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Resumo

RESUMO

A introducdo dos antipsicoticos na clinica psiquitrica promoveu intensas
mudangas no tratamento dos transtornos mentais. Apesar do sucesso terapéutico, a
administragdo dos primeiros antipsicéticos, conhecidos como agentes tipicos, foi
associada a serios efeitos adversos, principalmente sintomas extrapiramidais (SEP),
comprometendo a adesdo ao tratamento. Os SEP incluem distonias, acatisia,
pseudoparkinsonismo e discinesia tardia. Apds o surgimento da clozapina, uma nova
geracdo de compostos, conhecida como agentes atipicos, de alto valor terapéutico e
reduzida incidéncia de SEP foi desenvolvida. InvestigacGes conduziram a hipdtese
dopaminérgica da esquizofrenia e demonstraram que o efeito terapéutico destes agentes
estd associado ao bloqueio de receptores de dopamina da subfamilia D2. Acredita-se
que 0s agentes atipicos ocupem somente cerca de 65-80% dos receptores na regido
nigroestriatal e por isso atinjam o efeito terapéutico sem desencadear o surgimento de
SEP, enquanto que agentes tipicos ocupam niveis acima de 80%. Para explicar as
diferencas entre agentes tipicos e atipicos, foi proposto que, enquanto os primeiros se
ligam com alta afinidade e bloqueiam os receptores por um longo periodo, os atipicos se
ligam com baixa afinidade e se dissociam do receptor rapidamente, restabelecendo da
sinalizacdo dopaminérgica. Estudos recentes também demonstram o bloqueio de
receptores D3 como importante alvo terapéutico para o tratamento da esquizofrenia e da
dependéncia quimica, entre outros transtornos. Neste trabalho foi utilizada a estrutura
tridimensional do receptor humano de dopamina D3 co-cristalizado com a eticloprida
para investigar o perfil de ligacdo dos antipsicoticos eticloprida, haloperidol e
risperidona neste receptor, através de métodos computacionais classicos e quanticos. A
eticloprida é um potente agente com alta seletividade para receptores D2/D3 e de grande
utilidade na pesquisa farmacoldgica. Este agente consiste no Gnico antipsicético co-
cristalizado com um receptor de dopamina existente no momento. Nossos resultados
destacam o papel central do residuo Asp110 no ancoramento da eticloprida, além dos
residuos Val82, Val107, Cys114, Ser182, 11183, Val189, Trp342, Phe345, Phe346 e
Tyr373. Dentre estes, Val1l07, Serl82, Phel88, Val82 e Asnl185 foram pela primeira
vez relacionados diretamente com o mecanismo de ligacdo da eticloprida no receptor
D3. O haloperidol é um agente tipico com alta afinidade por receptores da subfamilia
D2. Apesar de estar associado ao surgimento de SEP, o haloperidol é muito utilizado na
clinica por suas propriedades terapéuticas e baixo custo. A compreensdo do bloqueio de
receptores de dopamina pelo haloperidol é de fundamental importancia para o
desenvolvimento de derivados/novos compostos com reduzido indice de SEP. Nossos
resultados descrevem a orientagéo do haloperidol durante a interagdo com o receptor D3
e demonstraram a relevancia dos residuos Asp110, Cys114, 11e183, Phe345, Phe346,
Tyr365 e Tyr373. A risperidona é um importante antipsicotico atipico utilizado no
tratamento de esquizofrenia e sintomas de irritabilidade associado com autismo em
criancas. Em nosso estudo, observamos que a risperidona pode ligar-se no receptor D3
em duas orientagdes distintas, RO1 e RO2. A analise da contribuicdo individual de cada
residuo juntamente com simulagdes de dinamica molecular indicam que RO2 é mais
propensa a desligar-se do receptor do que RO1, sugerindo um perfil de ligagdo misto,
com répida dissociacdo de uma fracdo dos antipsicéticos ligados. Os resultados
apresentados neste estudo auxiliam na elucidacdo do mecanismo de ligacdo da
eticloprida, haloperidol e risperidona no receptor de dopamina D3 e consolidam o uso
de ferramentas cléssicas e quanticas para a obtencdo de estruturas tridimensionais e a
analise do perfil de contribuicdo energetica individual dos residuos de aminoacido que
compdem o sitio de ligacéo do receptor de dopamina D3.
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Abstract

ABSTRACT

The introduction of antipsychotics in the clinic significantly improved the
treatment of mental diseases. Nevertheless, besides the therapeutic success of the first
antipsychotics (known as typical agents), their administration was associated with
serious side-effects known as extrapiramidal symptoms (EPS), that compromised the
treatment. The EPS include dystonic reactions, akathisia, pseudoparkinsonism and
tardive dyskinesia. Following the synthesis of clozapine, a new generation of
antipsychotics (known as atypical agents) with reduced EPS incidence began to appear.
A set of evidences lead to the dopaminergic hypothesis of schizophrenia and many
studies associated the mechanism of action of antipsychotics with the blockade of D2-
like receptors. It was demonstrated that while atypical antipsychotics elicit clinical
effects through 65-80% of dopamine receptor occupancy, typical agents show
occupancy levels above 80%, triggering EPS. To explain the differences between
typical and atypical agents, it was proposed that the former have higher affinity for the
receptors, blocking them for a longer period, while atypical agents show lower affinity
and are easily dissociated from the receptor, allowing the restablishment of the
dopamine signaling in the nigrostriatal pathway. Recently, the blockade of D3 receptors
has been discovered as an important strategy for the treatment of schizophrenia and
other neurological diseases. In this study, we took advantage from the published
crystallographic data of D3R complexed with eticlopride, to investigate the binding
profile of the antipsychotics eticlopride, haloperidol and risperidone, through classical
and quantum computational methods. Eticlopride is a potent and selective D2/D3
antagonist agent and is widely used in pharmacological research. Moreover, up to date,
it is the only antipsychotic co-crystallized with a dopamine receptor. Our results
highlight the central role of the residue Asp110, followed by Val82, Val107, Cys114,
Serl82, 11e183, Vall89, Trp342, Phe345, Phe346 and Tyr373, among others, and
demonstrated for the first time the participation of Val107, Serl82, Phel88, Val82 e
Asn185 in this binding. Haloperidol is a typical agent with high affinity for D2-like
receptors. Although associated with the onset of EPS, haloperidol is still widely used in
clinic due to its clinical properties and lower cost. In this way, the understanding of the
mechanism involving dopamine receptor blockade by haloperidol is of great importance
for the development of derivatives/novel agents with reduced EPS incidence. Our
results unveil the conformation of haloperidol during its interaction with the D3
receptor and highlight the role of residues Aspl110, Cys114, 11e183, Phe345, Phe346,
Tyr365 and Tyr373. Risperidone is an atypical antipsychotics used in the treatment of
schizophrenia and symptoms of irritability associated with autism spectrum disorder
(ASD) in children. Our results show that risperidone binds to D3 receptor in two
possible orientations, RO1 and RO2. The analyses of the individual amino acid
contribution and the molecular dynamics simulations indicated that RO2 exhibits a
trend to dissociate faster from the receptor than RO1, suggesting the existence of a
mixing binding profile, with a fast-off behavior observed in only a fraction of ligands
corresponding to orientation RO2. Our results give support to the understanding of the
binding mechanisms of the important antipsychotics eticlopride, haloperidol and
risperidone in the human dopamine receptor D3. Also, our results highlight the
relevance of the use of classical and quantum approaches in the modeling and analysis
of the individual energy contribution of every amino acid residue in the binding site of
the D3 dopamine receptor.
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Lista de abreviaturas, siglas e simbolos

LISTA DE ABREVIATURAS, SIGLAS E SIMBOLOS

AMP - Adenosina Monofosfato

Asn - Asparagina

Asp - Acido Aspartico

ATV - Area Tegmental Ventral

CAMP - AMP ciclica

Cys - Cysteina

DFT - Teoria do Funcional da Densidade (do inglés, Density Functional Theory)

ECL - Alca Extracelular (do inglés, Extracelular Loop)

SEP - Sintomas Extrapiramidais (do inglés, Extrapiramidal Symptoms)

FDA - Food and Drug Administration

GGA - Aproximacéo de Gradiente Generalizado (do inglés, Generalized Gradient
Approximation)

Gi - Proteina G inibitdria

Glu - Acido Glutamico

Gly - Glicina

GPCR - Receptor acoplado a proteina G (do ingés, G prorein-coupled receptor)

Gs - Proteina G estimulatoria

His - Histidina

I1Cs - Concentracdo Inibitoria Media (50%)

ICL - Alca intracelular (do inglés, Intracelular Loop)

lle - Isoleucina

LDA - Aproximacéo de Densidade Local (do inglés, Local Density
Approximation)

Leu - Leucina

Met - Metionina

MFCC  -Fragmentagdo molecular com caps conjugados (do inglés, Molecular
Fragmentation with Conjugated Caps)

OMS - Organizagdo Mundial da Saude

ONIOM - Own N-layered Integrated Molecular Orbital and Molecular Mechanics

PET - Tomografia de Emisséo de Foton

Phe - Fenilalanina

QM/MM - Mecanica Quantica/Mecanica Molecular
RMN - Ressonancia Magnética Nuclear

Ser - Serina

SNC - Sistema Nervoso Central

SPECT - Tomografia Computadorizada de Emissao de Foton Unico (do inglés,
Single Photon Emission Computerized Tomography)

Thr - Treonina

™ - Transmembrana
Trp - Triptofano

Tyr - Tirosina

Val - Valina
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Introducao

1. Introducao

1.1. Caracterizagéo do Problema

A introducdo dos antipsicoticos na clinica psiquidtrica promoveu intensas
mudancas no tratamento dos transtornos mentais. Neste sentido, a sintese da clozapina
significou um grande avanco em relacdo aos primeiros agentes (também conhecidos
como antipsicoticos de primeira geracdo, ou tipicos), reduzindo os desconfortos
provocados pela administracdo daqueles - principalmente os efeitos extrapiramidais
(SEP, do inglés “extrapiramidal symptoms”), tais como distonias (espasmos musculares
involuntarios), acatisia (sindrome psicomotora que se manifesta pela impossibilidade de
estar parado, sentado) pseudoparkinsonismo e discinesia tardia (movimentos repetitivos
involuntarios que se manifesta como um efeito colateral do uso a longo prazo ou uso de
altas doses de antipsicéticos). Contudo, nem a clozapina, nem 0s novos agentes
(antipsicoticos de segunda geracdo ou atipicos) desenvolvidos desde entdo, foram
capazes de apresentar um perfil de acdo terapéutica totalmente livre de efeitos adversos
significantes. Dentre os efeitos adversos provocados pela utilizacdo dos antipsicoticos
(em maior ou menor grau, dependendo do agente) estdo os efeitos extrapiramidais,
ganho de peso, prolactinemia e agranulocitose, entre outros. O aparecimento destes
sintomas, ou a combinacdo deles, além de trazerem transtornos a vida do paciente,
muitas vezes acarretam a descontinuacdo do tratamento. Dentre 0S novos agentes
atipicos, a risperidona e o aripiprazol sdo utilizados no tratamento de crian¢as com
irritabilidade associada ao autismo (YAN, 2007; CHRISTIAN et al., 2012; SHARMA e
SHAW, 2012). Contudo, apesar da seguranga e eficicia destes agentes, alguns efeitos
adversos significativos tém sido observados, tais como ganho de peso, sonoléncia,

cansaco e anormalidades metabolicas (SAFER, 2004; SHEA et al., 2004; CANITANO

Parte | 5



Introducao

e SCANDURRA, 2008; BYRNE et al., 2010), fazendo da busca pelo entendimento dos
mecanismos de acdo dos antipsicoticos um tema atual e relevante para guiar o
desenvolvimento de novos compostos com elevada eficacia clinica e reduzidos efeitos

adversos.

Sabe-se que o efeito terapéutico da maioria dos antipsicéticos ocorre através do
bloqueio de receptores de dopamina da subfamilia D2, e que o diferente perfil de
ligacdo de cada composto € responsavel pela resposta clinica caracteristica de cada
antipsicotico, bem como pelo desencadeamento de alguns dos importantes efeitos
adversos observados. Devido a sua distribuicdo no SNC (SEEMAN et al., 2006), o
receptor D3 tem sido apontado como um importante alvo para o tratamento
antipsicotico (SOKOLOFF et al.,, 1990) e o blogueio de receptores D3 tem sido
associado com o efeito terapéutico de alguns agentes antipsicoticos (PILLA et al., 1999;
SILVANO et al., 2010; TSCHAMMER, NUSKA et al., 2011). Logo, a compreensdo a
nivel molecular do mecanismo de interacdo entre os distintos antipsicéticos e o receptor
de dopamina D3 serd de grande valia para o desenvolvimento racional de novos
compostos, além de permitir maior entendimento sobre a acdo dos agentes hoje no

mercado.

Em 2010, gragas aos avangos nas técnicas de caracterizacdo estrutural de
proteinas, foi possivel a elucidacdo do receptor dopaminérgico humano do tipo D3
complexado com o antagonista Eticloprida, via difragdo de raios-X (CHIEN, E. Y. T. et
al., 2010). Até o momento, este € o uUnico receptor de dopamina cuja estrutura
tridimensional foi elucidada, o que motivou a comunidade cientifica a utiliza-lo para
melhor compreender os mecanismos envolvidos na ativacéo e bloqueio desta classe de
receptores (OBIOL-PARDO et al., 2011; SORIANO-URSUA et al., 2011; FENG et al.,

2012; PLATANIA et al., 2012).
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Introducao

Na presente tese, foram utilizados métodos de bioquimica computacional® para
avaliar o perfil energético e mecanismo de ligagdo dos antipsicoticos eticloprida,
haloperidol e risperidona no receptor de dopamina humano D3. Durante os
experimentos, foram utilizados calculos quéanticos para obter-se a contribuicdo
energeética individual de cada residuos de aminoécidos que compdem o sitio ativo do
receptor D3 para a ligagdo dos antipsicéticos citados, bem como o perfil de variacdo da
energia de ligacdo em funcdo do raio protéico analisado. Os resultados obtidos
permitiram a maior compreensdo do mecanismo de interacdo dos agentes estudados e o
receptor D3, o qual poderad ser atil na busca/desenvolvimento de novos compostos

atipicos com alto potencial terapéutico e reduzidos efeitos colaterais.
1.2. Referencial Teorico
1.2.1. Neurotransmissdo Dopaminérgica
1.2.1.1. Dopamina e seus Receptores

A dopamina é um importante neurotransmissor do tipo catecolaminérgico
encontrado no Sistema Nervoso Central (SNC) e que regula importantes vias de
sinalizacdo através da ativacdo coordenada de cinco tipos de receptores: D1, D2, D3, D4
e D5 (KEBABIAN e CALNE, 1979; JABER et al., 1997). Esses receptores pertencem a
classe de receptores associados a proteinas G (GPCRs, do inglés: G protein-coupled
receptors) (DE LEAN et al., 1980; AYERS et al., 2002; RASMUSSEN et al., 2007) e
possuem segmentos conservados formados por sete hélices transmembranares
conectadas por algas extra e intracelulares (OSTROWSKI et al., 1992; SIBLEY e

MONSMA, 1992). Na porgdo citoplasmatica, estes receptores estdo associados a uma

1 . s . . . ~ .

A bioguimica computacional vale-se de ferramentas de calculo e simulagdo computacional para a
resolucdo de problemas bioquimicos. Uma descrigdo mais abrangente pode ser encontrada nos anexos,
sec¢do: 8. Bioquimica Computacional.
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proteina de ligacdo a nucleotideos de guanosina (proteina G) capaz de interagir com
enzimas efetoras, promovendo a regulacdo dos niveis de um segundo mensageiro
intracelular. Os receptores de dopamina sdo subdivididos em duas subfamilias, D1 e D2,
sendo que os integrantes da subfamilia D1 (D1 e D5) estdo acoplados a subunidade alfa
da proteina G estimulatoria, ativando a adenilato ciclase e aumentando os niveis de
AMP ciclico (CAMP). J& os receptores integrantes da subfamilia D2 (D2, D3 e D4)
estdo acoplados a subunidade alfa inibitéria da proteina G, exercendo efeito inibitorio
sobre a adenilato ciclase e reduzindo os niveis de CAMP intracelular (MISSALE et al.,
1998). A subdiviséo dos receptores de dopamina e seu efeito sobre a adenilato ciclase

estdo representados na figura 1.

Subfamilia D1 Subfamilia D2
(D1 e D5) (D2, D3 e D4)

Adenilato
Ciclase

Figura 1: Regulacdo da enzima adenilato ciclase pelos receptores de dopamina. Receptores da
subfamilia D1 estdo associados a subunidades estimulatorias (Gs), modulando positivamente a
atividade da enzima adenilato ciclase. Os membros da subfamilia D2 estéo associados a proteina
G inibitdria (Gi), promovendo a inibigdo da adenilato ciclase.

Devido a organizacdo e distribuicdo dos grupos celulares dopaminérgicos no
SNC, sdo quatro as vias dopaminérgicas conhecidas (Figura 2):
1) Via mesolimbica: projecbes da é&rea tegmental ventral (ATV) a

componentes do sistema limbico (nucleo acumbens, hipocampo e
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amigdala). Esta relacionada com a emocdo, recompensa, memoria, e ao
desenvolvimento de sintomas positivos da esquizofrenia quando super
estimulada.

2) Via mesocortical: projecdes da ATV ao neocortex. Disfuncfes nessa via
estdo relacionadas a sintomas negativos e prejuizos cognitivos observados
em pacientes com esquizofrenia.

3) Via nigroestriatal: projeta-se da substancia nigra ao estriado. Relaciona-se
a coordenacdo motora e movimento. Deficiéncias nessa via estdo
relacionados a sintomas parkinsonianos. O bloqueio de receptores
dopaminérgicos desta via pode resultar no surgimento de SEP.

4) Via tuberoinfundibular: projecGes do nicleo arqueado do hipotalamo a
glandula pituitaria. A inibicdo desta via estd relacionada ao aumento de

prolactina.

Estriado
Neocortex

Nucleo
Acumbens

Substancia
Nigra

Tegmental

Ventral

Figura 2: Vias dopaminérgicas no SNC: 1) Via mesolimbica; 2) via mesocortical; 3) via
nigroestriatal; e, 4) via tuberoinfundibular. Adaptada de Stahl, 2003 (STAHL, 2003).

Os receptores de dopamina humanos D1, D2, D3, D4 e D5 sao codificados pelos

genes DRD1 (cromossomo 5), DRD2 (cromossomo 11), DRD3 (cromossomo 3), DRD4
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(cromossomo 11) e DRD5 (cromossomo 4), respectivamente (MISSALE et al., 1998).
Os receptores de dopamina D2, devido ao splicing alternativo, podem ser encontrados
nas formas longa (D2L, do inglés “long”) e curta (D2S; do inglés “short”), sendo que a
primeira contém 29 aminoacidos a mais que a segunda (GIROS et al., 1989). Por sua
vez, o receptor D3 também sofre splicing alternativo e por isso podem ser encontradas
inimeras variantes com formas curtas e longas, sendo que, muitas parecem nao ser
funcionais. Também, o receptor D4 (VAN TOL et al., 1991; VAN TOL et al., 1992)
possui inumeras variantes, cada uma com um numero diferente de unidades repetidas na
terceira alca citoplasméatica deste receptor. JA o receptor D5, possui mais dois
pseudogenes para o receptor D5 nos cromossomos 1 e 2, assim chamados por codificar
formas incompletas contendo apenas 154 aminoacidos (SEEMAN e VAN TOL, 1994).
Estruturalmente, os receptores D2 e D3 apresentam 46% de homologia, havendo
similaridade de 78% entre as sequéncias das hélices transmembrana (SOKOLOFF et al.,
1990; CHIEN, E. Y. T. et al., 2010). Mais ainda, dentre os 18 residuos de contato com a
eticloprida, observados nos dados de cristalografia da Eticloprida-D3 (PDBID:3PBL),
17 s&o identicos no receptor D2 (CHIEN, E. Y. T. et al., 2010). Uma explicacdo
racional para esta similaridade é a alta taxa de conservacdo entre 0s receptores
dopaminérgicos devido ao fato de que estes compartilham a mesma origem
evolucionaria, como demonstrado na figura 3. Devido a distribuicdo destes receptores
em regides do SNC relacionadas a fisiopatologia da esquizofrenia e aos efeitos adversos
resultantes do uso de antipsicoticos e a similaridade encontrada no sitio de ligacdo dos
receptores D2 e D3, a busca por agentes terapéuticos seletivos transformou-se em um

desfio para a comunidade cientifica.
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Ancestral comum

[— Monoaminas

Muscarinico
a

Bradicinina Opsinas, rodopsinas
Endotelinas Angiotensina Taquininas

Interleucina-B

Tipos de
receptores

..........................................................................................

Subtipos de

2 4 5 3 1 H1 H2 12A2B2C D4D3D2 D1, DI, D5 3 2 1 receptores

Muscarinico Histaminico a-adrenérgico Dopaminérgico B-adrenérgico

Figura 3: Arvore evolutiva dos receptores acoplados a proteina G. Os receptores de dopamina
da subfamilia 1 e 2 estdo destacados em vermelho e azul, respectivamente. Adaptado de Graham
(2009), p. 52 (GRAHAM, 2009).

1.2.1.2. Receptor humano de dopamina tipo D3

Em novembro de 2010, a estrutura do receptor humano de dopamina D3
contendo o antagonista eticloprida ligado a ela foi publicada (PDB: 3PBL) (CHIEN, E.
Y. et al., 2010). O alto grau de homologia entre os receptores D3 e D2, especialmente
no sitio de ligacdo, faz desta estrutura uma ferramenta chave no estudo, a nivel
molecular, dos mecanismos envolvendo a interacao entre agonistas e antagonistas com
0s receptores de dopamina.

Durante o processo de cristalizacdo, a termoestabilidade do receptor D3 foi
obtida através da co-cristalizacdo com o antagonista eticloprida (enquanto outros
antagonistas falharam nesta tarefa). A eticloprida é uma benzamida substituida e foi
desenvolvida, levando em conta estudos prévios de relacdo estrutura atividade, como
um potente agente blogueador com alta seletividade para receptores da subfamilia D2.
Devido a suas caracteristicas farmacoldgicas, a eticloprida tem sido muito utilizada em

pesquisas com esquizofrenia e outras enfermidades (MARTELLE e NADER, 2008).
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Os dados cristalograficos apresentados por Chien e colaboradores (2010) foram obtidos
com 3,15 A de resoluco e apresentam dois receptores em orientacéo antiparalela, sendo
que ambas as copias do receptor sdo muito similares (RMSD de 0,6 A em relacio as
sete hélices transmembranas ). Semelhante a dados publicados anteriormente de outros
GPCR, este receptor é formado por sete alfa hélices com dominios transmembrana.
Entretanto, a porcdo extracelular difere muito dos demais receptores (como esperado,
devido a diversidade na sequéncia primaria), conferindo caracteristicas Unicas as
estruturas secundérias e aos residuos de aminoécidos formadores do sitio de ligacéo.
Nas extremidades das hélices o receptor D3 possui trés alcas extracelulares (ECLL,
ECL2 e ECLS; siglas em inglés para extracelular loop) e trés intracelulares (ICL1,
ICL2 e ICL3; siglas em inglés para intracelular loop). Na porcao extracelular, ECL2
difere do receptor B-adrenérgico por ndo apresentar a estrutura secundaria em forma de
hélice e por ser mais curta, no entanto, h4 grande similaridade entre os residuos, a
apresentacdo das cadeias laterais e a posi¢ao dos ligantes. Nestas porcdes, duas pontes
dissulfeto sdo observadas, uma em ECL3 entre Cys355 e Cys358, e a outra entre ECL2
(Cys181) e a hélice 3 (Cys103). Quando comparadas as hélices transmembranares,
observa-se pequenas diferencas na posicao relativa da porcdo extracelular entre as
hélices VI e VII, e 3,5 A de aproximacdo entre as hélices Il e V devido ao
encurtamento da ECL2 (que liga as hélices Il e V por uma ponte dissulfeto entre
Cys181 e Cys103) em um aminoacido em relacdo ao receptor B-adrenérgico. A
visualizacdo esquematica deste receptor € representada na figura 4 (A), enquanto que o
sitio ativo contendo a eticloprida ligada esta representado na figura 4 (B) e (C).
Conforme vasta descri¢do na literatura, o residuo Asp110 possui relevante papel
na ligacdo de agonistas e antagonistas nos receptores de dopamina. Neste sentido, 0s

dados cristalograficos exibem o residuo Asp110 localizado no interior da cavidade de
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ligacdo, com sua cadeia lateral orientada em direcdo da amina terciaria da molécula de
eticloprida. Além do mais, a importancia da presenca de um ligante carregado para a
formacdo adequada da ponte salina, aumentando a eficiéncia da ligagdo em receptores
de dopamina j& havia sido indicada por Chang e colaboradores (1987) em um estudo

comparativo com agonistas carregados e neutros (CHANG et al., 1987).

A

“W342648 F346°°
36544 LS1 96546

Figura 4: Dados cristalograficos do receptor humano de dopamina co-cristalizado com o
antagonista eticloprida. (a) Modelo de representacdo espacial do antagonista eticloprida ligado
ao receptor D3. (b) Sitio de ligacdo da eticloprida. (c) Residuos de contato elucidados na analise
dos dados cristalograficos PDBID: 3PBL. ECL1, ECL2 e ECL3: Alga extracelular 1, 2 e 3,
respectivamente. ICL1, ICL2 e ICL3: Alca intracelular 1, 2 e 3, respectivamente. TM1, TM2,
TM3, TM4, TM5, TM6 e TM7: Hélice transmembrana 1, 2, 3, 4, 5, 6 e 7, respectivamente.
Figura adaptada de Chien e colaboradores (2010) (CHIEN, E. Y. T. et al., 2010).

A analise comparativa na regido do sitio dos receptores D2 e D3, realizada por
Chien e colaboradores (2010), sugere a existéncia de um segundo sitio de ligacéo

responsavel pela seletividade ao receptor D3. A importancia deste sitio foi observada

Parte | 13



Introducao

durante ensaios de ancoragem molecular com o antagonista seletivo para D3, R22,
indicando a formagdo do segundo sitio na regido entre as algas extracelulares ELC1 e
ELC2 e porcOes das hélices TM1, TM2 e TM7 (CHIEN, E. Y. T. et al., 2010). Os
autores argumentaram que devido a baixa taxa de conservacdo (44%) da hélice TM1
entre D2 e D3, e a divergéncia entre alguns residuos das hélices TM2 e TM7, como a
Thr368 (Phe no D2) que forma uma ligagcdo de hidrogénio com a Tyr365, podem
ocorrer diferencas significativas no empacotamento das duas estruturas (D2 e D3),
principalmente na jungdo das hélices TM1, TM2 e TM7. Essas alteracOes, apesar de
sutis, podem modular direta ou indiretamente a seletividade destes receptores (CHIEN,
E.Y.T.etal., 2010).

A elucidacdo da estrutura tridimensional do receptor D3 teve grande impacto na
comunidade cientifica, a qual passou a utilizar esta estrutura como padrdo para a anélise
do perfil de ligacdo de novos agentes terapéuticos (TSCHAMMER, N. et al., 2011),
bem como para estudar os parametros de seletividade D2/D3 (CARLSSON et al., 2011,
SORIANO-URSUA et al., 2011; FENG et al., 2012; PLATANIA et al., 2012). A
importancia deste receptor vem do fato de que estudos in vitro e in vivo do perfil de
ligagdo de antipsicéticos demonstraram além ocupacdo gradual dos receptores D2,
também ha ocupacdo dos receptores D3, apesar destes apresentarem afinidade
ligeiramente menor (SCHOTTE et al., 1996). Um estudo utilizando a técnica de PET
demonstrou que tanto o antipsicético tipico haloperidol quanto o atipico clozapina
ligam-se a receptores D2 e D3 in vivo (GIRGIS et al., 2011), reforcando o papel dos
receptores D3 como um importante alvo no tratamento da esquizofrenia e outras
desordens neuroldgicas (JOYCE, 2001; PRASAD et al., 2002; SHIMOHAMA et al.,

2003).
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Na regido mesolimbica, foram observados niveis abundantes de RNA mensageiro
de receptores D3 na area ventral, demonstrando o relevante papel do receptor D3 na
regulacdo desta via (SOKOLOFF et al., 1990). Na analise dos niveis de receptores D3
em pacientes com esquizofrenia que ndo faziam uso de medicamentos, encontrou-se 0
dobro do valor observado no grupo controle, enquanto que, em pacientes utilizando
antipsicoticos, estes niveis foram similares ou inferiores ao dos controles. Esses
resultados indicam alteragBes nos niveis de D3 associados com a patologia e sugerem
que a modulacdo dos receptores D3 durante o curso do tratamento da esquizofrenia
pode estar relacionada com o efeito terapéutico dos antipsicéticos (JOYCE e
MEADOR-WOODRUFF, 1997). A andlise da distribuicdo de receptores D2 e D3 no
SNC, utilizando tecido post mortem, indicou a presenca de receptores D2 na regido
dorsal do putamen e do nucleo caudato dorsal, mas ndo de receptores D3. J& na regido
ventral do putamem, ventral do caudado e do globo palido, observou-se uma
distribuicdo relativa entre D2:D3 na propor¢do de 2:1 (SEEMAN et al., 2006). A
administracdo de alguns antipsicoticos, principalmente os pertencentes a classe dos
tipicos, leva ao bloqueio dos receptores D2 no estriado, culminando no aparecimento
dos efeitos colaterais motores, conhecidos como sintomas extrapiramidais, devido a
forte inibicdo da via nigroestriatal. Além do mais, o antagonismo de D3 tem sido
reconhecido como um novo e potente alvo terapéutico para o tratamento da
esquizofrenia, a dependéncia quimica e outros transtornos (PILLA et al., 1999;
BOECKLER e GMEINER, 2006; HEIDBREDER e NEWMAN, 2010), reduzindo ou
evitando o surgimento de sintomas extrapiramidais relacionado ao bloqueio de
receptores D2 na regido nigroestriatal (SOKOLOFF et al., 1990; STEMP et al., 2000;
PARK et al., 2003; JOYCE e MILLAN, 2005). Além do mais, estudos em primatas nao

humanos tratados com L-dopa mostraram que o antagonismo de D3 atenua os sintomas
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de discinesia tardia (VISANJI et al., 2009), porém traz prejuizos ao tratamento,
enquanto que o agonismo parcial apresenta 0 mesmo efeito, porém ndo compromete o
efeito terapéutico da L-Dopa (BEZARD et al., 2003) . Recentemente, foi correlacionado
0 aumento da expressdo de receptores de dopamina D3 durante o tratamento com o
antipsicotico haloperidol com aparecimento de discinesia tardia, enquanto que o
tratamento com clozapina ndo teve o0 mesmo efeito (MAHMOUDI et al., 2014). Esses
dados destacam a importancia de aprofundarmos nosso conhecimento na distribuigéo
anatdmica dos diferentes subtipos de receptores de dopamina no SNC, afim de
buscarmos agentes terapéuticos capazes de melhorar a eficiéncia terapéutica atuando de
forma subtipo-seletivo e evitando o aparecimento de efeitos adveros (CAMPIANI et al.,
2003; PARK et al., 2003; JI et al., 2005; CARLSSON et al., 2011; LOBER et al., 2011;

CHEN et al., 2012).
1.2.1.3. Hipdtese Dopaminérgica da Esquizofrenia

A esquizofrenia é uma transtorno mental grave que afeta cerca de 0,5a 1 % da
populacdo, surgindo normalmente no inicio da vida adulta e com maior prevaléncia
entre homens (MESSIAS et al., 2007). Este transtorno tem grande impacto para a
sociedade e compromete as atividades diarias dos pacientes, manifestando-se através de
diversos sintomas, os quais podem ser classificados como: positivos, negativos e
cognitivos. Os sintomas positivos manifestam-se atraves de episédios de alucinacdes
(normalmente auditivas), delirios envolvendo megalomanias e delirios de perseguigéo e
desorganizacdo da fala. Os sintomas negativos manifestam-se de forma mais complexa
através da desmotivacdo e falta de prazer em iniciar/realizar atividades, do afeto
embotado e da apatia (FOUSSIAS e REMINGTON, 2010). Por sua vez, 0s sintomas
cognitivos envolvem prejuizos na memoria de trabalho e na realizacdo de funcgdes

executivas (ANDREASEN, 1982; 1993) (TANDON et al.). A esquizofrenia ndo tem
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cura, contudo, o tratamento continuo permite que seus sintomas sejam amenizados e
controlados ao longo da vida do paciente. Um estudo realizado pela Organizagéo
Mundial da Satude (OMS) em 2001, estimou que 0s gastos com esta patologia em paises
industrializados variam entre 1,6 a 2,6% dos custos em saude (WHO, 2001). Em 2002,
os valores desprendidos nos Estados Unidos da América (EUA) foram estimados em
torno de 62,7 bilhdes de dolares (MCEVOY, 2007), enquanto que em 2004/05, na
Inglaterra, foram gastos cerca de 6,7 bilhdes de libras (ROSHNI MANGALORE, 2007).

A hipotese de que a dopamina e o sistema dopaminérgico estdo intimamente
ligados a fisiopatologia da esquizofrenia surgiu a cerca de 50 anos e passou por
importantes modificacfes ao longo dos anos. Esta hipdtese surgiu com os primeiros
estudos de Carlsson e Lindquvit (1963) onde foi observado o aumento do metabolismo
de dopamina devido a administragcdo de clorpromazina e haloperidol em camundongos
(CARLSSON e LINDQVIST, 1963) e foi reforcada pela observacdo de que o
tratamento da psicose com reserpina levava ao bloqueio da recaptacdo de dopamina e
outras monoaminas (CARLSSON et al.,, 1957) e que o0 aumento dos niveis de
monoaminas induzido pela administracdo de anfetamina promove sintomas semelhantes
aos da psicose (LIEBERMAN et al., 1987). Finalmente, na década de 70, pesquisadores
associaram de forma concreta a administracdo de antipsicoticos e o bloqueio de
receptores de dopamina (SEEMAN e LEE, 1975; CREESE et al., 1976; HEISS et al.,
1976; SEEMAN et al., 1976), reforcando a hipotese de alteracBes dopaminérgicas na
patologia. Buscando a melhor compreensdo do mecanismo de acdo dos antipsicéticos,
foram realizados ensaios de competicdo pela ligacdo ao receptor de dopamina, onde 0s
valores de ICsy para diversos agentes foram determinados e observou-se que estes

correlacionam-se com as doses utilizadas na clinica, bem como com as doses utilizadas
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para antagonizar os efeitos de agonistas em ensaios em animais (SEEMAN e LEE,

1975).

A partir da década de 90, estudos post mortem associados com técnicas de
imagem permitiram a observagéo de alteragOes regionalizadas no SNC (DAVIS et al.,
1991). Evidencias demonstravam que havia uma distribui¢éo diferenciada dos diversos
subtipos de receptores de dopamina no SNC, com prevaléncia de D2 subcortical e D1
cortical. Propds-se, baseado nos niveis elevados de metabolitos da dopamina no estriado
e a resposta clinica ao tratamento com antipsicoticos, que os sintomas positivos da
esquizofrenia estavam relacionados com elevados niveis de dopamina nesta estrutura.
Por outro lado, a partir de observagfes comportamentais de pacientes e animais com
lesBes no I6bulo frontal, atribui-se aos reduzidos niveis de dopamina na regido do cértex
frontal os sintomas negativos observados na clinica. Contudo, os estudos de imagem
ndo foram conclusivos sobre a existéncia do aumento compensatério dos niveis de
receptores D1 no cértex pré-frontal — frente aos niveis reduzidos de dopamina nesta
regido —, nem foram observadas alteracdes na densidade de D1 na regido do estriado

(ZAKZANIS e HANSEN, 1998).

Quando avaliados os niveis de receptores de dopamina, apesar de ndo ter sido
possivel a distincdo entre os receptores D2 e D3 devido a baixa especificidade dos
radioligantes utilizados, foi observado leve aumento da densidade destes na regido do
estriado, independente do paciente fazer uso de medicamentos ou ndo (FARDE et al.,
1990; ZAKZANIS e HANSEN, 1998). Outro estudo, utilizando tomografia

A 13

computadorizada de emissdo de foton unico (SPECT, do inglés “single photon emission
computerized tomography’’) em ensaios de competi¢do com radioligantes, demonstrou o
maior deslocamento do radioligante em pacientes com esquizofrenia, indicando a

existéncia de niveis basais elevados de ocupacdo da dopamina nesses receptores durante
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a esquizofrenia (ABI-DARGHAM et al., 2000). Esse aumento pré-sinaptico de
dopamina na regido do estriado foi também confirmado por estudos de imagem por
tomografia de emissdo de féton (PET) (LINDSTROM et al., 1999; MEYER-
LINDENBERG et al., 2002). Sabe-se que em dose clinicas todos antipsicoticos
apresentam algum grau de bloqueio dos receptores D2, e que a eficécia terapéutica é
atingida somente quando um nivel de ocupacdo adequado € atingido (entre 60 e 80%),
independente do perfil de ligacéo a outros receptores (KAPUR et al., 1999; SEEMAN e
TALLERICO, 1999). Este fato corrobora com os achados que demonstram niveis
elevados de dopamina pré-sinéptica na regido do estriado e com os sintomas observados

em pacientes e os efeitos obtidos durante a administracdo de antipsicoéticos.

A andlise da ligacdo de antipsicéticos tipicos e atipicos por SPECT e PET
demonstrou a ocupacdo de receptores da subfamilia D2 no estriado e cortex temporal,
sendo que os antipsiclticos atipicos clozapina, olanzapina, quetiapina e sertindol
ligaram-se preferencialmente a receptores nas regides corticais, enquanto que o0s agentes
tipicos ndo demostraram diferencas. Estes dados, juntamente com outros da literatura,
sugerem que enquanto 0s receptores na regido estriatal sdo fortemente bloqueados pelos
agentes tipicos — levando ao surgimento de SEP -, os agentes atipicos promovem um
bloqueio parcial colaborando para a auséncia ou reducdo de SEP. Ao mesmo tempo, a
modulacdo via blogueio de receptores D2 e D3 na area limbica/cortical responde pelo

efeito clinico antipsicotico (STRANGE, 2001).
1.2.1.4. Antipsicoticos

Devido ao grande nimero de GPCRs envolvidos em doengas humanas, tanto a
industria farmacéutica quanto a comunidade cientifica académica, tem realizados

investigacOGes na busca de agentes terapéuticos capazes de modular a atividade de tais
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receptores. No que concerne a receptores de dopamina, estima-se que em 2007, havia
cerca de 5 milhGes de usuarios de antipsicoticos, resultando em um mercado de

aproximadamente 18,6 bilhdes de ddlares (VISIONGAIN, 2008).

O primeiro antipsicotico a surgir foi a clorpromazina, pertencente a classe das
fenotiazinas, na década de 1950. Inicialmente, este agente foi utilizado pelo cirurgido
francés Henry-Marie Laborit em seu “Coquetel Litico”, devido a suas propriedades anti-
histaminicas, com a finalidade de reduzir o trauma do procedimento cirdrgico. Devido
ao significante efeito tranquilizante observado nos pacientes, a clorpromazina passou a
ser investigada, com sucesso, no tratamento de pacientes psiquiatricos (LOPEZ-
MUNOZ et al., 2004). Alguns anos apés o inicio da utilizacdo da clorpromazina, uma
nova classe foi introduzida, a das butirofenonas, com o surgimento do antipsicéticos
haloperidol. Infelizmente, devido ao seu perfil de ligacdo, estes agentes induzem o
surgimento de sintomas extrapiramidais de forma pronunciada, causando grandes
transtornos ao paciente e compromentendo a continuidade do tratamento. Este efeito
adverso, hoje relacionado aos elevados niveis de ocupacdo dos receptores de dopamina
na via nigroestriatal, inicialmente foi correlacionado com o surgimento dos efeitos
clinicos, acreditando-se que um estava associado a outro.

Somente em 1958, com 0 avango das pesquisas visando a descoberta de novos
agentes antipsicoticos, foi sintetizado o primeiro agente terapéutico atipico: a clozapina
(HIPPIUS, 1989). A administracdo de clozapina permitiu o tratamento dos pacientes
sem o aparecimento dos efeitos colaterais observados nos antipsicoticos anteriores,
demonstrando pela primeira vez a dissocia¢do entre o surgimento de SEP e a agédo
clinica, promovendo a melhora da qualidade de vida dos pacientes. Além do mais, a
clozapina era capaz de tratar ndo somente 0s sintomas positivos da doenga como

também os negativos. Infelizmente, logo apds a sua comercializacdo, no inicios dos
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anos 70, relatou-se varios casos de agranulocitose, um transtorno hematolédgico grave
mas pouco frequente que pode ser provocado por alguns medicamentos, em pacientes
que utilizavam este medicamento, levando o fabricante a retird-la do mercado.
Posteriormente, a clozapina foi reintroduzida no mercado sob rigidas condicbes de
observancia de uma série de marcadores clinicos nos pacientes. Apesar dos problemas
apresentados pela clozapina, com ela iniciou-se uma nova linha de investigagio
buscando-se novos antipsicoticos que apresentassem aspectos terapéuticos semelhantes
a clozapina contudo sem seus efeitos indesejados. Dentre os antipisicéticos atipicos
desenvolvidos nas ultimas décadas estdo: a risperidona, olanzapina, quetiapina,
aripiprazol e amisulpirida, entre outros. Contudo, apesar de representarem um avango
quando comparados com 0s agentes tipicos, dentre os novos agentes, nenhum foi capaz
de apresentar boas propriedades terapéuticas associadas com a completa auséncia de
efeitos adversos durante o tratamento, ou mesmo a auséncia de SEP observada durante a
administragdo da clozapina (ABOU-SETTA AM et al., 2012; WENTHUR e
LINDSLEY, 2013).

Entre os agentes antipsicoticos desenvolvidos alguns permaneceram na clinica
ao longo do tempo, como € o caso do agente tipico haloperidol. Também, o haloperidol
tornou-se uma importante ferramenta na pesquisa, sendo utilizado no estudo
comparativo com novos agentes, bem como em trabalhos que buscam melhor
compreender a fisiopatologia da doenga. De forma semelhante, o antipsicoticos atipico
eticloprida, que foi inicialmente desenvolvido para uso na clinica, passou a ser
amplamente utilizado na pesquisa devido a sua alta seletividade a receptores da
subfamilia D2 como uma importante ferramenta para elucidar o papel dos receptores de
dopamina e sua estrutura. J& outros antipsicoticos atipicos, como a risperidona e

aripiprazol, destacaram-se por seus resultados clinicos e seguranca, tendo sido liberados
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para o tratamento de criancas e adolescentes com irritabilidade associada a autismo
(YAN, 2007; CHRISTIAN et al., 2012; SHARMA e SHAW, 2012).

Dentre os antipsicéticos, a eticloprida é um antagonista seletivo D2/D3 de
grande importancia para a pesquisa farmacolégica e que foi utilizada na co-cristalizagéo
com o receptor de dopamina humano D3. De grande relevéncia clinica é o agente
haloperidol, um antipsicotico tipico com alta afinidade ao receptor de dopamina, o qual
tem sido utilizado ha anos devido a sua efetividade no tratamento de sintomas positivos
da esquizofrenia e seu baixo custo. Ja a risperidona é um antipsicético atipico que
apesar de possuir alta afinidade ao receptor de dopamina, apresenta reduzida incidéncia
de SEP. Este agente é também utilizado no tratamento de criancas e adolescentes com
esquizofrenia e irritabilidade associada com autismo. Por suas caracteristicas peculiares,
esses trés antipsicoticos terdo o seu perfil de ligacdo ao receptor de dopamina D3
estudados nesta trabalho. As estruturas quimicas da eticloprida, do haloperidol e da
risperidona estdo representadas na figura 5, e uma breve descricdo desses agentes é dada

no texto que segue.
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Figura 5: Estrutura molecular do antipsicotico tipico (a) haloperidol, C,H,3CIFNO,; e, atipicos
(b) risperidona, Cy3H,7FN4O,, e (c) eticloprida, C;17H»5CIN,Os.

A eticloprida, (2S(-)-3-cloro-5-etil-N-[(1-etil-2-pirrolidinil)metil]-6-hidroxi-2-
metoxibenzamida; formula quimica C;7H5CIN,O3), € um andlogo de benzamida
substituida que apresenta alta afinidade e seletividade para receptores da subfamilia D2.
Apesar de ndo estar presente na clinica, sua importancia decorre da sua utilizacdo em
testes pré-clinicos durante a investigacdo da funcao e papel dos receptores de dopamina,
bem como da influéncia do bloqueio destes na regulacdo das vias dopaminérgicas
(MARTELLE e NADER, 2008). Também, a relevancia da eticloprida como ferramenta
de estudo destaca-se pela publicagdo dos dados cristalograficos deste antipsicético co-

cristalizado com o receptor de dopamina humano D3 (CHIEN, E. Y. T. et al., 2010).
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@) haloperidol (4-[4-(4-clorofenil)-4-hidroxipiperidinil]-1-(4-
fluorofenil)butanona; formula quimica C,;H23CIFNO,) é um antipsicético tipico que foi
sintetizado em 1958 pela inddstria Janssen Pharmaceutical (JANSSEN et al., 1960).
Desde entéo, tem sido utilizado clinicamente no tratamento de sintomas positivos da
esquizofrenia, mania e desordens neuroldgicas (MUTSCHLER et al., 1995). O
haloperidol liga-se a varios receptores do SNC, tais como adrenérgicos e muscarinicos
(ROTH et al., 2004). Contudo, seu efeito terapéutico tem sido atribuido ao bloqueio de
receptores de dopamina da subfamilia D2 no mesocOrtex e no sistema limbico.
(SEEMAN, 2001; LUEDTKE et al., 2012) De acordo com estudos de Malmberg e
colaboradores (1998), este agente atua como antagonista em receptores D2, enquanto
age como agonista inverso em receptores D3 (MALMBERG et al., 1998). Apesar de
desencadear o surgimento de sintomas extrapiramidas devido ao blogueio de receptores
D2 na via nigroestriatal (ANDREASSEN e JORGENSEN, 2000), o haloperidol ainda é
amplamente utilizado na clinica devido ao alto custo dos novos agentes atipicos, bem
como os efeitos colaterais associados ao uso destes (MELTZER et al., 1996;
MOHAMMAD et al., 2008; SHARMA e SHAW, 2012).

O antipsicoticos atipico risperidona (3-(2-(4-(6-fluoro-1,2-benzoxazolil)-1-
pipridinil)etil)-2-metil-6,7,8,9-tetra-hidro-4H-pirido[1,2-a]pirimidinona; formula
quimica CyH2;FN4O2) é um derivado de benzisoxazol utilizado na clinica para o
tratamento de sintomas positivos e negativos da esquizofrenia. Em outubro de 2006, a
agéncia reguladora norte-americana Food and Drug Administration (FDA) autorizou o
uso da risperidona para o tratamento de criancas e adolescentes — entre 5 e 16 anos —
diagnosticadas com esquizofrenia ou com sintomas de irritabilidade associado com
autismo (YAN, 2007; SHARMA e SHAW, 2012). A importancia da risperidona no

tratamento pediatrico deve-se a sua eficAcia no manejo de sintomas e problemas
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comportamentais em criangas, apresentando raros e toleréreis efeitos adversos, apesar
de estar associada ao ganho répido de peso (SHEA et al., 2004; SHARMA e SHAW,
2012). Apesar de este antipsicético possuir afinidade por receptores de serotonina e
dopamina (JANSSEN et al., 1988), ha objecdes quanto a necessidade e relevancia do
bloqueio de receptores 5-HT, para o tratamento da psicose (KAPUR e SEEMAN,

2001).

1.2.1.4.1. Antipsicéticos Atipicos: Hipdteses de Mecanismo de Agao

Enguanto a administracdo de antipsicoticos tipicos estd correlacionada com o
bloqueio dos receptores D2 da via nigroestriatal, levando ao desencadeamento de SEP e
discinesia tardia, antipsicéticos atipicos parecem ndo afetar esta via na mesma
magnitude (STAHL, 2003), apresentando cerca de 30% menos eventos relacionados
SEP. Outra diferenca marcante entre antipsicoticos tipicos e atipicos é o fato de que a
maioria dos antipsicéticos atipicos ndo promove o aumento dos niveis de prolactina
como observado com 0s agentes tipicos (risperidona ¢ uma excecdo) (KAPUR e
SEEMAN, 2001).

Dentre as varias hipéteses que surgiram para explicar a diferenca entre o
mecanismo de acdo dos antipsicoOticos tipicos e atipicos, destacam-se duas: (i) os
agentes atipicos apresentam maior relacdo 5-HT,/D2 do que os tipicos, ligando-se
preferencialmente nos receptores 5-HT,a pré-sinapticos na regido nigroestriatal e assim
reduzindo a incidéncia de SEP por induzirem o aumento da liberacdo de dopamina na
fenda sinédptica (MELTZER, 1999; NEWMAN-TANCREDI e KLEVEN, 2011); (ii)
antipsicoticos tipicos possuem alta afinidade por receptores de dopamina, enquanto que
0s atipicos possuem baixa afinidade, dissociando-se rapidamente dos receptores e sendo

facilmente deslocados pelo aumento da concentracdo local de dopamina. Desta forma,
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0s receptores permaneceriam bloqueados por tempo suficiente para atingir-se o efeito
terapéutico, mas néo tanto a ponto de desencadear os efeitos adversos extrapiramidais
(SEEMAN e TALLERICO, 1999; KAPUR e SEEMAN, 2001).

Atualmente, prevalece o entendimento de que todo efeito antipsicético passa
necessariamente pelo bloqueio de receptores de dopamina, apesar de muitos agentes
ligarem-se a outros receptores. Admite-se que, embora alguns antipsicoticos atipicos
possuam afinidade por receptores 5-HT,a (MELTZER et al., 1989; MELTZER, 1999),
0 blogueio deste ndo € necessario, nem relevante para o tratamento da psicose (KAPUR
e SEEMAN, 2001), uma vez que o limiar de ocupacao de receptores D2 necessario para
a acdo antipsicética (entre 60 e 80%) ou para o surgimentos de SEP (cerca de 80%) nao
¢ alterado apesar do bloqueio de receptores 5-HT,a (SEEMAN, 2002). Conforme
destacado por Seeman (2002), o favorecimento da razdo 5-HT,/D2 para 0s
antipsicoticos atipicos deve-se ao fato de que ambos os antipsicoticos testados (tipicos e
atipicos) ndo apresentaram diferenca significativa de afinidade por 5-HT,, enquanto que
os atipicos apresentaram menor afinidade para D2 (SEEMAN, 2002). Além do mais, foi
demonstrado que alguns agentes atipicos, como a amisulpirida e remoxiprida, nao
apresentam afinidade por SHT.

Desta forma, a hipGtese mais aceita atualmente, e portanto utilizada neste
trabalho, propbGe que a réapida dissociacdo dos antipsicéticos nos receptores D2 e 0
rapido deslocamento dos antipsicéticos por ondas de dopamina sdo suficientes para
produzirem as caracteristicas de agentes atipicos. Por esse mecanismo, 0s antipsicoticos
atipicos desligam-se mais rapido dos receptores de dopamina do que 0s antipsicoticos
tipicos, bloqueando os receptores por tempo suficiente para atingir-se o efeito
terapéutico, mas dissociando-se rapidamente, de forma a evitar os altos niveis de

ocupacdo dos receptores que desencadeiam os efeitos adversos extrapiramidais
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(KAPUR e SEEMAN, 2001). A representacdo esquematica do comportamento proposto

para os antipsicaéticos tipicos e atipicos no receptor de dopamina esta representada na

figura 6.
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Figura 6: Hipdtese de mecanismo de atipicidade dos antipsicéticos. Antipsicoticos tipicos
ligam-se com alta afinidade ao receptor de dopamina e mantém-se ligados por um longo
periodo, de forma a aumentar a ocupacdo dos receptores e provocar sintomas extrapiramidais
(SEP). Antipsicoticos atipicos ligam-se com menor afinidade ao receptor de dopamina e por
isso sdo facilmente dissociados. Este mecanismo promove a acdo terapéutica dos agentes
atipicos com a redugdo/auséncia da manifestacdo de SEP devido ao rapido restabelecimento da
sinalizagdo dopaminérgica basal.

Tendo em vista a relevancia do receptor de dopamina D3 na fisiopatologia da
esquizofrenia e a importancia de conhecermos o mecanismo de a¢do de importantes
antipsicoticos para desenvolvermos novos agentes terapéuticos atipicos mais potentes e
com menos efeitos colaterais, neste trabalho foram utilizados os dados cristalogréaficos
da eticloprida co-cristalizada com o receptor de dopamina humano D3 para explorar,
atraveés do uso de técnicas computacionais envolvendo métodos classicos e quanticos, o
perfil de interacdo dos antipsicoticos eticloprida, haloperidol e risperidona com o0s

residuos de aminoécido que compdem o sitio de ligagdo do receptor D3.
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2. Objetivos

2.1. Objetivo Geral

Estudar, através de métodos de bioquimica computacional, as interacdes entre o
receptor de dopamina humano D3 e antipsicéticos tipicos e atipicos, a fim de
caracterizar as interac6es individuais relativas de cada residuo de aminoacido integrante

do sitio de ligacéo.

2.2. Objetivos Especificos

2.2.1. Consolidar protocolos de uso de ferramentas classicas® e quanticas® para a
andlise da interacdo molecular envolvendo o receptor humano de dopamina D3 e

0s antipsicoticos eticloprida, haloperidol e risperidona.

2.2.2. Utilizar calculos quanticos para descrever as interacdes entre o
antipsicotico eticloprida e o receptor humano de dopamina D3, através da
analise dos dados cristalograficos (PDBID: 3PBL).

2.2.3. Utilizar célculos classicos e quéanticos para descrever as interacdes entre
antipsicoticos haloperidol e risperidona e o receptor humano de dopamina D3,
através da analise da estrutura tridimensional gerada por ancoramento

molecular® seguido de refinamento geométrico®.

2 Ver em anexos, se¢ao: 8.1.1. Métodos Classicos (Mecanica Molecular).

* Ver em anexos, secdo: 8.1.3. Métodos de Mecanica Quantica.

*Ver em anexos, se¢do: 8.1.5. Ancoramento Molecular (Docking).

> Neste estudo obtido através da minimizac3o da energia do sistema, através da correcdo da
geometria de regides do modelo que apresentam contatos estéricos e/ou eletrostaticos desfavoraveis.
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3. Publicacdes

3.1. Capitulo 1: Quantum Biochemistry Description of the Human Dopamine

D3 Receptor in Complex with the Selective Antagonist Eticlopride

3.2. Capitulo 2: Antipsychotic Haloperidol Binding to the Human Dopamine
D3 Receptor: Going Beyond Docking Through QM/MM Refinement for the

Design of Improved Schizophrenia Medicines

3.3. Capitulo 3: Two Docking Discovered Binding Poses for Risperidone in
Dopamine D3 Receptor: Insights on the Fast-off Mechanism Through

Quantum Biochemistry and Molecular Dynamics Simulations

Parte 11 30



Quantum Biochemistry Description
of the Human Dopamine D3 Receptor
in Complex with
the Selective Antagonist Eticlopride

y

CAPITULO 1

Publicado na revista:

Journal of Proteomics & Bioinformatics em 27 de julho de 2012.
http://dx.doi.org/10.4172/jpb.100022
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Abstract

In the quest to improve the treatment of Parkinson’s disease and Schizophrenia, one of the proposed strategies
has been the development of subtype selective ligands targeting D, and D, dopamine receptors. An essential
advance for this type of strategy was the recent crystallographic elucidation of the human dopamine D, receptor
structure in complex with the antagonist eticlopride, revealing important features of the ligand-binding pocket. Taking
this data into account, we have performed a quantum biochemistry investigation of the eticlopride binding to D, in
order to understand the implications and the individual contribution of amino acid residues at the binding pocket.
The contribution of the residues were evaluated using the molecular fractionation with conjugate caps approach and
binding energies calculated within the framework of the density functional theory using both the local density and
generalized gradient approximations. The simulations show that the total interaction energy of eticlopride bound to
D, stabilizes only for a pocket radius of at least 8.0A. The strongest estimated drug-residue interaction energy was
observed for Asp110 followed, among others, by Phe345, Phe346, 11e183, Val107, Tyr373, Val189, Trp342, Cys114
and Val82 hydrogen and van der Waals bonds, the later being a repelling residue which was not considered to be
important in the original crystallographic data analysis. Our results highlight the key amino acid residues involved
in the binding of antipsychotics to D3R and collaborate to a potential further analysis with regard to the binding of

different antagonists in members of the dopamine receptor family.

Keywords: Quantum biochemistry; Dopamine receptor; Eticlopride;
D3 binding pocket; Quantum mechanics; DFT; Antipsychotic; Ab initio

Introduction

Dopamine is a fundamental neurotransmitter associated with
fine movement coordination, cognition, emotion, affect, memory
and the reward pathway. Impairments in its metabolism lead to
severe disorders such as Parkinson’s disease and schizophrenia [1-7].
Dopamine receptors belong to the G protein-coupled receptor (GPCR)
family and are classified into two subfamilies: D1-like receptors (D1 and
D5), which activate adenylyl cyclase through the stimulatory G-protein
alpha subunit, and D2-like receptors (D2, D3 and D4) coupled to the
inhibitory G-protein alpha subunit with inhibitory effect over adenylyl
cyclase [8,9]. Due to alternative splicing events during the maturation
of the receptor pre-mRNA and gene polymorphism, more than five
different receptors can be observed and among them, two forms of D2
receptors (D2R) [10].

It is postulated that many antipsychotics exert their therapeutic
effects through the blockage of dopamine receptors [11,12]. According
to the binding profile, side effect events and mechanisms of action,
antipsychotics are classified as typical or atypical [11-13]. Typical
antipsychotics block D2R in the mesolimbic and nigrostriatal pathway
leading to extrapyramidal symptoms (EPS) and tardive dyskinesia,
while atypical antipsychotics are associated with fewer side effects [12].
Two hypothesis are frequently used to explain this phenomena: (i) the
dopamine receptor blockade in the nigrostriatal pathway is reversed
by serotonin receptor blockade [14,15]; (ii) atypical agents have fast
dissociation from the dopamine receptor, lasting only long enough to
cause antipsychotic action, but not long enough to cause the side effects
associated with typical agents [13].

The focus of this work is on eticlopride, (C,,H,.CIN,O,), 25(-)-
3-chloro-5-ethyl-N-[(1-ethyl-2-pyrrolidinyl)methyl]-6-hydroxy-2-
methoxybenzamide, which is a substituted benzamide analog with high
affinity and selectivity for D2-like receptors that was initially developed
as a potential antipsychotic agent [16]. A great deal of research has
utilized this drug to understand better the central dopamine receptor
function, the role of D2-like receptors in behavior, and the influence of
blockade of these receptors on several preclinical animal models. While
eticlopride is not used clinically, it remains a viable research tool for
understanding dopamine receptor function and behavior [16].

Recently, the resolved structure at 3.15A of the human dopamine
D3 receptor (D3R) co-crystallized with the antagonist eticlopride, a
potent D2R/D3R antagonist, has been published PDB ID: 3PBL [17].
The high degree of homology between D3R and D2R, especially in the
binding pocket, makes this structure a key tool to study, at the molecular
level, the mechanisms surrounding the interactions of agonists and
antagonists with the receptor, the stabilization of the binding energy
and the structural determinants of receptor specificities. Additionally,
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information from eticlopride contact residues at the pocket side is
remarkable as it is known that it have a greater affinity to D2R over
D3R and no affinity for D1R [16,17]. The crystal structure of the human
D3R provides an opportunity to identify subtle structural differences,
at the molecular level, between closely related GPCRs that can be
exploited for novel drug design [17]. On the other hand, a DOCK2010
participation involved in the blind prediction of the dopaminergic D3
receptor in complex with the D2/D3 selective antagonist eticlopride,
succeeded in producing a correctly predicted eticlopride-D3 receptor
complex out of three submitted models [18].

The use of quantum ab initio simulations commonly applied in
chemistry to investigate biological systems at the molecular level is
very tempting. However, it demands a high computational cost due
to the very large number of electrons involved. One way to overcome
this difficulty is to describe the system by using the electronic density
p(r), which depends on three space coordinates only, instead of the
wave function, which changes on the 3N space coordinates (N being
the number of electrons). Such is the essential feature of Density
Functional Theory (DFT), where the total energy of a multielectronic
system is expressed as a functional of the electron charge density, which
is found after solving the Kohn-Sham equations [19,20]. Another
important approach to work through quantum mechanics calculations
on large molecules or molecular systems is the use of fragmentation
methods to make it more computationally acceptable and, at the same
time, maintain the good accuracy of the quantum calculation [21].
The Molecular Fractionation with Conjugate Caps (MFCC) methods
is a useful approach to calculate interaction energies for protein-
ligand systems. In this method, the peptide bonds of the protein are
fragmented and the bonds are capped with portions of the neighboring
amino-acid residues of the molecule in order to resemble the local
environment [21-25].

In this context, a detailed understanding of the eticlopride
bonding to each D3R residue in the binding pocket by quantum
biochemistry methods [26] is essential for its energetic description
and also to determine the individual contributions to the total binding
energy. In addition, this approach may contribute to the molecular
structure improvement and/or to the design of new antipsychotic
drugs. As emphasized by Zhou et al. [27], quantum mechanical
(QM) methods are becoming popular in computational drug’s
design and development, mainly because high accuracy is required
to estimate (relative) binding affinities. According to Raha et al. [28],
the routine use of QM methods in all phases of in silico drug design
is of upmost importance for the evolution of this field. Recent works
in our group have employed quantum approaches combined with
classical molecular dynamics to predict the adsorption of ascorbic acid
on the C60 fullerene and suggested the use of this formulation to act
against the oxidative effect of C60 [29]. Also, using this approach, it
was possible to predict the theoretical absorption levels of ibuprofen
on C60 fullerene seeking its transdermal delivery [30]. Moreover, the
effectiveness of drug inhibition of HMG-CoA redutase using quantum
biochemistry computations were predicted by comparing the binding
energy profile of different statins [31]. QM methods can also be used
locally to improve crystal structures [24]. While quantum refinement is
computationally expensive if compared with standard crystal structure
refinement techniques, it may become a standard tool, as the computers
are becoming faster and cheaper, especially when the refined site is of
major interest [24].

The purpose of this work is to present an improved description

of the eticlopride binding to D3R through a quantum biochemistry
investigation of their interaction with close residues inside binding
pockets of varying radii. The individual contribution of amino acid
residues involved in D3R-eticlopride binding was calculated using the
X-ray structure of the D3R co-crystalized with eticlopride [17]. The
present study highlights the significant energy contribution of Asp110,
and demonstrated for the first time the participation of Val107, Ser182,
Phe188, Val82 and Asn185 on the binding of eticlopride to D3.

Materials and Methods
Structural data

The calculations performed during this study took advantage of the
X-ray crystal structure of human dopamine D3 receptor in complex
with eticlopride (PDB ID: 3PBL) determined with a resolution of
3.15A. The crystal asymmetric unit contains two receptors (A and B) in
an antiparallel orientation, both exhibiting slight differences in shape.
Thus, we arbitrarily chose the receptor A to use as a model of study. All
residues of amino acids within a radius up to 10A from the centroid of
eticlopride were taken into account. The protonation state of eticlopride
at physiological pH was obtained using the Marvin Sketch code version
5.4.1.0 (Marvin Beans Suite- ChemAxon). The crystallographic
structure modification was performed by adding a single hydrogen
atom into the amine group at the ethyl-pyrrolidine ring of eticlopride
followed by the charging setup to +1 (electron charge =-1).

Classical and DFT calculations

Hydrogen atoms were inserted into the D3 X-ray structure and
their positions were optimized classically, keeping the other atoms
frozen. The optimization procedure was performed using the Forcite
code with convergence tolerances set to 2.0x10° kcalemol” (total
energy variation), 0.001 kcalemol*A™ (maximum force per atom) and
1.0 x 10°A (maximum atomic displacement).

Calculations at DFT level, using the DMOL3 code [32,33], were
performed using: 1) the Local Density Approximation (LDA) for
the exchange-correlation functional with PWC parameterization,
and 2) the Generalized Gradient Approximation (GGA) with PBE
parameterization. The DNP numerical basis set was adopted to expand
the Kohn-Sham orbital for all electrons. The orbital cutoff, which is a
parameter used to control the quality of the numerical basis set and the
numerical integrations performed during the computations was set to
3.7A. This cutoff serves to reduce computation time with little impact
on the accuracy of the results and is a very fine value for the atoms
involved in the system under study. The total energy variation, which
specifies the self-consistent field (SCF) convergence threshold, was
selected to be 10 Ha, ensuring a well converged electronic structure
for the system.

Molecular fractionation with conjugate caps (MFCC)

The MFCC scheme is a very useful approach to achieve an accurate
description of biological systems through quantum calculations [21-
25]. To avoid missing important amino acid residue interactions, all
amino acid residues within an increasing radius from the centroid
of eticlopride were took into account until energy convergence has
been achieved (see “Energy stabilization versus residue distance to the
centroid”, below). The set of chosen amino acid residues were used to
form individual sets of capped fragments, including disulfide concaps
when necessary (Figure 1). The eticlopride molecule is represented by
M and R is the i-th amino acid residue interacting with M. The C™*

J Proteomics Bioinform
ISSN:0974-276X JPB, an open access journal

Volume 5(7): 155-162 (2012) - 156


http://dx.doi.org/10.4172/jpb.1000229

Citation: Zanatta G, Barroso-Neto IL, Bambini-Junior V, Dutra MF, Bezerra EM, et al. (2012) Quantum Biochemistry Description of the Human
Dopamine D3 Receptor in Complex with the Selective Antagonist Eticlopride. J Proteomics Bioinform 5: 155-162. doi:10.4172/jpb.1000229

(C*!) cap is made from the residue covalently bound to the amine
(carboxyl) group of R with hydrogen atoms added wherever necessary
to passivate the dangling bonds.

The interaction (binding) energy between the eticlopride molecule
M and each amino acid residue Ri, E(M-R), is calculated at DFT level
[32,33], according to:

E(M-R) = E(M-CIRICH!) - E(CHRIC*) - E(M-CHCH!) + E(C+
1Ci1) (1)

At the right side of Eq. (1), the first term E(M-C"'R'C'*') is the total
energy of the system formed by the eticlopride and the capped residue;
the second term, E(C™'RIC™'), gives the total energy of the capped
residue alone, while the third term, E(M-C"'C™") is the total energy of
the system formed by the set of caps and M; finally, E(C"'C*) is the
total energy of the system formed by the isolated caps.

The BIRD Panel

The energies of individual amino acid residues are plotted into the
panel BIRD (Binding site, Interaction energy and Residues Domain),
which shows clearly: (i) the binding energy (in kcalemol™) of the drug
to each residue at the binding site depicted using horizontal bars, from
which one can assess quantitatively the relevance of each residue at
the binding site, whether attracting or repelling the drug; (ii) the most
important residues contributing to the binding, which are shown in the
column of residues in the left side; (iii) the region i, ii or iii of eticlopride
closer to each residue; and (iv) the radius distance of each residue to the
eticlopride centroid, as given in the right side. The total binding energy
was obtained by adding up the individual contribution of each residue.
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Figure 1: MFCC scheme showing four distinct fragment systems employed
in the present study: (A) etilclopride plus amino acid residue with conjugated
caps; (B) amino acid residue with conjugated caps; (C) eticlopride plus conjugated
caps; (D) conjugated caps only.
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Figure 2: Shielding effect and the MFCC scheme showing eight distinct
fragment systems employed in the present study: (A) etilclopride, analyzed
residue and shielding residue with conjugated caps; (B) analyzed residue and
shielding residue with conjugated caps; (C) eticlopride plus conjugated caps;
(D) conjugated caps only; (E) eticlopride plus shielding amino acid residue with
conjugated caps; (F) shielding residue with conjugated caps; (G) eticlopride
plus conjugated caps; (H) conjugated caps only; (l) representative image of
shielding effect of Val111 over Ser165 interaction with eticlopride. Eticlopride,
analyzed residue, shielding residue and caps are represented as M, R/, R® and

C, respectively.

Shielding effect

The shielding effect decreases the attraction between the R' residue
and the eticlopride molecule M and is due to the presence of neighbour
residues (R°) placed between eticlopride and R'. In this situation,
the interaction (binding) energy E(M-R!) is calculated in two steps
(Figure 2). First, the energy, taking in to account both the R® and R
contributions, E(M-R"), is obtained:

E(M-R*) = E(M-CHRICH#! C>'RVCP*) - E(CHRICH! CYRVCM) -
E(M_CirlCHl Cb—lClHl) + E(Ci—lCHl Cb—lcb+l) (2)
Secondly, the E(M-R®) energy contribution is calculated:

E(M_Rb) — E(M_Cb—lecb+l) _ E(cb—lech) _ E(M_Cb—lcbﬂ) + E(cb
1Cb+1) (3)

Finally, the corresponding individual interaction (binding) energy
E(M-R)) is obtained according to:
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E(M-R/) = E(M-R") - E(M-R") (4)
Energy stabilization versus residue distance to the centroid

To avoid using an arbitrary binding pocket size which could risk
missing residues with important contributions to the binding energy,
the binding radius was varied until the total binding energy variation
was very small. The total binding energy as a function of the binding site
radius was obtained for a 2.5-10A radius range with increasing steps of
0.5A (only residues with at least one atom inside an imaginary sphere
centered at the drug centroid were taken into account to compute
the total binding energy). The converged binding pocket radius was
achieved when the variation of the total binding energy was smaller
than 10% after a radius size increase by 2A.

Results

In order to best mimic the physiologic conditions, an eticlopride
molecule structure was assessed at pH 7.2 and showed protonation at
the amine group of the pyrrolidine region. Protonated etilcopride with
numbered atoms is shown in Figure 3-A, and its electron density onto
an electrostatic potential isosurface is represented in Figure 3-B.

To investigate the binding mechanism of eticlopride, hydrogen
atoms were added to the D3 receptor-eticlopride crystallographic
structure (receptor-eticlopride) and their positioning was optimized to
minimize the total energy. This procedure generated a new structure
with shorter distances among residues and eticlopride (Table 1).

Afterwards, to ensure that all relevant residues were included into
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Figure 3: Eticlopride molecule. (A) Chemical structure with atoms labeled.
Region i represents the pyrrolidine moiety with the tertiary amine protonated, as
observed at physiological pH; region ii represents the amide group; and region
ii the aromatic moiety with substituents. (B) Electron density projected onto an
electrostatic potential isosurface showing negatively charged regions in red and
positively charged regions in blue.
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Figure 4: Behavior of the total interaction energy as a function of the
binding pocket radius. When Asp110 is considered in the binding site at 4.0 A,
it produces a sharp decrease of the interaction energy. Total energy binding at
8.0 A with LDA (GGA) approximation: -266.56 (-182.24) kcal mol-'. The solid lines
are guides for the eyes only.
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Figure 5: BIRD panel showing the interaction energy (attractive/repulsive)
for each amino acid residue. Only residues with interaction energy (LDA or
GGA) larger (in absolute value) than 3.0 kcal mol*are shown.

the QM analysis, the dependence of the total binding energy on the
binding site radius (measured from the etilclopride centroid) was
assessed (Figure 4). According to our simulations, interaction energy
stabilization was achieved for a binding site radius of 8.0A (nineteen
residues included, LDA: -259.21 kcalemol}; GGA: -171.48 kcalemol™!),
with no significant change for a radius up to 10A (LDA: -266.56
kcalemol’; GGA: -182.24 kcalemol!). The most important residues
within 8.0A are: Phe345, 1le183, Aspl110, His349, Trp342, Tyr365,
Vallll, Vall07, Thr369, Phe346, Tyr373, Cysl14, Serl82, Vall89,
Leul68, Phel06, Phel88, Ser192 and Val82.

The complete list of individual energy contribution of 42 residues
(using LDA and GGA approximations) as well as the distance to the
eticlopride centroid are depicted in Table 2. Among them, twenty
contribute significantly to the total binding energy as shown in the
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Residues Distance(A) Eticlopride Residues Distance(A) Eticlopride
Asn 185 7.6 iii (C8)H, Ser192 2.3 iii (C8)H,
Asp 110 1.7 i (N21)H Ser192 2.6 iii (C4)H
Asp 110 2.8 ii (N15)H Ser193 3.3 iii (C8)H,
Cys 114 2.6 iii C110 Ser193 2.3 iii (C9)H,
Cys 114 34 iii (C12)H, Ser196 3.1 iii (C4)H
His 349 3.1 ii (C13)014 Ser196 4.0 iii C110
His 349 2.7 iii (O7)H Thr115 4.1 iii C110

lle 183 3.1 ii (C13)014 Thr369 2.1 i (C22)H,
lle 183 2.6 iii (C1) Thr369 3.2 i (C23)H,
lle 183 2.8 iii (O7)H Trp342 2.4 i (C23)H,
Leu 89 3.7 i (C19)H, Trp342 2.9 iii (C12)H,
Phe 106 2.3 i (C19)H, Tyr365 2.7 i (C18)H,
Phe 106 3.3 i (C20)H, Tyr365 3.1 i (C17)H
Phe 188 4.2 iii (C8)H, Tyr373 24 i (C20)H,
Phe 188 5.1 iii (C4)H Tyr373 34 i (N21)H
Phe 188 5.0 iii (C3) Tyr373 2.6 i (C23)H,
Phe 345 2.6 i (C22)H, Val107 3.8 i (C19)H,
Phe 345 2.2 ii (C13)014 Val107 2.7 ii (C16)H,
Phe 345 2.8 iii (O7)H Val111 2.4 iii C110
Phe 345 2.9 iii (C2) Val111 2.9 iii Oo11
Phe 345 34 iii (C12)H, Val111 2.9 iii C6
Phe 345 3.1 iii (COH, Val111 3.1 iii C5
Phe 346 2.6 iii (C4)H Val189 3.1 iii (CO)H,
Phe 346 3.3 iii C110 Val189 2.4 iii (C8)H,
Phe 346 2.6 iii (C8)H, Val350 3.1 iii (COH,
Phe 346 2.8 iii (COH, Val82 4.3 i (C20)H,
Ser 182 3.6 i (C18)H, Val86 3.0 i (C20)H,
Ser 182 4.4 ii (C16)H, Val86 3.3 i (C19)H,

Table 1: Centroid distances between eticlopride and the amino acid residues at the binding site after inserting and optimizing hydrogen atomic coordinates.

Residue E oa Egea Radius Residue E oa Egea Radius
Phe345 -21.04 -11.61 25 Thr108 0.90 1.03 8.5
lle183 -15.99 -7.57 3.5 Val86 0.30 0.27 8.5
Asp110 -122.78 -112.21 4.0 Cys181 -2.68 -2.97 9.0
His349 -8.44 -1.97 5.0 Leu109 -0.83 -0.81 9.0
Trp342 -9.31 -5.53 5.0 Ser165 -2.17 -2.05 9.0
Tyr365 -7.15 -5.72 5.0 Ser184 0.93 0.87 9.0
Val111 -7.47 -1.56 5.0 Ser193 -4.44 -0.83 9.0
Val107 -15.07 -4.08 55 Ser196 -0.58 -0.88 9.0
Thr369 -8.70 -1.68 6.0 Thr115 1.19 0.77 9.0
Phe346 -13.87 -10.86 6.5 Thr368 -1.51 -1.85 9.0
Try373 -13.42 -5.94 6.5 Val350 -1.52 -1.52 9.0
Cys114 7.70 9.41 7.0 Met113 1.65 -0.83 9.5
Ser182 2.70 3.40 7.0 Thr353 0.72 0.10 9.5
Val189 -11.55 -7.16 7.0 Val78 -0.68 -0.23 9.5
Leu168 0.63 0.28 7.5 Asn173 -0.99 -1.46 10.0
Phe106 -7.35 -3.13 75 Asn185 -3.43 -4.43 10.0
Phe188 -3.85 -4.78 7.5 Asn352 2.70 2.84 10.0
Ser192 -7.77 -6.16 7.5 Leu89 -1.49 -2.00 10.0
Val82 3.52 5.39 8.0 Phe197 0.28 0.44 10.0
Gly372 1.56 1.33 8.5 Thr348 0.04 -0.67 10.0
Met112 2.19 1.85 8.5 Trp370 0.50 0.27 10.0

Table 2: Individual amino acid residue contribution as a function of the radius size. Energies are given in kcal'mol. In red, residues pointed as interacting to
eticlopride in the crystallographic data; in blue, residues with important contributions to the energy, but not mentioned in the analysis of crystal measurements. LDA and
GGA are expressed in kcal-mol™; radius in A.
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BIRD panel depicted in Figure 5 as follows: Phe345, 1le183, Aspl10,
His349, Trp342,Tyr365, Vallll, Vall07, Thr369, Phe346, Tyr373,
Cysl14, Ser182, Val189, Phel06, Phel88, Ser192, Val82, Ser193, and
Asnl85.

A classical characteristic of eticlopride is the formation of two
pseudo rings: (i) between the carbonyl group (O14) at amide group
and the hydroxyl group (O7H) at the aromatic ring; (ii) between the
oxygen (O11) at the methoxy group and the hydrogen atom bound to
nitrogen (NH15) at amide group. Intramolecular hydrogen bonds were
observed after energy minimization procedures and can be observed
in Figure 6, where also residues with large energy contribution to
eticlopride binding are represented.

The charge distribution in the ligand-binding pocket can be
visualized by projecting the charge density onto an electrostatic
potential isosurface, as shown in Figure 7 for the LDA data. Looking at
it, we see the attractive and repulsive residues at the D3 binding pocket.
The carboxylate group of Aspl10 exhibits a negative charge density
while i(N21)H shows a positive charge density, which explains the
relevance of this interaction in the formation of the ionic bridge.

Discussion

The recent crystal structure elucidation of D3R-eticlopride has made
it possible to use the structural data of the receptor to predict binding-
molecular [17,34]. In this study, we have used ab initio computations
applying the Molecular Fractionation with the Conjugate Caps
(MFCC) [23-25] approach, within the framework of DFT, to evaluate
the interaction energy between eticlopride and individual residues in
D3 receptor. The results reveal the strength of the drug interaction with
each residue in the binding pocket, as well as the behavior of the total
interaction energy as a function of the binding pocket size.

Using the hydrogen-optimized structure, further quantum
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Figure 6: Spatial arrangement of amino acid residues with largest
contribution to the binding energy at the binding pocket. (A) Salt bridge
between Asp110 side chain and the tertiary amine at pyrrolidine ring. A repulsive
interaction with Cys114 is related with the presence of a chloride substituent in the
aromatic ring. Orientation of the optimized hydrogen atom in (O7)H in the direction
of oxygen in the hydroxyl group (O14) indicates the formation of a pseudoring.
(B) lle183 is the second closest residue to eticlopride and interacts via hydrogen
and van der walls bonds. (C) Attractive interactions of Phe345 and Phe346 and
repulsive contribution of Ser182. (D) Val82 repels eticlopride probably due to
its interaction with region i. Yellow dashed lines show the distance of the most
relevant amino acid residues to the closest atoms of eticlopride.
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calculations were carried out to obtain a binding energy profile.
Different from other approaches, QM methods are practical only for
systems with a few hundred of atoms at most due to the computational
cost. This limitation has led us to make a compromise in choosing an
appropriate range of neighbour residues to be taken into account for the
binding energy calculations. Indeed, as pointed out by Hu et al. [35], to
assess the relevance of residues based only on their relative positioning
can be misleading, as the interaction energy contribution of each
residue does not always correlate with distance. In this study, we have
fragmented the D3-eticlopride structure using the MFCC approach
and the individual contributions of each residue were calculated. This
strategy was made to overcome the limitation in the number of atoms
and to be able to analyze, via quantum biochemistry, more residues
than those previously reported as important in both crystallographic
data (contact residues) [17] and modeled structures of the dopamine
receptor [34,36].

After an exhaustive analysis of individual energy contribution of 42
amino acid residues, we have achieved the stabilization of the binding
energy at a radius of 8A from the eticlopride centroid. At this radius
distance, nineteen residues give rise to a binding energy of -259.21
(-171.48) kcalemol™ using LDA (GGA) approximation, only attractive
interactions were observed for the residues within 6.5A, while repulsive
interactions were found for larger distances.

As described in previous studies, the Asp110 side chain of TM3,
which is pivotal to the binding of aminergic ligands in dopamine
receptors [34,36-38], was responsible for the largest contribution
through an attractive interaction with the tertiary amine in the
ethyl-pyrrolidine ring of eticlopride of -122.78 (-112.21) kcalemol’,
obtained using LDA (GGA) approximation. This interaction occurs
through a 2.8A salt bridge between the amine group of eticlopride and
the carboxylate of Asp110, which has been described as structurally
and pharmacologically critical for high-afinity ligand-binding to
the aminergetic subfamily of GCPRs [17]. In the same way, a recent
study using a docking approach demonstrated the importance of the
interaction between the amine group of ligands and the residue Asp110
to the control of the stereospecificity of tetrahydropyrazolopyridines
(R) and (S) and the reference phenylpiperazine in the D3R receptor
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[39]. Another key component of the eticlopride pharmacophore is a
substituted aromatic ring connected to the pyrrolidine by an amide
bond that fits tightly within a hydrophobic cavity formed by Phe345
and Phe346 in helix VI; Val189, Ser192, and Ser193 in helix V; and
Vallll in helix I, as well as Ile183.

The analysis of our results shows five important residues which
were not considered to be relevant in the original crystallographic
analysis: Val107, Ser182, Phel88, Val82 and Asn185. Vall07 interacts
attractively with a LDA (GGA) binding energy of -15.07 (-4.08)
kcalemol”, to eticlopride regions i and ii. This contribution is much
larger than that of Leu89 (LDA: -1.49 kcal mol'; GGA: -2.00 kcalemol ')
and larger or equivalent to Phel06, Thr369, Trp342, Tyr365, Tyr373
and Val86. In the opposite way, Ser182 repels eticlopride at region
I, with 2.70 (3.40) kcalemol® in the LDA (GGA) approximation,
overcoming the contribution of Val86. Additionally, Val82, with a
LDA (GGA) contribution of 3.52 (5.39) kcalemol"also acts by repelling
the ligand at region i. Interacting with region iii, Phel88 is located
in the hydrophobic region of the binding pocket and contributes
through attractive interaction with LDA (GGA) energy of -3.85 (-4.78)
kcalemol™. This contribution is similar to that of Ser193 and larger than
the values observed for Ser196 and Val350. Surprisingly, despite the
distance to the etilclopride centroid (84), Asn185 contributes with an
attractive LDA (GGA) binding energy of -3.43 (-4.43) kcalemol ™.

Another important result is the formation of two intramolecular
hydrogen bonds in the eticlopride molecule. One of them, between
the methoxy group at aromatic 2-position and the region ii (NH15) at
amide moiety, was described in a previous study, with the formation ofa
six-membered pseudoring being indicated as a requirement for activity
in vitro [40]. The second bond leads to the formation of a pseudoring
between (O7)H at aromatic 6-position, and O14 at amide moiety.
These two intramolecular hydrogen bonds were already described by
quantum mechanical calculations of D2-receptors antagonists [41], and
are responsible for stabilizing the planar conformation of eticlopride in
the binding pocket, as described in the crystallographic data [17] and
docking approaches [18].

The data presented in this study may contribute to efforts in
developing reliable models of G protein-coupled receptors structures,
as well as to predict their interaction with agonists and antagonists.
Recently, Soriano-Ursta et al. [34] have predicted, using computational
methods, the binding affinities for agonists and antagonists in
modeled rat and human D2 dopamine receptor, having suggested the
importance of Ser193, Ser194 and Ser197 (Ser192, Ser193 and Ser196
in D3R). Kortagere et al. [42], in a recent publication using site-
directed mutagenesis and homology modeling studies, have showed
that Ser192 in TM5 seems to be crucial for receptor interaction and
activation by a ligand through hydrogen bonding with its hydroxyl
group. We have demonstrated here the strong attractive interaction of
Ser192, Ser193 and Phel88 with eticlopride, and the relative weakness
of the interaction with Ser196. In the same way, our data shows the
attractive profile of Phe346, Phel06, Phel88, Val189 and Trp342 and
the repulsive interactions of Cys114, Ser182 and Val82, which are in
agreement with results from Kalani et al. [36], who argued that Phel10,
Cys118, Phel89, Val190, Trp386 and Phe390 (Phel06, Cys114, Phel88,
Val189, Trp342 and Phe346 in D3R, respectively) are crucial for ligand-
binding in modeled D2R structures. Moreover, the understanding
of the binding interactions has been useful in approaches as to the
prediction of the structure of de D2R in complex with eticlopride, as
performed by Obiol-Pardo et al. [18], which used information about

the salt bridge formed by Asp110 and the tertiary amine group, the
formation of intracellular hydrogen interactions and a more precise
evaluation of the ligand energy on binding to predict plausible models
of eticlopride binding through docking methodology. Our results
also provide information about the individual residues contribution,
making useful the description of the binding pocket energy and its
interactions with ligands, to further studies in search of new and more
potent antipsychotic agents with fewer side effects.

Conclusion

In the last decade, consensus was reached that the understanding of
dopamine antagonism is extremely necessary to the development of new
more efficient drugs with less adverse effects. In the present study, we
analyzed the crystallographic structure D3R-eticlopride via a quantum
method, establishing the behavior of the total interaction energy as a
function of the binding pocket radius. Considering the range of amino
acid residues implicated with the eticlopride binding, we highlighted
the significant energy contribution of Asp110, and demonstrated for
the first time the participation of Val107, Ser182, Phel88, Val82 and
Asn185 on this binding. The present theoretical approach is useful for
future studies on the influence of mutated amino acid residues in the
binding site using in silico simulations through the virtual replacement
of residues followed by steps of energy minimization and quantum
calculation. Moreover, the present data is of interest due to its potential
use in biological analysis, such as site-directed mutagenesis studies and
assays of binding affinity of different antagonists to D3R and other
members of the dopamine receptor family.
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ABSTRACT: As the dopamine D3R receptor is a promising target for schizophrenia treatment, an improved understanding of the
binding of existing antipsychotics to this receptor is crucial for the development of new potent and more selective therapeutic
agents. In this work, we have used X-ray co-crystallization data of the antagonist eticlopride bound to D3R as a template to predict,
through docking essays, the placement of the typical antipsychotic drug haloperidol at the D3R receptor binding site. Afterwards,
classical and quantum mechanics/molecular mechanics (QM/MM) computations were employed to improve the quality of the dock-
ing calculations, the QM part of the simulations being accomplished by using the density functional theory (DFT) formalism. After
docking, the calculated QM improved total interaction energy Equp = -170.1 kcal/mol was larger (in absolute value) than that
obtained with classical molecular mechanics improved (Ec p, = -156.3 kcal/mol) and crude docking (Ecgrp) = -137.6 kcal/mol) pro-
cedures. The QM/MM computations reveal the pivotal role of the Asp110 amino acid residue in the D3R haloperidol binding, fol-
lowed by Tyr365, Phe345, 11e183, Phe346, Tyr373 and Cys114. Besides, it highlights the relevance of the haloperidol hydroxyl
group axial orientation, which interacts with the Tyr365 and Thr369 residues enhancing its binding to dopamine receptors. Finally,
our computations indicate that functional substitutions in the 4-clorophenyl and in the 4-hydroxypiperidin-1-yl fragments (such as
C3H and C12H hydrogen replacement by OH, OOH or CI groups) can lead to haloperidol derivatives with distinct dopamine an-
tagonism profiles. The results of our work are a first step towards in silico quantum biochemical design and probing of new medi-
cines to treat schizophrenia.




INTRODUCTION

Schizophrenia is a mental illness affecting about five per thousand
in population, varying across cultures and countries, and being
more prevalent among males. (1) Symptoms are classified as
positive (e.g. hallucination, delusions, etc.), negative (e.g. lack of
pleasure, difficulties to begin and sustain activities, etc.) and
cognitive (e.g. problems with executive functions, working
memory, etc.). (2, 3) Schizophrenia is a severe and disabling
neurological disorder that typically begins in late adolescence or
early adulthood, having a large impact on the patients and society.
World Health Organization estimates of schizophrenia-related
economic costs in 2001, available only for some industrialized
countries, range between 1.6% and 2.6% of the total health care
expenditures. (4) For England, it was estimated a £6.7 billion
schizophrenia-related societal cost in 2004/05. (5) In the United
States, the cost of schizophrenia was estimated to be $62.7 billion
in 2002. (6)

Antipsychotics began to be introduced for the treatment of schiz-
ophrenia in the 1950s. Many of them exert their therapeutic ef-
fects through the blockage of the dopamine receptors group. (7-9)
Binding profile, type of side effect events and mechanisms of
action, among other characteristics, are used to characterize anti-
psychotics as first- and second-generation agents (also known as
typical and atypical, respectively). (7, 8, 10) Typical antipsychot-
ics (e.g. chlorpromazine, fluphenazine and haloperidol) are known
to block the D2R dopamine receptor (see below) in the meso-
limbic and nigrostriatal pathway, leading to extrapyramidal symp-
toms (EPS) and late dyskinesia. Atypical antipsychotics (e.g.
clozapine, olanzapine and risperidone) were introduced in the last
three decades, being believed to be more efficacious, tolerable and
associated with fewer EPS. (11)

A complete understanding of dopaminergic neurotransmission is
highly important to enhance the treatment of schizophrenic condi-
tions. Dopamine regulates its pathway through the coordinated
activation of dopamine receptors: D1-like (D1R and D5R) and
D2-like (D2R, D3R and D4R). (12, 13) These receptors are G-
protein-coupled (GPCR) (see the Nobel Prize in Chemistry lec-
ture, 2012) (14-16) characterized by the presence of seven highly
conserved transmembrane helices (TMH1-THM?7), connected by
extracellular (EC) and intracellular (1C) loops. (17, 18) Receptors
belonging to the D1-like family activate adenylyl cyclase through
the stimulatory G-protein alpha subunit, while receptors of the
D2-like family are coupled to the G-protein alpha subunit, with
inhibitory effects over adenylyl cyclase. (19)

Among the dopamine receptors, the D3R subtype has being dis-
covered as an important target for the treatment of schizophrenia,
Parkinson’s disease and other neurological diseases. (20-22) In
medicated schizophrenic patients, the D3R level was similar to or
less than control levels, but is doubled in antipsychotics free
patients, suggesting that D3R is related to the antipsychotic effi-
cacy in the treatment, while D2R blockade is involved with
exptrapyramidal side effects. (23) Analysis of postmortem tissues
showed D2R distribution in the dorsal putamen and the dorsal
caudate nucleus, but not D3R. In the ventral putamem, ventral
caudate and globus pallidus, a D2R:D3R distribution in a 2:1
proportion was observed. (24) High D2R concentration in the
striatum seems to be a target for antipsychotics and is related to
motor side effects associated with the nigrostriatal region. In the
mesolimbic region, D3R has an important role in the dopamine
system (25) and its RNA encoding is abundant in the ventral area.
Indeed, the understanding of the anatomical distribution of dopa-
mine receptor subtypes in the central nervous system (CNS) is
crucial to the rational development of subtype-selective agents in
order to improve treatment efficacy, as well as to reduce side

effects.(26-31) In this regard, it has been recognized that antago-
nism in D3R may represent a novel and potent antipsychotic
mechanism devoid of EPS, making D3R a good target for the
improved drug treatment of schizophrenia. (25, 29)

Haloperidol,  4-[4-(4-chlorophenyl)-4-hydroxypiperidin-1-yl]-1-
(4-fluorophenyl)butan-1-one, chemical formula CyH,3CIFNO,
(see Figure 1A), is a phenyl-piperidinyl-butirophenone. It was
synthesized in 1958 by Janssen Pharmaceutical and can be con-
sidered a typical antipsychotic (32), being an effective clinic agent
employed in the therapy of the positive symptoms of schizophre-
nia, mania and neurological disorders. (33) It is argued that
haloperidol acts through the blockade of dopamine D2-like recep-
tors in the mesocortex and limbic systems of the brain. (34, 35)
Additionally, according to Malmberg and colleagues, (36)(36)
haloperidol is a D2R antagonist which also acts like an inverse
agonist in D3R. Moreover, haloperidol also has an ability of
binding to a wide variety of Central Nervous System receptors,
such as the adrenergic and muscarinic ones, among others. (37)

The high homology degree of dopamine receptors explains the
low specificity of haloperidol and other similar drugs. In fact, it
was highlighted that D2R and D3R share 46% of homology, being
78% in the transmembrane helices (TM). (25, 38) Chien and
colleagues (38) showed that among eighteen eticlopride contact
residues in the binding pocket of D3R, seventeen are identical to
D2R residues, suggesting that such similarities in the binding
pocket give rise to closely related affinities, as observed for many
compounds. Although promoting the D2R dopamine blockade in
the nigrostriatal region, triggering extrapyramidal symptoms
(dyistonias, akathisia, late dyskinesia and pseudoparkinsonism),
(39) haloperidol is still widely used in clinic as the newer atypical
antipsychotics have high cost, being also related to the develop-
ment of important side effects, unhappily. (40-42)

In this work, due to the haloperidol clinical relevance and its
ability to antagonize D3R, it was investigated its mode of interac-
tion with individual residues of its D3R binding pocket. The
results of this in silico research work are quite useful as a guide to
the design of haloperidol derivatives with stronger D3R antago-
nism. The published crystallographic data of D3R complexed with
eticlopride (38) was taken into account to simulate the docking of
haloperidol in the D3R by ligand replacement. Quantum Mechan-
ics/Molecular Mechanics (QM/MM) computation procedures
were carried out to optimize molecular geometries within the
Density Functional Theory (DFT) formalism. The haloperidol-
D3R amino acid residues interactions were evaluated using the
divide to conquer-like molecular fractionation with conjugate caps
(MFCC) technique. (43) A binding pocket radius r was defined,
varying from 2.5 A to 10.0 A, being supposed to contain the most
important D3R residues interacting with haloperidol. The interac-
tion energies of haloperidol with individual amino acid residues
were estimated, providing a description of the dependence of the
total binding energy with the binding pocket radius. Besides,
functional substitutions in the 4-clorophenyl and in the 4-
hydroxypiperidin-1-yl fragments (such as C3H and C12H hydro-
gen replacement by OH, OOH or CI groups) were discovered as
routes to search for haloperidol derivatives with distinct dopamine
antagonism profiles. Our results are a first step towards in silico
quantum biochemical design and probing of new medicines to
treat schizophrenia.

RESULTS AND DISCUSSION

In the dopaminergic neuroscience domain, it is remarkable the
recent publication of the D3R structure co-crystallized with
eticlopride.(38) This work has motivated structure-based drug
research through in silico simulations of ligands interaction with
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D3R. As a matter of fact, Feng and colleagues (44) have used
molecular dynamics to refine docking results of selective ligands,
highlighting the importance of Thr369 to the selectivity of R-22
with D3R. On the other hand, the D3R crystallographic structure
was used to generate D2R and D3R models which were validated
through the docking of distinct ligands, followed by molecular
dynamics procedures. (45)

Docking algorithms have become popular in the field of comput-
er-aided drug design because they are useful tools to predict the
binding of small molecules to a protein structure. (46-48) Howev-
er, due to the low accuracy of the score functions, it is often hard
to find the best pose among docking results. To deal with this
problem, more robust approaches can be employed. In this sense,
quantum mechanical (QM) methods, (49) which have been prov-
ing themselves to be of great importance in all phases of in silico
drug design,(50) are becoming more popular due to their high
accuracy to estimate (relative) binding affinities. (51) Neverthe-
less, the computational cost to simulate large systems at the QM
level is very high because of the huge number of electrons in-
volved. To overcome this difficulty, it is possible to describe the
system by using its electron density p(r), which depends on three
spatial coordinates only, instead of the full electronic wave func-
tion, with 3N spatial coordinates (N being the total number of
electrons involved). This is the essential feature of DFT, where
the total energy of a multi-electronic system is expressed as a
functional of the electron density, leading to the so-called Kohn-
Sham equations. (52, 53) Besides, the divide to conquer-like
Molecular Fractionation with Conjugate Caps (MFCC) scheme is
most helpful to reduce the computational cost and preserving, at
the same time, an accurate description of biological systems
through quantum calculations. (43, 54-57) In particular, our group
has employed previously the MFCC method to describe ligand-
protein interactions at the quantum level in other relevant biologi-
cal systems. (58-62)

Another important issue related to ligand-protein docking is how
to take into account the flexibility of the protein structure to make
the results more realistic. (48, 63) Among recent suggested strate-
gies, one find the use of hybrid QM/MM approaches to carry out
docking refinement. (49, 64) The use of a hybrid method can be a
good route for the study of large proteins, as it allows the partition
of the entire system into two regions: (1) a small region of inter-
est, which is described using QM methods; and (2) the rest of the
protein system, which is modelled using a classical MM force
field. Among the QM/MM methods, the Own N-layer Integrated
molecular Orbital molecular Mechanics (ONIOM) has been used
with success to treat biological system due to its simplicity and
high accuracy. (65) By combining docking and ONIOM tech-
niques, it is possible to achieve a reliable structure to investigate
protein-ligand interactions at the molecular level through quantum
biochemistry ab initio simulations - see the Nobel Prize in Chem-
istry lecture of 2013. (66)

In the work here presented, the X-ray data of eticlopride co-
crystallized with the dopamine receptor D3 at 3.15 A of resolu-
tion, PDB ID: 3PBL (38) was adopted as a template for the dock-
ing essays, with the purpose of replacing the etilclopride molecule
by haloperidol. As a matter of fact, the docking of haloperidol in
the rigid structure of the crystallographic D3R was performed in
the original eticlopride binding site, which was followed by clas-
sical and QM/MM optimizations. The QM calculations were
performed both in the local-density approximation (LDA) (67, 68)
and generalized gradient approximation approach with an extra
dispersion correction scheme as proposed by Tkatchenko and
Scheffler (GGA+TS). (69, 70) Such geometry optimizations
allowed some degree of flexibility in the binding pocket site of the

receptor, which is fundamental for its function and drug design,
(71) but is absent in the crude docking procedure. (47, 72, 73)
Afterwards, ligand-residue interaction energies were calculated
using DFT through the MFCC scheme. These procedures enabled
a better description of the haloperidol in its human D3R receptor
binding pocket.
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Figure 1. (A) Atom labels for haloperidol at physiological pH.
Region i has the 4-clorophenyl fragment; region ii has the 4-
hydroxypiperidin-1-yl fragment with the tertiary amine protonat-
ed; region iii has the butan-1-one fragment, and region iv has the
4-fluorophenyl fragment. (B) Electron density calculated using
DFT projected onto an electrostatic potential isosurface. Nega-
tively charged regions are in red and positively charged regions
are in blue, as depicted in the charge scale.

Haloperidol and Receptor Preparation

The protonation state of the ligand used in this study is in agree-
ment with in vitro experiments which demonstrated that, among
the use of charged and uncharged analogues of dopamine, the
agonist activity is optimal for charged species. (74) Also, Chien
and Colleagues (38) stated that the protonated ethyl-pyrrolidine
ring of eticlopride, at physiological pH, is fundamental for the
formation of a salt bridge with the carboxylate of Asp110, which
is structural and pharmacologically critical for high affinity ligand
binding to the aminergic subfamily of GPCRs. Such reports give
us support to follow experiments using a protonation scheme
reflecting the physiological pH, but considering variation due to
the local protein environment. Calculations of haloperidol showed
that in the 7.2-7.4 pH range there is a prevalence (97.34 —
95.85%) of protonation at the piperidine ring. Also, the protona-
tion state of amino acid residues, at the physiological pH, was
adjusted according to PROPKA tool results and the protonation
tool in the Discovery Studio package (see Methods for more
details). In this way, important residues within the radius of 10 A
from the centroid of haloperidol had their protonation adjusted
according to results, such as Asp110 (pka 3.9) and His349 (pka
6.0), among others. Also, in order to improve the docking input,
the protonated haloperidol molecule geometry was optimized
through classical and quantum energy minimization steps, follow-
ing the same protocol used to prepare the eticlopride for re-
docking. The haloperidol protonation considered during the dock-
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ing runs is depicted in Figure 1, together with the electron density
distribution of the isolated haloperidol molecular structure after
DFT geometry optimization.

Docking Results and Selected Pose

Initially, the docking parameters were set through the application
of a re-docking protocol to the eticlopride-D3R system using
Autodock 4.0. Two essays of re-docking were performed, the
simple one using the eticlopride structure as given by the crystal-
lographic data, and an improved one where it was considered a
quantum optimized built molecule (see Figure S1 in the support-
ing information). As no significant differences were observed
between the re-docking essays, the initial structure of haloperidol
was built and optimized using the same approach applied to gen-
erate the molecule of eticlopride through the re-docking (see
Experimental Methods) before being used for the docking in the
rigid pocket of D3R. The tuning of the docking machinery for
haloperidol was performed following the same steps of the
eticlopride-D3R re-docking. Docking experiments generated one
thousand poses, which were clustered using a RMSD tolerance of
1.0 A?; the first pose of each cluster scored better than the thresh-
old of -10 kcal/mol, being evaluated in a re-score procedure (see
pose selection in Experimental Methods). This approach allowed
us to quickly evaluate the docking score of thirteen poses in order
to choose the most representative of them. Probably because our
calculation took into consideration all hydrogen atoms in the
system (differently from the Autodock approach, which compute
only the polar hydrogen atoms in the protein), which makes the
calculation more accurate by allowing a more realistic spatial
arrangement of the atoms during geometry optimizations, it was

obtained a slightly different ranking of poses (see Table S1).
Nevertheless, our re-score calculation confirmed as the best repre-
sentative pose the same one indicated by the Autodock score (the
first pose from the cluster 1). From now on, such pose will be
labeled DOC. Moreover, during visual inspection it was observed
that DOC represents the haloperidol orientation with the fluorine
atom pointing towards Helix V, and the chlorine atom pointing
towards Helix 11, agreeing with the haloperidol orientation in D2R
as indicated by Hjerde and colleagues. (75) However, it curiously
differ from that obtained by Wang and colleagues, (76) which
have obtained that the para-fluoro phenyl plane is oriented along
the Helix Il in their modelling of D2 and D3 receptors. Also, it
was observed that in DOC the haloperidol piperidine ring assumes
a chair conformation, as described in the literature, (77, 78) and
also that the phenyl ring was oriented in the equatorial position
while the hydroxyl group was oriented axially. (78)

Some of the discrepancies observed in published docking simula-
tions can be due to methodological differences. As a matter of
fact, Wang et al. (76) have used modeled structures in their study
(the crystallographic data of D3R had not yet been published
then), building the ligand haloperidol in situ and carrying out
energy minimization steps followed by molecular dynamics (MD)
calculations to refine the structures. As advanced by Sousa et al.,
(47) MD is known to have several pitfalls when used in attempts
to replace docking algorithms in ligand-protein systems, mainly
due to difficulties in scanning over the typically rugged energy
hypersurface of biological systems and in crossing high-energy
barriers. Moreover, the simulation time could not be large enough
to adequately sample the conformational space in such a way that
a stabilized binding is not achieved.
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Figure 2. QM/MM optimization after haloperidol docking in D3R. (A) The haloperidol ligand at the binding pocket of D3R, with its atoms
depicted as spheres scaled according with the respective van der Waals (VDW) radii. The binding region is enclosed by the dashed red
circle. (B) Orientation and structure of haloperidol in its D3R binding pocket. The amino acid residue Asp110 in helix IlI, which is pivotal
to the D3R haloperidol binding, is indicated together with other important residues.



Docking Refinement Through QM/MM Calculations

Considering that the side chains of proteins are supposed to reor-
ganize in a wide range of ways within the binding pocket (back-
bone displacement is more rare), (79) we performed three distinct
geometry optimization procedures for the sake of comparison and
to improve the quality of the results. In the first procedure, hydro-
gen atoms were added to the DOC structure and only their posi-
tions were classically optimized to minimize the haloperidol-D3R
total energy. From now on, this new geometry will be referred as
Crude Docking Input (CRDI) structure. In the second procedure,
it was generated the Classical Mechanics Docking Input (CLDI)
structure through the optimization of all hydrogen atoms and the
entire molecule of haloperidol through a classical mechanics
energy minimization approach. The third procedure of optimiza-
tion was carried out using the QM/MM scheme in the ONIOM
picture for docking improvement,(65) in such a way that the
haloperidol was set as part of the QM layer, while the totality of
the D3R residues was set into the MM layer. The resulting struc-
ture is referred as Quantum Mechanics Docking Input (QMDI)
from now on. During the optimization, all hydrogen atoms of the
complex, the haloperidol molecule inside the D3R binding pocket
with amino acid residues up to a radius of 10 A from the haloperi-
dol centroid, were allowed to relax. Figure 2 shows the haloperi-
dol at the D3R binding pocket after QMDI optimization. As a
matter of fact, the QMDI structure showed significant differences
in regard to the conformation of the haloperidol in the binding
pocket as compared with the original crude docking result (see
Figure 3). The total electronic interaction energy of the system
followed the sequence (Eqmpi<EcLpi<Ecroi), showing that QMDI
converged complex is more stable than the CLDI and CRDI ones.
Results indicating the dependence of the total binding energy on
the binding site radius (measured from the haloperidol centroid)
are shown in Figure 4. After the QM/MM optimization, the calcu-
lated total binding energy including all residues inside the 10 A
binding radius was -269.5 (-170.1) kcal/mol at the LDA-OBS
(GGA-TS) level. For the largest radius, one obtains the total
electronic interaction energy, E'. For r < 4.0 A, E(r) decreases
(the binding increases) strongly, the main contribution coming
from the Asp110-ii (N14)H interaction at 4.0 A (see Figs. 4-6). In
the 4.0 A <r < 6.0 A range, E(r) decreases more weakly, evolving
towards a constant value; the main contribution are the His349-iv
(C22)H and Tyr365-ii (09)H at 5.0 A. For r > 6 A, while E(r)
decreases continuously and oscillates in the LDA case, it oscil-
lates around a mean constant value in the GGA case. The differ-
ences obtained when using LDA or GGA is due to the nature of
each functional. While within the DFT-LDA approach the long
range interactions are over valuated during the exchange-
correlation description, the use of the DFT-GGA-TS functional
(80) allows the description of the Van der Walls and hydrogen
bonds through an improved description of long range interactions,
resulting in a E(r) stabilization for r > 6 A. Besides, the oscilla-
tions are due to the DFT difficulty to describe long range Cou-
lomb interactions related do distant charged residues. Note that
for 6.0 A <r < 10.0 A, the most relevant interacting residues are
Cys181, Phel88, VVal189, Leu89, Ser192, Thr368 and Trp370.

The analysis of the final structures generated from the CRDI,
CLDI, and QMDI approaches shows the displacement of
haloperidol atoms from the original docking pose towards a more
stable conformation. For a detailed general perception of this
structural rearrangement, one can inspect in the Table S2 of the
supplementary material the interatomic distances of the D3R
amino acid residues in the binding pocket to the haloperidol cen-
troid after each optimization strategy. Atomic charges and bond
lengths of haloperidol in vacuum, after docking and after classical
and QM/MM optimizations were also calculated (Tables S2 and

S3, supplementary material). The charge partitioning methodolo-
gy known as Hirshfeld population analysis (HPA) (66, 81) was
adopted as it minimizes the loss of information related to the
formation of chemical bonds between atoms in a molecule, (15,
82) and produces improved Fukui function indices (83-85) capa-
ble of predicting reactivity trends within a molecule better than
traditional Mulliken population analysis, (86) natural bond orbital
analysis,(87) and fitted electrostatic potentials. (88) However,
Hirshfeld charges tend to be too small, (89, 90) as Hirshfeld atoms
in general resemble the neutral atoms. (91, 92) Such limitation,
however, can be amended using the iterative Hirshfeld charge
technique, (90) which has been successfully applied to the solid
state (93) and the discussion of Fukui functions. (94)

The GGA-TS calculated Hirshfeld charges of the individual atoms
of haloperidol for the molecular conformation obtained after in
vacuum/docking optimizations are depicted in Table S3, and the
bond distances of non-hydrogen atoms are show in Table S4. The
results are expressed in units of the fundamental charge e, and
were calculated using the HPA scheme available in the DMOL3
code.(95) They point to 019 and O9(H) as the most negatively
charged atomic species (Hirshfeld charges of -0.209e and -0.190e,
respectively). The N14(H) nitrogen atom belonging to the
hydroxypiperidinyl group, responsible for a large attractive inter-
action with Asp110 in the binding pocket, is positively charged
(0.080e).
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Figure 3. Different superposed views of the D3R-haloperidol
geometry before (CRDI) and after (QMDI) QM/MM optimiza-
tion. (A) Hydrogen bonds of haloperidol with Asp110 and Tyr365
are almost unaffected by QM/MM optimization; (B) the rear-
rangement of haloperidol and the side chain 11183 is depicted,;
(C) large displacement of haloperidol region | (4-clorophenyl
fragment); (D) QM/MM optimization promotes a decrease of the
mean distance from haloperidol atoms to Leu89 and Cys181,
increasing their attractive interaction with haloperidol.

Interaction Energy per Individual Amino Acid Residue

DFT calculations (52, 53) were employed to assess the relative
contribution of each amino acid residue at the binding pocket to
the D3R-haloperidol interaction. As the size of the complete
protein structure does prevent the use of quantum calculations for
the full system, a fragmentation (divide to conquer) approxima-
tion was employed. Commonly, fragmentation techniques take
into account only the ligand and a given residue with some sort of
capping for the dangling bonds, so that the resulting interaction
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directly reflects the local electronic structure. To improve the
accuracy of the method, especially when residues at large distanc-
es are included, shielding effects due to neighbor amino acid
residues were considered following a procedure established in
previous works we published. (58, 59, 61) Assessments with and
without shielding effects included exhibited smaller interaction
energy differences for the residues closest to haloperidol, such as
Phe345 (3.5 A), with interaction energy of -11.10 (-12.30)
kcal/mol (not) considering shielding, but significant differences
for residues at larger distances, such as Cys114 (7.5 A), which has
an interaction energy with (without) shielding effect of 8.80 (-
4.00) kcal/mol using the GGA- TS functional. Thus, in order to
improve the accuracy of our study, shielding corrections were
included in all simulation runs.

The interaction energies of haloperidol with 43 amino acid resi-
dues of the D3R binding pocket were calculated, the results being
presented in Table 1. The sum of the individual contribution of
residues from the QM/MM optimized structure indicate that the
interaction energy does not vary much when the residues located
more than 6.0 A distant from the haloperidol centroid are ac-
counted for. We have closely investigated the interaction of
haloperidol with the Cys114 residue, which is located close to
Aspl110 (Figure 2B), in TMH Ill, and is part of an important
domain for ligand interactions in the D3R binding pocket. (17)
The Cysl14 amino acid residue is involved in the binding of
ligands with, at least, one N-propyl group in its structure. When
compared with the wild type, in a competition binding experiment
with [3H]-spiperone, the mutated Cys114S receptor showed 272-
and 102 fold increases in the ki value for two aminotetralin antag-
onists, UH-232 and AJ-76, respectively. (96) On the other hand,
our results show a repulsive interaction of Cys114 (8.80 kcal/mol)
with haloperidol obtained within the GGA-TS approach. (69, 70)
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Figure 4. Behavior of the haloperidol-D3R total interaction energy
as a function of the binding pocket radius. Computations were
performed within the DFT formalism using the (A) LDA-OBS
and (B) the GGA-TS functional.

There are 23 residues with relevant contributions to the binding,
the sum of their individual interaction energies being very close to
the value of the total binding energy. We were able to identify
attractive and repulsive amino acid residues, as one can see from
the BIRD panels shown in Figures 5A and 5B, the former ob-
tained through the LDA exchange-correlation functional with
OBS dispersion correction, and the later through the GGA ex-
change-correlation functional with TS dispersion correction (see
Experimental Methods for details of the BIRD panel representa-
tion).

It was argued that typical antipsychotics induce a smaller dis-
placement in the transmembrane helix TMH5 of the dopamine D2
receptor in comparison with the others TMHs, while haloperidol
non-bonded interactions were larger with helix 3, followed by
interactions with helices 6, 7, 2 and 5, respectively. (75) In our
crude docking simulations, a similar ranking of interactions was
obtained: TMH3 > TMH6 > TMH7 > TMH5 > ECL2 >> TMH2.
In contrast, after the QM/MM geometry optimization this ranking
changed to TMH3 > TMH7 > TMH6 > ECL2 > TMH5 >>
TMH2. This result suggests that in D3R haloperidol has stronger
interaction with helix 5 (GGA-TS calculated interaction energy of
-12.90 kcal/mol) than with helix 2 (GGA-TS calculated interac-
tion energy of 3.90 kcal/mol), but weaker interactions with helices
7, 6 and ECL2, which is agreement with the smaller displacement
in helix 5 observed for typical antipsychotics. These results also
show that haloperidol interacts more strongly with helix 3 where
Aspl10 is located. This residue is commonly acknowledged as
responsible for a strong interaction with the tertiary amine of the
ligand. (58, 97-101) The value of the Asp110 interaction energy is
-117.00 (-107.00) kcal/mol at the LDA-OBS (GGA-TS) level,
slightly smaller than that observed in our previous work for
eticlopride (-112.21 kcal/mol using GGA-TS). (58) Among the
residues in helix 7, Tyr373 and Tyr365 have interaction energies
of -10.90 (-6.60) and -28.00 (-16.00) kcal/mol according with the
LDA-OBS (GGA-TS) calculations, respectively.

A hydrogen bond between Tyr365 and the alcohol functional
group ii(O9)H in haloperidol can be observed before the QM/MM
geometry optimization, and after that, its length decreases from
2.240 A'to 1.748 A, which is in agreement with the increase of the
interaction energy from -13.00 kcal/mol to -16.00 kcal/mol at the
GGA-TS level. This result highlight the relevance of the axial
orientation of the haloperidol’s hydroxyl group, which was de-
scribed as not essential for binding, but important to the enhance-
ment of the binding at the D2 receptor. (102)

Distances of important D3R residues in the binding pocket to
haloperidol after the QM/MM optimization are shown in Figure 6,
being observed that:

(i) in helix 6, Phe345 has a pi-cation interaction with the region ii
(N14) with energy of -24.60 (-11.10) kcal/mol at the LDA-OBS
(GGA-TS) approximation;

(ii) in the region iv (C22)H, Phe346 has an interaction energy of -
12.10 (-8.30) kcal/mol and His349 has a pi-sigma interaction
energy of -4.50 (-1.30) kcal/mol at the LDA-OBS (GGA-TS)
level,

(iii) the GGA-TS repulsive effect of Ser182 was slighted reduced
from 5.90 (CRDI) to 2.90 kcal/mol (QMDI), while the LDA-OBS
repulsive energy of 4.00 kcal/mol at the CRDI level became an
attractive interaction with -2.50 kcal/mol interaction energy in the
QMDI picture;
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Figure 5. (A) BIRD panel showing the interaction energy for each amino acid residue in the D3R binding pocket evaluated considering the
LDA exchange-correlation functional with OBS dispersion correction; (B) BIRD panel showing the interaction energy for each amino acid
residue in the D3R binding pocket evaluated considering the GGA exchange-correlation functional with TS dispersion correction.

(iv) the chlorine atom attached to C2 enhances the QMDI GGA-
TS interaction strength with Cys181 (from -3.70 CRDI to -6.10
kcal/mol QMDI) and Tyr365 (from -16.00 to -15.00 kcal/mol);

(v) the observed change in the interaction with Leu89 was signifi-
cant (from 0.80 kcal/mol GGA-TS CRDI to -7.00 kcal/mol GGA-
TS QMDI), while the repulsive effect of Serl82 decreased by
more than 50% (from 5.90 GGA-TS CRDI to 2.90 kcal/mol
GGA-TS QMDI).

These results indicate that, for an improved understanding of the
mechanism of interaction of haloperidol derivatives with D3R,
simple docking calculations are not enough, further QM/MM
optimizations of the drug-binding site system being required.

The extracellular loop 2 is the home of important contributions to
the haloperidol-D3R binding, mainly the residues 11e183 and
Cys181, both with attractive interaction. Ser182 (11183, in D2R),
which is close to haloperidol region i(C3)H, in contrast, is repul-
sive. After the QM/MM geometry optimization, the relative at-
traction of haloperidol to ECL2 almost doubled as the distance to
11e183 and Cys181 was reduced (Figure 3) in comparison with
that within CRDI; interaction with Ser182 may also occur through
its interaction with region i of haloperidol.

The residue Ser192 in helix 5, whose replacement by Ala (S192A)
decreased the affinity of D3R agonists, (103) has a LDA-OBS
(GGA-TS) interaction energy of -6.10 (-4.90) kcal/mol. A similar
figure was observed for Val189, with -6.00 (-4.00) kcal/mol of
attractive interaction within the LDA-OBS (GGA-TS) picture.
Ser193, while showing a repulsive GGA-TS interaction with

energy 1.10 kcal/mol in the CRDI picture, changed its interaction
state to attractive with GGA-TS interaction energy of -1.00
kcal/mol in the QMDI picture.
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Figure 6. Spatial arrangement of some D3R amino acid residues
interacting with haloperidol. Their interaction energies rank
among the largest GGA-TS calculated contributions to the total
Haloperidol-D3R binding energy. The residues-haloperidol dis-
tances are depicted by yellow dashed lines.



Table 1.

Individual amino acid residue contributions to the total haloperidol-D3R interaction energy calculated at the LDA-OBS and

GGA+TS levels. Energies are given in kcal/mol and the radial distance of each residue do the haloperidol centroid in A.

Receptor Residue | CRDI CLDI QMDI
SEYTE LDA GGA r(A) |LDA GGA rA) |[LDA GGA r(A)
TMH1 Tyr36 |-11.00 1.00 105|-5.00 -6.00 10.0[2.00 240  10.0
TMH2 val78 |-1.00 -200 95 [-200 000 95 [-1.00 000 95
val82 |500 1000 7.5 [400 800 75 [200 300 7.5
Met83 |5.00 500 105/2.00 500 100(6.00 500 65
val8é |-6.80 400 80 (080 010 75 [-090 290 65
Leud9 |-490 080 95 |-070 6.00 9.0 [-800 -7.00 9.0
TMH3 Phel06 |-7.00 -1.00 7.5 |-200 -2.00 7.0 [-200 -1.00 6.0
vall07 |-400 -300 55 [-500 -500 55 [-1.00 -3.00 55
Thrio8 |-1.00 -1.00 9.0 [000 100 90 [1.00 100 9.0
Leul09 |(-1.00 -1.00 9.0 |-1.00 -1.00 9.0 |[-120 -1.30 95
Aspl10 |-112.10 -100.90 4.0 |-123.10 -109.00 3.5 |-117.20 -107.00 4.0
vallll |-890 110 50 |[-7.80 -1.00 55 [-890 510 55
Metl12 [2.00 1.00 9.0 [1.00 100 90 [1.00 000 9.0
Metl13 [2.00 200 95 [200 200 100[1.00 1.00  10.0
Cysil4 (820 900 7.0 [430 900 70 |580 880 75
Thrid5 |[1.00 1.00 95 [000 1.00 10.0[1.00 1.00 100
TMH4 Leulé8 [4.00 300 75 |000 100 80 [-200 1.00 8.0
ECL2 Asnl73 |0.00  1.00 105|000 -1.00 100|000 -200  10.0
Cysi81 [-320 370 90 |-520 670 85 |-6.60 -6.10 8.0
Seri82 (400 590 7.0 [140 370 65 |-250 290 6.0
lle183 |-950 -520 4.0 |-840 -510 45 |-1580 -9.70 35
Serl84 (100 100 90 000 100 90 [1.00 000 90
Asnlg85 |-500 -400 10.0|-1.00 -3.00 105|-5.00 -3.00 10.0
TMH5 Phe188 |-4.00 -470 80 |-200 -3.70 85 |-200 -3.00 80
val189 |-10.00 -600 7.5 [-800 -600 75 |[-6.00 -400 8.0
Ser192 |[-7.30 -420 85 [-7.00 -450 9.0 |-6.10 -490 9.0
Ser193 [-550 110 95 [-270 020  10.0(-1.20 -1.00 105
Ser196 |[-060 090 9.0 [-1.70 090 95 (000 000  10.0
TMH6 Trp342 |-890 -400 50 [-1000 -600 50 [-1000 -1.00 5.0
Phe345 |-29.00 -8.00 25 |-23.60 -8.90 3.0 |-24.60 -11.10 35
Phe346 |-14.30 -9.80 7.0 |-11.00 -9.00 7.5 |-12.10 -830 7.5
Thr348 |-1.00 1.00 95 [-1.00 000 100|100 100 95
His349 |-850 -2.30 45 |-550 -0.30 45 |-450 -1.30 5.0
val350 |-3.00 -1.00 95 [000 -200 100|000 -1.00 95
Asn352 [2.00 2.00 100|270 330 100|200 1.00  10.0
Thr353 [0.00 000 95 [000 200 95 [1.00 000 9.0
TMH7 Tyr365 |-11.00 -13.00 5.0 |-1400 -11.00 5.0 |-28.00 -16.00 5.0
Ser3g6 |[-2.00 1.00  10.0|-2.00 -3.00 95 |-2.00 -3.00 95
Thr3e8 |-1.00 -200 85 [-1.00 -3.00 85 [-1.00 -200 9.0
Thr3e9 |-13.20 -2.80 50 [-13.30 -090 45 [-1200 -290 45
Trp370 [1.00 000 95 [1.00 000 95 [200 200 9.0
Gly372 [000 200 80 000 100 85 100 200 85
Tyr373 |-10.00 -400 6.0 [-11.10 -560 55 [-1090 -6.60 5.5

When the interaction energies of amino acid residues belonging to
the TMH2 region were calculated at the CRDI picture, it was
observed a strong repulsive interaction. After QM/MM optimiza-
tion, however, this repulsive effect was significantly reduced,
mainly due to the approximation of haloperidol to the residue
Leu89, which showed GGA-TS interaction energy of -7.00
kcal/mol after the QM/MM optimization in comparison with the
0.80 kcal/mol obtained within the CRDI picture. The electron
density distribution in the binding cleft of the GGA-TS optimized
structure within the QM/MM npicture can be observed in Figure 7,
where a high (low) electron density is represented in red (blue)
color on an electrostatic potential isosurface, with color scales
given at the right side.

As described in Table S5, all residues found as the most important
for the binding of haloperidol in D3R are conserved in D2R. This

may explain the lack of selectivity observed for haloperidol.
Nevertheless, among the 43 residues analyzed, six are non-
conserved in D2R and D3R, suggesting that such differences may
account to the selectivity of haloperidol either through the direct
interaction in the binding pocket or promoting changes in the
spatial arrangement of both receptors. As observed by Chien et
al., (39) the different residue in the extracellular loops give rise to
different D2R and D3R electrostatic surfaces in the second bind-
ing pocket, (38) which is formed by ECL1/ECL2 and the junction
of helices I, Il and VII. Interestingly, it was observed that
haloperidol interacts strongly with Tyr373, a conserved residue
that forms the second binding pocked. Tyr36 (Leu4l in D2R) is
spatially positioned between Tyr373 and Glu95 in D3R and is
arranged in the binding pocket closely to the 4-cloropheny frag-
ment, showing a repulsive interaction with haloperidol. Moreover,
Tyr36 is located at the extracellular end of TMH1 in a stretch of
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five non-conserved residues, which should contribute to the dif-
ferences in the packing between D2R and D3R. Also, the re-
placement of serines in the ELC2 (Ser182 and Ser184) of D3R,
which are amino acids with uncharged side chain, for Isoleucine
(Ser182-11e183) and Alanine (Ser184-Alal85) in D2R, both with
hydrophobic side chains contributes to the explanation of the
higher affinity of haloperidol for D2R. In such scenario, the re-
placement of Serl82, which are facing the aromatic ring of
haloperidol’s 4-clorophenyl fragment (region i), by isoleucine,
would improve the hydrophobic effect in the cavity, increasing
the interaction with aromatic ring of the 4-clorophenyl fragment
in a similar manner as observed in the interaction of 11183 (D3R)
and the aromatic ring of the 4-fluorophenyl fragment of haloperi-
dol.

In order to evaluate the feasibility of designing new haloperidol
derivatives using the BIRD panel results as a guideline, we have
performed haloperidol modifications in silico and in situ (mean-
ing that the haloperidol molecule was modified while docked to
the D3R binding site) through the addition of functional groups
OH, OOH or CI. These modifications were also performed on the
structure obtained after the QM/MM optimization procedure,
followed by a classical optimization of the haloperidol derivatives
and all hydrogen atoms of the D3R receptor.

Trp342

--5.284e-2

--1.057e-1

- -1.585e-1

- 5.284e-2

--1.000e-6

--5.284e-2

--1.057e-1

- -1.585e-1

B

Met83

Figure 7. Electrostatic potential isosurfaces of the haloperidol-
DR3 binding pocket after the GGA-TS QM/MM optimization.
(A) Projected electron densities for the main interacting residues
in the D3R binding pocket, highlighting negative charge concen-
trations at Asp110, Tyr373 and His349; (B) the interacting resi-
dues of TMH5 and ECL2 are depicted at the top, while the repul-
sive residues Met83 and Val86 from TMH2 are also represented
right-below. Electrostatic potentials were calculated without
taking into account the haloperidol molecule, which was inserted
only to visualize which haloperidol regions interact with the
residues.

For instance, the use of the information gathered in this study for
the development of derivative/ novel compounds through compu-
tations performed at the GGA-TS level showed that the insertion
of a hydroxyl group at C12 of haloperidol (see Figure 1A) en-
hances the attractive interaction with Asp110 from -107.00
kcal/mol to -121.80 kcal/mol, decreases the repulsive effect of
Val86 from 2.90 kcal/mol to 0.50 kcal/mol, and enhances the
Met83 repulsion from 5.00 kcal/mol to 8.00 kcal/mol. When a
hydroxyl group was added to C24, small changes were observed
in the haloperidol interaction with Phe188 (from -3.00 kcal/mol to
-4.00 kcal/mol) and Ser193 (from -1.00 kcal/mol to -1.50
kcal/mol).

On the other hand, the addition of a hydroxyl group to C3 reduced
significantly the derivative haloperidol interaction energy with
Tyr365, located at the opposite site of the aromatic ring, with
reduction of the attractive strength from -16.00 kcal/mol to -6.00
kcal/mol. Interaction with Leu89, which is close to C3, was not
affected by the hydroxyl substitution, while Cys181 interacted
more strongly (interaction energy changing from -6.10 kcal/mol to
-10.70 kcal/mol), and Ser182 exhibited a reduction in its repulsive
effect (from 2.90 kcal/mol to 0.60 kcal/mol). The OOH group
addition at C3 reduced the attractive effect of Leu89 (from -7.00
kcal/mol to -3.00 kcal/mol).

As stated above, the use of the per residue interaction’s infor-
mation generated in this study can be a useful guide for the devel-
opment of derivative and/or novel compounds. However, further
experiments must be carried out to pursue the proposed advanta-
geous modifications, taking into consideration the enhancement of
clinical effects (through in vitro and in vivo assays) of such com-
pounds. This includes the development of the synthesis of the
proposed haloperidol derivates, followed by the measurement of
their 1Csy values at D3R. The authors hope the present work will
stimulate efforts to turn our theoretical findings in new improved
Schizophrenia medicines.

CONCLUSIONS

The lack of information on the detailed mechanism surrounding
the binding interaction of small molecules in the dopamine recep-
tor D3 motivated us to use computer simulations at the quantum
level to investigate the relative energy contribution of individual
amino acid residues to the binding of distinct antipsychotic
agents. Our aim is to obtain data from typical and atypical agent
coupled to D3 in order to map the relevant binding patterns,
which will be crucial for the development of new, more potent
and more selective antipsychotic agents. With such perspective,
this work is the second of a series of studies to be carried out — ref
(58) is the first one, and the next to follow briefly is about the
antipsychotic risperidone. Here, by taking advantage of the crys-
tallographic structure of the D3R binding site, we performed
docking simulations of haloperidol, a typical antipsychotic agent,
followed by the application of a QM/MM energy minimization
strategy to improve the quality of the docking result.

The variation of the binding pocket radius r was taken into ac-
count to obtain a more accurate estimate of the haloperidol-D3R
interaction energy, its value varying from 2.5 A to 10 A. Individ-
ual interaction energies with haloperidol for each amino acid
residue in the binding pocket were thus estimated, showing the
pivotal role of Aspl10 followed by Tyr365, Phe345, 11e183,
Phe346, Tyr373 and Cys114, among others. Conformation analy-
sis pointed out the important role of the axial orientation of the
haloperidol’s hydroxyl , which has a significant attractive interac-
tion with Tyr365. The haloperidol attractiveness strength to the
D3R helices after the GGA-TS QM/MM calculations follows the
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sequence TMH3 > TMH7 > TMH6 > ECL2 > TMH5 >> TMH2,
being the interaction with the TMH2 region a repulsive one. Our
results, therefore, are helpful to elucidate, at the molecular level,
the binding features of the classical antipsychotic haloperidol with
respect to the dopamine D3 receptor, highlighting hot spots to be
acted upon on D3R with the purpose to develop better therapeutic
atypical antipsychotics with the ability to selectively blockade this
dopamine receptor. Finally, our state of the art simulations indi-
cate that functional substitutions in the 4-clorophenyl and in the 4-
hydroxypiperidin-1-yl fragments (such as C3H and C12H hydro-
gen replacement by OH, OOH or CI groups) can lead to haloperi-
dol derivatives with distinct dopamine antagonism profiles. Our
results are a first step towards in silico quantum biochemical
design and probing of new medications to treat schizophrenia.

EXPERIMENTAL METHODS

Structural data

The calculations performed in this study have taken full advantage
of the X-ray crystal structure of human dopamine D3 receptor in
complex with eticlopride, PDB ID: 3PBL at 3.15 A of resolution.
(38) The D3R crystal asymmetric unit cell contains two receptors
(A and B) in an antiparallel orientation exhibiting slight shape
differences. We arbitrarily chose receptor A to prepare the dock-
ing input, replacing the eticlopride molecule by haloperidol in
D3R. The preparation of the molecular structure and the protona-
tion state set up at physiological pH of haloperidol were accom-
plished using the Marvin Sketch code version 5.5.0.1 (Marvin
Beans Suite — ChemAxon). To adjust the molecular structure to
the protonation state at physiological pH, a single hydrogen atom
was added to the amine group of haloperidol, and its charge was
adjusted to +1 (electron charge -1). The protonation state of the
receptor was adjusted according to results obtained from the
PROPKA 3.1 web server tool (http://propka.ki.ku.dk/) and from
the Protonation tool in Discovery Studio package.

Molecular Docking

Molecular docking was performed using Autodock4. (63, 104,
105) To validate the docking protocol adopted in this work, we
performed the re-docking of eticlopride in the D3 receptor, as
describe elsewhere. (41, 106) Two distinct eticlopride confor-
mations were selected: (i) the ligand in its crystallographic con-
formation, (ii) the ligand at the minimum energy configuration
obtained after classical annealing and quantum DFT geometry
optimization. For the docking of haloperidol, the molecule was
build up and geometry improved using classical annealing fol-
lowed by classical and quantum DFT (GGA-TS functional) ener-
gy minimization approaches. During the docking of haloperidol,
the Lamarckian genetic algorithm (GA) was employed. Docking
was performed 20 times using the optimized structure of haloperi-
dol as the input file, a GA with 25,000,000 energy evaluations per
run, population size set to 150, and a maximum of 27,000 genera-
tions per run. At the end, a thousand poses were obtained (50
poses per output) and clustered using a RMSD tolerance of 1.0 A2
using Autodock Tools. (63, 107)

Construction of the haloperidol-D3R complexes

An isolated haloperidol molecule was first DFT optimized, after
wich it was docked (as described above) into its D3R binding
pocket within a rigid-protein protocol. Among the clusters formed
under a RMSD tolerance of 1.0 A2, the first pose (of those scored
better than the threshold of -10 kcal/mol) were analyzed in order
to choose the best representative pose. The haloperidol-D3R
complexes were prepared using the dopamine D3 receptor struc-
ture after the removal of eticlopride. Every complex was first
classically optimized in two consecutive steps: (i) only hydrogen
atoms were free to move during optimization; (ii) hydrogen atoms

and the haloperidol molecule were free to move during optimiza-
tion. The classical optimization procedure was performed using
the Forcite code with the force field CVFF, the convergence
tolerances set to 2.0 x 107 kcal/mol (total energy variation), 0.001
kcal/mol.A (maximum force per atom), and 1.0 x 10° A (maxi-
mum atomic displacement).

Pose selection

The score of the selected poses was revalidated, in order to ensure
the accuracy of the method, through a classical binding energy
calculation (Ep) of the best poses from the clusters scored better
than the threshold, as described below:

Ep = Epsr+L —(Epsr + EL) 1)

At the right side of Eq. (1), the first term Epsg+ is the total energy
of the system formed by haloperidol binding in the D3R; Epag is
the total energy of the D3 receptor alone, while the third term E,
is the total energy of the haloperidol molecule alone.

ONIOM (QM/MM) Optimization

The preparation of the inputs was performed through the TAO
package. (108) Quantum mechanics/molecular mechanics
(QM/MM) optimization was performed within the 2-layer
ONIOM framework (109) available in the Gaussian code (110),
employing the hybrid meta exchange-correlation functional M06-
2X, (111, 112) and the 6-311G(d,p) basis set to expand the elec-
tronic orbitals for the QM layer. The AMBER force field was
used to carry out the MM calculations within an electronic em-
bedding scheme. Ligand charges were assigned using the
AMBER force field, and all amino acid residues inside a 10.0 A
radius from the haloperidol centroid were allowed to move freely
during the geometry optimization. Haloperidol was considered as
belonging to the QM layer, while the entire D3 receptor was
treated as belonging to the MM layer.

Classical and DFT calculations

Hydrogen atoms were inserted into the D3R X-ray structure to fill
any dangling bonds, and their positions were optimized classically
keeping the other atoms frozen. The classical optimization proce-
dure was performed using the Forcite code with convergence
tolerances set to 2.0 x 10°° kcal/mol (total energy variation), 0.001
kcal/mol.A (maximum force per atom) and 1.0 x 10° A (maxi-
mum atomic displacement).

Calculations at the DFT level were carried out using the DMOL3
code (95, 113) to find out the interaction energies of haloperidol
with the amino acid residues of D3R inside the binding pocket.
The following exchange correlation functionals were employed:
(i) Local Density Approximation (LDA-OBS) with PWC parame-
terization (67) and the OBS dispersion correction scheme, (68)
and (ii) the Generalized Gradient Approximation (GGA-TS) with
PBE parameterization (69) and TS dispersion correction (70). A
Double Numerical plus Polarization (DNP) basis set was chosen
to expand the Kohn-Sham orbitals for all electrons. The orbital
cutoff was adjusted to ensure a good balance between accuracy
and computational time. The self-consistent field (SCF) conver-
gence threshold was set to 10" Ha, which is more than enough to
reach a well converged electronic structure.

Molecular Fractionation with Conjugate Caps (MFCC) and
Shielding Effects

The MFCC scheme is a very useful approach to be achieved an
accurate description of biological systems through quantum calcu-
lations (43, 54-57) without a very high computational cost. In
order to avoid missing important interactions, all amino acid
residues within an increasing radius from the centroid of haloperi-
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dol were taken into account until total energy convergence has
occured. For each amino acid residue, individual sets of capping
fragments were formed, including disulfide concaps when neces-
sary. The haloperidol molecule M and the i-th amino acid residue
R; interact, with R; being capped by C;.; and C;,;, the first being
the residue covalently bound to the R; amine group, and the se-
cond being the residue covalently bound to the R; carboxyl group.
Hydrogen atoms were added to passivate all dangling bonds.

The electrostatic shielding effect due to the presence of neighbor
residues R, placed between haloperidol and R; may contribute
significantly to affect the M-R; interaction (see Figure S2 in the
supplementary material). In such situation, the interaction (bind-
ing) energy E,[M-Rj] is calculated at the DFT level (95, 113) in
three steps. First, the energy taking into account both the R, and
R; contributions (Figure S3), E,[M-RyR;] being evaluated accord-
ing to:

Ei[M-RyR]=E[M+Cy.1RpCps1+Ci-1RiCisa] -
E[Cb-1RCps1+CiaRiCia]-
E[M+Cp.1Ct+1+Ci-1Ci1]+E[Cp-1Cps1+Cii1 Cisa]. )

At the right side of Eq. (2), the first term E[M+C,RyCp1+Ci.
1RiCi:1] is the total energy of the system formed by haloperidol,
shielding residues and the residue of interest with caps; E[C,.
1RpCh+1+Ci1RiCis1] gives the total energy of the capped residues
alone, while the third term E[M+C, ;Cy.1+C;1Cj.1] is the total
energy of the system formed by the set of caps only and M; final-
ly, E[Cp.1Cp+1+Ci.1Cis1] is the total energy of the system formed
by the isolated caps.

After obtaining E,[M-RyRj], we calculate the interaction energy
E,[M-Ry] between M and the shielding residues Ry, (Figure S4)
according with:

E\[M-Rp]=E[M+Cy1RsCp+1]-E[Cb-1R6Cp+1]-E[M+Cp.1Cpa]+
E[Cp-1Cpual. ©))

Here, each term in the second member is obtained from Eq. (2) by
simply removing each occurrence of R;,, C;.1RiCis1, and C;1Cjs1.,
and. At last, the corresponding interaction energy E,[M-R;] of M
with R; is calculated as follows:

Ei[M-R]=E/[M-RyR]- E,[M-Rg]. 4)

Energy stabilization versus residue distance to the centroid

To avoid using an arbitrary binding pocket size which could risk
missing residues with important contributions to the binding
energy (this always occurs in general), the binding pocket radius
was varied until the total binding energy change was sufficiently
small. The total binding energy as a function of the binding site
radius was obtained for a 2.5-10 A radius range with increasing
steps of 0.5 A. Only residues with at least one atom inside an
imaginary sphere centered at the drug centroid were taken into
account to compute the total binding energy at a chosen radius.

The BIRD Panel

Interaction energies of D3R individual amino acid residues with
haloperidol within a given set of approximations were plotted in a
panel labeled BIRD (acronym for Binding site, Interaction energy
and Residues Domain) depicting:

(i) the binding energy (in kcal/mol) of the drug to each amino acid
residue at the binding site employing horizontal bars. In this way,
one can assess visually the relevance of each residue and the

nature of its interaction with the ligand, whether attractive or
repulsive;

(ii) the most important residues contributing to the binding inter-
action, which are shown in a column of residues at the left panel
side;

(iii) the corresponding region of the ligand, i, ii, iii, iv, etc. which
is closer to each residue;

(iv) the distance of each residue to the centroid of the ligand
molecule, provided at the right side of the panel.

Molecule Drawing and Images Acquisition

Marvin Sketch code version 5.5.0.1- 2011, ChemAxon
(http://www.chemaxon.com), was used to draw the 2D haloperi-
dol structure and to predict its protonation state at physiological
pH. The images of the resulting poses were obtained using PyMol
1.3.(114)
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Captions

Figure 1. (A) Atom labels for haloperidol at physiological pH. Region i has the 4-clorophenyl fragment; region ii has the 4-
hydroxypiperidin-1-yl fragment with the tertiary amine protonated; region iii has the butan-1-one fragment, and region iv has the 4-
fluorophenyl fragment. (B) Electron density calculated using DFT projected onto an electrostatic potential isosurface. Negatively charged
regions are in red and positively charged regions are in blue, as depicted in the charge scale.

Figure 2. QM/MM optimization after haloperidol docking in D3R. (A) The haloperidol ligand at the binding pocket of D3R, with its atoms
depicted as spheres scaled according with the respective van der Waals (VDW) radii. The binding region is enclosed by the dashed red
circle. (B) Orientation and structure of haloperidol in its D3R binding pocket. The amino acid residue Asp110 in helix I1I, which is pivotal
to the D3R haloperidol binding, is indicated together with other important residues.

Figure 3. Different views of the D3R-haloperidol geometry before (CRDI) and after (QMDI) QM/MM optimization. (A) Hydrogen bonds
of haloperidol with Asp110 and Tyr365 are almost unaffected by QM/MM optimization; (B) the rearrangement of haloperidol and the side
chain 11183 is depicted; (C) large displacement of haloperidol region I (4-clorophenyl fragment); (D) QM/MM optimization promotes the
reduction of the haloperidol distance from Leu89 and Cys181, increasing their attractive interaction with haloperidol.

Figure 4. Behavior of the haloperidol-D3R total interaction energy as a function of the binding pocket radius. Computations were per-
formed within the DFT formalism using the (A) LDA-OBS and (B) the GGA-TS functionals.

Figure 5. (A) BIRD panel showing the interaction energy for each amino acid residue in the D3R binding pocket evaluated considering the
LDA exchange-correlation functional with OBS dispersion correction; (B) BIRD panel showing the interaction energy for each amino acid
residue in the D3R binding pocket evaluated considering the GGA exchange-correlation functional with TS dispersion correction.

Figure 6. Spatial arrangement of some D3R amino acid residues interacting with haloperidol. Their interaction energies rank among the
largest GGA-TS calculated contributions to the total Haloperidol-D3R binding energy. The residues-haloperidol distances are depicted by
yellow dashed lines.

Figure 7. Electrostatic potential isosurfaces of the haloperidol-DR3 binding pocket after the GGA-TS QM/MM optimization. (A) Project-
ed electron densities for the main interacting residues in the D3R binding pocket, highlighting negative charge concentrations at Asp110,
Tyr373 and His349; (B) the interacting residues of TMH5 and ECL2 are depicted at the top, while the repulsive residues Met83 and Val86
from TMH?2 are also represented right-below. Electrostatic potentials were calculated without taking into account the haloperidol molecule,
which was inserted only to visualize which haloperidol regions interact with the residues.

Table 1. Individual amino acid residue contributions to the total haloperidol-D3R interaction energy calculated at the LDA and GGA+TS
levels. Energies are given in kcal/mol and the radial distance of each residue do the haloperidol centroid in A.
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SUPPORTING INFORMATIONS

) Tyr365
H.ssgge
) : Cys1 81
Ser192 w
U Asp110
vali11 Phe106 }t

Cys114 )=

Residue| dc,y | drac | drev [Residue| dcy | drec d.m,

Asp110 | 2.80 | 1.70 | 1.80 | Cys114 | 3.70 | 3.60 | 3.30
Val111 | 290 | 2.80 | 3.00 | Cys181 | 7.00 | 8.00 | 8.10
Phe106 | 2.80 | 3.60 | 3.60 | His349 | 3.80 | 3.70 | 3.80
Ser192 | 3.30 | 4.20 | 3.80 | Tyr365 | 3.20 | 2.70 | 2.70

Figure S1. Redocking of eticlopride in the binding pocket of D3R to tune the docking machinery using the crystallographic ligand confor-
mation — see ref. (39) in the paper. Eticlopride at crystallographic coordinates is represented in yellow (dCry); redocking using crystallo-
graphic conformation is represented in red (dRdC); and redocking using ligand optimization in vacuum is represented in blue (dRdV). The
distances between poses and some residues at the binding pocket are described are given in A in the Table. The results were obtained using
the software Autodock 4.0.

As inputs to tune the docking machinery, we tested eticlopride in two distinct conformations: the crystallographic conformation (RdC), and
an in vacuum energy minimized structure (RdV). As depicted in figure S1, the resulting poses of both RdC and RdV were similar to the
crystallographic coordinates, with RMSD values of 1.2113 and 1.2425 A? respectively. As the RMSD difference between these two ap-
proaches was just about 0.03 A2, we were convinced that the achieved parameterization with Autodock 4.0 was adequate to ground the
docking of haloperidol after the optimization of the structure in vacuum through DFT methods.
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Figure S2. Description of a shielding effect calculation within the MFCC approach for haloperidol in D3R: (A) Shielding effect of Asp110
in respect to the interaction of Val82 with haloperidol. (B) Shielding effect of residues Cys114 and Vallll in respect to the interaction of
Thr115 with haloperidol. Note that the shielding residues do not necessarily need to be placed directly between the drug and the residue of
interest. The Haloperidol, the amino acid residue of interest, the shielding residues and caps are represented as M, R;, R, and C; ;,, respec-

tively.
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Figure S3. MFCC scheme with shielding effect: (A) haloperidol, residue of interest and shielding residue with conjugated caps; (B) residue
of interest and shielding residue with conjugated caps; (C) haloperidol plus conjugated caps; (D) conjugated caps only. Haloperidol, amino
acid residue of interest, shielding residues and caps are represented as M, R;, R, and C; ;,, respectively.
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Figure S4. MFCC scheme considering only shielding residues: (A) haloperidol plus shielding amino acid residue with conjugated caps; (B)
shielding residue with conjugated caps; (C) haloperidol plus conjugated caps; (D) conjugated caps only. Haloperidol, shielding residues
and caps are represented as M, R;, R, and C; ;,, respectively.



Table S1. Description of the thirteen clusters scored better than the threshold of -10 kcal/mol. Binding energy is represented in kcal/mol, ki
in nM. Poses with similar geometry after the classical optimization (Forcite) is shaded in the same color.

Cluster| Number | Binding Energy Ki values Binding Energy

of poses (Autodock) (Autodock) (Forcite)

1 97 -10.49 20.62 -101.80

2 40 -10.47 21.19 _

3 121 -10.40 23.98 -74.59

4 97 -10.37 24.88 -78.87

5 9 -10.35 25.88 -90.68

6 21 -10.21 32.57 -77.27

7 38 -10.20 33.19 -76.73

8 16 -10.16 35.85 -95.43

9 -10.09 40.06 -95.43

10 -10.08 40.99 -99.71

11 15 -10.08 40.59 -95.93

12 25 -10.05 42.86

13 63 -10.05 43.16 !




Table S2. D3R residues interacting with haloperidol for increasing values of the binding pocket radius. Radius distances of each residue
from docking pose (1), classical optimization of docking pose (2), and QM/MM optimization of docking pose (3) are shown.

r(A)
2.5 3.0 3.5 4.0 4.5
1|F345| - - - (D110 1M83|H349 - - - - -
2| - |F345D110 - - - | 183 H349 T369 - = -
3] - - |F345 1183|D110 - [T369 - - - - -
5.0 6.0 6.5 7.0
1[V111W342Y365 T369|Y373 - - |C114 S182 F346 - -
2|W342Y365 - - - - |S182|F106 C114 - - -
3|W342H349Y365 - |F106 S182|V86| - - - - -
7.5 8.0

-

V82 F106 L168 V189 V86 F188 G372 - - - - -
V82 V86 V189 F346|L168 - - - - - - -
V82 C114 F346 - |L168 C181 F188 V189 - - - -

8.5 9.0

S192 T368 - -. |T108 L109 M112 C181 S184 S196 - -
C181 F188 T368 G372 L89 T108 L109 M112 S184 S192 - -
G372 - - - | L89 T108 M112 S184 S192 T353 T368 W370

9.5

V78 L89 M113 T115 S193 T348 V350 T353 W370
V78 $196 T353 S366 W370 - - - - - - -
V78 L109 T348 V350 S366 - - - - = g &

10.0

S165 N185 F197 N352 S366 - - - - - - -
Y36 M83 M113 T115 N173 S193 T348 V350 N352 - - -
Y36 M113 T115 N173 N185 S196 N352 - - - - -

w N

W N =
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Table S3. Atomic Hirshfeld charges of haloperidol non-hydrogen atoms.

A | e | [PeE ) op():tlizrarfiszﬁt?(l)n opgr'\:i/zw'lcl’;/ilon
Cl1 -0.001 0.002 -0.004 0.004
c2 0.03 0.033 0.034 0.031
C3 -0.036 -0.039 -0.038 -0.039
C4 -0.041 -0.041 -0.042 -0.041
C5 -0.038 -0.037 -0.037 -0.038
C6 -0.042 -0.036 -0.037 -0.038
Cc7 -0.012 -0.013 -0.010 -0.014
c8 0.086 0.081 0.087 0.085

0O9(H) -0.193 -0.205 -0.204 -0.190
c10 -0.054 -0.064 -0.058 -0.060
Cl1 0.013 0.007 0.013 0.008
C12 -0.06 -0.056 -0.054 -0.057

C13 0.011 0.009 0.013 0.010
N14(H) | 0.075 0.086 0.083 0.080
C15 0.014 0.011 0.009 0.011
C16 -0.053 -0.047 -0.049 -0.045
C17 -0.056 -0.056 -0.051 -0.053
C18 0.139 0.147 0.142 0.143
019 -0.224 -0.217 -0.209 -0.209
C20 -0.021 -0.012 -0.015 -0.020
c21 -0.013 -0.017 -0.047 -0.045
Cc22 -0.037 -0.037 -0.054 -0.054
Cc23 -0.03 -0.044 -0.012 -0.013
Cc24 -0.044 -0.050 -0.033 -0.036
C25 0.108 0.102 0.104 0.101
F26 -0.069 -0.075 -0.069 -0.064




Table S4. Bond lenghts (in A) of non-hydrogen atoms in haloperidol.

Bond Vacumm | Docking | Classical | QM/MM
Cl1-C2 1.737 1.736 1.760 1.729
C2-C3 1.397 1.397 1.387 1.392
C3-C4 1.390 1.390 1.396 1.386
C4-C7 1.399 1.399 1.412 1.401
C2-C5 1.394 1.395 1.391 1.388
C5-C6 1.394 1.394 1.399 1.393
C6-C7 1.396 1.397 1.418 1.394
C7-C8 1.514 1.514 1.572 1.519

C8 — 0O9(H) 1.436 1.437 1.413 1.427
C8-C12 1.541 1.540 1.552 1.533
Cl2-C13 1.511 1.512 1.554 1.518
C13 — N14(H) 1.504 1.504 1.511 1.500
C8 - C10 1.534 1.533 1.552 1.534
Cl0-C11 1.513 1.513 1.554 1.522
C11 — N14(H) 1.507 1.507 1.503 1.502
N14(H) — C15 1.504 1.504 1.494 1.490
C15-C16 1.510 1.509 1.540 1.526
Cl6 - C17 1.518 1.518 1.522 1.544
Cl7-C18 1.529 1.529 1.543 1.516
C18-021 1.233 1.233 1.236 1.207
C18-C20 1.473 1.473 1.531 1.505
C20-C21 1.404 1.404 1.408 1.396
C21-C22 1.390 1.390 1.395 1.388
C22-C25 1.391 1.391 1.385 1.381
C20-C23 1.405 1.405 1.404 1.397
C23-C24 1.388 1.388 1.403 1.387
C24 -C25 1.393 1.394 1.390 1.386
C25 - F26 1.354 1.353 1.357 1.335




Table S5. All the sequence aligned residues of D3R and D2R in the eticlopride binding pocket (1). Representation of the 43 residues ana-
lyzed through quantum method. The identical residues are shaded in blue, and the non-conserved positions are shaded in red.

Receptor X ]
segment Residue D3R Residue D2R
TMH1 | Tyr36 | Leusr
Vval78 Valga
Valg2 Valg7
TMH2 Met83 Met88
Vvalgé Valol
Leus9 Leu94
Phe106 Phe110
Val107 Val11l
Thr108 Thr112
Leul09 Leull3
Asp110 Aspl14
TMH3 Vallll Vall1l5
Met112 Met116
Met113 Met117
Cysl14 Cys118
Thrl15 Thr119
TMH4 Leu168 Leul70
Asnl73 Asnl75
Cys181 Cys182
ECL2 11e183 lle184
Asnl185 Asnl186
Phel88 Phe189
Vall189 Val190
TMH5 Serl192 Ser193
Serl193 Serl194
Serl196 Serl197
Trp342 Trp357
Phe345 Phe360
Phe346 Phe361
Thr348 Thr363
TMHe His349 His364
Asn352 Asn367
Tyr365 Tyr379
Ser366 Ser380
TMH7 Thr369 Thr383
Trp370 Trp384
Gly372 Gly386
Tyr373 Tyr387
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CAPTIONS

Figure S1. Redocking of eticlopride in the binding pocket of D3R to tune the docking machinery using the crystallographic ligand confor-
mation. Eticlopride at crystallographic coordinates is represented in yellow (dCry); redocking using crystallographic conformation is repre-
sented in red (dRdC); and redocking using ligand optimization in vacuum is represented in blue (dRdV). The distances between poses and
some residues at the binding pocket are described in given in A. The results were obtained using the software Autodock 4.0.

Figure S2. Description of a shielding effect calculation within the MFCC approach for haloperidol in D3R: (A) Shielding effect of Asp110
on the interaction of Val82 with haloperidol. (B) Shielding effect of residues Cys114 and Vallll on the interaction of Thrll5 with
haloperidol. Note that shielding residues do not necessarily need to be placed directly between the drug and the residue of interest.
Haloperidol, amino acid residue of interest, shielding residues and caps are represented as M, R;, R, and C; p,, respectively.

Figure S3. MFCC scheme with shielding effect: (A) haloperidol, residue of interest and shielding residue with conjugated caps; (B) residue
of interest and shielding residue with conjugated caps; (C) haloperidol plus conjugated caps; (D) conjugated caps only. Haloperidol, amino
acid residue of interest, shielding residues and caps are represented as M, R;, R, and C; y,, respectively.

Figure S4. MFCC scheme considering only shielding residues: (A) haloperidol plus shielding amino acid residue with conjugated caps; (B)

shielding residue with conjugated caps; (C) haloperidol plus conjugated caps; (D) conjugated caps only. Haloperidol, shielding residues
and caps are represented as M, R;, R, and C; ,,, respectively.

Table S1. Description of the thirteen clusters scored better than the threshold of -10 kcal/mol. Binding energy is represented in kcal/mol, ki
in nM. Poses with similar geometry after the classical optimization (Forcite) is shaded in the same color.

Table S2. D3R residues interacting with haloperidol for increasing values of the binding pocket radius. Radius distances of each residue
from docking pose (1), classical optimization of docking pose (2), and QM/MM optimization of docking pose (3) are shown.

Table S3. Atomic Hirshfeld charges of haloperidol non-hydrogen atoms.
Table S4. Bond distances (in A) of the non-hydrogen atoms of haloperidol.

Table S5. Representation of the sequence alignment of D3R and D2R. Representation of the 43 residues analyzed through quantum meth-
od. Position of identical residues are shaded in blue, and the non-conserved positions are in red.

Reference
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Discussao

4. Discussao

No presente trabalho foram utilizadas ferramentas computacionais de céalculo
classico e quantico para elucidar o mecanismo de interacdo de trés importantes
antipsicoticos - eticloprida, haloperidol e risperidona - e o sitio de ligacdo do receptor
humano de dopamina D3. Durante as simulacbes foram utilizados os dados
cristalograficos publicados por Chien e colaboradores em 2010, onde a estrutura
tridimensional contendo o antipsicético eticloprida ligado ao receptor humano de
dopamina D3 foi elucidada (PDBID: 3PBL) (CHIEN, E. Y. T. et al., 2010). O principio
da acuréacia deste trabalho baseou-se na utilizacdo de calculos quéanticos em dados
cristalogréficos, o que nos limitou a avaliarmos o perfil de ligacdo dos antipsicéticos
somente no receptor D3, por ser o Unico cuja estrutura tridimensional foi elucidada por
cristalografia até 0 momento. Os resultados obtidos referente a ligacdo de antipsicoticos
no receptor D3 sdo de extrema importancia devido aos fortes indicios de participacao
desse receptor como alvo terapéutico no tratamento da esquizofrenia (SOKOLOFF et
al., 1990; JOYCE, 2001; PARK et al., 2003) e envolvimento na discinesia tardia

(MAHMOUDI et al., 2014).

Nas etapas iniciais de preparacdo das estruturas analisadas, devido ao fato da
técnica de difracdo de raios X ndo elucidar as posi¢des dos atomos de hidrogénio, fez-se
necessario a inclusdo e ajuste da posicdo desses através de métodos computacionais
classicos - devido ao tamanho da estrutura. A inclusdo de atomos de hidrogénio
respeitou a analise do perfil de protonacdo da proteina e dos antipsicoticos estudados,
garantindo o maximo de semelhanca entre os nossos modelos e a realidade. Para a

analise do perfil de ligagdo dos antipsicoticos no receptor D3, foi utilizada a técnica de

Parte 111 108
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Fracionamento Molecular com Caps Conjugados (MFCC, do inglés “Molecular
Fractionation with Conjugate Caps”) (GAO et al., 2004), a qual permitiu o célculo
individualizado da energia de interacdo de cada aminoacido presente no sitio de ligagdo
através de calculos quénticos, utilizando-se a Teoria do Funcional da Densidade (DFT)
(HOHENBERG e KOHN, 1964; KOHN e SHAM, 1965). Desta forma, a energia total
de ligacdo foi obtida através da soma algebrica das contribui¢des individuais de cada
residuo de aminoacido envolvido na ligacdo. Para evitarmos a escolha arbitraria e
errbnea de um numero limitado de residuos de aminodcidos a serem incluidos nos
calculos quanticos decidimos conduzir a analise considerando a variacdo da energia
total de ligacdo em funcdo da distancia entre cada residuo e o antipsicético estudado,
conforme descrito em trabalhos prévios do nosso grupo (BARROSO-NETO et al.,
2012; DA COSTA et al., 2012). Desta forma, foi definido o centro geométrico de cada
antipsicotico como ponto de referéncia espacial e a variacdo da energia de ligacdo foi
analisada através da soma da energia de interacdo individual de todos os aminoacidos
posicionados a cada meio angstrom de distancia (radial) deste ponto. Tal técnica nos
permitiu tracar o perfil de variacdo de energia em funcdo da variacdo do raio de analise
e foi capaz de indicar o ponto de estabilidade da interacdo entre cada antipsicotico e o
receptor D3, ou seja, a distancia de analise a partir da qual a inclusdo da contribuicdo
individual de outros residuos mais distantes ndo afetaria de forma significativa a ligacdo
do antipsicoticos no receptor D3. Apbs a definicdo da regido de estudo, a andlise
comparativa da energia de interacdo individual calculada de cada residuo de amino&cido
permitiu o estabelecimento do perfil de contribuicdo relativa entre os residuos
envolvidos com a ligacdo de cada antipsicotico estudado. Para fins de comparacéo,
durante a realizagcdo dos célculos DFT, foram utilizados os funcionais de Aproximacéo

da Densidade Local (LDA, sigla em inglés para “Local-Density Approximation”) com
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correcdo de disperséo de Ortmann, Bechstedt, e Schmidt (OBS) (PERDEW e WANG,
1992; ORTMANN et al., 2006) e de Aproximacdo do Gradiente Generalizado (GGA,
do inglés “Generalized Gradient Approximation”) com correcdo de disperséo de
Tkatchenko e Scheffler (TS) (PERDEW et al., 1996; TKATCHENKO e SCHEFFLER,
2009). Ambas as aproximacOes apresentam grande confiabilidade nos resultados, sendo
que a principal diferenca entre eles estd no fato de que célculos utilizando LDA-OBS
costumam superestimar interac6es de longa distancia, enquanto que célculos com GGA-
TS permitem a melhor descricdo das interacfes de Van der Walls e ligacGes de

hidrogénio (RECKIEN et al., 2012).

Na primeira etapa do trabalho (Capitulo 1), empregou-se os dados
cristalogréficos da eticloprida ligada no receptor D3 e o perfil de ligacdo foi calculado
através da inclusio dos 42 residuos de aminoacido posicionados dentro do raio de 10 A.
A energia de interagdo individual entre cada residuo de aminoécido e a eticloprida foi
calculada, de forma a obter-se um parametro de classificacdo dos residuos mais
importantes para a estabilizacdo da ligacdo. A analise do perfil de interacdo entre a
eticloprida e o receptor D3 demonstrou a estabilidade da ligacdo quando os 19 residuos
posicionados até o raio de 8.0 A foram incluidos no calculo, apresentando uma energia
total de ligacdo de -171.48 (-259.21) kcal/mol, usando GGA-TS (LDA-OBS). Quanto
todos os residuos em 10 A foram analisados, observou-se pequena variacdo na energia
total de ligacdo, estabilizando em -182,24 (-266.57) kcal/mol, usando o funcional GGA-
TS (LDA-OBS). Dentre os residuos que apresentaram maior contribuicdo para a
estabilizacdo da ligacdo estdo: Aspll0, Phe345, Phe346, 11e183, Val107, Tyr373,
Val189, Ser192, Trp342, Tyr365, Cys114 e Val82. Dentre estes, 0 Asp110 demonstrou
uma interacdo atrativa grande, correspondendo a cerca de 61% da energia total de

ligagdo. Conforme os célculos de protonacdo realizados, o residuo Asp110 apresenta o
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grupamento carboxila desprotonado (COQ), enquanto que a eticloprida apresenta sua
amina terciaria na forma protonada em pH fisiologico. Desta forma, o Asp110 interage
atrativamente, através de uma ponte salina de alta energia (-112,21 kcal/mol, utilizando-
se GGA-TS), com a amina terciéria da eticloprida localizada a 2,8A de distancia. Esta
interacdo tem sido apontada como estruturalmente relevante para a eficacia da ligagdo
de moléculas contendo o grupamento amina em receptores de dopamina (CHIEN, E. Y.
T. et al., 2010; TSCHAMMER, N. et al., 2011). Juntos, os residuos Phe345, Phe346,
Phel88, Val189, Ser192, Ser193, Vallll e 1le183 formam uma cavidade hidrofébica no
receptor D3, a qual interage atrativamente com o anel aromatico substituido (figura 5a,
regido iii) da risperidona através de -50,53 kcal/mol (GGA-TS), 0 que representa cerca

de 28% da energia total de ligacao.

Vale salientar que, enquanto a inspecdo visual dos dados cristalogréaficos D3-
eticloprida permite somente inferirmos o grau de importancia dos residuos devido a sua
proximidade com a eticloprida, nos levando a interpretar o sitio de ligacdo como sendo
formado apenas pelos residuos de contato com a eticloprida (CHIEN, E. Y. T. et al.,
2010), em nosso estudo a defini¢do dos residuos importantes para o sitio de ligacao foi
definida pela andlise tanto dos residuos de contato, quanto daqueles mais distantes da
eticloprida. Desta forma, dentre os residuos incluidos em nossos calculos, Vall107,
Ser182, Phel88, Val82 e Asn185 foram pela primeira vez relacionados diretamente com
0 mecanismo de ligacdo da eticloprida no receptor D3. Para termos uma ideia da
dimenséo deste achado, apesar de ignorado por Chien e colaboradores (2010) durante a
publicacdo da andlise dos dados cristalograficos (CHIEN, E. Y. T. et al., 2010), o
residuo Vall07 (-4,08 kcal/mol) localiza-se préximo ao anel pirrolidina e apresenta
energia de interacdo atrativa semelhante aos residuos de contato Phel06 (-3,13

kcal/mol), Thr369 (-1,68 kcal/mol), Trp342 (-5,53 kcal/mol), Tyr365 (-5,72 kcal/mol),
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Tyr373 (-5,94 kcal/mol) e superior a do residuo Val86 (0,27 kcal/mol). O mesmo ocorre
para o residuo Ser182 (3,40 kcal/mol) que repele a porcao pirrolidina (Figura 5a, regido
i) para o interior da cavidade do receptor, enquanto que o residuo vizinho 11183 (-7,57
kcal/mol), localizado em uma por¢do mais profunda da cavidade, atrai as demais regifes
da eticloprida. Comparativamente, Ser182 apresenta energia de repulsdo muito superior
ao residuo Val86 (0,27 kcal/mol), o qual também estd localizado na abertura da
cavidade do receptor de forma que ambos repelem colaborativamente a eticloprida para
o interior do sitio de ligacdo. O residuo Val82 (5,39 kcal/mol) esta localizado em uma
porcdo mais interna que Val86 e aparenta ter a mesma fungédo de repulsdo da porcao
pirrolidina para dentro do sitio. Conforme citado anteriormente, o residuo Phe188 (-4.78
kcal/mol) compde a regido hidrofébica do sitio de ligacéo, e sua contribuicdo energética
consiste em cerca de 9,5% da energia de atracdo total desta regido. Ja o residuo Asn185
(-4,43 kcal/mol) localiza-se na porcdo externa do receptor, proxima da por¢do mais
profunda da cavidade do sitio. Sua contribuicdo atrativa sugere seu papel no reforco da
atracdo da eticloprida em direcdo a porc¢do hidrofébica do sitio de ligagcdo. Na figura 7
esta representado a densidade eletrénica da abertura do sitio de ligacdo do receptor D3,
onde alguns dos residuos mais significativos para a estabilidade da ligacdo, bem como
os residuos Val82, Vall07, Serl82 e Phel88 estdo representados. Na figura 7A é
exibida a densidade eletrdnica calculada sem a presenca da eticloprida no sitio de
ligagéo, a qual foi inserida posteriormente na imagem para facilitar a visualizagdo das
interacdes. Ao lado, na figura 7B, pode-se observar a densidade eletrénica do sitio
quando da interacdo de seus residuos se da com a eticloprida, destacando o papel desses
residuos na conducdo e manutencédo da eticloprida no interior da cavidade do sitio de

ligacéo.
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Figura 7: Superficie de potencial eletrostético do receptor D3. (A) Representacdo da densidade
eletrénica dos residuos de aminoécidos localizados na abertura da cavidade do sitio de ligacao.
Os calculos foram realizados sem a presenca do antipsicotico eticloprida, o qual foi
posteriormente inserido para auxiliar a visualizagdo das regides de interacdo do sitio de ligagao.
(B) Representacdo da densidade eletrdnica calculada na presenca da eticloprida no sitio de
ligacdo, conforme dados estruturais (PDBID: 3PBL). A superficie do receptor foi colorida
conforme a densidade de elétrons no sistema, sendo que as regies em vermelho (azul)
representam areas de maior (menor) densidade eletrénica. As energias de interacdo individual
de alguns residuos sdo exibidas em kcal/mol e foram calculadas utilizando-se a DFT com o
funcional GGA-TS.

Conforme descrito acima, pode-se dizer que os resultados obtidos neste trabalho,
além de contribuirem para a elucidacdo da real importancia de varios residuos de
aminoacidos envolvidos na ligacdo da eticloprida no receptor D3, também
demonstraram a relevancia do uso de métodos quanticos para a descricdo da interacao

entre receptores e ligantes.

Na segunda etapa deste trabalho (Capitulo 2), a interagdo do antipsicético tipico
haloperidol com o receptor de dopamina D3 foi analisada. O haloperidol liga-se
fortemente ao receptor de forma a reduzir o acesso a dopamina, e permanecendo ligado
por um longo periodo. Devido a esta caracteristica, o haloperidol facilmente ultrapassa o
limiar de seguranca de 80% de ocupag&o dos receptores, bloqueando assim a sinalizagdo
na via nigroestriatal e desencadeando eventos do tipo SEP (SEEMAN, 2002). Contudo,

por seu perfil de agdo prolongada, efetividade e baixo custo, o haloperidol permanece

Parte 111 113



Discussao

em uso na clinica, e pesquisas buscando a compreensdo do seu mecanismo de ligacao
justificam-se pela necessidade de desenvolvimento de novos agentes com reduzidos
efeitos adversos. Nesse trabalho, por ndo haver dados cristalograficos do haloperidol
ligado ao receptor de dopamina D3, foi utilizada a técnica de ancoramento molecular
para elucidar a orientagdo e geometria assumidas pelo haloperidol no sitio de ligacéo.
Uma vez que os algoritmos de ancoramento molecular normalmente apresentam
problema de repetibilidade® (um erro tipico de + 2,0 kcal/mol), a execucdo do
procedimento repetidas vezes permite a obtengdo de um nimero grande de estruturas,
garantindo a amostragem adequada dos possiveis resultados (COSCONATI et al.,
2010). Desta forma o procedimento de ancoramento foi repetido 20 vezes, de forma a
obter-se 1000 resultados, os quais foram agrupados conforme critérios de semelhanga
geométrica e energia de ligacdo. Dentre 0s grupos, aqueles que possuiam energia de
ligacdo mais forte ou maior nimero de estruturas, foram escolhidos para a analise e,
dentre estes, uma estrutura representativa (a estrutura de menor energia de ligagédo) em
cada um dos grupos selecionados foi escolhida. Estas estruturas passaram por etapas de
ajuste conformacional, através de técnicas classicas de minimizacao energética, seguido
por nova avaliacdo da energia total de ligagdo. Por fim, a estrutura que apresentou o
melhor valor de energia de ligacdo foi submetida a trés diferentes métodos de
refinamento estrutural, envolvendo o emprego de abordagem classica e quantica. No
primeiro método, somente os atomos de hidrogénio de toda a estrutura tiveram suas
posicdes refinadas por calculos classicos; no segundo método, o haloperidol, todos
residuos até 10 A e todos os hidrogénios do sistema tiveram sua geometria refinada
classicamente; e, no terceiro método foi empregado o esquema QM/MM, onde o

haloperidol foi refinado quanticamente e os hidrogénios do sistema e todos residuos até

6 T . ~ . .~ .
Repetibilidade refere-se a confirmagdo de um resultado a partir da repeticdo do experimento, nas
mesmas condi¢des e com o0 mesmo equipamento, pelo mesmo pesquisador.
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10 A foram refinados classicamente. O método hibrido QM/MM conhecido como
ONIOM (do ingés, Own N-layered Integrated Molecular Orbital and Molecular
Mechanics) foi empregado para melhor lidarmos com o tamanho do sistema durante a
aplicagdo do terceiro protocolo de refinamento e a0 mesmo tempo garantirmos a
acurécia dos resultados através do uso de métodos quanticos. Através desse método, o
sistema pode ser subdividido em um namero infinito de camadas e diferentes niveis de
teoria podem ser aplicados individualmente a cada camada (VREVEN et al., 2003,
CHUNG et al., 2012). No caso do sistema estudado, foram utilizadas duas camadas: a
primeira contendo toda a proteina, a qual foi tratada classicamente (TAO et al., 2009), e
a segunda contendo somente o antipsicdtico e tratada quanticamente (ZHAO e
TRUHLAR, 2008). Devido ao alto custo computacional deste método e as implicacdes
referentes a distribuicao eletrdnica na interface das camadas quando ligacdes covalentes
estdo presentes, decidimos tratar somente o antipsicotico por método quantico e nao
todo o sitio de ligagdo. Da mesma forma, para reduzirmos custos computacionais e
tornarmos o procedimento vidvel, somente os residuos de aminoécidos contidos no raio
de 10 A tiveram a sua geometria ajustada. Apos o refinamento, a energia individual de
ligacdo foi calculada através do método de MFCC, seguido de célculos quénticos no
nivel de teoria DFT. O célculo da energia de ligacdo das estruturas resultantes dos
diferentes protocolos de refinamento (classico ou quéntico) evidenciou a superioridade
do método QM/MM, resultando em energia total de ligagdo de -137,60 kcal/mol (GGA-
TS) para a estrutura refinada pelo primeiro método; -156,30 kcal/mol (GGA-TS) para a
estrutura resultante do refinamento pelo segundo método; e, energia de ligacdo de -
170,10 kcal/mol (GGA-TS) para a estrutura refinada pelo terceiro método (veja a
comparacdo entre os métodos na figura 4 do Capitulo 2). O esquema ilustrativo do

protocolo utilizado desde a ancoragem molecular até o refinamento e calculo quantico
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estd representado no esquema da figura 8. Dentre os 43 residuos analisados, 23
apresentaram maior contribuicdo para a ligacdo do haloperidol, sendo eles: Val82,
Met83, Val86, Leu89, Vall07, Aspll10, Vallll, Cysl114, Cys181, Serl82, 11e183,
Asn185, Phel88, Vall189, Ser192, Serl93, Trp342, Phe345, Phe346, His349, Tyr365,
Thr369 e Tyr373. A energia total de ligacdo calculada foi de -170,10 (-269,50)
utilizando-se GGA-TS (LDA-OBS). Novamente, observamos que o residuo Aspl10
possui papel fundamental na ancoragem de ligantes no sitio do receptor D3, interagindo
com o haloperidol através de -107,00 (-117,20) kcal/mol, equivalendo a cerca de 63%
(43%) da energia total de interacdo, calculando-se através do funcional GGA-TS (LDA-
OBS). A conformacéo adotada pelo haloperidol no sitio de ligacdo (veja a figura 2 no
Artigo 2) posiciona o fragmento clorofenil em direcdo a helice 2 e o fragmento
fluorofenil em diregdo a hélice 5, favorecendo a interagdo do atomo de flior com os
residuos Asn185 (-3,00 kcal/mol, utilizando-se GGA-TS) e Val189 (-4 kcal/mol, GGA-
TS), e permitindo a interacdo da porcao clorofenil com Cys181 (-6,10 kcal/mol, GGA-
TS) e Tyr365 (-15,00 kcal/mol, GGA-TS). A alca extracelular 2 mostrou relevante
papel na estabilizacdo da ligacdo, principalmente através da interacdo atrativa dos
residuos 11183 (-9,70 kcal/mol, GGA-TS) e o acima citado Cys181, enquanto que o
residuo Serl82 interage repulsivamente (2,90 kcal/mol, GGA-TS) com a porcdo

clorofenil, direcionando o haloperidol para o interior do sitio.
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Figura 8: Fluxograma mostrando as etapas preparagdo e refinamento da estrutura
tridimensional contendo o antipsicotico ligado ao receptor de dopamina D3.

A orientacdo e geometria assumidos pelo haloperidol em nosso estudo
corroboram com a descrigdo de Sikazwe e colaboradores (2004), que evidenciaram a
importancia da orientacdo axial do grupamento hidroxila do haloperidol para a ligacéo
no receptor de dopamina (SIKAZWE et al., 2004). Os célculos da energia de interacao
do grupamento hidroxila com os residuos na sua vizinhanca demostraram que ha uma
interacdo de -16,00 kcal/mol (GGA-TS) com Tyr365 e de -2,90 kcal/mol (GGA-TS)
com o residuo Thr369. Quando analisado o perfil de interacdo individual com cada
hélice e alga, observou-se o seguinte perfil: TM3 > TM7 > TM6 > ECL2 > TM5 >>
TM2. Esses dados indicam que o forte bloqueio do receptor D3 provavelmente envolve
a imobilizacao da hélices 3, 7 e 6, além de ECL2 através da interacéo total atrativa com
o0 haloperidol. Na hélice TM3, o residuo que mais contribui para a interagdo atrativa foi

0 Aspl10, interagindo através de -107,00 kcal/mol (GGA-TS); na hélice TM7 o residuo
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que mais contribui € o Tyr365, com energia atrativa de -16,00 kcal/mol; na hélice TM6
as maiores contribuicdes vem de Phe345 e Phe346, com energias atrativas de -11,00 e -
8,30 kcal/mol, respectivamente; enquanto que, a inspe¢do da ECL2 demonstra que 0s
principais residuos atrativos sdo 11e183 e Cys181, com energias de -9,70 e -6,10
kcal/mol, respectivamente. Foi observado a formacdo de interacBes do tipo pi-cation
entre Phe345 e nitrogénio do fragmento 4-hidroxipiperidinil do haloperidol, e do tipo
pi-sigma entre His349 e o atomo de carbono (C22)H do fragmento fluorofenil. Na
figura 9, vemos representada a distribuicdo de cargas na abertura da cavidade do sitio de
ligagdo. Antipsicoticos de estrutura mais longa, como o haloperidol, ao ligarem-se no
receptor D3 interagem tanto com a porcdo interna do sitio (regido de ligagdo da
eticloprida) quanto com uma por¢cdo mais externa, definida como sitio de ligacdo
secundario (CHIEN, E. Y. T. et al., 2010), o qual possui residuos responsaveis por
direcionar/estabilizar, através de interacGes atrativas e repulsivas, a ligacdo do

haloperidol no receptor.

lle183 Asp110 Leu89
-9.70 keal/mol ~107,00 kcalimol 7,00 keallmol \/186 x 10"

2,90 kcal/mol g 0,238
- 0,741

--1,720

Haloperidol --2,699

His349
Tyr373 -1,30 kcal/mol
Phe345
A T tymes Thr369 B orcamer 1yres Thr369
-16,00 kcal/mol -2,90 kcal/mol

Tyr373

-6,60 kcal/mol z '3,678

Figura 9: Superficie de potencial eletrostatico do receptor D3. (A) Representacdo da densidade
eletronica dos residuos de amino&cidos localizados na abertura da cavidade do sitio de ligacéo.
Os célculos foram realizados sem a presenga do antipsicotico haloperidol, o qual foi
posteriormente inserido para auxiliar a visualizacdo das regides de interacdo do sitio de ligacéo.
(B) Representacdo da densidade eletrdnica calculada na presenca do haloperidol no sitio de
ligacdo. A superficie do receptor foi colorida conforme a densidade de elétrons no sistema,
sendo que as regides em vermelho (azul) representam &reas de maior (menor) densidade
eletronica. As energias de interacdo individual de alguns residuos sdo exibidas em kcal/mol e
foram calculadas utilizando-se a DFT com o funcional GGA-TS.

Parte 111 118



Discussao

Os dados gerados pelo célculo da energia de interacdo do haloperidol com os
residuos de aminoécido do receptor D3 permitiram a determinagdo de possiveis regifes
de modificacdo deste antipsicotico buscando um perfil de ligagcdo diferenciado (veja
Capitulo 2). Desta forma, o quimico organico sintético podera utilizar as informagdes
aqui apresentadas para sugerir modificacdes estruturais, bem como testar o composto
antes mesmo de sintetiza-lo, economizando tempo e recursos. Também, como veremos
mais adiante, a determinacdo do perfil de ligacdo do antipsicotico haloperidol representa
um importante passo para a comprensdo das diferencas entre 0s mecanismos de ligacao

dos agentes tipicos e atipicos.

Na terceira etapa (Capitulo 3), foi estudado o perfil de interacdo da risperidona
com o receptor D3. A risperidona é um atipsicotico atipico utilizado no tratamento de
sintomas positivos e negativos de pacientes com esquizofrenia e de criangas com
sintomas de irritabilidade associada ao autismo (SHEA et al., 2004; YAN, 2007;
SHARMA e SHAW, 2012). Contudo, embora a administracdo da risperidona em
substituicdo aos agentes tipicos promova uma reducdo significativa do surgimento de
SEP, estes efeitos adversos tem sido observados de maneira dose-dependente em cerca
de 60-70% dos pacientes tomando 6 mg ou mais diariamente (CHOUINARD G et al.,
1998). Além do mais, apesar dos resultados promissores do uso da risperidona no
tratamento de sintomas positivos e negativos da esquizofrenia e da irritabilidade
associada ao autismo em criancas, alguns efeitos adversos importantes sdo relatados e
comprometem de forma significativa a qualidade de vida dos pacientes, tais como:
ganho de peso, sonoléncia e hiperglicemia (SCOTT e DHILLON, 2007; SHARMA e
SHAW, 2012). Apesar de comportar-se como um agente atipico com reduzido risco de
surgimento de SEP, quando administrado em doses moderadas, a risperidona € um

antipsicotico com caracteristicas intrigantes, pois apresenta afinidade a receptores de

Parte 111 119



Discussao

dopamina semelhante aos agentes tipicos (CHOUINARD G et al., 1998; SEEMAN,
2002). Juntas, estas caracteristicas motivam novas pesquisas buscando o entendimento
dos mecanismos de acdo desse agente, bem como o desenvolvimento de derivados com

maior seguranca de uso.

Para explicar o comportamento dos antipsicoticos atipicos chegou-se a propor
que a rapida dissociacdo dos receptores dopaminérgicos deve-se a rapida elevagdo dos
niveis de dopamina na fenda sinaptica devido ao mecanismo desencadeado pelo
bloqueio de receptores pré-sinapticos do tipo 5-HT,a na via nigroestriatal (MELTZER
et al., 1989; MELTZER, 1999). Contudo, esta hipdtese de mecanismo de atipicidade
caiu por terra quando experimentos demonstraram que mesmo o bloqueio de receptores
5-HT,a ndo é suficiente para evitar o surgimento de SEP quando os niveis de ocupa¢do
dos receptores de dopamina ultrapassam o limiar de 80% (SEEMAN e TALLERICO,
1999; SEEMAN, 2002). Admite-se que apesar da risperidona também ligar-se ao
receptor 5-HT,a € a outros receptores, a sua acdo terapéutica deve-se ao bloqueio de
receptores da subfamilia D2. Ou seja, o que diferencia 0 mecanismo de acdo dos
antipsicoticos tipicos/atipicos € o seu perfil de dissociacdo do receptor de dopamina, e
ndo sua afinidade ou mesmo o perfil de bloqueio de outros receptores (SEEMAN,
2002). Desta forma, foi proposto que engquanto os antipsicéticos tipicos ligam-se com
maior afinidade no receptor de dopamina e nele permanecem por muito tempo, 0s
antipsicoticos atipicos interagem mais fracamente com estes facilitando o
restabelecimento da sinalizacdo dopaminérgica através da répida dissociacdo do
receptor. Contudo, a separacdo entre agentes tipicos e atipicos ndo € pontual, mas sim,
varia gradualmente conforme o perfil dose-dependente de surgimento de SEP de cada
antipsicotico. Dessa forma, antipsicoticos que se ligam muito fracamente ao receptor

D2, como a clozapina, remoxiprida, quetiapina e melperona, irdo apresentar um perfil
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livre de SEP por se dissociarem rapidamente, enquanto que antipsicoticos atipicos como
a risperidona e a olanzapina apresentardo algum risco de surgimento de SEP, por se

ligarem com maior forca no receptor (SEEMAN, 2002).

Buscando-se entender o perfil de interacdo entre a risperidona e o receptor D3,
foi empregada a mesma metodologia utilizada na etapa anterior (Capitulo 2) para a
preparagdo da estrutura tridimensional refinada. Nossos resultados demonstram que a
risperidona apresenta afinidade semelhante a observada para a ligagdo do haloperidol (-
170,10) no receptor D3 (Figura 13), corroborando com as observacfes de que este
agente apresenta afinidade semelhante ao agentes tipicos (SEEMAN, 2002). Contudo,
foi observado que a risperidona liga-se através de duas orientacdes distintas, sendo que
a energia de ligacdo (considerando os residuos analisados até o raio de 10 A) da
primeira (RO1) corresponde a -204,40 kcal/mol, enquanto que da segunda (RO2) é de -
181,80 kcal/mol (GGA-TS). Para melhor compreender as implicacdes da ligacdo da
risperidona no receptor D3 devido a existéncia de duas possiveis orientacfes de ligacéo,
foram empregados célculos quéanticos e simulacdes de dindmica molecular para
descrever as interacfes entre este antipsicotico e os residuos de aminoacido do sitio de
ligacdo do receptor D3.

Os resultados dos célculos demonstram que, apesar de RO1 e RO2 exibirem
valores de energia total de ligacdo semelhantes durante a andlise dos residuos
localizados até o raio de 9 A, estas estruturas apresentam diferencas significativas no
padrdo de interacdo individual com os residuos de aminoacidos do sitio de ligacéo,
conforme observado pela analise das tabela 2. Dentre os residuos estudados, aqueles que
apresentaram maior energia de interacdo atrativa com RO1 foram Leu89, Glu90,
Aspl10, Phel06, Tyr365, Ser366 e Thr369, enquanto que Val82, Metl12, Cysl14 e

Gly372 apresentaram interagdo repulsiva. Na estrutura contendo RO2 as maiores
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interagOes atrativas foram observadas entre RO2 e Met83, Aspl110, 11183, Vall89,
Phe345, Phe346, Ser366 e Tyr373, enquanto que Trp85 e Cysll4 apresentaram
energias repulsivas.

Observou-se que, enquanto a ponte salina entre Asp110-RO1 e Asp110-RO2,
apresentam energias atrativas semelhantes de -92,80 e -106,30 kcal/mol,
respectivamente, a maior energia total de interacdo observada para RO1 deveu-se
principalmente pela inclusdo do residuo GIu90 nos calculos da energia total de
interacdo. Este residuo esta localizado em um raio de 9,5 A de RO1, e interage
atrativamente através de -43,00 kcal/mol (GGA-TS). J& na estrutura D3-RO2, por
localizar-se além do raio de 10 A estudado, a energia de interacio de Glu90-RO2 ndo
foi incluida na analise. Contudo, vale salientar que este residuo interage atrativamente
com RO2 através de -42,00 kcal/mol (GGA-TS), ou seja, com intensidade proxima da
observada para D3-RO2. Logo, apesar de termos observado a estabilizacdo da energia
de ligagdo de D3-RO2 sem a inclusdo de Glu90 nos célculos, acreditamos que este
residuo também interfira (apesar da distancia) na interacdo de RO2 com o sitio de
ligacdo. Desta forma, para melhor avaliarmos a contribuicdo deste residuo, a energia de
interacdo individual foi calculada apds 10 ns de simulacéo por dindmica molecular. Os
resultados exibiram a reduc@o da energia de interacdo entre Glu90-RO1,ficando em -
36,20 kcal/mol (GGA-TS), enquanto que, a interagdo com RO2 praticamente néo
variou, ficando em -41,42 kcal/mol (GGA-TS).

Neste estudo, a dindmica molecular foi utilizada para melhor compreendermos o
comportamento das duas distintas orientagfes que a risperidona assumiu no sitio de
ligacdo, bem como a interacdo com os residuos que compdem a sua vizinhanca. Os
resultados indicam que, apesar da risperidona ser capaz de se ligar em duas orientacfes

distintas, RO2 aparenta ser mais sucetivel a rapida dissociacdo do receptor, enquanto
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que RO1 demonstra maior estabilidade nas interagdes com os residuos do sitio,
apresentando menor deslocamento durante a simulacdo de 10 ns. Esta suceptibiliade a
dissociacdo do receptor pode ser observada pela anélise das figuras 10 e 11 do Capitulo
3, onde nota-se que enquanto RO1 mantém a distancia de interacdo com o residuo
Aspl10, RO2 afasta-se de Asp110 durante a simulacdo. Sabe-se que a interacdo com o
residuo Asp110 é fundamental para o ancoramento de ligantes neste receptor, e que a
interacdo calculada deste com RO1 e RO2 representou, respectivamente, cerca de 45 e
58% do valor total da energia de ligacdo, logo, nosso resultados sugerem que o
distanciamento de RO2 durante a simulacdo implica na diminuicdo da intensidade desta
interacdo, favorecendo a dissociacdo do receptor. De fato, o célculo da energia
individual de interacdo do residuo Aspl10 apds 10 ns de simulacdo de dindmica
molecular, indica que enquanto a energia de interacdo de Asp110-RO1 néo alterou (E =
-92,80 kcal/mol antes da simulacdo, e E =-92,62 kcal/mol apds 10 ns de simulacdo), a
interacdo entre Asp110 e RO2 enfraqueceu, variando de -106,30 kcal/mol para -49,40
kcal/mol. Uma vez que a interacdo com o residuo Aspl10 é fundamental para o
ancoramento e esta foi desestabilizada, sugere-se que RO2 possui uma tendéncia a
desligar-se rapidamente do receptor. Nossas observagdes sugerem que enquanto uma
fracdo representada por RO1 tende a permanecer ligada ao sitio por maior periodo, a
outra fracdo, representada por RO2 é capaz de ligar-se ao sitio com intensidade
semelhante, mas tende a dissociar-se mais rapidamente devido ao seu aranjo espacial e
rede de contatos. Esta rapida dissociacdo é de extrema importancia, principalmente se
interpetada frente ao bloqueio de receptores de dopamina na via nigroestriatal,
permitindo o restabelecimento das sinapses e evitando o surgimento de SEP, e fornece
uma hipotese para explicar o perfil misto tipico/atipico da risperidona, a qual exerce seu

efeito terapéutico através da ocupacéo dos receptores em niveis clinicos (60 - 80%) sem
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contudo promover o excessivo blogueio (acima de 80%) associado ao surgimento de
SEP.

A anélise dos residuos préximos a cavidade de abertura do sitio de ligagdo
também permitiu a diferenciacéo entre o padrao de ligacdo de RO1 e RO2. Dentre estes,
o0 residuo Ser182, demonstra maior intensidade na interacdo repulsiva com RO1 (2,70
kcal/mol, GGA-TS) do que com RO2 (0,80 kcal/mol, GGA-TS). Conforme observado
na andlise da ligacdo da risperidona (Capitulo 1) e do haloperidol (Capitulo 2) no
receptor D3, a funcdo aparente deste residuo € forcar o ligante para o interior da
cavidade de ligacdo. Logo, a orientacgdo alternativa assumida pela risperidona (RO2) faz
com que a porcdo do ligante que entrar em contato com o residuo Ser182 ndo apresente
o mesmo perfil de repulsdo que apresenta RO1, e portanto ndo promove o0
direcionamento de RO2 para o interior da cavidade com a mesma intensidade que
ocorre com RO1. Este comportamento é observado pela a analise da distancia entre
RO2 e Serl82 durante a simulagdo de dindmica molecular e pode ser visualizado na
figura S15, do Capitulo 3. Outro residuo que também esta localizado na abertura da
cavidade de ligacdo e aparenta ser altamente relevante para o rapido desligamento de
RO2 é a Val86. Esse residuo, ao interagir com a eticloprida exerce uma forca repulsiva
de 0,27 kcal/mol (GGA-TS), implicando em uma colaboracéo fraca para a manutencéo
da eticloprida dentro da cavidade do sitio de ligacdo, enquanto que, ao interagir com o
haloperidol, exibe uma forga de repulséo de 2,90 kcal/mol (GGA-TS), contribuindo para
o direcionamento/manutencdo do haloperidol no interior da cavidade de ligacdo. Ja,
quando observamos a interacdo de Val86 com a risperidona, vemos que RO1 é repelido
com forca de 0,80 kcal/mol (GGA-TS), demonstrando um perfil de interacdo mais
proximo ao da eticloprida (0,27 kcal/mol) e muito mais fraco que o observado para o

haloperidol (2,90 kcal/mol). Por outro lado, ao interagir com RO2, o residuo Val86
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apresenta forca atrativa de -3,40 kcal/mol. Desta forma, enquanto Val86 repele a
eticloprida, haloperidol e RO1 em direcdo ao interior da cavidade de ligagédo
(haloperidol com maior intensidade), RO2 recebe um tratamento inverso, interagindo de
forma atrativa com Val86, de forma a facilitar seu deslocamento em direcéo a abertura
do sitio de ligagdo. Também, diferengas importante nas interacdes com os residuos na
porcdo interior do sitio foram observadas, tais como His349, o qual atua retendo RO1
no sitio através de uma interacdo atrativa moderada de -5,10 kcal/mol (GGA-TS),
enquanto interage fracamente com ROZ2, através de -0,60 kcal/mol (GGA-TS). O
consequente distanciamento entre RO2 e His349 pdde ser observado durante a
simulacdo por dindmica molecular e pode ser observado na figura 12 do Capitulo 3. O
residuo Trp85 apresentou maior energia de repulsdo por RO2 (5,00 kcal/mol — GGA-
TS) do que por RO1 (2,00 kcal/mol - GGA-TS) e por isso foi observado o aumento da
distancia entre este residuo e RO2 durante a simulagdo de dindmica molecular (figura
S12, Capitulo 3). Localizado na abertura do sitio de ligacdo, proximo a extremidade da
hélice 2, o residuo Leu89 interage atrativamente com ROL1 através de -8,70 kcal/mol
(GGA-TS), enquanto exibe energia de repulsdo levemente positiva de 0,30 kcal/mol
(GGA-TS) para com RO2. A magnitude da interacdo sugere que este residuo pode
exercer papel relevante no ancoramento incial de RO1, mas ndo RO2, no sitio de
ligagéo.

A interacdo da risperidona com alguns dos residuos analisados pode ser
visualizada nas figuras 10 e 11, onde a densidade eletronica foi projetada sob a
superficie de potencial eletrostatico dos residuos presentes no sitio de ligacéo.
Conforme observado nas figuras, enquanto a orientacdo de RO1 permite um equilibrio
de interacdes entre regides de maior (vermelho) e menor (azul) densidade de elétrons no

sitio de ligacdo, RO2 aparenta favorecer o contato repulsivo com os residuos do sitio.
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As distancias entre alguns dos principais residuos e as estruturas RO1 e RO2, durante a

simulacéo de 10 ns, podem ser visualizadas no material suplementar do Capitulo 3.

A Ser182

x 10"
- 0.477

- 0.250

Cys114 Ro1 GIud0 9 -0.977

Ser182
B His349
-5,10 kcal/mol

Trp85
2,00 kcal/mol

--1,704

--2,431

Asp110
Cys1 14 -92,80 kc:allm\t;laI86
400 kealimol 0,80 kealimol ~ GI1U90

-43,00 kcal/mol

Figura 10: Superficie de potencial eletrostatico da estrutura D3-RO1. (A) Representacdo da
densidade eletronica de residuos de aminoacidos localizados no sitio de ligagdo. Os célculos
foram realizados sem a presenca da risperidona, a qual foi posteriormente inserida para auxiliar
a visualizacdo das regides de interacdo do sitio de ligacdo. (B) Representacdo da densidade
eletronica calculada na presenca da risperidona no sitio de ligacdo, de forma a ressaltar as
alteracdes na densidade eletrénica do sitio quando da ligacdo deste antipsicotico. A superficie
do receptor foi colorida conforme a densidade de elétrons no sistema, sendo que as regides em
vermelho (azul) representam éareas de maior (menor) densidade eletrénica. As energias de
interacdo individual de alguns residuos sdo exibidas em kcal/mol e foram calculadas utilizando-
se a DFT com o funcional GGA-TS.
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Cys114 Val86
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Figura 11: Superficie de potencial eletrostatico da estrutura D3-RO2. (A) Representacdo da
densidade eletronica de residuos de aminoacidos localizados no sitio de ligagdo. Os calculos
foram realizados sem a presenca da risperidona, a qual foi posteriormente inserida para auxiliar
a visualizacdo das regides de interacdo do sitio de ligacdo. (B) Representacdo da densidade
eletronica calculada na presenca da risperidona no sitio de ligacdo, de forma a ressaltar as
alteracOes na densidade eletrénica do sitio quando da ligacdo deste antipsicotico. A superficie
do receptor foi colorida conforme a densidade de elétrons no sistema, sendo que as regides em
vermelho (azul) representam éareas de maior (menor) densidade eletrénica. As energias de
interacdo individual de alguns residuos sdo exibidas em kcal/mol e foram calculadas utilizando-
se a DFT com o funcional GGA-TS.

Desta forma, nossos resultados indicam que conjuntamente, a orientacdo e
geometria assumidas, bem como a intensidade da interacdo com os residuos Trp85,
Val86, Leu89, Vall07, Vallll, Ser182, His349, Cys114 e Tyr365 proporcionam maior
grau de liberdade para RO2 no sitio de ligacdo, facilitando seu afastamento do residuo
Asp110 (o qual é altamente responsavel pela estabilidade do ancoramento no sito de

ligacdo) e assim a sua rapida dissociagdo.
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Ao compararmos a orientacdo dos trés antipsicéticos estudados durante o
desenvolviemnto deste trabalho, observamos que enquanto a eticloprida esté inserida no
sitio de ligacdo primario (CHIEN, E. Y. T. et al., 2010), a porcdo terminal do
haloperidol e da risperidona estdo orientados para a porcdo extracelular do sitio
secundario (figura 12), o qual é formado pela juncdo de residuos das alcas ECL2 e
ECL1 e hélices TM1, TM2 e TM7. A comparacdo entre as energias de interacdo
calculadas entre os antipsicoticos Haloperidol e Risperidona e alguns dos residuos que
compdem o sitio de ligacdo secundario (TM1, TM2, ECL2 e TM7) podem ser

visualizadas na tabela 1.
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Figura 12: Abertura da cavidade do sitio de ligagdo do receptor D3 exibindo o antipsicotico em
seu interior. (a) Eticloprida posicionada no sitio primario, com a porcéao pirrolidina (regido 1)
voltada para a abertura; (b) haloperidol posicionado ao longo do sitio primario e porcdo do
secundario, com o fragmento clorofenil (regido 1) voltada para a abertura da cavidade; (c)
risperidona (RO1) posicionada no sitio primario e secundario e com a porcéo tetrahidropirido-
pirimidinona (regido 4) voltada para a superficie; (d) risperidona (ROZ2), também posicionada no
sitio priméario e secundario, liga-se com a porgdo fluor-benzoxazol (regido 1) voltada para a
abertura do sitio de ligacdo. A superficie do receptor foi colorida conforme a carga parcial dos
atomos do sistema, sendo que as regides em vermelho (azul) representam areas de maior
(menor) densidade eletronica.
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Tabela 1: Comparacdo entre a energia de interacdo de alguns residuos de aminoécido
formadores do sitio de ligacdo secundario e os antipsicéticos haloperidol e risperidona — RO1 e
RO2.

Segmento Residuo Haloperidol Risperidona (RO1) Risperidona (RO2)

do receptor (kcal/mol) (kcal/mol) (kcal/mol)
™M1 Tyr36 3,4 1,0 -
Val82 3,00 3,00 2,00
™2 Met83 5,00 -1,00 -9,00
Val86 2,90 0,80 -3,40
Leu89 -7,00 -8,7 0,30
Asnl73 -2,00 -3,00 -1,00
Val180 - 0,20 -
Cys181 -6,10 -3,50 -2,20
ECL2 Ser182 2,90 2,70 0,80
1le183 -9,70 -4,70 -8,00
Serl184 - -1,00 1,00
Asn185 -3,00 - -3,00
Tyr365 -16,00 -8,00 -6,00
Tyr366 -3,00 -8,00 -6,00
™7 Thr369 -2,9 -7,8 -4,10
Gly372 2,00 5,00 2,00
Tyr373 -6,60 2,00 -6,00

Energia representada em kcal/mol e calculada através do funcional GGA-TS. TM1, TM2 e TM7
representam hélice transmembrana 1, 2 e 7, respectivamente. ECL2 representa alca extracelular
2.

Na regido do sitio secundario, destaca-se o papel do residuo Leu89, o qual
interage fracamente com RO2 (0,30 kcal/mol, GGA-TS), enquanto atrai fortemente
ROL1 e haloperidol com uma forca de -8,70 e -7,00 kcal/mol, respectivamente. Também,
destaca-se o residuo Met83, o qual interage com haloperidol repulsivamente através de
5,00 kcal/mol (GGA-TS), com RO1 através de forca fracamente atrativa de -1,00
kcal/mol (GGA-TS), enquanto que com RO2 interage fortemente de forma atrativa
através de -9,00 kcal/mol (GGA-TS). Outro residuo que merece ser destacado é a
Tyr365, a qual interage através de -6,00 kcal/mol com RO2, enquanto atrai RO1 e
haloperidol com forca de -8,00 e -16,00 kcal/mol, respectivamente. Estes dados
sugerem que alguns residuos localizados na regido definida como segundo sitio de
ligagdo desempenham um importante papel na interagdo com os antipsicoticos de

estrutura longa, de forma a modular a ligacdo no receptor. Em especial, observa-se
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grande diferenca entre a interagdo do Haloperidol (3,90 kcal/mol, GGA-TS), RO1 (-
5,90 kcal/mol, GGA-TS) e RO2 (-10,10 kcal/mol, GGA-TS) com os residuos da hélice
TM2 préximos da abertura da cavidade do sitio de ligacdo. A ECL2 tem sido
relacionada com o importante papel de estabilizar a estrutura de cerca de 90% dos
GPCRs através da formacéo de uma ponte dissulfeto com TM3, além de participar na
formacéo do sitio de ligacdo destes receptores, atuando como porcao flexivel requerida
para a ligacéo e ativacdo do receptor (MOREIRA et al., 2010). Quando comparada a
energia de interacdo total dos residuos incluidos em nossos calculos e pertencentes a
ECL2, observa-se que esta por¢do do sitio interage com maior energia atrativa com o
haloperidol (-17,90 kcal/mol, GGA-TS), do que com RO1 (-9,50 kcal/mol, GGA-TS) e

RO2 (-12,40 kcal/mol, GGA-TS).

Conforme observado na figura 13, quando analisados conjuntamente, nossos
resultados ndao demonstraram diferencas claras entre a energia total de ligacdo dos
antipsicoticos estudados (eticloprida, haloperidol e risperidona). Contudo, estes dados
corroboram com as observacdes de Seeman (2002), o qual destaqua que a risperidona
representa uma excecao a hipétese de atipicidade ligada a baixa afinidade dos agentes
antipsicoticos pelo receptor de dopamina D2, ja que esta liga-se com afinidade proxima
a de agentes tipicos apesar de apresentar um perfil terapéutico atipico associado a

reduzidos SEP (SEEMAN, 2002).
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Figura 13: Perfil de variacdo de energia em funcdo do raio analisado. Os valores de energia
exibidos foram obtidos utilizando-se o nivel de teoria DFT com o funcional GGA-TS durante os
célculos envolvendo: dados cristalogréaficos da estrutura Eticloprida-D3; e, ambas a estruturas
refinadas (QM/MM) do Haloperidol-D3; as estruturas refinadas (QM/MM) da Risperidona-D3,
ROl e RO2.

A analise do perfil de interacdo energética demonstra uma grande reducdo
(aumento da forca de ligagdo) no valor da energia de interacdo até 4 A para todos os
compostos, a qual deve-se a presencga do residuo Aspl10, ja descrito como essencial
para a ligagdo de compostos aminérgicos em receptores de dopamina (JAVITCH et al.,
1996; KALANI et al., 2004; BOECKLER e GMEINER, 2006; SORIANO-URSUA et
al., 2011). Conforme descrito anteriormente, este residuo interage atrativamente com a
eticloprida com a forga de -112,21 kcal/mol; com o haloperidol através de —107,00
kcal/mol; e com a risperidona RO1 (RO2) através de -92,80 (-106,30) kcal/mol,
utilizando-se GGA-TS. Quando observamos a variacao de energia de RO1 na figura 13,

constatamos que até os 9 A esta orientacio assumida pela risperidona apresenta menor
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forca de ligacdo entre todos os compostos testados, contudo ao interagir fortemente com
0 residuo Glu90 (posicionado a 9,5 A do centro geométrico do ligante) observa-se uma
grande reducgéo (aumento da forga interacdo) no valor de -43,00 kcal/mol na energia de

ligacdo total.

Dessa forma, observamos que enquanto o perfil energético geral de ligacdo ndo
revelou informagdes claras que nos permitam caracterizar e individualizar o mecanismo
de ligacdo entre agentes tipicos e atipicos, a anélise das intera¢des individuais foi util na
identificacdo dos residuos envolvidos na estabilidade da ligacdo de cada agente,
trazendo informacéo sobre o possivel mecanismo de atipicidade envolvido na ligacdo da
risperidona. A tabela 2 exibe os valores da energia individual de interacdo (valores em
kcal/mol, GGA-TS) de vérios residuos de aminodcidos com os antipsicoticos
eticloprida, haloperidol e risperidona. Como estes antipsicoticos ocupam regides
distintas no sitio de ligacdo, alguns residuos considerados importantes no processo de
interacdo de um dado farmaco ndo foram incluidos no célculo das interacGes para 0s
demais por se localizarem muito distantes destes ligantes. Tal limitacdo deve-se ao fato
de que os célculos quanticos de interacdo residuo-ligante aqui realizados levam em
consideracéo o efeito dos residuos de blindagem do sistema’, os quais normalmente
aumentam em nUmero com 0 aumento da distancia entre o residuo analisado e o
antipsicotico. Como consequéncia, esse aumento no numero de elétrons envolvidos no

sistema torna impossivel a realizacdo do célculo através da DFT.

Os residuos de blindagem do sistema consistem em residuos posicionados entre o antipsicético e o
residuo cuja energia de interagdo esta sendo calculada. Para uma explicagdo mais detalhada, consulte os

anexos, na sec¢do 8.1.4. Fracionamento Molecular com Caps Conjugados (MFCC).
_________________________________________________________________________________________________________________________________________________________}]
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Tabela 2: Energia de interacdo calculada entre os antipsicoticos Eticloprida, Haloperidol e
Risperidona (RO1 e RO2).

Segmento | Residuo | Eticloprida | Haloperidol | Risperidona (RO1) | Risperidona (RO2)
do receptor (kcal/mol) | (kcal/mol) (kcal/mol) (kcal/mol)
™M1 Tyr36 - 2.40 1.00 0.00

Val78 -0.23 0.00 -2.00 -1.00
Val82 5.39 3.00 3.00 2.00
Met83 - 5.00 -1.00 -9.00
TM2 Trp85 - - 2.00 5.00
Val86 0.27 2.90 0.80 -3.40
Leu89 -2.00 -7.00 -8.70 0.30
Glug0 - - -43.00 -
Cys103 - - -1.00 -
Phel06 -3.13 -1.00 -8.10 -3.00
Val107 -4.08 -3.00 -4.90 -2.30
Thr108 1.03 1.00 1.00 1.00
Leul09 -0.81 -1.30 -1.00 0.00
T™M3 Aspl110 -112.21 -107.00 -92.80 -106.30
Vall11 -1.56 5.10 -4.10 0.90
Met112 1.85 0.00 4.10 -
Met113 -0.83 1.00 - -
Cysl14 9.41 8.80 4.00 4.80
Thr115 0.77 1.00 - =
Serl65 -2.05 - - -
™4 Leul68 0.28 1.00 0.00 1.00
Asnl173 -1.46 -2.00 -3.00 -1.00
Val180 - - 0.20 -
Cys181 -2.97 -6.10 -3.50 -2.20
ECL2 Ser182 3.40 2.90 2.70 0.80
1le183 -7.57 -9.70 -4.70 -8.00
Ser184 0.87 0.00 -1.00 1.00
Asn185 -4.43 -3.00 - -3.00
Phe188 -4.78 -3.00 -2.00 -3.00
Val189 -7.16 -4.00 -2.00 -7.00
™S Ser192 -6.16 -4.90 -4.10 -3.80
Ser193 -0.83 -1.00 -1.00 -
Serl196 -0.88 0.00 - -
Phel197 0.44 - - -
Trp342 -5.53 -1.00 -1.00 -2.00
Phe345 -11.61 -11.10 -6.30 -7.90
Phe346 -10.86 -8.30 -4.00 -11.00
™6 Thr348 -0.67 1.00 1.00 0.00
Hys349 -1.97 -1.30 -5.10 -0.60
Val350 -1.52 -1.00 - -2.00
Asn352 2.84 1.00 1.60 -1.00
Thr353 0.10 0.00 0.00 -2.00
Tyr365 -5.72 -16.00 -8.00 -6.00
Ser366 - -3.00 -8.00 -6.00
Thr368 -1.85 -2.00 0.00 -2.00
™7 Thr369 -1.68 -2.90 -7.80 -4.10
Trp370 0.27 2.00 0.00 0.00
Leu371 - - - 0.00
Gly372 1.33 2.00 5.00 2.00
Tyr373 -5.94 -6.60 2.00 -6.00

Energia representada em kcal/mol e calculada através do funcional GGA-TS. TM1-7
representam hélice transmembrana 1-7, respectivamente. ECL2 representa alca extracelular 2.
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A observacdo da tabela 2 nos permite a comparacdo da interacdo (GGA-TS)
entre cada antipsicotico estudado e as porcdes das hélices transmembrana ou algas
extracelulares, conforme representadas na figura 14. Apesar desta analise ndo nos trazer,
de imediato, informacao sobre a distincdo entre 0 mecanismo de bloqueio de agentes
tipicos e atipicos, estes resultados corroboram com Hjerde e colaboradores (2005), os
quais observaram que agentes com 0 comportamento tipico apresentam o atomo
halogénio orientado em direcdo a TM5, proporcionando menos deslocamento desta
hélice em comparacdo a outras, enguanto que 0s agentes atipicos apresentaram o
halogéno voltado para as hélices 2, 3 e 7 (HJERDE et al., 2005). Em nosso estudo,
haloperidol e RO1 posicionaram-se com o atomo de flGor orientado em direcdo a TM5,
indicando também um carater de ligacdo tipica para RO1. JA4 RO2 apresentou o atomo

de floor orientado em direcdo as hélices 2, 3 e 7, conforme sugerido para agentes

atipicos.
ECL2 Etilcoprida LT
™2
11
CH, CH, ¢
TM3 >> TM6 > TM5 > TM7 > ECL2 > TM4 > TM2
Sitio de
Ligacao

Haloperidol T: O"

TM3 >> TM7 > TM6 > ECL2 > TM5 >> TM4 > TM1 > TM2

O—N CH,
N
erohag
RO1 : °

TM3 >> TM2 >> TM7 > TM6 > ECL2 ~ TM5 >> TM4 > TM1

Risperidona

RO2
TM3 >> TM6 > TM7 > ECL2 > TM5 > TM2 > TM1 > TM4

Figura 14: Interacdo dos antipsicotiocs Eticloprida, Haloperidol e Risperidona (RO1 e RO2)
com as porgdes (hélices e algas) do receptor de dopamina humano D3. Relagdo obtida
utilizando-se os dados cristalograficos contendo a eticloprida e estruturas refinadas pelo método
QM/MM contendo os antipsicoticos haloperidol e risperidona (RO1 e RO2).

Parte 111 134




Discussao

Neste trabalho, observamos que a analise do perfil de interagdo individual dos
residuos de aminodcidos do sitio de ligacdo do receptor D3 e 0s antipsicoticos
eticloprida, haloperidol e risperidona é uma ferramenta poderosa para a compreensdo do
mecanismo de ligacdo de agentes tipicos e atipicos. Apesar da eticloprida ndo ser
utilizada na clinica, a anélise do seu perfil de interacdo com o receptor D3 nos permitiu
desenvolver uma base metodoldgica sélida para a posterior investigacdo dos agentes
terapéuticos haloperidol (tipico) e risperidona (atipico). Nossos resultados permitiram
além da descricdo do perfil de ligacdo destes agentes, a proposicdo do mecanismo de
ligagdo envolvido no comportamento atipico da risperidona. Também, os dados gerados
consistem em uma base de dados rica em informagdo quantitativa relevante para o

planejamento de novos antipsicoticos com perfil atipico.
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5. Conclusoes

Durante o desenvolvimento desta tese, foram utilizados métodos tedricos de
analise estrutural para obter os perfis de interacdo energética de ligacdo dos
antipsicoticos haloperidol, risperidona e eticloprida no receptor de dopamina D3. As
analises valeram-se dos dados cristalograficos da estrutura deste receptor e de calculos
computacionais utilizando métodos classicos e quanticos. Devido ao grande tamanho do
sistema, foi adotado um protocolo de fracionamento protéico combinado com calculos
quanticos através da Teoria do Funcional da Densidade que permitiu a obtencdo dos
valores de interacdo individual de cada residuo de aminoacido relevante para a

estabilizagéo da ligagéo.

Também, foi estabelecido um protocolo de construcdo e refinamento de
estruturas contendo antipsicoticos ligados ao receptor de dopamina D3. Neste protocolo
foram definidos os parametros Otimos para a ancoragem molecular de distintos
antipsicéticos além de um método de refinamento conformacional utilizando o esquema
QM/MM, onde o antipsicotico foi tratado na camada quantica e o receptor na camada
classica. Conforme comprovado pelos resultados, o0 método QM/MM mostrou-se
superior ao refinamento por método classico e permitiu a obtengdo de estruturas mais

estaveis, corroborando com descricdes da literatura.

A analise dos dados cristalograficos (PDBID: 3PBL) permitiu a identificacdo de
um namero maior de residuos envolvidos na estabilizacdo da ligagcdo da eticloprida no
receptor D3 do que explicitado pela simples analise dos residuos de contato
visualizados na estrutura tridimensional (PDBID: 3PBL). A energia total de ligacéo

calculada, incluindo residuos até 10 A, foi de -182,24 (-266,56) kcal/mol, usando o
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funcional GGA-TS (LDA-OBS), sendo que observou-se a estabilizacdo da ligagédo em
torno de 8 A, quando somente 19 residuos foram incluidos nos céalculos. Dentre todos os
residuos analisados, 0os que apresentaram maior contribuicdo foram Val82, Val107,
Aspl110, Cys114, Ser182, 11e183, Val189, Trp342, Phe345, Phe346 e Tyr373. Conforme
descrito na literatura, observou-se a fundamental contribuicdo do residuo Aspl10, o
qual interage atrativamente através de uma ponte salina com o grupamento amina da
eticloprida, contribuindo com cerca de 61% da energia total de interacdo. Os residuos
Vall07, Serl82, Phel88, Val82 e Asnl85 foram pela primeira vez relacionados

diretamente com o mecanismo de ligacdo da eticloprida no receptor D3.

A anélise da interacdo do haloperidol com o receptor D3 foi possivel através do
refinamento estrutural, por QM/MM, do resultado do ancoramento molecular. O célculo
da energia de interacdo utilizando DFT novamente confirmou a relevancia do residuo
Aspl10 interagindo com o grupamento amina do haloperidol e respondendo por cerca
de 63% da energia total de ligacdo. Foram analisados 43 residuos de aminoacidos ao
longo de 10 A e a estabilizacdo da ligacdo foi observada em torno de 6 A. A energia
total de ligacdo calculada foi de -170,10 (-269,50) kcal/mol utilizando o funcional
GGA-TS (LDA-OBS). Os residuos que mais contribuiram para a ligacdo do haloperidol
foram: Aspl110, Cysl114, 11e183, Phe345, Phe346, Tyr365 e Tyr373. Observou-se a
formacdo de interacdo do tipo pi-cation entre Phe345 e nitrogénio do fragmento 4-
hidroxipiperidinil do haloperidol, e uma interacéo tipo pi-sigma entre His349 e o atomo
de carbono (C22)H do fragmento fluorofenil (Figura 5b, regido iv). Os residuos Cys181
e 11e183, ambos formadores da algca extracelular 2, apresentaram significativa
contribuicédo para a ligacdo do haloperidol, com energias atrativas de -6,10 (-6,60) e -

9,70 (-15,80) kcal/mol, respectivamente, utilizando-se o funcional GGA-TS (LDA-

Parte 111 137



Conclusoes

OBS). Os resultados permitiram a criagdo de um painel sugestivo das mudangas

estruturais para gerar derivados do haloperidol.

A anélise da interacdo da risperidona com o receptor D3 também contou com o
protocolo de ancoramento molecular seguido do refinamento estrutural por QM/MM.
Os resultados indicaram a possibilidade de ligacdo da risperidona em duas orientac0es
distintas, RO1 e RO2, ambas com alta afinidade pelo receptor. Contudo, a andlise
detalhada da energia de interacdo destas orientagdes demonstrou que, enquanto RO1
liga-se com energia total levemente superior ao haloperidol, RO2 liga-se com energia
semelhante ao haloperidol e tende a dissociar-se mais rapido do receptor de dopamina
do que RO1. Estes dados corroboram com a interpretacdo de Seeman e Kapur
(SEEMAN, 2002) de que a velocidade com que um antipsicotico se desloca do receptor
de dopamina é o fator determinante para a sua acdo atipica, e ndo sua energia de
interacdo. Desta forma, nossos resultados sugerem uma explicagdo para o fato da
risperidona, apesar de ligar-se ao receptor de dopamina com forca semelhante aos
agentes tipicos, comporta-se de forma atipica apresentando reduzida incidéncia de SEP.
Conforme observado, sugere-se que esse mecanismo ocorra pelo desligamento rapido

da fracdo do antipsicético risperidona ligado através da orientacéo 2 (RO2).

Os dados apresentados nesta tese destacam a importancia do uso de célculos
quanticos no estudo das interacdes entre proteinas e seus ligantes, especificamente o
receptor de dopamina humano D3 e antipsicéticos tipicos e atipicos. Nossos resultados
demonstram um perfil individualizado da interagdo dos residuos de aminoacidos e 0s
distintos antipsicoticos testados, os quais poderdo ser utilizados no desenvolvimento de
novos agentes terapéuticos ou derivados estruturais com perfil atipico, mais potentes e

com menos efeitos adversos.
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6. Perspectivas

Calcular o perfil energético da ligacdo de outros antipsicéticos no receptor D3,
buscando-se melhor compreender o mecanismo de ligacdo destes agentes, bem como
definir possiveis regides de interacdo no sitio de ligacdo que permitam o
desenvolvimento de novos agentes com perfil atipico e reduzida/inexistente propensédo
de desencadeamento de SEP. Também, realizar a analise da interacdo dos antipsicéticos
com proteinas associadas a efeitos indesejaveis. Estes dados serdo utilizados na criacdo
de uma base de dados de interacdo ligante-proteina, a qual poderad ser utilizada no
desenvolvimento racional de novos compostos, permitindo a predicdo in silico dos

possiveis efeitos adversos e do perfil de ligacdo de candidatos antipsicéticos.

Modelar o receptor humano de dopamina D2 e realizar estudos comparativos,
quando cabivel, a fim de investigar possiveis interacdes entre antipsicéticos e 0s
residuos do sitio de ligacdo que possam auxiliar na compreensdo dos mecanismos de

seletividade D2/D3.
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8. Bioguimica Computacional

8.1. Introducéo

A bioquimica computacional abrange um conjunto de ferramentas, que se valem
de conhecimentos fisicos, quimicos, bioldgicos, matematicos, estatisticos, e cujo
objetivo € simular, avaliar e interpretar informac6es de sistemas biologicos complexos
necessarias para a resolucdo de problemas bioquimicos. Através de softwares que
processam calculos baseados nas equacdes da fisica classica e quantica, busca-se a
representacdo das estruturas moleculares, bem como a simulacdo de seu comportamento
em ambiente fisiologico, de forma a obter-se informacGes sobre sua geometria
(comprimentos de ligacdo, angulos de ligacdo, angulos de torcéo), energia (calor de
formacdo, energia de ativacdo, etc.), propriedades eletrbnicas (momento de dipolo,
potencial de ionizacdo, afinidade eletrénica), e propriedades espectroscopicas (modos

de vibracdo), entre outras (volume, area de superficie, difusdo, viscosidade, etc.).

Uma importante abordagem da bioquimica computacional é o estudo da
interacdo entre proteinas e seus ligantes. Neste sentido, identificar possiveis sitios e
quantificar a energia de interacdo entre farmacos e suas proteinas-alvo, além de
determinar orientacGes e conformacdes de moléculas de interesse farmacoldgico sdo
algumas das areas nas quais a bioquimica computacional pode contribuir para a
comprensdo de fendmenos bioldgicos e o planejamento de novos farmacos (VERLI e
BARREIRO, 2005). Neste contexto, a analise estrutural permite acelerar o processo de
descobrimento de farmacos atraves da utilizacdo de estruturas tridimensionais obtidas

por técnicas de difragdo de raios-X, RMN ou geradas por modelagem molecular
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(BLUNDELL et al., 2006; RAHA, 2007, MATTA, 2010; ZHOU, 2010; HENNIG e

SATTLER, 2014; JASKOLSKI et al., 2014).

O método a ser utilizado durante uma analise através da bioquimica
computacional dependera complexidade do sistema biolégico (quantidade e tipo de
atomos, tipo de ligacdes envolvidas, etc.), do tipo de informacdo que se deseja obter,
além da avaliacdo do custo e poder computacional. Quanto maior o rigor tedrico, maior
a acurdcia do resultado e maior o custo computacional. Como consequéncia, simulacdes
de sistemas contendo um grande numero de atomos normalmente empregam métodos
classicos de analise, os quais permitem maior velocidade de célculo, contudo perdendo
em acurdcia. Exemplos destas aplicagdes sdo encontrados em algoritmos de
ancoramento molecular (docking, em inglés), onde a geometria de ligacdo de peptideos
ou pequenas moléculas em proteinas sdo obtidas em um curto espaco de tempo
(ABAGYAN e TOTROV, 2001; BROOIJMANS e KUNTZ, 2003; SOUSA et al.,
2006)(ABAGYAN e TOTROV, 2001; BROOIJMANS e KUNTZ, 2003; SOUSA et al.,
2006), e de dindmica molecular classica (FENG et al., 2012; OKADA et al., 2012;
PLATANIA et al., 2012), onde sdo realizadas simulacdes, desde grandes proteinas a
pequenas moléculas, em meio liquido explicito durante uma curta fracdo de tempo. Por
outro lado, apesar de limitados a sistemas com reduzido nimero de a&tomos (devido, na
verdade ao numero de elétrons no sistema), os métodos quanticos, por incluirem a
informacdo eletrdnica em seus calculos, possuem a capacidade de apresentar grande
acuracia em seus resultados (CHO et al., 2009) e tem sido de grande importancia para o
desenvolvimento in silico de farmacos (RAHA, 2007; BOHORQUEZ et al., 2010),
além de mostrar-se Uteis na estimativa (relativa) das energias de interacdo/ligacéo entre

proteina e ligantes (CHO et al., 2009; ZHOU, 2010) e na analise estrutural, dptica e
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eletronica de pequenos cristais (SILVA et al., 2012; ZANATTA et al., 2014), entre

outras aplicacoes.

Conforme descrito abaixo, 0s métodos empregados nas analises computacionais
podem ser de trés tipos: classicos, semi-empiricos e quénticos (aqui destaca-se a DFT,
por ter sido utilizada neste trabalho). Dentre as técnicas utilizadas neste trabalho
algumas valeram-se de métodos cléssicos e outras quénticos, sendo elas: ancoramento

molecular (docking, em inglés), dindmica molecular e ONIOM.

8.1.1. Métodos Classicos (Mecanica Molecular)

Os métodos cléssicos, também referidos como métodos de mecanica molecular
fazem uso de uma expressao algébrica simplificada durante o célculo das propriedades
de um sistema, dispensando o formalismo da mecénica quantica e o calculo da funcéo
de onda ou da densidade total dos elétrons. Este tem sido um dos principais métodos
utilizados pels bioquimicos computacionais devido a sua capacidade de simular grandes

moléculas, como proteinas, membrana, DNA, entre outras.

Neste método, a expressdo da energia consiste em uma equacao classica, capaz
de descrever o sistema em termos de energia associada ao alongamento, flexdo e rotacéo
de ligagOes, e forgas intermoleculares, como as interagdes de van der Waals e ligagdes
de hidrogénio. Para a resolucdo dessas equacdes, sdo utilizadas bases de dados
conhecidas como campo de forca, cujo conjunto de parametros foi obtido através de
dados experimentais ou de calculos ab initio. A energia potencial (U) de um sistema, é

determinada segundo as equacdes:
U= Ecovalente + Endo—covalente

Ecovalente = Eligag’do + Eangular + Ediedral
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Endo—covalente eletrostatica + Evan—der—Waals

Em que Ecovaiente € @ energia envolvida nas ligacdes covalentes e a formacéo da
estrutura espacial das moléculas, Ejgaczo € @ energia de 1igagdo, Eanguar € @ energia
envolvida na definicdo do angulo entre trés atomos seqlenciais, Egiegrai €nergia
envolvida na formacao de diedros, Enso-covatente € @ €nergia de interacdo intermolecular,
Ecletrostatica © @ energia referente as interacdo eletrostaticas (entre moleculas polares ou
carregadas) e, por fim, Evanderwaas € @ energia de interacbes de van der Waals

(CRAMER, 2010).

Contudo, apesar destes métodos serem Uteis para sistemas complexos,
calculando geometrias e energias, eles ndo fornecem informagOes sobre a estrutura

eletrbnica das moléculas estudadas, limitando assim a informacéo obtida.

8.1.2. Métodos Semi-empiricos

Os métodos semi-empiricos foram criados com a mesma estrutura geral dos
métodos Hartree Fock (HF). Neles, algumas informacbes sdo aproximadas ou
completamente omitidas do Hamiltoniano que descreve o sistema, enquanto que
algumas parametrizacdes sao feitas para corrigir os erros introduzidos pela omissdo de
alguns termos, e assim gerar o melhor resultado possivel quando comparado com dados
experimentais. A vantagem destes métodos é que eles sdo muito mais rapidos que os
calculos ab initio, e se a molécula a ser calculada for semelhante as moléculas da base
de dados utilizada para parametrizar o método, os resultados podem ser muito bons.
Contudo, se a molécula a ser calculada for significativamente diferente daquelas
presentes no conjunto de parametrizacdo, as respostas poderdo ndo ser adequadas.

Apesar de terem sido projetados especificamente para a descricdo de moléculas
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inorganicas, estes métodos tem sido bem sucedidos também na descri¢cdo de moléculas

organicas.

8.1.3. Métodos de Mecanica Quantica

Também conhecidos como métodos ab initio (em latim: “desde o inicio”),
consistem em um grupo de métodos que trabalham sem o uso de parametrizacdes
empiricas e as estruturas moleculares podem ser calculadas usando-se nada além da
equacdo de Schrodinger, os valores das constantes fundamentais e 0s nimeros atdbmicos
presentes; derivam diretamente dos principios teoricos. As aproximacgoes geralmente
sdo utilizadas na forma de funcional com a funcdo de obter uma solugdo aproximada da
equacao diferencial de Schrodinger, facilitando o célculo. O método de célculo ab initio
mais comum € conhecido como Hartree Fock (HF), o qual fornece uma boa
aproximacdo para a solucdo da equacdo de Schrodinger independente do tempo para um
sistema de muitos elétrons. Neste método ndo se considera a repulsdo elétron-elétron
associada (correlacdo eletronica), sendo seu efeito liquido incluido no calculo como
uma interacdo media do sistema. Também, a funcdo de onda é formada a partir de
combinagbes lineares de orbitais atdbmicos ou mais frequentemente a partir de
combinacgbes lineares de funcbes de base. Estas aproximacgdes levam a obtencdo de
energias maiores do que a energia exata, tendendo a reproduzir valores proximos ou
superiores a um limite denominado limite Hartree Fock. A resolucdo de sistemas multi-
eletrbnicos a partir da equacdo de Schrodinger consiste, basicamente, em resolver um
problema de N particulas em N problemas de uma particula, resultando em 4N equagGes
a serem resolvidas, onde 3N se referiam as varidveis espaciais e N, a variavel de spin,
para 0 caso ndo-restrito. Por este motivo, a resolugdo de problemas através do método
de HF possui um alto custo computacional, tornando praticamente proibitiva a analise

de grandes sistemas (com grande namero de elétrons), tais como proteinas inteiras. Por
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outro lado, com o desenvolvimento de métodos baseados na densidade eletrdnica, como
a Teoria do Funcional da Densidade (DFT) (HOHENBERG e KOHN, 1964; KOHN e
SHAM, 1965), associado ao aumento do poder computacional nas ultimas décadas, a
andlise de sistemas bioldgicos de alta complexidade passou a ser viavel pelo emprego
de célculos quénticos, ou pela combinacdo destes com métodos de mecanica molecular
para formar métodos hibridos, conhecidos como Quantum Mechanics/Molecular

Mechanics (QM/MM) (VREVEN et al., 2003).

8.1.3.1. Teoria do Funcional da Densidade (DFT)

Através da Teoria do Funcional da Densidade a energia é expressa em termos da
densidade total de elétrons, ao invés da funcdo de onda de N-elétrons, que € muito mais
complexa. Diferindo de outros métodos, como o0s semi-empiricos, que tentam se
aproximar do método HF, a DFT relaciona-se com a solucdo exata do problema de

muitos elétrons.

Assim, para superar as dificuldades impostas pelo alto custo computacional do
emprego de métodos quanticos quando um grande nimero de elétrons esta envolvido é
possivel descrever um sistema multi-eletrénico em termos de densidade eletronica p(r),
a qual depende somente de trés coordenadas espaciais para cada elétrons envolvido no
calculo ao invés da funcédo de onda eletronica (HOHENBERG e KOHN, 1964; KOHN e
SHAM, 1965). A energia de troca-correlacdo é definida a partir de um funcional da
densidade eletronica e geralmente é dividida em dois termos, estando o primeiro (troca)
normalmente associado a interacGes entre elétrons de mesmo spin e o segundo
(correlacdo) associado aos elétrons de spin opostos. Os funcionais de troca-correlagdo
podem ser classificados em funcionais de densidade local (Local Density
Approximation, LDA), e funcionais de gradiente generalizado (Generalized Gradient

Approximation, GGA), conforme descrito abaixo:
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Aproximacdo da Densidade Local (LDA): Considera a energia de troca-
correlacdo para um sistema de densidade (r) como sendo a energia de troca-
correlagdo para um gas de elétrons uniformes com a mesma densidade, que é
conhecida de forma precisa. Presupfe-se que a densidade (r) varia suavemente
nas proximidades de r, de forma que a energia de troca-correlacdo de um elétron
em um dado ponto depende da densidade eletronica nesse ponto e ndo da
densidade eletrénica em todos os pontos do espaco. Infelizmente, em muitos
casos envolvendo sistemas bioldgicos, esse funcional ndo oferece a precisao
desejada, levando a erros de forma ndo sistematica, por exemplo, no

comprimentos e nas energias de ligacéo.

Aproximacao do Gradiente Generalizado (GGA): Representa um avango em
relacdo ao funcional anterior por introduzir a dependéncia do gradiente da
densidade (r) na expressdo do funcional. Abaixo estdo relacionados alguns

funcionais pertencentes a essa classe:

PBE - baseado nos trabalhos de Perdew, Burke e Erzenhof (PERDEW et al.,

1996);

e BLYP - combinacdo do termo de troca desenvolvido por Becke (BECKE,
1988) com o de correlagdo, por Lee-Yang-Parr (LEE et al., 1988);

e B3LYP - termo de troca exato desenvolvido por Becke (BECKE, 1993;
STEPHENS et al., 1994)

e PWO1 - aproximacdo do gradiente generalizado desenvolvido por Perdew-
Wang (PERDEW e WANG, 1992)

e MO06-2X — funcional GGA meta-hibrido (ZHAO e TRUHLAR, 2008).

Quando comparado com funcionais LDA, o uso de funcionais GGA apresenta

melhoras considerdveis na descricdo de ligagbes (principalmente ligacGes de
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hidrogénio) sem representar em um aumento proibitivo no custo computacional.
Contudo, a descricdo das ligagdes fracas (e.g. interagcdes de van der Waals) permanecem
problemaéticas, sendo necessaria a utilizacdo de métodos de correcdo da dispersao, como
0 Método TS (TKATCHENKO e SCHEFFLER, 2009), o qual ja fazem parte de

programas computacionais modernos.

8.1.4. Fracionamento Molecular com Caps Conjugados (MFCC)

A técnica de Fracionamento Molecular com Caps Conjugados é uma poderosa
ferramenta que permite a utilizacdo de célculos quéanticos em sistemas protéicos
complexos. Através dela pode-se fracionar o sistema estudado em subsistemas de
tamanho menor, conservando as propriedades eletronicas e estruturais do sistema, 0s
quais podem entdo ser tratados com métodos quanticos de alta acurdcia (ZHANG e
ZHANG, 2003; GAO et al., 2004; CHEN et al., 2005; HE e ZHANG, 2005; GORDON
et al., 2011). Em nosso grupo, através da combinacdo deste método com o célculo
quantico no nivel de DFT, foi estudado o perfil de interacdo entre farmacos e distintas
proteinas (BARROSO-NETO et al., 2012; DA COSTA et al., 2012; ZANATTA et al.,
2012; MARTINS et al., 2013), o perfil de interacdo entre proteinas, e entre residuos da

mesma proteina (RODRIGUES et al., 2013).

Ao se estudar proteinas através do emprego do MFCC pode-se calcular o perfil
de contribuicdo energética individual de todos os residuos avaliados. Durante o
fracionamento, a fim de garantir as propriedades eletrdnicas dos residuos analisados, 0s
residuos vizinhos (estes residuos serdo chamados de caps) e as respectivas ligacdes
peptidicas sdo mantidos no sistema (o cap anterior sera chamado de Ci-1, enquanto que

0 posterior de Ci+1), bem como pontes dissulfeto, quando necessario. Durante o
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fracionamento, atomos de hidrogénio sdo adicionados para completar a valéncia dos

atomos envolvidos na quebra da ligacéo peptidica, nas extremidades dos caps.

Um esquema de MFCC utilizando blindagem pode ser visualizado na figura 15,
onde sdo representados o ligante (M), o residuo de interesse (Ri) e seus caps (Ci-1 e
Ci+l), e os residuos de blindagem (Rb) e seus caps (Ch-1 e Cb+1). A energia de
interacdo (ligagdo) EI[M-Ri] é entdo calculada utilizando-se o nivel de teoria DFT

(DELLEY, 1990; 2000) em dois passos.

No primeiro, a energia calculada EI[M-RbRi] contém a contribuicdo tanto do
residuos de intresse (Ri ), quanto dos de blindagem (Rb) e € obtida conforme descrito

abaixo:

EI[M-RbRi]=E[M+Cb-1RbCb+1+Ci-1RiCi+1]-E[Cb-1RbCb+1+Ci-1RiCi+1]-

E[M+Cb-1Cb+1+Ci-1Ci+1]+E[Cb-1Cb+1+Ci-1Ci+1].

Nesta equacdo, o termo E[M+Cb-1RbCb+1+Ci-1RiCi+1] repesenta a energia total do
sistema formado pelo ligante, residuos de interesse, residuos de blindagem e seus caps;
o termo E[Cb-1RbCb+1+Ci-1RiCi+1] descreve a energia total do sistema formado
pelos residuos de interesse, residuos de blindagem e seus caps; o terceiro termo
E[M+Cb-1Cb+1+Ci-1Ci+1] representa a energia total do sistema formado pelo ligante e
somente os caps dos residuos de interesse e de blindagem; enquanto que, o Gltimo termo
E[Cb-1Cb+1+Ci-1Ci+1] descreve a energia total do sistema formado somente pelos

caps.
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Figura 15: Esquema de MFCC com o efeito de blindagem: (A) Ligante, residuo de interesse e
residues de blindagem com seus respectivos caps conjugados; (B) residuo de interesse e
residues de blindagem com seus respectivos caps conjugados; (C) Ligante e caps conjugados;
(D) caps conjugados. Ligante, residuos de aminoécidos de interesse, residuos de blindagem e
caps estdo representados por M, Ri, Rb e Ci,b, respectivamente.

No segundo passo, a energia total do sistema devido a presenca dos residuos de
blindagem deve ser removida, e para tal, deve ser calculada sem a presenca dos residuos
de interesse e seus caps. Os residuos de blindagem consistem em residuos (Rp)
localizados entre o residuo de interesse (Ri) e o ligante (M). Sua presenca interefere na
interacdo final entre Ri-M e por isso a sua contribuicdo energética ndo pode ser
desprezada. A figura 16 representa um esquema dos fragmentos utilizados durante o
calculo da contribuicdo energética dos residuos de blindagem EI[M-Rb], o qual é

realizado segundo a férmula abaixo:

EI[M-Rb]=E[M+Cb-1RbCb+1]-E[Cb-1RbCh+1]-E[M+Ch-1Cb+1]+E[Cb-1Ch+1]
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No primeiro termo E[M+Cb-1RbCb+1] a energia total do sistema contendo o ligante, 0s
residuos de blindagem e seus caps é calculada; o segundo termo E[Cb-1RbCb+1]
representa a energia de interacdo entre os residuos de blindagem e seus caps; o terceiro
termo E[M+Cb-1Cb+1] obtém a energia total do sistema formado pelo ligante e os
caps; enquanto que o Ultimo termo E[Cb-1Cb+1] representa a energia total do sistema

formado pelos caps.

C(b-1) C(b+1) 5 C(b-1) C(b+1)
H H |
HZN—}C:)—é)--H—(?—(I)--H—(I)—C—OH HZN—CIJ—CH H,N—C—C—OH
R(b-1) R(b) R(b+1) R(b-1) R(b+1)
M M
Ligante Ligante
A c
o) C(b-1) o o) C(b+1) C(b-1) C(b+1)
H [/HH IL[HHI H | H |
HZN—CIZ—C-—N-—CII—C—-N—(IZ—C—OH HZN—(IJ—CH HZN—(IJ—C—OH
R(b-1 R(b R(b+1 R(b-1 R(b+1
(b-1) (b) (b*1) B (b-1) (b*1) D

Figura 16: Esquema de MFCC abrangendo somente os residues de blindagem: (A) ligante e
residuos de blindagem com caps conjugados; (B) residuos de blindagem com caps conjugados;
(C) ligante e caps conjugados; (D) caps conjugados. Ligante, residuos de blindagem e caps
estdo representados por M, Rb e Cb, respectivamente.

Por fim, a energia total de interacdo EI[M-Ri] entre o residuo de interesse Ri e 0
ligante M é obtida pela subtracdo da energia de interacdo total do sistema pela energia
total de interacdo dos residuos de blindagem com o ligante, conforme descrito na

férmula abaixo:

EI[M-Ri]=EI[M-RbRi]- EI[M-Rb]
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8.1.5. Ancoramento Molecular (Docking)

Protocolos de ancoramento molecular tem por objetivo a busca rapida pelos
possiveis resultados de ligacdo/interacdo entre proteinas e peptideos ou pequenas
moléculas com potencial terapéutico (ABAGYAN e TOTROV, 2001). Durante o
procedimento utiliza-se estruturas tridimensionais de proteinas, obtidas por técnicas de
cristalografia ou mesmo por modelagem baseada em homologia, e ligantes modelados
ou obtidos de bibliotecas de compostos. A aplicacdo desta técnica tem se mostrado util,
por exemplo, na elucidacdo do modo de ligacdo de diversos ativadores e inibidores
enziméaticos (BROOIJIMANS e KUNTZ, 2003), auxiliando na identificacdo de

compostos de interesse farmacoldgico (DREWS, 2000).

Existem varia¢fes nos protocolos de docking mas todos consistem basicamente
na combinacdo de algoritmo de busca e funcdes de avaliacdo de energia de ligacdo e
classificacdo dos resultados. A acuracia deste método fica comprometida devido a
necessidade de um processamento veloz (o que permite a analise de grandes bibliotecas)
capaz de avaliar todo o espaco conformacional e calcular as energias de interacdo sem
prejudicar o componente termodinamico na interacdo farmaco-receptor (SOUSA et al.,
2006). Para corrigir possiveis distorcbes nos calculos de ancoragem, algumas
abordagens de refinamento de resultados tem sido propostas, entre elas, o emprego de
métodos quanticos, 0s quais permitem maior confiabilidade ao processo (CHO et al.,

2009).
8.1.6. Dinamica Molecular

A dindmica molecular consiste em uma das principais ferramentas para o estudo
de grandes sistemas (~10% particulas), onde os efeitos da temperatura ndo podem ser

desconsiderados. Neste método é permitido que os atomos do sistema interajam por
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determinado periodo de tempo e assim gerando uma representacdo do movimento destas
particulas. Durante a dindmica molecular sdo empregadas as equagdes de movimento de
Newton, de forma que as forgas entre as particulas e a energia poténcial sdo definidas
por principios de mecénica molecular. Assim, as particulas integrantes do sistema
movimentam-se sob a influéncia de poténciais intermoleculares, permitindo a
observacdo da evolucdo temporal das interagdes. A grande maioria dos pacotes de
dindmica molecular utiliza métodos classicos, contudo, algumas abordagens tem
surgido nos dltimos anos que permitem a implementacdo do célculo quéntico para a
andlise de sistemas onde as transicdes eletrdnicas e processos reativos ndo podem ser
desprezados. Contudo, por se tratarem de sistemas com um grande numero de atomos,

tais abordagens apresentam um alto custo computacional e ainda sdo pouco utilizadas.

8.1.7. ONIOM

A abordagem conhecida como ONIOM ( do ingés, Own N-layered Integrated
Molecular Orbital and Molecular Mechanics) consiste em um método hibrido do tipo
Mecanica Quantica/Mecanica Classica (QM/MM), no qual o sistema pode ser dividido
em n-camadas, e cada uma tratada por um método ou quantico ou classico
(SVENSSON et al., 1996; CHUNG et al., 2012). Comumente, ao utilizar-se somente o
método quantico na analise de grandes sistemas como proteinas, determina-se
arbitrariamente uma pequena regido a ser incluida no célculo e despresa-se a
contribuicdo do restante da proteina. Contudo, se aplicarmos o método ONIOM,
enquanto a parte principal do sistema poderad ser tratada por um método quantico,
garantindo a acurécia, o restante recebera um tratamento classico, e um algoritmo
permitird a troca de informacdo entre ambas as camadas, permitindo o ajuste de

coordenadas no sistema, sem despresar nenhuma contribuicéo significativa.
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8.1.8. Banco de Dados de Estrutura de Proteinas

O acesso a informagdes estrutural de proteinas é uma peca chave no estudo de
biomacromoléculas e os bancos de dados estruturais sdo a base desse conhecimento.
Dentre 0s bancos de dados de estruturas tridimensionais de proteinas, o mais conhecido
¢ o Protein Data Bank (PDB) (COSSIO et al., 2010), o qual tem como principal
propdsito armazenar, organizar e distribuir estruturas de macromoléculas. S&o exemplos
de outros bancos de dados de informacdes estruturais de proteinas: EMBL (banco de
dados de estruturas de proteinas localizado na Europa) e o PDBj (banco de dados de

estruturas localizado no Japdo).
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Results of optical absorption measurements are presented together with calculated structural, elec-
tronic, and optical properties for the anhydrous monoclinic L-asparagine crystal. Density functional
theory (DFT) within the generalized gradient approximation (GGA) including dispersion effects (TS,
Grimme) was employed to perform the calculations. The optical absorption measurements revealed
that the anhydrous monoclinic L-asparagine crystal is a wide band gap material with 4.95 eV main
gap energy. DFT-GGA+TS simulations, on the other hand, produced structural parameters in very
good agreement with X-ray data. The lattice parameter differences Aa, Ab, Ac between theory and
experiment were as small as 0.020, 0.051, and 0.022 A, respectively. The calculated band gap energy
is smaller than the experimental data by about 15%, with a 4.23 eV indirect band gap corresponding
to Z— I' and Z — B transitions. Three other indirect band gaps of 4.30 eV, 4.32 eV, and 4.36 eV
are assigned to @3 — I', ol — I', and o2 — T transitions, respectively. A-sol computations, on the
other hand, predict a main band gap of 5.00 eV, just 50 meV above the experimental value. Electronic
wavefunctions mainly originating from O 2p—carboxyl, C 2p—side chain, and C 2p—carboxyl orbitals
contribute most significantly to the highest valence and lowest conduction energy bands, respectively.
By varying the lattice parameters from their converged equilibrium values, we show that the unit cell
is less stiff along the b direction than for the a and ¢ directions. Effective mass calculations suggest
that hole transport behavior is more anisotropic than electron transport, but the mass values allow for
some charge mobility except along a direction perpendicular to the molecular layers of L-asparagine
which form the crystal, so anhydrous monoclinic L-asparagine crystals could behave as wide gap
semiconductors. Finally, the calculations point to a high degree of optical anisotropy for the absorp-
tion and complex dielectric function, with more structured curves for incident light polarized along

the 100 and 101 directions. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869179]

. INTRODUCTION

Asparagine (Asn, N), with chemical formula C4HgN, O3,
is one of the 20 amino acids which form proteins in liv-
ing beings. It has an essential role on the biosynthesis of
glycoproteins and, under physiological conditions, destabi-
lizes and spontaneously deamidates into aspartic acid (Asp),
which limits the lifetime of proteins through a degradation
process that affects biological functions, "2 leading to diseases
(for example, deamidation accelerates amyloid formation?),
and deteriorating therapeutic proteins.* The reaction path-
ways of Asn deamidation were investigated within the den-
sity functional theory (DFT) framework, being unveiled their
pH-dependent mechanism,’ the effect of solvent molecules,®
and their role in nonenzymatic peptide bond cleavage at as-
paragine sites.” Besides, Asn deamidation is a key aspect
related to the stability of protein pharmaceuticals* and pro-
teomic sample preparation.® The Asn deamidation reaction
path and its multitude of subproducts is related to the ring
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formation tendency of the asparagine molecular structure (see
top right side and middle of Fig. 1). Thus, it would be very
helpful to achieve a deeper understanding of the structural
features of asparagine in vacuum, aqueous media, and in the
solid state.

A systematic and extensive conformational search has
been performed by Chen et al.® for gas phase asparagine
using the B3LYP/6-311G* functional/basis set combination.
By allowing for all combinations of internal single-bond ro-
tamers, they have obtained as much as 972 unique trial struc-
tures; after further optimization, a total of 62 conformers
were found, with the global energy minimum being stabilized
by four hydrogen bonds COOH---NH,, NH,---CO(NH,),
C=0- - -NH;, and (CO)NH;- - -CO(OH), forming a network
of intramolecular interactions, as shown at the top and mid-
dle of Fig. 1. Recently, a theoretical/experimental matrix-
isolation FT-IR study of the conformational behavior and H-
bond structure of asparagine was undertaken by Boeckx and
Maes,'” which found ten stable low energy asparagine con-
formations (total energy variation smaller than 10 kJ mol~!),
the most stable containing only 3 intramolecular H-bonds:

© 2014 AIP Publishing LLC
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A:;hydrous Moﬁohydrated \7acuum

Cabezas Vacuum Anhydrous Monohydrated

O1H8..N1  1.86 1.90 - -

N1H6..03  2.18 222 3.18 2.56
N2H2..03  2.50 2.50 2:55 252
N2H3..02 247 2.71 4.07 4.80

FIG. 1. Top: Asparagine molecules in anhydrous monoclinic (A, green back-
bone) and monohydrated orthorhombic (M, orange backbone) asparagine
crystals, according to the X-ray data of Yamada ef al.'® and Verbist ez al.,'®
respectively. The DFT-calculated Asn molecular structure in vacuum (V, gray
backbone) by Chen et al.” is also shown; middle: superposition of the molec-
ular configurations depicted at the top obtained through the alignment of the
Cy—Cg bond; bottom: intramolecular distances (in A) for the atoms involved
in the formation of hydrogen bonds present in the anhydrous and monohy-
drated Asn crystals, as well as in the vacuum lowest energy conformer. The
hydrogen bond lengths obtained by Cabezas et al.'! are also shown for the
sake of comparison.

C=0*-..-HN", C=0"...HN*, and OH"..-N". On the
other hand, Cabezas et al.'' by employing a combination of
laser ablation (LA) with molecular beam (MB) and Fourier
transform microwave (FTMW) spectroscopy, together with
ab initio theoretical computations to predict spectroscopic pa-
rameters for direct comparison with the experimental ones,
investigated the conformation locking of asparagine, conclud-
ing that the lowest energy Asn conformer exists in the gas
phase as a result of a network of four cooperative contacts
Ny --HO, Og- - -H-N,, NgH- - -:Og, and O, - -HNg with hy-
drogen bond lengths of 1.86 A, 2.18 A, 2.50 A, and 2.47 A,
respectively. Such hydrogen bond network was also observed
by Chen et al.,’ as depicted in the top part of Fig. 1, vacuum
geometry.

With the purpose of investigating the causes behind such
conformational preference of asparagine in the gas phase and
the interaction between asparagine and solvent molecules in
terms of cage effects, Selvaraj et al.'> carried out classical
and Car-Parrinello molecular dynamics simulations to study
the solvent effect on the Asn conformational space. A solvent
polarization-induced conformational unlocking of asparagine
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in aqueous solutions was discerned, as the solvent polarity in-
duced a break up of NH---O=C bonding between the side
chain and the terminal groups of asparagine, but without af-
fecting the hydrogen bonds within the side chain and the ter-
minal groups.

In the solid state, intermolecular hydrogen bonds unlock
asparagine as well, according to X-ray diffraction data of both
anhydrous monoclinic P2; (Z = 2)13 and monohydrated or-
thorhombic P2,2,2; (Z = 4)'+16 crystalline structures (see
again the top and middle parts of Fig. 1). The N;Hj---O,
and N Hg- - -O3 hydrogen bond lengths increase significantly,
which implies in an unlocking effect, as one can see at the
bottom table of Fig. 1. Actually, the N,Hj- - -O, (NHg- - -O3)
hydrogen bond is strongly (moderately) weakened, while the
NyH;- - O3 is kept by the lattice intermolecular interaction.
The molecular unlocking leads to Asn molecular structures
in crystals that are remarkably different from those observed
in vacuum and water solutions. Consequently, one cannot use
the smallest energy isolated conformer (even in solution) to
calculate the crystalline properties accurately.

For this reason, efforts to describe theoretically the role
of intermolecular bonds on the properties of molecular crys-
tals were made in the last few years.!”2* As members of the
class of molecular crystals, anhydrous monoclinic and mono-
hydrated orthorhombic asparagine crystals are stabilized by
hydrogen bonds and van der Waals interactions which de-
termine their structural, electronic, optical, and vibrational
properties. Research on molecular crystals has being some-
what restricted to experimental characterization of their poly-
morphs through infrared, Raman, nuclear magnetic resonance
(NMR), and electron paramagnetic resonance (EPR) spectro-
scopies, which are very useful in the pharmaceutical domain,
for example. On the theoretical side, the computational cost
required to study such systems within the DFT formalism has
restrained advances in the field, as stated by Tulip and Clark.!”
Even the numerous spectroscopic measurements on molecu-
lar crystals are usually explained by appealing to the prop-
erties of the individual molecules, i.e., lattice effects being
disregarded. However, the increase of computational power
and the development of new DFT codes have allowed the ap-
plication of these simulation methods to systems with up to
hundreds of atoms.!”

As our research group has pointed out in previous
works,'8 1 some attempts to employ amino acid films in
biosensors and optoelectronic devices are being made. For
example, a study of the adhesion of amino acids on a series
of inorganic surfaces including insulators and semiconductors
was performed by Willett et al.;> the adsorption footprints of
proline on Cu(110) was studied,?® and a reactive dynamics
simulation of monolayer and multilayer adsorption of glycine
on Cu(110) was carried out;?’ the adsorption and ordering of
L-tyrosine and L-cysteine on the Ag(111) surface was studied
through several techniques by Reichert et al.?® and Fischer
et al.,” respectively, and the adsorption of glutamic acid on
Ag(100) was surveyed by Smerieri et al.;** self-assemblies
of D- and L-methionine on Au(111) surfaces were studied
by Naitabdi and Humblot,?! and the hydrogen-bonded net-
work of histidine on Ge(100) was examined as well.>> On
the other hand, Oda and Nakayama®*3* have proposed to
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control electrically the amino acid ionization and the con-
formation of proteins arranged on semiconductor surfaces,
which might produce new types of biodevices. Besides,
Stroscio and Dutta®> described advances in man-made nanos-
tructures integrated with biological molecules and systems,
their properties, characteristics, and functions. Thus, the un-
derstanding of fundamental aspects (electronic and optical
characteristics, particularly) of amino acid crystals and films
is of paramount importance for the future development of bio-
optoelectronic devices.

Among the few reports already published concerning the
field of amino acid crystal simulations, some of them have
presented results suggesting that alanine, leucine, isoleucine,
and glycine'’" are wide band gap semiconductors, while va-
line and cysteine could be small band gap isolators;'”-?° on
the other hand, it was suggested that anhydrous L-aspartic
crystals behave as wide-gap semiconductors with higher car-
rier mobilities for directions parallel to the L-aspartic acid
molecular layers,>' while anhydrous L-serine crystals behave
like n-type wide gap semiconductors.?”> Besides, it was also
pointed out that anhydrous crystals of DNA bases are wide
gap semiconductors.”> The characterization of the band gap
of these molecular materials and their charge transport prop-
erties, which depends on their band structures, are relevant
for the development of bioorganic electronic and optoelec-
tronic devices,® as well as bionanoelectronics,?” which could
advance the development of sustainable, biodegradable, bio-
compatible, low-cost, and mass production electronic compo-
nents.

The purpose of this work is to present the results of DFT
calculations of the structural, electronic, and optical prop-
erties of anhydrous monoclinic L-asparagine crystals. Opti-
cal absorption measurements in these crystals were also per-
formed, from which a wide indirect band gap of 4.95 eV was
obtained, which is close to the DFT-estimated 4.23 eV value
assigned to Z— I" and Z — B transitions between the up-
permost valence band and the lowermost conduction band.
Carrier effective masses estimated from parabolic fittings of
the band curves indicate that holes in anhydrous monoclinic
L-asparagine crystals can behave as in a semiconductor, while
the electrons behave as in an insulator. Finally, the calculated
optical absorption and dielectric function along some sym-
metry directions display a noticeable anisotropy for polarized
incident light.

Il. OPTICAL ABSORPTION MEASUREMENT

Anhydrous monoclinic L-asparagine powder with purity
>99% was purchased from Sigma-Aldrich. X-ray diffraction
measurements were accomplished to confirm the monoclinic
crystal structure (data not presented here). The powder was
mixed with KBr to form anhydrous L-Asn—KBr pellets. Light
absorption measurements were carried out in these pellets us-
ing a Varian Cary 5000 UV-visible NIR spectrophotometer
equipped with solid sample holders. The absorption spectra
of the samples were recorded in the 200-800 nm wavelength
range (6.21-1.55 eV), with background removal and baseline
corrections made when necessary.
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FIG. 2. Optical absorption («), optical absorption squared («?), and square
root (a'?) of L-Asn-KBr pellets measured at 300 K with nonpolarized in-
cident radiation. The red straight line is used to estimate the indirect band

gap.

The onset of the optical absorption «(¢) as a function
of the incident photon energy & in an indirect gap crystal
varies with &2, while for a direct gap material it increases
with £!2.383 Hence, if the square root (square) of the op-
tical absorption displays a linear behavior as a function of the
energy, the material must have an indirect (direct) electronic
main band gap. With these characteristics in mind and look-
ing now to Fig. 2, one can see plots for a'’?, o, and «? for the
anhydrous L-Asn—KBr pellets. One can observe that o® has
a curved onset shape beginning at about 5.2 eV, while the «
curve onset starts at about 4.5 eV. The curve for «'/2, in con-
trast, exhibits an onset at about 4.0 eV with a smooth linear
increase up to 5.0 eV (which we believe is an artifact of the
square rooting process, as the optical absorption in this energy
range is very small) and a sharp linear increase between 5.0
eV and 5.7 eV. Taking into account these curves, we estimate
that the L-Asn crystal has an indirect band gap of 4.95 eV,
which corresponds to the energy at the point where the red
straight line tangent to the a'? curve intercepts the energy
axis.

As we will see later, a main indirect band gap is also
predicted from our DFT computations. Indeed, previous opti-
cal absorption measurements in amino acid crystals indicate
that these systems tend to exhibit indirect band gaps.'** A
comparison of the energy gap of anhydrous monoclinic L-
asparagine crystal with the values obtained for other amino
acid crystals shows that it is smaller than the estimated for
monoclinic (P2,/n, Z = 4) a-glycine crystals, 5.11 eV,!? and
larger than the values for orthorhombic (P2,2,2,Z = 4) L-
cysteine crystals, 4.62 eV;? it is also close to the 5.02 eV
gap measured for anhydrous monoclinic (P2, Z = 2)*' L-
aspartic acid crystals, and much smaller than the 5.90 eV
measured gap for anhydrous monoclinic (P2,2,2,,Z =4) L-
serine crystals.?> The L-asparagine monoclinic crystal has a
wide gap, anyway, but the values of the effective masses of its
charge carriers are also necessary to know its charge transport
properties (see Sec. V).

lll. DFT COMPUTATIONAL DETAILS

The density functional computations were carried out
using the CASTEP code.*’ Lattice parameters and atomic
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positions of anhydrous monoclinic L-asparagine crystals as
measured by Yamada et al.'> were used to produce the input
unit cell structure, which belongs to the P2; space group and
has Z = 2. Experimental lattice parameters are a = 5.0622(4)
A, b = 6.7001(5) A, ¢ = 8.0543(5) A, V =273.06(3) A3,
B = 91.706(5)°. It was necessary to perform a DFT geom-
etry optimization to evaluate both the unit cell parameters
and atomic coordinates for the sake of consistency, and to
improve the accuracy of experimental data with respect to
the hydrogen atom positioning. For example, in the case of
the vaterite CaCO; crystal significant differences were ob-
served in the spatial pattern of the carbonate groups inside of
the unit cell between experiment and DFT calculations.*"*?
Besides, an adequate geometry optimization is essential to
calculate the vibrational properties, from which one can de-
rive the infrared and Raman spectra which are dependent
on the crystal geometry, amino acid side chain type, hydro-
gen bonding pattern, and van der Waals interactions. Opto-
electronic properties are also sensitive to geometry optimiza-
tion, as the electronic band structure varies appreciably when
the lattice parameters and the internal atomic coordinates are
changed.

The carbon backbone of the L-asparagine molecules in
the crystalline phase is practically planar, with average devi-
ation from planarity being smaller than 0.01 A. Experimental
values for the unit cell parameters from Yamada et al.'® are
given in Table I. The L-asparagine zwitterionic molecule is
depicted in Fig. 3(a), while the monoclinic unit cell of anhy-
drous monoclinic L-asparagine crystals is shown in Fig. 3(b).
Parallel layers of L-asparagine molecules form planes along
the 101 direction as depicted in Fig. 3(c); adjacent layers
interact through hydrogen bonds occurring between charged
groups (CO™, NH3™, and COO™). Within a single layer, the
molecules are linked forming zigzag chains created by hydro-
gen bonds involving the NH3* group. Finally, intermolecular
“tunnels” are present in the L-asparagine lattice structure (see
Fig. 3(d)).

The DFT calculations*>** were carried using two dis-
tinct approaches for the exchange-correlation functional: the
local density approximation (LDA) using the Cerpeley-Alder-

TABLE I. Lattice parameters (LP) in (A), unit cell volume in (A3), and unit
cell angle 8 (deg) for the anhydrous monoclinic L-asparagine crystal. The
LDA and GGA+TS calculation results were obtained using 500, 830, and
1100 eV cutoff energies. Their deviations A in comparison with experimental
data'3 are also shown.

LP Lsoo Lsg3o GTSso0  GTSgzp  GTSii00  Exp.
a(A) 5.222 4941 5454 5.082 5081  5.062
Aa (A) 0.160  —0.121  0.392 0.020 0.019 -
b (A) 6.929 6.507  7.144 6.751 6.750  6.700
A b(A) 0229  —0.193 0444 0.051 0.050 .
c(A) 7.984 7.883  8.177 8.076 8.074  8.054
Ac(A)  —0070 —0.172  0.123 0.022 0.020 e
V (A%) 288.7 2533 3183 277.0 276.8  273.1
AV (A3) 1568 —19.78 4522 3.980 3.770 ‘e
B (deg) 88.20 92.06  87.30 91.30 913  91.71
AB (deg) —3.502 0.349 —4.402 —0407 —0.420
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FIG. 3. (a) L-asparagine zwitterionic molecule; (b) anhydrous L-asparagine
monoclinic unit cell; (c¢) view of two superposed 101 (ac) planes of L-
asparagine zwitterionic molecules; (d) intermolecular tunnels in anhydrous
L-asparagine monoclinic crystals.

Perdew-Zunger*>4® parameters (CAPZ), and the generalized

gradient approximation (GGA) employed the Perdew-Burke-
Ernzerhof (PBE)*’ functional. We have also performed GGA-
PBE simulations modified with the extra dispersion correction
scheme (GGA+TS) proposed by Tkatchenko and Scheffler*®
and, for the sake of comparison, the GGA-PBE functional in-
cluding the dispersion semiempirical construct of Grimme.*’
While the PBE functional leads to results close to the ones
obtained by using the PW91 functional,® dispersion cor-
rections avoid the need to use high-level quantum meth-
ods to describe van der Waals interactions. Norm-conserving
pseudopotentials® were used to replace the core electrons in
each atomic species, with valence electronic configurations
C-2522p?, N-2522p*, and O-2s?2p*. Each unit cell has 140
electrons (36 core and 104 valence). A Monkhorst-Pack’? 4
X 4 x 4 sampling was employed to evaluate integrals in the
reciprocal space, which was more than enough to give a well
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converged electronic structure. For the optical properties cal-
culations, this sampling was increased to 10 x 10 x 10, as it
is necessary to use more k-points in the Brillouin zone (BZ)
when running optical matrix element calculations (the matrix
elements are more sensitive to the Brillouin zone sampling
than electronic energies).

Lattice parameters, angles, and atomic positions were
optimized by searching for a total energy minimum. In or-
der to perform the geometry optimization, the following
convergence thresholds were considered along successive
self-consistent field computation steps: total energy change
smaller than 0.5 x 107> eV/atom, maximum force per atom
below 0.01 eV/;\, pressure smaller than 0.02 GPa, and max-
imum atomic displacement below 0.5 x 10~3 A. The BFGS
minimizer>® was employed to carry out the unit cell optimiza-
tion. In the BFGS scheme, a starting Hessian is recursively
updated. Self-consistent field convergence thresholds were:
total energy/atom varying by less than 0.5 x 107° eV, elec-
tronic eigenenergy varying by less than 0.1250 x 107® eV at
most, with a convergence window of 3 cycles. A plane-wave
basis set represents the Kohn-Sham orbitals, with cutoff en-
ergies of 500 and 830 eV (500, 830, and 1000 eV) for the
LDA (GGA+TS) exchange-correlation functional, with the
final value selected after performing a convergence study to
ensure the absence of imaginary vibrational frequencies. The
quality of this basis set is kept fixed as the unit cell volume
evolves during the geometry optimization process.

The Kohn-Sham electronic band structure and the elec-
tronic density of states (total and partial per orbital and
per atom) were evaluated for both the optimized LDA and
GGA+TS crystals (the LDA results are omitted since the
GGA+TS ones are considerably better), as well as the dielec-
tric function and optical absorption for polarized light along
a set of chosen crystalline planes and in the case of a poly-
crystalline sample. Effective masses at the extrema of the va-
lence and conduction bands were estimated by quadratic in-
terpolation of the corresponding band curves. It is well known
that Kohn-Sham calculations tend to severely underestimate
solid state band gaps.’* In order to amend for that, we have
employed the A-sol method proposed by Chan and Ceder,»
which extended the Delta self-consistent-field (ASCF) ap-
proach for molecules to crystals taking into account total en-
ergy differences and electronic dielectric screening to obtain
much better gap estimates (their proposal achieves a 70%
decrease of mean absolute errors in comparison with Kohn-
Sham gaps for over 100 compounds) with cheap computa-
tional cost. The complex dielectric function €(w) = Re(e)+i
Im(e) and the optical absorption a(w) of anhydrous mon-
oclinic L-asparagine crystals were calculated following the
same scheme described in a previous work."”

IV. STRUCTURAL PROPERTIES

A convergence study of the monoclinic L-asparagine
unit cell structure was performed by increasing the plane-
wave cutoff energy from 500 eV to 830 eV, and then to
1100 eV. The optimized unit cell parameters obtained using
the GGA+TS exchange-correlation energy are shown in the
columns GTSsg9, GTSg39, and GTS;jo9 of Table I, respec-
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tively. For the sake of comparison, the results obtained using
the LDA exchange-correlation functional for cutoff energies
of 500 eV and 830 eV are shown in columns Lsgy and Lgs,
respectively, together with the experimental values from Ya-
mada et al.'* One can observe that the DFT-LDA calculated
unit cell parameters at 830 eV (a = 4.941 A, b = 6.5072 A,
and ¢ = 7.883 A) are smaller than the X-ray values (see the
deviations Aa, Ab, Ac relative to the measurements), which
is due to the LDA functional trend to overestimate interatomic
forces. Nevertheless, this is also the reason by which the LDA
approximation can be useful to study systems where weak in-
termolecular interactions are relevant,2436:57

In contrast, pure GGA functionals are able to provide
a good description of hydrogen bonds, but tend to under-
estimate the strength of interatomic interactions, and some
test simulations we accomplished (not shown here) suggested
a lack of accuracy in predicting the structural parameters
of L-asparagine crystals. After adding the extra dispersion
correction scheme proposed by Tkatchenko and Scheffler*®
(GGA+TS), however, we have improved the estimated val-
ues for the unit cell parameters, compensating for the GGA
underbinding effect. From Table I, one can see that the lat-
tice parameters and unit cell volume are remarkably nice for
830 eV, practically remaining the same for the 1100 eV cut-
off energy. The deviations relative to the X-ray measurements
are nearly 0.02 A (0.05) for Aa and Ac (Ab), and smaller
than 4.0 A3 for the unit cell volume variation AV. Using
the Grimme dispersion corrected GGA-PBE functional,* we
also obtained good estimates for the lattice parameters, with
a=505A b=666A and c = 8.03 A, with devia-
tions relative to experiment of 0.01 A(Aa), 0.04 A(Ab), and
0.02 A(Ac). The GGA+TS (GGA+Grimme) estimate for the
B angle was 91.3° (92.3°), very close to the experimental
value (91.71°).

All vibrational normal modes obtained for the crystal ge-
ometry with a cutoff energy of 830 eV exhibited positive fre-
quencies, indicating that geometry optimization to a total en-
ergy minimum was reached (in a work to be published soon
we intend to present the results of the vibrational analysis for
the infrared and Raman spectra of asparagine anhydrous crys-
tals). Thus, we have used this cutoff energy to calculate the
electronic and optical properties of the anhydrous monoclinic
asparagine crystal to avoid extra computational costs. Frac-
tional atomic coordinates, selected bond lengths, bond angles,
and torsion angles, as well as hydrogen bond related lengths
and angles for the calculated (GGA+TS and LDA) and the
experimental data are included in the supplementary material
(Tables I-1V),>® showing that the GGA+TS results are in bet-
ter agreement with experiment than those of LDA.

In order to approximately evaluate the stiffness of the an-
hydrous monoclinic asparagine crystal, the lattice parameters
were slightly varied about their converged values. Total en-
ergy values E(Aalay), E(Abl/by), and E(Ac/cy) are depicted
in Fig. 4, being obtained by performing single point energy
calculations after rescaling one lattice parameter and keeping
the other two constant as well as the atomic fractional coordi-
nates. One can note that the total energy change for E(Ab/by)
is much smaller than those of E(Aa/ag) and E(Ac/cyp),
which is probably due to the dominance of intramolecular
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FIG. 4. GGA+TS total energy E of the anhydrous monoclinic L-asparagine
crystal unit cell as a function of the lattice parameter relative deviations
Aalagy, Ablby, Aclcg relative to the optimal parameters ag, b, and co, re-
spectively, for a plane-wave cutoff energy of 1100 eV.

covalent bonds disposed along the @ and ¢ directions (see
Fig. 3(c)), while along b hydrogen bonds and just a few co-
valent bonds (mainly C1-C3) seem to be deformed in a re-
markable way. The arrangement of hydrogen bonds suggest
that, if the monoclinic asparagine crystal were dismantled by
removing one molecular layer each time, it would be easier to
remove molecular planes along the b direction in comparison
with planes along a and c.

V. ELECTRONIC PROPERTIES

The Kohn-Sham band structure describes the electron
eigenenergies E,(k) as a function of a set of quantum num-
bers that form the components of a wave vector k = (ki, ko,
k3) (n is the band number). Usually the first BZ is sampled
by calculating these eigenenergies along a path containing
a selected set of high-symmetry points. For the anhydrous
monoclinic L-asparagine crystal, the path in the BZ used
for the band structure computations is shown in Fig. 5. The
following set of high-symmetry points of interest was chosen:
'(0,0,0), Z(0,0,1/2), Y(0,1/2,0), A(—1/2,1/2,0), B(—1/2,0,0),
C(0,1/2,12), D(-1/2,0,1/2), and E(—1/2,1/2,1/2). Other
non-symmetry points as «; = (—0.24,0.00,0.24), o,
= (—-0.22,0.22,0.22), a3 = (0.00,0.42,0.42), and B
= (—0.10,0.00,0.00) are also shown. They were included
since three (one) valence band maxima (conduction band
minimum) occurs at «; (8), as one can see from the GGA+TS
band structure closeup depicted at the bottom part of Fig. 6.
The two 101 planes shown in Fig. 3(c) are also displayed in
Fig. 5.

The GGA+TS electronic band structure of the anhydrous
monoclinic L-asparagine crystal is shown in Fig. 6, together
with its associated partial density of states (PDOS, see right
side panels). Electron energies were gauged to ensure that the
highest energy valence band has its maximum at O eV. At the
top of Fig. 6, one can see the full energy range of the calcu-
lated electron energies, from —22.50 eV to 12.00 eV, with the
right panel depicting the contribution from the side chain and
carboxyl group to each band. At the bottom, a closeup near the
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main band gap reveals the most relevant electronic transitions
between the top of the valence band and the bottom of the con-
duction band, while the partial density of states plot displays
the main atomic contributions to each band near the main en-
ergy gap. From the band structure curves and DOS plots, we
infer that the conduction bands with minima at about 4.30,
5.18, and 6.00 eV are mainly related to C4/03/N2, C2/01/02,
and C4/C3/C1 p orbitals, respectively, in decreasing order of
contribution.

On the other hand, the highest energy valence bands are
within the energy range between —1.22 eV and 0 eV, the two
top valence band curves originating mainly from O1/03/02
p orbitals. The plots of the highest occupied valence band
and the lowest unoccupied conduction band electronic states
(HOVB and LUCB orbitals, respectively) shown in Fig. 7 are
useful to visualize these contributions. One can see that the
HOVB orbital is really p-like and located mainly at the oxy-
gen atoms O1, 02, O3 and along the C1-C2 and C3—C4 bonds
(not very pronounced in the PDOS curve), having also small
orbital localizations near the N2 and N1 atoms. The LUCB
orbital, on the other hand, is mainly localized around the C2,
C1, and C4 atoms (sp-like orbital shapes), but also with sig-
nificant orbital lobes at N2 and O3 (sp-like orbital shapes),
and a small contribution from oxygen atoms Ol and O2 (s-
like character).

Returning now to the top part of Fig. 6, one can see that,
in the —8.30 to —2.35 eV energy range there is a wide set
of bands which is due to C3/03/0O1 p orbitals, while near
—9.00 eV there are two bands with strong contribution from
the side chain; between —20.8 and —11.0 eV there are seven
sets of flat bands, with those close to —11.0 eV being due
to C3/C1/C4 s and C2/N1/C4 p orbitals. The bands at about
—13.4 eV originate from C3/C1/N1 s orbitals, while the bands
at —16.50 eV are due to N2/0O3/C4 s states. The band sets
at —17.7 eV and —18.2 eV, on the other hand, originate
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mainly from N1/C1/01/02 s orbitals and O2/O1 s and C2
p orbitals, respectively. Finally, the band sets near —20.20 eV
and —20.50 eV have strong contributions from O3/C4 s levels
and O1/02/C2 s levels, in this order. Overall, the top valence
bands are dominated by p states, while the valence bands with
lowest energies are mainly originated from s states. The bot-
tom of the conduction bands is strongly p-like in character,
but the band curves above result from the hybridization of s
and p states.

The closeup of the GGA+TS calculated Kohn-Sham
band structure near the main band gaps (bottom part of Fig.
6) shows five indirect energy gaps. The smallest gap values
are both equal to 4.23 eV, corresponding to the valence band-
conduction band transitions Z— I'" and Z— B. Secondary
indirect band gaps of 4.30 eV, 4.32 eV, and 4.36 eV are related
to the transitions 3 — ', 1l — I', and @2 — T, respec-
tively (the «; and B points are depicted in the first Brillouin
zone shown in Fig. 5). All the GGA+TS estimated indirect
band gap energies, which are in the 4.23-4.36 eV range, are
well below the experimental gap of 4.95 eV estimated from
our optical absorption measurements. This difference was al-
ready expected as pure DFT functionals are not able to predict
excitation energies.’*~%3 Similar underestimations of the main
band gap by DFT computations were previously reported
for several molecular crystals, including amino acid'*-*? and
DNA nucleobases?? crystals. Recently, however, a nonempir-
ical scaling correction method for molecules and solids was
proposed to correct this gap error.%* After applying the A-sol
correction, however, the band gap value we obtained was
5.00 eV, in much better agreement with the experimental es-
timate from the optical absorption data (only 50 meV larger).

It is interesting to compare the optical absorption esti-
mated gap E; 7 = 4.95 eV, as well as the theoretically cal-
culated indirect gap energy ES“4*"S(Z— T, g) = 4.23 eV
of the anhydrous monoclinic L-asparagine crystal obtained in
this work with similar data for other amino acid crystals. The
pioneer work of Tulip and Clark'” estimated that alanine or-
thorhombic crystals and leucine, isoleucine, and valine mono-
clinic crystals have energy gaps E, ~ 5.0 eV, but details about
the types of gap (direct or indirect) and the electronic tran-
sitions involved were not provided. A DFT simulation study
of monoclinic a-glycine crystals' revealed the presence of
three close indirect energy gaps, with EJ4 = 4.95 eV."
On the other hand, both monoclinic and orthorhombic cys-
teine crystals were predicted to have indirect energy gaps,’”
the former with an electronic transition D — E corresponding
to an energy gap EgGA = 4.06 eV and a secondary transi-
tion A — B with EgGA = 4.08 eV, while the latter has three
electronic transitions Z — T, T — Y, and I' — Z with practi-
cally the same energy EJ9* = 4.52 eV. The lowest energy
gap of the anhydrous monoclinic L-aspartic acid crystal was
estimated to be EgG/”TS = 4.49 eV, being assigned to the
indirect transition B — «. The energy gap of the anhydrous
monoclinic L-serine crystal calculated using the GGA+TS
methodology** was ES¢A+7S = 4.75 eV due toa S — T in-
direct transition.

The experimental gaps for the following amino acid crys-
tals can be found in the literature from optical absorption
measurements: L-alanine orthorhombic, E;7 = 5.27 eV;%
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leucine, Eg7 = 5.29 eV;% valine, E;7 = 5.04 eV, glycine,
5.11£0.02 eV;!? cysteine orthorhombic, E;” = 4.68 eV
(the gap of monoclinic cysteine was not measured yet);?’
L-aspartic acid monoclinic, Eg"" = 5.02 eV;?! and L-serine
monoclinic, Ey7 = 5.90 eV.?? The theoretically calculated
energy gaps of these amino acids can be ordered by increas-
ing values (in eV) as follows: Cys (4.06, 4.52) < Asn (4.23)
< Asp (4.49) < Ser (4.75) < Gly (4.95) < Ala, Leu, Ile, Val
(5.0), while the experimental gaps obey the sequence (ener-
gies in eV) Cys (4.68) < Asn (4.95) < Asp (5.02) < Val
(5.04) < Gly (5.11) < Ala (5.27) < Leu (5.29) < Ser (5.90).
There are two disagreements between these sequences involv-
ing the L-serine crystal (largest experimental gap, calculated
gap smaller than those for Gly, Ala, Leu, Ile, and Val), fol-
lowed by valine (experimental gap larger than the gap for Gly,
while the theoretical gap is smaller).

With the purpose to better understand the relationship
between the band gaps of these amino acid crystals and the
electronic structure of each amino acid molecule, we have
also performed DFT calculations for the isolated molecules
asparagine, aspartic acid, histidine, proline, and tryptophan
using the GGA+TS exchange-correlation functional. These
molecules were chosen in such a way to produce a sample
representing the different types of side chains observed in es-
sential amino acids. Two molecular states were assessed: the
neutral state in vacuum and the zwitterionic state in water
(except for proline, which has its amine bound to two alkyl
groups and does not form a zwitterion when solvated), the
latter using a continuous solvation scheme. After carrying out
a geometry optimization procedure similar to the one used for
the L-asparagine crystal, we have obtained the highest occu-
pied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) for each molecular configuration,
both shown in Fig. 8. Each optimized geometry has, in gen-
eral, a set of stabilizing internal hydrogen bonds: asparagine
has two, aspartic acid has two in vacuum and one in the zwit-
terion state, histidine has two, proline has none, and trypto-
phan has a single internal hydrogen bond.

VACUUM
HOMO LUMO

Asn %t} ). £
His ”iﬂ; C(

WATER
HOMO LUMO

FIG. 8. GGA+TS calculated HOMO and LUMO orbitals for asparagine
(Asn), aspartic acid (Asp), histidine (His), proline (Pro), and tryptophan (Trp)
in vacuum (left) and solvated in water (right).
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The HOMO and LUMO orbitals for asparagine in vac-
uum are remarkably similar to the HOVB and LUCB orbitals
presented in Fig. 7, notwithstanding the fact that the crystal is
formed from molecules in the zwitterionic state. This seems
to indicate that the insertion of water molecules in the crys-
talline phase will affect significantly the electronic structure
in comparison with the anhydrous crystal. The HOMO and
LUMO for zwitterionic aspartic acid differ from the vacuum
case mainly by the absence of a significant contribution from
the ammonium group (amine protonated) to the HOMO and
from the carboxyl group to the LUMO. For the aspartic acid
molecule in vacuum, the HOMO orbital is mainly located at
the carboxyl group, while the LUMO is concentrated at the
side chain. As for the zwitterion aspartic acid (as in the case of
asparagine), the ammonium contribution to the HOMO disap-
pears (and the same occurs for histidine), while the carboxyl
side chain is twisted relative to the vacuum geometry. Histi-
dine has its two LUMO orbitals (in vacuum and solvated in
water) located at its side chain, and its two HOMO orbitals
located mainly at the carboxyl and deprotonated carboxyl re-
gions. Proline, on the other hand, barely changes its HOMO
and LUMO shapes as we switch from vacuum to water; tryp-
tophan has both its HOMO and LUMO states located at the
indole side chain.

The HOMO-LUMO energy gaps calculated for the amino
acid molecules in vacuum were, in crescent order: 3.67 eV
for tryptophan, 4.03 eV for proline, 4.24 eV for aspartic acid,
4.61 eV for asparagine, and 4.76 eV for histidine. When they
are solvated in water, their gap figures change to 3.63 eV for
tryptophan, 3.97 eV for proline, 4.33 eV for aspartic acid,
4.55 eV for asparagine, and 5.00 eV for histidine. In the
case of tryptophan, which has the smallest band gap, both
the HOMO and LUMO orbitals are located at the side chain
(Fig. 8), which must, in principle, lead to larger band disper-
sion in tryptophan crystals. The highest HOMO-LUMO gap
for histidine, by the way, seems to be related with the small
degree of overlap between the HOMO and LUMO orbitals
for this amino acid, which also occurs to asparagine and as-
partic acid. Proline, on the other hand, exhibits HOMO and
LUMO orbitals with some degree of overlap, leading to the
second smallest HOMO-LUMO band gap. Besides, it also has
a very small variation in the HOMO-LUMO gap as we switch
from vacuum to water, as their frontier orbitals do not change
significantly with solvation. It is also worth to note that as-
paragine and aspartic acid crystals have very close experimen-
tal band gaps, while their DFT-calculated estimates predict
that aspartic acid crystals have an energy gap 0.26 eV larger
than the value for asparagine crystals, a trend which reverses
the order of molecular HOMO-LUMO gaps. Thus, as a de-
scription based only in the analysis of the isolated molecules
is clearly not enough to explain the experimentally observed
gap differences, one must conclude that intermolecular inter-
action effects cannot be ignored in order to explain the elec-
tronic properties of amino acid crystals.

Effective masses for electrons and holes can be estimated
from band curvatures at valence band maxima and conduc-
tion band minima, being useful to estimate the mobility of the
charge carriers in a given direction and also to evaluate if the
intermolecular interactions in the crystal are strong enough to
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FIG. 9. GGA+TS estimated electron and hole effective masses (in free elec-
tron mass units, m,) for the anhydrous monoclinic asparagine crystal (above),
and valence VB and conduction band CB widths (below). The fittings were
performed at the valence maximum and conduction band minimum along di-
rections parallel and perpendicular to the molecular layers of asparagine, as
shown in Fig. 5. Gray (black) band widths correspond to the band along the
parallel (perpendicular) direction.

affect the electronic structure and produce a significant dif-
ference with respect to pure molecular states. The effective
mass calculation procedure is easy to implement: one must
take the inverse of the second derivative of the energy with re-
spect to the wavevector at a critical point in the first Brillouin
zone and project it along a chosen path. As a rule of thumb,
one can say that the larger (smaller) the band width near the
critical point, the smaller (larger) the effective mass will be.
For the anhydrous asparagine crystal, we have first evaluated
the effective masses for the uppermost valence band, centered
at the Z point (hole effective masses) and for the lowermost
conduction band, centered at the B point, which is situated
along the linear path connecting the I" and B points (see bot-
tom of Fig. 6). Two directions were selected for each point:
parallel (]|) and perpendicular (L) to the molecular planes of
asparagine along the 101 direction (see Fig. 3(c)). The values
obtained, together with the band widths in the neighborhood
of these points, are shown in Fig. 9. For the perpendicular di-
rections, we see that the hole and electron effective masses
are larger than 10 mg, where my is the free electron masses,
which points to the difficulty of moving the charge carriers
from one molecular layer to the next. For electrons, on the
other hand, the band curves have larger dispersion, leading
to effective masses of about 3.63 my (Z —||z) and 4.59 my
(B — llp), which suggests that a wide gap semiconductor
behavior can be achieved for charge carriers moving within
these 101 molecular layers. Looking just to the band widths,
one cannot predict this result, however, as the bands for both

J. Chem. Phys. 140, 124511 (2014)

me=262 || Mg=406 [|-m =367 || m =376 || m,=433

7 (0.00,0.42,0.42) /

KY

my, =1.60

} (010000000)K§
> (-0.24,0.00,0.24) /
§>(022022022) \

m,=262 || m,=504
z e BD B EC r

m, =779 . m,=1.60

FIG. 10. GGA+TS estimated electron and hole effective masses (free elec-
tron mass units) for the anhydrous monoclinic asparagine crystal. Parabolic
fittings are also shown.

parallel and perpendicular effective masses have nearly the
same range of energy variation.

Figure 10 presents five panels with the uppermost (low-
ermost) valence (conduction) bands, each one starting or end-
ing at the I' point along the k-axis, with corresponding hole
(electron) effective masses. The valence band maxima «; and
the conduction band minimum g are indicated, and effective
masses were obtained for them along a selected set of direc-
tions. For holes, there is a very strong anisotropy in effec-
tive mass values, ranging from 1.60 mg (along the Z — I and
D — «; — T paths) to 7.79 my (along I' — B). In the case
of electrons, however, there is a smaller degree of variation,
with the largest effective mass (4.33 mg) being observed at
I" for the I' — C direction and the smallest one (2.62 mg) at
I' along I' — Z. Notwithstanding the fact that the calculated
effective masses are somewhat large (always larger than the
free electron mass), they are always mensurable, and some
dispersion of the band curves, although not as large as it oc-
curs for covalent inorganic crystals, indicates that the inter-
action between asparagine molecules in the monoclinic phase
is strong enough to allow for the usefulness of the electronic
band structure picture.

Additional details on the atomic and functional group
contributions to the density of electronic states can be seen
in Figs. 11 and 12. The per orbital per atom partial density of
states, depicting the relative contributions of all carbon, oxy-
gen, nitrogen, and hydrogen atoms to the total DOS of the
anhydrous asparagine crystals is shown in Fig. 11. As one can
see from it, O 2p gives the most significant contribution to the
top of the valence band, while the C 2p levels originate most
part of the bottom of the conduction band. H 1s states, on the
other hand, contribute significantly to the conduction bands
above 6.2 eV, as well as the C 2s, C 2p, and N 2p ones. Va-
lence bands between —5.0 eV and —2.4 eV are dominated by
C 2p states above —3.7 eV and by O 2p states below, while
the bands between —9.0 eV and —5.0 eV are mainly due to
the N 2p orbitals.

Looking now to Fig. 12, one can see that the top va-
lence band has a strong contribution from both the oxy-
gens at the carboxyl group and side chain, while the H 1s
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FIG. 11. Anhydrous asparagine monoclinic crystal GGA+TS partial densi-
ties of states for C, O, N, and H: s (dotted, red) and p (solid, black) orbitals.

contribution for the conduction bands above 6.0 eV comes
from the side chain, followed by the amine group. The bottom
of the conduction band, on the other hand, originates from the
carbon atoms at the side chain and, for energies a bit larger
(about 5.0 eV), from the carbon atoms at the carboxyl group.
A set of O 25, N 2s, and H 1s deep valence levels can be as-
signed to the carboxyl group near —20.4 eV and —18.0 eV
(mainly oxygen), to the amine group at —17.5 eV (mainly ni-
trogen), and to the side chain at —20.1 eV (mainly oxygen),
—16.4 eV (nitrogen), and —13.3 eV (carbon).

One can infer from these results that the main indirect
gap transition occurs between a valence electronic state with
localization at the carboxyl and side chain and a conduction
state located mostly at the side chain, with a smaller contri-
bution from the carboxyl region, as can also be seen from
Fig. 7. More details on the specific contributions of each atom
of asparagine can be found in the supplementary material
(Figs. 1-8 therein).®

Intermolecular interactions, charged states, and charge
transfer in amino acid crystals can play a role in the unlock-
ing of amino acid molecules from internal hydrogen bonds.
Consequently, it is interesting to estimate how changes in the
hydrogen bond patterns can influence the electrical charge
of each atom. Among several methods of charge partition-
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FIG. 12. Anhydrous asparagine monoclinic crystal GGA+TS partial den-
sities of states for the carboxyl, COOH lateral chain, and amine groups: s
(dotted, red) and p (solid, black) orbitals.

ing available in the literature, Hirshfeld population analysis
(HPA)%® provides one of the most promising approaches, as
we have pointed out in another paper.?! HPA produces im-
proved Fukui function indices®*~’! capable of predicting re-
activity trends within a molecule better than Mulliken pop-
ulation analysis,72 natural bond orbital analysis,73 and fitted
electrostatic potentials.”* Besides, HPA minimizes the loss of
information related to the formation of chemical bonds be-
tween atoms in a molecule.””7® However, its values tend to
be too small,””-”® as Hirshfeld atoms in general resemble the
neutral atoms.”®-80 This limitation, however, can be amended
using the iterative Hirshfeld charge technique,’® which has
been successfully applied to the solid state®! and the discus-
sion of Fukui functions.®?

In Table II, we present the GGA+TS Hirshfeld charges
(in units of the fundamental charge ¢) of the individual atoms

TABLE II. Hirshfeld atomic charges (in e units) for the L-asparagine
molecule in the anhydrous monoclinic Asn crystal as calculated at the
GGA+TS level.

Atom HGGa + 15 Atom Hgea + 15 Atom HGGa + 15
Cl 0.02 N1 —0.07 H6 0.11
C2 0.16 N2 —0.15 H7 0.10
C3 —0.08 Hl1 0.03 H8 0.10
C4 0.17 H2 0.09 Carb. —0.29
(0| —0.23 H3 0.10 Am. 0.24
02 —0.22 H4 0.04 S.C. —0.01
03 —0.22 H5 0.04




124511-11 Zanatta et al.

and functional groups (carboxyl, amine, side chain) in a sin-
gle asparagine molecule belonging to the anhydrous Asn
monoclinic crystalline phase. They were calculated using the
HPA scheme available in the CASTEP code.*’ One can see
that O1, 02, O3 are the most negatively charged atomic
species (Hirshfeld charges of —0.23, —0.22, and —0.22 e,
respectively). The N2 nitrogen atom belonging to the side
chain is negatively charged (—0.15 ¢), as well as the N1
at the amine group, which exhibits a small negative Hirsh-
feld atomic charge (—0.07 e, like the C3 atom of the side
chain, with —0.08 ¢e). The carboxyl, amine, and side chain
groups have Hirshfeld GGA+TS calculated charges of —0.29
e, 0.24 e, and —0.01 e, respectively, which reveals the dipolar
character of the zwitterionic L-asparagine molecules in the
anhydrous monoclinic crystal.

One can argue that intermolecular interactions involving
hydrogen bonds are somehow responsible for the small neg-
ative charge of the side chain of L-asparagine molecules in
anhydrous monoclinic crystals. As a matter of fact, if we sup-
pose that charged side chains are also present in all amino acid
crystals as it occurs for the isolated amino acid species and
for polypeptides interacting in aqueous environment, then it
seems reasonable to consider that the folded state of proteins
(or their structure-activity relationship) is related to charge
transfer processes occurring at their side chains, which are
affected by the particular combination of hydrogen bonds and
van der Waals forces related to their peptidic backbone. Be-
sides, there is a relationship between charge redistribution
processes due to intermolecular interactions and the com-
plex pattern of the spatially dependent complex function of
proteins.3-3¢ It is not less important to associate changes in
the local pK,, of amino acids in proteins to the charge transfer,
affected by the hydrogen bond pattern, at their side chains.
Within this picture, the crystal field connection with the as-
paragine hydrogen bond unlocking process (see Fig. 1), to-
gether with the charge transfer to the asparagine side chain as
obtained by the GGA+TS calculations (see Table II), suggest
the important role of hydrogen bonds on the protein folding
route and on the inhomogeneous dielectric function. However,
further studies are necessary to fully unveil the role of hydro-
gen bond unlocking in proteins. Under such viewpoint, the
study of the structural and electronic properties of amino acid
crystals is the first step to be taken.'8-22

VI. OPTICAL PROPERTIES

In previous works, the DFT calculated energy band
gaps for monoclinic a-glycine!® and orthorhombic cysteine®
were close to the values obtained from optical absorption
measurements. For the «-glycine crystal, we have found
Eep = 5.11 eV and an indirect DFT gap Eppr = 4.89 eV,
a difference of 0.22 eV (about —4%). For cysteine,
Eexp = 4.68 €V and the smallest calculated gap was indirect,
Eppr = 4.52 eV, the theoretical estimate being smaller than
experiment by only 0.16 eV (about —3%). On the other hand,
for monoclinic anhydrous L-aspartic acid crystals we have ob-
tained Ee, = 5.02 eV and an indirect gap Eppr = 4.49 eV
(0.53 eV or —11% smaller than experiment), while for an-
hydrous monoclinic L-serine crystals, Eeyp, = 5.11 €V, with
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FIG. 13. Comparison between the optical absorption of the anhydrous mon-
oclinic asparagine measured with nonpolarized incident radiation at 300 K
(solid line) and the GGA+TS calculated optical absorption for a polycrys-
talline sample with scissor shift (blue dotted line) and without scissor shift
(red dashed line).

DFT predicting a direct gap Eppr =4.74 eV (0.37 eV or —7%
smaller than experiment). Considering that DFT calculations
typically underestimate band gaps by 50%, our calculated fig-
ures are surprisingly close to the experimental data. For the
L-asparagine crystal, this trend is also verified as the optical
measurements pointed to a band gap of 4.95 eV while the
GGA+TS computations predicted a minimal indirect band
gap of 4.23 eV, a difference of 0.72 eV or —15%. Taking into
account this difference, we have calculated the optical prop-
erties (absorption, dielectric function) for the case of incident
light with polarization and for a polycrystalline sample us-
ing a scissors operator to shift up the theoretical band gap by
0.72 eV (the shift for the A-sol estimate would be almost the
same, (.77 eV). The optical absorption curves with and with-
out the scissor operator in the case of a polycrystal are shown
in Fig. 13, together with the experimental result. As one can
see, the GGA+TS scissor curve is in good agreement with the
measured data.

Figure 14 depicts the optical absorption obtained from
the GGA+TS scissors electronic structure in the case of in-

ABSORPTION (a.u.)

EN
T
1
T

N
—
1
T

0 (A T TP I IS U U IO |

6 8 10 12 14 16 18 20 22 24
ENERGY (eV)

6 8 10 12 14 16 18 20 22 24
ENERGY (eV)

FIG. 14. GGA+TS calculated optical absorption of the anhydrous mono-
clinic asparagine crystal for light polarized along the directions 100, 010,
001, 101, and 023. The optical absorption for the polycrystal is also shown.
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FIG. 15. Real (solid black line) and imaginary (dotted red line) components
of the GGA+TS calculated dielectric function of the anhydrous monoclinic
asparagine crystal for light polarized along the directions 100, 010, 001,
101, and 023. The dielectric function components for the polycrystal are also
shown.

cident light polarized along a chosen set of directions (100,
010, 001, 101, and 023). The absorption curves reveal that
anhydrous monoclinic L-asparagine crystals are remarkably
anisotropic optically. For example, the optical absorption
spectrum for polarization along 100 (which is parallel to the
crystalline intramolecular tunnels, see Fig. 3(d)), for energies
below 8.0 eV, displays a set of very pronounced peaks at
6.0 eV and 7.1 eV, while for the 001 polarization there is a
single absorption peak at nearly 6.9 eV, and for 010 polariza-
tion the optical absorption is very small in the same energy
range. For the 101 direction, which is parallel to the molecu-
lar layers of L-asparagine, the optical absorption for smaller
energies resembles the 100 curve with some degree of atten-
uation. In the case of 023 polarization, which corresponds to
the direction of the hydrogen bond O;- - -N;H; between the
amine and carboxyl groups of neighbor asparagine molecules
inside the unit cell, the absorption curve below 8.0 eV has a
pronounced peak at about 7.0 eV and looks very similar to the
absorption curve for the 001 polarization.

Finally, in Fig. 15 we see the GGA+TS calculated real
and imaginary parts of the dielectric function, €(w) = €(w)
+ iey(w), following the same scheme of polarization direc-
tions of Fig. 14. The imaginary part €, of the dielectric func-
tion is proportional to the optical absorption we have dis-
cussed in the previous paragraph, so we focus now on the
analysis of the real part €. As expected, the real part of dielec-
tric function is very polarization sensitive, as occurred for the
optical absorption. The dielectric function curves for the 100
and 101 polarization directions are considerably more struc-
tured, with a larger number of pronounced maxima and min-
ima in comparison with the 010 case. For the 100 polarization
we have a pronounced maximum for €; at 5.9 eV and a sec-
ondary maximum at 6.7 eV, followed by a minimum at 7.3
eV. One can note that €; becomes negative in the 7.1 eV-7.6
eV energy range, and above 16.0 eV (the negative sign means
that the molecular induced dipoles are oscillating out of phase
with respect to the electric field). In the case of 010 polar-
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ization, € is practically constant (approximately 2.15) in the
2.0-6.5 eV energy range, increases slightly to 3.30 for ener-
gies between 6.5 eV and 9.1 eV, and then falls off, becoming
negative at 14.3 eV and above 16.9 eV. The real part of the di-
electric function for 001 polarization has its main maximum
at 8.1 eV, assuming negative values for energies larger than
16.0 eV only. The €; curve in the 101 polarization plot has
a maximum at 5.9 eV and a minimum at 7.3 eV, as for the
100 case. Finally, for light polarized along 023, €, looks very
similar to the 001 curve, as well as €, for a polycrystalline
sample.

Vil. CONCLUSIONS

The anhydrous monoclinic L-asparagine crystal was
studied in this work as a new contribution to obtain a complete
picture of the properties of amino acids in the solid state. The
optical absorption of its powder was measured and its struc-
tural, electronic, and optical properties were computed using
the DFT-GGA+TS dispersion corrected exchange-correlation
functional. An indirect band gap of 4.95 eV was estimated
from the optical absorption data, suggesting that L-asparagine
crystals can behave as a wide band gap semiconductor or in-
sulator depending on the effective mass-related electrical mo-
bility of their charge carriers.

As for the DFT-GGA+TS calculations, a convergence
study was carried out to ensure the quality of the geome-
try optimization procedure. The calculated unit cell param-
eters showed very small deviations in comparison with X-ray
diffraction data: Aa = 0.020 A, Ab = 0.051 A, Ac = 0.022
A, AB = —0.420°, when a 830 eV cutoff energy for the plane
wave basis set was employed. Unit cell parameters calculated
using the Grimme dispersion correction scheme were as good
as the values obtained using the GGA+TS approach. The unit
cell total energy variation as a function of the lattice parame-
ter revealed that the unit cell is less stiff along the b direction.

The electronic band structure, partial density of states,
carrier effective masses, Hirshfeld charges, and optical prop-
erties (absorption and dielectric function) for the L-asparagine
crystal were obtained after the unit cell with minimal to-
tal energy was achieved. Its electronic band structure exhib-
ited a 4.23 eV indirect band gap for both the Z — I, 8
transitions, and three close indirect band gaps of 4.30 eV
(a3 —> 1"),4.32eV (¢ — TI'), and 4.36 eV (ap; — TI'). After
applying the A-sol gap correction scheme, the main gap in-
creases to 5.00 eV, almost matching the experimental gap esti-
mate. The O 2p carboxyl and the C4 side chain, C2 p carboxyl
orbitals contributed most significantly to the highest valence
and lowest conduction energy bands, in this order. A compar-
ison between the HOMO-LUMO gaps between molecular as-
paragine and other four amino acids (aspartic acid, histidine,
proline, and tryptophan) reinforced the need to take into ac-
count intermolecular interactions to describe adequately the
observed band gap differences among amino acid crystals.
In particular, the HOVB and LUCB orbitals in L-asparagine
crystals exhibit a structure which resembles more closely the
HOMO and LUMO states of L-asparagine in vacuum than
those of L-asparagine in water, notwithstanding the fact that
only the water solvated form is zwitterionic as in the crystal.
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On the other hand, effective mass values pointed to
anisotropic hole effective masses ranging from 1.60 mq (at
the o) point along the D — I" path) to 14.1 my (at Z along a
direction perpendicular to the planes of L-asparagine approx-
imately aligned to the 101 direction) free electron masses.
For electrons, the effective mass is more isotropic, varying
from 2.62 mg (at I, along I' — Z) up to 10.4 my (at B, along
the perpendicular to the L-asparagine 101 planes). From the
calculated carrier effective masses, it seems that for most di-
rections the anhydrous monoclinic L-asparagine crystals can
behave as a semiconductor, the exception being the trans-
port between parallel molecular planes, which has large ef-
fective masses and then suggests an insulator character. From
the charge population analysis, it was inferred that the Ol,
02 (carboxyl), and O3 (side chain) atoms are the most neg-
atively charged, followed by the N2 atom and the C3 atom,
while the largest positive charge was observed for the C4 and
C2 atoms (side chain and carboxyl groups), followed by H6,
H7, H8 (amine group hydrogens), and H3. Finally, the opti-
cal properties (absorption and dielectric function) displayed
a very strong anisotropy to the incidence of polarized light,
with more structured curves for the 100 and 001 polarization
directions.
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PACS numbers:

Electronic Density of States plots and tables presenting the fractional atomic coordinates, some selected bond
lengths, bond angles and torsion angles, as well as hydrogen bond related lengths and angles for the calculated
(GGA+TS and LDA) and the experimental data for L-asparagine crystals are included here as supporting information.

TABLE I: Atomic fractional coordinates (z,y,z) obtained using the GGA+TS, LDA exchange-correlation functional and a plane
wave basis cutoff energy of 830 eV for the L-asparagine crystal. The experimental values of Yamada et al. [1] are also shown
for comparison.

Atom GGA+TS LDA EXP
z y z x Y z x y z
C1 0.1697 0.2064 0.3074 0.1723 0.2083 0.3072 0.1734 0.2065 0.3083
C2 0.0514 0.1613 0.4779 0.0586 0.1670 0.4805 0.0645 0.1617 0.4803
C3 0.2546 0.0127 0.2228 0.2558 0.0066 0.2262 0.2553 0.0114 0.2244
C4 0.3139 0.0403 0.0405 0.3159 0.0351 0.0425 0.3218 0.0440 0.0438
H1 0.0168 0.2793 0.2315 0.0104 0.2805 0.2275 0.0340 0.2730 0.2370
H2 0.1343 0.1070 -0.1862 0.1385 0.1079 -0.1921 0.1510 0.1120 -0.1710
H3 -0.0821 0.0710 -0.0182 -0.0904 0.0658 -0.0200 -0.0510 0.0790 -0.0220
H4 0.4279 -0.0514 0.2858 0.4350 -0.0595 0.2938 0.4200 -0.0490 0.2830
H5 0.0908 -0.0925 0.2334 0.0853 -0.1025 0.2365 0.1020 -0.0840 0.2310
H6 0.3367 0.4702 0.4003 0.3434 0.4808 0.3981 0.3530 0.4510 0.3910
H7 0.5606 0.2798 0.3792 0.5745 0.2794 0.3781 0.5630 0.2870 0.3800
HS8 0.4404 0.4105 0.2098 0.4428 0.4169 0.2002 0.4580 0.3930 0.2120
N1 0.3943 0.3492 0.3249 0.4009 0.3530 0.3210 0.4009 0.3459 0.3248
N2 0.1061 0.0760 -0.0614 0.1057 0.0720 -0.0632 0.1172 0.0801 -0.0601
01 0.2042 0.1483 0.6014 0.2183 0.1570 0.6062 0.2240 0.1487 0.5998
02 -0.1969 0.1362 0.4757 -0.1950 0.1407 0.4812 -0.1823 0.1359 0.4823
03 0.5445 0.0303 -0.0109 0.5533 0.0257 -0.0077 0.5526 0.0384 -0.0034




TABLE II: L-asparagine crystal bond lengths (BLs) and angles (ANGs) in the unit cell: GGA+TS, LDA calculated and
experimental values of Yamada et al. [1].

Fragment GGA+TS LDA EXP

BL (A) ANG (deg) BL (A) ANG (deg) BL (A) ANG (deg)
ABC A-B B-C ABC A-B B-C AB-C A-B B-C AB<C
H6NTHS 1.06 1.05  105.92 1.07 1.07  105.50 092 1.01  111.63
H6N1H7 1.06 1.05  109.39 1.07 1.07  109.50 0.92 1.00  105.72
H6N1C1 1.06 1.50  109.21 1.07 1.47  108.64 0.92 149  108.43
H8N1H7 1.05 1.05  110.56 1.07 1.07  111.87 1.01 1.00  105.60
H8N1C1 1.05 1.50  110.80 1.07 1.47  110.86 1.00 1.49  114.48
H7N1C1 1.05 1.50  110.80 1.07 1.47  110.31 1.00 1.49  114.48
H2N2H3 1.04 1.03  118.99 1.06 1.04  119.96 0.94 091  121.28
H2N2C4 1.04 1.35  120.27 1.06 1.33  119.80 0.94 1.33  118.54
H3N2C4 1.03 1.35  120.73 1.04 1.33  120.24 0.91 1.33  120.12
N1C1H1 1.50 1.10  107.02 1.47 1.10  107.97 1.49 1.00  107.63
N1C1C2 1.50 1.55  110.73 1.47 1.52  110.73 1.49 1.54  109.89
N1C1C3 1.50 1.54  111.55 1.47 1.52  111.34 1.49 1.53  110.87
HICIC2 1.10 1.55  107.58 1.10 1.52  107.63 1.00 1.54  109.79
H1C1C3 1.10 1.54  109.57 1.10 1.52  109.26 1.00 1.53  108.76
C2C1C3  1.55 1.54  110.25 1.52 1.52  109.81 1.54 1.53  109.86
01C202 1.25 1.27  126.74 1.25 1.26  126.04 1.24 1.26  127.00
01C2C1 1.25 1.55  118.43 1.25 1.52  118.68 1.24 1.54  118.07
02C2C1  1.27 1.55  114.51 1.26 1.52  115.25 1.26 1.54  114.89
C1C3H4 1.54 1.10  111.05 1.52 1.10  110.99 1.53 1.03  111.04
C1C3H5 1.54 1.10  107.08 1.52 1.11  107.69 1.53 1.01  107.37
C1C3C4 1.54 152  112.86 1.52 1.50  111.36 1.53 1.52  111.71
H4C3H5 1.10 1.10  108.13 1.10 1.11  108.30 1.03 1.01  109.94
H4C3C4 1.10 1.52  108.83 1.10 1.50  109.33 1.03 1.52  107.24
H5C3C4 1.10 1.52  108.74 1.11 1.50  109.09 1.01 1.52  109.95
C3C4N2 152 1.35  116.35 1.50 1.33  116.73 1.52 1.33  115.90
C3C403 1.52 1.25  121.39 1.50 1.25  121.26 1.52 1.24  121.82
N2C403 1.35 1.25  122.25 1.33 1.25  122.00 1.33 1.24  122.28

TABLE III: L-asparagine crystal torsion angles (in degrees): GGA+TS, LDA calculated

et al. [1].

and experimental values of Yamada

TORSION ANG  GGA+TS LDA EXP
N1-C1-C2-01 -37.143 -36.690 -36.1 (2)
C3-C1-C2-01 86.795 86.665 86.1 (2)
N1-C1-C2-02 144.536 145.038  145.97 (16)
C3-C1-C2-02 -91.526 -91.607  -91.81 (18)
N1-C1-C3-C4 -69.673 -68.514  -67.71 (17)
C2-C1-C3-C4 166.865 168.490 170.64 (14)
C1-C3-C4-03 109.530 108.777  107.35 (19)
C1-C3-C4-N2 -70.397 -70.763 -72.2 (2)




TABLE IV: L-asparagine crystal hydrogen bond related lengths (in A) and angles (ANGs, in degrees) in the unit cell: GGA+TS,
LDA calculated and experimental values of Yamada et al. [1].

Hydrogen Bonds N-H H..O N—O ANG
N-H ..O GGA+TS GGA+TS GGA+TS GGA+TS
N1-H6 ...02 1.064 1.074 0.92 (4) 1.672 1.604 1.83 (4) 2.725 2.661 2.741 (2) 169.593 166.643 167 (3)
N1-H7 ...02 1.053 1.068 1.00 (3) 1.739 1.645 1.82 (3) 2.785 2.704 2.807 (2) 171.387 170.374 169 (3)
N1-H8 ...03 1.049 1.067 1.01 (3) 1.801 1.675 1.94 (3) 2.839 2.730 2.908 (2) 169.169 169.373 159 (3)
(3) (3) (19 (3)
(3) (3) (2) (2)

N2-H2 ...01 1.042 1.060 0.94 1.782 1.683 1.91 2.823 2.741 2.8456 ) 175.644 174.982 174
N2-H3 ...03 1.026 1.039 0.92 1.920 1.786 2.03 2.909 2.796 2.921 160.907 162.876 163
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FIG. 1: Partial density of states showing the s state and p state contributions of each atom at the bottom of the conduction
band (energy range between 4.1 and 5.1 eV).
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FIG. 2: Partial density of states showing the s state and p state contributions of each atom at the conduction band (energy
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between -5.4 and -2.5 eV).
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10. Lista de Figuras

Figura 1: Regulacdo da enzima adenilato ciclase pelos receptores de dopamina. Receptores da
subfamilia D1 estdo associados a subunidades estimulatorias (Gs), modulando positivamente a
atividade da enzima adenilato ciclase. Os membros da subfamilia D2 estdo associados a proteina
G inibitoria (Gi), promovendo a inibicdo da adenilato ciclase.

Figura 2: Vias dopaminérgicas no SNC: 1) Via mesolimbica; 2) via mesocortical; 3) via
nigroestriatal; e, 4) via tuberoinfundibular.

Figura 3: Arvore evolutiva dos receptores acoplados a proteina G. Os receptores de dopamina
da subfamilia 1 e 2 estdo destacados em vermelho e azul, respectivamente. Adaptado de Graham
(2009), p. 52 (GRAHAM, 2009).

Figura 4: Dados cristalograficos do receptor humano de dopamina co-cristalizado com o
antagonista eticloprida. (a) Modelo de representagéo espacial do antagonista eticloprida ligado
ao receptor D3. (b) Sitio de ligacdo da eticloprida. (c) Residuos de contato elucidados na analise
dos dados cristalograficos PDBID: 3PBL. ECL1, ECL2 e ECL3: Alga extracelular 1, 2 e 3,
respectivamente. ICL1, ICL2 e ICL3: Alca intracelular 1, 2 e 3, respectivamente. TM1, TM2,
TM3, TM4, TM5, TM6 e TM7: Hélice transmembrana 1, 2, 3, 4, 5, 6 e 7, respectivamente.
Figura adaptada de Chien e colaboradores (2010) (CHIEN, E. Y. T. et al., 2010).

Figura 5: Estrutura molecular do antipsicotico tipico (a) haloperidol, C»H,3CIFNO,; e, atipicos
(b) risperidona, Cy3H,7FN4O,, e (c) eticloprida, C;17H25CIN,Os.

Figura 6: Hip6tese de mecanismo de atipicidade dos antipsicdticos. Antipsicoticos tipicos
ligam-se com alta afinidade ao receptor de dopamina e mantém-se ligados por um longo
periodo, de forma a aumentar a ocupacao dos receptores e provocar sintomas extrapiramidais
(SEP). Antipsicéticos atipicos ligam-se com menor afinidade ao receptor de dopamina e por
isso sdo facilmente dissociados. Este mecanismo promove a agdo terapéutica dos agentes
atipicos com a redugdo/auséncia da manifestacdo de SEP devido ao rapido restabelecimento da
sinalizacdo dopaminérgica basal.

Figura 7: Superficie de potencial eletrostatico do receptor D3. (A) Representagdo da densidade
eletrénica dos residuos de amino&cidos localizados na abertura da cavidade do sitio de ligacao.
Os caélculos foram realizados sem a presenca do antipsicotico eticloprida, o qual foi
posteriormente inserido para auxiliar a visualizagéo das regides de interacdo do sitio de ligacao.
(B) Representacdo da densidade eletrdnica calculada na presenca da eticloprida no sitio de
ligacdo, conforme dados estruturais (PDBID: 3PBL). A superficie do receptor foi colorida
conforme a densidade de elétrons no sistema, sendo que as regibes em vermelho (azul)
representam areas de maior (menor) densidade eletrénica. As energias de interacdo individual
de alguns residuos sdo exibidas em kcal/mol e foram calculadas utilizando-se a DFT com o
funcional GGA-TS.

Figura 8: Fluxograma mostrando as etapas preparagdo e refinamento da estrutura
tridimensional contendo o antipsicotico ligado ao receptor de dopamina D3.

Figura 9: Superficie de potencial eletrostatico do receptor D3. (A) Representagdo da densidade
eletrénica dos residuos de aminoécidos localizados na abertura da cavidade do sitio de ligagao.
Os célculos foram realizados sem a presenca do antipsicotico haloperidol, o qual foi
posteriormente inserido para auxiliar a visualizagéo das regides de interacdo do sitio de ligacao.
(B) Representagdo da densidade eletrénica calculada na presenca do haloperidol no sitio de
ligacdo. A superficie do receptor foi colorida conforme a densidade de elétrons no sistema,
sendo que as regides em vermelho (azul) representam areas de maior (menor) densidade
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eletrbnica. As energias de interacdo individual de alguns residuos sdo exibidas em kcal/mol e
foram calculadas utilizando-se a DFT com o funcional GGA-TS.

Figura 10: Superficie de potencial eletrostatico da estrutura D3-RO1. (A) Representacdo da
densidade eletrénica de residuos de aminoécidos localizados no sitio de ligacdo. Os célculos
foram realizados sem a presenca da risperidona, a qual foi posteriormente inserida para auxiliar
a visualizagdo das regides de interagcdo do sitio de ligacdo. (B) Representacdo da densidade
eletrbnica calculada na presenca da risperidona no sitio de ligagdo, de forma a ressaltar as
alteracdes na densidade eletrdnica do sitio quando da ligacdo deste antipsicético. A superficie
do receptor foi colorida conforme a densidade de elétrons no sistema, sendo que as regides em
vermelho (azul) representam areas de maior (menor) densidade eletrénica. As energias de
interacdo individual de alguns residuos sdo exibidas em kcal/mol e foram calculadas utilizando-
se a DFT com o funcional GGA-TS.

Figura 11: Superficie de potencial eletrostatico da estrutura D3-RO2. (A) Representacdo da
densidade eletronica de residuos de aminoacidos localizados no sitio de ligagdo. Os calculos
foram realizados sem a presenca da risperidona, a qual foi posteriormente inserida para auxiliar
a visualizagdo das regides de interagdo do sitio de ligacdo. (B) Representacdo da densidade
eletronica calculada na presenca da risperidona no sitio de ligacdo, de forma a ressaltar as
alteracdes na densidade eletrénica do sitio quando da ligacdo deste antipsicotico. A superficie
do receptor foi colorida conforme a densidade de elétrons no sistema, sendo que as regides em
vermelho (azul) representam areas de maior (menor) densidade eletrénica. As energias de
interacdo individual de alguns residuos séo exibidas em kcal/mol e foram calculadas utilizando-
se a DFT com o funcional GGA-TS.

Figura 12: Abertura da cavidade do sitio de ligagdo do receptor D3 exibindo o antipsicotico em
seu interior. (a) Eticloprida posicionada no sitio primario, com a porcéo pirrolidina (regido 1)
voltada para a abertura; (b) haloperidol posicionado ao longo do sitio primério e porcdo do
secundario, com o fragmento clorofenil (regido 1) voltada para a abertura da cavidade; (c)
risperidona (RO1) posicionada no sitio primario e secundario e com a porcéo tetrahidropirido-
pirimidinona (regido 4) voltada para a superficie; (d) risperidona (RO2), também posicionada no
sitio primério e secundario, liga-se com a porgdo fluor-benzoxazol (regido 1) voltada para a
abertura do sitio de ligacdo. A superficie do receptor foi colorida conforme a carga parcial dos
atomos do sistema, sendo que as regides em vermelho (azul) representam areas de maior
(menor) densidade eletronica.

Figura 13: Perfil de variacdo de energia em funcgdo do raio analisado. Os valores de energia
exibidos foram obtidos utilizando-se o nivel de teoria DFT com o funcional GGA-TS durante os
calculos envolvendo: dados cristalograficos da estrutura Eticloprida-D3; e, ambas a estruturas
refinadas (QM/MM) do Haloperidol-D3; as estruturas refinadas (QM/MM) da Risperidona-D3,
ROl e RO2.

Figura 14: Interacdo dos antipsicotiocs Eticloprida, Haloperidol e Risperidona (RO1 e RO2)
com as porgdes (hélices e alcas) do receptor de dopamina humano D3. Relacdo obtida
utilizando-se os dados cristalograficos contendo a eticloprida e estruturas refinadas pelo método
QM/MM contendo os antipsicéticos haloperidol e risperidona (RO1 e RO2).

Figura 15: Esquema de MFCC com o efeito de blindagem: (A) Ligante, residuo de interesse e
residues de blindagem com seus respectivos caps conjugados; (B) residuo de interesse e
residues de blindagem com seus respectivos caps conjugados; (C) Ligante e caps conjugados;
(D) caps conjugados. Ligante, residuos de aminoacidos de interesse, residuos de blindagem e
caps estdo representados por M, Ri, Rb e Ci,b, respectivamente.
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Figura 16: Esquema de MFCC abrangendo somente os residues de blindagem: (A) ligante e
residuos de blindagem com caps conjugados; (B) residuos de blindagem com caps conjugados;
(C) ligante e caps conjugados; (D) caps conjugados. Ligante, residuos de blindagem e caps
estdo representados por M, Rb e Cb, respectivamente.

Tabela 1: Comparacdo entre a energia de interacdo de alguns residuos de aminoacido
formadores do sitio de ligacdo secundéario e os antipsicéticos haloperidol e risperidona — RO1 e
RO2. Energia representada em kcal/mol e calculada através do funcional GGA-TS. TM1, TM2
e TM7 representam hélice transmembrana 1, 2 e 7, respectivamente. ECL2 representa alca
extracelular 2.

Tabela 2: Energia de interacdo calculada entre os antipsicoticos Eticloprida, Haloperidol e
Risperidona (RO1 e RO2). Energia representada em kcal/mol e calculada atraves do funcional
GGA-TS. TM1-7 representam hélice transmembrana 1-7, respectivamente. ECL2 representa
alca extracelular 2.
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