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RESUMO

A via PI3K/Akt/mTOR é uma via de sinalizacao intracelular importante na regulacéo
do ciclo celular que responde a mudltiplas questdes nutricionais e ambientais. A
desregulacéo dessa via esta envolvida em multiplas patologias humanas. A mTOR
(mechanistic target of rapamycin) constitui a principal enzima que exerce o controle
intermediario da via de sinalizacdo e a sua ativacdo depende principalmente do
acoplamento da subunidade mLst8 (mammalian lethal with Sec13 protein 8). Dada a
importancia da ligagdo mTOR-mLst8 no mecanismo de ativacdo da mTOR, a
escassez de estudos direcionados a compreender o comportamento da quinase
frente a esse acoplamento, a exploracdo das caracteristicas da interacdo proteina-
proteina na interface mTOR-mLst8 e o intuito de fornecer conhecimento para o
desenvolvimento de novad estratégias de controle da via metabdlica, neste trabalho
empregamos dindmica molecular com modelos coarse-grained para obter trajetérias
do sistema mTOR-mLst8 a fim de avaliar as caracteristicas da ligacdo mTOR-mLst8
e o perfil de ligacdo através de célculos de energia livre, decomposi¢cdo energética
por residuo e identificacdo de ligacdes de hidrogénio na interface mTOR-mLst8.

Palavras-chave
MTOR. mLst8. Modelos coarse-grained. Dindmica molecular. Interacdo proteina-

proteina. Perfil de ligacdo da interface mTOR-mLst8.
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ABSTRACT

The PISK/Akt/mTOR pathway is an important intracellular signaling pathway in cell
cycle regulation that responds to multiple nutritional and environmental issues.
Deregulation of this pathway is involved in multiple human pathologies. mTOR
(mechanistic target of rapamycin) is the main enzyme that performs the intermediate
control of the signaling pathway and its activation depends mainly on the binding of
the mLst8 subunit (mammalian lethal with Sec13 protein 8). Due to the importance of
the mTOR-mLst8 binding in the mTOR activation mechanism, the scarcity of studies
aimed at understanding the kinase behavior regarding the binding, the exploration of
the characteristics of the protein-protein interaction at the mTOR-mLst8 interface and
the aim of providing knowledge for the development of new strategies to control the
metabolic pathway, in this work we used molecular dynamics with coarse-grained
models to obtain trajectories of the mTOR-mLst8 system in order to evaluate the
characteristics of the mTOR-mLst8 binding and the binding profile through free
energy calculations, energy decomposition per residue and identification of hydrogen
bonds at the mTOR-mLst8 interface.

Keywords
MTOR. mLst8. Coarse-grained models. Molecular dynamics. Protein-protein

interaction. mTOR-mLst8 interface binding profile.
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1 REVISAO BIBLIOGRAFICA

1.1 Aviade sinalizagao PI3K/Akt/mTOR

A via PI3K/Akt/mTOR (Figura 1) é uma via de sinalizacdo intracelular
importante na regulacdo do ciclo celular que responde a mudltiplas questdes
nutricionais e ambientais, incluindo fatores de crescimento, niveis de energia,
estresse celular e aminoacidos. A traducdo destes sinais leva a promocédo do
crescimento celular por fosforilacdo de substratos que desencadeiam processos
anabdlicos como a traducéo de acido ribonucleico mensageiro (ARNmM) e a sintese
lipidica, ou limitam processos catabdlicos como a autofagia. Resumidamente, a
dindmica da via reside na ativagdo por meio de substratos extra/intracelulares da
fosfatidilinositol-3 quinase (PI3K) que fosforila e ativa a proteina quinase B (AKT)
localizada na membrana plasmatica. A AKT, além de ser capaz de desencadear
outros processos fosforilativos celulares, ativa a mTOR (mechanistic target of
rapamycin) (PORTA; PAGLINO; MOSCA, 2014; SOLIMAN, 2013; ZAROGOULIDIS
et al., 2014).

Devido a sua importancia na integracdo de bioprocessos, a desregulacdo da
via de sinalizacdo, especialmente sua superexpressdo, estd implicada em um
namero crescente de condi¢cBes patoldgicas, incluindo cancer, obesidade, diabetes
tipo 2, neurodegeneracao e envelhecimento precoce (LAPLANTE; SABATINI, 2012;
SAXTON; SABATINI, 2017). Em todo o mundo, cerca de 19,3 milhdes de novos
casos e quase 10,0 milhdes de mortes por cancer ocorreram em 2020 (SUNG et al.,
2021). Em relacdo a obesidade, segundo a Organizacdo Mundial da Saude (OMS),
em 2016, a prevaléncia foi de 13% da populacdo adulta global (WORLD HEALTH
ORGANIZATION, 2021). Em 2017, aproximadamente 462 milh6es de individuos
foram afetados pelo diabetes tipo 2, correspondendo a 6,28% da populagdo mundial
(4,4% dos 15-49 anos, 15% dos 50-69 anos e 22% dos 70+), ou uma taxa de
prevaléncia de 6.059 casos por 100.000 (KHAN et al., 2020).
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Figura 1. A via de sinalizagdo PI3K/Akt/mTOR.
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1.2 Estrutura da quinase mTOR

A mTOR, formalmente denominada anteriormente de ser reconhecida como
altamente conservada entre eucariotos como mammalian Target Of Rapamycin ou
FK506-binding protein 12-rapamycin-associated protein 1 (FRAP1), é uma quinase
serinal/treonina (EC 2.7.11.1) de 289 kDa pertencente a familia das fosfatidilinositol-3
quinases (PI3K) e constitui a principal enzima que exerce o controle intermediario da via
de sinalizacdo também por meio do processo de fosfotransferéncia, possuindo a
molécula de adenosina trifosfato (ATP) como doador de grupamentos fosfato
(GUERTIN; SABATINI, 2007; LAPLANTE; SABATINI, 2009; SOLIMAN, 2013; YANG et
al., 2013).

Estruturalmente, conforme a Figura 2, a quinase é composta de 2549 residuos de
aminoéacidos que conta com um numero distinto de dominios funcionais, incluindo (i) 32
repeticbes denominados “Huntington, elongation factor 3, PR65/A, TOR” (HEAT; do
residuo de aminoacido 17 ao 1260), (ii) um dominio “FRAP, ATM, TRRAP” (FAT; do
residuo de aminoacido 1261 ao 2001); (iii) um dominio catalitico e regulador “*kinase
domain and regulatory domain” (KD; do residuo de aminoacido 2002 ao 2549) na
porcdo C-terminal, o qual é formado por uma regido N-terminal (do residuo de
aminoacido 2002 ao 2240) e uma regido C-terminal (do residuo de aminoacido 2241 ao
2549) assim como outras quinases can0nicas eucaribticas. Na porcdo N-terminal do
dominio KD, é encontrado o subdominio (iv) “FKBP12 rapamycin-binding” (FRB; do
residuo de aminoé&cido 2021 ao 2118). Ja o (v) elemento de ligacdo a subunidade mLst8
- “mLst8 binding element” (LBE; do residuo de aminoacido 2258 ao 2296) esta
localizado na porcao C-terminal, servindo como plataforma de ligagdo a mLst8. Além
disso, na porgcdo C-terminal da mTOR esta situado o dominio (vi) “FRAP ATM TRRAP
carboxy terminus” (FATC; do residuo de aminoacido 2519 ao 2549). Conforme Figura 3,
ainda no dominio KD da quinase, sao encontrados os residuos responsaveis pelo
mecanismo de fosfotransferéncia: os residuos Asn2343 e Asp2357, que servem de
ligantes metalicos do cofator magnésio (Mg*™) e o residuo Asp2338, que desempenha
um papel catalitico chave na orientacdo e ativacdo do grupo hidroxila do substrato para
o ataque nucleofilico (Figura 4) (LAPLANTE; SABATINI, 2009, 2012; WATANABE; WEI;
HUANG, 2011; YANG et al., 2013).
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Esta quinase atipica esta presente em dois complexos funcional e
estruturalmente  distintos, MTORC1 e mTORC2, localizados em diferentes
compartimentos celulares, cada um contendo subunidades distintas e comuns
necessarias a atividade e regulacdo cataliticas da enzima principal. O complexo
MTORC1 — sensivel & rapamicina — transmite sinais de disponibilidade de nutrientes
para controlar crescimento celular e tradugéo proteica em parte por fosforilacdo da
quinase S6 (S6K) e da elF-4E binding protein 1 (SHOWKAT; BEIGH; ANDRABI, 2014;
TEE; BLENIS, 2005), enquanto que o complexo mTORC2 — insensivel a rapamicina —
regula principalmente a montagem do citoesqueleto por actina por meio da fosforilagao
da proteina quinase C alfa (PKCa) e também pela fosforilagdo da Akt no motivo
hidrofébico (HM) (BETZ; HALL, 2013; LAPLANTE; SABATINI, 2012; SARBASSOV et
al., 2004, 2005).

O complexo mTORCL1 possui cinco componentes: mTOR, que é a subunidade
catalitica do complexo; “regulatory-associated protein of mTOR” (Raptor) e “mammalian
lethal with Sec13 protein 8” (mLst8 ou GBL) que sdo as subunidades regulatérias
positivas; “prolinerich AKT substrate 40 kDa” (PRAS40) e “DEP-domain-containing
mTOR-interacting protein” (Deptor), que sdo as subunidades regulatérias negativas
(HARA et al., 2002; KIM et al., 2003; LAPLANTE; SABATINI, 2009; VANDER HAAR et
al., 2007; YANG et al., 2013; ZHAO; XIONG; SUN, 2011). Ja o mTORC2 é composto
por seis subunidades proteicas: algumas comuns a mMTORC1 e mTORC2: mTOR;
‘rapamycin-insensitive companion of mTOR” (Rictor); “mammalian stress-activated
protein kinase interacting protein” (mSIN1) e “protein observed with Rictor-1” (Protor-1)
gue desempenham o papel de estabilizar o complexo formado; mLst8; e Deptor (FRIAS
et al., 2006; KIM et al., 2003; LAPLANTE; SABATINI, 2009; PEARCE et al., 2007;
SARBASSOV et al., 2004; YANG et al., 2013; ZHAO; XIONG; SUN, 2011) .
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Figura 2. Diagrama estrutural da mTOR.
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Fonte: Elaborada pelo autor.

Figura 3. Esquema de residuos e cofator envolvidos no mecanismo de

fosfotransferéncia.
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Fonte: Elaborada pelo autor.
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Figura 4. Mecanismo de ataque nucleofilico.
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1.3 Papel da subunidade mLst8 na ativagdo da mTOR

Os mecanismos moleculares subjacentes a regulacdo da atividade do mTOR
foram elucidados por uma estrutura do complexo de mTOR e a subunidade mLst8
(YANG et al., 2013). A mLst8 € uma subunidade comum de ambos o0s complexos,
MTORC1 e mTORC2, e a acoplagem desta subunidade é necesséria para a ativacao
da mTOR. Para tal processo, conforme a Figura 5, a quinase mTOR (5A) é acoplada
pela porcdo mLst8 (5B) fazendo com que haja uma mudanca conformacional com
posterior exposicdo do sitio fosforilativo (5C). Neste momento, dois atomos de
magneésio (5D) orientam a entrada de ATP para subsequente hidrélise (5E)
(LAPLANTE; SABATINI, 2009; WATANABE; WEI; HUANG, 2011; YANG et al., 2013)

A estrutura do complexo mTOR-mLst8 revelou que a mLst8 estabiliza
diretamente o sitio ativo da mTOR, apoiando a ideia de que a fragdo mLst8
desempenha um papel critico na atividade dessa quinase cujas analises de embrides e
fibroblastos de camundongos mLst8-knockout mostraram que mLst8 é necessaria para
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a formacgéao do complexo mTOR e sua ativagcado (GUERTIN et al., 2006). Dessa forma, a
fracdo mLst8 é critica para a regulagdo adequada de ambos os complexos da mTOR,
mas sua funcao ainda precisa ser definida. Além disso, a contribuicdo de mLst8 para o
desenvolvimento de patologias, particularmente aquelas em que as vias mTOR séo
desreguladas, permanece descaracterizada.

Figura 5. Processo de ativacdo da mTOR e fosforilacao.
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Fonte: Elaborada pelo autor utilizando PDBID 6BCU.
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1.4 Processo de ativagcdo secundéario da mTOR

Aparentemente, ap6s a ligacdo mTOR-mLst8, ha o desencadeamento de
diversos processos de fosforilacdo a fim de tornar a quinase ativa, tornando o
mecanismo complexo. Sabe-se que existem 4 sitios de fosforilagdo caracterizados na
MTOR, incluindo a Serl261, a Thr2446, a Ser2448 e a Ser2481 (WATANABE; WEI,
HUANG, 2011).

A Serl261, do dominio HEAT, é fosforilada pela insulina/fosfatidilinositol 3-
quinase (PI3K) de maneira dependente de aminoacidos, insensivel a rapamicina e
independente de autofosforilacdo. A fosforilagdo de Ser1261 promove a fosforilacdo de
S6K e 4E-BP1 e a mutacdo em Serl261 atenua a fosforilacdo em Ser2481. O residuo
Thr2446 é fosforilado em resposta a disponibilidade de nutrientes e provavelmente é
fosforilado pela adenosina monofosfato quinase (AMPK) (CHENG et al.,, 2004).
Inicialmente, relatou-se que o residuo Ser2448 € um sitio de fosforilacdo da Akt porque
Akt. No entanto, relatos mais recentes mostraram que a S6K é a prépria quinase
Ser2448 (CHIANG; ABRAHAM, 2005; HOLZ; BLENIS, 2005). O residuo Ser2481 é um
sitio de autofosforilagdo insensivel a rapamicina (PETERSON et al., 2000). Relata-se
gue as mutacBes de Thr2446 e Ser2448 para alanina ndo tem efeito perceptivel na
capacidade da mTOR de ativar seus efetores a jusante. No entanto, o fato de que a
delecdo interna dos residuos 2430-2450 aumenta a atividade da quinase da mTOR e
isso sugere que essa regido é reguladora (SEKULIC et al., 2000). Atualmente, o
significado funcional da fosforilacdo da mTOR nesses locais ainda ndo foi totalmente

explorado e permanece pouco compreendido.

Embora experimentos de Copp e colaboradores (2009), Acosta-Jaquez e
colaboradores (2009) e Tao e colaboradores (2010) demonstraram que a mTOR, tanto
no complexo mMTORC1 guanto no complexo mTORC2, é fosforilada em diferentes locais
e que a fosforilacio de mMTOR é mais complexa do que se pensava anteriormente
(ACOSTA-JAQUEZ et al., 2009; COPP; MANNING; HUNTER, 2009; TAO et al., 2010)

ainda sé@o necessarias abordagens para comprender o processo de fosfotransferéncia
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da quinase mMTOR explorando o sitio de ligagdo do ATP e quantificando as barreiras

energeéticas da reacao enzimatica.

1.5 Mecanismo de inibi¢cdo da via mTOR

A inibicdo classica da via da mTOR ¢é efetuada pela rapamicina e seus derivados
analogos, denominados rapalogs, que sdo considerados os inibidores de primeira
geracao (Figura 6) (ABRAHAM T.; GIBBONS; GRAZIANI I., 2010; SANTULLI; TOTARY-
JAIN, 2013; SEHGAL, 2003; ZHENG; JIANG, 2015).

Figura 6. Estrutura molecular planar dos inibidores de primeira geragdo da mTOR.

(A) rapamicina/sirolimo, (B) everolimo, (C) temsirolimo e (D) deforolimo.

Fonte: Elaborada pelo autor.

A rapamicina ou sirolimo (Rapamune, Wyeth Pharmaceuticals), CAS 53123-88-9,
férmula molecular Cs;H79NO;13 € massa molecular de 914,17 g/mol, foi descoberta na
llha da Pascoa, Chile, em 1972. Trata-se de um potente antibiético macrolideo
produzido pelo micro-organismo Streptomyces higroscopicus e que, por possuir

propriedades antifingica, imunossupressora e antitumoral, é utilizado amplamente na
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terapéutica. Todavia, devido a suas propriedades desfavoraveis, como a sua baixa
solubilidade em &gua e estabilidade em solucdo, foram desenvolvidos analogos
moleculares, o0s rapalogs, como o everolimo (RADOO1, Afinitor, Novartis
Pharmaceuticals), temsirolimo (CCI-779, Torisel, Wyeth Pharmaceuticals) e ridaforolimo
(AP23573; formalmente deforolimo, ARIAD Pharmaceuticals), os quais melhoraram as
propriedades farmacocinéticas sem alterar o mecanismo de agdo (SANTULLI;
TOTARY-JAIN, 2013).

O mecanismo de inibicdo da mTOR pela rapamicina e seus analogos reside na
ligacdo ao receptor intracelular da FK506-binding protein 12 kDa (FKBP12), formando o
complexo rapamicina-FKBP12 que se liga direta e predominantemente ao dominio
FKBP12-rapamycin binding (FRB), bloqueando de forma alostérica o sitio catalitico de
fosforilacdo conforme demonstrado na Figura 7 (LAPLANTE; SABATINI, 2009;
SHIMOBAYASHI; HALL, 2014; YANG et al., 2013).

Figura 7. Representacdo do mecanismo de inibicdo da mTOR.

B Rapamicina

A) Representacdo da superficie da estrutura do complexo mTOR-mLst8-ATP; B)
Representacdo da superficie da estrutura do modelo mTOR-mLst8-ATP-rapamicina-
FKBP12. Em ciano, dominio FAT; em vermelho, dominio FRB; em amarelo, dominio
quinase; em magenta, dominio FATC; em verde, subunidade proteica mLst8; em azul, a
subunidade proteica FKBP12.
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Fonte: Elaborada pelo autor utilizando o programa Chimera v.1.9 (PETTERSEN et al.,
2004), baseando-se em Yang e colaboradores (2013) (YANG et al., 2013) nos modelos
PDBID 1FAP e 4JSP.

Na pratica, a partir de experimentos de Banaszynski e colaboradores (2005)
revelou-se a constante de dissociacdo (Kg) moderadamente favoravel entre a
rapamicina e FRB (K4 = 26 + 0,8 puM). No entanto, o complexo rapamicina-FKBP12
associa-se a FRB com uma afinidade 2000 vezes maior (Kq = 12 + 0,8 nM) do que a
rapamicina por si sé. Além disso, nenhuma interacéo entre FKBP12 e FRB foi detectada
na auséncia de rapamicina. Assim, sugere-se que a capacidade da rapamicina em se
ligar & fracdo FRB e, por extensdo, a mTOR na auséncia de FKBP12, é de pouca
importancia sob condic¢des fisiologicas. Além do mais, as interacdes proteina-proteina
na interface FRB-FKBP12 desempenham um papel fundamental na estabilidade do
complexo ternario (BANASZYNSKI; LIU; WANDLESS, 2005).

A Figura 8 ilustra as interacdes entre os residuos proteicos da porcdo FRB (do
residuo 108 a 201) e da porcdo FKBP12 (do residuo 1 a 107) com a molécula de
rapamicina. Adotou-se como parametros para ligacéo de hidrogénio, em angstroms (A):
distancia méaxima hidrogénio-aceptor de 3,2 A e doador-aceptor de 4,0 A; distancia de
contato minima e maxima de 3,6 A somente para contatos hidrofébicos. Identifica-se
interacGes hidrofébicas com a porcdo FRB (cadeia B) nos residuos Serl24, Phel28,
Gly129, Thrl87, Trpl90 e Tyrl94; interacBes hidrofébicas com a porcdo FKBP12
(cadeia A) nos residuos Phe36, Phe46, Val55, Trp59, 11e90; intera¢gdes do tipo ligacdes
de hidrogénio apenas com a por¢do FKBP12 (cadeia A) em Asp37 (2,76 A); GIn53 (2,62
A): Glu54 (2,88 A); 1le56 (2,78 A) e Tyr82 (2,71 A).
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Figura 8. Representacéo dos contatos FRB-FKBP12 com a rapamicina.

Phe36

Tyrlo4

Legenda:

. - Residuos envolvidos em
@®—4@ Ligacdodeligante Toiso & <
L 9 contatos hidrofobicos

® @ ligacdoderesiduo

@ @ Ligacdode hidrogénioe
compnmento

envolvidos em contato

(1¥ Atomos correspondentes
hidrofébico

Residuos proteicos de FKBP12 (do residuo 1 ao 107) e FRB (do residuo 108 ao 202)
gue realizam interacdes com uma molécula de rapamicina.
Fonte: Elaborada pelo autor utilizando o programa LigPlot® v.1.4 (LASKOWSKI;

SWINDELLS, 2011).

1.6 Desafios dos inibidores de primeira geracdo e as inovacdes

farmacologicas

Os rapalogs revelaram eficacia, seguranga e tolerabilidade de eventos adversos

na inibicdo da via da mTOR em uma série de estudos. Contudo, 0 sucesso desses
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inibidores de primeira geracdo tem demonstrado falhas especialmente devido ao
mecanismo de feedback, ja que a inibicdo do complexo resulta na hiperativacdo da
sinalizacdo PI3K/Akt e incrementa a sobrevivéncia celular; além disso, determinada
insensibilidade do mTORC1 aos rapalogs foi recentemente revelada, desafiando o
dogma de que a rapamicina inibe completamente a atividade do mTORC1; vias
alternativas e cruzamento de vias entre as quinases também poderiam limitar a eficacia
dos rapalogs e mutacdes na via PI3K/Akt/mTOR (CARRACEDO; PANDOLFI, 2008;
CHOO et al., 2008; CHOO; BLENIS, 2009; DI NICOLANTONIO et al., 2010; GUERTIN;
SABATINI, 2009; SANTULLI; TOTARY-JAIN, 2013; THOREEN et al., 2009; WACHECK,
2010).

Dessa forma, o esforco recente tem se baseado na busca por inibidores diretos
do sitio catalitico de quinases, ou seja, ATP-competitivos. Nesse caso, pode-se citar
farmacos com testes clinicos ja iniciados como os inibidores duplos de segunda
geracdo — mTOR/PI3K dual inhibitors (TPdIs) como, por exemplo, PF-0469150212,
BEZ23513 e GSK212645814 e seletivos mMTORC1/mTORC2 dual inhibitors (TORCdIS)
como, por exemplo, OSI-0279, INK-12810 e CC-22311 (BHAGWAT et al., 2011; GUO;
KWIATKOWSKI, 2013; KNIGHT et al., 2010; MUKHERJEE et al.,, 2012; SANTULLI,
TOTARY-JAIN, 2013; YUAN et al., 2011; ZASK; VERHEIJEN; RICHARD, 2011;
ZHENG,; JIANG, 2015).

Apesar de demonstrar certa seletividade e grande promessa na terapéutica, a
maioria dos inibidores de quinases ndo séo seletivos a um Unico alvo molecular. Tal fato
aumenta potencialmente o risco de efeitos indesejaveis e toxicidade devido a interacao
forma, é importante a busca por inibidores cada vez mais seletivos a determinados
alvos (LUO, 2005; SMITH; SIMONS, 2004; THAIMATTAM et al., 2007; WANG et al.,
2016).

1.7 Novas estratégias para controle de vias metabdlicas

O desenvolvimento de novos farmacos visa a identificacdo de compostos de
interesse farmacologico e de estratégias terapéuticas que atendam tanto o tratamento
de doencas quanto a melhoria da qualidade de vida do paciente. Até ha pouco tempo,

candidatos a farmacos eram descritos como moléculas organicas que geralmente
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compartilham caracteristicas fisico-quimicas semelhantes. Atualmente, sabe-se que as
interacdes proteina-proteina (PPIs) em vias metabodlicas sdo essenciais para ativagdo
ou inibicdo de processos fisiopatologicos. Dessa forma, o grande desafio €
compreender como as proteinas podem interagir entre si nas vias metabdlicas e quais
sdo as caracteristicas dessas ligacdes para descobrir novos potenciais moduladores
das PPIs na intervencao terapéutica (CICALONI et al., 2019; PENG et al., 2016).

No que diz respeito a reducdo de custos e tempo, as técnicas computacionais
sado muito Uteis para auxiliar o conhecimento sobre PPIs, pois podem empregar uma
estrutura proteica resolvida de um banco de dados, auxiliar na modelagem de estruturas
faltantes, realizar simulagdes de dinamica molecular para elucidar o comportamento das
PPIs e avaliar os resultados com andlise estatistica a fim de verificar a eficacia e
precisdo do método (CICALONI et al., 2019; PENG et al., 2016). Tanto que nos ultimos
anos, foram encontradas algumas solugdes terapéuticas baseadas em PPIs como, por
exemplo, a tecnologia denominada “proteolysis targeting chimeric’ (PROTAC) — um
mecanismo eficaz de degradacdo de proteinas endodgenas de interesse farmacoldgico
(POI) através do sistema ubiquitina-proteassoma (UPS) que visa impedir a ativacdo ou
inibicdo de determinada cascata metabodlica (GAO; SUN; RAO, 2020; GU et al., 2018;
HE et al., 2020; PEIl et al., 2019; PETTERSSON; CREWS, 2019; QI et al., 2021; SUN et
al., 2019).

Conforme a Figura 9, o mecanismo de acdo da tecnologia PROTAC envolve (i) o
desenvolvimento da PROTAC em si através da unido de um ligante da POl com um
ligante de ubiquitina E3 ligase por meio de um linker (uma pequena molécula), (i) a
formacdo de um complexo ternario entre a POI, PROTAC e a ubiquitina E3 ligase, (ii)) a
poliubiquitinacdo da POI com a reciclagem da PROTAC e (iv) a degradacdo da POI via

sistema proteassoma com a formacéo de residuos de aminoécidos (GU et al., 2018).
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Figura 9. Mecanismo de acdo da PROTAC.
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Fonte: Elaborada pelo autor.

As principais vantagens desta tecnologia s&o reduzir os efeitos adversos
indesejaveis devido a especificidade ao alvo, reduzir a toxicidade e a dose-resposta em
relacdo aos tratamentos convencionais uma vez que ha a reciclagem da PROTAC no
sistema, reduzir a resisténcia ao alvo e ser uma solucdo para alvos que n&o respondem
a farmacos convencionais (GAO; SUN; RAO, 2020; GU et al., 2018; HE et al., 2020; PEI
et al.,, 2019; PETTERSSON; CREWS, 2019; QI et al., 2021; SUN et al., 2019).
Atualmente, ha pelo menos 15 PROTACSs nos primeiros estagios de pesquisa clinica e
alguns deles ja chegam a clinica com perfis satisfatorios de seguranca e eficacia
(AMBROSINI et al., 2022; FLANAGAN et al.,, 2019; MULLARD, 2019, 2020, 2021,
PETRYLAK et al., 2020).
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1.8 Compreendendo o comportamento do alvo

Visto que proteinas sdo biomoléculas complexas que, em geral, demonstram
uma ampla dindmica envolvida na atividade e controle de vias metabdlicas e que ha
necessidade de entender tais processos dinamicos, no desenvolvimento de farmacos
por computacdo assistida emprega-se uma ferramenta importante denominada
simulagdo computacional por dindmica molecular (DM). Tal técnica permite determinar
0S movimentos das particulas de qualquer sistema do qual se conhecam o potencial de
interacdo entre essas particulas e as equacgfes que regem seu movimento. Dessa
forma, possibilita a evolugdo temporal das configuragdes dos constituintes do sistema e,
por intermédio das sequéncias de posi¢cdes geradas, determinam-se as propriedades
macroscopicas do sistema de acordo com os principios de Mecéanica Estatistica
(MARTINEZ; BORIN; SKAT, 2007; NAMBA; DA SILVA; DA SILVA, 2008).

Nessa metodologia, particulas interagentes, inicialmente dispostas em uma
configuragdo, movimentam-se sob a influéncia de potenciais intermoleculares. De posse
dos dados relativos as posicoes e velocidades de todas as particulas envolvidas em um
dado instante (tp), pode-se computar as forcas resultantes em cada particula devido a
interacdo com as demais e determinar posi¢coes e velocidades em um tempo posterior
(to + ot) por meio de equacbes de movimento Newtonianas. As novas posi¢cdes sdo
utilizadas para a computacdo de novas forcas e posteriores posi¢cdes e velocidades em
(to + 26t). Tal procedimento é realizado recursivo e intermitentemente gerando
trajetérias moleculares para todo o sistema (MARTINEZ; BORIN; SKAT, 2007; NAMBA;
DA SILVA; DA SILVA, 2008).

Existem multiplos fatores envolvidos na técnica de simulacdo por DM de
macromoléculas, entre 0s quais a complexidade do sistema a ser compreendido torna-
se o principal fator que influencia no tempo total da simulacdo. Esses fatores, como o
calculo das forcas exercidas sobre cada particula do sistema devido as interacfes
intermoleculares; a movimentacdo das particulas; o estabelecimento dos protocolos e
dos controles de simulagao, a analise ou armazenamento das configuragdes devem ser
cuidadosamente planejados e previamente avaliados para se obter resultados
satisfatorios (MARTINEZ; BORIN; SKAT, 2007; NAMBA; DA SILVA; DA SILVA, 2008).
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1.9 Desafios das metodologias de investigacdo do alvo

Destaca-se que a complexidade estrutural e dindmica das vias
metabdlicas séo fatores que influenciam diretamente na concepcdo de conhecimento
aplicado sobre determinado alvo molecular. Por exemplo, no caso da mTOR, atraves de
estudos prévios do processo inibitdério, conseguimos propor novas estratégias de
inibicdo da via de sinalizagao (KIST; CACERES, 2016; KIST; TIMMERS; CACERES,
2018). Contudo, o conhecimento sobre 0 mecanismo de ativacao ainda é desconhecido
e gera curiosidade sobre sua complexidade uma vez que a ativacdo da enzima principal
depende de acoplamentos de subunidades proteicas e, inclusive, de processos
fosforilativos secundérios para tornar a quinase competente para que a hidrélise do ATP
no sitio catalitico ocorra adequadamente. Aliado a essa probleméatica, devemos
considerar o tamanho do sistema que, apenas para a mTOR, sdo mais de 2500
residuos de aminoacidos que tornam a abordagem atomistica do sistema praticamente

inviavel.

Por meio de estudos teoricos e experimentais, sabe-se que estruturas
proteicas secundarias e outras caracteristicas geométricas das cadeias de proteinas
reduzem o numero de conformacdes disponiveis e, portanto, facilitam o enovelamento
das estruturas terciarias nativas. Dessa forma, € possivel compreender o
comportamento de biomoléculas complexas e de grandes dimensfes por meio de
modelos de coarse-grained (CG) que elevam o nivel de resolucdo do sistema e

reduzem o tempo de simulagéo (KMIECIK et al., 2016).

Dentre varios modelos disponiveis, o SIRAH (Southamerican Initiative for a Rapid
and Accurate Hamiltonian) é uma ferramenta que proporciona um campo de forca para
simulacdes de proteinas em meio aquoso e que também possui a resolucdo de campo
de forca para o ATP, tornando factivel o entendimento do comportamento de quinases
complexas (DARRE et al., 2015).
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1.10 Aplicabilidade de métodos in silico no caso da mTOR

O primeiro passo para desenvolver novas estratégias de controle de vias
metabdlicas, seja por inibicdo classica por farmacos por meio de triagem virtual de
pequenas moléculas ou por interacdes proteina-proteina, é entender o comportamento
do alvo. Dessa forma, focamos em investigar o impacto da ligagdo mTOR-mLst8 no
comportamento da quinase e as caracteristicas da interface mTOR-mLst8, uma vez que
a ativacao da quinase depende da ligacao da subunidade mLst8 (GUERTIN et al., 2006;
YANG et al., 2013). Portanto, essa caracteristica por si sé ja demonstra seletividade ao
alvo, pois ndo h& ativacdo da quinase e subsequente superexpressdo da via sem
ligacdo mTOR-mLst8 e, embora a complexa via mTOR seja crucial para muitos
processos biologicos, ndo ha muitos estudos explorando a interface e o acoplamento

mTOR-mLst8 em nivel molecular para ativacdo da via de sinalizacéo.

Na literatura, a Unica caracterizacdo da interacdo mTOR-mLst8 foi realizada por
Santos de Oliveira e colaboradores (2020) que nao descreve o comportamento da
guinase e apenas sugere a relevancia de determinados residuos da interface mTOR-
mLst8 na ligacdo proteina-proteina (SANTOS DE OLIVEIRA et al., 2020).

Assim, o comportamento da mTOR diante de seu mecanismo de ativagéo tendo
o acoplamento mLst8-mTOR como primordial a atividade fosforilativa, se torna um

campo fértil de conhecimento e descoberta de novas estratégias terapéuticas.
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2 OBJETIVOS

2.1 Objetivo Principal

Aplicar ferramentas in silico a fim de compreender a dindmica do mecanismo
molecular de ativacdo do complexo mTOR-mLst8 para o desenvolvimento de

estratégias terapéuticas de controle da via de sinalizacao.

2.2 Objetivos Especificos

o Modelar estrutura do complexo mTOR-mLst8 para obter um modelo
estrutural completo do complexo mTOR-mLst8;

o Realizar simulagdes por dindmica molecular com modelos coarse-grained
para avaliar o comportamento da acoplagem mTOR-mLst8 e o impacto no processo de
fosfotransferéncia;

o Obter o perfil de ligacdo mTOR-mLst8 para orientar o desenvolvimento de
PROTACS.
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Abstract

The kinase called mechanistic Target of Rapamycin (MTOR) belongs to a complex
network pathway responsible for many physiological mechanisms, responses to multiple
factors and usually is deregulated in various types of diseases. In vitro studies support
the idea that the binding of mammalian lethal with SEC13 protein 8 (mLst8) subunit on
MTOR is necessary to initiate the kinase phosphotransference process. Thus, the mLst8
subunit is important for the regulation of mMTOR complex, but its function, especially on
catalytic site, needs to be defined. In addition, the contribution of mLst8 to the
development and control of pathologies, particularly those in which the mTOR pathways
seems deregulated, remains unsolved or with few available data and could be an
important step to develop new strategies avoiding the superexpression of this pathway.
In our study, we employed coarse-grained molecular dynamics simulation to analyze the
behavior of the mTOR catalytic site when the subunit mLst8 is associated or not,
providing insights about the importance of mTOR-mLst8 interaction for the kinase

mechanism.

Keywords
Mechanistic target of rapamycin; Coarse-grained simulation; mTOR-mLst8 interaction;
Catalytic site stabilization

Introduction

The mTOR pathway performs a crucial role in coordinating many physiological
mechanisms such as cell growth, division and control. The mTOR is the main kinase of
this complex pathway and its control depends of nutrients level, growth factors and the
energy status of the cell [1-3]. This atypical kinase is evolutionarily conserved from
yeast to mammals and appears in two different functional and structurally complexes —
the mTORC1 and mTORC2 complexes that are located in different cell compartments,
each containing some common and distinct subunits required for regulation, modulation
and catalytic activity of the major enzyme [1-9].

The rapamycin-sensitive mMTORC1 contains mTOR, mLst8, Raptor (regulatory protein
associated with mTOR) and PRAS40 (proline-rich AKT substrate 40 kDa) [10-13] that

regulates cell growth and translation in part by phosphorylating S6K (a ribosomal protein
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kinase) and the elF-4E binding protein 1 (4E-BP1) [2,14]. The rapamycin-insensitive
MTORC2 contains mTOR, mLst8, Rictor (Rapamycin-insensitive companion of Tor),
mSinl (mammalian stress-activated protein kinase SAPK-interacting protein) and Protor
1/2 (protein observed with Rictor) [2,8,15-19] and regulates the organization of actin
cytoskeleton through the phosphorylation of PKCa and Akt kinases [18,20].

Structurally, at mTOR N-terminus domain there is two adjacent HEAT (Huntington,
EF3A, ATM, TOR; from residue 17 to residue 1260) domains — the N-terminal HEAT (N-
HEAT; from residue 17 to residue 932) and the middle HEAT (M-HEAT; from residue
933 to residue 1260). Following by the FAT (FRAP, ATM, TRRAP; from residue 1261 to
residue 2001) domain, and the kinase domain (KD; from residue 2002 to residue 2549)
at the C-terminus, which is formed by N-ter (from residue 2002 to residue 2240) and C-
ter (from residue 2241 to residue 2549) lobes as others canonical eukaryote protein
kinases. In the N-ter lobe, is found the FRB (FKBP12-rapamycin Binding; from residue
2021 to residue 2118). The mLst8 binding element (LBE; from residue 2258 to residue
2296) is located at the C-ter lobe, serving as a binding platform for mLst8. In addition, at
the C-terminus of mTOR is situated the FAT C-terminal (FATC; from residue 2519 to
residue 2549) domain (Figure 1) [6-8,21].

The mLst8 subunit is approximately 40 amino acids residues repeats forming a circular
motif. At one end of this motif is a surface that extends to the LBE region of the C-lobe
KD. The interaction between mLst8 and LBE enfolds mainly polar residues of LBE with
polar/aromatic residues of mLst8, and the interaction contains a large number of
hydrogen bonds. This interaction steadies LBE and influences the LBE/FATC/activation-
loop, supporting the hypothesis that mLst8 is a crucial subunit for mTOR pathway
activation [21,22].
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Figure 1. Structure of the mTOR-mLST8-ATP-Mg complex. mTOR is represented as
cartoon and colored as indicated in the linear schematic; mLST8 is shown as cartoon
and colored in green. The ligands are colored according to CPK scheme, where ATP is
sticks and Mg®* ions are spheres. Due to dimension, HEAT domains (from residue 17 to

1260) are not shown in the figure. Figure generated with PyMOL.

The molecular mechanisms regarding the regulation of mTOR activity were elucidated
by Yang et al (2013) using a structure of mMTOR-mLst8 [21]. The mLst8 is a usual
subunit of complexes, mMTORC1 and mTORC2, and the association of this subunit is
required for mTOR activation. The structure of the mTOR-mLst8 complex demonstrated
that mLst8 stabilizes the active site of mMTOR, supporting the theory that mLst8 subunit
develops an important role in the activity and regulation of this kinase, since embryonic

and fibroblast analyzes of mLst8-knockout mice showed that mLst8 is necessary for the
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formation of the mTOR complex [2,5,21,23,24]. Thus, the mLst8 subunit is important for
the normal regulation of both mTOR complexes, but its function, mostly on catalytic site,
and how mLst8 binds onto mTOR to perform its activity still unclear. In addition, the
contribution of mLst8 to the development and control of pathologies, especially those in
which the mTOR pathways are uncontrolled, remains uncharacterized and could be an
important step to develop new strategies to regulate this pathway.

Considering the large number of residues of mMTOR-mLst8 complex (about 2800 amino
acids residues), atomistic approaches become computational expensive. Therefore, we
employed coarse-grained molecular dynamics simulation to understand the behavior of
MTOR catalytic site when mLst8 is associated or non-associated. Furthermore, based
on the computational experiments we suggest hypotheses concerning these binding

mechanisms.

Material and methods

Molecular modeling

All experiments were carried out using the Cryo-EM structure of the mTOR-mLst8-Mg-
ATP complex (PDB ID 6BCU), and the missing loops (MTOR: Gly1219-Thr1262,
Glul1813-Lys1868 and Thr2434-Val2488; mLst8: GIn667-Asn788 and Lys823-Phe933)
were built through comparative modeling. The process was performed using Modeller
v.9.19 [25,26]. For each sequence was built 1000 models and selected the one with the
lowest energy according to DOPE assessment method evaluation. The stereochemical
quality of the model was checked using Procheck [27], Verify 3D [28,29], and
RAMPAGE [30] softwares.

Coarse-grained (CG) molecular dynamics (MD) simulations

The CG simulations were performed using SIRAH force field [31,32] as follow: (i) Initial
coordinates were obtained from the modeled structure and protonated at pH 7.4. (ii) The
atomistic structures were converted to CG by an ad hoc script from the SIRAH force
field. (iii) The CG model was solvated using a prestabilized box of WT4 molecules [33—
36]. (iv) lonic electroneutrality was setted by substituting WT4 molecules by electrolytes
Na® and CI” atoms. The simulation protocol also included (v) energy minimization, (vi)
equilibration, and (vii) production phases.

The starting structures (i) mTOR, (i) mMTOR-2Mg*"?-ATP, (i) mTOR-mLst8, (iv) mTOR-
mLst8-2Mg*?-ATP, (v) mTOR-mLst8-2Mg*">-ATP with ATP withdrawal and (vi) mTOR-
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mLst8-2Mg*2-ATP with mLst8 withdrawal were protonated using pdb2pgr [37], converted
to CG and solvated in an octahedral box with a solute-box distance of 2.0 nm. The ionic
electroneutrality was setted to 0.15 M of NaCl. All simulations were performed using
GROMACS 2016.3 package [38,39] with a time step of 10 fs and updating the neighbor
list every 10 steps. Electrostatic interactions were calculated through Particle Mesh
Ewald (PME) [40] with a direct cut off of 1.2 nm and a grid spacing of 0.2 nm. The same
cut off was used for vdW interactions. Energy minimization was carried out by 1000
interactions of the steepest descent algorithm. The equilibration phase was performed
by 5 ns of MD with positional restraints of 1000 kJ/mol.nm? applied to all protein beads.

The production phase was performed by 1 ps using NPT ensemble (310.15 K, 1 atm), V-

rescale thermostat [41], and Parrinello-Rahman barostat [42].

Data and statistical analysis

Molecular data analysis and graphical plots from root-mean-square deviation (RMSD),
radius of gyration (Rg), angle and area of the index of amino acids residues
Lys2370-Val2240-Glu2032 from the mTOR catalytic cleft and distance between LBE-
mLst8 residues Glu2285-Ser290; Glu2285-Trp272; Met2281-Tyr222 and Met2271-
Lys313 were performed through subroutines written in-house Python [43,44] scripts. For
these calculations, a CG coordinate file was obtained from the simulation each 1 ns.
RMSD was calculated from the original structure of each simulation in order to
comparing the structure behavior of the main chain during the simulations and the Rg to
identify possible unfolding and monitoring the compactibility of the protein structure [45—
47].

The statistical analysis was performed using R Project for Statistical Computing [48],
considering normal distribution through the Kolmogorov-Smirnov Test of Normality (p-
value > 0.05) and statistical tests with p-value < 0.05 (Cl 95 %) were considered

significant.

Results

Although there is few studies regarding mTOR-mLst8 interaction, recently de Oliveira et
al (2020) shown interesting results about key residues that control the interaction
between mTOR and mLst8 and its work open the discussion for the design and probing
of new compounds that perform the disruption/modulation of these interactions [49]. For
MTOR-mLst8 interaction, the residues with mayor interactions are located in the mTOR
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C-lobe, which is known to form the binding site for mLst8 [21]. According to Oliveira et al
(2020), the energy analysis revealed some best interactions between pair-to-pair (LBE-
mLst8 residues) interactions on mTOR-mLst8 interface residues and we performed the
distance analysis from these residues in the crystallographic structure (PDB ID 6BCU):
Glu2285-Ser290 (8.6 A); Glu2285-Trp272 (7.6 A); Met2281-Tyr222 (8.7 A) and
Met2271-Lys313 (6.7 A) and considering residues Glu2032-Val2240-Lys2370 as a

catalytic cleft angle, this angle is 35.5 ° as shown in the Figure 2.

Glu2032
} / 4 mLsts mLst8
A Tyr222 Trp27;
% / mLst8
/ ‘ 5 Ser290
’@(g{ 35.5 ; / N Y 6A , '\—‘
V 8.6A
VaI2240$’ | =S 7ATP LBE
) M:SZEB { Glu2285
4 LBE 67A
/ Met2271
Lys2§70 S::t;
|
,// e =

Figure 2. Measurements from catalytic cleft angle and the lowest distances between
mLst8 and LBE subunit.

Moreover, our study employed all the mTOR-mLst8 system in a longer CG simulation
time that enabled perform the relationship between these interaction residues and the
behavior of the catalytic cleft angle (Figure 3). Also, employing the SIRAH
backmapping, we extract out structures located at two minima and it was not identified
major structural changes in the catalytic site (Figure 4). It notes that, for each pair-to-
pair interaction, there are two main conformations that enable the control of the catalytic
cleft and the angle suffers changes (30 — 50 A) with a high stabilization of the distance
between LBE-mLst8 interactions. These findings purpose that the cleft catalytic
opening/closing is an auto-regulated process and depends from the interaction between
MTOR-mLst8.
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Figure 3. Distance LBE-mLst8 residues versus mTOR catalytic cleft angle behavior

during the CG simulation.
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Figure 4. Extracted minima structures from CG simulation employing SIRAH
backmapping. (A) Cleft angle of 27.7° and (B) cleft angle of 51.5°.

Considering the catalysis pathway as (i) mMTOR — (ii)) mTOR- mLst8 binding — (iii)
mTOR-mLst8 + 2Mg*? + ATP — (iv) mTOR-mLst8-2Mg*%-ATP with ATP withdrawal —
(v) mTOR-mLst8 with mLst8 withdrawal — (vi) mTOR, the Figure 5 shows the boxplot of
the principal components results obtained from simulation.

The system mTOR-mLst8 shown the smallest values of RMSD, Rg, catalytic cleft angle
and area whereas the system mTOR-mLst8 with mLst8 withdrawal shown the opposite,
especially the cleft angle values that shown a median of 37.70 A and variance of 48.38 A
for the system mTOR-mLst8 versus median 103.98 A with variance of 562.66 A with the
mLst8 withdrawn from the system, suggesting that the catalytic cleft is directly affected
by the mLst8 subunit.
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Figure 5. RMSD, Rg, catalytic cleft angle and triangle area boxplots.

Similarly, the cross-data plots (Figure 6-11) describe the system destabilization, as a
lacking structure organization, especially on catalytic cleft, when mLst8 subunit was not
associated to mTOR, following the catalysis pathway. According the statistical analysis,
considering that all data did not show normal distribution through the Kolmogorov-
Smirnov Test of Normality (p-value > 0.05), the Friedman’s test with pairwise
comparisons using Wilcoxon signed rank test and Bonferroni p value adjustment method
was employed in order to identify possible differences. The found results were for the
RMSD values (chi-squared = 1832.4, p-value < 0.01), Rg values (chi-squared = 4580.2,
p-value < 0.01) and cleft angle values (chi-squared = 3784.9, p-value < 0.01). Therefore,
there were found statistical differences between the simulated systems, including
pairwise comparisons where all the comparisons had p-value < 0.01 that can prove that

the kinase behavior is different when mLst8 is binded to the mTOR.
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Furthermore, the catalytic cleft suffers remodeling when substrate (ATP) and cofactor
(Mg™) are associated in order to turn the kinase into a catalytically competent

configuration (Figure 10).
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Figure 6. Description of the conformational ensembles regarding the catalytic cleft angle
versus radius of gyration. The probability density plots highlight the differences in the
conformational ensembles according to each simulated system. (A) mTOR, (B) mTOR-
mLst8, (C) mTOR-mLst8-Mg-ATP, (D) mTOR-mLst8-Mg-ATP with ATP withdrawal, (E)
MmTOR-mLst8 with mLst8 withdrawal, (F) mMTOR-Mg-ATP.
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Figure 7. Description of the conformational ensembles regarding the catalytic cleft angle
versus RMSD. The probability density plots highlight the differences in the
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conformational ensembles according to each simulated system. (A) mTOR, (B) mTOR-
mLst8, (C) mTOR-mLst8-Mg-ATP, (D) mTOR-mLst8-Mg-ATP with ATP withdrawal, (E)
MTOR-mLst8 with mLst8 withdrawal, (F) mMTOR-Mg-ATP.
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Figure 9. Description of the conformational ensembles regarding the catalytic cleft angle

versus triangle area. The probability density plots highlight the differences in the
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conformational ensembles according to each simulated system. (A) mTOR, (B) mTOR-
mLst8, (C) mTOR-mLst8-Mg-ATP, (D) mTOR-mLst8-Mg-ATP with ATP withdrawal, (E)
MTOR-mLst8 with mLst8 withdrawal, (F) mMTOR-Mg-ATP.
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Figure 10. Description of the conformational ensembles regarding the radius of gyration

versus triangle area. The probability density plots highlight the differences in the

conformational ensembles according to each simulated system. (A) mTOR, (B) mTOR-
mLst8, (C) mTOR-mLst8-Mg-ATP, (D) mTOR-mLst8-Mg-ATP with ATP withdrawal, (E)
MmTOR-mLst8 with mLst8 withdrawal, (F) mMTOR-Mg-ATP.
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Figure 11. Catalytic cleft angle versus Distance LBE/Glu2285-mLst8/Ser290 plot.

Considering the most populated structures of the simulations based on the catalytic cleft
angle (Figure 12), it is clear that the presence of mLst8 contributes to the stabilization of
the mTOR catalytic site, since the median structures shown the smallest angle on
catalytic cleft when the subunit mLst8 was associated. On the other hand, the unbinding
of LBE-mLst8 has shown the largest opening of the catalytic cleft with the probability
that the phosphotransference mechanism does not occur in this conformation due to the
lack of adequate contact between the ATP and catalytic residues.
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Figure 12. Catalytic cleft angle and catalytic site behavior of median structures.
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These results corroborate the hypothesis and previous results, now evidenced through
computational approaches, that the binding of mLst8 on mTOR stabilizes the active site

of mTOR, favoring phosphotranspherence processes on ATP binding site.

Conclusion

Computational approaches can be very useful to elucidate molecular mechanisms.
Employing the SIRAH force field on coarse-grained simulation, we monitored the mTOR
catalytic site behavior when mLst8 subunit binds to mTOR and when mLst8 is removed
from the complex. These results reinforced the few previous in vitro studies where mLst8
is necessary for the formation of the mTOR complex. In addition, these findings could be
applied to the development of new strategies to avoid the superexpression of this

pathway.
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Abstract

The mechanistic Target of Rapamycin (mTOR) kinase is the main enzyme from the
complex pathway important for many physiological mechanisms and its deregulation is
present in various types of diseases. In silico and in vitro studies reinforce the
hypothesis that the entire phosphotransference process occurs after the fundamental
binding of mammalian lethal with SEC13 protein 8 (mLst8) subunit on mTOR. However,
the characterization of the mTOR-mLst8 binding interface is still lacking in specific
studies that aim to identify important residues and their characteristics. In order to obtain
insights into mTOR-mLst8 interface at molecular level, molecular dynamic simulation,
MM/GBSA approaches, free energy binding calculation and hydrogen bonds evaluation
with statistical analysis were employed. In addition, per-residue decomposition of these
energies led to the identification of key amino acids and interactions contributing to the
differential binding of mMTOR-mLst8. Our results indicated that mTOR residues
ARG2270, HIS2289, LEU2278 and MET2281 and mLst8 residues ARG221, TRP272,
TRP274 and TYR222 were essentials in interaction activity, contributing as binding
energy much as hydrogen bonds. Our results would aid in the development of new
strategies to control this pathway, disrupting the mTOR-mLst8 binding and avoiding its

overexpression.

Keywords
Mechanistic target of rapamycin; Coarse-grained simulation; mTOR-mLst8 interaction;

Free-energy calculations; Per-residue decomposition

Introduction

Proteins are the principal functional components of biological systems and they
commonly perform interactions with others macromolecules in order to achieve your
functions. The protein—protein interactions (PPIs) are the main key to understanding the
role of these complexes systems in the execution of many biological processes.
Considering the experimental limitations due to the complexes pathways to find all
interactions in a proteome, computational prediction of PPl has become an important
tool in proteomics research [1-5].
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In this background, the mTOR pathway is a complex network constituted by a large
number of proteins and independent subunits that work together for regulation,
modulation and catalytic activity of the major enzyme, the mTOR [6-9]. The mTOR
occurs in two multicomponent kinase complexes, mTORC1 and mTORC2, which are
structurally similar but functionally different and both signaling pathways are not
independent [6]. For example, for mTORC1, the main enzyme mTOR is linked to the
subunits RPTOR (regulatory protein associated with mTOR) and PRAS40 (proline-rich
AKT substrate 40 kDa). For mTORC2, the mTOR is linked to RICTOR (Rapamycin-
insensitive companion of Tor), mSinl (mammalian stress-activated protein kinase
SAPK-interacting protein) and PROTOR 1/2 (protein observed with Rictor) [10-14].
However, there are two subunits common to both complexes: the DEPTOR (DEP-
domain containing mTOR-interacting protein) and an essential subunit that performs the
first binding with mTOR in order to turn the kinase active and able for the
phosphotransference process — the mLst8 (mammalian lethal with SEC13 protein 8)
[15-18].

Regarding the mTOR, structurally at mTOR N-terminus domain there is an adjacent
HEAT (Huntington, EF3A, ATM, TOR; from residue 17 to residue 1260) domain,
following by the FAT (FRAP, ATM, TRRAP; from residue 1261 to residue 2001) domain,
and the kinase domain (KD; from residue 2002 to residue 2549) at the C-terminus, that
is formed by N-ter (from residue 2002 to residue 2240) and C-ter (from residue 2241 to
residue 2549) lobes as others canonical eukaryote protein kinases. In the N-ter lobe, is
found the FRB (FKBP12-rapamycin Binding; from residue 2021 to residue 2118). The
mLst8 binding element (LBE; from residue 2258 to residue 2296) is located at the C-ter
lobe, serving as a binding platform for mLst8. In addition, at the C-terminus of mTOR is
situated the FAT C-terminal (FATC; from residue 2519 to residue 2549) domain. About
mLst8, it is formed around 40 amino acids residues repeats forming a circular motif. At
one end of this motif is a surface that extends to the LBE region of the C-lobe KD
(Figure 1) [8,19,20].
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Figure 1. Linear schematic and structure of the mTOR-mLst8 complex. Figure
generated with PyMOL.

The interaction between mLst8 and LBE enfolds mainly polar residues of LBE with
polar/aromatic residues of mLst8, and the interaction contains a large number of
hydrogen bonds. This interaction steadies LBE and influences the LBE/FATC/activation-
loop, supporting the hypothesis that mLst8 is a crucial subunit for mTOR pathway
activation [19,21].

The abnormal activation of the mTORCs is considered as a key feature of many
metabolic disorders such as cancer, diabetes, obesity and neurodegenerative diseases
due to mutations, amplification or overexpression of the components of mTOR
complexes and mutations or loss of negative regulators of mMTOR [9,18,22,23].

In this way, some studies have shown that the K63 linkage polyubiquitination of mLst8,
supported by TRAF2, regulates the homeostasis of mTORC1 formation and activation.
Especially when the K63 linkage polyubiquitination of mLst8 disrupts its interaction with

the mTORC2 component Sinl to promote mTORC1 formation. Also, the deubiquitinating
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enzyme OTUD7B was described to help the formation of mTORC2 by removing the
polyubiquitin chain on mLst8 and then promoting the interaction between mLst8 and
Sinl. Accordingly, the complex dynamic assembly and activation of mMTORC1 and
MTORC2 are dependent on the ubiquitination of mLst8, further demonstrating the
importance of ubiquitination in the mTOR signaling pathway [24,25].

Considering that LBE-mLst8 binding is crucial for activation and regulation of the main
kinase activity, that the complex behavior regarding the balance between mTORC1 and
MTORC2 and the large amount of residues of mTOR-mLst8 complex, we employed a
large coarse-grained molecular dynamic simulation to understand the characteristics of
LBE-mLst8 interface in order to describe the free binding energy (FBE) between the
subunits and perform per-residue decomposition of these energies led to the
identification of crucial amino acids and interactions contributing to the LBE-mLsT8
interaction and to provide knowledge about the residues that perform these interactions
and to promote others studies, for example, the creation of proteolysis targeting chimeric
(PROTACS) technology [26,27] that enable the degradation via proteasome of mLst8

and enable the inactivation of the mTOR pathway.

Material and methods

Molecular modeling

The Cryo-EM structure of the mTOR-mLst8-Mg-ATP complex (PDB ID 6BCU) was
employed to perform all the experiments and the missing loops (MTOR: GLY1219-
THR1262, GLU1813-LYS1868 and THR2434-VAL2488; mLst8: GLN667-ASN788 and
LYS823-PHE933) were built through comparative modeling using Modeller v.9.19
[28,29].

Coarse-grained (CG) molecular dynamics (MD) simulation

The CG simulation was performed using SIRAH force field [30,31] as follow: (i) Initial
coordinates were obtained from the modeled structure and protonated at pH 7.4. (ii) The
atomistic structures were converted to CG by an ad hoc script from the SIRAH force
field. (iii) The CG model was solvated using a prestabilized box of WT4 molecules [32—
35]. (iv) lonic electroneutrality was set by substituting WT4 molecules by electrolytes Na*
and CI atoms. The simulation protocol also included (v) energy minimization, (vi)

equilibration, and (vii) production phases.
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The initial structure mTOR-mLst8 was protonated using pdb2pgr [36], converted to CG
and solvated in an octahedral box with a solute-box distance of 2.0 nm. The ionic
electroneutrality was set to 0.15 M of NaCl. All simulations were performed using
GROMACS 2016.3 package [37,38] with a time step of 10 fs and updating the neighbor
list every 10 steps. Electrostatic interactions were calculated through Particle Mesh
Ewald (PME) [39] with a direct cut off of 1.2 nm and a grid spacing of 0.2 nm. The same
cut off was used for vdW interactions. Energy minimization was carried out by 1000
interactions of the steepest descent algorithm. The equilibration phase was performed
by 5 ns of MD with positional restraints of 1000 kJ/mol.nm? applied to all protein beads.

The production phase was performed by 1 ps in order to obtain a satisfactory sampling
of the behavior of the mTOR-mLst8 complex, using NPT ensemble (310.15 K, 1 atm), V-

rescale thermostat [40] and Parrinello-Rahman barostat [41].

Data and statistical analysis

As shown in Figure 2, according our previous catalytic cleft study [17], molecular data
analysis and graphical plots from angle of the index of amino acids residues
LYS2370-VAL2240-GLU2032 from the mTOR catalytic cleft and distance between
LBE-mLst8 residues GLU2285-SER290; GLU2285-TRP272; MET2281-TYR222 and
MET2271-LYS313 were performed through subroutines written in-house Python [42,43]

scripts. For these calculations, a CG coordinate file was obtained from the simulation

each 1 ns.
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Figure 2. Measurements from catalytic cleft angle and the lowest distances between
LBE and mLst8 subunit.
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Fifty selected simulated systems plus the crystallographic structure from mTOR-mLst8
had the FBE calculated through molecular mechanics energies combined with
generalized Born and surface area continuum solvation (MM/GBSA) method using the
platform HawkDock [44] in triplicate. The total FBE are decomposition from van der
Waals, electrostatics, Generalized Born and surface area interactions energies from
each residue.

For hydrogen bonds analysis, we employed the Hydrogen Bonds Computing Server
(HBCS) [45] that uses the program Reduce [46] in order to add hydrogen atoms if are
not available in this structure [47].

The statistical analysis was performed using R Project for Statistical Computing [48],
considering normal distribution through the Shapiro-Wilk test of normality [49] (p-value >
0.05) and statistical tests with p-value < 0.05 (CI 95 %) were considered significant.

Results

Employing a graphical plot of the probability density function (Figure 3), that draw the
angle measurement of the index of amino acids residues LYS2370-VAL2240-GLU2032
from the mTOR catalytic cleft versus the distance between LBE-mLst8 residues
GLU2285-SER290; GLU2285-TRP272; MET2281-TYR222 and MET2271-LYS313
retrieved from performed coarse-grained molecular dynamics, we selected fifty systems
(pdb file) (Table 1) based on the limits (peripheral points, in blue color) and central (from
green to red color) values to compute the FBE. The descriptive analysis from the
systems shown that the cleft angle presented average 36.97° (SD + 6.85°), median
34.45° (min 26.94° — max 51.53°) and distance with average 13.07 A (SD * 3.77 A),
median 13.95 A (min 5.42 A — max 19.01 A).
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Time Angle Distance Time Angle Distance
Contact Contact

(ns) ) &) (ns) ) &)
1 LBE/2271 - mLst8/313  32.64 6.18 126  LBE/2271 - mLst8/313 31.65 13.44
2 LBE/2271 - mLst8/313  31.04 5.42 140 LBE/2271 - mLst8/313 31.29 14.98
3 LBE/2271 - mLst8/313  30.59 6.84 146  LBE/2271 - mLst8/313 34.78 12.73
4 LBE/2271 - mLst8/313  28.35 5.43 148 LBE/2271 - mLst8/313 34.41 12.90
5 LBE/2271 - mLst8/313  28.88 5.87 151 LBE/2285 - mLst8/272 31.42 10.78
7 LBE/2271 - mLst8/313  31.03 7.30 167 LBE/2285- mLst8/290 31.01 18.39
8 LBE/2271 - mLst8/313  33.47 11.78 177 LBE/2271 - mLst8/313 26.94 14.54
10 LBE/2271 - mLst8/313  32.47 10.01 222 LBE/2285 - mLst8/272 32.20 11.08
11 LBE/2271 - mLst8/313  33.24 9.98 464  LBE/2281 - mLst8/222  32.79 9.10
14 LBE/2271 - mLst8/313  35.17 11.79 515 LBE/2281 - mLst8/222  36.37 8.92
15 LBE/2271 - mLst8/313  36.32 14.55 558 LBE/2285 - mLst8/272  37.78 11.48
22 LBE/2271 - mLst8/313  37.15 15.69 593 LBE/2271 - mLst8/313  41.07 13.87
23 LBE/2271 - mLst8/313  34.49 14.52 689 LBE/2285 - mLst8/290 47.65 17.92
24 LBE/2271 - mLst8/313  33.89 14.43 690 LBE/2285- mLst8/290 48.78 17.61
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31 LBE/2271 - mLst8/313  33.22 15.69 707  LBE/2285 - mLst8/290 51.53 19.01
32 LBE/2271 - mLst8/313  38.36 14.02 719 LBE/2285 - mLst8/290 46.98 17.47
35 LBE/2271 - mLst8/313  35.58 15.84 725  LBE/2285 - mLst8/290  48.03 17.03
40 LBE/2271 - mLst8/313  34.68 14.59 806 LBE/2281 - mLst8/222 49.81 8.99
41 LBE/2271 - mLst8/313  32.76 15.81 868 LBE/2281 - mLst8/222  43.62 9.62
45 LBE/2271 - mLst8/313  30.51 14.81 874  LBE/2281 - mLst8/222  50.38 9.21
46 LBE/2271 - mLst8/313  32.62 14.92 985  LBE/2285 - mLst8/290  47.37 17.89
47 LBE/2271 - mLst8/313  31.62 13.63 987  LBE/2285 - mLst8/290 44.34 17.28
70 LBE/2271 - mLst8/313  34.59 12.60 992  LBE/2285 - mLst8/290  46.44 17.05
94 LBE/2271 - mLst8/313  33.21 10.18 995  LBE/2285 - mLst8/290  46.69 17.95
119 LBE/2271 - mLst8/313 31.80 14.18 1000 LBE/2285 - mLst8/290 47.59 18.23

Table 1. The features from the fifty systems retrieved from CG simulations.

After HawkDock submission, regarding the FBE results from the 51 retrieved systems,
the Shapiro-Wilk normality test revealed that all data generated did not show a Gaussian
distribution (p-value < 0.05). The Spearman correlation [50] between the FBE residues
from the systems revealed p (rho) coefficient from 0.68 to 0.92 with p-value < 0.05.
Employing Friedman’s test [51-54] with Nemenyi post-hoc test [55], when the systems
and the residues FBE were compared between themselves, both of them comparisons
did not show significant difference (p-value > 0.05) and, therefore, all the systems and
residues presented similar FBE characteristics and the simulation was well sampled.
The descriptive analysis from the systems shown that total FBE presented average -
64.54 kcal/mol (SD = 11.62 kcal/mol), median -63.02 kcal/mol (min -99.13 kcal/mol —
max -42.98 kcal/mol).

Considering the features of the amino acids side chain as polarity (polar residues: CYS,
HIS, ASN, GLN, SER, THR, TYR and TRP; nonpolar residues: ALA, PHE, GLY, ILE,
LEU, MET, PRO and VAL; charged residues: ASP, GLU, LYS and ARG) [56,57] and net
charge at pH 7.4 (neutral residues: ALA, ASN, CYS, GLN, PHE, GLY, HIS, ILE, LEU,
MET, PRO, SER, THR, TRP, TYR and VAL, positive residues: ARG and LYS; negative
residues: ASP and GLU) [57], in the Figure 4 is shown these characteristics from the
main residues in the interface LBE-mLst8 and we concluded that 93.35% of FBE is
related to the interaction between these 68 residues. Therefore, the residues from LBE
subunit have nonpolar and neutral features, meanwhile, the fraction mLst8 has

charged/polar and neutral/positive characteristic.
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Figure 4. Amino acids characteristics from 68 residues of the LBE-mLst8 interface.

In the Figure 5 are showed the boxplot and graphical representation of the main

residues with negative energy values that contributed for FBE. 84.59% (-53.31 kcal/mol)

of FBE is explained by through only 21 residues.
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Figure 5. Box plot and graphical representation of the main residues that showed
negative values of the FBE. The main residues are shown as sticks and the protein as
cartoon.

Concerning the hydrogen bonds between LBE-mLst8 interface, we found 1436
interactions in the 51 evaluated systems. From these interactions, 2.1% are main chain—
main chain (MM), 7,7% are main chain—side chain (MS), 35,9% are side chain—main
chain (SM) and 54,4% are side chain—side chain (SS). The analysis of Donor—Acceptor
(DA) distance revealed average 3.41 A (SD + 0.29 A), median 3.46 A (min 2.51 A — max
3.80 A). The Donor-Hydrogen—Acceptor (DHA) angle presented average 124.23° (SD +
22.48°), median 121.18° (min 90.07° — max 179.22°). The Hydrogen—Acceptor (HA)
distance average was 2.85 A (SD + 0.37 A), median 2.87 A (min 1.71 A — max 3.67 A).
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Discussion

The proteins perform an important role in biological processes level and the PPIs are
essential for triggering molecular mechanisms. However, the suppression or
overexpression of specific pathways from these processes may lead to an organic
disorder state and favoring the development of diseases. Currently, the major challenge
is to understand how proteins can interact and what are the characteristics of these
bindings to discover new potential PPIs modulators in therapeutic intervention.
Concerning to reduce costs and time, the computational techniques are very useful to
help the knowledge about PPIs because they may employ a crystallographic solved
protein from a database, modeling structures, perform molecular dynamics simulations
to evaluate the PPIs behavior and assess the results with statistical analysis to verify the
method effectiveness and accuracy [5,58].

Over the last years, some therapeutic solutions were found based on PPIs. For example,
the novel protein degradation technology called proteolysis targeting chimeric
(PROTAC) is an effective endogenous protein degradation mechanism that can
ubiquitinate the protein of interest (POIl) through the ubiquitin-proteasome system (UPS)
to reach an effect on a target. The main advantage of this target specificity aims to
reduce the adverse effects like undesirable side effects, toxicity and low dose-response
compared to conventional treatments, besides to reduce target resistance and to be a
solution for undruggable targets. [26,27,59-62]. Currently, at least 15 PROTACs are
under the firsts stages of clinical research and some of them already hits the clinic with
satisfactory safety and efficacy profiles [63—68].

The first step to develop new drug strategies is understand the target behavior. In our
case, we focused on evaluate the mTOR-mLst8 binding once that the kinase activation
depends on the mLst8 binding [16,19]. Therefore, this feature by itself already
demonstrates selectivity to the main target because there is not the kinase activation
and subsequent pathway overexpression in diseases cases without mTOR-mLst8
binding.

Although the complex mTOR pathway is crucial for many biological processes, there is
not many studies exploring mMTOR-mLst8 interface in a molecular level. Thus, our study
is the first to integrate coarse-grained molecular simulation, free-energy calculation, per-
residue decomposition and hydrogen bonds identification to establish the mTOR-mLst8
binding profile and provide important knowledge to development of PROTACs heading
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to the mLst8 polyubiquitination because this affects indirectly the kinase activation and
favor the degradation process of a small proteic portion as mLst8 (about 326 amino
acids residues).

The first characterization of mTOR-mLst8 interaction was performed by Santos de
Oliveira et al (2020) where the PPI calculations were performed at the quantum level,
within the density functional theory (DFT) framework, to identify hotspots residues at the
MmTOR-mLst8 interface [69]. Althought a different method was employed, likewise, in our
work we also suggest the relevance of mTOR residues ARG2270, HIS2289, LEU2278
and MET2281 and mLst8 residues ARG221, TRP272, TRP274 and TYR222 because
they presented the lowest FBE values (median < 3.0 kcal/mol) and clearly these
residues are directly involved in mTOR-mLst8 binding.

Furthermore Yang et al (2013) propose that the LBE-mLst8 interface involves mostly
polar LBE residues and polar/aromatic mLST8 residues. However, in our study that
explores only the residues that contribute for FBE, these residues are nonpolar/neutral
for LBE and polar/neutral for mLst8 subunit. Possibly this difference may be related to
use of the structures retrieved from the molecular dynamics each 1 ns (n = 1000) instead
of only the crystallographic structure as shown by Yang et al [19].

Regarding the hydrogen bonds, we concluded that the majority of hydrogen bonds
donors were related to ARG2270, LEU2278, LEU2280 and MET2281 from LBE fraction
and ARG221, TRP272, TRP274, TYR20 and TYR222 from mLst8 subunit. For
acceptors: ARG2270, MET2271 and MET2281 from LBE and ASP21, TYR20, TYR222
and TYR62 from mLst8. Whereas Yang et al (2013) also referred the mTOR-mLst8
interface is dominated by hydrogen bonds, they did not provide much information about
these interactions [19].

Our findings are very relevant for future development of new strategies to control the
important mTOR pathway because provide valuable information about this proteic
interface. In fact, this study is the first to shown the residues' characteristics and the
amount and types of hydrogen bonds involved in the proteins binding. Such information
may be useful for the search of new PROTACs able to link the PROTAC warheads in

the mLst8 binding interface and perform the degradation of mLst8 via proteassome.

Conclusion
In silico approaches can be very useful to elucidate biological mechanisms at molecular

level. Employing a satisfactory sampling of the behavior of the mTOR-mLst8 complex
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through molecular simulation, we explored the mTOR-mLst8 interface using MM/GBSA
approaches, free energy binding calculation and hydrogen bonds evaluation with
statistical analysis. Our results reinforced the few previous mTOR-mLst8 studies and led
to the identification of key amino acids and interactions contributing to the differential
binding of mMTOR-mLst8 and these findings could be applied to the development of new
strategies to avoid the superexpression of this pathway.
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4 CONCLUSAO

As técnicas computacionais sdo essenciais para adquirir conhecimento sobre o
comportamento de vias de sinalizacdo compostas por biomoléculas. No presente
trabalho apresentamos um passo inicial para o desenvolvimento de estratégias de
controle da via da mTOR. Ao final, conseguimos elucidar alguns pontos importantes
relacionados ao comportamento da quinase frente ao acoplamento da subunidade
mLst8 a quinase mTOR e reforcar estudos prévios de que esse acoplamento €
necessario para ativacdo e acdo fosforilativa. Além disso, conseguimos detalhar a
interface de acoplamento mLst8-mTOR a fim de possibilitar estudos futuros
relacionados a novas estratégias de controle da via de sinalizagdo como, por exemplo,
desenvolvimento de PROTACs capazes de encaminhar a subunidade mLst8 para
degradacédo via proteassoma e evitar a superexpressao e descontrole fisiopatolégico da

via de sinalizacéo.

Do ponto de vista experimental, podemos implementar técnicas capazes de
validar nossos métodos apresentados como, por exemplo, a Espectrometria de Massa
de Troca de Hidrogénio/Deutério (HDX-MS) que visa analisar caracteristicas estruturais
(interacdes proteina-proteina e volume cavitario do sitio catalitico) sendo capaz de
fornecer informacdes sobre proteinas individuais, bem como grandes complexos
proteicos (OZOHANICS; AMBRUS, 2020). De mesma forma, para se avaliar a
capacidade fosforilativa da mTOR quando a fragdo mLst8 esta associada ou néo,
podemos dispor de métodos cinéticos enzimaticos (ADMIRAAL; HERSCHLAG, 1995;
HERSCHLAG; JENCKS, 1990; MATTE; TARI; DELBAERE, 1998).

5 PERSPECTIVAS

Mesmo ap6s mais de 8 anos de pesquisas dedicadas a via de sinalizacdo da
MTOR ela sempre parece a fornecer detalhes interessantes, a cada trabalho realizado
mais resultados sdo obtidos e novas hipGteses sdo propostas. Nos estudos prévios,
utilizamos o mecanismo inibitério para sugerir novos potenciais inibidores da quinase e
entdo, compreendendo o processo de ativacdo da via metabdlica, ficou evidente que o
controle de ativacdo da quinase pode ser valioso visto que € comum aos dois
complexos existente nos organismos biolégicos e pode ser uma via especifica de

controle.
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Dessa forma, os proximos passos sao utilizar os dados prévios obtidos neste
trabalho para avaliar a potencialidade do emprego da tecnologia de PROTACs no
controle da via metabdlica, lancando o desafio de realizar estudos de docagem e

simulacdo do complexo mTOR-mLst8 para este fim.
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