resumo gráfico do 

artigo e representado na figura 15. O artigo completo e publicado na revista 
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Chemico-Biological Interactions encontra-se no apêndice J.  

 

Figura 15. Estivol e seus glicosídeos interagem com a albumina sérica bovina nos 
sítios FA1 e FA9. 
 

 

 
 

Fonte: SERGIO et al., 2021. 
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2 FUNDAMENTAÇÃO TEÓRICA 

 

2.1 Sequências e estruturas de proteínas: PDB e UNIPROT 

 

A primeira proteína a ter sua estrutura tridimensional resolvida foi a 

mioglobina em 1958 e logo depois a hemoglobina (BOLTON; PERUTZ, 1970). Para 

resolver as estruturas foi utilizada a técnica de cristalografia de raio-X, metodologia 

demostrada na figura 16. Após essas primeiras resoluções, observou-se um 

crescimento no número de estruturas elucidadas e, então, foi criado o banco de 

estruturas de proteínas Protein Data Bank (PDB) (BERMAN, H. M., 2000).  

O banco de estruturas de proteínas PDB possui mais de 195 mil 

estruturas elucidadas e depositadas. Essas estruturas são elucidadas por diferentes 

técnicas, principalmente por cristalografia de raio-X, Ressonância Magnética Nuclear 

(RMN) e, recentemente, através da Criomicroscopia Eletrônica de Transmissão 

(Crio-EM) (BERMAN, Helen M., 2021; BURLEY; BERMAN, 2021; YOUNG; 

BERRISFORD; CHEN, 2021). 

 

Figura 16. Metodologia utilizada para resolução de estrutura tridimensional de 
proteínas utilizando cristalografia de raio-X. 

 
Fonte: GAWAS; MANDREKAR; MAJIK, 2019. Adaptada. 

  
As estruturas tridimensionais das proteínas depositadas no PDB podem 

ser obtidas através do sítio eletrônico do banco (https://www.rcsb.org/). Cada 

estrutura depositada recebe um código para ser identificada no banco, esse código é 



36 

 

 

composto por 4 dígitos, com números e letras. No PDB também é possível obter 

diversas informações acerca da estrutura, bem como informações biológicas da 

proteína. O banco descreve o nome da proteína, sua espécie de origem, seu 

sistema de expressão e se ocorreu alguma mutação na sua sequência. Após isso, 

dados experimentais são informados, como a metodologia que foi utilizada para a 

resolução da estrutura e a resolução da estrutura em Å. Esses dados são 

importantes para o trabalho com biologia in silico, visto que quanto menor a 

resolução da estrutura, melhor é a estrutura e as informações dos átomos presentes 

nela. A maioria das estruturas depositadas no PDB possuem resoluções maiores 

que 1 Å, dessa forma, não possuem os átomos de hidrogênio. Utilizando-se 

inteligência artificial está sendo possível melhorar a qualidade e a resolução das 

estruturas tridimensionais (MIYAGUCHI et al., 2021) Antes de qualquer trabalho com 

as estruturas obtidas no PDB, é necessário realizar o cálculo de protonação para 

adicionar os hidrogênios que não são encontrados nelas, bem como uma 

minimização de energia da estrutura para ajustar a localização dos átomos de 

hidrogênios na conformação de menor energia. Utiliza-se o software Protein Prepare 

para realizar o cálculo da protonação da proteína e o Discovery Studio para otimizar 

a estrutura (MARTÍNEZ-ROSELL; GIORGINO; DE FABRITIIS, 2017; PAWAR; 

ROHANE, 2021). Esse passo no estudo in silico é extremamente importante, visto 

que em diferentes valores de pH, as proteínas possuem diferentes protonações e 

podem obter resultados completamente diferentes dos reais, se a preparação dos 

arquivos não for realizada de forma correta (CHEN et al., 2021). 

No PDB também é possível encontrar outras informações acerca da 

estrutura, como a presença de pequenas moléculas que foram cocristalizadas e 

utilizadas na metodologia para resolução da estrutura, principalmente de tampões e 

ligantes empregados para estabilizar a proteína e conseguir obter cristais. Vale 

salientar que para estudos in silico é necessário retirar essas pequenas moléculas e 

estabilizar a estrutura da proteína e obter uma com menor valor de energia em 

condições fisiológicas. Para obter a estrutura da proteína com o menor valor de 

energia, sem as pequenas moléculas e em condições fisiológicas, pode-se utilizar 

uma simulação de dinâmica molecular da proteína em caixa de água e sais (LIN et 

al., 2021). 

O banco de dados Uniprot (https://www.uniprot.org/) contém sequências e 

informações funcionais das proteínas. Neste banco é possível identificar a 
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localização subcelular da proteína, suas interações, classificação da estrutura 

secundária, sequências, isoformas e proteínas similares. Também é possível obter a 

estrutura tridimensional das proteínas, realizar alinhamento da sequência (exemplo 

na figura 17) e visualizar as publicações que envolvem a proteína. 

 

Figura 17. Exemplo do alinhamento de sequências de proteínas com estrutura 
tridimensional determinadas. 
 

 

 

Fonte: (LANDIM et al., 2017) 

 

2.2 Modelagem de proteínas por homologia (PEPFold, SWISS-MODEL e 

AlphaFold) 

 

 Aproximadamente 100 mil proteínas possuem estruturas 

tridimensionais determinadas por métodos experimentais representando apenas 

uma pequena parte de bilhões de sequências de proteínas conhecidas. Dessa forma, 

a modelagem de proteínas por homologia é um método que acelera o processo de 

obtenção das estruturas tridimensionais, sendo um método rápido, com alta acurácia 

e com baixo custo. Utilizar estruturas e sequências de proteínas que já foram 

cristalizadas e elucidadas como molde para obtenção de estruturas de proteínas que 

não foram cristalizadas, economiza tempo e dinheiro que seriam utilizados nos 

procedimentos experimentais. Através da obtenção de estruturas por modelagem 

por homologia é possível obter modelos para diversos estudos, como análises 

pontuais de mutações, interação entre os complexos proteicos, análises dos sítios 

ativos (CHOWDHURY et al., 2022; DU et al., 2021; JUMPER et al., 2021a). 

O servidor PEPFOLD é utilizado para obtenção de modelos 
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tridimensionais de peptídeos de 5 a 50 resíduos de aminoácidos. Esse servidor 

utiliza uma abordagem de cálculo de energia dos peptídeos levando em 

consideração todos os átomos. Para obter a estrutura, são realizadas 100 

simulações que, posteriormente, são ranqueadas em clusters de conformações com 

pequenas variações. A taxa de acurácia dos modelos gerados no PEPFOLD é de 

95%, quando comparados os modelos com os dados obtidos experimentalmente 

(BINETTE; MOUSSEAU; TUFFERY, 2022; SHEN et al., 2014). Ao longo desta tese, 

várias estruturas de peptídeos foram obtidas utilizando este servidor. 

O SWISS-MODEL (https://swissmodel.expasy.org/) é um servidor online 

no qual é possível realizar a modelagem de proteínas por homologia. Para realizar a 

modelagem nesse servidor algumas entradas são possíveis: 1) utilizando apenas a 

sequência da proteína e o servidor encontra uma proteína que possua semelhança e 

modela a proteína baseado na estrutura tridimensional mais próxima do PDB; e 2) 

utilizando como entrada a sequência e uma estrutura tridimensional desejável. 

Nesse segundo modo, é interessante para estudar o efeito das mutações em uma 

estrutura de uma proteína que já está sendo estudada na conformação nativa. O 

SWISS-MODEL constrói o modelo da estrutura tridimensional da proteína em quatro 

passos principais. O primeiro passo é a identificação de modelos estruturais que já 

possuem estruturas tridimensionais resolvidas por métodos experimentais. O 

segundo passo é o alinhamento das sequências e estruturas para encontrar as 

diferenças entre elas. No terceiro passo, o modelo da proteína é construído 

realizando trocas dos aminoácidos que são diferentes e reduzindo a energia da 

estrutura para obter conformações de menor energia, logo, a mais estável. Esse 

modelo construído no terceiro passo é então testado quanto à sua qualidade no 

quarto passo. Nele, os átomos dos resíduos de aminoácidos são analisados se 

estão em conformações favoráveis, caso a estrutura satisfaça as condições, o 

modelo estará pronto. Vale salientar que, mesmo o software realizando essa 

avaliação do modelo, é necessário validar a estrutura utilizando outros programas, 

como o MolProbity (BIENERT et al., 2017; STUDER et al., 2021, 2020; 

WATERHOUSE et al., 2018). 

O programa AlphaFold (https://alphafold.ebi.ac.uk/) foi considerado o 

melhor software para realizar predições de estruturas tridimensionais de proteínas 

no 14° Community Wide Experiment on the Critical Assessment of Techniques for 

Protein Structure Prediction  (CASP14). Utilizando inteligência artificial para realizar 
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as predições de estruturas proteicas e com uma metodologia de alta acurácia, como 

demonstrado na figura 18, o AlphaFold obteve uma média de variação de RMSD de 

1.5 Å entre as estruturas modeladas e as estruturas nativas das proteínas, enquanto 

o software que ganhou o segundo lugar do desafio obteve uma média de variação 

de RMSD de 3.5 Å. Além da sua alta acurácia, o AlphaFold possui metodologia 

capaz de obter estruturas que não possuem proteínas similares com estruturas 

elucidadas, ou seja é capaz de realizar predição de novo, o que ainda é considerado 

um desafio até mesmo para resolução de estruturas de proteínas por métodos 

experimentais, como a cristalografia de raios-X. Em 2022, o AlphaFold possui mais 

de 200 milhões de proteínas com estruturas modeladas. Para demonstrar a 

revolução alcançada por esse software, pode-se comparar a quantidade de 

proteínas com estruturas depositadas no PDB (195 mil estruturas) e no AlphaFold 

com 200 milhões de estruturas (JUMPER et al., 2021b; TUNYASUVUNAKOOL et al., 

2021). 

 

Figura 18. Modelagem de proteínas utilizando o software AlphaFold. O software 
utiliza inteligência artificial e possui alta acurácia.  
 

 
Fonte: JUMPER et al., 2021b 

 

2.3 Docking molecular em proteínas (AutoDock Vina, FRODOCK e ClusPRO) 

 

Docking molecular na tradução para o português significa encaixe 

molecular. Como o nome faz referência, o docking molecular representa um encaixe 

entre moléculas, seja entre duas proteínas, de uma proteína com um peptídeo e 

mesmo entre uma proteína e pequenos ligantes. No docking molecular se busca 

encaixes entre as duas moléculas, todavia esse encaixe deve ser o mais próximo do 
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que acontece na natureza, logo, diversas metodologias são utilizadas para obter o 

melhor, como a busca por estruturas com menor energia livre, conformações 

favoráveis entres as moléculas, encaixe em sítios ativos, como é possível de 

observar na figura 19 (GOUTHAMI et al., 2022). 

Figura 19. Procedimento padrão para realização de docking molecular. 

 

 

 

Fonte: GOUTHAMI et al., 2022. 

 

Para o docking molecular possuir uma alta acurácia é necessário atentar-

se para a preparação dos arquivos, que é uma etapa crucial e, frequentemente, não 

realizada por pesquisadores que não possuem expertise no assunto. Na etapa de 

preparação de arquivos, realiza-se um estudo das protonações das moléculas e 

adiciona-se os átomos de hidrogênio que não estão presentes em estruturas 

tridimensionais cristalográficas. 

Diversos softwares estão disponíveis para realizar docking molecular. 

Dessa forma, é necessário sempre testar o programa que será utilizado com o 

sistema de interesse antes de realizar as simulações. O teste inicial pode ser 

realizado através de um processo chamado redocking, no qual utiliza-se complexos 

com estruturas tridimensionais disponíveis, com elas se separam as cadeias de 

proteínas ou mesmo a proteína do ligante que será testado. Após, essas moléculas 

separadas, são utilizadas como entrada para o docking molecular (HOFNY et al., 

2021). Caso o software de docking possua uma alta acurácia para o sistema em 
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questão, o resultado deve ser muito próximo à estrutura do complexo obtida 

experimentalmente (FEDERICO et al., 2021). Com o método de docking testado 

através do redocking, pode-se simular a interação com outras moléculas.  

A escolha do software para realização do docking molecular também deve 

levar em consideração as metodologias que possuem maior acurácia descrita na 

literatura.  Semestralmente, ocorre o desafio CAPRI (Critical Assessment of 

PRediction of Interactions), no qual vários grupos de pesquisas se unem e testam 

seus softwares de docking molecular para diferentes sistemas proteicos e os 

resultados são divulgados na forma de artigo na revista Proteins: Structure, Function, 

and Bioinformatics (LENSINK et al., 2020). É importante que os pesquisadores que 

trabalham ou desejem trabalhar com docking molecular estejam sempre atentos aos 

resultados do desafio CAPRI, visto que são divulgados os melhores métodos de 

docking. Além do desafio de CAPRI, outros estudos na literatura fazem pesquisas de 

comparação (Benchmark) entre os métodos de docking molecular disponíveis (FAN 

et al., 2021; GARCÍA-ORTEGÓN et al., 2022; NGO et al., 2021). 

O AutoDocking Vina é um software utilizado para docking entre pequenas 

moléculas e proteínas. Possuem as vantagens de ser rápido e com alta acurácia. No 

teste de acurácia, o programa conseguiu atingir 78% de acerto no modo de 

interação das moléculas com proteínas com uma variação de RMSD menor que 2 Å. 

Por ser rápido, não exige muito tempo para realizar as simulações e é possível fazê-

las utilizando pouco recurso computacional. Além disso, é uma metodologia bastante 

utilizada, sendo citada por mais mil artigos científicos (EBERHARDT et al., 2021; 

TROTT; OLSON, 2009). Uma desvantagem do programa é que seu código é 

fechado, ou seja, a metodologia utilizada para realizar as simulações não é 

divulgada. 

O FRODOCK (Fast Rotational DOCKing) é um programa online de 

docking molecular utilizado para obter interações entre proteínas. Ao realizar o 

processo utilizando o FRODOCK é possível escolher uma opção de interação entre 

as proteínas: enzima-substrato, anticorpo-antígeno, outras ou desconhecidas. Nos 

trabalhos desenvolvidos nesta tese, o FRODOCK foi utilizado para analisar as 

interações entre peptídeos e proteínas, visto que no estudo comparativo de Agrawal 

e colaboradores (2019), o FRODOCK foi considerado o melhor software para 

docking entre peptídeo e proteína.  

ClusPRO foi o software que ganhou o desafio CAPRI entre os anos 2016 
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e 2019 e foi considerado o melhor programa para realização de docking molecular 

entre proteínas (LENSINK et al., 2020).  Esse programa utiliza três passos principais 

para a realização da predição: 1) Docking rígido entre as proteínas, ou seja, as 

proteínas não mudam as posições dos seus átomos e são gerados mais de um 

bilhão de modelos, considerando as rotações possíveis das proteínas, bem como as 

interações eletrostáticas; 2) Todos os modelos são agrupados de acordo com as 

menores variações (RMSD) entre eles e os mais parecidos são agrupados em um 

único cluster; 3) Por fim, os modelos agrupados passam por uma minimização de 

energia para obter a estrutura mais estável e os resultados são disponibilizados, 

como é possível observar na figura 20. Os desenvolvedores do ClusPRO afirmam 

que apesar da metodologia possuir alta acurácia, seu ranqueamento final ainda se 

encontram muitas falhas, sendo uma desvantagem do programa (DESTA et al., 2020; 

KOZAKOV et al., 2017a).   

 

2.4 Simulação de dinâmica molecular  

 

2.4.1 Simulações com proteínas 

 

Simulações de dinâmica molecular são realizadas para obtenção da 

trajetória dos átomos nas moléculas. Para isso, são utilizados campos de forças que 

possuem a parametrização dos potenciais de interações das moléculas de interesse, 

seja proteínas, carboidratos ou lipídios. Através das simulações é possível 

compreender a termodinâmica, a cinética e a mecânica das moléculas envolvidas 

(ORTEGA et al., 2022; WANG, Jinan et al., 2021). 

Todos os cálculos realizados na dinâmica molecular ainda possuem a 

desvantagem de considerarem a matéria estritamente como partícula e utilizarem 

apenas as equações de movimento de Newton nas simulações. O ideal seria utilizar 

física quântica para prever esse movimento, pois consideraria a dualidade partícula-

onda da matéria. Entretanto, uma simulação utilizando física quântica requereria um 

custo computacional muito grande, sendo praticamente impossível com os recursos 

atuais (ALBUQUERQUE et al., 2020). Apesar disso, utilizando-se simulações de 

dinâmica molecular é possível obter resultados próximos aos observados 

experimentalmente (WANG, Jinan et al., 2021). 
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Figura 20. Comparação entre resultado do docking molecular realizado no ClusPro 
(proteínas em azul) e dados experimentais (proteínas em magenta) com e sem 
restrições aplicadas. 
 

 

 

Fonte: KOZAKOV et al., 2017b. 

 

Diversos pacotes de programas são possíveis para realização de 

simulações de dinâmica molecular, como GROMACS, UMBER, NAMD. Nesta tese 

foi utilizado, principalmente, o pacote GROMACS por ser grátis e possuir um custo 

computacional menor, logo, sendo mais rápido (PÁLL et al., 2020).. 

O primeiro passo realizado na simulação de dinâmica molecular é a 

escolha do campo de força que irá trabalhar. O GROMACS disponibiliza 16 campos 

de forças para realizar as simulações: CHARMM36, AMBER03, AMBER94, 

AMBER96, AMBER99, AMBER99SB, AMBER99SB-ILDN, AMBERGS, CHARMM27, 

GROMOS96 43ª1, GROMOS96 43ª2, GROMOS96 45ª3, GROMOS96 53ª5, 

GROMOS96 53ª6, GROMOS96 54ª7 e OPLS-AA/L. A escolha do campo de força 

que será utilizado na simulação deve ser feita levando em consideração a 

parametrização das moléculas de interesse, ou seja, é necessária uma pesquisa na 

literatura para identificar o campo de força que melhor parametriza as moléculas de 

interesse (JING et al., 2019)..  

Após a escolha do campo de força, é realizada a solvatação do sistema. 

Nesse passo, o sistema de estudo é adicionado dentro de uma caixa de água. 

Podendo utilizar o modelo de água explicita, no qual as moléculas de água estarão 

presentes durante a simulação, ou modelo de água implícita, em que as moléculas 

de água não estão presentes na simulação e é utilizada uma função dielétrica que 
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considera os espaços vazios como água. Ao utilizar o modelo de água implícita, 

economiza-se tempo computacional. Todavia, as interações realizadas entre as 

macromoléculas e as moléculas de água são desconsideradas. A caixa de água 

pode ser construída em diferentes geometrias, como cúbica e paralelepipédica, 

esférica. Estudos demonstram que a geometria da caixa não interfere nos resultados 

da simulação, entretanto interfere no tempo para a realização da simulação. 

Com a caixa de água construída, o próximo passo é realizar a ionização. 

Nessa etapa, íons são adicionados à caixa. A adição de íons vai depender do 

objetivo de cada estudo, porém normalmente é utilizada a ionização do padrão 

fisiológico: 0,15 M do íon positivo sódio (Na+) e 0,15 M do íon negativo cloreto (Cl-). 

Em alguns estudos, adicionam-se íons apenas para neutralizar a caixa de água, 

para que possua carga líquida final igual a 0. Um modelo de caixa de água solvatada 

e com íons é demonstrado na figura 21. Com os íons adicionados, executa-se a 

minimização de energia ou também denominado otimização de geometria. Nesse 

passo, a estrutura tridimensional de todas as moléculas presentes na caixa é 

otimizada e encontrada um mínimo de energia local. Posteriormente à minimização, 

é necessário realizar o equilíbrio de temperatura e pressão da caixa. Na fase de 

equilíbrio, a temperatura e a pressão são aumentadas de forma lenta até obter a 

temperatura e impressão desejável.  

Após todas as preparações, realiza-se a simulação de dinâmica molecular. 

Essa etapa é a fase mais demorada e depende do tempo de dinâmica molecular que 

será utilizado (LEMKUL, 2019). Atualmente, no último trimestre de 2022, é razoável 

realizar pelo menos três simulações, triplicata, de pelo menos 100 ns, cada uma, 

para complexo entre proteínas. Com o avanço da tecnologia e das técnicas, os 

revisores exigem maior tempo de simulação, bem como repetições. Um tutorial 

completo de simulação de dinâmica molecular encontra-se disponível em: 

http://www.mdtutorials.com/gmx/. 

Alguns sistemas não estabilizam com apenas 100 ns, logo, é necessário 

realizar simulações de dinâmica molecular mais longas. É possível detectar se o 

sistema estabilizou na simulação através da observação da variação de RMSD 

(Root Mean Square Deviation). A variação de RMSD é a distância entre as posições 

atômicas das proteínas sobrepostas, geralmente calculado em Å (AIER; VARADWAJ; 

RAJ, 2016). Considera-se que o sistema está estabilizado após pelo menos 20 ns de 

simulação com uma variação de RMSD menor que 1 Å, como demonstrado na figura 
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22. 

 

Figura 21. Passos para simulação de dinâmica molecular. 
 

 
 
Fonte: MORGNANESI et al., 2015. 

 

2.4.2 Simulações com membranas 

 

O processo de simular a dinâmica molecular com membranas é similar ao 

processo com proteínas, porém, com alguns passos adicionais. Para início é 

necessário obter a membrana alvo para simular. Muitos artigos utilizam membranas 

simples compostas apenas pelo fosfolipídio fosfatidilcolina (POPC) (VELASCO-

BOLOM; CORZO; GARDUÑO-JUÁREZ, 2018; VENABLE; KRÄMER; PASTOR, 

2019). Entretanto, observa-se que a utilização de membranas biomiméticas que 

simulam as membranas de interesse têm aumentado. Apesar de requerer um custo 

computacional maior, simular dinâmicas moleculares com membranas mais 

realísticas aproxima-se mais da realidade, logo os resultados possuem maior 

acurácia, como demostrado na figura 23 (FREIRE et al., 2021; RZYCKI; 

KRASZEWSKI; DRABIK, 2021; TIMMONS et al., 2019). 
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Figura 22. Exemplos de simulações de dinâmica molecular com proteínas. A 
estabilização das estruturas é observada quando a variação de RMSD é menor que 
1 Å. 

 

 

Fonte: Elaborado pelo autor. 
 
 

Antes de iniciar a construção da membrana, é necessário pesquisar na 

literatura a composição da membrana de interesse. Após obter as informações dos 

fosfolipídios e esteróis que compõem a membrana, pode-se utilizar o software 

CHARMM-GUI (https://www.charmm-gui.org/) para construí-la. O CHARMM-GUI é 

um software online e gratuito, sendo necessário apenas realizar um cadastro. Nesse 

programa, é possível construir diversos tipos e tamanhos de membranas com 

diferentes fosfolipídios e esteróis. Também é possível construir complexos entre 

proteínas ou peptídeos com membranas. O pesquisador consegue escolher a 

quantidade de componentes na membrana, bem como a quantidade de cada, logo, é 

possível construir membranas com diferentes composições e mais realísticas (JO et 

al., 2009; LEE, Jumin et al., 2019). 

Após a construção da membrana, o CHARMM-GUI realiza a solvatação e 

a ionização do sistema e disponibiliza todos os arquivos de parametrização da 

membrana. Isso é muito importante, visto que esses arquivos serão utilizados como 

entrada na simulação de dinâmica molecular, ou seja, o software já constrói as 

membranas com o objetivo da realização da simulação e esses arquivos podem ser 

utilizados como entrada em diversos programas de dinâmica molecular, como 
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GROMACS, AMBER, NAMD, OpenMM e CHARMM. 

 

Figura 23. Simulação de dinâmica molecular do peptídeo CaD23 que interage com 
membrana mimética de bactéria, mas não interage com membrana de mamífero. 
 

 

 
Fonte: TING et al., 2021. 

 

O tempo de simulação utilizado nas simulações de dinâmica molecular 

com membranas é variável na literatura. Observa-se um padrão dos artigos com 

simulações de membranas de 1000 ns ou 1 µs. Como já foi comentado 

anteriormente, quanto maior o tempo da simulação maior será o custo 

computacional. Alguns grupos de pesquisas já conseguem realizar dinâmicas 

moleculares por um tempo de 5000 ns (HONG et al., 2021; KIM; YOO; LEE, 2022; 

PANDEY et al., 2020; UPPAL et al., 2023). Logicamente, quanto maior o tempo da 

dinâmica mais próximo de um mínimo de energia global é alcançado.  

Diversas aplicações são possíveis utilizando-se dinâmica molecular de 

membranas, como um dos trabalhos desta tese, em que se avalia a entrada de um 

peptídeo sintético numa membrana biomimética de levedura. Outras aplicações são 
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possíveis, como entrada de fármacos em compartimentos celulares, estudos 

envolvendo lipossomas, interação de moléculas com proteínas integrais de 

membrana. 

 

2.5 Bioquímica quântica: MFCC e função dielétrica não homogênea 

 

2.5.1 Fracionamento molecular com capas conjugadas (MFCC) 

 

O estudo da interação entre proteínas e proteínas com ligantes através de 

dinâmica molecular fornece bons resultados de trajetória, entretanto, há algumas 

limitações, visto que as simulações de dinâmica utilizam apenas mecânica clássica, 

as equações de Newton para calcular as trajetórias e os campos de forças são 

aproximações dos dados experimentais (ALBUQUERQUE et al., 2020). Sabe-se que 

o ideal seria utilizar a mecânica quântica para observar o comportamento das 

moléculas, porém seria necessário um custo computacional muito grande, que ainda 

é impossível. Para conseguir resolver esses problemas, utiliza-se uma metodologia 

híbrida, na qual aplicamos a bioquímica quântica no cálculo das energias de 

interação.  

Para calcular as energias de interação de duas proteínas completas 

através de bioquímica quântica seria inviável, visto o custo computacional muito 

grande. Dessa forma, desenvolveu-se o método de fracionamento molecular com 

capas conjugadas (MFCC), também citado como dividir para conquistar. Nesse 

método, os resíduos de aminoácidos que estão presentes na superfície de contato 

entre as duas proteínas são cortados em trio, o resíduo de interesse e os que estão 

ligados a ele por ligação peptídica. De cada resíduo da área de contato é lançado 

um raio de 8 Å e todos os resíduos da outra proteína que estiverem dentro desse 

raio são utilizados para o cálculo de energia de interação. Junto com os resíduos 

que estão presentes dentro do raio, também são utilizadas suas capas que são os 

resíduos vizinhos que estão ligados por ligações peptídicas, como observado na 

figura 24. Esse procedimento é realizado para obter um conjunto com menos de 100 

átomos sendo possível a execução dos cálculos quânticos. 

 
 Com as trincas de resíduos de aminoácidos de cada proteína, separa-

se em quatro novos arquivos com o objetivo de obter apenas a energia de interação 
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entre os dois resíduos de interesse. No primeiro arquivo, é calculada a energia total 

do sistema com os resíduos de interesse e suas capas. No segundo arquivo, 

calcula-se a energia do sistema, porém sem o resíduo de interesse da proteína j. No 

terceiro, calcula-se a energia de todos os resíduos sem o resíduo de interesse da 

proteína i. Por fim, no quarto, a energia calculada é apenas das capas dos resíduos, 

como demonstrado na figura 25.  

 
Figura 24. Demonstração hipotética dos resíduos utilizados para o cálculo da 
energia de interação. O resíduo da proteína i, que está presente na superfície de 
contato com a proteína j, é utilizado para lançar um raio 8 Å e todos os resíduos que 
estão dentro desse raio na proteína j são utilizados para o cálculo quântico. Tanto os 
resíduos de interesse da proteína i como os da proteína j são acompanhados dos 
resíduos ligados covalentemente a eles no cálculo (Ri-1, Ri+1, Rj-1 e Rj+1).  
 

 
Fonte: Elaborado pelo autor. 

 

 Finalmente, a energia de interação entre os resíduos das duas 

proteínas é calculada de acordo com a equação: 

 

EI (Ri – Rj) =  E (Ci-1RiCi+1 + Cj-1RjCj+1) – E (Ci-1RiCi+1 + Cj-1 Cj+1) -  E (Ci-1 

Ci+1 + Cj-1RjCj+1)  + E (Ci-1 Ci+1 + Cj-1 Cj+1) 
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Figura 25. O cálculo de energia de interação entre dois resíduos de duas proteínas é 
realizado utilizando-se quatro arquivos. No primeiro, todos os resíduos; no segundo 
sem o resíduo da proteína i; no terceiro sem o resíduo da proteína j e, por fim, 
apenas as capas conjugadas. 
 

 

Fonte: Elaborado pelo autor. 
 

 Esses cálculos são realizados com todos os resíduos que participam 

da interface das duas proteínas. Na realização do cálculo quântico é utilizada a 

teoria do funcional da densidade (DFT).  

 

2.5.2 Função dielétrica não homogênea 

 

Caso o sistema apresente moléculas de água explícitas, são 

consideradas para o cálculo as moléculas que estão até 3 Å de distância dos 

resíduos de interesse. Alguns estudos desconsideram as moléculas de água 

explícitas e utilizam um modelo de água implícita no cálculo, através de uma função 

dielétrica homogênea, o que reduz o custo computacional do cálculo, porém esse 

modelo apresenta a desvantagem de subestimar ou superestimar as interações 

eletrostáticas com as moléculas de água (MORAIS et al., 2020).   

A função dielétrica da água é em torno de 80, enquanto o vácuo seria 0. 

Observando isso, no complexo de proteínas as regiões mais externas possuem 

função dielétrica próxima a 80 e regiões mais internas e apolares seriam mais 

próximas de zero. Constata-se que utilizando valores de funções dielétricas baixos, 

como foi utilizado em alguns estudos o valor 4, ocorre uma superestimação da 

energia de interação entre as moléculas. Isso é possível de visualizar principalmente 

quando se analisa o gráfico de convergência de energia de interação desses 

estudos, pois não apresentam uma convergência e tendem ao -∞. Outros estudos 

utilizam a função dielétrica igual a 40, entretanto, sabe-se que em regiões mais 

internas das proteínas esse valor seria muito alto, o que ocasionaria uma 

subestimação da energia de interação (DANTAS et al., 2015). 



51 

 

 

Visando resolver esse problema, nosso grupo de pesquisa desenvolveu 

um método capaz de calcular a função dielétrica não homogênea, dessa forma, 

calculamos uma média da função dielétrica em cada região da proteína, como 

mostrado na figura 26. Com isso, é possível obter resultados com maior acurácia do 

que utilizando uma função dielétrica homogênea.   

 

Figura 26. Representação da função dielétrica não homogênea do complexo uPA-
uPAR. Primeiro sistema proteico com função dielétrica calculada.  
 

 

 

Fonte: MORAIS et al., 2020. 
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3 NO AUGE DA PANDEMIA COVID 
 
3.1 A pandemia Covid e nossas contribuições  
 

SARS-CoV-2 pertence à família Coronaviridae, sendo um vírus 

envelopado apresentando um RNA de fita simples positiva com tamanho estimado 

de 30 kB, figura 27 (HU et al., 2021). O SARS-CoV-2 é o agente etiológico causador 

da pandemia de covid-19 que já registrou mais de 630 milhões de casos e 6,5 

milhões de mortes. Segundo a Organização Mundial de Saúde (OMS), esses 

números são subestimados devido à subnotificação. A OMS estima que o total de 

mortes causadas, diretamente ou indiretamente, por covid-19 seja próximo a 15 

milhões, no mundo.  

 

Figura 27. Estrutura do vírus SARS-CoV-2.  
 

 

 

Legenda: M: membrana lipídica; S: espícula de contato do vírus com receptores celulares; E: 
envoltório glicoproteico; RNA+: material genético viral; N: capsídeo proteico. 
Fonte: UZUNIAN, 2020 

 

SARS-CoV-2 possui uma similaridade de, aproximadamente, 78% com 

SARS-CoV-1, entretanto, as diferenças entre eles são responsáveis pela grande 

diferença observada no número de casos, bem como na alta transmissibilidade do 

SARS-CoV-2, o qual rapidamente ocasionou uma pandemia global, enquanto os 

surtos de SARS-CoV-1 e MERS-CoV aconteciam de forma endêmica em regiões 

específicas (SOUZA et al., 2021). A transmissão do coronavírus entre humanos 

ocorre principalmente por gotículas de secreções do nariz e da boca. A doença, em 

alguns casos, apresenta apenas sintomas brandos semelhantes aos da gripe, como 

febre e tosse, porém casos mais graves da doença ocasionam a morte do paciente 



53 

 

 

(RASMUSSEN; POPESCU, 2021). 

A invasão do vírus a células humanas ocorre através da interação do 

domínio de ligação ao receptor (RBD) da glicoproteína spike (proteína S) do vírus 

com a enzima conversora de angiotensina 2 (ECA2, em inglês ACE2) de humanos, 

como demostrado na figura 28. Após entrar na célula humana, o vírus controla a 

maquinária celular para sintetizar o seu genoma e suas proteínas (MALDONADO; 

BERTELLI; KAMENETZKY, 2021). 

 

Figura 28. Interação entre proteína spike do SARS-CoV-2 com proteína ECA2 de 
humano. 
 

 

 

Fonte: SOUZA et al., 2022, adaptada. 

 

 Alterações na proteína S do SARS-CoV-2, principalmente na região RBD, 

aumentaram a afinidade entre a proteína do vírus com a proteína humana ECA2, o 

que explica a diferença de transmissibilidade quando comparado com SARS-CoV e 

MERS-CoV. A afinidade entre a proteína S de SARS-CoV-2 é em torno de 20 vezes 

mais forte com ECA2 de humanos que a afinidade entre SARS-CoV com ECA2, 

resultando em uma transmissão mais rápida de SARS-CoV-2 entre humanos 

(SOUZA et al., 2021). 

Observando essa interação importante para o estabelecimento da covid-

19 pelo SARS-CoV-2, diversos estudos avaliaram o potencial de drogas para impedir 
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que a interação ocorra, bloqueando a entrada do vírus nas células. Nosso grupo de 

pesquisa também utilizou essa interação como alvo chave para o desenvolvimento 

de medicamentos capazes de inibir o SARS-CoV-2. No primeiro estudo, analisamos 

a capacidade de 8 peptídeos antimicrobianos sintéticos de impedir a interação entre 

a proteína S e a ECA2 através de docking molecular. Observamos que os peptídeos 

Mo-CBP3-PepII and PepKAA são capazes de interagir com a proteína S na região do 

RBD, o que alteraria a conformação da região, resultando em um encaixe incorreto 

entre a proteína S e a ECA2. Nesse mesmo estudo, avaliamos a capacidade desses 

peptídeos interagirem com a ECA2 e foi constatado que a interação com a ECA2 

ocorre de forma fraca e não causa alterações conformacionais nessa proteína. Artigo 

presente no apêndice F.  

Após esse estudo, realizamos o cálculo quântico da interação entre as 

proteínas S e ECA2, obtendo as principais regiões de interações, bem como os 

resíduos de aminoácidos principais para interação. A partir desse resultado, 

propomos peptídeos derivados da ECA2, os quais são capazes de interagir com a 

proteína S, visto que são baseados em regiões da ECA2 que já interagiam com a 

proteína S, assim bloqueando a interação da proteína S com a ECA2 ou mesmo 

ocasionando uma alteração na forma de interação, o que impediria a entrada do 

vírus as células. Artigo presente no tópico 3.3.  

Além da proteína S de SARS-CoV-2, outras proteínas também são 

importantes para o vírus, como a principal protease do vírus (Mpro) que é uma 

enzima chave envolvida na transcrição e replicação de SARS-CoV-2, sendo uma 

enzima essencial. Logo, a inibição de Mpro é uma forma de combater o vírus. 

Observando isso, realizamos estudos in silico para testar se nossos peptídeos 

seriam capazes de inibir a atividade dessa enzima. Dos 8 peptídeos testados, 

RcAlb-PepI, PepGAT e PepKAA apresentaram menores energias de interação, 

desse modo, interações mais fortes. Constatamos, ainda, que esses peptídeos não 

interagem no sítio da ativo da protease, mas em outras regiões, indicando uma 

possível inibição alostérica. Através da simulação de dinâmica molecular, 

visualizamos que a interação desses peptídeos com a protease reduziu o volume do 

sítio ativo da protease, o que resultaria na inibição da enzima. O artigo completo 

está adicionado na tese no próximo tópico. 
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3.2 Quantum biochemistry, molecular docking, and dynamics simulation 

revealed synthetic peptides induced conformational changes affecting the 

topology of the catalytic site of SARS-CoV-2 main protease 
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Abstract 

The recent outbreak caused by SARS-CoV-2 continues to threat and take many lives 

all over the world. The lack of an efficient pharmacological treatments are serious 
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problems to be faced by scientists and medical staffs worldwide. In this work, an in 

silico approach based on the combination of molecular docking, dynamics 

simulations, and quantum biochemistry revealed that the synthetic peptides RcAlb-

PepI, PepGAT, and PepKAA, strongly interact with the main protease (Mpro) a 

pivotal protein for SARS-CoV-2 replication. Although not binding to the proteolytic 

site of SARS-CoV-2 Mpro, RcAlb-PepI, PepGAT, and PepKAA interact with other 

protein domain and allosterically altered the protease topology. Indeed, such peptide-

SARS-CoV-2 Mpro complexes provoked dramatic alterations in the 3D structure of 

Mpro leading to area and volume shrinkage of the proteolytic site, which could affect 

the protease activity and thus the virus replication. Based on these findings, it is 

suggested that RcAlb-PepI, PepGAT, and PepKAA could interfere with SARS-CoV-2 

Mpro role in vivo. Also, unlike other antiviral drugs, these peptides have no toxicity to 

human cells. This pioneering in silico investigation opens up opportunity for further in 

vivo research on these peptides, towards discovering new drugs and entirely new 

perspectives to treat COVID-19. 

Keywords: SARS-CoV-2 main protease; COVID-19; Synthetic Peptides. 

 

3.2.1 Introduction 

 

The current coronavirus outbreak caused by SARS-CoV-2 (Severe Acute 

Respiratory Syndrome Coronavirus 2) is the third epidemic event related to 

Coronaviruses in the last twenty years. The other two outbreaks that were caused by 

SARS-CoV-1 (Severe Acute Respiratory Syndrome Coronavirus 1) and MERS-CoV 

(Middle East Respiratory Syndrome Coronavirus ) absolutely were not as severe and 

aggressive as SARS-CoV-2 [1,2]. To date, SARS-CoV-2 has infected 20,972,577 

people in 215 countries with 750,377deaths [3–5] and transmission still continues to 

accelerate in different geographic region of the world. Often, the main problem 

caused by SARS-CoV-2 in infected patients is the immune response triggered 

against the virus infection. This immune reaction is characterized by overproduction 

of the proinflammatory cytokines TNF (tumor necrosis factors) and interleukins IL 6 

and 1, known as the “cytokine storm”, which is a hyperinflammatory state that led to 

multiple-organ damage and dysfunction, specially of lungs, heart, liver, and kidneys 

[6–8].  
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First identified in Wuhan, China, genomic data analysis revealed that the 

human coronavirus SARS-CoV-2 has 70% genetic similarity with SARS-CoV-1 [9–

11]. One of the common features amongst these coronaviruses is that they entry in 

human cells by physical interaction of the viral spike glycoprotein (S protein) with the 

human ACE2 (Angiotensin-Converting Enzyme 2) receptor, which is located at the 

cell membrane. Subsequently, conformational alteration of the S protein permits both 

the viral envelope to combine with the outer membrane and the transport of the virus' 

genetic material inside the human cell. However, amino acid sequence data analysis 

showed the SARS-CoV-2 S protein possesses mutations in the receptor-binding 

domain (RBD), in relation to that of SARS-CoV-1 S protein. Such genetic alteration 

leads to 20-fold increased affinity of SARS-CoV-2 S protein to ACE2, compared to 

SARS-CoV-1 S protein, and enhanced infectivity and velocity of SARS-CoV-2 

spreading in humans [10,12,13]. Once inside the target cells, SARS-CoV-2 uses its 

main protease (Mpro), a pivotal protein for SARS-CoV-2 replication process, across 

the mechanism of viral replication [14]. Therefore, besides the viral spike glycoprotein 

(S protein), SARS-CoV-2 Mpro has taken as other potential pharmacological target 

for drug action against SARS-CoV-2 infection [15–18].  

Although SARS-CoV-2 belongs to the genus Coronavirus, as SARS-CoV-

1 and MERS-CoV, its infection leads to a completely novel and unknown disease, 

COVID-19 (Coronavirus Disease 2019), which is ending human life and taking over 

the economy globally [19]. Indubitable, there is an urgent need to discover and 

develop effective drugs to combat the virus and discontinue the disastrous 

consequences it has brought to mankind. To speed up novel drug discovery and 

development for COVID-19 treatment, the integrated use of bioinformatics 

approaches, such as molecular docking, dynamics simulations, and quantum 

analysis [17,20,21] allows to select potential antiviral molecules to be subsequently 

tested in vitro and in vivo against SARS-CoV-2 and other viruses.  

Recently, our research group, by using bioinformatics approaches, found 

out that the synthetic peptides Mo-CBP3-PepII and PepKAA targeted SARS-CoV-2 

spike protein and induced conformational alterations that disrupt its correct binding to 

the ACE2 receptor [22]. In this current study, which was conducted to further exploit 

the peptide-based therapeutic approach to treat COVID-19, the integrated use of 

these above mentioned bioinformatics methods was employed to assess whether 

any out of the following eight synthetic small peptides, Mo-CBP3-PepI, Mo-CBP3-
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PepII, Mo-CBP3-PepIII [23], RcAlb-PepI, RcAlb-PepII, RcAlb-PepIII [24], PepGAT, 

and PepKAA [25], which were designed based on plant proteins purified by our 

research group, could physically interact with SARS-CoV-2 Mpro and inhibit both its 

binding to ACE2 cell membrane receptor and its crucial activity. Briefly, amongst the 

tested peptides, RcAlb-PepI, PepGAT, and, particularly, PepKAA interact with SARS-

CoV-2 Mpro at a region far away from the active site, but induce conformational 

alterations of the protease that promote shrinkage of its catalytic domain. These 

results suggest that RcAlb-PepI, PepGAT, and PepKAA could allosterically inhibit the 

SARS-CoV-2 Mpro activity and theoretically prevent viral replication and, 

consequently, spread of SARS-CoV-2 infection. Certainly, this hypothesis must be 

tested in vitro before being tested in vivo. 

 

3.2.2 Methodology 

 

3.2.2.1 Three-dimensional (3D) structures  

 

The 3D structures of Mo-CBP3-PepI, Mo-CBP3-PepII, and Mo-CBP3-PepIII 

were identical to those used by Oliveira et al. [23]. The 3D structures of RcAlb-PepI, 

RcAlb-PepII, and RcAlb-PepIII were equal to those employed by Dias et al.[24]. The 

PepGAT and PepKAA 3D structures were identical to those used by Souza et al. 

[25]. The 3D structure files of SARS-CoV-2 main protease (Mpro) (PDB: 6M03) were 

downloaded from Protein Data Bank (PDB, https://www.rcsb.org/ ).  

 

3.2.2.2 Molecular Docking (MD) Assays  

 

Blind molecular docking analyses were carried out in FRODOCK 3.12 [26] 

and ClusPro 2.0 (https://cluspro.org), using the synthetic peptides as ligands against 

SARS-CoV-2 Mpro. Docking scores were used to select the peptides with the highest 

potential for interaction with SARS-CoV-2 Mpro. A score of 1 was assigned to the 

peptide with the highest docking value (referred to as the top scored pose). The 

scores of the subsequent peptides were decreased successively by a factor of 0.125 

as the docking values decreased in relation to that of the peptide that received score 

1. The peptide score obtained in the FRODOCK was added to that generated by 
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ClusPro. Based on the sum of scores, the three peptides with the highest potential 

were used to conduct the subsequent studies. 

 

3.2.2.3 Molecular Dynamics Simulation 

 

To stabilize the complexes formed between SARS-CoV-2 Mpro and the 

studied peptides before molecular dynamics simulation using Gromacs version 

2018.4 [27], they were minimized and equilibrated. OPLS-AA/L all-atom force field 

[28,29] was used to build molecular topology. Then, a cubic water box of edge length 

2 nm was created. Box solvation was done with the SPC/E water model, the systems 

were neutralized, and Na+ and Cl- added at 0.15 M concentration. Energy 

minimization of the complex structure was carried out until a negative potential 

energy and a maximum force below 103 kJ mol-1 nm-1 were attained. Next, 

temperature and pressure equilibration were performed during 100 ps simulation. 

Molecular dynamics simulations, in duplicate, were performed during 100 ns and the 

final structures generated were used for further analysis. 

 

3.2.2.4 Interface analysis of the complexes formed between SARS-CoV-2 Mpro and 

the studied peptides 

 

This analysis was carried out using the Protein Interactions Calculator 

(PIC) webserver (http://pic.mbu.iisc.ernet.in/). The 2D figures showing hydrogen 

bonds and hydrophobic interactions were built using the Ligplot software [30]. The 

Pymol software was used to generate 3D structures and to calculate RMSD (root 

mean square deviation) [31]. CASTp 3.0 [32] was used to assess changes in the 

area and volume of the proteolytic site of the SARS-CoV-2 main protease (SARS-

CoV-2 Mpro) when alone and complexed with the studied peptides.  

 

 

3.2.2.5 Quantum Biochemistry Calculation  

 

This was performed according to a protocol established previously by 

Zhang and Zhang [33]. Molecular fractionation with conjugate caps (MFCC) was 
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carry out to calculate in silico the full quantum mechanical interaction energies 

between two pairs of specific amino acid residues (Ri and Rj) involving the studied 

peptides and SARS-CoV-2 Mpro, as follows, based on the work of Amaral et al. [34]:  

 

E(Ri –Rj) = E(Ci-1 Ri Ci+1 + Cj-1 Rj Cj+1) – E(Ci-1 Ri Ci+1 + Cj-1 Cj+1) – 

E(Ci-1 C i+1 + Cj-1 Rj Cj+1) + E(Ci-1 Ci+1 + Cj-1 Cj+1) 

 

Where E(Ci-1 Ri Ci+1 + Cj-1 Rj Cj+1), the first term of the equation, is the total 

energy of the system formed by the residues Ri and Rj correctly capped; E(Ci-1 Ri Ci+1 

+ Cj-1 Cj+1), the second term, is the total energy of the system formed by the capped 

residue Ri and the caps of the residue Rj; the third term, E(Ci-1 C i+1 + Cj-1 Rj Cj+1), 

represents the total energy of the system formed by the capped residue Rj and the 

caps of the residue Ri; and the last term, E(Ci-1 Ci+1 + Cj-1 Cj+1), accounts for the total 

energy of the system formed by the caps of both residues Ri and Rj. The caps Ci-

1(Ci+1) and Cj-1(Cj+1) are made from the residues covalently bound to the amine 

(carboxyl) groups of Ri and Rj. In the MFCC method used, all interaction between 

amino acid residues of the studied peptides and SARS-CoV-2 Mpro separated from 

each other within a 8 Å range were calculated, considering a dielectric function 

approaches of 40 (ɛ=40) for all interactions. The structural files (PDB format) 

obtained after molecular dynamics simulation and MFCC were used as inputs for 

density functional theory (DFT) calculations with DMOL3 [35]. 
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3.2.3. Results  

 

3.2.3.1 Molecular Docking parameters of the interaction between the synthetic 

peptides and SARS-CoV-2 Mpro  

 

Before molecular dynamics and quantum biochemistry analyses, 

molecular docking simulations were run on the FRODOCK 3.12 and ClusPro 2.0 

webservers to find out which peptides best interact with SARS-CoV-2 Mpro. Both 

servers calculated that the eight studied peptides bind strongly to SARS-CoV-2 Mpro 

with score values that varied from 1700.10 to 2182.11 (Table 1). ClusPro 2.0 was 

used to calculate the free energies (∆G) of interactions, which were low and varied 

from –579.1 to –736.5 kcal.mol-1 (Table 1). The sum of the punctuations provided by 

FRODOCK and ClusPro 2.0 was used to select RcAlb-pepII, PepGAT, and PepKAA 

as the best peptides, in relation to their capacity of binding to SARS-CoV-2 Mpro, 

with punctuation values of 1.500, 1.375, and 1.375, respectively (Table 1). Molecular 

docking analysis also revealed that these peptides do not bind to the proteolytic site 

of SARS-CoV-2 Mpro (His41 and Cys145) (Fig. 29). Nevertheless, RcAlb-pepII, 

PepGAT, and PepKAA were further analyzed using molecular dynamics and 

quantum biochemistry.     

 

3.2.3.2 Molecular Dynamics (MD) Simulation  

 

MD simulations were done with SARS-CoV-2 Mpro alone and complexed 

with the peptides RcAlb-pepII, PepGAT, and PepKAA. RMSD of SARS-CoV-2 Mpro 

alone and complexed with the peptides increased gradually up to 1.5 Å within 50 ns 

and then remained stable until 100 ns, with RMSD fluctuation below 1 Å (Fig. 30). 

The stable conformation obtained from each MD simulation was used to perform 

further analyzes. 
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Table 1. Molecular docking parameters of the interactions between the studied 
synthetic peptides and SARS-CoV-2 Mpro 

 

Peptide FRODOCKa Punctuationb ClusProc Punctuationd  Sume 

Mo-CBP3-PepI 1816.15 0.375 -603.5 0.250  0.625 

Mo-CBP3-PepII 1809.39 0.250 -736.5 1.000  1.250 

Mo-CBP3-PepIII 1700.10 0.125 -654.0 0.625  0.750 

RcAlb-PepI 2021.32 0.750 -579.1 0.125  0.875 

RcAlb-PepII 2002.75 0.625 -694.5 0.875  1.500 

RcAlb-PepIII 1871.59 0.500 -654.7 0.750  1.250 

PepGAT 2061.69 0.875 -642.2 0.500  1.375 

PepKAA 2182.11 1.000 -632.7 0.375  1.375 
 

a  Calculated using the FRODOCK v.3.12 server.  
b,d Punctuation is associated with both the FRODOCK score and the ClusPro lowest binding free 
energy (kcal mol-1), respectively. A score of 1 was assigned to the peptide with the highest docking 
value (referred to as the top scored pose). The scores of the subsequent peptides were decreased 
successively by a factor of 0.125 as the docking values decreased in relation to that of the peptide that 
received score 1.  
c The lowest binding free energy (∆G) calculated using ClusPro 2.0. 
e Represents the sum of the scores (punctuation) in b and d. 

  

 

Figure 29. Complexes formed by docking of the peptides RcAlb-PepII (A), PepGAT 
(B), and PepKAA (C) on SARS-CoV-2 Mpro. 
 

 

Fonte: AMARAL et al., 2022. 
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Figure 30. RMSD plot of the conformation stability of SARS-CoV-2 Mpro alone and of 
the complexes formed by docking of RcAlb-PepII, PepGAT, and PepKAA on SARS-
CoV-2 Mpro as a function of time (ns).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fonte: AMARAL et al., 2022. 

 

3.2.3.3 Interaction between SARS-CoV-2 Mpro with RcAlb-PepII 

 

The key amino acid residues responsible for the multi-point binding 

interactions between SARS-CoV-2 Mpro and RcAlb-PepII were Lys137, Asn274, 

Met276, Tyr237, and Asn277 with Leu9, Lys2, Lys2, Pro5, and Lys2 (Table 2; Fig. 31A, B, 

and D) with interaction energy of -12.13, -8.30, -4.82, -4.60, and -3.75 kcal.mol-1, 

respectively (Table 2).  Repulsive interactions occur between the amino acid 

residues Asp197, Lys137, and Glu290 of SARS-CoV-2 Mpro with Leu9, Ala8, and Leu9 of 

RcAlb-PepII, with interaction energy  of +1.64, +1.66, and +1.92 kcal mol-1 and 

distance of 1.64, 1.66, and 1.92 Å, respectively (Table 2). Supplementary Table 1 

shows the quantum parameters of the multi-point binding interactions between the 

amino acid residues of SARS-CoV-2 Mpro and those of RcAlb-PepII at distances up 

to 8 Å. The complex formed between SARS-CoV-2 Mpro and RcAlb-PepII is molded 

through hydrophobic interactions established by the amino acid residues Tyr237, 
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Tyr239, Tyr239, Leu271, Leu272, Leu272, Met276, Leu286, Leu286, Leu286, Leu287, and Leu287 

of SARS-CoV-2 Mpro with Pro5, Ile4, Leu9, Ile4, Ile4, Pro5, Ile4, Ile4, Ile7, Leu9, Ile4, and 

Leu9 of RcAlb-PepII (Fig. 31A, B and D). Hydrogen bonds are established between 

the amino acid residues Met276 and Asn274 of SARS-CoV-2 Mpro with Lys2 of RcAlb-

PepII (Fig. 31A, B and D). The individual interaction energy of the residues Ala1, 

Lys2, Leu3, Ile4, Pro5, Thr6, Ile7, Ala8, Leu9 was -5.28, -20.44, -3.55, -10.60, -5.86, -

0.74, -11.58, -5.98, and -10.83 kcal.mol-1, respectively (Fig. 31C). 

 

Table 2. Quantum parameters of the multi-point binding interactions between the 
amino acid residues of SARS-CoV-2 Mpro and those of RcAlb-PepII 
 

Amino acid 

residues 

Distanc
e 

Free 
energy of 
interactio

n 

Residue 
charge 

 
Residue atom 

SARS-
CoV-2 
Mpro 

RcAlb
-PepII 

(Å) (kcal mol-1) SARS
-CoV-

2 
Mpro 

RcAlb
-PepII  

  

 

SARS-CoV-
2 

 Mpro 

RcAlb
- 

PepII  
  

LYS137 LEU9 1.80 -12.13 1 -1 
 

HZ3 O2 
ASN274 LYS2 2.79 -8.30 0 1 

 
O HZ1 

MET276 LYS2 2.17 -4.82 0 1 
 

H O 
TYR237 PRO5 2.57 -4.60 0 0 

 
CE1 HG1 

ASN277 LYS2 2.39 -3.75 0 1 
 

OD1 HD2 
LEU287 ILE4 2.33 -2.99 0 0 

 
HD13 HD1 

LEU287 LEU9 2.33 -2.86 0 -1 
 

HB2 HD11 
LEU286 LEU9 2.42 -2.82 0 -1 

 
HD12 HB2 

LEU272 ILE4 2.44 -2.77 0 0 
 

HA HB 
GLY275 LYS2 2.44 -2.75 0 1 

 
HA1 O 

LEU286 ILE7 2.82 -2.75 0 0 
 

HD21 HG22 
LEU272 PRO5 2.50 -2.63 0 0 

 
HA HD2 

ARG13
1 

LEU9 5.02 -2.08 1 -1 
 

HH12 O1 

THR199 LEU9 2.63 -1.94 0 -1 
 

HG2
3 

HD12 

LEU271 ILE4 2.68 -1.88 0 0 
 

HB2 HG12 
ASP197 LEU9 6.44 1.64 -1 -1 

 
OD1 O2 

LYS137 ALA8 5.44 1.66 1 0 
 

HZ3 C 
GLU290 LEU9 5.70 1.92 -1 -1 

 
OE2 O1 
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Figure 31. The 3D and 2D structure representations of the complex formed by 
docking of RcAlb-PepII (Ala1-Lys-Leu-Ile-Pro-Thr-Ile-Ala-Leu9) on SARS-CoV-2 Mpro 
 

 

 
The 3D and 2D structure representations of the complex formed by docking of RcAlb-PepII (Ala1-Lys-
Leu-Ile-Pro-Thr-Ile-Ala-Leu9) on SARS-CoV-2 Mpro are depicted in A and B, respectively. The 
interaction energies of the amino acid residues of RcAlb-PepII with those of SARS-CoV-2 Mpro, and 
the amino acid residues that participate in the hydrophobic interactions and hydrogen bonds between 
RcAlb-PepII and SARS-CoV-2 Mpro are shown in C and D, respectively. Fonte: AMARAL et al., 2022. 
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3.2.3.4 Interaction between SARS-CoV-2 Mpro with PepGAT 

 

Distances (Å), total free energy of interaction (kcal mol-1), amino acid 

residue charge and amino acid residue atom closest (up to 8 Å) to the interactions 

between SARS-CoV-2 Mpro and PepGAT are shown in the supplementary Table 2. 

Interaction between SARS-CoV-2 Mpro and PepGAT was establish predominantly by 

Gln306, Gln306, Asp153, Asp248, Phe294, Gln110, Ile249, Phe294, and Asp245 with Gly1, 

Arg5, Gly1, Arg10, Arg5, Thr3, Arg10, Ala2, and Arg10, with interaction energy of -19.62, 

-12.35, -11.12, -10.39, -6.28, -4.73, -4.51, -3.96, and -3.89 kcal.mol-1, and distances 

of 1.57, 2.32, 2.50, 2.80, 2.31, 2.23, 2.10, 4.12, and 2.54 Å, respectively, to form 

stable complex (Table 3; Fig. 32A and B).  Repulsive interactions occur mainly 

between the amino acid residues Arg298, Lys102, and Phe305 of the protease with Gly1 

of the peptide, with interaction energy of +1.47, +2.26, and +2.79 kcal.mol-1 and 

distances of 6.14, 5.39, and 3.49 Å, respectively (Table 3).  

Supplementary Table 2 shows the quantum parameters of the multi-point 

binding interactions between the amino acid residues of SARS-CoV-2 Mpro and 

those of PepGAT at distances up to 8 Å. SARS-CoV-2 Mpro establishes 

hydrophobic, ionic, cation-pi and hydrogen bond interactions with PepGAT. Hydrogen 

bonds are established between the amino acid residues Gln110, Asp153, and Asp248 of 

SARS-CoV-2 Mpro with Thr3, Gly1, and Arg10 of PepGAT (Fig. 32 A, B, and D). The 

ionic interactions occur between the amino acid residues Asp245 and Asp248 of Mpro 

with Arg10 of PepGAT (Fig. 32 A, B and D). A cation-pi interaction is formed by Phe294 

of SARS-CoV-2 Mpro with Arg10 of PepGAT. Hydrophobic interactions are 

established by the amino acid residues Val104, Ile249, Phe294, and Phe294 of SARS-

CoV-2 Mpro with Ile4, Ala6, Ala2, and Ala6 of PepGAT (Fig. 32 B and D).  The 

individual interaction energy of the residues Gly1, Ala2, Thr3, Ileu4, Arg5, Ala6, Val7, 

Asn8, Ser9, and Arg10 of PepGAT was -19.73, -6.59, -12.20, -12.10, -16.45, -3.56, -

6.26, -0.80, -0.74, and -22.80 kcal.mol-1, respectively (Fig. 32 C). 
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Table 3. Quantum parameters of the multi-point binding interactions between the 
amino acid residues of SARS-CoV-2 Mpro and those of PepGAT. 

Amino acid 

residues 

Distance Free 
energy of 

interaction 

Residue charge 
 

Residue atom 

SARS-
CoV-2 
Mpro 

PepGAT (Å) (kcal mol-1) SARS-
CoV-2 
Mpro 

PepGAT 
  

 

SARS-
CoV-2 

 Mpro 

PepGAT 
  

GLN306 GLY1 1.57 -19.62 -1 1 
 

O1 H3 
GLN306 ARG5 2.32 -12.35 -1 1 

 
O1 HH21 

ASP153 GLY1 2.50 -11.12 -1 1 
 

OD2 H2 
ASP248 ARG10 2.80 -10.39 -1 0 

 
OD1 HH12 

PHE294 ARG5 2.31 -6.28 0 1 
 

HD1 HD1 
GLN110 THR3 2.23 -4.73 0 0 

 
HE22 O 

ILE249 ARG10 2.10 -4.51 0 0 
 

HG21 HH22 
PHE294 ALA2 4.12 -3.96 0 0 

 
HB1 O 

ASP245 ARG10 2.54 -3.89 -1 0 
 

OD1 HH22 
PHE294 ARG10 3.02 -2.94 0 0 

 
HE1 HG2 

GLN107 VAL7 2.76 -2.32 0 0 
 

HG2 HG11 
ILE106 THR3 2.86 -2.15 0 0 

 
HG21 HB 

ASP295 ALA2 2.41 -2.05 -1 0 
 

HB1 HB2 
ASP295 GLY1 1.92 -1.87 -1 1 

 
HB1 C 

PHE294 ALA6 2.92 -1.87 0 0 
 

HE2 HA 
ILE249 ALA6 3.83 -1.82 0 0 

 
HG21 HA 

GLN107 ALA6 6.92 -1.79 0 0 
 

OE1 HB1 
ARG298 GLY1 6.14 1.47 1 1 

 
HD2 HA1 

LYS102 GLY1 5.39 2.26 1 1 
 

HZ3 H2 
PHE305 GLY1 3.49 2.79 0 1 

 
HD2 HA1 

 
Fonte: AMARAL et al., 2022. 
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Figure 32. The 3D and 2D structure representations of the complex formed by 
docking of PepGAT (Gly1-Ala-Thr-Ileu-Arg-Ala-Val-Asn-Ser-Arg10) on SARS-CoV-2 
Mpro. 
 

 

The 3D and 2D structure representations of the complex formed by docking of PepGAT (Gly1-Ala-Thr-
Ileu-Arg-Ala-Val-Asn-Ser-Arg10) on SARS-CoV-2 Mpro are depicted in A and B, respectively. The 
interaction energies of the amino acid residues of PepGAT with those of SARS-CoV-2 Mpro, and the 
amino acid residues that participate in the formation of hydrogen bond, hydrophobic, cation-pi, and 
ionic interactions between PepGAT and SARS-CoV-2 Mpro are shown in D. Fonte: AMARAL et al., 
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2022. 
 

3.2.3.5 Interaction between SARS-CoV-2 Mpro with PepKAA 

 

The key amino acid residues responsible for the multi-point binding 

interactions between SARS-CoV-2 Mpro and PepKAA are Asp245, Asp248, Asp248, 

Gln256, Phe294, Asp153, Ile249, Pro252, and Val297 with Arg5, Arg5, Lys1, Phe9, Tyr8, Lys7, 

Arg5, Tyr8, and Tyr8 with interaction energy of -11.93, -11.32, -10.36, -6.55, -6.08, -

4.93, -4.03, -3.60, and -3.29 kcal.mol-1 and distances of 1.68, 1.76, 3.71, 2.70, 2.31, 

3.79, 2.60, 2.14, and 2.14 Å, respectively (Table 4). The repulsive interactions occur 

between Val247 and Lys102 of SARS-CoV-2 Mpro with Arg5 and Lys7 of PepKAA, with 

interaction energy of +0.58 and +1.34 kcal.mol-1 and distances of 6.08 and 7.05 Å, 

respectively (Table 4). Supplementary Table 3 shows the quantum parameters of the 

multi-point binding interactions between the amino acid residues of SARS-CoV-2 

Mpro and those of PepKAA at distances up to 8 Å. SARS-CoV-2 Mpro binds to 

PepKAA through hydrophobic, ionic, aromatic, and hydrogen bond interactions. 

Hydrogen bonds are formed by Asp245 and Asp248 of SARS-CoV-2 Mpro with Arg5 of 

PepKAA (Fig. 33A, B and D). Ionic interactions occur between Asp153, Asp245, Asp248, 

and Asp248 of SARS-CoV-2 Mpro with Lys7, Arg5, Lys1, and Arg5 of PepKAA, 

respectively (Fig. 33B and D). Hydrophobic interactions are established by Ile213, 

Pro252, Pro252, Pro252, Leu253, Leu253, Pro293, Phe294, Val296, and Val297 of SARS-CoV-

2 Mpro with Phe9, Ile6, Tyr8, Phe9, Tyr8, Phe9, Tyr8, Tyr8, Phe9, and Tyr8 of PepKAA. 

An aromatic interaction is formed by Phe294 of SARS-CoV-2 Mpro with Tyr8 of 

PepKAA (Fig. 33A and D). The individual interaction energy of the residues Lys1, 

Ala2, Ala3, Asn4, Arg5, Ile6, Lys7, Tyr8, Phe9, Gln10 of PepKAA was -6.27, -1.06, +0.05, 

-0.80, -25.54, -2.34, -11.91, -22.90, -13.16, and -8.42 kcal.mol-1, respectively (Fig. 

33C). 
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Table 4. Quantum parameters of the multi-point binding interactions between the 
amino acid residues of SARS-CoV-2 Mpro and those of PepKAA 

 

Amino acid 

residues 

Distance Free 
energy of 

interaction 

Residue charge 
 

Residue atom 

SARS-
CoV-2 
Mpro 

PepKAA (Å) (kcal mol-1) SARS-
CoV-2 
Mpro 

PepKAA 
  

 

SARS-
CoV-2 

 Mpro 

PepKAA 
  

ASP245 ARG5 1.68 -11.93 -1 1 
 

OD2 HH22 
ASP248 ARG5 1.76 -11.32 -1 1 

 
OD2 HH11 

ASP248 LYS1 3.71 -10.36 -1 2 
 

OD1 HB1 
GLN256 PHE9 2.70 -6.55 0 0 

 
HB1 HB1 

PHE294 TYR8 2.31 -6.08 0 0 
 

HD1 HE1 
ASP153 LYS7 3.79 -4.93 -1 1 

 
OD1 HZ3 

ILE249 ARG5 2.60 -4.03 0 1 
 

HD2 HD2 
PRO252 TYR8 2.14 -3.60 0 0 

 
HG1 HB1 

VAL297 TYR8 2.14 -3.29 0 0 
 

HG23 HA 
ASP245 LYS1 7.09 -2.66 -1 2 

 
OD1 HA 

PRO252 ILE6 2.26 -2.60 0 0 
 

HB2 HA 
LEU253 PHE9 2.32 -2.50 0 0 

 
HD21 HD2 

TYR154 LYS7 3.17 -2.41 0 1 
 

HE2 HE2 
LEU253 TYR8 2.41 -2.40 0 0 

 
HD22 HD2 

PRO252 PHE9 1.90 -2.31 0 0 
 

HB1 H 
CYS300 PHE9 2.70 -1.77 0 0 

 
O HZ 

ASP248 ALA2 4.12 -1.74 -1 0 
 

OD2 H 
PRO293 TYR8 2.06 -1.73 0 0 

 
HB1 HE2 

VAL247 
LYS102 

ARG5 
LYS7 

6.08 
7.05 

0.58 
1.34 

0 

1 
 

1 
1 

 
C 

HZ1 
HH11 
HZ3 

 
Fonte: AMARAL et al., 2022. 
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Figure 33. The 3D and 2D structure representations of the complex formed by 
docking of PepKAA (Lys1-Ala-Ala-Asn-Arg-Ile-Lys-Tyr-Phe-Gln10) on SARS-CoV-2 
Mpro 
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Fonte: AMARAL et al., 2022. The 3D and 2D structure representations of the complex formed by 
docking of PepKAA (Lys1-Ala-Ala-Asn-Arg-Ile-Lys-Tyr-Phe-Gln10) on SARS-CoV-2 Mpro are depicted 
in A and B, respectively. The interaction energies of the amino acid residues of PepKAA with those of 
SARS-CoV-2 Mpro, and the amino acid residues that participate in the formation of hydrogen bond, 
hydrophobic, ionic, and aromatic interactions between PepKAA and SARS-CoV-2 Mpro are shown in 
D.  

 
 

3.2.3.6 Quantum Biochemistry Description 

 

The most important amino acid residues of SARS-CoV-2 Mpro that 

interact with RcAlb-PepII are Leu287, Leu286, Asn274, Gly275, Met276, Lys137, Tyr237, 

Leu272, and Asn277 with interaction energy of -9.36, -9.03, -8.78, -6.47, -6.46, -6.41, -

5.97, -5.80, and -5.60 kcal.mol-1, respectively. The Asp197, Asp289, and Glu290 

residues showed repulsive energies (Fig. 34A). The sum of all free energies of 

interaction between SARS-CoV-2 Mpro and RcAlb-PepII (Et) was ‒74.85 kcal.mol-1 

(Fig. 35). 

The key amino acid residues involved in the interaction of SARS-CoV-2 

Mpro with the PepGAT are Asp153, Gln306, Phe294, Asp248, and Asp245 with interaction 

energy of -12.47, -11.27, -8.36, -6.67, and -4.72 kcal.mol-1, respectively. Residues of 

Arg298, Phe305, Lys102 showed small repulsive energies (Fig. 34B). The sum of all free 

energies of interaction between SARS-CoV-2 Mpro with PepGAT was ‒101.2 

kcal.mol-1 (Fig. 35). 

 The major amino acid residues of the interaction between SARS-CoV-2 

Mpro and PepKAA are Asp248, Pro252, Phe294, Asp153, and Asp245, with interaction 

energy of -20.14, -11.27, -10.15, -9.57, and -8.17 kcal. mol-1, respectively. Lys102 

showed a small repulsive energy (Fig. 34C). The sum of all free energies of 

interaction between SARS-CoV-2 Mpro and PepKAA was ‒92.35 kcal.mol-1 (Fig. 35). 

 

 

 

 

 

 



73 

 

 

 

Figure 34. Binding site, interaction energy, and residue domain (BIRD) panel 
showing the MFCC interaction energies between the main amino acid residues of 
SARS-CoV-2 Mpro with those of RcAlb-PepII (A), PepGAT (B), and PepKAA (C). 

 

Fonte: AMARAL et al., 2022. The minimal distance (Å) between each residue that participates in the 
interaction is indicates at the right side of the panel. The amino acid residues at the left side of the 
panel are from SARS-CoV-2 Mpro.  

 

Figure 35. Total interaction energy between SARS-CoV-2 Mpro and the Peptides as a 
function of the interaction distance. 

 
Fonte: AMARAL et al., 2022. Orange, Magenta, and Black squares represent RcAlb-PepII, PepGAT, 
and PepKAA, respectively. Et accounts for the sum of the interaction energies up to 8Å. 
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3.2.3.7 Assessment of the conformational changes induced by RcAlb-PepII, PepGAT, 

and PepKAA in the area and volume of the proteolytic site of SARS-CoV-2 Mpro  

 

 RMSD analyses revealed that RcAlb-PepII, PepGAT, and PepKAA 

induced alterations in the 3D structure of SARS-CoV-2 Mpro (Fig. 36). The control 

structure presented RMSD value of 0, which indicates a typical and functional 3D 

structure (Fig. 36A). However, the structural alignment of SARS-CoV-2 Mpro 

complexed with RcAlb-PepI, PepGAT, or PepKAA revealed several alterations in the 

SARS-CoV-2 Mpro structure, which was confirmed by the RMSD values of 3.118, 

3.164, 3.054 Å, respectively (Fig. 36B-D).  

These structural changes in SARS-CoV-2 Mpro induced by interactions 

with the studied peptides lead to alterations in the area and volume of the SARS-

CoV-2 Mpro proteolytic site. SARS-CoV-2 Mpro itself, not complexed with the studied 

peptides, presented an area and volume of 279.7 Å2 and 298.1 Å3, respectively, (Fig. 

37A).  

When complexed with RcAlb-PepII, the area and volume of SARS-CoV-2 

Mpro proteolytic site reduced to 120.6 Å2 and 93.3 Å3, which represent 68.7% and 

56.9% decrease, respectively (Fig. 37B). The structural changes caused by PepGAT 

also reflected in the area and volume of the SARS-CoV-2 Mpro proteolytic site, which 

decreased from 298.1 Å2 and 279.7 Å3 to 183.7 Å2 and 179.0 Å3, resulting in a 38.4% 

and 36.0% decrease, respectively (Fig. 37C). Regarding to PepKAA, its interaction 

with the protease promoted a 13.0% (279.7 Å2 to 243.3 Å2) and 23.1% (298.1 Å3 to 

229.2 Å3) decrease, respectively, in the area and volume of the SARS-CoV-2 Mpro 

proteolytic site (Fig. 37D). 
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Figure 36. 3D visualization of the molecular complexes. 

 

 
Fonte: AMARAL et al., 2022. 3D visualization of the molecular complexes formed between SARS-
CoV-2 Mpro and the peptides with the RMSD values of SARS-CoV-2 Mpro alone (in cyan, A) and 
when conjugated with RcAlb-PepII (B), PepGAT (C), and PepKAA (D). The merged structures suggest 
conformational alteration induced by the peptides. 

Figure 37.  Conformational structure of the proteolytic site of SARS-CoV-2 Mpro 
alone and complexed with the peptides. 

Fonte: AMARAL et al., 2022. The proteolytic site of SARS-CoV-2 Mpro alone (A) presents a volume 
and area higher than when SARS-CoV-2 Mpro is complexed with RcAlb-PepII (B), PepGAT (C), and 
PepKAA (D). 
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3.2.4 Discussion  

 

Currently, there are two main ways to find out and develop medicines 

against SARS-CoV-2. The first one is through drug repositioning in which the antiviral 

activity of several pharmacological classes of medicines already approved for use in 

humans is investigated as a possibility for generating new treatments against 

COVID-19 [36-39]. To date, such attempts have been tried unsuccessfully. The 

second approach is still a promise, but it is based on systematic investigations 

conducted to identify novel small molecules designed to target key SARS-CoV-2 

factors such as the Spike glycoprotein and RNA polymerase [22]. Such an approach 

involves the in silico molecular docking and molecular dynamics simulation, which 

are structure-based method employed to predict the binding affinity of a ligand 

molecule to a target [16–18,40,41].  

So, molecular docking and molecular dynamics simulation constitute 

useful tools to facilitate the drug development process as they allow to predict in 

silico the binding affinity of a designed ligand molecule to a target as SARS-CoV-2 

Mpro [40]. Mpro has three-domain (domains I to III) cysteine protease essential for 

coronavirus replication as it plays a crucial role in the processing of the viral 

polyproteins into mature proteins [14]. SARS-CoV-2 Mpro and SARS-CoV-1 Mpro 

primary structures differ by only 12 amino acid residues, which means they have 96% 

similarity [15]. However, a considerable difference between the catalytic site of 

SARS-CoV-1 and that of SARS-CoV-2 is observed. In SARS-CoV-1 Mpro, the active 

site cavity is a well-defined pocket with the area and volume of 256.8 Å2 and 191.24 

Å3, respectively, compared to 352.1 Å2 and 323.73 Å3 of that of SARS-CoV-2 Mpro 

[18]. These differences increase by 15% the proteolytic effectiveness of SARS-CoV-2 

Mpro compared to that of SARS-CoV-1 Mpro [15,18,40]. Such higher catalytic 

efficiency of SARS-CoV-2 Mpro could enhance the virus replication process and 

formation of new virus particles, which could lead to higher infectivity. Therefore, due 

to its crucial involvement in maturation of most of the nonstructural proteins that are 

translated from SARS-CoV-2 RNA, SARS-CoV-2 Mpro is an attractive target to 

design antiviral drugs [42]. 

Many studies have tried to either analyze new drugs or already known 

drugs that could interact with the catalytic site of SARS-CoV-2 Mpro and inhibit its 
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activity [16–18,40,42]. Moreover, drugs that have been employed to treat HIV by 

inhibiting the viral protease were also tested [16]. In this current in silico study we 

used molecular docking and dynamics simulations to predict and show that the 

synthetic peptides RcAlb-PepII, PepGAT, and PepKAA, out of eight peptides tested, 

interact most efficiently with SARS-CoV-2 Mpro (Table 1, Figs. 30-35). These 

peptides interact with SARS-CoV-2 Mpro at a region far away from the protease 

catalytic site, which suggests that the peptides may modulate the SARS-CoV-2 Mpro 

activity allosterically (Figs. 36 and 37). Actually, this is a pioneer study in which 

quantum biochemistry is employed to analyze the interaction of peptides against 

SARS-CoV-2 Mpro (Tables 2-4). Quantum biochemistry calculations [21,43] allowed 

to deduce the individual energies of interactions of each amino acid residue of the 

studied peptides and those of SARS-CoV-2 Mpro. Therefore, it was possible to 

predict the hydrogen bonds, ionic, aromatic, and hydrophobic interactions that are 

important to establish attractive or repulsive interactions between the peptides and 

SARS-CoV-2 Mpro (Figs. 31-34). Fig 35 shows that, by using quantum biochemistry 

calculations, the total interaction energy between RcAlb-PepII, PepGAT, and 

PepKAA with SARS-CoV-2 Mpro was –74.85, –101.2, and –92.35 kcal.mol-1, 

respectively. As this is the first work that analyzes, through quantum biochemistry, 

interactions of peptides with SARS-CoV-2 Mpro, the results presented herein are 

compared with those reported by Campos et al. [44], in which the interaction of two 

peptides against the Zika virus protease was analyzed. The authors demonstrated, 

by quantum biochemistry, that the interaction energies of the peptides cn-716 and 

acyl-KR-aldehyde with the protease NS2B–NS3 were –63.35 kcal.mol-1 and –71.4 

kcal.mol-1, respectively.  For instance, RcAlb-PepII, PepGAT, and PepKAA interacts 

with SARS-CoV-2 Mpro even more strongly than cn-716 and acyl-KR-aldehyde to the 

protease NS2B–NS3. Nevertheless, interaction of other non-peptide-like antiviral 

drugs have been tested with the same purpose of inhibiting the proteolytic activity of 

SARS-CoV-2 Mpro. For example, Ortega et al. [18] tested by molecular docking the 

interaction of the clinically proven anti-HIV drugs Saquinavir, Lopinavir, and 

Tripranavir, which act as inhibitors of the HIV protease, with the proteolytic site of 

SARS-CoV-2 Mpro. Additionally, Jr and Ji [16] reported that Remdesivir, a nucleotide 

analogue initially developed to treat hepatitis C and later Ebola and Marburg virus, 

also binds to the proteolytic site of SARS-CoV-2 Mpro. These two later studies are 
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referred as drug reposition or drug repurposing, which is an approach to speed up 

the drug discovery process through identification of a novel clinical use for an existing 

drug approved for a different indication [39]. Moreover, Ngo et al. [17] docked some 

natural compounds and found that cannabisin A and isoacteoside interacted with the 

proteolytic site of SARS-CoV-2 Mpro. Currently, the most reliable inhibitor of SARS-

CoV-2 Mpro, as seen by molecular docking and proven in vitro, is 13b, an ɑ-

ketoamide that is a protease inhibitor of coronavirus that strongly binds to the 

proteolytic site of SARS-CoV-2 Mpro [40]. RcAlb-PepII, PepGAT, and PepKAA 

interact with SARS-CoV-2 Mpro at a region far away from the protease active site 

(Figs. 38, 45, and 46), contrary to these above-mentioned antiviral drugs tested. 

However, Bzówka et al. [45] showed that the proteolytic site of SARS-CoV-2 Mpro 

has high flexibility and plasticity, which means it is highly susceptible to genetic 

mutational change. Such possibility constitutes a serious problem for designing drugs 

targeting the proteolytic site because a simple genetic mutation could prevent the 

action of these antiviral drugs. Actually, SARS-CoV-2 is an RNA virus and has high 

mutational rates [45] and, for example, the antiviral 13b, which strongly binds to the 

proteolytic site of SARS-CoV-2 Mpro [40], could quickly become ineffective against 

coronavirus. Prediction that RcAlb-PepII, PepGAT, and PepKAA interact with SARS-

CoV-2 Mpro at a region far away from the protease active site (Figs. 30, 36 and 37) 

is an advantage because besides their interactions being unaffected by mutation of 

the active site of SARS-CoV-2 Mpro, they induce conformational alterations in the 3D 

structure of this protease (Fig. 36), as shown by the RMSD values of SARS-CoV-2 

Mpro complexed with the peptides, compared to SARS-CoV-2 Mpro alone, that could 

disrupt the proteolytic activity of the viral enzyme, leading to a severe reduction in 

SARS-CoV-2 replication. Indeed, interaction of RcAlb-PepII, PepGAT, and PepKAA 

reduce the volume and area of SARS-CoV-2 Mpro proteolytic site, respectively, in 

56.9% and 68.7% (Fig. 37B), 38.4% and 36.0% (Fig. 37C), and 23.1 and 13.0% (Fig. 

37D). In a recent report by our research group, it was shown that PepKAA also 

induced conformational changes in the SARS-CoV-2 Spike glycoprotein, disrupting 

its interaction with the ACE2 receptor located at the human cell membrane [22]. 

As PepKAA shows to interact with two different targets (SARS-CoV-2 

Spike glycoprotein [22] and SARS-CoV-2 Mpro of SARS-CoV-2, this particular 

synthetic peptide is a potential small molecule candidate to be further tested in vitro 
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against SARS-CoV-2, either alone or combined with other peptides like RcAlb-PepII, 

PepGAT. Of utmost importance is that RcAlb-PepII, PepGAT, and PepKAA were not 

toxic to mammalian cells like rabbit erythrocytes and human ABO type red blood cells 

[23–25], neither to fibroblast (lines L929 and MRC-5) and keratinocytes (Data not 

shown, manuscript in preparation).       

 

3.2.5 Conclusion  

 

Quantum biochemistry and molecular dynamics simulations allow to 

predicted that the peptides RcAlb-PepII, PepGAT, and PepKAA interact physically 

with SARS-CoV-2 Mpro and alter its 3D structure and provoke shrinkage of the active 

site of the protease. These findings suggest that these peptides are likely antiviral 

small molecules that could potentially inhibit SARS-CoV-2 replication in vivo, a 

hypothesis that requires further investigation in the near future to be proven true. 

Importantly, besides to be apparently harmless to mammalian cells, RcAlb-PepII, 

PepGAT, and PepKAA do not interact with the active site of SARS-CoV-2 Mpro, 

unlike most antiviral drugs, and, thus, mutation of this protease domain will not affect 

the peptide effectiveness. In conclusion, this pioneering in silico investigation opens 

up opportunity for further in vivo investigations on these peptides, towards 

discovering new drugs and entirely new perspectives to treat COVID-19. For 

instance, peptide-based therapeutics have various advantages in relation to 

traditional small-molecule drugs, since peptides have higher specificity to selected 

targets, low toxicity because the possibility for accumulation in the body is 

improbable, and their synthesis is not a complex, costly, and time-consuming 

technique [46]. 
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Abstract 

Vaccines could be the solution to the current SARS-CoV-2 outbreak. However, some 

studies have shown that the immunological memory only lasts three months. Thus, it 

is imperative to develop pharmacological treatments to cope with COVID-19. Here, 

the in silico approach by molecular docking, dynamic simulations, and quantum 

biochemistry revealed that ACE2-derived peptides strongly interact with the SARS-

CoV-2 RBD domain of spike glycoprotein (S-RBD). ACE2-Dev-PepI, ACE2-Dev-

PepII, ACE2-Dev-PepIII, and ACE2-Dev-PepIV complexed with S-RBD provoked 

alterations in the 3D structure of S-RBD, leading to disruption of the correct 

interaction with the ACE2 receptor, a pivotal step for SARS-CoV-2 infection. This 

wrong interaction between S-RBD and ACE2 could inhibit the entry of SARS-CoV-2 

in cells, and thus virus replication and the establishment of COVID-19 disease. 

Therefore, we suggest that ACE2-derived peptides can interfere with recognition of 

ACE2 in human cells by SARS-CoV-2 in vivo. Bioinformatic prediction showed that 

these peptides have no toxicity or allergenic potential. By using ACE2-derived 

peptides against SARS-CoV-2, this study points to opportunities for further in vivo 

research on these peptides, seeking to discover new drugs and entirely new 

perspectives to treat COVID-19. 

 

Keywords: SARS-CoV-2 RBD; COVID-19; ACE2 receptor; ACE2-Derived peptides 

 

3.3.1 Introduction 

 

Coronaviruses (CoVs) are enveloped and pleomorphic viruses belonging 

to the Coronaviridae family. They share a typical morphology with the non-

segmented positive single-stranded RNA genome, estimated to have length of 30 Kb 

[1,2]. The human-to-human spread of the coronaviruses is mainly by nose and mouth 

secretion droplets. These viruses cause disease that ranges from mild cold 

symptoms to atypically severe pneumonia, with many complications, resulting in 

death [1].  

The current pandemic caused by the SARS-CoV-2 (severe acute 

respiratory syndrome coronavirus 2) has claimed many lives and threatened 
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thousands worldwide. COVID-19 (Coronavirus Disease 2019) is less lethal and by far 

more transmissible than the diseases caused by the viruses involved in other recent 

outbreaks, such as in 2002 by SARS-CoV (Severe Acute Respiratory Syndrome 

Coronavirus) and MERS-CoV (Middle East Respiratory Syndrome Coronavirus). A 

way to measure that is the case fatality rate (CRF) of each outbreak. The CRF of 

SARS-CoV, MERS-CoV and SARS-CoV-2 is, respectively, of 9.7, 34 and 1%, which 

indicates that SARS-CoV-2 is not one of the worst coronaviruses. However, its higher 

transmissibility has resulted in 10 million of infected people with 500 000 deaths, by 

far a larger number compared to other outbreaks [3–5].  

SARS-CoV-2 is close to SARS-CoV-1, sharing similarities accounting 

nearly 80% in the genome sequence. Additionally, both coronaviruses employ the 

same RBD (receptor-binding domain) in the spike glycoprotein (S protein) to interact 

with human ACE2 (Angiotensin I Converting Enzyme 2) of the host cell to start the 

infection. The virus takes control of the cellular machinery to synthesize its own 

genome and proteins. Despite similarities, the SARS-CoV-2 S protein has 

accumulated mutations, leading to modifications in the RBD region that enhance its 

affinity for human ACE2 20-fold compared to SARS-CoV S protein, resulting in faster 

transmission from human to human [4,6,7].  

Despite the similarities, it is important to highlight the differences between 

SARS-CoV-1 and SARS-CoV-2 receptor recognition as they are involved in virus 

transmissibility, infectivity and pathology. It is known that the SARS-CoV-2 RBD has 

a higher ACE2-binding affinity than SARS-CoV-1, a characteristic which could lead to 

a more efficient cell entry and transmissibility [6, 8]. In contrast, ACE2 affinity towards 

the entire SARS-CoV-2 S protein is lower than that of SARS-CoV entire S protein 

suggesting that SARS-CoV-2 RBD, besides being strongest, is probably less 

exposed than SARS-CoV RBD [4-8]. In addition, SARS-CoV-2 S protein also held 

substitution D614G during the coronavirus disease 2019 (COVID-19) pandemic [9]. 

An elegant experiment using the cryoelectron microscopy (cryo-EM) revealed that the 

change from D614 to G614 eliminates the requirements of side-chain hydrogen 

bond, increasing mainchain flexibility and altering interactions and modulates 

glycosylation enhancing the cell entry, infectivity, transmissibility, stability of virions, 

and high viral loads in the airways [9, 10]. Besides these differences, a new feature is 

the high nanomechanical stability of the SARS-CoV-2 S-ACE2 interaction compared 
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to SARS-CoV-1 [11]. Moreira et al. [11] revealed that high mechanical stability in the 

SARS-CoV-2 S-ACE2 has several biological implications such as cell-recognition, 

viral attachment, fusion and entry. Thus, mechanical stability might play a role in the 

increasing spread of COVID-19 [11].  

Still regarding the importance of S-ACE2 interaction for SARS-CoV-2 cell 

entry, there recently have been reported that mutations far from RBD could affect the 

S-ACE2 interaction [12]. For example, Qiao and de la cruz [12] reported mutations 

non-RBD sited but altering the polybasic cleavage could result in 34% the S-RBD 

strength of interaction. This result suggests the role of polybasic cleavage in 

enhancement of S-ACE2 interaction [12].  

Given the importance of the S-ACE2 interaction to COVID-19 

establishment, many studies have focused on finding drugs (either already available 

or new ones) that can interfere with this interaction, making S protein a promising 

target in silico assays. Other groups have been investigating existing drugs used to 

treat other viral infections, in a process called repositioning or repurposing, but 

without success [13]. Nevertheless, computational screening is an exciting approach 

to develop new drugs faster and more precisely. Therefore, many research groups 

are employing molecular docking (MD) and molecular dynamic simulation (MDS) to 

find new molecules targeting the SARS-CoV-2 S protein [13,14].  

Recently, our research group performed MD and MDS studies using eight 

synthetic antimicrobial peptides (Mo-CBP3-PepI, Mo-CBP3-PepII, Mo-CBP3-PepIII, 

RcAlb-PepI, RcAlb-PepII, RcAlb-PepIII, PEPGAT and PEPKAA) to target the SARS-

CoV-2 S glycoprotein [14]. Of those, Mo-CBP3-PepII and PEPKAA strongly 

interacted with the SARS-COV-2 S protein, changing its native conformation and 

topology, leading to wrong interaction with ACE2 [14]. 

The most crucial feature of the SARS-CoV-2 S protein is the high affinity 

of the RBD domain to the human ACE2 receptor, leading to higher levels of infection 

compared to SARS-CoV and MERS-CoV. Based on that, in this study we employed 

the sequence to design antiviral peptides targeting the SARS-CoV-2 S protein RBD 

domain (S-RBD). Altogether, molecular docking, dynamic simulations, and quantum 

biochemical analyses revealed that all peptides strongly bind to the RBD domain of 

SARS-CoV-2 S protein. Through this binding, the peptides can stop the correct cross 

talk between the cell and SARS-CoV-2, which is a critical step in the viral infection. 
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Therefore, the inhibition or induction of incorrect interaction of the RBD domain and 

the human ACE2 receptor could be a potentially valuable strategy to combat COVID-

19 caused by SARS-CoV-2. 

 

3.3.2 Methodology 

 

3.3.2.1 Design of peptides  

 

 The design of peptides followed the pipeline produced by Souza et al. 

[15]. The protein sequence chosen was angiotensin-converting enzyme 2 from Homo 

sapiens (ACE2), freely available in the NCBI database 

(https://www.ncbi.nlm.nih.gov/) under accession number Q9BYF1. The server used 

for the design was the AVPpred server (http://crdd.osdd.net/servers/avppred/) 

according to [16]. First, the sequence of ACE2 was fractioned using AVPpred to 

produce peptides with chain lengths of 10, 15, and 20 amino acid residues. Then, all 

the peptides were run in AVPpred to find potential antiviral peptides. The AVPpred 

algorithm employs three criteria to select peptides: (1) alignment model; (2) 

composition model; and (3) physicochemical model. Based on those, the server 

classifies the sequences as AVP to potential antiviral peptides and non-AVP to non-

potential antiviral peptides.  

 After the design, the best sequences selected by AVPpred were also 

run in the iAMPpred tool (http://cabgrid.res.in:8080/amppred/) [17] to calculate the 

probability of the sequences selected by AVPpred to be antiviral. The best 

sequences based on antiviral potential prediction were selected and characterized by 

physicochemical and biological properties using the iAMPpred tool. 

The PEPFold server (https://bioserv.rpbs.univ-paris-

diderot.fr/services/PEP-FOLD3/), a widely used computational tool to predict three-

dimensional (3D) structures of linear peptides between 5 and 50 amino acids [18], 

was employed to build the 3D structure of ACE-2-derived peptides. The Pymol 

program was employed to evaluate the peptides’ 3D structures and their interaction 

with the ACE2 human protein. 
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3.3.2.2 Molecular docking (MD) assays  

 

FRODOCK 3.12 (http://frodock.chaconlab.org/) [19], one of the best 

servers for peptide-protein interaction, was used to perform all blind molecular 

docking assays. The peptides with the highest potential were chosen based on the 

docking score and repetition of poses in the output. 

 

3.3.2.3 Molecular dynamic simulation 

 

 The complexes generated by the molecular docking tests were 

minimized and balanced to stabilize them before the molecular dynamic assays. The 

force field of all OPLS-AA/L atoms [20,21] was used to perform the topology, after 

which a 2 nm cubic box was created. Then the SPC/E model of water was used for 

solvation of the box, the systems were neutralized, and the Na+ e Cl- ions were 

added at a concentration of 0.15 M. To perform the minimization until it reached 

negative potential energy and the lower maximum force of 1000 kJ mol-1 nm-1. The 

pressure and temperature balance was performed to 100 ps. Subsequently, 

molecular dynamic simulations were performed for 100 ns, and the resulting 

structures were used for the further analyses. 

 

3.3.2.4 Interface analysis of the complexes formed between S-RBD and the studied 

peptides 

 

The Protein Interactions Calculator (PIC) server was used to analyze the 

interface interactions of the complexes. The PIC server (http://pic.mbu.iisc.ernet.in/) 

also determines the accessible surface area and distance of a residue from the 

protein's surface based on analysis of a set of 3D structure coordinates. The PyMOL 

software, a molecular graphics tool widely used for three-dimensional visualization of 

molecules, was used to generate 3D figures and perform RMSD calculations. The 

Ligplot software [22] was used to generate 2D figures with the respective 

representations of hydrophobic interactions and hydrogen bonds. 
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3.3.2.5 Quantum biochemistry calculation  

 

This was performed according to a protocol established previously [23]. 

Molecular fractionation with conjugate caps (MFCC) was carried out to calculate the 

full quantum mechanical interaction energies between two pairs of specific amino 

acid residues (Ri and Rj) involving the studied peptides and SARS-CoV-2 Mpro, as 

follows, based on the work of Amaral et al. [24]: 

  

E(Ri –Rj) = E(Ci-1 Ri Ci+1 + Cj-1 Rj Cj+1) – E(Ci-1 Ri Ci+1 + Cj-1 Cj+1) – E(Ci-1 C i+1 

+ Cj-1 Rj Cj+1) + E(Ci-1 Ci+1 + Cj-1 Cj+1) 

 

Where E(Ci-1 Ri Ci+1 + Cj-1 Rj Cj+1), the first term of the equation, is the total 

energy of the system formed by the residues Ri and Rj correctly capped; E(Ci-1 Ri Ci+1 

+ Cj-1 Cj+1), the second term, is the total energy of the system formed by the capped 

residue Ri and the caps of the residue Rj; the third term, E(Ci-1 C i+1 + Cj-1 Rj Cj+1), 

represents the total energy of the system formed by the capped residue Rj and the 

caps of the residue Ri; and the last term, E(Ci-1 Ci+1 + Cj-1 Cj+1), accounts for the 

system's total energy, formed by the caps of both residues Ri and Rj. The caps Ci-

1(Ci+1) and Cj-1(Cj+1) are made from the residues covalently bound to the amine 

(carboxyl) groups of Ri and Rj. In the MFCC method used, all interaction between 

amino acid residues of the studied peptides and SARS-CoV-2 Mpro separated from 

each other within an 8 Å range were calculated, considering a dielectric function 

approach of 40 (ɛ=40) for all interactions. The structural files (PDB format) obtained 

after molecular dynamic simulation and MFCC were used as inputs for density 

functional theory (DFT) calculations with DMOL3 [25]. 

 

3.3.3 Results  

 

3.3.3.1 ACE2-derived peptide design  

 

 The AVPpred was set up to use the ACE2 sequence to produce 

peptides with 10, 15, and 20 amino acid residues. There were 100, 80, and 79 

peptides generated, with 10, 15, and 20 amino acid residues, respectively, for a total 
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of 259 peptides (Tables S1-S3). Of those, AVPpred selected four peptides with 

antiviral potential, which were named ACE2-Dev-PepI, ACE2-Dev-PepII, ACE2-Dev-

PepIII, and ACE2-Dev-PepIV. (Table 5).   

 As summarized in Table 1, all peptides were cationic, with positive 

charges ranging from +1 to +3, hydrophobic ratio from 45 to 60%, and calculated 

molecular mass ranging from 1802.16 to 2587.14.  Regarding biological properties, 

the iAMPpred tool revealed antiviral potentials of 80, 75, 63, and 35, respectively, for 

ACE2-Dev-PepI, ACE2-Dev-PepII, ACE2-Dev-PepIII and ACE2-Dev-PepIV (Table 

2), corroborating the analysis of AVPpred. The in silico analyses revealed that all 

peptides had no hemolytic, allergenic or toxic potential (Table 2). This is interesting 

because designing peptides from the ACE2 human receptor can reduce any 

collateral effect.   

 In silico analyses also revealed that, all peptides possibly interacted 

with DNA and RNA (Table 6). The interaction with RNA is particularly interesting 

because SARS-CoV-2 and other coronaviruses have RNA as genetic material. 

Looking forward to clinical application, we tested the resistance of these peptides in 

the intestinal-like environment. ACE2-Dev-PepIII presented a half-life of 0.021 s, 

indicating low stability, which means that enzymes promptly digest it. ACE2-Dev-

PepIV showed normal stability, as indicated by the half-life of 0.614 s. ACE2-Dev-

PepI and ACE2-Dev-PepII presented high stability, with half-life values of 3.461 and 

1.669 s, respectively (Table 6). These values indicate the possibility of oral 

administration of the last two peptides.        

The PEPFold server predicted that all ACE2-dev peptides contain long 

helices as secondary structures (Supplementary Fig. S1). The Ramachandran plot 

(Table 1) revealed 98%, 99%, 95%, and 99% of favorable regions for helix formation, 

respectively, for ACE2-Dev-PepI, ACE2-Dev-PepII, ACE2-Dev-PepIII, and ACE2-

Dev-PepIV (Table 5).
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Table 5. Physicochemical properties of the ACE2-derived peptides 

 

Properties/Peptid
es 

ACE2-Dev-
Pep-I 

ACE2-Dev-
Pep-II 

ACE2-Dev-
Pep-III 

ACE2-Dev-
Pep-IV 

Sequence 
CLPAHLLGD

MWGRFW 
MRQYFLKV
KNQMILF 

PFTYMLEK
WRWMVFK

GEIPK 

CLPAHLLG
DMWGRF
WTNLYS 

a pI 6.7 10.3 9.5 6.3 

b Calculated 
molecular mass 

(Da) 

1802.16 1959.45 2587.14 2380.78 

b Hydrophobic 
ratio (%) 

60 53 45 50 

b Net charge +1 +3 +2 +1 

c Ramachandran 
plot (%) 

98 99 95 99 

d Tm 0.470 0.335 0.223 0.537 

d sOPEP -32.2 -29.49 -48.60 -46.57 

Fonte: SOUZA et al., 2022. 
a Calculated by using the ProtParam tool (https://web.expasy.org/protparam/protpar-ref.html). 
b Data generated by the Antimicrobial Peptide Database (APD, http://aps.unmc.edu/AP/).  
c Calculated by using the program Rampage (http://mordred.bioc.cam.ac.uk/~rapper/rampage.php). 
d Calculated by using the PepFOLD 3.0 server (http://mobyle.rpbs.univ-paris-diderot.fr/cgi-
bin/portal.py#forms::PEP-FOLD). 
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Table 6. ACE2-derived peptides properties obtained by bioinformatic analyses. 

 
 

Properties/Peptides 
ACE2-Dev-

Pep-I 
ACE2-

Dev-Pep-II 

ACE2-
Dev-Pep-

III 

ACE2-Dev-
Pep-IV 

aAllergic potential No No No No 

bHemolytic potential 
(%) 

0 0 1 0 

cToxic potential Non-toxic Non-toxic Non-toxic Non-toxic 

dAntiviral prediction Yes Yes Yes Yes 

eAntiviral potential 
(%) 

80 75 63 35 

fDNA-binding Yes Yes Yes Yes 

gRNA-binding Yes Yes Yes Yes 

hHalf-life 3.461 1.669 0.021 0.614 

iStability High High Low Normal 

Fonte: SOUZA et al., 2022. 
 

   aThe allergic potential was calculated using the Antigenic Prediction tool 
(http://imed.med.ucm.es/Tools/antigenic.pl). b The hemolytic potential was calculated by the HemoPI 
tool (http://crdd.osdd.net/raghava/hemopi/submitfreq.php?ran=44366).c The toxin potential was 
calculated using ToxinPred (http://crdd.osdd.net/raghava/toxinpred/design.php). d The antiviral potential 
was calculated using the AVpred (http://crdd.osdd.net/servers/avppred/). e The antiviral potential was 
calculated using the iAMPpred tool (http://cabgrid.res.in:8080/amppred/). f The DNA-binding potential 
was assessed by using DNAbinder (http://crdd.osdd.net/cgibin/dnabinder/valid1.pl). g The RNA-binding 
potential was assessed by using RNApred (http://crdd.osdd.net/raghava/rnapred/submit.html). h The 
half-life in seconds was calculated using the Half-Life Prediction tool 
(http://crdd.osdd.net/raghava/hlp/help.html), which predicts the proteolytic activity in the intestinal-like 
environment.i Stability was calculated using the Half-Life Prediction tool 
(http://crdd.osdd.net/raghava/hlp/help.html). Half-life < 0.1 s means low stability; half-life from 0.1 to 1.0 
s means normal stability; half-life > 1.0 s means high stability. 

 

http://imed.med.ucm.es/Tools/antigenic.pl
http://crdd.osdd.net/raghava/hemopi/submitfreq.php?ran=44366
http://crdd.osdd.net/raghava/toxinpred/design.php
http://crdd.osdd.net/servers/avppred/
http://cabgrid.res.in:8080/amppred/
http://crdd.osdd.net/cgibin/dnabinder/valid1.pl
http://crdd.osdd.net/raghava/rnapred/submit.html
http://crdd.osdd.net/raghava/hlp/help.html
http://crdd.osdd.net/raghava/hlp/help.html
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3.3.3.2 Molecular docking and dynamic simulations revealed interaction and 

stabilization between the ACE2-derived peptides and S-RBD  

 

Given the large size of the entire SARS-CoV-2 S protein, many research 

groups have chosen to perform molecular docking and dynamic simulations using 

only the RBD structure [23–26]. Here, we followed the same approach. Molecular 

docking analyses showed that all ACE2-derived peptides interacted with S-RBD in 

the same region, with different scores, as revealed by the FRODDOCK server (Fig. 

38). The peptides ACE2-Dev-PepI, ACE2-Dev-PepII, ACE2-Dev-PepIII, and ACE2-

Dev-PepIV presented scores of 3003.43, 2909.40, 2829.25, and 3251.67 kj.mol-1, 

respectively. 

Molecular dynamic simulation showed the stabilization of the complexes 

formed by ACE2-Dev-PepI, ACE2-Dev-PepII, ACE2-Dev-PepIII, and ACE2-Dev-

PepIV with S-RBD after assay of 30 ns, remaining stable up to 100 ns, with RMSD 

variations below 1Å after 30 ns (Fig. 39). The stable conformation obtained from 

each MD simulation was used to perform all further analyses. 

 

3.3.3.3 Interaction between S-RBD and ACE2-Dev-PepI 

 

The most relevant interactions among the amino acid residues from S-

RBD and ACE2-Dev-PepI were by: Tyr489, Tyr473, Tyr489, Phe456, Ala475, Tyr489, 

Leu455, Lys458, Tyr489, and  Ala475 of RBD with Phe14, Trp15, Trp11, Trp15, Phe14, Trp15, 

Trp11, Trp15, Met10, and Trp15 of ACE2-Dev-PepI. The interaction energies of 

interaction were, respectively, -7.40, -7.22, -6.65, -5.54, -5.41, -4.57, -3.11, -2.90, -

2.86, and -2.72 kcal.mol-1, with distances of 1.69, 1.76, 2.63, 2.54, 2.17, 2.40, 2.26, 

4.70, 2.04, and 2.65 Å, respectively. All existing interactions up to a distance of 8Å 

are reported in Supplementary Table 4. 

The complex ACE2-Dev-PepI::S-RBD is supported by many interactions, 

such as hydrophobic, and aromatic-aromatic interactions, along with hydrogen bonds 

(Fig. 40A, B, and D). The hydrophobic interactions were with residues Tyr489, Leu455, 

Tyr489, Ala475, Tyr489, Phe456, Tyr473, and Tyr489 of S-RBD with Met10, Trp11, Trp11, 

Phe14, Phe14, Trp15, Trp15, and Trp15 of ACE2-Dev-PepI (Fig. 40B and D). The 

hydrogen bonds occurred between residues Phe489 and Tyr489 of S-RBD and 

residues Met10 and Phe14of ACE2-Dev-PepI (Fig. 40A, B and D). The aromatic-
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aromatic interactions were formed between residues Tyr489 and Phe456 of S-RBD and 

residues Trp11 and Trp15 of ACE2-Dev-PepI (Fig. 40A and D). 

Met10, Trp11, Phe14, and Trp15 were the most relevant amino acid 

residues of ACE2-Dev-PepI in the interaction with S-RBD, with respective interaction 

energies of -6.78, -15.40, -17.24, and -23.81kcal.mol-1 (Fig. 40C).  

 

3.3.3.4 Interaction of S-RBD with ACE2-Dev-PepII 

 

Regarding the complex ACE2-Dev-PepII::S-RBD, interactions occurred 

between residues Arg403, Glu484, Leu492, Tyr473, Gln493, Phe456, Leu455, Tyr505, Tyr489, 

Leu455, and Phe490 of S- RBD and residues Phe15, Lys9, Lys9, Phe5, Lys9, Phe5, Val8, 

Phe15, Leu6, Lys9, and Lys9 of ACE2-Dev-PepII. The interaction energies of those 

interactions were, respectively, -13.81, -11.00, -5.14, -4.98, -4.61, -4.34, -4.23, -3.91, 

-3.61, -3.21, and -2.93 kcal.mol-1 with distances of 1.63, 1.57, 2.18, 2.39, 2.85, 2.57, 

2.39, 2.33, 2.31, 2.35, and 2.15 Å. The ACE2-Dev-PepII::S-RBD complex presented 

a repulsive interaction between Arg403 of S-RBD and Leu14 of ACE2-Dev-PepII, with 

interaction energy of +1.47 kcal.mol-1 and distance of 5.09 Å. Supplementary Table 5 

summarizes all interactions between ACE2-Dev-PepII and SARS-CoV-2 RBD up to a 

distance of 8Å.  
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Figure 38. Molecular docking revealed that peptides derived from ACE2 human 
protein can interact with SARS-CoV-2 RBD. 

 

The target SARS-CoV-2 RBD is represented in cartoon yellow and ACE2-Dev-PepI in red (A), ACE2-
Dev-PepII in green (B), ACE2-Dev-PepIII in black (C), and ACE2-Dev-PepIV in blue (D). 
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Figure 39. Molecular dynamic simulations obtaining stable structures. 

 

Fonte: SOUZA et al., 2022. The complexes formed between the four peptides derived from ACE2 and 
SARS-CoV-2 were examined by molecular dynamics, and stable structures were obtained after 100 
ns. Each RMSD variation demonstrated stability during the simulation after 30 ns. 
 
  

The interaction between ACE2-Dev-PepII and S-RBD occurred through 

hydrophobic, ionic, aromatic-aromatic, cation-pi, and hydrogen bonds (Fig 41A, B, 

and C). Tyr489, Phe456, Phe456, Tyr473, Ala475, Ala475, Tyr489, Leu455, Phe456, Pro491, 

Tyr453, Leu455, and Tyr505 of S-RBD had hydrophobic interactions with residues Met1, 

Tyr4, Phe5, Phe5, Phe5, Leu6, Leu6, Val8, Val8, Val8, Met12, Met12, Phe15 of ACE2-Dev-

PepII peptide (Fig. 41B and C). Hydrogen bonds occurred between residues Phe490, 

Leu492, Glu484, and Tyr453of S-RBD and residues Lys9, Lys9, Lys9, and Met12 of ACE2-

Dev-PepII (Fig. 41A, B and C).  

Ionic interaction occurred between the Glu484 residue of S-RBD and Lys9 

residue of ACE2-Dev-PepII. Four cation-pi interactions happened between residues 

Lys458, Arg403, Tyr489, and Phe490 of S-RBD and residues Phe5, Phe15, Lys9, and 

Lys9of ACE2-Dev-PepII (Fig. 41C). Finally, the Phe456, Phe456, Tyr473, and 

Tyr505residues of S-RBD had aromatic-aromatic interactions with the residues Tyr4, 

Phe5, Phe5, and Phe15 of ACE2-Dev-PepII (Fig. 41C).  
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Figure 40. Energies and interaction between SARS-CoV-2 RBD and ACE2-Dev-PepI. 

 
Fonte: SOUZA et al., 2022. Energies and interaction between SARS-CoV-2 RBD (yellow) and ACE2-
Dev-PepI (red). A and B represent the 3D interactions and 2D interactions, respectively. C represents 
the individual energy contribution of each amino acid residue of ACE2-Dev-PepI, and D denotes all 
interactions between SARS-CoV-2 RBD and ACE2-Dev-PepI. 

 
The most relevant amino acid residues of ACE2-Dev-PepII that interacted 

with S-RBD were Phe5, Leu6, Val8, Lys9, Met12, and Phe15 with the interaction 

energies of -16.11, -12.78, -9.23, -31.58, -5.95, and -20.79 kcal.mol-1, respectively 

(Fig. 41D).  

 
3.3.3.5 Interaction between S-RBD and ACE2-Dev-PepIII 

 

In the complex formed between ACE2-Dev-PepIII::S-RBD, the main 

interactions were by residues Lys417, Arg408, Tyr453, Glu406, Tyr489, Leu455, Gln493, 

Gln493, Gln493, and Phe456 of S-RBD with residues Glu7, Phe2, Arg10, Arg10, Phe14, 

Phe14, Trp9, Val13, Arg10, and Phe14 of ACE2-Dev-PepIII. The interaction energies 

were, respectively, -11.04, -8.78, -5.04, -4.88, -3.90, -3.81, -3.34, -3.24, -3.22, and -

3.04 kcal.mol-1 and distances of 1.59, 2.53, 1.89, 4.01, 2.48, 2.23, 2.01, 2.66, 2.51, 

2.62 Å, respectively. Repulsive interactions occurred between residues Glu406 and 



101 

 

 

Arg403 of SARS-CoV-2 RBD and residues Glu7 and Arg10 of ACE2-Dev-PepIII, with 

interaction energies of +1.42 and +1.98 kcal.mol-1, respectively. All interactions 

between ACE2-Dev-PepIII and SARS-CoV-2 RBD up to a distance of 8Å are 

reported in Supplementary Table 6.   

ACE2-Dev-PepIII interacted with S-RBD through hydrophobic, ionic, 

aromatic-aromatic, cation-pi interactions and hydrogen bonds. The residues Tyr505, 

Tyr505, Leu455, Leu455, Phe456, and Tyr489 of S-RBD were involved in hydrophobic 

interactions with Met5, Trp9, Val13, Phe14, Phe14, and Phe14 of ACE2-Dev-PepIII (Fig. 

42B and D). Tyr505, Phe456, and Tyr489 of S-RBD and Trp9, Phe14, and Phe14 of 

ACE2-Dev-PepIII (Fig. 42A and D), drove aromatic-aromatic interactions. Hydrogen 

bonds occurred between Gln493, Gln493, Tyr453, and Lys417 residues of S-RBD and the 

Trp9, Trp9, Arg10, and Glu7 residues of ACE2-Dev-PepIII (Fig. 42A, B and D). 

Phe2, Leu6, Glu7, Trp9, Arg10, Val13, Phe14, and Lys15 were the main amino 

acid residues of ACE2-Dev-PepIII that interacted with S-RBD, with interaction energy 

values of -13.98, -6.13, -11.52, -9.74, -14.52, -7.07, -13.85, and -4.38 kcal.mol-1. 

 

3.3.3.6 Interaction between S-RBD and ACE2-Dev-PepIV 

 

The main interactions between amino acid residues were driven by Tyr449, 

Gln493, Tyr489, Phe490, Leu455, Gln498, Gln498, Phe456, Phe456, Phe456, and Leu455 of S-

RBD and residues Leu18, Trp11, Leu7, Trp11, Leu6, Leu18, Asn17, Leu7, Pro3, Leu6, and 

Leu7 of ACE2-Dev-PepIV. The interaction energies were -5.27, -5.07, -4.99, -4.14, -

4.05, -3.91, -3.85, -3.82, -3.40, -3.04, and -3.03 kcal.mol-1, with distances of 2.22, 

2.92, 2.18, 2.25, 2.25, 3.43, 1.71, 2.22, 2.51, 2.12, and 2.22 Å, respectively. The 

repulsive interaction was between the residue Gly485 of S-RBD and Leu7 of ACE2-

Dev-PepIV, with the interaction energy of +0.54 kcal.mol-1. All interactions between 

ACE2-Dev-PepIV and SARS-CoV-2 RBD up to a distance of 8Å are reported in 

Supplementary Table 7.  
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Figure 41. Energies and interaction between SARS-CoV-2 RBD (yellow) and ACE2-
Dev-PepII (green). 

 

Fonte: SOUZA et al., 2022. Energies and interaction between SARS-CoV-2 RBD (yellow) and ACE2-
Dev-PepII (green). A and B represent the 3D interactions and 2D interactions, respectively. C denotes 
all interactions between SARS-CoV-2 RBD and ACE2-Dev-PepII and D represents the individual 
energy contribution of each amino acid residue of ACE2-Dev-PepII. 
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Figure 42. Energies and interaction between SARS-CoV-2 RBD (yellow) and ACE2-
Dev-PepIII (black). 

 

Fonte: SOUZA et al., 2022. A and B represent the 3D interactions and 2D interactions, respectively. C 
represents the individual energy contribution of each amino acid residue of ACE2-Dev-PepIII, and D 
denotes all interactions between SARS-CoV-2 RBD and ACE2-Dev-PepIII. 
 

Hydrophobic, and aromatic-aromatic interactions along with hydrogen 

bonds are the interactions that stabilize the ACE2-Dev-PepIV::S-RBD complex. 

Hydrophobic interactions occurred between ACE2-Dev-PepIV and residues Phe456, 

Phe456, Ala475, Tyr489, Tyr489, Tyr421, Leu455, Phe456, Leu455, Phe456, Tyr473, Tyr489, 

Pro491, Leu455, Leu455, Phe490, Tyr453, Leu455, and Tyr449 of S-RBD (Fig. 43B and D). 

Eight hydrogen bonds occurred between residues Phe490, Gln493, Gln493, Gln493, 

Gln498, Gln498, Gln498, and Gln498 of S-RBD and residues Trp11, Trp15, Phe14, Phe14, 

Asn17, Asn17, Tyr19, and Tyr19 of ACE2-Dev-PepIV, respectively (Fig. 43A, B and D). 

Aromatic-aromatic interaction occurred between Phe490of S-RBD and Trp11 residue of 

ACE2-Dev-PepIV, respectively (Fig. 43A and D).  

Pro3, Leu6, Leu7, Trp11, Phe14, Asn17, and Leu18 were the main amino acid 

residues of ACE2-Dev-PepIV that interacted with S-RBD, with interaction energies of 

-8.55, -10.54, -19.27, -16.08, -10.03, -8.26, -14.77 kcal.mol-1 (Fig. 43C).  
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3.3.3.7 Quantum biochemistry description 

ACE2-Dev-PepI mainly interacted with residues Tyr489, Ala475, Tyr473, 

Phe456, Leu455, Asn487, and Lys458 of S-RBD, with interaction free energies of -21.54, -

8.78, -7.23, -6.27, -3.91, -3.17, and -2.90 kcal.mol-1, respectively (Fig. 44A). The 

ACE2-Dev-PepII peptide interacted primarily with residues Arg403, Glu484, Gln493, 

Leu455, Phe456, Tyr489, Tyr473, Leu492, Pro491, Asn487, Tyr505, Ala475, and Phe490 94 of S-

RBD ,with interaction energies of -12.67, -11.03, -10.64, -10.23, -9.92, -9.42, -7.04, -

5.29, -4.87, -4.42, -4.07, -3.78, and -3.43 kcal.mol-1, respectively (Fig. 44B). The 

ACE2-Dev-PepIII peptide mainly interacted with the amino acid residues Lys417, 

Gln493, Arg408, Leu455, Tyr453, Glu406, Tyr489, Gln409, Phe456, Tyr505, and Asp405 of the 

S-RBD, with interaction energies of -12.13, -10.56, -9.40, -8.79, -6.08, -5.02, -4.85, -

3.92, -3.55, -3.31, and -3.31 kcal.mol-1, respectively (Fig. 44C). ACE2-Dev-PepIV 

mainly interacted with residues Leu455, Phe456, Gln498, Gln493, Tyr489, Tyr449, Phe490, 

Ser494, Pro491, Tyr453, Ala475, and Gly496 of S-RBD, with interaction energies of -14.65, 

-13.38, -11.44, -10.72, -10.58, -6.60, -6.22, -4.19, -4.07, -3.22, -3.14, and -3.12 

kcal.mol-1, respectively (Fig. 44D). 

The ACE2-Dev-PepII and ACE2-Dev-PepIV peptides had the lowest 

interaction energy, of -112.8 and -113.9 kcal. mol-1, respectively, with S-RBD, so they 

have highest potentials to inhibit the interaction between S-RBD and ACE2 receptor. 

ACE2-Dev-PepI and ACE2-Dev-PepIII presented total interaction energies, E(t), 

equal to -64.9 and -84.6 kcal.mol-1, respectively (Fig. 45). Energy convergence was 

observed in all complexes formed between ACE2-derived peptides and S-RBD after 

a distance greater than 6Å, with minimal variations seen after that distance (Fig. 45). 

 

3.3.3.8 ACE2-derived peptides induced wrong interaction between S-RBD and the 

ACE2 receptor 

 

All ACE2-derived peptides induced incorrect binding of S-RBD with the 

ACE2 receptor. The redocking confirmed the reliability of the docking tool, since the 

conformation generated by the redocking (Fig. 46B) was similar to the crystal 

structure used as control (Fig. 46A). When S-RBD was bound to ACE2-Dev-PepI, 

ACE2-Dev-PepII, ACE2-Dev-PepIII, or ACE2-Dev-PepIV peptides could not 

recognize the ACE2 receptor in the correct conformation (Fig. 46C, D, E, and F). The 
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ACE2 region that generally interacts with S-RBD was no longer able to interact in the 

correct conformation with S-RBD. 
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Figure 43. Energies and interaction between SARS-CoV-2 RBD (yellow) and ACE2-
Dev-PepIV (blue). 
 
 

 

Fonte: SOUZA et al., 2022. A and B represent the 3D interactions and 2D interactions, respectively. C 
represents the individual energy contribution of each amino acid residue of ACE2-Dev-PepIV, and D 
denotes all interactions between SARS-CoV-2 RBD and ACE2-Dev-PepIV. 
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Figure 44. Binding site, interaction energy, and residue domain (BIRD) panel showing 
the MFCC interaction energies between the central amino acid residues of SARS-
CoV-2 RBD and ACE2-Derived peptides. 

 

 

 

Fonte: SOUZA et al., 2022. ACE2-Dev-PepI (A), ACE2-Dev-PepII (B), ACE2-Dev-PepIII (C), and 
ACE2-Dev-PepIV (D) The minimal distance (Å) between each residue that participates in the 
interaction is indicated at the right side of the panel. The amino acid residues at the left side of the 
panel are from SARS-CoV-2 RBD. 
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Figure 45. Total interaction energy between SARS-CoV-2 RBD and the ACE2 derived 
peptides as a function of the interaction distance. 

 

Fonte: SOUZA et al., 2022. Red, Green, Black, and Blue squares represent ACE2-Dev-PepI, ACE2-
Dev-PepII, ACE2-Dev-PepIII, and ACE2-Dev-PepIV, respectively. E(t) is the sum of the interaction 
energies up to 8Å. 
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Figure 46. The ACE2-derived peptides induced an abnormal interaction between 
SARS-CoV-2 RBD and the human ACE2 protein. 

 

Fonte: SOUZA et al., 2022. Redocking (B) confirmed the accuracy of the molecular docking method 
used, with no difference for the crystallized structure (A). When SARS-CoV-2 RBD interacted with 
ACE2-Dev-PepI (C), ACE2-Dev-PepII (D), ACE2-Dev-PepIII (E), and ACE2-Dev-PepIV (F), the 
peptides could not interact correctly with human ACE2. 
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3.3.4 Discussion  

 

The development of vaccines is the most crucial measure to block SARS-

CoV-2 spread and infection. Even though many research groups worldwide are 

rushing to develop an efficient vaccine against SARS-CoV-2, an undesirable problem 

has arisen. Some studies have shown the immunological memory mediated by IgGs 

anti-SARS-CoV-2 is brief, only around three months. Besides that, there are reports 

of patients infected twice by SARS-CoV-2 [30–31]. This problem related to immunity 

offered by the vaccine to SARS-CoV-2 represents a considerable challenge to the 

world population. Therefore, research for new molecules is imperative to abolish or 

even attenuate its symptoms.  

One approach to develop therapies quickly is repositioning of already 

available antiviral drugs to treat SARS-CoV-2 [8], which has not been successful so 

far. The most employed way to discover possible alternative compounds against 

SARS-CoV-2 is computational screening [30,31]. By employing computational 

screening, it is possible to choose as target a vital protein to SARS-CoV-2 infection, 

such as RNA polymerase, a main protease, and S protein [14,35]. For instance, 

Elfiky [32] used molecular docking to test many conventional antiviral drugs such as 

galidesivir, remdesivir, and tenofovir against the RNA polymerase of SARS-CoV-2. In 

turn, Wu et al. [26] performed molecular docking simulation of drugs such as 

antihypertensives, antifungals and anticoagulants against SARS-CoV-2 targets. 

 The spike glycoprotein of coronaviruses is an essential protein to 

infection. It has two portions, S1 outside the virus envelope, which is connected to 

S2, a transmembrane portion attached to the virus envelope. S1 possesses the RBD 

domain, which interacts with ACE2. After this interaction, the S2 portion is 

responsible for membrane fusion and virus entry [7,36]. The S-RBD domain 

possesses high mutational rates, characterizing it as the most variable region of the 

coronavirus genome [26,37].   

In SARS-CoV-like viruses, there are six amino acid residues critical to the 

interaction between the RBD domain and the ACE2 receptor. The mutations 

accumulated by SARS-CoV-2 lead to five amino acid residues that are different from 

in to SARS-CoV. In SARS-CoV, the residues are Tyr455, Leu486, Asn494, Asp495, 

Tre501, and Tyr506. In contrast, in SARS-CoV-2, the residues are Leu455, Phe486, 

Glu494, Ser495, Asn501, and Tyr506 [4,6]. These differences in the SARS-CoV-2 RBD 
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domain allow it to bind to ACE2 with an affinity 20 times higher than SARS-CoV [4]. 

The ACE2 receptor is expressed in different human tissues, such as kidneys, gut, 

brain, liver, heart, and lungs. By using it to enter the cells, SARS-CoV-2 can infect 

nearly all these tissues, causing SARS-CoV-2 viral sepsis, meaning the virus can 

infect several tissues at the same time [38].  

Given the importance of interaction between S-RBD and ACE2, several 

research groups have been seeking molecules that can block this interaction, either 

by interaction with  S-RBD or with the ACE2 receptor, [26,28,39]. Choudhary et al. 

[28] employed molecular dynamic simulations to find ligand molecules that interact 

with the ACE2 receptor and thus block interaction with SARS-CoV-2 RBD. This can 

be a two-way road, because by blocking the ACE2 receptor, SARS-CoV-2 cannot 

recognize it and does not establish infection. However, choosing to block the ACE2 

receptor at the same time makes it unavailable to the cells, and hence produces 

several collateral effects. In a virtual screening, Wu et al. [26] found a flavonoid from 

citrus fruit, called hesperidin, which interacted with RBD, blocking its interaction with 

ACE2. However, hesperidin has two highly undesired side effects: it induces bleeding 

disorders and low blood pressure. Oliveira et al. [39] tested azithromycin, 

hydroxychloroquine and chloroquine by molecular dynamics against SARS-CoV-2 

RBD. These drugs do bind to RBD, but with low energy.  

Here, we employed an in silico approach but with a different idea, focused 

on SARS-CoV-2 spike protein, specifically in the RBD domain. Instead of looking for 

molecules to interact with the ACE2 receptor, we used the sequence of the human 

ACE2 receptor to design synthetic peptides derived from it to target S-RBD. Out of 

259 peptides (Tables S1-S3), ACE2-dev-pepI, ACE2-dev-pepII, ACE2-dev-pepIII, 

ACE2-dev-pepIV deserved attention.  

Molecular docking and dynamic simulations revealed that all ACE2-

derived peptides interacted efficiently with S-RBD (Table 1, Figs. 38-45). This is a 

pioneer study employing quantum biochemistry to analyze peptides' interaction 

against SARS-CoV-2 RBD (Tables 4-7). Quantum biochemistry calculations [40] 

revealed the individual contribution of each amino acid residue of the ACE2-derived 

peptides and those of S-RBD. Therefore, these analyses showed that hydrogen 

bonds and ionic, aromatic, cation-pi and hydrophobic interactions are essential to 

attractive or repulsive interactions between the ACE2-derived peptides and S-RBD 

(Figs. 40-44). As shown in Fig 45, the quantum biochemical calculations taking in 
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consideration each amino acid energy level, showed that the total interaction energy 

values between SARS-CoV-2 RBD and ACE2-dev-pepI, ACE2-dev-pepII, ACE2-dev-

pepIII, ACE2-dev-pepIV were –64.9, –112.8, –84.6, and 1139 kcal.mol-1, respectively 

(Fig. 45). Further based on the quantum calculations, ACE2-dev-pepIV was the 

peptides with the highest affinity to bind with S-RBD, followed by ACE2-dev-pepII, 

ACE2-dev-pepIII and ACE2-dev-pepI.   

Since this is the first study to apply quantum biochemistry calculations to 

analyze the interactions of peptides with S-RBD, our results can only be compared 

with those reported by Campos et al. [41], who also investigated the interaction of 

two peptides against the Zika virus protease. By quantum biochemistry, the authors 

showed that the interaction energies of the peptides cn-716 and acyl-KR-aldehyde 

with the protease NS2B–NS3 were –63.35 kcal.mol-1 and –71.4 kcal.mol-1, 

respectively. Our peptides interacted with S-RBD even more strongly than did cn-716 

and acyl-KR-aldehyde to the protease NS2B–NS3.  

Moreover, the effectiveness of other non-peptide-like antiviral drugs 

against S-RBD has been assayed. For example, Oliveira et al. [39] tested by 

molecular docking the interaction of the drugs azithromycin, hydroxychloroquine and 

chloroquine, which are used to treat bacterial infection and malaria, respectively 

study is about drug repositioning or repurposing, employed to speed up the drug 

discovery process by identifying a novel clinical use for an existing drug approved for 

a different indication [8]. Our results revealed that ACE-derived peptides strongly 

bind to S-RBD. However, two questions remain; what are the consequences of that 

interaction? Can these peptides block or induce a wrong interaction between S-RBD 

and ACE2? The results presented here guide us to answer yes. As presented in Fig. 

9, the crystal structure (Fig. 46A) and the redocking of those structures (Fig. 46B), all 

ACE2-derived peptides when complexed with S-RBD did not block interaction 

between S-RBD and the ACE2 receptor, instead inducing an incorrect interaction 

between them (Fig. 46C-F). These results strongly suggest that ACE2-derived 

peptides are efficient to prevent SARS-CoV-2 entry in cells, greatly reducing SARS-

CoV-2 replication and avoiding COVID-19 establishment.   

As expected, the ACE2-derived peptides presented high affinity to bind 

with S-RBD, and the results suggest these peptides are efficient to block SARS-CoV-

2 infection. Additionally, for being designed from a human protein, these peptides will 

likely cause no serious collateral effects, unlike other drugs. The in silico analyses 
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revealed these peptides have no toxic, allergenic, or hemolytic potential against 

humans. Additionally, stability tests suggested high stability of ACE2-Dev-pepI, 

ACE2-Dev-pepII, and ACE2-Dev-pepIV in the intestinal environment indicating 

possible oral administration. 

 

3.3.5 Conclusion  

 

Quantum biochemistry and molecular dynamic simulations revealed that 

the ACE2-derived peptides interact physically with S-RBD, blocking its interaction 

with the ACE2 receptor and thus virus entry in the cell. These findings suggest that 

ACE2-derived peptides are small antiviral molecules that can potentially prevent cell 

invasion by SARS-CoV-2 and thus its replication in vivo. However, further 

investigation is required to prove this hypothesis. In conclusion, this pioneering in 

silico investigation opens an opportunity for further in vivo investigations of these 

peptides, aiming to discover new drugs and entirely new perspectives to treat 

COVID-19. For instance, peptide-based therapeutics have various advantages 

compared to traditional small-molecule drugs, such as higher specificity to selected 

targets; low toxicity because accumulation in the body is improbable; and less 

complex, costly, and time-consuming synthesis [8]. 
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4. IMUNOTERAPIA DO CÂNCER  
 

Câncer é um grupo de doenças que envolve o crescimento desordenado 

de células anormais com o potencial de invadir e se espalhar para outras partes do 

corpo (SOUZA et al., 2021). O sistema imune é composto por células, tecidos e 

órgãos que trabalham em conjunto com a finalidade de proteger o corpo de ameaças, 

tais como germes, vírus e doenças e, entre elas, pode-se citar o câncer (MA et al., 

2021). 

As células cancerígenas são comuns no corpo humano, todavia o sistema 

imune é capaz de identificar e destruí-las, entretanto, essas células podem sofrer 

mutações e se adaptarem, não podendo ser identificadas pelo nosso sistema imune, 

permitindo sua proliferação e espalhamento, por este motivo conseguem se 

desenvolver e ocasionar problemas a saúde humana (DHARA et al., 2022). 

As células tumorosas são identificadas pelo sistema imune através da 

identificação do aumento da expressão das proteínas CTLA-4 e PD-1, 

principalmente. Para não serem identificadas, elas expressam ligantes que 

camuflam a presença dessas proteínas e escapam das atividades antitumorais. 

Desta forma, suprimem a proliferação de células imune, logo, sobrevivendo e se 

proliferando, como demostrado na figura 47 (WOJTUKIEWICZ et al., 2021).  

A Imunoterapia é a área que potencializa o próprio sistema imune do 

corpo para lutar contra o câncer, impedindo que os ligantes camuflem as proteínas 

checkpoints, deste modo, o sistema imune consegue reconhecer e destruir as 

células cancerígenas. Comparada a tratamentos convencionais para o câncer, como 

cirurgia, quimioterapia e radiação, a imunoterapia possui uma grande especificidade, 

visto que, permite que as células cancerígenas sejam alvos exclusivos, deixando as 

outras células livres da ação, além de possuir menos limitações ao uso em 

diferentes estágios do câncer (AMARAL et al., 2020). 

A maioria dos estudos com inibidores de imuno-checkpoints são 

anticorpos monoclonais anti-CTLA-4, anti-PD-1 e anti-PD-L1, os quais regulam as 

vias regulatórias de células T para o aumento das respostas antitumorais 

(WILLSMORE et al., 2021). 
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Figura 47. Vias de regulação da ativação das células T pela CTLA-4 e CD28. 

 

 
 
 

 
Legenda: A. CD80 é a proteína B7-1 a qual pode interagir tanto com a CTLA-4, emitindo um sinal 
inibitório da ativação das células T, como com o CD28, interação que emite um sinal estimulante da 
ativação das células T. B7-1 possui uma maior afinidade com a CTLA-4 do que com CD28, assim 
apresenta uma maior sensibilidade na inibição da ativação das células T do que uma estimulação. B. 
Estrutura cristalográfica do anticorpo comercial Ipilimumab com a proteína imuno-checkpoint CTLA-4, 
a qual permite estudos aprofundados de bioquímica quântica. Em azul e denominado como CL indica 
a cadeia leve do anticorpo e em verde e denominado como CP a cadeia pesada do mesmo. Em 
vermelho tem-se a proteína CTLA-4.   
Fonte: A. ROWSHANRAVAN; HALLIDAY; SANSOM, 2018. Adaptado. B. Elaborada pelo autor. 
 

Apesar de todas as vantagens vistas com o tratamento com anticorpos 

monoclonais, há desvantagens que podem ser melhoradas, como: o custo do 

tratamento que é altíssimo, baixa estabilidade dos anticorpos, a via de administração 

que é, obrigatoriamente, intravenosa e não pode ser oral e, em alguns casos de 

respostas autoimune, chega a atacar células saudáveis, bem como alguns sintomas 

relacionados ao trato digestório, como perda do apetite e fadiga. Diante das 

desvantagens dos anticorpos, os peptídeos miméticos e pequenas moléculas 

surgem como uma nova alternativa. Tendo como alvo a inibição da ligação entre as 

proteínas imune-checkpoints e seus ligantes (WANG, Lei et al., 2022).  

Para o desenvolvimento de peptídeos bioinspirados nos anticorpos 

comercializados, faz-se necessário o conhecimento dos principais resíduos das 

proteínas envolvidas na interação do complexo e da contribuição energética 

individual de cada resíduo. Deste modo, pode-se sugerir modificações pontuais na 

sequência e na estrutura para melhorar a inibição da formação dos complexos entre 

proteínas imuno-checkpoints e seus ligantes, tornando o tratamento mais efetivo e 

específico (MATSOUKAS et al., 2021). 

CTLA-4 

A B 
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Observando isso, nosso grupo de pesquisa realizou cálculos quânticos da 

interação entre a proteína checkpoint CTLA-4 e o anticorpo monoclonal Ipilimumab. 

Com os cálculos, foi possível identificar as principais regiões de interação entre as 

proteínas e sugerir peptídeos cíclicos com grande potencial para o tratamento do 

câncer. O artigo completo encontra-se no próximo tópico.  
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Abstract 

Cancer is a group of diseases involving disordered growth of abnormal cells with the 

potential to invade and spread to other parts of the body. Today, immunotherapy is 

the most efficient treatment, with fewer side effects. Notably, the employment of 

monoclonal antibodies to inhibit checkpoint proteins, such as CTLA-4, has caused 
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much excitement among cancer immunotherapy researchers. Thus, in-depth analysis 

through quantum biochemistry and molecular dynamics simulations was performed to 

understand the complex formed by ipilimumab and its target CTLA-4. Our 

computational results provide a better understanding of the binding mechanisms and 

new insights about the CTLA-4: ipilimumab interaction, identifying essential amino 

acid residues to support the complex. Additionally, we report new interactions such as 

aromatic-aromatic, aromatic-sulfur, and cation-pi interactions to stabilize the CTLA-

4:ipilimumab complex. Finally, quantum biochemistry analyses reveal the most 

important amino acid residues involved in the CTLA-4:ipilimumab interface, which 

were used to design synthetic peptides to inhibit CTLA-4. The computational results 

presented here provide a better understanding of the CTLA-4:ipilimumab binding 

mechanisms, and can support the development of alternative antibody-based drugs 

with high relevance in cancer immunotherapy. 

 

Keywords: Cancer, Immunotherapy, Checkpoint proteins. 

 

4.1.1 Introduction 

 

Cancer is a group of diseases involving disordered growth of abnormal 

cells with the potential to invade and spread to other parts of the body. More than 100 

types of cancer affect humans. In 2018, 9.6 million people died of cancer in the world, 

equivalent to 1/6 of the total deaths that year (World Health Organization, 2018). The 

immune system can identify and destroy cancer cells. However, they easily mutate 

and adapt to trick the immune system, allowing them to proliferate and spread, 

leading in some cases to systemic spread to healthy tissues (Lee et al., 2016). 

Immunotherapy strengthens the immune system to fight cancer by 

increasing the ability to recognize tumor cells for destruction. Compared to 

conventional cancer treatments, such as surgery, chemotherapy and radiation, 

immunotherapy has high specificity. It only targets cancer cells, without causing any 

damage to healthy cells. Additionally, it only has a few limitations on treatment and 

can be used in different stages of cancer progression (Galluzzi et al., 2018). 

T-cell receptors (TCRs) can recognize tumor antigens in antigen-

presenting cells (APCs) to eradicate tumor cells and induce anti-tumor immunity. 

After TCRs recognize antigens, a second signal, a co-stimulatory signal, is necessary 
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for the activation of T-cells. In contrast, cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4) and programmed cell death protein 1 (PD-1) transmit inhibitory signals 

when linked to their ligands, B7-1/B7-2 and PD -L1/PD-L2, respectively, in APCs or 

tumor cells. These proteins are called immune-checkpoint proteins (IMCP). Tumor 

cells can exploit the inhibitory mechanism carried out by CTLA-4 and PD-1 proteins 

to escape the immune system (Almagro et al., 2017; Konstantinidou et al., 2018). 

Immune checkpoint protein inhibitors have been developed to control the 

escape of cancer cells from immune control. Most studies of immunological 

checkpoint inhibitors have investigated anti-CTLA-4, anti-PD-1 or anti-PD-L1 

monoclonal antibodies, which regulate T-cell regulatory pathways to increase anti-

tumor responses (Acúrcio et al., 2018). 

The main co-stimulatory signals are the links between the B7-1 and B7-2 

proteins present in APCs with the CD28 present in T-cells, activating T-cells to 

destroy specific targets. Unlike CD28, CTLA-4 produces an inhibitory signal when 

bound to B7-1 or B7-2, competing with CD28. It was reported that the affinity 

between CTLA-4/B7-1 and B7-2 is approximately 20 times higher than that between 

CD28/B7-1 and B7-2. This high affinity prevents autoimmune diseases by attenuating 

T-cells (Schwartz et al., 2001; Stamper et al., 2001). Cancer cells inhibit T-cell 

activation by impairing the interaction of CTLA-4 and B7-1/B7-2 with CTLA-4. Based 

on that, it has been suggested that the co-stimulatory signal of CD28 with B7-1/B7- 2 

to activate T-cells makes it possible to detect and destroy cancer cells. This approach 

was successful by employing the first anti-CTLA-4 monoclonal antibody, ipilimumab. 

Recently, ipilimumab was approved by the Food and Drug Administration (FDA) in 

the United States for the treatment of advanced-stage melanomas (He et al., 2017). 

Several studies with antibodies have been performed to block the 

inhibition of the immune system caused by cancer cells. This approach has brought 

results and benefits never before seen in oncology. The resistance of cancer cells to 

chemotherapeuticals is prevented by employing antibodies, and some patients have 

been free of cancer progression for many years (Lee et al., 2016). Despite the 

advantages of using monoclonal antibodies, there are some disadvantages, such as 

the high cost of treatment, the low stability of antibodies, the possible autoimmune 

responses associated with the administration route, and the attack on healthy cells 

(Kroschinsky et al., 2017). 

Based on that, mimetic peptides and small molecules are new alternatives, 
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by inhibiting the interaction between immune-checkpoint proteins and their ligands 

(Guzik et al., 2019). For the development of bioinspired peptides from commercial 

antibodies, it is necessary to know the central residues of the proteins involved in the 

interaction and the individual energy contribution of each residue to suggest specific 

changes in the sequence, making treatment more effective and specific (Tavares et 

al., 2018). 

Quantum biochemistry is a powerful tool to discover new molecules for 

immunotherapy. It is possible to know the individual energetic contributions of amino 

acid residues in the interaction of the immuno-checkpoint protein complex with their 

ligands, with antibodies or with small commercial and experimental molecules. While 

most studies of the development of mimetic peptides consider only the distances of 

antibodies to targets, quantum biochemistry provides a more specific way through 

the calculation of energies, thus making it possible to develop new drugs with greater 

efficiency and specificity. 

 

4.1.2 Material and Methods 

 

4.1.2.1 Structural data 

 

All structural analyses were performed using X-ray crystal structure data 

on ipilimumab in complex with CTLA-4 (PDB ID: 5XJ3) (He et al., 2017), with 3.2 Å 

resolution. The protonation was adjusted according to data obtained from PROPKA 

3.1 (Olsson et al., 2011), using the PDB2PQR server 

(http://server.poissonboltzmann.org/pdb2pqr) (Dolinsky et al., 2004). Protonation was 

adjusted using the Discovery Studio software. 

 

4.1.2.2 Molecular dynamics  

 

Molecular dynamics (MD) simulations were performed using NAMD v. 2.12 

(Phillips et al., 2005). The system was submitted to cubic box solvation with the TIP3 

water model. After that, chloride and sodium ions were added to obtain a final salt 

concentration of 0.15 M. Next, the system was minimized in 1000 steps, the 

temperature was adjusted from 100 K to 300 K, and the simulation was finally 

performed during 20 ns with a time step of 2 fs. After the simulation, the RMSD along 
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the simulation was calculated using the VMD software (Humphrey et al., 1996) and 

the final and stable structure was used in further analyses.  

 

4.1.2.3 Molecular fractionation with conjugate caps (MFCC)  

 

To obtain quantum detail of the interactions between the ipilimumab 

antibody and CTLA-4, the molecular fractionation with conjugate caps scheme was 

used to perform quantum calculations (Chen et al., 2005; He and Zhang, 2005; 

Zhang and Zhang, 2003). To perform the calculation, interactions up to a radius of 8Å 

were considered and the interaction energy between two residues (Ri and Rj) was 

calculated as follows: 

 

EI(Ri–Rj) = E(Ci-1RiCi+1 + Cj-1RjCj+1) - E(Ci-1RiCi+1 + Cj-1Cj+1) – 

E(Ci-1Ci+1 + Cj-1RjCj+1) + E(Ci-1Ci+1 + Cj-1Cj+1) (1) 

 

Where the Ck terms refer to the amino acid residues neighboring the 

residues of interest in the calculation. By this means, it is possible obtain a more 

reliable result, since the local environment of the amino acid residue is reproduced 

(Wu et al., 2007). The bonds that are missing due to the cut made by the MFCC are 

completed with H atoms. On the right-hand side of the equation, the first term, E(Ci-

1RiCi+1 + Cj-1RjCj+1), is the total energy of the system formed by two interacting 

residues with their caps. The second term, E(Ci-1RiCi+1 + Cj-1Cj+1), gives the total 

energy of the system formed by the capped residue Ri without the residue Rj. The 

third term, E(Ci-1Ci+1 + Cj-1RjCj+1), is the total energy of the system formed by Rj 

without the residue Ri. Finally, E(Ci-1Ci+1 + Cj-1Cj+1) is the total energy of the system 

formed by the caps only. 

Calculations were performed using either a constant dielectric function 

equal to 40 or a non-homogeneous dielectric function, calculated following the 

method of Morais et al. (2020). Finally, the interaction energies were calculated 

through the density functional theory (DFT) using the PDB files generated in the 

MFCC as input. The calculations were performed using the DMOL3 code (Delley, 

2000). 

After quantum biochemistry, the main hotspots were used to design 

mimetic peptides. The cyclic peptides were constructed using the Discovery Studio 
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software.  

 

4.1.2.4 Protein-protein interactions 

 

Protein interactions were calculated using the Protein Interactions 

Calculator (PIC) webserver (Tina et al., 2007) (http://pic.mbu.iisc.ernet.in/) to obtain 

all interactions between ipilimumab and CTLA-4. 

 

4.1.2.5 In silico analyses of cleavage sites and resistance to intestinal-like 

environment  

 

To evaluate the presence of cleavage sites in the heavy and light chains of 

ipilimumab and the peptide sequences, the molecules were submitted to cleavage by 

trypsin, chymotrypsin, pepsin (pH 1.3), and pepsin (pH>2) using the peptide cutter 

server (Gasteiger et al., 2003) (http://web.expasy.org/peptide_cutter/). Additionally, to 

evaluate the resistance to the intestinal-like environment, all the sequences were 

analyzed in the server half-life in an intestine-like environment 

(http://crdd.osdd.net/raghava/hlp/help.html)(Gasteiger et al., 2007).   

 

4.1.3 Results and Discussion 

 

4.1.3.1 General characterization of ipilimumab/CTLA-4 

 

The ipilimumab antibody is divided into the heavy chain (HC) and light 

chain (LC), each of which has three complementarity-determining regions (CDRs), 

the light chain called LCDRs and the heavy chain HCDRs (Ramagopal et al., 2017; 

Singh et al., 2019). CDRs are the main points of interaction with CTLA-4 and define 

the specificity of the antibody for the protein (Ramagopal et al., 2017). The central 

amino acid residues in HCDR1 were Ser31 and Thr33, in HCDR2 were Asn57 and Tyr59 

and, in HCDR3 were Trp101 and Leu102 (Fig. 48). HCDRs interacted mainly with the 

residues Glu83, Lys130, Thr82, Arg70, Met134, Tyr135, and Pro136 of CTLA-4, while the 

LCDRs of ipilimumab interacted with Ser79, Gln80, Val81, Iso143, Gly142, Leu141, Tyr139 

and Tyr140 of CTLA-4 (Fig. 48). All these results are in agreement with those reported 

by Ramagopal (2017) regarding the interactions supporting the CTLA-4:ipilimumab 

http://pic.mbu.iisc.ernet.in/
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complex.  

 

4.1.3.2 Molecular dynamics simulations 

To the best of our knowledge, this is the first report of molecular dynamics 

analyses aiming to characterize the stability of the CTLA-4:ipilimumab complex. 

Molecular dynamics simulations are employed to explore conformational space and 

energy of interactions showing the most stable conformation assumed by the 

complex (Hospital et al., 2015). After 20 ns of molecular dynamics simulation, it was 

possible to verify the stabilization of the CTLA-4:ipilimumab complex with a RMSD 

variation smaller than 1Å (Fig. Suppl. 56), indicating that a very stable complex was 

formed (Hospital et al., 2015). After 13 ns, the RMSD variation was minimal, so the 

last frame of the molecular dynamics, after stabilization and minimization by 

molecular dynamics simulation, was used for the subsequent analyses. 

 

4.1.3.3 Dielectric function 

 

The protein's dielectric function varied widely depending on the region of 

the protein. In more external regions outside the 3D structure, the dielectric function 

was close to the dielectric function of water (ε = 80). In contrast, in more internal 

regions of the protein, which are more hydrophobic, the dielectric function was close 

to 4. The region of interest in the interaction is shown in a 2D plane in Figure 49. 

Morais et al. (2020) obtained similar results by analyzing the variation of the dielectric 

function in the uPA-uPAR complex.  
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Figure 48. Structure of the CTLA-4/ipilimumab complex (PDB ID:5XJ3). (A) The 
general structure of the complex. 
 

 

Legenda:CTLA-4 colored in green, light chain (LC) in blue, heavy chain (HC) in pink, LCDRs in dark 
blue, and HCDRs in dark pink. (B) The central residues of the interaction between HCDRs/CTLA-4 
and LCDRs/CTLA-4. 
Fonte: AMARAL et al., 2020. 

 

 

 

4.1.3.4 Quantum biochemistry description 

 

For comparison, we used the calculated non-homogeneous dielectric 

function and the homogeneous dielectric function equal to 40. This was the same 

approach used by Morais et al. (2020) to analyze the interactions of uPA–uPAR by 

quantum biochemistry. The HCDRs and LCDRs showed higher interaction energies 

with the CTLA-4 protein. In HCDR1, the residues Tyr32 and Ser31 showed the best 

interaction energies, of -2.2 and -1.7 kcal.mol-1 when using a non-homogeneous 

dielectric function, and +0.8 and -3.3 kcal.mol-1 when using a constant dielectric 

function. This is a new and interesting result revealed by quantum analyses. 

Ramagopal et al. (2017) did not mention the contributions of these amino acid 

residues in their study about the CTLA-4:ipilimumab complex, which seems important 

for the understanding of this complex. 

 HCDR1 revealed total energy levels of -5.9 and -2.2 kcal.mol-1 when 
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using constant and non-homogeneous dielectric functions, respectively. In HCDR2, 

the residues Tyr59, Lys58, Asn57, Asp54, Tyr53, and Ser52 had energies of -23, -6.7, -1.5, 

-12.6, -3.1 and -1 kcal.mol-1 using a non-homogeneous dielectric function, and 

energies of -16, -7.1, -1.7, -10 and -2.9 kcal.mol-1 using ε = 40. These are the same 

residues reported by Ramagopal et al. (2017). However, quantum analysis identified 

an additional residue, Lys58, which is important for that interaction. 

 

Figure 49. Dielectric function variation in the CTLA-4/ipilimumab interaction. 

 

 

 

Legenda: Dielectric function variation in the CTLA-4/ipilimumab interaction. White represents dielectric 
constant ε = 80 and red ε = 4. 
Fonte: AMARAL et al., 2020. 
 

 

The total energy levels of HCDR2 were -48 and -42 kcal.mol-1 using non-

homogeneous and homogeneous ε = 40, respectively. In the HCDR3, only residues 

Gly100, Trp101, Leu102 and Gly103 obtained high attraction energies, with values of +0.1, 

-26.9, -13.3 and -0.9 kcal.mol-1 with a non-homogeneous dielectric function, and -4, -

23.2, -13.7 and -1.4 kcal.mol-1 using a homogeneous dielectric function. For HCDR3, 

quantum analyses revealed two additional amino acid residues, Gly100 and Gly103, as 

important to HCDR3 interaction with CTLA-4, as compared to the results reported by 

Ramagopal et al. (2017). The total energy sums of HCDR3 were -41.0 and -42.3 
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kcal.mol-1 with non-homogeneous and homogeneous dielectric functions, respectively.  

In the CDRs of the ipilimumab light chain, we found that LCDR3 was the 

main chain involved in the interaction, as reported before by Ramagopal et al. (2017). 

The main residues of LCDR3 were Trp97, Ser95, Ser94, Gly93 and Tyr92, with 

interaction energies of -3.8, -11.8, -18.1, -10.1 and -3.9 kcal.mol-1 using a non-

homogeneous dielectric function. When applying the uniform dielectric function ε =  

40, the values obtained were -3.5, -9.5, -16.1, -12.8 and -4.1 kcal.mol-1, respectively.  

Compared to the results of Ramagopal et al. (2017), quantum analyses 

revealed Tyr92 as an important interaction residue. Thus, the total energies of the 

LCDR3 were equal to -48 and -46.3 kcal.mol-1 using a non-homogeneous dielectric 

function and ε = 40, respectively. The LCDR2 obtained total interaction energies of -

4.3 and -8.8 kcal.mol-1 using a non-homogeneous dielectric function and ε = 40, 

respectively. The main residues of LCDR2 were Thr57, Arg55 and Tyr50, with energies 

of -4.5, -0.9 and +1.5 kcal.mol-1 and -5.4, -1.6 and -1.4 kcal.mol-1 using a non-

homogeneous and homogeneous dielectric function ε = 40, respectively. Ramagopal 

et al. (2017) reported that only Tyr50 was important for LCDR2 interaction with CTLA-

4. However, we found other amino acid residues involved in the interaction.   

LCDR1 obtained total interaction energies of -11.2 and -19 kcal.mol-1 

using a non-homogeneous dielectric function and ε = 40, respectively. The main 

residues of LCDR1 were Ser31, Ser32, and Tyr33, with energies equal to -0.3, +0.9 and 

-11.8 kcal.mol-1 using a non-homogeneous dielectric function and +1.3, -4.1 and -

16.2 kcal.mol-1 when using the constant dielectric function ε = 40 (Fig. 50B). This 

analysis highlighted the importance of Tyr33 for the interaction between LCDR1 with 

CTLA-4.  

The ipilimumab antibody has 19 sites of hydrophobic interactions with 

CTLA-4; 7 and 12 interactions between the antibody light chain and the heavy chain, 

respectively. The ipilimumab light and heavy chains presented 5 and 8 hydrogen 

bonds with CTLA-4, respectively, totaling 13 hydrogen bonds between the antibody 

and the protein. Only one ionic interaction formed between Asp54 in the antibody 

heavy chain and Arg70 of CTLA-4. An aromatic-aromatic interaction was observed 

between the Trp97 of the antibody light chain and the Tyr139 residue of CTLA-4, with 

a distance of 5.58 Å between the centroids. The Phe50 and Tyr53 residues of the 

antibody heavy chain presented aromatic-sulfur and cation-pi interactions with CTLA-

4 residues Met134 and Arg70, respectively (Table 7). 
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Figure 50. Energy profile for each ipilimumab chain on the recognition surface. 

 

 

Legenda: (A) This figure represents the interaction energies of the amino acid residues in the heavy 
chain. (B) The interaction energies of the amino acid residues in the light chain, using either the 
dielectric function ε = 40 (red) or the non-homogenous dielectric function (blue). 
Fonte: AMARAL et al., 2020. 
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Table 7. The interactions between Ipilimumab antibody and CTLA-4. 
 

Interaction Pos Residue Chain Pos Residue Chain 
Distance 

(Å) 
H

Y
D

R
O

P
H

O
B

IC
  
 

33 TYR LIGHT 141 LEU CTLA-4   

33 TYR LIGHT 143 ILE CTLA-4   

33 TYR LIGHT 37 ALA CTLA-4   

92 TYR LIGHT 141 LEU CTLA-4   

92 TYR LIGHT 143 ILE CTLA-4   

97 TRP LIGHT 139 TYR CTLA-4   

97 TRP LIGHT 141 LEU CTLA-4   

50 PHE HEAVY 139 TYR CTLA-4   

50 PHE HEAVY 134 MET CTLA-4   

53 TYR HEAVY 134 MET CTLA-4   

59 TYR HEAVY 135 TYR CTLA-4   

59 TYR HEAVY 137 PRO CTLA-4   

59 TYR HEAVY 139 TYR CTLA-4   

101 TRP HEAVY 81 VAL CTLA-4   

101 TRP HEAVY 74 LEU CTLA-4   

102 LEU HEAVY 74 LEU CTLA-4   

102 LEU HEAVY 81 VAL CTLA-4   

102 LEU HEAVY 128 ILE CTLA-4   

102 LEU HEAVY 143 ILE CTLA-4   

H
Y

D
R

O
G

E
N

 B
O

N
D

S
  
 

33 TYR LIGHT 143 ILE CTLA-4 3.09 

33 TYR LIGHT 143 ILE CTLA-4 3.43 

57 THR LIGHT 79 SER CTLA-4 3.29 

93 GLY LIGHT 141 LEU CTLA-4 2.63 

95 SER LIGHT 139 TYR CTLA-4 2.88 

53 TYR HEAVY 132 GLU CTLA-4 2.79 

53 TYR HEAVY 132 GLU CTLA-4 3.09 

57 ASN HEAVY 68 GLU CTLA-4 2.6 

57 ASN HEAVY 68 GLU CTLA-4 2.6 

57 ASN HEAVY 68 GLU CTLA-4 2.6 

57 ASN HEAVY 68 GLU CTLA-4 2.6 

59 TYR HEAVY 134 MET CTLA-4 2.65 

101 TRP HEAVY 130 LYS CTLA-4 2.7 

Ionic 54 ASP HEAVY 70 ARG CTLA-4   

Aromatic- 

Aromatic 
97 TRP LIGHT 139 TYR CTLA-4 5.58 

Aromatic- 

Sulphur  
50 PHE HEAVY 134 MET C 5 
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Cation- 

Pi  
53 TYR HEAVY 70 ARG C 4.52 

 

 

Figure 51. Variation of the interaction energy as a function of the CTLA-4 radius. 

 

Legenda:Variation of the interaction energy as a function of the CTLA-4 radius for light chain (red), 
heavy chain (black), and the sum of the HC and LC energies (blue). (A) Interaction energies using the 

dielectric function ε = 40 and (B) using the non-homogenous dielectric function. 
Fonte: AMARAL et al., 2020. 
 
 

The total interaction energy presented by ipilimumab/CTLA-4 complex was 
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1.3-fold higher than the energy presented by pembrolizumab/PD-1 (Tavares et al., 

2018), considering the same dielectric function. Similar to the results presented by 

Tavares et al. (2018), the most important contribution to antibody interaction was 

made by the heavy chain. This suggests that the heavy chain could be a target to 

bioinformatics aiming to improve this interaction and produce a more efficient inhibitor 

of those cancer-related proteins, and hence strengthen the immune system even 

more to overcome cancer. 

Tyr139 was the main residue of CTLA-4 in the interaction with ipilimumab, 

with interaction energy of -27 kcal.mol-1. This residue interacts with both the heavy 

and light chains of the antibody. This is an important finding that has not been 

reported previously, and can be used to design more efficient molecules for the 

treatment of cancer. Tyr140, Leu141 and Ile143 presented energies of -17, -10.3 and -

10.5 kcal.mol-1, respectively, and had interaction mainly with the antibody light chain. 

The main residues of CTLA-4 that interacted with the heavy chain were Arg70, Leu74, 

Thr82, Glu83, Lys130, Met134 and Tyr135 , with respective interaction energies equal to -7, 

-5.3, -5.9, -9, -14.2, -15.5 and -5.9 kcal.mol-1 (Fig. 52). 

Using a non-homogeneous dielectric function, it was possible to observe 

more realistic results. By employing a constant dielectric function, it is possible to 

overestimate or underestimate some interactions, especially those with charges 

involved. These results corroborate the results obtained by Morais (2020) in the uPA-

uPAR interaction.   

 

4.1.3.5 Mimetic peptides 

 

Based on the results of quantum biochemistry, we designed 12 mimetic 

peptides. The peptide derived from the LCDR1 was named Pep-Ipi-L1 (Fig. 53A), 

consisting of the residues Val29 to Leu34 of the ipilimumab light chain. The cyclic 

peptide from the same region was obtained by adding a peptide bond between two 

glycine residues at the ends and was named Pep-Cyclo-Ipi-L1 (Fig. 53B). The third 

peptide designed from LCDR2 consisted of the residues Leu48 to Ile59 and was 

named Pep-Ipi-L2 (Fig. 53C). The corresponding cyclic peptide was designed and 

named Pep-Cyclo-Ipi-L2 (Fig. 53D). From LCDR3, Pep-Ipi-L3 was designed and 

consisted of the residues Gln91 to Trp97 (Fig. 53E), while the corresponding cyclical 
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form was called Pep-Cyclo-Ipi-L3 (Fig. 53F). 

 

Figure 52. Hotspot of the CTLA-4 chain on the recognition surface. 

 

Legenda:The colors represent the main chains involved in the interaction. The light chain (LC) is 
represented in blue, the heavy chain (HC) in pink, and interaction involving both the light and heavy 
chains (HC/LC) in gray. 
Fonte: AMARAL et al., 2020. 

 

Using the same approach, Pep-Ipi-H1 was designed from HCDR1, which 

consisted of the Thr28 to Thr33 residues (Fig. 53G), while its cyclic form was Pep-

Cyclo-Ipi-H1 (Fig. 53H). From HCDR2, Pep-Ipi-H2 corresponded to the residues Tyr53 

to Tyr60 (Fig. 53I) and the cyclic form was called Pep-Cyclo-Ipi-H2 (Fig. 53J). Finally, 

the peptides Pep-Ipi-H3 and Pep-Cyclo-Ipi-H3 consisted of the residues Trp101-Leu102 

(Fig. 53K and 53L).  

Synthetic peptides have recently gained more attention due to increasing 

microbial resistance to antibiotics (Souza et al., 2020). They have also been 

investigated in other application, such as antiviral (Souza et al., 2020) and anticancer 

therapies (Arias et al., 2020). Thus, the approach of designing peptides from the best 
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ipilimumab amino acid residues that interacted with CTLA-4 followed these 

guidelines. By doing this, three advantages were obtained: (1) the peptides 

composed from the best amino acid residues could have a better affinity to bind with 

CTLA-4 than ipilimumab itself; (2) for being designed from ipilimumab, the peptides 

could have no or slight toxic effects; and (3) by using peptides it is possible to solve 

the problem of low proteolytic resistance of ipilimumab and thus assess the 

possibility of oral administration, avoiding the collateral effects of intravenous 

application (Kroschinsky et al., 2017). 

 

4.1.3.6 Comparison of the proteolytic resistance of ipilimumab and ipilimumab-

derived peptides 

 

The low resistance of antibodies to proteolysis is a problem that has to be 

considered during clinical trials. Ipilimumab has become an essential molecule in 

cancer treatment. However, its administration route results in some undesired side 

effects. A solution to that problem is the design of peptides from the ipilimumab 

sequence that present the same activity and are resistant to proteolysis. 

Using the online server Peptide Cutter (Gasteiger et al., 2003), it was 

possible to evaluate the presence and number of cleavage sites in ipilimumab's 

heavy and light chains. Both chains are highly susceptible to digestion by trypsin, 

chymotrypsin, and pepsin at pH 1.3 and pH>2. All designed peptides presented high 

stability to digestion by trypsin, chymotrypsin and pepsin at pH 1.3 and pH>2. Some 

peptides did not show any site for cleavage by trypsin, chymotrypsin or pepsin at pH 

1.3.All peptides had pepsin cleavage sites at pH>2. The peptide with the greatest 

number was Pep-Cyclo-Ipi-L2, with 6 sites susceptible to pepsin at pH>2. However, 

this value is 9 and 10 times lower than the presented by the light and heavy chain, 

respectively (Table 8). 
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Figure 53. Mimetics peptides derived of antibody Ipilimumab. 
 

 

Legenda: Original HCDRs and LCDRs (dark blue and salmon, respectively) and mimetic peptides 
(light blue and pink, respectively). 
Fonte: AMARAL et al., 2020. 
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Other analyses were performed to evaluate the stability of ipilimumab and 

derived peptides to the intestinal-like environment. The light and heavy chains 

presented calculated half-lives of 0.212 and 0.221 sec, respectively. These findings 

suggests that both chains were promptly digested in the presence of intestinal 

enzymes, confirming their low stability. All peptides presented a half-life longer than 1 

sec. The highest value was that of Pep-Cyclo-Ipi-H1, achieving 1.615 sec (Table 8). 

Therefore, the peptides presented higher stability in the presence of intestinal 

enzymes. Souza et al. (2020) designed two synthetic antimicrobial peptides 

presented high stability, which was later confirmed by in vitro digestion and mass 

spectrometry analyses, corroborating the data of the in silico analyses. Altogether, 

these results demonstrate the feasibility of obtaining peptides as potential inhibitors 

of CTLA-4, with excellent potential for application in cancer immunotherapy, possibly 

by oral administration.  
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Table 8. Cleavages site obtained from bioinformatics analysis of Ipilimumab and Ipilimumab-

derived peptides  

Samples Trypsina Chymotrypsina Pepsin 

(pH 1.3) 

a 

Pepsin 

(pH>2) a 

Half-

life b 

Stability c 

 Number of cleavage sitesa   

Ipilimumab 

light chain 

19 20 38 55 0.212 low 

Ipilimumab 

heavy 

chain 

19 21 38 60 0.221 low 

Pep-Cyclo-

Ipi-L1 

0 0 2 3 1.083 high 

Pep-Cyclo-

Ipi-L2 

1 2 4 6 1.178 high 

Pep-Cyclo-

Ipi-L3 

0 0 0 3 1.341 high 

Pep-Cyclo-

Ipi-H1 

0 0 2 4 1.343 high 

Pep-Cyclo-

Ipi-H2 

1 0 0 4 1.491 high 

Pep-Cyclo-

Ipi-H3 

0 0 2 2 1.615 high 

 

Legenda: aThe cleavage sites was analyzed using the Peptide Cutter 
(http://web.expasy.org/peptide_cutter/). 

bThe half-life in seconds was calculated using the Half Life Prediction tool 
(http://crdd.osdd.net/raghava/hlp/help.html), which predicts the proteolytic activity in the intestinal-like 
environment. 

cStability was calculated using the Half Life Prediction tool (http://crdd.osdd.net/raghava/hlp/help.html). 
Half-life < 0.3 s means low stability; half-life from 0.1 to 1.0 s means normal stability; half-life > 1.0 s 
means high stability. 
Fonte: AMARAL et al., 2020. 
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4.1.4. Conclusion 

Here we report the results of quantum analysis of the CTLA-4:ipilimumab 

complex at both molecular and energetic levels by depicting proteins as amino acid 

fragments and calculating the residue-residue interaction energies to assess the 

global interaction energy. The use of quantum biochemistry for the calculations 

provided a detailed characterization and new insights into molecular features, 

shedding light on new and relevant amino acid interactions. Altogether, the results 

presented here favor the development of new compounds targeting the CTLA-4: 

ipilimumab complex. Finally, using quantum biochemistry, we designed synthetic 

peptides from the CTLA-4:ipilimumab interface complex, whose calculated binding 

energy suggests they can mimic antibodies to block CTLA-4. The obtained peptides 

are good alternatives to ipilimumab, by showing higher protease resistance and 

stability in the intestinal environment. Furthermore, these new molecules could 

reduce the costs of treatment and increase the benefits not only in clinical oncology 

trials but also in pharmaceutical medicine, improving cancer therapy. 
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5 LIGAÇÃO DO PESTICIDA ATRAZINA À ALBUMINA HUMANA 
 
 

Pesticidas são utilizados na agricultura com objetivo de reduzir as perdas 

causadas por pestes. Com sua utilização, observa-se um aumento da produtividade 

de alimentos. Entretanto, esses pesticidas são tóxicos na natureza e possuem 

diversos riscos para o meio ambiente e para saúde dos seres humanos, como: 

diabetes, distúrbios reprodutivos, disfunção neurológica, câncer e distúrbios 

respiratórios (ZHOU; ZHAO, 2021). 

A atrazina [6-cloro-N-etil-N´(1-metiletil)-1,3,5-triazina-2,4-diamina] é um 

dos pesticidas mais utilizados no mundo. Assim como os outros herbicidas, possui 

efeitos deletérios na natureza, como a contaminação de água, bioacumulação, 

magnificação trófica e diversos efeitos prejudiciais à saúde humana. Esse pesticida 

foi proibido na União Europeia em 2003, porém diversos países continuam 

realizando sua aplicação nas plantações, como os Estados Unidos e o Brasil, 

mesmo já sendo relatado sua toxicidade neuroendócrina e disfunções sexuais 

(ROSTAMI et al., 2021).  

A albumina sérica humana (HSA) é a proteína em maior quantidade no 

sangue, sendo envolvida no transporte, metabolismo e eliminação de diversas 

moléculas. Desse modo, é crucial entender como os pesticidas e outras moléculas 

se ligam a HSA, pois através do estudo da interação entre as moléculas com a HSA 

é possível compreender os parâmetros farmacocinéticos, farmacodinâmicos, bem 

como a toxicidade das mesmas (MOLAEI et al., 2022). 

Nosso grupo de pesquisa realizou estudos da interação entre a albumina 

sérica humana (HSA) com o pesticida atrazina, utilizando espectroscopia de 

fluorescência, simulações de docking e dinâmica molecular, bem como cálculos 

quânticos da interação desse pesticida em diferentes sítios ativos da HSA. Foi 

possível constatar que o principal sítio ativo de ligação da atrazina a HSA foi o FA8 e 

demonstrar os principais tipos de interações que ocorrem no complexo. O artigo 

completo com todas as informações encontra-se no tópico seguinte. 

Além de estudar os pesticidas interagindo com a HSA, nosso grupo 

também estudou a interação do adoçante stevia e dois derivados à albumina sérica 

bovina. O artigo desse trabalho encontra-se no apêndice J. 
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5.1 Characterization of the binding interaction between atrazine and human 

serum albumin: Fluorescence spectroscopy, molecular dynamics and quantum 

biochemistry 
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Highlights 

• Direct interaction of ATR with TRP214 (FA8) quenches HSA fluorescence.  

• Molecular dynamics predicts FA3/4 and FA8 as primary binding sites of ATR. 

• Quantum biochemistry indicates FA8 as the main binding site of ATR. 

• Pi-alkyl and van der Waals interactions contribute to the ATR/FA8 

complexation. 
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Abstract 

Atrazine (ATR), one of the most used herbicides worldwide, causes persistent 

contamination of water and soil due to its high resistance to degradation. ATR is 

associated with low fertility and increased risk of prostate cancer in humans, as well 

as birth defects, low birth weight and premature delivery. Describing ATR binding to 

human serum albumin (HSA) is clinically relevant to future studies about 

pharmacokinetics, pharmacodynamics and toxicity of ATR, as albumin is the most 

abundant carrier protein in plasma and binds important small biological molecules. In 

this work we characterize, for the first time, the binding of ATR to HSA by using 

fluorescence spectroscopy and performing simulations using molecular docking, 

classical molecular dynamics and quantum biochemistry based on density functional 

theory (DFT). We determine the most likely binding sites of ATR to HSA, highlighting 

the fatty acid binding site FA8 (located between subdomains IA-IB-IIA and IIB-IIIA-

IIIB) as the most important one, and evaluate each nearby amino acid residue 

contribution to the binding interactions explaining the fluorescence quenching due to 

ATR complexation with HSA. The stabilization of the ATR/FA8 complex was also 

aided by the interaction between the atrazine ring and SER454 (hydrogen bond) and 

LEU481(alkyl interaction). 

 

Keywords: triazine; herbicide; docking; quenching; molecular dynamics; density 

functional theory 

 

5.1.1 Introduction 

 

Pesticides avoid crop losses and warrant food availability to mankind. 

Different pesticides such as herbicides, insecticides, fungicides, rodenticides, and 

nematicides are essential in order to maintain the increase in the food production. 

Population growth estimates indicate that the food industry needs to increase 

pesticide production by 50% to meet the nutritional demand of world population by 

2050. Herbicides corresponded to 47.5% of the pesticide world production in 2019, 

the largest proportion among different pesticide groups [1]. It is crucial to focus 

studies on binding mechanisms as a basis for informed discussions of sustainability 

and pesticide use in the agricultural system [2] . 

Atrazine (ATR) is one of the most common worldwide herbicides, with an 
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annual usage ranging from 70,000 to 90,000 tons (notwithstanding its banning from 

the European Union since 2003). The USA consumed 36,000 tons of ATR in 2019, 

while in Brazil it was the second most used herbicide [3-5]. Chemically, ATR (2-

ethylamino-4-isopropylamino-6-chloro-s-triazine; Figure 54 is a water-soluble 

chlorotriazine widely applied in corn crops to control broadleaf and grassy weeds [6]. 

ATR inhibits efficiently photosynthesis by targeting the D1 protein of photosystem II 

[7]. Unfortunately, the indiscriminate and widespread use of ATR has led to soil and 

water contamination [8, 9]. More importantly, ATR persists in the environment due to 

its high resistance to degradation (long half-life, low vapor pressure, and low pKa) 

and molecular mobility [10, 11].  

The general population is exposed to ATR from drinking water and food, 

which pose widespread danger to public health [5, 12]. Consumption of contaminated 

food with hazardous pesticides has been estimated to 20,000 deaths a year in 

developing countries [1]. ATR is a potent endocrine disruptor with detrimental effects 

on gonadal development and fertility of fish, amphibians, and rodents. Additionally, 

ATR causes neurotoxicity and depresses immune function. In humans, it is 

associated with decreased sperm count, low semen quality, low fertility, and an 

increased risk of prostate cancer. Epidemiological studies have also reported birth 

defects, low birth weight, and small gestational age in populations exposed to ATR 

[13, 14]. 
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Figure 54. Molecular structure of atrazine (ATR) and human serum albumin (HSA). 

 

 

Legenda: A. Wide-frame representation of the ATR molecule separated into three regions: i (2-
ethylamine group), ii (6-chloro-s-triazine ring), and iii (4-isopropylamine group). B. Ball and stick 
representation of the ATR molecule with atom labels (Cl 1; N 2-6; C 7-14 and, H 15-28). C. The overall 
structure of HAS determined by x-ray crystallography (ID 4Z69 [15] with its subdomains and the fatty 
binding sites (FA1-FA9). 
Fonte: FRANÇA et al., 2022. 
 

Many aspects of distribution, metabolism, and elimination of small 

molecules are strongly correlated to their interactions with serum albumin. Therefore, 
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characterizing of the binding interaction of ATR with human serum albumin (HSA) is 

of great significance to understand pharmacokinetics, pharmacodynamics and 

toxicity of ATR in the human body. HSA is the most abundant carrier protein in 

plasma (60% of the total serum proteins) for a diverse range of exogenous and 

endogenous ligands through reversible noncovalent binding [16]. HSA consists of 

585 amino acids arranged in three homologous helical domains (I-III), each one 

comprising two subdomains (A and B). Nine structurally distinct sites for long and 

medium-chain fatty acids (FA) are distributed through the HSA domains, with major 

drug-binding sites located at the hydrophobic pockets of sub-domains II-A (Drug site 

I/FA7) and III-A (Drug site II/FA3) (Figure 54) [17-21]. 

ATR spontaneously binds to HSA by forming covalent adducts with 

cysteine 34 [22] and by electrostatic interactions with site II/FA3/4 [7, 23]. However, 

the binding sites of ATR in the HSA structure have not been rigorously assigned. 

Several studies have used spectroscopy methods and molecular models to describe 

interactions between serum albumins and small molecules such as drugs and 

pesticides. For example, the binding of the fungicide iprodione to HSA has been 

investigated through docking, calorimetry, UV-visible, fluorescence and CD 

spectroscopy revealing structural changes of HSA upon iprodione binding [24]. A 

similar approach was employed to study the interaction of conazole pesticides with 

HSA [25], as well as 9-hydroxyphenanthrene, a polycyclic aromatic hydrocarbon with 

carcinogenic properties [26]. 

With the advances in the structure organization of albumin by x-ray 

crystallography [19, 21, 27-29] and NMR spectroscopy [17, 18, 30] newer methods in 

computational biology allow the investigation of protein-drug complexes, beyond 

molecular docking [31, 32], such as classical molecular dynamics [33-35], molecular 

mechanics [36, 37] and semiempirical quantum methods [38, 39]. Quantum 

biochemistry calculations through the application of density functional theory (DFT) 

[40-46] combined with molecular fractionation strategies [47-54] is more accurate to 

estimate interaction energies, and our research group has been successfully applied 

it for the description of protein-drug, protein-peptide and protein-protein interactions 

at the amino acid residue level [55-70].  

In this work we present the results of molecular docking, molecular 

dynamics, and quantum biochemistry along with fluorescence spectroscopy to obtain 

basic data helpful for further elucidation of the binding mechanism of ATR to HSA, 
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clarifying the potential toxicity of ATR to human health, and aiding in the 

biomonitoring of ATR safety levels in the human body. 

 

5.1.2 Material and methods 

 

5.1.2.1 Reagents  

 

ATR (2-ethylamino-4-isopropylamino-6-chloro-s-triazine), HSA, and Tris 

buffer were obtained from Sigma-Aldrich.   

 

5.1.2.2 Fluorescence quenching  

 

Fluorescence emission spectra were obtained with an RF-6000 Shimadzu 

spectrofluorometer (Kyoto, Japan) equipped with a 1 cm quartz cell and a 

thermostatic bath. HSA was excited (λexc) at 280 nm and the emission was recorded 

between 300 and 500 nm. The excitation and emission slit widths were set to 5 nm 

each. HSA at the concentration of 10 µM was prepared in Tris-HCL buffer pH 7.4. 

ATR was added to the HSA solution to obtain 5 solutions at the final concentrations of 

5 mM, 10 mM, 20 mM, 40 mM, and 80 mM. All measurements were performed in 

triplicate at 25 ºC.  

 

5.1.2.3 Acquiring and preparing the structures of HSA and ATR  

 

The 3D structure of HSA was obtained from a protein data bank (PDB file 

ID 4Z69 – Resolution 2.19 Å) [71]. Water, ligands, and one protein chain were 

removed from the crystal structure of HSA using Discovery Studio 3.1 (Dassault 

Systemes BIOVIA). The protonation state of HSA was calculated at pH 7.4 with the 

PDB2PQR software [72]. Protonation changes of HSA residues, hydrogen 

adjustments, and total energy minimization were also performed using Discovery 

Studio 3.1. The 3D structure of ATR was obtained from the PubChem Database 

(https://pubchem.ncbi.nlm.nih.gov/), CID 2256, and submitted to charge analysis at 

pH 7.4 using MarvinSketch 18.24 (Marvin Beans Suite, ChemAxon), being 

afterwards submitted to Discovery Studio 3.1 for geometry optimization. 



150 

 

 

 

5.1.2.4 Molecular docking 

 

HSA and ATR were prepared using AutoDockTools 1.5.6. (The Scripps 

Research Institute) and executed with Autodock Vina 1.1.2 (The Scripps Research 

Institute) [73], which uses quasi-Newton and Broyden-Fletcher-Goldfarb-Shanno 

(BFGS) methods [74]. AutoDockTools was used to retain the polar hydrogens of HSA, 

to determine the torsion tree of ATR, and to add partial charges to ATR and HSA 

through Kollman united charges [75]. Receptor (HSA) and ligand (ATR) were both 

treated as flexible molecules. The grid box was defined as 72 Å x 108 Å x 94 Å with 

HSA in the center. Exhaustiveness was set at 500 with the remaining settings kept as 

default. The twenty top-ranked poses were analyzed and classified according to the 

binding site, docking score, and recurrence. Three binding sites were selected for the 

following simulations. 

 

5.1.2.5 Molecular dynamics (MD) 

 

ATR poses in the FA1, FA3/4, and FA8 binding sites of HSA, previously 

predicted by the molecular docking, were prepared using the Visual Molecular 

Dynamics (VMD) software version 1.9.1. ATR and HSA molecules were merged and 

inserted into a water box (TIP3 model), and the concentration of NaCl was adjusted 

to 0.15 M. ATR parameters were generated by SwissParam 

(https://www.swissparam.ch/) using the CHARMM force field 22 [76]. ATR/HSA 

complexes were initially refined by energy minimization using 1000 steps and a 

temperature gradient from 100 to 299 K. A simulation of 50 ns was performed (299 K 

and 1 bar) using NAMD 2.9 (University of Illinois at Urbana-Champaign) [77]. The 

root-mean-square deviation of the atomic positions (RMSD) of HSA and ATR was 

also calculated during the simulation. Following the MD procedure, energy 

minimization using 10000 steps was achieved. Finally, the interactions among ligand, 

protein, and water molecules were obtained from the last coordinates of each 

complex (ATR-HSA:FA1, ATR-HSA:FA3/4, ATR-HSA:FA8) using VMD 1.9.1. 

 

5.1.2.6 ATR/HSA binding interactions  
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2D diagrams of the interaction of ATR with the binding sites FA1, FA3/4, 

FA8 (coordinates previously generated by MD) were obtained using the Discovery 

Studio 2020 Receptor-Ligand Interactions Package (Dassault Systemes BIOVIA). 

The analysis of the ATR/HSA binding interaction was restricted to a distance of 4 Å 

from the ATR molecule considering a high ligand quality and preserving hydrogen 

interactions. Finally, the main interactions between ATR and HSA were represented 

in a 3D format using the Pymol software (Schrödinger, Inc). 

 

5.1.2.7 Molecular fractionation with conjugate caps (MFCC) and quantum 

biochemistry 

 

The interaction energy between the ATR molecule and HSA residues was 

calculated using Density Functional Theory (DFT) [42] through the Molecular 

Fractionation with Conjugate Caps (MFCC) strategy. The MFCC approach makes 

possible the investigation of many residues in a protein at a reduced computational 

time while maintaining accuracy [47, 78, 79]. To limit the number of residues to be 

analyzed without missing important interactions, non-covalent interactions within 10 

Å from the ATR molecule were considered, as well as water molecules within 2.5 Å 

from each HSA residue and ATR.  

The interaction energy between the -th HSA residue of interest ( ) and 

ATR was calculated as follows. First, we defined four auxiliary systems: (S1)  plus 

its respective conjugate caps  and  (the caps are attached to the amine and 

carboxyl parts of  and reflect the electronic environment of its neighborhood); (S2) 

 plus its conjugate caps only; (S3) the conjugate caps of  and ATR; (S4) the 

conjugate caps of  only. For each system, the total energy  were evaluated using 

the DFT formalism. All dangling bonds were passivated with hydrogen atoms and the 

caps were formed from the immediate neighbor residues of  in the protein chain, 

. The interaction energy between ATR and each amino acid residue was 

given by: 

 

All DFT calculations were performed using the DMOL3 code [80, 81]. A 

Double Numerical plus Polarization (DNP) basis set was selected to expand the 

Kohn-Sham orbitals of all electrons. The exchange-correlation functional of Perdew-
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Burke-Ernzerhof (PBE) within the generalized gradient approximation (GGA) [82] and, 

the Tkatchenko-Scheffler dispersion correction (GGA + TS) [83] scheme were chosen 

to evaluate electronic energies. The orbital cutoff radius was set to 4 Å and the self-

consistent field (SCF) convergence threshold was adjusted to  Ha. Water 

solvation was implemented through the COSMO implicit solvation model [84] with 

dielectric constant of 40 and include explicit water molecules within a radius of 2.5 Å 

relative to the ATR-  centroid. 

 

5.1.3 Results and discussion 

 

5.1.3.1 Fluorescence quenching experiments  

 

The interaction of ATR with HSA is clinically relevant. HSA binds to a wide 

variety of drugs, increasing their half-life at the expense of decreasing their free 

active concentration [85]. In the case of ATR, binding to HSA may have an important 

role in enhancing ATR low solubility in water [6] and, consequently, changing its 

distribution throughout body compartments and toxicity. 

As depicted in Figure 55, ATR caused a concentration-dependent 

quenching of HSA fluorescence, a clear sign of ATR binding to HSA. Although HSA 

presents 40 aromatic residues (31 phenylalanine, 18 tyrosine, and only one 

tryptophan residue) [15], its intrinsic fluorescence is mainly attributed to the TRP214 

residue found at the surface of subdomain II (site FA8) [86, 87]. Lack of shift in the 

maximum emission peak of HSA (approximately at 330 nm) in our measurements 

suggests no change in the microenvironment hydrophobicity around TRP214 upon 

ATR binding [88]. 

Our fluorescence quenching results are in accordance with those 

previously reported  for ATR [7] and prometryn (diamino-1,3,5 triazine with SCH3 

group at position 6) [23]. In these studies, HSA quenching occurred by a static 

mechanism (quencher interacts with the fluorophore in the ground state). 

Thermodynamic parameters derived from the quenching data pointed towards a 

spontaneous complexation of the triazine herbicides and HSA ( ) ruled mostly 

by electrostatic, hydrophobic interactions and hydrogen bonding.  
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Figure 55. Steady-state fluorescence spectra of HSA in the presence of increasing 
concentrations of ATR. 

 

Legenda:Each spectrum corresponds to one aqueous solution of 10 µM HSA and ATR (0, 5, 10, 20, 
40 and 80 mM) in Tris-HCL buffer (pH 7.4). Excitation: 280 nm. Emission and excitation slits were 5 
nm each. 
Fonte: FRANÇA et al., 2022. 

 

Thermodynamics of the association between triazine herbicides and HSA 

seems to occur via an enthalpy–entropy compensation mechanism [23]. Negative 

entropies were explained by degrees of freedom of the herbicide being lost when it 

was included in the HSA cavity. However, the association mechanism was 

enthalpically driven by the replacement of weak herbicide–bulk solvent interactions 

with van der Waal and polar interactions. The importance of the hydrophobic effect 

on the triazine herbicide binding mechanism was discussed as well. The strength of 

complexation to HSA increased with hydrophobicity/bulkiness of the herbicide. For 

instance, ATR (region iii = 4-isopropylamine) bound more strongly to HSA than 

simazine (region iii = 2-ethylamine) whereas binding was significantly decreased by 

the presence of a chloro group (ATR and simazine) compared to a –S–CH3 (or –O–

CH3) group (prometryne, ametryne, terbutryne, desmetryne and secbumeton). 

 

5.1.3.2 Docking and molecular dynamics simulations  

 

Prediction of the interaction of HSA with small ligands has been widely 

investigated through docking and molecular dynamics simulations [7, 24, 59, 88-90]. 

HSA can bind up to nine molecules of long-chain fatty acids (FA), represented by the 

binding sites FA1-FA9 with different affinities for FA (Figure 54). FA4 and FA5 are 
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high-affinity sites that provide the most enclosed binding environments in the HSA 

structure; FA2 is a medium affinity site entirely contained within the N-terminal half of 

the protein, between subdomains IA and IIA; FA8 and FA9 are usually considered as 

supplementary binding sites, displaying ligand occupancy only in the presence of 

short-chain FAs (FA8) or in the presence of saturating FA concentration (FA9). In 

addition to FA and other endogenous ligands, a wide range of drugs bind to HSA. 

Drug and FA bindings sites overlap: FA7 with drug site I; FA3/4 with drug site II [17-

21]. 

Most of the predicted conformation poses after the docking simulations 

were associated with sites FA3/4 (or drug site II; 6 poses), FA1 (5 poses), and FA8 (5 

poses) (Figure 55). The presence of TRP214 at FA8 (pose 9) and TYR138, TYR161 

at FA1 (pose 1) agree with our observations of HSA fluorescence quenching by ATR 

(Figure 55).  

Site marker displacement experiments have suggested drug sites II (sites 

FA3 and FA4) and I (site FA7) as the main binding sites of ATR [7] and prometryn [23], 

respectively. Moreover, molecular docking simulations confirmed the binding of 

prometryn to the large hydrophobic cavity of drug site I [23]. However, those 

investigation [7] did not analyze the contribution of other bindings sites of HSA to 

herbicide/HSA complexation, such as site FA8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



155 

 

 

Figure 56. ATR/HSA docking 

 

 

Legenda:The chart lists the binding energy (docking score) of the 20 predicted conformational poses 
generated by the ATR/HSA docking procedure (binding sites FA1-FA8). Poses with the highest 
docking scores (in red) are represented in the 3D approximation cartoon. 
Fonte: FRANÇA et al., 2022. 
 

To further characterize the ATR/HSA binding interaction, MD simulations 

were performed. The time dependence of the root mean square deviation (RMSD) of 

the HSA atomic coordinates without ligand and the HSA-ATR complexes with highest 

docking scores (pose 1 - FA1, pose 5 - FA3/4, and FA8 - pose 9) is shown in Figure 

57. The binding sites FA2, FA6, and FA7 were discarded due to their smaller docking 

frequency. 

The RMSD variations of ATR complexed with sites FA3/4 and FA8 were 

smaller than 1 Å, indicating structural stabilization [91-94]. MD simulation runs of 20 

ns showed variations of 0.84 and 0.82 Å for HSA and ATR/HSA:FA3/4 and 1.49 and 

0.61 Å for HSA and ATR/HSA:FA8, respectively. Conversely, the larger RMSD 

variation of the ATR-HSA:FA1 complex of 0.96 Å, compared to the other complexes, 

indicated weaker stabilization.  
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MD simulation data (RMSD) pointed sites FA3/4 and FA8 as the most 

probable binding sites of ATR on HSA, with the maximum structural stabilization 

(lower RMSD) observed for FA3/4. Considering that FA3/4 is part of drug site II, the 

MD results are in agreement with literature that has identified drug site II as the 

experimental binding site of ATR [7] and prometryn [23]. 

 

5.1.3.3 Quantum biochemistry simulations 

 

Figures 58-61 describe in detail the non-covalent interactions and the 

residue-ATR binding energies at sites FA1, FA3/4, and FA8 considering all residues 

within 10 Å from the ATR molecule. For the sake of our analysis, the ATR molecule 

was divided into three regions: i (2-ethylamine group), ii (6-chloro-s-triazine ring), and 

iii (4-isopropylamine group) (Figure 54). Furthermore, in tables S1-S3 of the 

Supplementary Data, the interaction energies, electric charges, and atoms involved 

in each binding interaction are listed. 

Figure 57. Root-mean-square deviation as a function of time.  

Legenda: Root-mean-square deviation (RMSD) as a function of time in the MD simulation for the sites 
FA1, FA3/4, and FA8 of HSA and HSA bound to ATR. 
Fonte: FRANÇA et al., 2022. 
 
 

The quantum mechanical calculations highlighted hydrogen, pi-alkyl, 

amide-pi stacked, alkyl, and van der Waals interactions between HSA and all three 
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regions of ATR. The highest binding affinity (smallest interaction energy), in 

decrescent order, was observed with TRP214 (pi-alkyl interaction with region iii) at 

FA8, ASN391 (hydrogen-bond with region ii) at FA3/4, and TYR138, TYR161 (pi-alkyl 

interaction with regions i and iii, respectively) at FA1. Among the three binding sites, 

the complexation of ATR with FA8 exhibited the strongest interaction, in agreement 

with fluorescence quenching data (figure 55).  

 

5.1.3.4 ATR binding to FA1 site 

 

The FA1 site is a narrow and deep D-shaped cavity located in subdomain 

IB that can extend and accommodate ligands of different sizes, such as bilirrubin and 

heme. In comparison to the other major FA binding pockets on HSA, FA1 is relatively 

open and solvent accessible [17-21].  

As shown in Figure 58A, ten HSA residues at the FA1 site (LEU115, 

PRO118, PHE134, LEU135, LEU139, ILE142, ALA158, PHE165, ASP183, and 

ARG186) exhibited van der Waals interactions with ATR, while TYR138 (3.65 Å), 

TYR161 (4.24 Å and 5.28 Å), and LEU182 (4.83 Å) establish pi-alkyl interactions. 

Alkyl-type interactions were observed between ATR and ARG117 (4.14 Å), MET123 

(4.68 Å), and LEU182 (4.74 Å). 

The main HSA residues involved in the formation of the ATR/FA1 complex 

were ARG117 (2.32 Å), TYR138 (2.41 Å), TYR161 (2.15 Å), and LEU182 (2.2 Å) 

(figure 57A-B). As shown in Figure 58C, the most energetically favorable interactions 

occurred between region i of ATR (2-ethylamine group) and TYR138 (-6.49 kcal.mol-1, 

including 5 water molecules), and between region iii (4-isopropylamine group) and 

TYR161 (-6.34 kcal.mol-1, including 6 water molecules). The binding interactions of 

region iii with LEU182 (5 water molecules) and ARG117 (7 water molecules) 

presented energies of -4.60 kcal.mol-1 and -3.90 kcal.mol-1, respectively. Small 

repulsion interactions of about 1 kcal.mol-1 were observed for ARG145 and ARG160, 

at 6 and 8 Å of distance from ATR, respectively. All the remaining residues attracted 

ATR with energies ranging between -3 and -1 kcal.mol-1 approximately. 

The quantum biochemistry simulations did not predict interactions between the 

triazine ring (region ii) and FA1 site. However, the thiol group of CYS-4 (at FA1) has 

been recently reported to form covalent adducts with the triazine ring, without prior 

metabolic transformation of ATR [22]. CYS34 is of physiological importance since it is 
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the only free CYS residue present in HSA, which makes HSA a powerful plasma 

antioxidant and detoxicant due to its covalent binding to endogenous ligands, metal 

ions, free radicals, and xenobiotics [95].  

 

Figure 58. Quantum biochemistry results for the ATR/FA1 complexation. 

 

 
Legenda: A. Non-covalent interactions within 10 Å from the ATR molecule. Distances (in Å) for each 
interaction are shown. B. 3D diagram illustrating the most energetically relevant ATR interactions at 
FA1. C. BIRD panel (Binding site, Interaction energy, and Residues Domain) showing the interaction 
energy of each residue with the ATR molecule (regions i, ii, and iii). The distance of each residue to 
the ATR centroid is given at the right side of the panel. The number of explicit water molecules and the 
type of interaction (asterisk symbols) participating in the ATR/FA1 complexation are also indicated. 
Fonte: FRANÇA et al., 2022. 

 

The interaction of ATR with TYR138 and TYR161 might have a direct effect on 

the adjustment of FA1 to ligands, leading eventually to steric exclusion and the 

compromise of HSA antioxidant properties. In the absence of a ligand, the FA1 cavity 

is partially occluded by TYR138 and TYR161, which stack on top of one another. 

However, upon ligand binding (heme, FA) the sidechains of TYR138 and TYR161 

rotate, causing the opening of the binding pocket and clamping the ligand in place 
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[17-21]. 

 

5.1.3.5 ATR binding to FA3/4 site 

 

 Sites FA3 and FA4 are located in a large cavity in subdomain IIIA and 

together constitute the drug site II, which is the preferential binding site of aromatic 

carboxylates with an extended conformation (i.e. ibuprofen, diflunisal). Drug site II is 

generally selective for drugs with an electronegative group peripherally located due 

to the presence of a basic polar patch close to one side of the binding pocket 

entrance, centered on TYR411, ARG410, LYS414, and SER489 [17-21].  

As presented in Figure 59A, the binding of ATR to sites FA3 and FA4 

involved eight van der Waals (LEU394, PHE403, LEU407, LEU430, GLY431, 

GLY434, ARG445, and LEU453) and five alkyl type interactions (ILE388 - 4.44 Å, 

CYS392 - 4.97 Å, CYS437 - 4.42 Å, CYS438 - 4.48 Å, and ALA449 - 4.14 Å). Further 

inquiry indicated the formation of a single hydrogen bond (ASN391 - 2.01 Å), one 

amide-pi stacked (LEU387- 5.13 Å) and two pi-alkyl interactions (ILE388 - 5.16 Å and 

ALA449 - 4.40 Å). Among them, the most relevant binding was to ASN391 (2.01 Å, -

8.30 kcal.mol-1, 7 water molecules), ILE388 (2.52 Å, -4.15 kcal.mol-1, 3 water 

molecules), LEU387 (2.44 Å, - 3.45 kcal.mol-1, 3 water molecules) and LEU453 (2.20 

Å, -3,43 kcal.mol-1, 6 water molecules) (Figures 59B-C). The residues GLU382 and 

GLU442, between 9 and 10 Å of distance from ATR were slightly repulsive, with 

positive interaction energies of about 0.15 kcal.mol-1, while all remaining residues at 

the binding pocket were attractive. A clear trend to decrease the binding energy as 

the distance from ATR increases was observed for distances larger than 3 Å, as 

occurred for FA1 site. 

None of the ATR interactions at FA3/4 involved the basic polar patch of the 

drug site II [17-21]. This can be explained by the neutral (uncharged) character of the 

ATR molecule at physiological pH (7.4, Tables S.1-3). Moreover, contrary to the 

observed for FA1, all regions of the ATR molecule interacted with FA3/4: region i 

(H24) with LEU387, region ii (N6 and N4) with ILE388 and ASN391, and region iii 

(H20) with LEU453. These results indicate that the ATR molecule is entirely 

entrapped by the FA3/4 cavity (drug site II), with the triazine ring (region ii) playing an 

important role in stabilizing the ATR/FA3/4 complex mainly by the hydrogen bond 

between N4 and ASN391 (table S2 and figure 59B-C). 
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Figure 59. Quantum biochemistry results for the ATR/FA3/4 complexation. 

 

 

Legenda: A. Non-covalent interactions within 10 Å from the ATR molecule. Distances (in Å) for each 
interaction are shown. B. 3D diagram illustrating the most energetically relevant ATR interactions at 
FA1. C. BIRD panel (Binding site, Interaction energy, and Residues Domain) showing the interaction 
energy of each residue with the ATR molecule (regions i, ii, and iii). The distance of each residue to 
the ATR centroid is given at the right side of the panel. The number of explicit water molecules and the 
type of interaction (asterisk symbols) participating in the ATR/FA1 complexation are also indicated. 
Fonte: FRANÇA et al., 2022. 

 

5.1.3.6 ATR binding to FA8 site 

 

Site FA8 is located at the base of the gap between subdomains IA–IB–IIA 

on one side and subdomains IIB–IIIA–IIIB on the other side. Due to volume 

restrictions, site FA8 only accommodates short-chain FA. The hydrophobic cavity of 

FA8 is formed by the methylene tail of the short-chain FA bound to FA6 and, by polar 

residues (LYS195, LYS199, ARG218, ASP451, and SER454) that stabilize the polar 

head of the ligand [17-21]. 
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As depicted in Figure 60, there were nine residues at the FA8 binding site 

forming van der Waals interactions with ATR (LYS195, LYS199, SER202, ALA210, 

PHE211, LEU347, GLU450, ASP451, VAL455). Pi-alkyl (TRP214 - 4.13 Å, LEU481 - 

4.23 Å) and alkyl (VAL344 - 4.15 Å, LEU481 - 4.38 Å, VAL482 - 4.90 Å) interactions 

were identified as well, plus one hydrogen bond (SER454 - 2.17 Å). 

The residues presenting the most energetically favorable interactions with 

ATR were TRP214 (2.42 Å, -8.98 kcal.mol-1, 2 water molecules considered), SER202 

(1.91 Å, -7.01 kcal.mol-1 and 3 water molecules); LEU481 (2.93 Å, -5.74 kcal.mol-1, 6 

water molecules), SER454 (2.17 Å, -5.33 kcal.mol-1, 3 water molecules), and LYS199 

(2.28 Å, -4.31 kcal.mol-1, 2 water molecules). These residues interacted strongly with 

regions ii (SER202, LEU481, SER454) and iii (TRP214, LYS199) of ATR. One can 

also mention PHE211 (-3.20 kcal.mol-1, through a van der Waals interaction within 3 

Å of ATR and 3 water molecules included) and LEU198 (-2.95 kcal.mol-1, alkyl 

interaction within 4 Å of ATR and an alkyl interaction, near 5 water molecules). There 

were no residues with repulsive interaction to ATR up to 10 Å, except for GLU479, 

with interaction energy of 0.08 kcal.mol-1. The interaction energy decreased 

consistently for residues beyond 4 Å from the ATR centroid. 

Figure 61 shows the electrostatic potential isosurface constructed from the 

DFT calculations, colored according to the electric charge density of ATR and 

TRP214. Similar figures are presented in the Supplementary Data for other residues 

at the FA1, FA3/4, and FA8 binding pockets (figures S1-S3, respectively). Atoms with 

large (O, N) and small (C, H) electron density are depicted, with the largest values 

being observed in the region ii of ATR (near the nitrogen atoms) and in the carboxyl 

and amino groups of TRP214. The ATR/TRP214 conformation promotes a pi-alkyl 

type interaction between them within a range of approximately 2.4 Å. This interaction 

is responsible for the fluorescence quenching observed in our measurements (figure 

54).  
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Figure 60. Quantum biochemistry results for the ATR/FA8 complexation 

. 

 

Legenda: A. Non-covalent interactions within 10 Å from the ATR molecule. Distances (in Å) for each 
interaction are shown. B. 3D diagram illustrating the most energetically relevant ATR interactions at 
FA1. C. BIRD panel (Binding site, Interaction energy, and Residues Domain) showing the interaction 
energy of each residue with the ATR molecule (regions i, ii, and iii). The distance of each residue to 
the ATR centroid is given at the right side of the panel. The number of explicit water molecules and the 
type of interaction (asterisk symbols) participating in the ATR/FA1 complexation are also indicated. 
Fonte: FRANÇA et al., 2022. 
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Figure 61. Electron density of ATR and TRP214 (site FA8). 

 

Legenda: A pi-alkyl type interaction is shown between region iii of the ATR molecule and TRP214. 
Fonte: FRANÇA et al., 2022. 

 

One can point out that the quantum biochemistry simulations were 

performed without fatty acids in the environment. However, the absence of fatty acids 

does not invalidate our results. Drug site II (FA3/4) overlaps with one high affinity 

(FA4) and one low affinity (FA3) FA binding site. Thus, in physiological condition, it 

would be expected drug site II to be more susceptible to displacement by FA [17]. 

This observation reinforces the case in favor of the low-affinity binding site FA8 as the 

main promoter of ATR complexation to HSA. On the other hand, the FA8 site is 

probably not capable of holding multiple ATR molecules due to volume restrictions. 

This is not observed, for instance, in the big hydrophobic cavity of drug site I (FA7), 

which is usually the place of interactive association of drugs [17-21]. 

 

5.1.3.7 Binding pocket sizes and total binding energies of ATR/HSA complexation 

 

One can define the binding pocket size of a molecule bound to a protein 

by constructing a sphere centered at the molecule centroid and adding up the 

interaction energies with the molecule only for residues inside the sphere. As the 

sphere radius increases, the total interaction energy must stabilize, defining an 
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effective binding pocket size.  

 
Figure 62. Total interaction energy  between ATR and the residues of the three 

binding sites of HAS. 
 

 

Legenda: Total interaction energy  between ATR and the residues of the three binding sites of HSA 

(FA1, FA3/4, and FA8) as a function of the binding site radius (all residues within the given distance 
from ATR are considered to obtain the interaction energy) from the quantum biochemistry calculations. 
Some relevant amino acid residues are identified. 
Fonte: FRANÇA et al., 2022. 

 
We have performed this procedure for ATR and each albumin binding site 

using quantum biochemistry. As shown in Figure 62, the total interaction energy 

stabilized for a 8 Å radius from the ATR centroid for both the ATR-HSA:FA3/4 and 

ATR-HSA:FA1 complexes, reaching approximately nearly the same value. For the 

ATR-HSA:FA8 complex, one can observe a very sharp decrease in interaction energy 

at 3 Å in comparison to ATR-HSA:FA1 and ATR-HSA:FA3/4, which is attributed to the 

interaction with LEU481. A subsequent energy reduction occurred near 5.5 Å 

followed by energy stabilization at 8 Å associated to a significant smaller energy than 

that observed for the other binding sites. At 10 Å, the complex ATR-HSA:FA8 

exhibited a binding energy of 53.10 kcal.mol-1, more than 10 kcal.mol-1 larger than 

those reported for ATR-HSA:FA1 (39.88 kcal.mol-1) and ATR-HSA:FA3 (41.19 

kcal.mol-1). 
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5.1.4  Conclusions 

 

The indiscriminate and often widespread use of ATR is a potential harm to 

public health [13, 14]. The detailed insights into HSA/ATR binding interactions 

reported here provide an invaluable structural framework for the interpretation of the 

pharmacodynamics and toxicity of ATR.  

In summary, we have investigated the interaction between the herbicide 

ATR and HSA through experimental and computational techniques. On the 

experimental side, we have confirmed the binding interaction of ATR and HSA by 

observing a concentration-dependent quenching of HSA intrinsic fluorescence as 

ATR interacts directly with TRP214 presented in FA8 site.  

ATR docking simulations performed for the FA binding sites of HSA 

provided 20 poses, which were subsequently submitted to molecular dynamics 

simulations. The results revealed sites FA1, FA3/4 and FA8 as the most relevant for 

the binding interaction between ATR and HSA. RMSD analysis indicated stability of 

ATR especially for the FA8 binding site (followed by FA3/4), in contrast with previous 

studies that suggested sites FA3/FA4 and FA7 as the main binding sites of triazine 

herbicides [7, 23]. 

A detailed analysis using quantum biochemistry was then performed to 

evaluate the specific residue contributions to ATR binding to FA1, FA3/4, and FA8 

sites. In the case of FA1, residues TYR138 and TYR161 were highlighted, with 

interaction energies of -6.49 kcal.mol-1 and -6.34 kcal.mol-1 involving the ethylamine 

and isopropylamine groups of ATR, respectively. At FA3/4 site, there was a very 

strong interaction via hydrogen bonding with ASN391 (-8.30 kcal.mol-1). For the FA8 

binding site, there were three residues with significant affinity for ATR: TRP214 (-8.98 

kcal.mol-1), SER202 (-7.01 kcal.mol-1), and LEU481 (-5.74 kcal.mol-1). All these 

interactions are affected by the presence of water molecules and decrease 

consistently when the residues are beyond 4 Å.  

Adding-up the interaction energies of all residues in the three distinct 

binding pockets of HSA, one finds that FA1 and FA3/4 presented approximately the 

same energetic affinity for ATR, about -40 kcal.mol-1, while the FA8 site was the 

preferential binding site with interaction energy of about -53 kcal.mol-1, contrasting 

with a previous study that suggested FA3/FA4 and FA7 sites as the more likely sites 

of interest for complexation with ATR [7, 23]. These results correlate well with the 
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fluorescence quenching observed in the performed experiments. 
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6 FOCO NA CANDIDA SPP. 

 

Espécies de Candida spp. são fungos oportunistas, sendo o fungo 

responsável pelo maior número de mortes de pacientes imunossuprimidos no mundo, 

o que representa um sério problema de saúde pública (FIRACATIVE, 2020). 

Candidemia é a infecção hospitalar mais frequente e responsável por mais de 15% 

de todas as infecções sanguíneas, se considerar apenas infecções causadas por 

fungos, sendo as diferentes espécies de Candida spp. responsáveis por 40 a 70% 

dessas infecções (FIORITI et al., 2022). As infecções fúngicas invasivas ameaçam a 

vida com uma taxa de mortalidade por ano mais alta que a da malária, do câncer de 

mama e de próstata (VAN DIJCK et al., 2018).  

Candida albicans é a espécie mais encontrada quando se isolam os 

agentes causadores das infecções, porém, outras espécies, como C. parapsilosis, C. 

tropicalis, C. krusei, C. glabrata e C. famata têm aumentado, significativamente, os 

índices de infecções, principalmente em pacientes imunodeprimidos, tais como 

aqueles portadores do vírus HIV (SINGH; TÓTH; GÁCSER, 2020) 

Espécies de Candida spp. apresentam uma grande flexibilidade em seus 

modos de vida, sendo capazes de crescer em ambientes extremamente diferentes, 

no que se refere à disponibilidade de nutrientes, variação de temperatura, pH, 

osmolaridade e à quantidade de oxigênio disponível (BARTNICKA et al., 2019). 

Superfícies contaminadas com Candida spp., como mesas, cadeiras e sondas 

possuem colonização persistentes por 28 dias, tornando-se um problema no 

processo de desinfecção hospitalar (FU et al., 2020). Esse fato associado ao grande 

desenvolvimento de resistência das leveduras pelos antifúngicos já descobertos, 

bem como a capacidade de formar biofilmes com outras espécies, torna o genêro 

Candida spp. um sério risco para a saúde humana, sendo necessário o 

desenvolvimento contínuo de novas drogas com diferentes mecanismos de ação 

para se garantir um eficiente tratamento aos pacientes (AMARAL; SOUZA; et al., 

2021).  
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6.1 Estudos in silico e experimentais com peptídeos contra Candida spp.  

 

Peptídeos antimicrobianos naturais são moléculas compostas por uma 

sequência de 10 a 50 resíduos de aminoácidos, que são carregados positivamente 

(+2 a +9), e possuem tanto resíduos hidrofóbicos como resíduos hidrofílicos, o que 

permite sua solubilidade em meio aquoso, como também em meios com membranas 

hidrofóbicas. São classificados em diferentes grupos dependendo da sua 

composição, tamanho, sequência, estrutura, hidrofobicidade e anfipaticidade, 

características cruciais para sua atividade antimicrobiana (LIMA et al., 2021). 

Diferentemente das drogas convencionais que possuem uma proteína 

alvo ou um constituinte específico da membrana, os PAMs possuem ação 

principalmente na permeabilização da membrana de micro-organismos através de 

interações iônicas e hidrofóbicas com os fosfolipídios presentes em sua estrutura. O 

que dificulta a sua resistência, visto que, o patógeno trocar sua composição da 

membrana, resultaria em um custo energético alto. Assim, os PAMs induzem 

nenhuma ou pouca resistência dependendo do micro-organismo (HOLLMANN et al., 

2018). Mesmo com a membrana sendo o alvo mais provável dos PAMs, é observado 

que esses peptídeos também possuem alvos intracelulares e extracelulares, como 

na interferência da produção da parede celular, na síntese de RNA/DNA e proteínas, 

na atividade enzimática e no enovelamento de proteínas (KALSY et al., 2020; LEE, 

Hyunhee et al., 2019). 

Apesar dos PAMs apresentarem diversas vantagens e alguns estarem em 

fase de teste clínico, a maioria deles apresentam características não desejáveis para 

aplicação clínica, demostrando várias limitações farmacocinéticas, como a 

susceptibilidade, a degradação por enzimas, citotoxicidade contra células de 

mamíferos e baixa biodisponibilidade (GALDIERO et al., 2019; SHWAIKI; LYNCH; 

ARENDT, 2021). Assim, o desenvolvimento dos PAMs sintéticos através da 

bioinformática tem sido considerada a alternativa mais promissora para o 

desenvolvimento de novos fármacos, visto que melhoram os parâmetros 

farmacocinéticos e farmacodinâmicos dos PAMs naturais (MOOKHERJEE et al., 

2020). Além disso, apenas pequenas regiões dos PAMs naturais são responsáveis 

pela ação antimicrobiana desempenhada, dessa forma, desenhando PAMs sintéticos 

é possível reduzir o tamanho do peptídeo, o que resulta na redução do preço de 

produção, diminuição dos efeitos colaterais, bem como na redução do seu potencial 
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de imunogenicidade (FERNÁNDEZ DE ULLIVARRI et al., 2020). Outra vantagem 

observada nos PAMs sintéticos, é o melhoramento da sua suscetibilidade contra 

proteólise e a redução da toxicidade, tornando-se mais estável para aplicação 

terapêutica (LAI et al., 2022). 

Os PAMs sintéticos são bioinspirados em PAMs naturais, bem como em 

fragmentos de proteínas com grandes atividades antimicrobiana. Diversos softwares 

estão disponíveis online e com acesso gratuito para fazer predições de PAMs 

sintéticos, considerando as características bioquímicas dos peptídeos, como na 

análise de suas sequências com atividade comprovada, na hidrofobicidade, nas 

cargas, anfipacidade e conformações (LIMA et al., 2021), sendo possível o 

desenvolvimento de PAMs sintéticos com atividade antimicrobiana, eficazes e 

seguros para aplicação clínica contra micro-organismos multirresistentes.  

Com o avanço da bioinformática, é possível realizar estudos envolvendo 

proteínas e membrana alvo dos peptídeos. As espécies de Candida spp. possuem 

várias proteínas que podem ser alvos para o desenvolvimento de drogas, como a 

proteína CYP51 que é o alvo do grupo de drogas azóis (fluconazol, isavuconazol, 

itraconazol, posaconazol e voriconazol) e a β-1,3-glucanase e β-1,3-glucano 

sintetase que são alvos do grupo de drogas chamados equinocandinas 

(caspofungina, micafungina e anidulafungina). Outros alvos proteicos são 

considerados como chave para o desenvolvimento de novas drogas, como as 

proteases aspárticas secretadas por Candida. Além de proteínas, os peptídeos 

antimicrobianos (PAMs) possuem como alvo principal a membrana plasmática do 

micro-organismo. O estudo das interações dos PAMs com proteínas e com 

membranas a nível molecular é possível através da utilização de simulações de 

bioinformática.  

No nosso artigo, que foi tema da minha dissertação de mestrado e 

durante o doutorado realizei os experimentos finais e publiquei, demonstrei que o 

peptídeo Mo-CBP3-PepIII interage com proteínas alvo de Candida spp. através de 

docking, dinâmica molecular e bioquímica quântica, bem como simulei a interação 

desse PAM com uma membrana mimética de levedura através de dinâmica 

molecular. Esse estudo completo encontra-se no apêndice A da tese. Durante minha 

graduação, realizei um trabalho de isolamento de peptídeos do látex de Calotropis 

procera e testei as atividades desse isolado. Observei que o isolado peptídico possui 

atividade inseticida e fungicida, incluindo contra Candida spp., como demonstrado 
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no artigo completo no apêndice B que também foi finalizado e publicado durante o 

período do meu doutorado. Além do estudo diretamente entre os peptídeos e os 

alvos, também realizei parcerias para analisar a interação de peptídeos com drogas 

já conhecidas e demostrar o sinergismo que ocorre entre elas. Essas colaborações 

renderam os trabalhos que encontram-se nos apêndices C, D e E. 

 

7 TRABALHOS EM FINALIZAÇÃO 

 

Além dos trabalhos publicados, que estão nesta tese, vários estudos 

estão sendo desenvolvidos utilizando as mesmas metodologias por nosso grupo de 

pesquisa. Estamos desenvolvendo peptídeos miméticos do anticorpo Infliximabe, 

que é o anticorpo mais comercializado no Brasil atualmente. Outros peptídeos 

miméticos estão sendo desenvolvidos a partir do anticorpo Trastuzumabe, que 

possui como alvo a proteína HER2, que desempenha um papel importante no 

câncer de mama. Como os resultados não estão finalizados desses anticorpos, 

iremos demonstrar aqui os principais resultados de outros dois artigos que estão 

submetidos e serão publicados em breve. Dessa forma, além dos artigos já 

publicados, espera-se que quatro artigos ainda sejam publicados a partir desse 

trabalho de doutorado. 

 

7.1 Interação de SARS-CoV-2 com animais 

 

O primeiro trabalho é um estudo entre a interação da proteína S do 

SARS-CoV-2 com a proteína ECA2 de 53 espécies de animais. O objetivo deste 

trabalho é observar quais espécies poderiam ser infectadas com SARS-CoV-2, 

podendo ser um reservatório natural do vírus. As proteínas ECA2 dos animais foram 

modeladas por homologia, após realizarmos o docking molecular com a proteína S 

de SARS-CoV-2. Das 53 espécies testadas, apenas 11 tiveram um encaixe 

semelhante ao encaixe da proteína S com a ECA2 humana, como pode ser 

observado na figura 63. 

Com esse resultado de docking molecular foi possível predizer que as 

outras espécies testadas não são infectadas por SARS-CoV-2. Dessa forma, 

realizamos dinâmica molecular e bioquímica quântica do complexo proteína S e 

ECA2 das 11 espécies de animais. A bioquímica quântica demonstrou que a proteína 



177 

 

 

S de SARS-CoV-2 possui energia de interação pela proteína ECA2 das espécies na 

seguinte ordem, do que possui maior afinidade para o menor: Sapajus apella 

(macaco-prego), Rhinolophus sinicus (morcego ferradura ruivo chinês), Gorilla gorilla 

gorilla (gorila-do-ocidente), Chinchilla lanigera (chinchila de cauda longa), Aotus 

nancymaae (uma espécie de macaco-da-noite), Pan paniscus (bonobo ou 

chimpanzé-pigmeu), Saccopteryx bilineata (morcego da família Emballonuridae), 

Neovison vison (visão americano), Homo sapiens, Numida meleagris (galinha-

d'angola), Macaca nemestrina (Macaco-de-cauda-de-porco-do-sul) e Emballonura 

alecto (morcego da família Emballonuridae), como mostrado na figura 64. 

 

Figura 63. Proteína S de SARS-CoV-2 interage com onze animais de maneira 
semelhante à interação com a proteína ECA2 de humanos.  
 

 

Fonte: Elaborado pelo autor. 
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Figura 64. Convergência e somatório da energia de interação entre a proteína S de 

SARS-CoV-2 e a proteína ECA2 das 11 espécies testadas e a do ser humano. 

 

 

Fonte: Elaborado pelo autor. 

 

Das 11 espécies que o SARS-CoV-2 pode interagir, de acordo com as 

simulações, 5 são espécies de macacos, o que era um resultado esperado devido a 

grande similaridade das proteínas ECA2. Outras 3 espécies indicadas são de 

morcegos, o que já é constatado na literatura, visto que os morcegos são 

reservatórios de coronavírus, desde o vírus MERS-CoV. O Neovison vison (vison 

americano) e a Chinchilla lanigera (chinchila de cauda longa) já são relatados com a 

capacidade de ser infectado e a Austrália sacrificou milhões desses animais para 

impedir a circulação de SARS-CoV-2. Assim, apenas Numida meleagris (galinha-

d'angola) apresenta-se como uma novidade ainda não relatada na literatura, apesar 

de ser relatado o potencial de infectividade das aves por vírus. Através desse estudo 

podemos observar a acurácia que as simulações possuem e alertar o mundo para o 

potencial da galinha-d’angola ser um reservatório de SARS-CoV-2. 
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7.2 Interação das drogas Tofacitinib e Peficitinib com a enzima JAK1 

 

O segundo trabalho que encontra-se submetido, entitula-se “Tofacitinib 

and Peficitinib inhibitors of Janus kinase for autoimmune diseases treatments: A 

Quantum Biochemistry Description”. Esse manuscrito descreve a pesquisa das 

diferenças e semelhanças na interação entre as Tofacitinib e Peficitinib, drogas 

utilizadas para o tratamento de artrite reumatóide, que possuem como alvo a 

proteína janus quinase 1 (JAK1). O sítio ativo de interação das drogas é o mesmo e 

muitos átomos são sobrepostos, como demostrado na Figura 65. 

 

Figura 65. Visão geral da interação do Tofacitinib e Peficitinib com JAK1. 

 

Fonte: Elaborado pelo autor. 

 

Como comentado na introdução, uma das técnicas desenvolvidas pelo 

nosso grupo de pesquisa foi o cálculo da função dielétrica, a qual permite realizar o 

cálculo quântico com maior acurácia, visto que realizamos os cálculos com função 

dielétrica mais próximo da realidade evitando sub ou superestimações. Calculamos 

então a função dielétrica para esse sistema, como demonstrado na figura 66. Apesar 

da figura demostrar uma representação 2D, o cálculo é realizado em cada ponto do 

espaço. Esses valores de função dielétrica são utilizados como entrada para o 

cálculo quântico das energias de interação. 

Após isso, o cálculo quântico foi realizado para observar quais resíduos 

de aminoácidos interagem de forma mais significante (maior afinidade) com as 

drogas e quais as diferenças entre elas. O resultado pode ser observado na figura 
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67. 

 
Figura 66. Representação de mapa 2D da função dielétrica não homogênea nos 
sistemas de proteínas. A barra de cores mostra a função dielétrica variando de 4 a 
80. 

 

Fonte: Elaborado pelo autor. 

 

Os principais resíduos da JAK1 que interagem com Tofacitinib e Peficitib 

são PHE958 e LEU959. Diferenças na energia de interação quando se utiliza função 

dielétrica homogênea e não homogênea também são possíveis de observar. 

Utilizando a função dielétrica homogênea é observado que a energia de interação de 

alguns resíduos é superestimada, enquanto, em outros, ocorre uma subestimação, 

demonstrando que, para obter resultados com maior acurácia é necessário utilizar a 

função dielétrica não homogênea. 
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Figura 67. Principais resíduos de aminoácidos da JAK1 que interagem com 

Tofacitinib e Peficitinib utilizando função dielétrica constate (40) e não homogênea.  

  

 

Fonte: Elaborado pelo autor. 

 

Para entender as diferenças de energia de interação observada, realizou-

se um estudo molecular das interações presentes entre a JAK1 e as drogas. Nota-se 

que as principais interações que estabilizam os complexos são Van der Waals, 

ligações de hidrogênio, Alquil, Pi-Alquil e Pi-Enxofre, figura 68, Constatou-se que a 

principal interação presente entre as drogas e a JAK1 é van der Waals com 

aproximadamente 39% da energia de interação total; Ligação de hidrogênio 

representa 16% da energia de interação entre JAK1 e Tofacitinib, enquanto as 

ligações de hidrogênio representam 21% da energia de interação com Peficitinib. Já 

as interações alquil e pi-alquil representam apenas 6% da energia de interação e 

outras interações apresentam porcentagem menores. 

Um dos ganhos na energia de interação pelo Peficitinib com a JAK1 

ocorre nas ligações de hidrogênio realizadas com o grupo hidroxiadamanta, que é 

uma das principais diferenças entre os dois fármacos. Com esse grupo, o Peficitinib 

realiza uma ligação de hidrogênio a mais do que o Tofacitinib, podendo ser uma 

região da droga a ser melhorada para obter valor de concentração inibitória menores, 
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logo, drogas mais eficientes. 

 

Figura 68. Interações entre as drogas Tofacitinib e Peficitinib com a proteína JAK1. A 
e B- figura 2D das interações. C e D- figuras 3D das interações. 
 

 

Fonte: Elaborado pelo autor. 
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8. CONCLUSÃO E PERSPECTIVA 

 

Comprovamos que o peptídeo Mo-CBP3-PepIII apresenta atividade in vitro 

contra Candida spp., assim como perpectiva futura dessa linha de pesquisa é a 

realização do teste in vivo desse peptídeo, visto que muito peptídeos apresentam 

atividade in vitro, mas fracassam nos testes in vivo. Testes in vivo para Candida 

albicans utilizando invertebrados (nematóides) como modelo estão sendo 

estabelecidos. Objetivamos continuar investigando a atividade do peptídeo in vivo 

utilizando invertebrados como modelo antes da realização de pesquisas com 

vertebrados.  

Peptídeos sintéticos impedem a entrada do SARS-CoV-2 nas células 

através da interação com a principal protease do vírus e com a glicoproteína spike. 

Demonstramos in silico e in vitro que o peptídeo PepKAA possui grande potencial 

para ser aplicado contra SARS-CoV-2 e não possui efeito tóxico contra o modelo 

peixe zebra. Entretanto, nos testes realizados in vitro utilizamos as células Vero E6 

(células de macacos verde africano) como alvo do SARS-CoV-2, apesar da grande 

semelhança entre as células Vero e as células humanas, é necessário testar se o 

peptídeo impede a invasão de SARS-CoV-2 nas células de humanos, bem como 

testar sua atividade in vivo. Estamos contactando alguns pesquisadores para 

realizar esses testes em colaboração.  

A utilização de peptídeos miméticos a anticorpos possue diversas 

vantagens. Utilizando bioquímica quântica, desenhamos e propomos 6 peptídeos 

com grande potencial de serem aplicados contra câncer. Nesse linha de pesquisa, 

ainda estamos na fase inicial de validação dos peptídeos, finalizamos os testes in 

silico. Como perspectiva futura, buscaremos parcerias para realizar os teste in vitro 

dos peptídeos contra o câncer. 

A grande utilização de pesticidas no mundo tem causado consequências 

relacionadas com a saúde animal e humana, bem como consequências ao meio 

ambiente. Confirmamos que a atrazina interage com a albumina sérica humana 

(HSA) e demonstramos a nível molecular como ocorre a interação. O sítio FA8 da 

HSA é o principal sítio de interação da atrazina, mas o herbicida também interage 

nos sítios FA1 e FA3/4. Uma das principais perspectiva dessa linha de pesquisa é 

divulgar os resultados para que desperte o interesse de outros pesquisadores 

estudarem os efeitos da atrazina a nível fisiológico.  
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Concluimos que modelagem, docking e simulação de dinâmica molecular 

unidos à bioquímica quântica são metodologias in silico com grande potencial para 

serem aplicadas em diversos problemas e obter resoluções com alta acurácia, 

rapidez e baixo custo. Os artigos desta tese demostraram a aplicabilidade dessas 

metodologias como uma fase anterior aos experimentos in vitro ou in vivo através do 

desenvolvimento racional de drogas e análise de interações entre proteínas e 

proteínas com ligantes. Conclui-se também que as simulações in silico podem ser 

aplicadas após a validação de dados experimentais, pois são poderosas ferramentas 

para o melhoramento de drogas estabelecidas, por exemplo,  através do 

entendimento dos mecanismos de ação e as interações dessas drogas.  

Planejamos utilizar os resultados obtidos ao longo do período do 

doutorado para publicar mais 4 artigos científicos, que estão em fase de finalização.  
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APÊNDICE A – COMPUTATIONAL APPROACH, SCANNING ELECTRON AND 

FLUORESCENCE MICROSCOPIES REVEALED INSIGHTS INTO THE ACTION 

MECHANISMS OF ANTICANDIDAL PEPTIDE MO-CBP3-PEPIII 
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APÊNDICE B - PEPTIDE FRACTION FROM LATEX OF CALOTROPIS PROCERA 
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APÊNDICE C - SYNTHETIC ANTIMICROBIAL PEPTIDES: CHARACTERISTICS, 
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216 

 

 



217 

 

 



218 

 

 



219 

 

 



220 

 

 



221 

 

 



222 

 

 



223 

 

 



224 

 

 



225 

 

 

 
 
 
 
 
 
 



226 

 

 

APÊNDICE D - COMBINED ANTIBIOFILM ACTIVITY OF SYNTHETIC PEPTIDES 
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APÊNDICE E - SYNERGISTIC ANTIFUNGAL ACTIVITY OF SYNTHETIC 
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APÊNDICE F - A MOLECULAR DOCKING STUDY REVEALED THAT SYNTHETIC 

PEPTIDES INDUCED CONFORMATIONAL CHANGES IN THE STRUCTURE OF 

SARS-COV-2 SPIKE GLYCOPROTEIN, DISRUPTING THE INTERACTION WITH 

HUMAN ACE2 RECEPTOR 
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APÊNDICE G - THE HUMAN PANDEMIC CORONAVIRUSES ON THE SHOW: THE 

SPIKE GLYCOPROTEIN AS THE MAIN ACTOR IN THE CORONAVIRUSES PLAY 
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APÊNDICE H - NEUTRALIZING EFFECT OF SYNTHETIC PEPTIDES TOWARD 
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APÊNDICE J - MOLECULAR INSIGHT ON THE BINDING OF STEVIA 
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