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RESUMO
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Universidade Federal de Santa Maria

ESTUDOS TEORICOS E DE MODELAGEM MOLECULAR IN SILICO
APLICADOS A INTERACAO ENTRE A ENZIMA DELTA-
AMINOLEVULINATO DESIDRATASE E DISSELENETOS DE DIARILA
AUTOR: ROGERIO DE AQUINO SARAIVA
ORIENTADOR: JOAO BATISTA TEIXEIRA DA ROCHA, DR.

Data e Local da Defesa: Santa Maria, 06 de maio de 2013.

A enzima d-aminolevulinato desidratase (6-ALA-D) é uma metaloproteina essencial
em varios processos bioldgicos, uma vez que é responsavel por catalisar a formacdo de
porfobilinogénio (PBG), um precursor dos tetrapirrolicos (heme, clorofila). Esta enzima é
sensivel a metais pesados e outros pré-oxidantes e, dessa forma, tem sido classicamente usada
como um marcador na intoxica¢do por chumbo. Estudos in vitro e in vivo tém demonstrado
que o organocalcogénio disseleneto de difenila [(PhSe),] pode ser um farmaco promissor por
demonstrar varias atividades bioldgicas, incluindo antioxidante, neuroprotetora, anti-
inflamatoria, anti-aterosclerética e outras. Por outro lado, o (PhSe), e anadlogos também sé&o
toxicos por inibir a atividade de enzimas sulfidrilicas, incluindo a 3-ALA-D. Baseados em
dados experimentais, tem-se especulado que a inibigdo da 3-ALA-D de mamiferos pode
ocorrer via oxidacao de dois tiois vizinhos localizados no centro ativo da enzima. No entanto,
ndo se tinha conhecimento de nenhum estudo baseado em modelagem molecular com o
intuito de explicar esta interacdo de forma mais detalhada. Diante disso, objetivamos
compreender essas interagfes a partir da modelagem molecular in silico, que consiste em
métodos tedricos aplicados para representar ou mimetizar o comportamento e interacdo de
ligantes e enzimas a partir de informagdes sobre os requisitos estruturais e termodinamicos
essenciais. Os estudos de docking molecular indicaram um papel importante das interagdes -
n envolvendo Phe208 e cation-n envolvendo Lys199 e Arg209 e anéis aromaticos do (PhSe)2
e analogos bis 4-(clorofenil) disseleneto, bis 4-(metoxifenil) disseleneto e bis 3-
[trifluorometil(fenil)] disseleneto. Estas interagdes permitem uma aproximacgdo entre atomos
de Se do composto e —SH da Cys124 (3.3 — 3.5 A). Os analogos também interagem de forma
semelhante com o sitio ativo da 8-ALA-D. De acordo com o método MFCC (Fracionamento
Molecular com Capas Conjugadas), foi possivel observar interacdes envolvendo o (PhSe); e
residuos posicionados até uma distancia de 8,5 A do centroide do ligante. Phe79, Cys122,
Cysl124, Prol25, Aspl120, Lys199, Lys252 e Cys132 demonstraram as maiores energia de
interacdo (atrativa) com o (PhSe),. O modelo molecular representado esta em conformidade
com ensaios in vitro e fornece informacgdes importantes que reforcam o mecanismo de
inibicdo especulado. Os grupos fenil do (PhSe), sdo fortemente atraidos por residuos
aromaticos e carregados positivamente presentes no sitio ativo da 3-ALA-D. Dessa forma,
permite-se a aproximacao da porcéo eletrofila Se—Se ao grupos nucleéfilos —S™ dos residuos
Cysl122, Cysl124 e Cys132, facilitando a liberacdo de Zn(ll), a oxidacdo dos tiolatos e a
formacgdo de duas moléculas de fenilselenol (PhSeH), levando a consequente inibicdo da
atividade da enzima.

Palavras-chave: toxicologia molecular, organocalcogénios, porfobilinogénio sintase,
oxidag&o de tiois, tetrapirrdlicos, docking molecular, bioguimica quéantica.
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IN SILICO THEORETICAL AND MOLECULAR MODELING STUDIES
APPLIED TO THE BINDING AFFITY OF DIARYL DISELENIDES TO
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Delta-aminolevulinic acid dehydratase (3-ALA-D) is an essential metalloprotein found
in several biological processes, since it is able to catalyze the formation of porphobilinogen
(PBG), a precursor monopyrol of tetrapyrroles (heme and chlorophyll). This enzyme is
sensible to heavy metals and other pro-oxidant agents and, consequently, it has been
classically used as a protein marker for lead intoxication. Both in vitro and in vivo studies has
shown that the organochalcogen diphenyl diselenide [(PhSe).] could be a promising drug due
to present antioxidant, neuroprotective, anti-inflammatory, anti-atherosclerotic and other
activities. Contrariwise, (PhSe), could also be toxic because it can inhibit the activity of
important sulfhydryl enzymes, including 5-ALA-D. Regarding some experimental data, it has
been speculated that mammalian 8-ALA-D inhibition can occur via the oxidation of two
vicinal thiols located in it active center site. However, no molecular model had been proposed
in order to explain this interaction with details. Thus, we aimed to get a further understanding
about the interaction involving 6-ALA-D and diselenides using in silico molecular modeling
methods, which are consisted in theoretical methods applied in to represent or mimic the
behavior and interaction of ligands and enzymes from their structural and thermodynamic
information. Docking simulations indicated an important role for n-n interactions involving
Phe208 and cation-mt interactions involving Lys199 and Arg209 residues with the aromatic
ring of (PhSe), and analogs bis 4-(clorophenyl) diselenide, bis 4-(methoxyphenyl)diselenide
and bis 3-(trifluorometil(phenyl)diselenide. These interactions allowed an approximation
between Se atoms and —SH of Cys124 (3.3 — 3.5 A). The analogs interacted similarly with the
active site of 6-ALAD. According to the quantum method MFCC (Molecular Fractionation
with Conjugated Caps), interactions involving (PhSe), could occur up to 8.5 A distance from
the centroid of active site. Phe208, Phe79, Cys122, Cys124, Pro125, Asp120, Lys199, Lys252
and Cys132 displayed strong attraction energy to (PhSe),. The representative molecular
model is in accordance with in vitro assays and gives mechanistic support to previous
speculative mechanism of inhibition. Phenyl moieties in (PhSe), can be strongly attracted by
aromatic and positive charged residues from J8-ALA-D active site. This allows the
approximation of the reactive electrophile moiety Se-Se to the nucleophile —S- groups from
Cys122, Cys124 and Cys132, facilitating the release of coordinated Zn(ll), thiol oxidation and
formation of 2 molecules of phenylselenol (PhSeH). In conclusion, the presence of aromatic
moieties in (PhSe), and its reactive electrophile moiety Se-Se are crucial to 3-ALA-D
inhibition, which leads to thiol oxidation and consequent impairment of its activity.

Keywords: molecular toxicology, organochalcogens, porphobilinogen synthase, thiol
oxidation, tetrapyrroles, molecular docking, quantum biochemistry.
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GGA — Aproximacdo do gradiente generalizado (do inglés Generalized gradient
approximation)

H- operador hamiltoniano

ICs0 — concentragdo inibitéria mediana (do inglés median inhibition concentration)

J —joule(s)

K — kelvin

kcal/mol ou kcal.mol™ — quilocaloria(s) por mol

L — litro(s)

LDso — dose letal mediana (do inglés median lethal dose)

LDA — Aproximacao de Densidade Local (do inglés Local Density Approximation)

m — metro(s)

M — molar (ou mol/L)

(mCF3PhSe), — bis [(3-trifluormetil(fenil)] disseleneto

MFCC - fracionamento molecular com capas conjugadas (do inglés molecular
fractionation with conjugated caps)

mg — miligrama(s)

mg/kg ou mg kg — miligrama por quilograma de massa corpérea

mol — mol



mol/L ou mol.L™ — mol por litro

MOPAC — Pacote de Orbital Molecular (do inglés Molecular Orbital Package)

nmol — nanomol

P — cadeia lateral propidnica

PBG — porfobilinogénio

PBG-D — porfobilinogénio deaminase

PBGS - porfobilinogénio sintase

(pCH3OPhSe), — bis (4-metoxifenil) disseleneto

(pCLPhSe), — bis (4-clorofenil) disseleneto

PDB — Banco de Dados de Proteinas (do inglés Protein Data Bank)

PhSeSePh — disseleneto de difenila

(PhSe), — disseleneto de difenila

PhSeH — fenilselenol

pK, — antilogaritmo da constante de equilibrio

pH — potencial hidrogenio6nico, antilogaritmo da concentracdo de cation hidrogénio

PM3 — Método de Parametrizacdo 3 (do inglés Parametric Method 3)

QM — mecénica quéntica (do inglés quantum mechanics)

QM/MM - mecénica quantica/mecanica molecular (do inglés quantum
mechanics/molecular mechanics)

QSAR - relacdo quantitativa entre estrutura quimica e atividade (do inglés Quantitative
structure-activity relationship)

R, — coeficiente de correlagdo linear

R-L — receptor-ligante

RMSD - desvio médio da raiz quadrada (do inglés root mean square deviation)

ROS - espécie reativa de oxigénio (do inglés reactive oxygen specie)

s — segundo(s)

sitio A — sitio acético

sitio P — sitio propidnico

SOD - superoxido dismutase

TG —triglicerideo

UFF — campo de forca Universal (do inglés Universal force field)

o —alfa

B — beta

Y — gama
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€ — épsilon

€ — constante dielétrica

[ — micro

ug — micrograma

uL — microlitro
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APRESENTACAO

No item INTRODUCAO ¢ apresentada uma revisio sucinta da literatura sobre os
temas trabalhados nesta tese.

A metodologia realizada e os resultados obtidos que compfem esta tese estdo
apresentados sob a forma de artigos e manuscrito, 0s quais se encontram no item
RESULTADOS. Nestes artigos constam as secOes: Materiais e Métodos, Resultados,
Discusséao e Referéncias Bibliogréaficas.

Os itens DISCUSSAO E CONCLUSOES, encontradas no final desta tese,
apresentam descri¢des, interpretacdes e comentarios gerais sobre os artigos cientificos
incluidos neste trabalho.

As REFERENCIAS BIBLIOGRAFICAS referem-se somente as cita¢des que
aparecem nos itens INTRODUCAO, DISCUSSAO e CONCLUSOES desta tese.
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1 INTRODUCAO

1.1 ENZIMA DELTA-AMINOLEVULINATO DESIDRATASE: GENERALIDADES

As porfirinas sdo uma classe especial de moléculas organicas essenciais a execucao de
varios processos biologicos vitais nos seres vivos (MOCHIZUKI et al., 2010). Estes
compostos atuam como coenzimas ou grupos prostéticos de proteinas e, quimicamente, sao
constituidos por quatro anéis pirrdis modificados, geralmente interconectados por ligacbes
metinicas (=CH-) e uma regido central contendo um ion metalico bivalente [Fe(ll), Mg(ll),
Co(Il), Ni(ID] (JAFFE, 2003; HEINEMANN et al., 2008). Como exemplos mais comuns
desta classe de biomoléculas, podemos citar a heme (uma ferroporfirina, figura 1-A), a
clorofila (uma magnésio-porfirina, figura 1-B) e a vitamina B12 (uma cobalto-porfirina,
figura 1-C).

A heme é um dos grupos prostéticos de proteinas mais importantes, podendo estar
envolvida no transporte de oxigénio (hemoglobina e mioglobina), transporte de elétrons
(citocromos a, b e c), biotransformacgdo de xenobidticos (citocromo P450) e nos sistemas de
protecdo contra perdxidos (catalases e peroxidases) (JAFFE et al., 1995). Ja a clorofila, de
exclusividade dos organismos fotossintetizantes, é responsavel pela absorcdo de luz para

obtencdo de energia e producdo de moléculas organicas (MOCHIZUKI et al., 2010).

C H,NOG
/)

R = 5'-desoxiadenosil, Me, OH, CN

Figura 1 — Estrutura quimica de porfirinas: heme B (A); clorofila a (B) e vitamina By, (C).
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A biossintese das porfirinas (e de outros compostos tetrapirrolicos) requer, no geral, a
atividade coordenada de mais de dez enzimas diferentes (Figura 2), incluindo a enzima delta-
aminolevulinato desidratase (6-ALA-D) ou porfobilinogénio sintase (EC 4.2.1.24). A 5-ALA-
D é uma metaloenzima responsavel pela sintese de porfobilinogénio (PBG), um monopirrol
precursor comum na rota biossintética de todos os compostos tetrapirrélicos, via condensacdo
assimétrica unica de duas moléculas de &cido -aminolevulinico (-ALA) e perda de duas
moléculas de dgua (AJIOKA et al., 2006; NOGUEIRA & ROCHA, 2011). Essa enzima foi
isolada pela primeira vez na década de 1950 (DRESEL & FLAK, 1953; GIBSSON et al.,
1955).

H Porfobilinogénio Uroporﬁnnogenlo

Glutamato -ALA-D descarboxilase lll-sintase
V|a C-5
H, COH
H ‘ E: ! Slroheme
CO,
H % aée g —’ Fuo
=5 gV «\\(\
Succinil- PN
CoA —_ Vitamina B,,
+

Glicina H)J’\OO}-I Pré- uroporflrmogemo Uroporflnnogenlo 1

Uroporfirinogénio 4CO,
Ill-decarboxilase

2

: Protoporfirinogenio M Coproporfirinogénio
Clorofila e IX-oxidase lll-oxidase
bacterioclorofila P
Heme 40— M 3HO M
Protoporfirina IX Protoporfmnogenlo IX Coproporfirinogénio 111

Figura 2 — Rota biossintética dos tetrapirrélicos. Os nomes das enzimas estdo apontados sobre as setas. No
retdngulo preto, é destacada a enzima 3-ALA-D. A: cadeia lateral acética;P: cadeia lateral propi6nica; M: grupo
metil; V, grupo vinil; ALA: acido d-aminolevulinico; PBG: porfobilinogénio. Adaptado de Heinemann et al.
(2008).

1.1.1 Estrutura e catalise da enzima 6-ALA-D

Do ponto de vista estrutural, a 3-ALA-D pode existir, em condi¢@es de equilibrio, nas
formas octaméricas de alta atividade (com peso molecular entre 280 a 300 kDa), formas
hexaméricas de baixa atividade e configuracbes diméricas alternadas intermediérias
(LAWRENCE & JAFFE, 2010), com um sitio ativo por dimero (Figura 3). O sitio ativo
apresenta uma configuracdo tridimensional do tipo TIM-barril (ou a/p barril), onde ocorre o

acesso das duas moléculas de 3-ALA.
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No geral, o sitio ativo da 6-ALA-D dos seres vivos ¢ bastante conservado. A 6-ALA-D
proveniente de animais, leveduras e de algumas bactérias € uma enzima dependente de zinco
(CHEH & NEILANDS, 1973; FINELLI et al., 1974), tendo sido demonstrado o envolvimento
de residuos de cisteina na unido deste metal (DENT et al., 1990; MITCHELL & JAFFE,
1993; SPENCER & JORDAN, 1994). A enzima proveniente de vegetais, apesar de possuir
uma similaridade de 35-50% com a 6-ALA-D de outros organismos, apresenta como
importante diferenca estrutural a presenca de ions magnésio (ao invés de zinco) coordenados a
residuos de acido aspartico (ao invés de residuos de cisteina) (SHIBATA & OCHIAI, 1977,
TOMAI et al., 1979; BOESE et al., 1991; SCHAUMBURG et al., 1991).

Nos animais e fungos, a 6-ALA-D é encontrada no citosol e a fonte do substrato 5-
ALA é mitocondrial (sintetizado a partir de glicina e succinil-CoA, via enzima ALA sintase).
Ja nos organismos eucariontes e fotossintetizantes (plantas), tanto a 6-ALA-D quanto o
substrato 8-ALA sdo encontrados no estroma de plastideos (cloroplastos), onde a reacdo
acontece (nesse caso, o substrato 6-ALA € sintetizado a partir de um glutamato carreado por
um RNA de transferéncia RNACS"Y) (HAMEL et al., 2009; MOCHIZUKI et al., 2010). As
demais reacdes da biossintese das porfirinas sdo comuns a todos 0s organismos.

A ordem e os detalhes dos eventos quimicos envolvidos na sintese de PBG pela 6-
ALA-D tem sido amplamente avaliados por metodologias variadas, incluindo cinética
enzimatica, mutagénese direcionada ao sitio, analises das interagdes do substrato 8-ALA em
diferentes estruturas cristalograficas (NANDI & SHEMIN, 1968, JBC; JORDAN ET AL.,
1980; JORDAN et al., 1986; JAFFE et al, 2001; FRERE et al., 2002; BREINIG et al., 2003;
JAFFE, 2004) e, mais recentemente, por abordagem quantica in silico (ERDTMAN et al.,
2010). Em todos os estudos, ha um consenso de que o grupamento g-amino de um residuo lisil
do sitio ativo (Lys252 na -ALA-D humana) forma uma base de Schiff (-CH=N-) com o C4
da primeira molécula de ALA, a qual origina a cadeia lateral P (propidnica) da molécula de
PBG (o grupo amino dessa cadeia lateral se tornara o nitrogénio do anel pirrol). Em seguida, o
nitrogénio do grupo amino da segunda molécula de ALA, que vai originar a cadeia lateral A
(acética) do PBG, faz interacdo com o Zn(ll) que esta coordenado aos tiolatos de trés residuos
cisteil (Cys122, Cys124 e Cys132 na 5-ALA-D humana). Ao mesmo tempo, o grupamento &-
amino de outro residuo lisil do sitio ativo (Lys199 na 6-ALA-D humana) também forma outra
base de Schiff com o C4 desta segunda molécula de ALA (correspondente a cadeia lateral A).
Conjuntamente, essas interagdes sdo essenciais para uma posterior condensacdo assimétrica

das duas moléculas, seguida de liberacdo de agua (Figura 4, ERDTMAN et al., 2010).
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Figura 3 — Estruturas tridimensionais das conformagdes octamérica (de alta atividade) e hexamérica (de
baixa atividade) da 8-ALA-D humana. a- Dimero octamérico (a esquerda) e estrutura octamérica (& direita)

(codigo PDB 1PV8); b- Dimero hexamérico (a esquerda) e estrutura hexamérica (c6digo PDB 1E51). Fonte:
Breining et al. (2003).

o) o-
o 0"
o 5-ALAD
0
0]
*HaN 2H,0
NHz*
A-site . y
ALA P-site
ALA

Figura 4 — Esquema do mecanismo catalitico da 5-ALA-D (baseado em cristais da 3-ALA-D de leveduras,
cddigos PDB 1H70 e 1OHL), demonstrando a condensagdo assimétrica de duas moléculas de &cido
aminolevulinico (ALA) (cadeia lateral A (A-site em vermelho), cadeia lateral P (P-site, em azul) ligadas
covalentemente a residuos de Lys (K210 e K263), formando bases de Schiff. Abaixo, nota-se o zinco (Zn*")
coordenado a trés tiolatos (S7) dos residuos de Cys (C133, C135 e C143). O esquema sugere um importante

papel do Zn no reconhecimento do grupo amino da cadeia lateral A para posterior formacao de porfobilinogénio
(PBG) e perda de 2 moléculas de H,0.
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Na espécie humana, a enzima 6-ALA-D € codificada por um simples gene localizado
no cromossomo 9q34, que apresenta dois alelos codominantes ALAD1 e ALAD2. A natureza
desse polimorfismo ocorre devido a uma transversdo de uma guanina (G) por citosina (C) no
nucleotideo de posig¢do 177, levando a uma substituicdo do residuo Asn59 (na ALA1) para
Lys59 (na ALA2). Como a lisina é um residuo com cadeia lateral carregada positivamente
enguanto que a asparagina é um residuo neutro, a expressao desses alelos resultam em trés
formas diferentes de isoenzimas, designadas 6-ALA-D1-1, 38-ALA-D1-2 e 3-ALA-D2-2.
Sendo assim, os individuos heterozigotos ALAD-1/ALAD-2 expressam uma enzima mais
eletronegativa quando comparada com individuos homozigotos ALAD-1/ALAD-1 e
individuos homozigotos ALAD-2/ALAD-2 expressam uma enzima mais eletronegativa do
que os individuos homozigotos ALAD-1/ALAD-1 (KELADA et al., 2001; FUJIHARA et al.,
2009). Contudo, essas diferencas de carga entre as isoenzimas néo influenciam a atividade na
sintese de PBG, uma vez que o sitio ativo ndo é afetado (JAFFE et al., 2001).

1.1.2 Aspectos toxicologicos

A inibicdo da 3-ALA-D pode prejudicar a rota biossintética da heme, resultando em
consequéncias patoldgicas inespecificas, uma vez que a producdo exagerada de espécies
reativas de oxigénio pode atuar nos mais diferentes 6rgdos e compartimentos celulares dos
organismos nos quais sao gerados (SASSA et al., 1989). Além da insuficiente producdo de
heme (que pode levar a uma doenga conhecida por porfiria), a inibigdo da 6-ALA-D pode
resultar no acamulo de 6-ALA no sangue, levando a superproducdo de espécies reativas de
oxigénio (ERO) (BECHARA et al., 1993). Assim, recentemente, tem se utilizado a 5-ALA-D
como um potencial bioindicador de estresse oxidativo em condic¢Bes patologicas (intoxicacdo
por metais, hemodialise, cancer, diabetes, hipotireoidismo) (GONCALVES et al., 2005;
SOUZA et al., 2007; VALENTINI et al. 2007). Porém estes resultados podem ter varidveis
intervenientes relacionadas aos efeitos metabdlicos severos causados por tais patologias, o
que poderia levar a um possivel erro de interpretagdo (GONCALVES et al., 2005, 2009; DA
SILVA et al., 2007; GROTTO et al., 2010).

A dosagem da atividade da enzima 3-ALA-D tem sido utilizada ha muito tempo como
um marcador de exposi¢do ao chumbo (Pb) (OSKARSSON, 1989; TAKEBAYASHI et al.,
1993; ZHAO et al., 2007). Além disso, individuos portadores de alelo ALAD-2 parecem

apresentar um maior contetido de Pb no organismo e maior risco de intoxica¢do pelo mesmo,
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possivelmente devido a uma maior afinidade da enzima determinada por este alelo
(WETMUR, 1994).

Além do chumbo, outros metais (mercurio, cadmio, berilio) e espécies reativas sdo
capazes de inibir a atividade da enzima 6-ALA-D (SASSA & KAPPAS, 1983; ROCHA et al.,
1993; SAKAGUCHI et al., 1997). A atividade da 3-ALA-D de mamiferos € inibida por
moléculas quelantes como EDTA e a 1,10-fenantrolina (CHEH & NEILANDS, 1976;
SOMMER & BEYERSMANN, 1984). Em mamiferos, esta inibicdo pode ser revertida pela
adicdo de zinco (BEVAN et al., 1980), demonstrando que a 6-ALA-D requer zinco para estar
ativa. O uso de agentes redutores, como ditiotreitol (DTT) e B-mercaptoetanol, também é
capaz de reverter a inibicdo da 6-ALA-D causada por agentes oxidantes de grupamentos
sulfridrilicos (JAFFE et al, 2001; JAFFE, 2004).

1.2 COMPOSTOS ORGANICOS DE SELENIO COMO POTENCIAIS FARMACOS

Nos Gltimos anos, varios grupos de pesquisa tém se empenhado no desenvolvimento
de novos farmacos a partir de compostos sintéticos organicos contendo selénio (Se),
principalmente pela evidéncia de que essas moléculas podem formar espécies nucleofilicas
potentes, que poderiam exercer Vvérias atividades bioldgicas interessantes (NOGUEIRA &
ROCHA, 2011). Apesar de o Se ter sido descoberto em 1817 por Berzelius, sua importancia
para o sistema bioldgico so foi descrita cerca de 100 anos depois. De fato, no comeco do
século XX, o selénio tornou-se notorio por sua toxicidade (PAINTER 1941, CAMPBELL et
al.,1952, LACASSE & RICHER, 1976), mas sua importancia e seu papel biologico ficaram
obscuros até 1957. Neste ano, Schwarz e Foltz demonstraram que o selénio podia prevenir
uma necrose hepética em roedores alimentados com uma dieta deficiente em vitamina E e
selénio (SCHWARZ & FOLTZ, 1957). Todavia, o papel molecular desempenhado pelo Se
nos sistemas bioldgicos s6 foi esclarecido 15 anos apés esta publicacdo. Em 1973, um grupo
europeu e um americano demonstraram que 0 Se estava associado a enzima glutationa
peroxidase, mas a natureza quimica da interacdo ndo era conhecida (FLOHE et al., 1973,
ROTRUCK et al. 1973). Cerca de 5 anos depois ficou demonstrado que 0 Se estava presente
nesta enzima na forma quimica de selenocisteina (FORSTROM et al., 1978) e sugeria que 0
grupo selenol deste aminoéacido teria papel fundamental na degradacdo de perdoxido de

hidrogénio.
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A selenocisteina é um aminoécido analogo a cisteina e serina, onde os &tomos de S ou
O sdo substituidos por Se. Atualmente, cerca de 30 genes para selenoproteinas foram descritos
(JOHANSSON et al.,, 2005) e em todos os casos 0 selénio esta presente na forma de
selenocisteina. Todavia, 0 papel biologico da maioria destas proteinas ainda ndo € conhecido.
Além das glutationas peroxidases, que possuem papel fundamental na degradacdo de
peroxidos, o selénio também faz parte de outras enzimas essenciais na regulacdo do estado
redox da célula, destacando-se a sua participacdo na tiorredoxina redutase (ARNER &
HOLMGREN 2000).

Um dos potenciais candidatos a farmaco contendo Se bastante estudado é o ebselen (2-
phenyl-1, 2-benzisoselenazol-3(2H)-one, figura 5-A). Na década de 1980, Sies e
colaboradores publicaram uma série de estudos mostrando que o ebselen era um mimético da
glutationa peroxidase e podia neutralizar a acdo de agentes oxidantes em sistemas biologicos e
quimicos. Cerca de quinze anos depois da primeira publicacdo de que o ebselen poderia ser
um promissor agente antioxidante para o tratamento de patologias associadas com o estresse
oxidativo, o composto foi usado com certo sucesso em 3 estudos clinicos envolvendo
isquemia no sistema nervoso. Em estudos com roedores, o ebselen demonstrou ser uma droga
efetiva na reducéo da ototoxicidade e nefrotoxicidade induzida pelo quimioterapico cisplatina
(LUO et al. 2003, MUGESH et al. 2001, MAY 2002; LYNCH et al, 2005; NOGUEIRA &
ROCHA, 2011).

Outros compostos cujas atividades biolégicas tem sido amplamente avaliadas nos
ultimos anos é o disseleneto de difenila [(PhSe);] e analogos. Neste contexto, estudos
envolvendo varios modelos in vitro e in vivo tém demonstrado que o (PhSe), pode ser
considerado um agente terapéutico em potencial devido a evidéncia de atividade antioxidante
(da mesma forma que o ebselen, é também mimético da glutationa peroxidase e pode agir
como substrato da tiorredoxina redutase), antitlcera, neuroprotetora, anti-inflamatéria, anti-
hiperglicémica, anti-ateroscler6tica e anti-hipercolesterolémica, dentre outras (DE BEM et
al., 2009; DE FREITAS et al., 2009; SAUSEN DE FREITAS et al., 2010; NOGUEIRA &
ROCHA, 2011; HORT et al., 2011).

O
Se_ @
Se

1 2

Figura 5 — Compostos organicos de selénio. (1) — ebselen, (2) disseleneto de difenila (PhSe),
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No entanto, de forma oposta, também tem sido demonstrado que o (PhSe), e analogos
demonstram toxicidade, por apresentar efeitos citotoxicos (POSSER et al., 2011) e inibir a
atividade de varias enzimas sulfidrilicas in vitro, incluindo a 6-ALA-D (MACIEL et al., 2000;
BRUNING et al., 2009, ARDAIS et al., 2011, KADE & ROCHA, 2010; PUNTEL et al.,
2010; STRALIOTTO et al., 2010; LUGOKENSKI et al., 2011).

Tem sido demonstrado que a exposi¢do in vivo ao (PhSe), inibe a 3-ALA-D de ratos
(Rattus novergicus), camundongos (Mus musculus), peixe jundid (Rhamdia quelen) e da
mosca-de-frutas (Drosophila melanogaster) por oxidacdo de seus residuos sulfidrilicos
(BARBOSA et al., 1998; FARINA et al., 2002; SOARES et al., 2004; FACHINETTO et al.,
2006; GOLOMBIESKI et al., 2008), mas ndo a 6-ALA-D do pepino (Cucumis sativus), uma
vez que na 3-ALA-D de plantas, residuos de cisteina sdo substituidos por residuos de acido
aspartico e o metal Zn(Il) é substituido por Mg(ll), ndo havendo a possibilidade de oxidacéao
de tiois cataliticos (FARINA et al., 2002; JAFFE, 2003).

No entanto, € necessaria uma continuidade nesses estudos de forma a elucidar de
forma mais precisa 0s mecanismos de toxicidade de organocalcogénios frente a interacdo com
a 0-ALA-D.

1.3 MODELAGEM MOLECULAR IN SILICO COMO FERRAMENTA NA
AVALIACAO DA ATIVIDADE BIOLOGICA DE MOLECULAS

A evolucdo de areas como a fisiologia, a farmacologia, a bioquimica, a quimica
organica, a fisica quéantica, ao longo do século XX, puderam, conjuntamente, propiciar uma
visdo mais intima da natureza bioldgica, entendendo-a como resultado de interacGes entre
macro e micromoléculas com funcdes definidas e que estdo em constantes transformacdes.

Nesse sentido, a modelagem molecular in silico (usando ferramentas computacionais)
consiste na aplicacdo de métodos teoricos utilizados para representar ou mimetizar o
comportamento e interagdo de moléculas (RONCAGLIONI et al., 2008). Esta compreensdo
tem sido considerada uma estratégia promissora na descoberta e planejamento de novos
farmacos, uma vez que ela motiva a possibilidade de reducdo do tempo e dos altos custos
envolvidos no desenvolvimento de novos medicamentos (MAGALHAES et al., 2007).

A modelagem molecular também pode avaliar parametros toxicoldgicos de

substancias frente a alvos importantes (SUN & YOST, 2007) e planejar teoricamente novas
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moléculas que satisfacam as propriedades eletronicas e estruturais para um perfeito encaixe
no sitio receptor (KITCHEN et al., 2004). Em estudos de toxicologia in silico, a abordagem é
essencial para compreender os mecanismos de interacdo entre agentes toxicos e alvos
importantes, de forma a permitir um planejamento racional de farmacos com baixa afinidade
para esses alvos (MA et al, 2011).

A determinacdo da estrutura tridimensional de proteinas e outras moléculas por
cristalografia de raios-X e RMN, somados ao conhecimento da quimica molecular e quantica
e a aplicacdo da tecnologia computacional permitiram, conjuntamente, o desenvolvimento de
técnicas de modelagem molecular que existem atualmente (MAGALHAES et al., 2007).

Para que se possam desenvolver estudos de modelagem molecular, existem dois tipos
de métodos teoricos aplicados: os baseados em mecéanica classica e 0s baseados em mecanica
quéntica (PATRICK, 2007).

Nos metodos baseados em mecanica classica, a molécula é tratada como uma série de
esferas carregadas (0s &tomos) conectadas por bastbes (as ligagdes), sem considerar a posicao
dos elétrons. Esses métodos sdo usados para calcular as diferentes interacdes e energias
(campos de forca) resultantes do alongamento das ligac@es, angulo de flexao, interacGes nao-
ligadas e energias de torcdo (PATRICK, 2007; MAGALHAES et al., 2007).

J& a mecénica quéantica usa fisica quantica para calcular as propriedades de uma
molécula considerando as interacBes entre os elétrons e o nucleo de cada atomo, com a

aplicacdo da equacdo de Schrodinger (equacéo 1):

HY=E¥ (1)

onde, de maneira bastante simplificada, o operador hamiltoniano (H) descreve as energias
potenciais e cinéticas entre elétrons e ndcleo levando em consideracdo a posicao espacial de
cada particula; o W ¢é a funcdo de onda, que é uma funcdo da posicéo da particula e do tempo,
e 0 E é aenergia total do sistema (ALMEIDA & SANTOS, 2001).

Diferentemente da mecéanica molecular, os 4&tomos ndo sdo tratados como esferas
solidas. Para sistemas polieletronicos, os calculos se tornam mais complexos. Por isso, no
intuito de fazer calculos mais provaveis e executaveis, varias aproximacoes sao feitas. Como
exemplos dessas aproximacoes, podem ser citadas as aproximacgdes de Born-Oppenheimer,
onde os nudcleos dos atomos sdo tratados de forma estatica, enquanto que os elétrons sao
tratados de forma dindmica, e os estudos da Teoria do Funcional da Densidade (DFT), que

levam em consideracéo a densidade eletronica (TOSTES, 1998).
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Do ponto de vista computacional, os calculos envolvendo métodos classicos sdo mais
rpidos, porém com uma menor acuracia quando comparado com os célculos quanticos, ja
com os calculos quanticos, ocorre o0 inverso, maior acurdcia e mais lentos
computacionalmente. Sendo assim, métodos quanticos sdo mais adequados para sistemas
moleculares menores (ordem de 10 a 100 4&tomos), enquanto que 0s metodos classicos séo
mais adequados para sistemas maiores (na ordem de 500 a 1000 &tomos ou mais) (PATRICK,
2007).

Para o estudo das interacdes entre ligantes e macromoléculas (receptores proteicos,
enzimas, DNA, canais idnicos), 0 método in silico mais utilizado é o de docking molecular. O
problema de docking receptor-ligante consiste basicamente na predi¢cdo do modo de ligacéo
de uma pequena molécula ligante (inibidor ou substrato) na regido de ligacdo (sitio ativo) de
um alvo molecular, além da quantificacdo da afinidade de ligacdo entre o receptor e o ligante
(KITCHEN et al., 2004; MAGALHAES et al., 2007).

No geral, os programas de docking combinam dois elementos fundamentais: (i) um
algoritmo de busca, que sdo comandos que permitem atuar nos graus de liberdade do sistema
ligante-macromolécula para que se conhe¢cam 0s modos de ligacdo mais verdadeiros; e (ii) a
fungdo scoring, que consiste em métodos tedricos (na maioria das vezes classicos ou com
parametrizacdo baseada experimentalmente) usados para predizer a forga das interagbes nao-
covalentes entre as duas moléculas do sistema (KITCHEN et al., 2004).

1.4 JUSTIFICATIVA DO ESTUDO

Embora estudos tenham demonstrado que o (PhSe), e analogos inibem a atividade da
8-ALA-D in vitro por oxidacdo de tiois, até 0 momento ndo havia a proposicdo de nenhum
modelo molecular capaz de explicar esta interacdo mais detalhadamente. Baseados em dados
experimentais, Farina e colaboradores (2002) especularam que a inibi¢cdo da 3-ALA-D de
mamiferos poderia ocorrer via oxidacdo de dois grupos tidis vizinhos localizados no centro
ativo da enzima (FARINA et al., 2002). Nesse esquema (ver Figura 2 da pagina 59), um
grupo —SH mais reativo (marcado com um *) deve fazer um ataque nucleofilico em um dos
atomos de selénio do disseleneto, formando o primeiro selenofenol (PhSeH). Em seguida,
seria esperado do —SH vizinho menos reativo atacar o atomo de enxofre do intermediario E—
S*-SePh, formando o segundo selenofenol (PhSeH) e, consequentemente, oxidando os dois

tidis vizinhos, fazendo assim com que a enzima seja inibida.
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Portanto, nossos estudos tém se concentrado em compreender as interacdes entre
organocalcogénios (disseleneto de difenila e andlogos) e enzimas sulfidrilicas por modelagem
molecular in silico e estudos adicionais in vitro, de forma a entender os mecanismos de
inibicdo bem como adquirir informacgdes essenciais que permitam o desenvolvimento de
novos farmacos organocalcogénios que mantenham suas propriedades terapéuticas
evidenciadas em varios estudos in vivo e in vitro e, a0 mesmo tempo, apresentem baixa

afinidade para essas enzimas.
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2 OBJETIVOS

2.1 OBJETIVO GERAL

Compreender, de forma mais detalhada, 0 mecanismo molecular envolvido na inibi¢éo
da enzima 3-ALA-D pelo (PhSe), e analogos, atraves de estudos teoricos e de modelagem

molecular in silico.

2.2 OBJETIVOS ESPECIFICOS

e Analisar o modo de ligacdo do (PhSe); com a enzima 3-ALA-D humana através de
docking molecular in silico;

e Identificar os residuos do sitio ativo da 6-ALA-D que interagem diretamente com o
(PhSe),, através de célculos de DFT (método MFCC);

e Explicar, com base nos modelos moleculares obtidos, como ocorre a oxidagdo dos
grupos tiois cataliticos da enzima 3-ALA-D por disselenetos;

e Analisar o grau de homologia entre a 6-ALA-D de diferentes organismos e
correlacionar com a atividade inibitoria dos disselenetos;

e Correlacionar energia livre de afinidade calculada in silico com valores experimentais
in vitro, bem como a distancia entre o atomo de selénio dos disselenetos e o tiolato de
residuos de cisteina do sitio de ligacéo;

e Contribuir com informacbes essenciais que permitam o desenvolvimento de novos

farmacos organosselenetos com baixa afinidade para a 5-ALA-D.
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3 RESULTADOS

Os resultados que fazem parte desta tese estdo apresentados sob a forma de artigos
cientificos (2) e manuscrito (1). Os itens “Materiais e métodos”, “Resultados”, “Discussdo” e
“Referéncias Bibliograficas” estdo contidos nos proprios artigos e manuscritos. Os artigos
cientificos estdo dispostos na forma em que foram publicados nos periddicos Toxicology
Research e Journal of Toxicology and Environmental Health-Part A, respectivamente. O
manuscrito esta disposto na forma em que se submete para publicacdo no periédico cientifico

Journal of Theory Chemistry and Computation.
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3.1 Artigo 1: “6-Aminolevulinato desidratase (3-ALA-D) como proteina marcadora de
intoxicagao por metais e outras situa¢fes pro-oxidantes”.

Aminolevulinate dehydratase (6-ALA-D) as marker protein of intoxication
with metals and other pro-oxidant situations

Jodo B. T. Rocha, Rogério A. Saraiva, Solange C. Garcia, Fernanda S. Gravina and Cristina
W. Nogueira

Toxicology Research,
v. 1, pp. 85-102, 2012
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Aminolevulinate dehydratase (6-ALLA-D) as marker protein of intoxication
with metals and other pro-oxidant situations
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3-ALA-D is a metalloenzyme that has 3 vicinal thiol/thiolate groups that coordinate with Zn(i). The
proximity between the sulfhydryl groups renders 8-ALA-D extremely sensitive to oxidation by soft
clectrophiles, such as Pb(ir), Hg(11), As(m) and organoseleno and organotellurium compounds. In fact,
blood 8-ALA-D is a classical biomarker of lead exposure in humans. The inhibition of 8-ALA-D can
increase the concentration of 5-aminolevulinate (8-ALA), which is a pro-oxidant compound. 8-ALA can
generate oxidative stress that can further increase 8-ALA-D inhibition. Recently, data have been obtained
indicating that the 8-ALA-D could be a marker of oxidative stress in human pathologies. In summary,
considering its high sensitivity to pro-oxidant situations, 8-ALA-D can be considered a universal marker

of oxidative stress.

1. 8-Aminolevulinate dehydratase or
porporphobilinogen synthase: an easily oxidizable
Zn(m)-thiol enzyme

Porphobilinogen synthase (PBGS, E.C. 4.2.1.24) or aminolevuli-
nate dehydratase (8-ALA-D) is an enzyme with a widespread
distribution in nature'™ that catalyses the asymmetric conden-
sation of two aminolevulinic acid molecules (8-aminolevulinate;
Fig. 1) to form the monopyrrole, porphobilinogen (PBG; Fig. 1).
In cells, monopyrroles are the precursors for the synthesis of tet-
rapyrroles. Tetrapyrroles, such as heme and chlorophyll, are
essential for aerobic metabolism and carbon fixation.'™ Conse-
quently, toxic agents or metabolites that disrupt or interfere with
tetrapyrrole synthesis can have profound effects on cell meta-
bolism.'” Accordingly, genetic 8-ALA-D deficiency is associated
with hepatic porphyria in humans which can be exacerbated or
precipitated by lead intoxication.''™"* Lead can also cause
5-aminolevulinic aciduria and porphyria, which are related to
8-ALA-D inhibition.'* Recent results indicate that the 5-ALA-D
interacts with proteasome and, therefore, could be a physiologi-
cal modulator of proteasomal activity. Metals that interfere with
the 8-ALA-D activity can also change the modulation of protea-
some by the 8-ALA-D.'*'® The toxicological importance of
3-ALA-D inhibition by different metals and by oxidative stress
found in a myriad pathological conditions is presented in the
next sections of this review.

Mammalian 8-ALA-D is an oligomeric Zn(u)-enzyme that is
fully active as an octamer"***'? (Fig. 2) and it exists as an
equilibrium of high-activity —octamers and low-activity

Centro de Ciéncias Naturais e Exatas, Programa de Pos-Graduagio em
Biogquimica Toxicologica, Universidade Federal de Santa Maria, Santa
Maria, RS, Brazil. E-mail: jbtrochal@yahoo.com.br,
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Fig. 1 Synthesis of porphobilinogen (PBG) from two 5-aminolevulinic

acid (8-ALA) molecules. Schematic illustration of the asymmetric con-
densation of two molecules of S-aminolevulinic acid (3-ALA) to form
porphobilinogen (PBG). The A-site 8-ALA (light red) becomes the half
of PBG that contains the acetyl moiety and the amino nitrogen while the
P-site ALA (light blue) becomes the half of PBG that contains the pro-
pionyl moiety and the pyrrole nitrogen.

hexamers."? Mammalian 8-ALA-D has two Zn(i1) binding sites
per octamer and Zn(1) of one of these sites (ZnB) participates in
the catalysis as a Lewis acid®***! (Fig. 3).

One special feature of the functional structure of 8-ALA-D is
the presence of vicinal cysteinyl residues in its active site™
(Fig. 3 and 4). These thiol groups are involved in the coordi-
nation of essential Zn(11) ions>' ™2 (Fig. 3 and 4) and the proxi-
mity between them makes the enzyme particularly sensitive to
oxidation.*™* Zn(u) is also involved in the stabilization of
vicinal thiol/thiolate groups and its removal by chelating agents
can accelerate enzyme autooxidation (Fig. 4).7*%7 Indeed, agents
that oxidize =SH groups, metals with high affinity for thiol
groups or that compete with the Zn(n) binding site can inhibit
B_ALA_D.ZU,ZH—‘M
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Fig. 2 Crystal structures of active octameric (A) conformation of
human 3-ALA-D (PDB entry: 1E51). According to the crystal structure,
each 3-ALA-D monomer (B) presents a catalytic zinc divalent ion (Zn)
and the product porphobilinogen (PBG) inside the o/f barrel active
center site. The B-strands are colored in green, o-helices in red and loops

in gray or purple.

2. 6-ALA-D as a marker of metal intoxication

For a long time, blood 3-ALA-D quantification has been con-
sidered an important clinical biomarker of Pb(i1) exposure.
Indeed, blood 8-ALA-D can be considered an early and reliable
marker of Pb(11) poisoning in workers occupationally exposed to
lead.**' However, the modulation of 8-ALA-D by other
metals, such as Hg(n1), Cu(n), or Ag(n), indicates that its use to
diagnose lead poisoning can be rather unspecific from the simul-
taneous intoxication with other metals.>® Recent results suggest
that the 3-ALA-D can also be “a molecular target of pro-oxidant
situations”, including here those associated with chronic-degen-
erative human diseases and in animal models of such diseases
(details in Section 4). Thus, in addition to being a target of toxi-
cants or metals that can directly oxidize or interact reversibly
with thiol groups, the 8-ALA-D can be inhibited by an im-
balance between reductive and oxidative metabolism found in
different diseases.*>™>

Of toxicological significance, the studies of Bechara and col-
leagues have demonstrated that the substrate of 8-ALA-D, the
5-aminolevulinic acid or 3-ALA (Fig. | and 3) can exhibit
pro-oxidant  properties under physiologically  relevant

.
o
2 5-ALAD
o
o
*HyN 2H;,0
A-site N'j'“
ALA P-site
ALA

Fig. 3 Schematic illustration of the catalytic mechanism of 8-ALA-D.
The figure is based on yeast 8-ALA-D crystal structures with PDB
entries 1H70 and 10HL with the asymmetric condensation of two
3-ALA (A-site 8-ALA, in red, and P-site, in blue) moieties through two
Schiff-base linkages involving the positively charged lysine residues
K210 (A-site 3-ALA) and K263 (P-site 8-ALA). Zn(u) is coordinated to
the thiolate groups of C133, C135 and C143 and it plays an important
role in substrate binding at the A-site (by linking to the amino nitrogen
of PBG) and in stabilizing intermediates and transition structures during
the enzymatic reaction.

S SH
\S
Cc122 C132
Cc124
SH HS S/S
c122 C132
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S S

SH
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Fig. 4 Stabilization of thiol groups of 3-ALA-D by Zn(11). Removal of
Zn(u) from the thiol-rich region ZnB of 38-ALA-D facilitates the oxi-
dation of the enzyme and blocks catalysis. The preferential internal
disulfide bridge after Zn(11) loss has not yet been clearly identified (three
possibilities are shown in the figure).

conditions.’*® They have also demonstrated that markers of
oxidative stress were altered in workers exposed to lead and pos-
tulated that this could be related to an increase in circulating
5-aminolevulinic acid (8-ALA).%" The inhibition of 8-ALA-D in
lead poisoning®®™' highlights the importance of its substrate,
8-ALA, on the molecular pathology of lead intoxication. Conse-
quently, inhibition of 8-ALA-D by toxic agents or pathological
conditions associated with oxidative stress can initiate a pro-
oxidative vicious cycle that will further inhibit the 8-ALA-D and
increase the concentration of potentially toxic compounds, such
as 8-ALA and related metabolites.”® Supporting this hypothesis,
treatment of rats with 8-ALA induced cerebral oxidative stress
and 8-ALA-D inhibition. Melatonin, which has antioxidant pro-
perties, blunted the pro-oxidant effects of 8-ALA and restored
8-ALA-D to normal levels.”!

As mentioned above, 3-ALA-D has been utilized as a clinical
indicator of lead intoxication because the enzyme is very sensi-
tive to in vitro and in vivo Pb(i) inhibition.””"®” However, the
strong reactivity in vitro of the vicinal thiol groups of 8-ALA-D
with soft electrophiles, such as Hg(u), Cd(n), Sn(u), As(m),

86 | Toxicol. Res., 2012, 1, 85-102
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Cu|Zn|Ga As|Se

Hg | T1 | Pb] Bi

Fig. 5 Representation of elements from the periodic table that inhibit
or stimulate 3-ALA-D activity. Zn(1) is the natural ligand of 3-ALA-D.
Cd(n) and Al(m) can be either inhibitors or activators of the enzyme
activity; whereas Ga(ur), In(m), Hg(i), RHg(n), Sn(u), Pb(n), As(u),
Bi(m), Se(1v), RSe-SeR, Te(rv) and RTe-TeR (where R can be an alkyl or
aryl group) are either in vitro and/or in vive inhibitor of 3-ALA-D. Pink
indicates cations that can either stimulate or inhibit 8-ALA-D activity.
Blue indicates cations that have been reported to inhibit mammalian
8-ALA-D activity in vitro. Yellow indicates those that inhibit 8-ALA-D
activity either in vitro or in vivo.
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Fig. 6 Pb(n) Competition with Zn(i1) at the active site of §-ALA-D.
8-ALA-D inhibition by Pb(11) is mediated by substitution of Zn(n) from
the thiolate-rich region in the mammalian enzyme.””

Bi(m), In(ur), TI(m), Se(1v) and Te(1v) indicated that any electro-
phile could be a potential in vitro or in vive molecular inhibitor
of mammalian 8-ALA-D (Fig. 5). The in vitro and in vivo inhi-
bition of 3-ALA-D by these soft electrophiles is presented in the
following sections. Most importantly, the combined exposure to
Pb(11), As(ur) and Cd(11) can have interactive toxic effects increas-
ing or decreasing 6-ALA-D inhibition, depending on the dura-
tion of exposure and the tissue considered.”® This elegant study
highlights a crucial aspect that has been neglected and indicates
the necessity of additional investigations to determine how these
soft electrophiles interact to change or enhance their toxicologi-
cal properties.

2.1. Pb(u) in vitre

Lead is a classical inhibitor of 8-ALA-D in vitro and Zn(11) can
prevent or reverse the inhibition caused by Pb()*>**727°

Fig. 7 Crystal structures of 8-ALA-D complexed with Zn(n) (A); Pb(i)
(B) and Hg(m). Data are from yeast §-ALA-D (A, PDB entry 1AWS),
Pb(n) (B, PDB entry 1QNV) and Hg(u) (C, PDB entry 1QML). Pb(1)
and Hg(n) can replace the enzyme’s catalytic Zn(n) bound by three con-
served cysteine side chains (C133, C135 and C143). Red dotted lines
denote metal interactions (with distances < 3.5 A). The metal ions are
shown in gray or blue scalled spheres. All the amino acid residues which
are involved in molecular metal interaction are shown in ball-and-stick
drawings. For clarity, hydrogen atoms are hidden. Atoms in sticks are
colored as follows: carbon gray, oxygen red, nitrogen dark blue and
sulfur yellow.

Treatment with Zn(u) in vitre can restore the 3-ALA-D activity
following its inhibition caused by exposure to Pb(n) or Sn(i)
in vivo.™ Similar results were obtained in blood of humans
exposed to lead. The inhibitory action of Pb(n) is related to dis-
placement of Zn(n) from the active site of the mammalian
8-ALA-D, rather than to a direct oxidation of the enzyme’s thiol
groups by Pb(i)*" (Fig. 6). Pb(u) is bulkier than Zn(n) and it,
probably, cannot properly interact with amino acid residues and
the substrate in the active centre of 8-ALA-D as does Zn(n)
(Fig. 7A, B). Recently analysis based on molecular and compu-
tational models demonstrated that secondary bonding inter-
actions (SBIs) and lone pair interactions profoundly influence
the coordination geometry and binding affinity of Pb(i) and
As(1m) to peptides that simulate the environment of enzymes con-
taining 3 thiol groups in close proximity.*® Similar phenomena
could occur at the Zn(1)B binding site of 8-ALA-D.

2.2. Pb(u) in vive

Lead is a widespread toxicant that causes a variety of toxic
effects in adults® and is extremely neurotoxic to the developing
brain® causing long-lasting learning deficits in children.”’ The
molecular mechanisms triggering lead toxicity involve the dis-
ruption of a variety of target proteins,”** including 8-ALA-D.
In fact, 8-ALA-D is an important blood lead binding protein®
and it has been demonstrated that in erythrocytes 8-ALA-D is
the primary target of Ph(11) instead of hemoglobin.** In contrast
to blood, little is known about the relative affinity and binding of
Pb(n) to the 8-ALA-D in comparison to other target proteins in
soft tissues of mammals. The lack of knowledge on this subject
is related to technical limitations since soft tissues contain
several proteins that can bind Pb(n) and accurate information
about the concentration of these targets is not available.
However, from a toxicological point of view, it would be impor-
tant to determine the in vitro affinity of Pb(u) to known target
proteins to give support to computational studies, which could
give us a rough calculation of Pb(n) distribution within living

This journal is © The Royal Society of Chemistry 2012
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cells. Such demanding and interdisciplinary studies could fill
many gaps remaining in our knowledge about the interaction of
Pb(u) and other toxic metals with specific target proteins.

The inhibition of 8-ALA-D by lead in vivo can be reversed by
addition of Zn(n) and/or dithiothreitol (DTT) in vitro, indicating
that the binding of Pb(u) in vivo is reversible. However, the
strength of that inhibition is sufficient to trigger an increase in
3-ALA-D expression after exposure of rats to Pb([l].gs_w The
stimulation of 8-ALA-D synthesis after Pb(i1) intoxication was
interpreted as a compensatory response to the enzyme inhibition.
We have observed that a short-term exposure of suckling rats to
high doses of Pb(n) caused an increase in blood 8-ALA-D
activity>” and an increase in the reactivation index by dithiothrei-
tol (DTT) + Zn(n) of two times,” corroborating the findings of
Fujita and collaborators.**~7

In contrast to rats, workers from battery manufacturing plants
exposed to lead exhibited an increase in 8-ALA-D gene methy-
lation and a decrease in 8-ALA-D transcription. Most impor-
tantly, the increase in 8-ALA-D gene methylation was associated
with an increased risk of lead intoxication.”® These discrepancies
between rats and humans can be related to species, duration and
levels of lead exposure. The limited number of studies on this
subject clearly indicates the necessity of more detailed scrutiny,
particularly in view of the fact that 8-ALA-D gene methylation
seems to be associated with an increased risk of lead toxicity in
humans.

Of particular toxicological significance, Pb() exposure can be
associated with increased oxidative stress and decreased
8-ALA-D activity.”**™ For instance, children with aplastic
anemia or suffering from neurological disorders (such as cerebral
palsy. seizures, and encephalopathy) exhibit higher levels of
blood lead, elevated thiobarbituric reactive species (TBARS),
and lower 8-ALA-D activity and GSH levels than healthy sub-
jects, indicating that part of the pro-oxidant effect of lead can be
mediated by 8-ALA-D inhibition.®*" Similar results were
obtained in urban adolescents with blood levels above
10 pg dL™" * and in lead-exposed battery plant workers.*!

The now well-established role of oxidative stress in Pb(i)
intoxication highlights the early proposals by Bechara and
colleagues™®® and strongly suggests that 8-ALA-D inhibition
contributes to Pb(n) toxicity by either disrupting the heme bio-
synthesis pathway and/or by increasing the concentration of the
potential pro-oxidant 3-ALA.

2.3, Cd(u) in vitro

Cadmium (Cd) is extremely toxic to living cells and an impor-
tant environmental and occupational pollutant that can promote
human diseases (e.g., cancer and renal diseases).!1* The
molecular mechanism of Cd(1r) toxicity is not completely under-
stood but it may involve disruption of Zn(1) homeostasis, '™
which can in turn modify the activity of Zn(11) enzymes, such as
the mammalian 3-ALA-D.'% Furthermore, Cd(1) can also stimu-
late the production of reactive oxygen species (ROS), either
directly or indirectly vig inhibition of antioxidant activi-
ties."”"'”® Accordingly, Cd(n)-induced inhibition of testicular
8-ALA-D and increase in oxidative stress are reversed by the
antioxidant ebselen.'”®

In contrast to Pb(n), Cd(11) can replace Zn(u) in the active site
of mammalian 3-ALA-D and promote the catalysis of PBG syn-
thesis in virro.”'™7'%% At neutral pH, the kinetic properties of
mammalian Cd(1)-ALA-D are similar to those observed with the
natural ligand Zn(u).m“ Davis and Avram’~ demonstrated that
Cd(n) is a more potent activator of hurnan erythrocytic 8-ALA-D
and reverses Pb(in)-induced enzyme inhibition more efficiently
than Zn(n). However, at high concentrations Cd(i1) inhibits
8-ALA-D and Zn(u) cannot re-activate Cd(u)-inhibited
5-ALA-D.” This possibly indicates that at low concentrations
Cd(n) binds to a stimulatory Zn(1) site without oxidizing or dis-
rupting the thiol/thiolate interaction with the surrounding
environment. The inhibitory effect of Cd(n) on 6-ALA-D at high
concentrations can be related to its higher softness and to its
stronger affinity for sulthydryl groups than Zn(n). At low con-
centrations Cd(n) could replace Zn(i1) and participate as Lewis
acid in the catalysis, contributing to properly ionizing essential
amino acid residues and substrates in the active site of the
enzyme. On the other hand, at high concentrations Cd(1) could
bind strongly and oxidize essential =SH group(s) involved in the
coordination with Zn(n), or could oxidize —SH group(s) impor-
tant for the maintenance of the native tertiary/quaternary struc-
ture of 8-ALA-D. However, the exact location of Cd(n1) binding
in the active centre of 8-ALA-D has not been precisely demon-
strated yet and, in analogy to Pb(u), it is possible that Cd(u1) can
interact with the ZnA or ZnB sites of the enzyme (Fig. 8). Cd(1)
can also form redox active complexes with dithiols and inhibit
the mammalian ALA-D more efficiently than free Cd(n).""’

2.4. Cd(u) in vive

In contrast to in vitro data, which show that at low concentrations
Cd(n) activates and at high concentrations it inhibits the
8-ALA-D, the results obtained following in vivo exposure are
not homogeneous, probably reflecting the dose, duration of
exposure and the source of the enzyme. Occupational exposure
to Cd(1r) has been associated with either no alterations in erythro-
cytic 8-ALA-D**'"" or with a positive correlation between blood
Cd levels and 8-ALA-D reactivation index,'? indicating that
exposure to Cd(1) can be associated with oxidation of 8-ALA-D.
However, the subjects enrolled in the last study were also
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exposed to lead and the increase in the reactivation index could
be the result of a complex interaction between Cd(n) and Pb(1)
or the effect of the prevalence of Pb(i1) over Cd(u).

Results in the literature show that Cd(n) can cause either no
modification in rodent 8-ALA-D*"'"*"* or increase hepatic
8-ALA-D activity.”'J The authors also demonstrated that Cd(i)
decreases the inhibitory effect of Pb(i) on hepatic but not on
renal enzyme in vitro. The stimulation of hepatic 3-ALA-D
activity and the reduced sensitivity to Pb(ir) in vifro were attribu-
ted to induction of synthesis of Zn,Cd-thioneins by Cd(1)."™* In
results obtained by our group, we observed an increase of the
hepatic 8-ALA-D after exposure of rats to Cd(u)."” However,
under our experimental conditions, the stimulation of the
8-ALA-D by Cd(n1) was not associated with an increase in metal-
lothionein synthesis, but rather with an increase of the Zn levels
in the liver. Recently, Whittaker and colleagues™ demonstrated
that Cd(11) could either stimulate (blood) or inhibit the 8-ALA-D
(blood and kidney), depending on the length of exposure.
Briefly, in vivo exposure to Cd(ir) can have inhibitory or stimu-
latory effect on the 8-ALA-D activity; depending possibly on the
concentrations reached by Cd(u) in different target tissues. The
in vivo stimulatory effect of Cd(ir) may be mediated by indirect
induction of metallothioneins expression ''* or Zn(11) redistribu-
tion.'® Nonetheless, a direct stimulation of the 8-ALA-D by
Cd(11) cannot be ruled out.

2.5. Hg(n) in vitro

Inorganic and organic mercury salts (Hg(n), CHsHg(i),
CH;CH,Hg(n)) are powerful electrophiles and have a strong
affinity for soft nucleophiles. Biologically speaking, they have a
strong affinity for —=SH groups from target proteins.''*™''% In
fact, Hg(n) and CHiHg(n) can inhibit 8-ALA-D
in vitro.*>*>7 1% However, the inhibitory potency of Hg(n) or
CH;Hg(u) is lower than Pb(ir).>>*%:119 Consequently, considering
that Pb(ur) has a lower affinity for —=SH groups than mercurials,'?”
other factors in addition to affinity for thiol are possibly more
important in determining the inhibition of 8-ALA-D by these
metals. For instance, steric conflict, secondary bond energy inter-
actions and lone pair interaction can strongly influence the
coordination geometry and binding affinity of metals with
vicinal thiols in models peptides.®

Detailed structural analysis indicates that Hg(n) binds to the
same region as do Zn(n) and Pb(m)*! (Fig. 7C), therefore indicat-
ing that Hg(1r) can bind to the same sulfhydryl groups involved
in the coordination with Zn(u). However, in view of the stronger
affinity of Hg(n) for —SH groups than Pb(i1) and Zn{1),"*" Zn(m)
is unable to reactivate the enzyme inhibited by Hg(n) in vitro as
it reactivates the Pb(1)-inhibited 8-ALA-D.”*”"* Furthermore, the
distances of Hg(n) to cysteinyl residues in 8-ALA-D crystal are
shorter than that observed with Zn(u).z' Consequently, since
Hg(u) has a stronger affinity for thiol groups than Pb(u) and
Zn(n), it is possible that it binds to 2 —=SH groups instead of co-
ordinating with 3 thiolates (Fig. 9)."”° The interaction and
binding of soft metals, such as Hg(i) and Pb(u1), to thiolate-rich
binding site are complex and little explorcd.m} In fact, factors
such as the rate of metal complexation reactions with thiol-rich
sites, the geometry of interactions and the competition of soft
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metals for the binding sites in aqueous solution have not yet
been addressed in detail.'*” Consequently, our knowledge about
the toxicity of metals will be greatly increased with studies
addressing these important factors involved in the interaction of
metals with thiol-rich proteins.

CH;Hg(n) inhibits rodent 8-ALA-D in vitro;** however, there
are no structural studies indicating the exact site of CHzHg(u)
interaction with the 8-ALA-D. CH;Hg(n1) may interact with the
same thiol groups in 8-ALA-D that does Hg(n). In low molecular
weight compounds, CH;Hg(n) preferentially binds to thiol in a
1:1 stoichiometry with a distance of about 2.4 A.'*' Conse-
quently, CHzHg(n) is expected to preferentially form complex(es)
with a single or exceptionally with two —SH groups (Fig. 10).
Indeed, in the case of the 3 cysteine residues of 3-ALA-D, the
electronic structure of mercury ions (e.g. the fact that CHzHg(1)
ion will likely bind to only one thiol group, as compared to
2 thiol groups in the case of Hg(11) ion) is the key factor that dic-
tates the stronger affinity of these groups for Hg(1), when com-
pared with CH;Hg(i1)."'® Thus, CH;Hg(11) probably oxidizes one
thiol group in 8-ALA-D; whereas Hg(n) oxidizes two or,
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exceptionally, three groups in 8-ALA-D, either by forming a
crosslink between two thiol groups (R1-S-Hg-S5-R2) or a
strong geometrical interaction with the three vicinal thiolate
groups in the active center of 3-ALA-D?' (Fig. 9 and 10). As dis-
cussed above, considering the important role of the geometry of
metal binding to thiolate-rich region in proteins for their toxi-
city,"* it will be important to determine in detail the CHHg(1)
and Hg(n1) binding motifs in 8-ALA-D. The determination of the
potential bond lengths involved in the binding of these mercur-
ials to 8-ALA-D will perhaps indicate that the distance between
the outermost Cys residues is too long for some of the bonding
motifs to be feasible. Thus, the expectation is that this type of
studies will contribute to increase our understanding about the
toxicity of these two forms of Hg and also of related toxic soft
metals.

2.6. Hg(u) in vive

CH;3Hg() is an important ubiquitous environmental toxicant
that can be found at high concentrations in piscivorous
fish ME-H812213 Congequently, the general population can be
exposed to CH3Hg(1r) via ingestion of contaminated fish. Of par-
ticular toxicological significance, there are two studies in the
literature supporting the theory that the erythrocytic 8-ALA-D
can be a target of CHzHg(u). In a study carried out about
40 years ago, Schutz and Skerfving'** reported that the
3-ALA-D activity in blood of subjects exposed to CH;Hg(11) via
fish consumption was lower than that of non-exposed subjects
and the inhibition was proportional to the total amount of Hg in
the blood. Recently, negative correlations have been observed
between the erythrocytic 8-ALA-D activity and Hg levels in the
blood and hair of fish-eating subjects from the Amazonian
region.'*® Antioxidant defense markers were negatively corre-
lated with Hg levels, namely the antioxidant enzymes gluta-
thione peroxidase and catalase. The authors also showed that the
8-ALA-D reactivation index was positively correlated with Hg
levels and negatively correlated with antioxidant enzymes, sup-
porting the notion that oxidative stress contributes to oxidizing
the erythrocytic 8-ALA-D in Hg-exposed subjects. The study by
Grotto et al. ' illustrates that the inhibitory effect of CH;Hg(n)
on 8-ALA-D activity can be mediated by a direct oxidation of
thiol groups by CHsHg(n) or indirectly via oxidative stress
mediated oxidation of thiol groups.

Experimental studies indicate that short term exposure to high
doses®? or chronic exposure to low doses of CH;Hg(ur) inhibit
the 8-ALA-D and increase plasma MDA levels,'*® indicating a
relationship between oxidative stress and §-ALA-D inhibition.
Here, it is important to point out that chronic CH;Hg(u) exposure
have been reported to disrupt heme biosynthesis in
rodents,'?”'* which may be related to 3-ALA-D inhibition.

Human exposure to inorganic mercury (Hg(0), Hg(1) or Hg(1)
can occur accidentally or occupationally under diverse situations.
For instance, the use of skin-lightening creams with Hg has
resulted in Hg poisoning, "% or even the bizarre use of Hg for
the treatment of head lice which caused fatal fulminate hepatic
failure in a child."*® The use of Hg(0) in dental amalgams and
gold mining has been also associated with Hg

122,131,132
exposure. "7 Furthermore, broken thermometers and

compact fluorescent light bulbs can represent a domestic source
of exposure to m::rcury.'22

Hg(ir) has a wvery high constant affinity for thiol
groups.' #2113 However, there are no reports in the literature
indicating that exposure to Hg(i) can inhibit human 8-ALA-D.
In the study by Grotto et al.,'> total Hg was determined in
blood, plasma and hair. Since the subjects were from fish-cating
communities, the mercury is probably derived from CHaHg(n).
Conversely, the Amazonian region has been exposed to high
levels of Hg(0) used in gold mining."** Thus, without determin-
ing the speciation of Hg, we can speculate that the results of
Grotto et al.'*® can be in part related to exposure to Hg(ir) meta-
bolically derived from Hg(0).

Exposure of mice and rats to high doses of Hg(11) inhibits the
8-ALA-D.***® However, the sensitivity of the renal enzyme is
greater than the hepatic 8-ALA-D, which in turn is greater than
the enzyme from the brain " %3136 Thege results are in
agreement with the preferential distribution of Hg(n) to the
kidney followed by the liver. Pre-exposure to Zn(n) decreases the
inhibitory effect of Hg() on the rat renal and hepatic
8-ALA-D,*™* which is not related to changes in the distribution
of Hg. The protection was related to metallothionein synthesis,
which chelates Hg(ir).

Hg(1) exposure has been reported to cause oxidative stress
and inhibition of renal 8-ALA-D activity in rodents. Adminis-
tration of the antioxidant lycopene blunted the pro-oxidant effect
of Hg(n) and restored 8-ALA-D activity to control levels.'*” In
contrast, astaxanthin, a carotenoid with antioxidant properties,
prevented renal lipid peroxidation, but did not reverse Hg(i)-
inhibited 3-ALA-D,"® indicating a direct inhibitory effect of
Hg(1n) on the renal 8-ALA-D activity.

2.7, Al(m) in vitro

Aluminum is one the most abundant element on the earth’s crust
and it is largely utilized by humans in industry and houschold
utensils. Furthermore, Al(m) is also employed in medicinal for-
mulations, water clarification and as food additive.'*® Conse-
quently, the daily exposure to aluminum can be high and the
element has been implicated as a crucial factor in a variety of
chronic disease.'**™"*! Aluminum has also been indicated as the
causative factor of a microcytic hypoproliferative anemia and it
can worsen anemia in patients with end-stage renal disease.
Even though the mechanism of aluminum-induced anemia is not
completely understood, it seems to involve the disruption of
heme biosynthesis.'*?

Al(mn) has a low affinity for thiol gmups.“ However, there is
at least one report showing that Al(m) inhibits the 8-ALAD
activity in viro with relatively high potency (in the low umol L™
rage).'*® In other studies, Al(in) has been shown to inhibit the
8-ALA-D only in the millimolar range."**'*® In mouse blood,
low concentrations of Al(m) were shown to stimulate the
8-ALA-D."* With purified hepatic 8-ALA-D, the inhibitory
potency of Al(nr) was also in the millimolar range and Zn(1)
blunted the inhibitory effect of Al(m).34 The reasons for such
discrepancies are unknown, but they cannot be explained based
only on the enzyme sources. Further studies need to be carried
out to clarify these discrepancies.
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2.8.  Al(m) in vivo

After in vivo exposure, Al(m) caused either no effect,'*%'47

stimulation'**'** or inhibition'**"*? of the 8-ALA-D activity,
depending on the tissue, the chemical form of Al() adminis-
tration (e.g. Al(m)-citrate or Al(m)) and the route of adminis-
tration (oral or intraperitoneal ).

2.9. Ga(ur), In(u1) and TI(1) in vitro and in vivo

2.9.1. Ga(m). Gallium salts have gained importance as thera-
peutic agents for cancer treatment, in electronics as semiconduc-
tors and as a substitute for Hg in dental amalgam.'®"'>!
However, the toxicity of Ga(mr) has not been completely under-
stood yet. Gallium is located close to Zn in the periodic table
(Fig. 5), which has motivated the study of Ga(m) as a potential
inhibitor of the mammalian 8-ALA-D. In fact, Ga(i) is an
in vitro and in vivo inhibitor of mammalian 3-ALA-D.3*3%%0
Exposure to GaAs has been reported to inhibit erythrocytic,
brain, heart, renal and hepatic 8-ALA-D of rats.**'**7'* Flora
and colleagues demonstrated that GaAs causes inhibition of the
8-ALA-D and increases oxidative stress in rats. Under certain
specific situations, antioxidant compounds blunted the toxic
effects of GaAs."**'*® Even though As(u) can also inhibit
3-ALA-D.* most of the inhibitory effect was attributed to
Ga(ur), because Ga(u) was about 40 to 200 times more potent
than As(in) as an in vitro inhibitor of 8-ALAD. Additionally, the
inhibition was partially prevented by Zn(1).*®

2.9.2. In(m). In(im) is used as a semiconductor (as InAs).
However, its toxicity has been so far only marginally studied.'®
In(nr) (both as InAs or InCl; salts) inhibits 8-ALA-D, whercas
arsenite (As(ur)) is a much weaker in vifro inhibitor of 8-ALA-D
than In(m).*" Similarly, in vive exposure of rats to In(ur) (both as
InAs and InCls) caused inhibition of the 8-ALA-D from different
tissues. However, the inhibitory effect of As(in) was weaker than
that of In(m) and depended on the tissue.*!

2.9.3. TI(u). Thallium is an extremely toxic element and it
has caused accidental and occupational toxicity in humans. Little
is known about the molecular mechanism(s) of TI toxicity.
Notably, Tl(in) has a high affinity for thiol groups and its toxicity
can be associated with disruption of thiol-containing
enzymes.'®" Al(m), Ga(ur), and In(ir) inhibit 8-ALA-D by com-
peting with Zn(u), whereas TI(umr) and In(mr) inhibit bovine
3-ALA-D by directly oxidizing essential sulthydryl groups of
(:112)(111:3.3'J In fact, the in vitro inhibitory effect of TI(ir) was
reversed by DTT but not by Zn(u). In contrast to in vitro data,

administration of Tlm) to rats did not inhibit hepatic
3-ALA-D.'?
2.10.  As(mn) in vitro and in vivo

Arsenic (As) is a widespread pollutant and its presence in water
is a serious health hazard in several parts of the world.'®
Arsenic is thought to be involved in various adverse health
effects, including cancer and neurodegenerative discases,'*+193
However, the mechanism of arsenic toxicity is not completely
known. As(m) can interact with thiol groups of proteins,

disrupting their physiological roles. Accordingly, As(m) is a
weak inhibitor of the rodent 3-ALA-D in vitro.>**" The molecu-
lar interaction of As(nr) with 8-ALA-D has not yet been investi-
gated. However, since As(m) and Pb(u) bind in a similar trigonal
pyramidal coordination environments within peptidic frame-
works using cysteinate ligands®® and the 8-ALA-D has 3 vicinal
thiol groups; it is possible that As(i) coordinate with thiolate
groups of the enzyme with a similar geometry as does Pb(1).
Corroboration of this inference can be found in studies that show
that concomitant exposure to As(u1) and Zn(u) in vive protects
the 8-ALA-D from As(ur)-induced inhibition. On the other hand,
post-treatment does not protect 8-ALA-D from As(m).'%!¢7
There are several studies demonstrating that exposure of
rodents to As(i) causes inhibition of the 8-ALA-D**4176 and
increases oxidative stress.'®®™'"" The administration of different
types of antioxidant agents reversed the alterations induced by
As(un)."™'7? However, quercitin did not restore the 8-ALA-D
following the treatment with As(m), even though quercitin
blunted the As(m)-induced oxidative stress.'™ This indicates that
As(m) can directly oxidize the critical thiol groups of 8-ALA-D.

2.11. Sn(n) and Bi(i1) in vitre and in vivo

2.11.1. Sn(u). Tin (Sn) in its trimethylated form is a ubiqui-
tous environmental pollutant and it can cause a variety of toxic
effects in living organisms,'™ including severe neurotoxic
effects in mammals.'> Furthermore, a possible role for toxic
metals, including tin, has been suggested as an important factor
involved in the initiation and progression of neurodegenerative
diseases.'”® Sn(ir) is also toxic to mammals and can cause oxi-
dative stress and depletion of =SH gmups.]77 Accordingly, Sn(ir)
administration caused inhibition of 8-ALA-D in rabbits, mice
and rats,'®"* which was prevented by Zn(u).]79 Although the
mechanism of Sn(n)-induced inhibition of 8-ALA-D has not yet
been thoroughly investigated, a study by Chiba and col-
leagues'®! strongly suggests that Sn(nn) interacts in a more revers-
ible way with the 8-ALA-D than Pb(u), since the blood enzyme
activity returned to normal values more rapidly in Sn(n)- than in
Pb(u)-intoxicated animals. Since Pb(11) competes with Zn(u) at
ZnB site and Zn(11) can protect 3-ALA-D from the biochemical
changes produced by Sn(u) administration,'”” we can hypothe-
size that Sn(11) inhibits 8-ALA-D at the same site of Pb(n).

2.11.2. Bi(m). Consumption of bismuth for different pur-
poses is increasing and little is known about bismuth toxicity.
The clinical utilization of bismuth iodoform paraffin paste has
been associated with neurotoxic symptoms and chelation therapy
with the dithiol, 2,3-dimercaptopropionic acid (DMPS) is effec-
tive in accelerating Bi excretion.'® Accordingly, Bi(m) binds to
thiol groups and can inhibit thiol-containing enzymes.'® In fact,
8-ALA-D activity was inhibited after administration of Bi(in) to
rats. However, the mechanism of such inhibition has not yet
been comprehensively investigated.'® Taking into account the
reactivity of Bi(m) with thiol groups and its proximity to Pb(i)
in the periodic table (Fig. 5), it is plausible to suppose that Bi(ur)
binds to the same region in the 3-ALA-D as does Pb(i). Bi(ir)
could coordinate with the 3 vicinal thiol groups located at the
ZnB site in a geometry not exactly coincident with that of Pb(i)
and that could partially explain the distinct toxicity of these
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metals. Future computational and molecular studies are highly
desirable to accurately determine the interaction of Bi(um) with
the 8-ALA-D and other target proteins, particularly considering
its increasing utilization in medicine and industry.

2.12. Children’s exposure to metals

Few studies have investigated the effects of metals on 6-ALA-D
activity in children, with the majority of studies focusing their
attention on the effects of lead.'®*"%% Children seem to be much
more susceptible to lead intoxication as a consequence of their
hand to mouth habit, increased gastrointestinal absorption and
elevated respiratory rate.'®'"” Environmental pollution is the
greatest source of child contamination with metals.'®® Children
may be directly exposed to lead in dust, water and food."”" Other
sources of lead intoxication have been found in Mexican chil-
dren, suggesting that the use of lead-glazed dishes and the habit
of biting colored pencils increase lead levels in children.'®! The
consequences of this exposure are deleterious to developing sub-
jects, leading to a higher risk of neurological damage and
cancer.'®® Moreover, 3-ALA-D activity has been shown to
decrease after exposure to Pb, resulting in severe hematological
consequences during development.'” For instance, a recent
study has shown that lead induced oxidative stress and decreased
8-ALA-D activity in children with aplastic anemia.®® Thus,
3-ALA-D activity has been suggested to be a sensitive indicator
of early hematological disorders related to lead exposure.”™

Similarly to what happens in adults, children may also have
variable susceptibility to lead intoxication'*® due to 3-ALA-D
polymorphisms. Adult carriers of the ALAD-2 allele present
higher blood lead levels and initially it was interpreted as they
could be more susceptible to lead intoxication.'™ However, later
on, it was found that 8-ALAD-2 has higher affinity and stability
for lead than &-ALAD-1.'""> Thercfore, carriers of ALAD-2
allele may be less susceptible to intoxication, because of a puta-
tive protective effect of this polymorphism.'®® Child carriers of
ALAD-2 allele also present significantly higher blood lead levels
than ALAD-1 carriers.'” Thus, they may also have a protective
mechanism against Pb(u) toxicity. Interestingly, a study in Chile
showed that children living in areas close to lead deposits are
carriers of ALAD-2 allele more frequently than those living far
away, suggesting a long-term selective defense associated with
ALAD-2 polymorphism.m

The few studies cited above indicate that 8-ALA-D has not
been sufficiently explored as a marker of metal exposure in chil-
dren. Since children at risk of exposure are normally exposed to
more than one toxic agent, it would be important to determine
the activity of this enzyme in subjects at risk of exposure to
different environmental toxicants.

3. &8-ALA-D as a marker of exposure to
pro-oxidant compounds

3.1. Exposure to organochalcogens

Organochalcogen compounds are defined as the structures in
which the chalcogen atom is directly bonded to a carbon (sp, sp2
or sp’) atom. In the following section the term organochalcogen

will be used to refer specifically to organoselenium and organo-
tellurium compounds.

Understanding of the molecular toxicity of organochalcogen
compounds is still scarce in the literature. Much of the present
knowledge of organochalcogen toxicity emerged from inorganic
selenium research. Inorganic Se compounds can oxidize thiol
groups and, in the case of selenium (Se(1v)), generate reactive
oxygen species (ROS) during the catalytic oxidation of
thiols.'**% These factors are believed to be the cause for toxi-
city of inorganic Se. To some extent, the interaction of organo-
chalcogens with thiols has been reported to be similar to that
associated with inorganic Se (for recent reviews see ref.
203-206 and references therein). The next paragraphs are
intended to provide the reader with knowledge about the in vitro
and in vivo inhibition of the 3-ALA-D by organochalcogens.

3.1.1. Exposure to organochalcogens in witro. A study by
Barbosa and collaborators in the late 1990s provided the initial
observations that 8-ALA-D from different tissues of adult rats is
a molecular target for the toxic effects of organochalcogens.®®”
This study revealed that diphenyl diselenide, its analogues, as
well as diphenyl ditelluride oxidize the 8-ALA-D.2"

The importance of oxygen for the inhibitory effect of diphenyl
diselenide and analogues was experimentally demonstrated and
its removal from the medium decreased the inhibitory effect.?®”
From these experiments evidence emerged that molecular
oxygen can oxidize the selenol intermediates back to a disele-
nide (Fig. 11, panel A). The inhibition of the mammalian
8-ALA-D activity by diphenyl diselenide (and analogues) was
dependent on the oxidation of cysteinyl residues located within
the active site of the enzyme (Fig. 11, panel A).*"

The presence of vicinal thiols in the active center of the mam-
malian,®®® fruit fly*®® and fish®'® 3-ALA-D indicates that they
are crucial for the inhibitory action of diphenyl diselenide. This
hypothesis was further supported by the fact that the 8-ALA-D
from cucumber leaves is not sensitive to diphenyl diselenide (or
its analogues].2”"25'-zm In plants, the B site of 8-ALA-D is

Panel A o
2
H(J)\/\ PhScScPh  PhSeH
CcOs
NH, M» Porphobilinogen (PBG)J]
ALA SH S
LATT ALA-D rat<SH ALA-D rat<§
reducing agent
Panel B
O,

PhSeH

H?\/\ PhSeSePh
Co; N /
+ = Porphobilinogen (PBG)

NH, —
ALA ALA-D plant—SH

Fig. 11 Diphenyl diselenide inhibits 8-ALA-D activity from rats
(panel A) but not from plants (panel B). The importance of vicinal thiol
groups for inhibition of the rat enzyme.

92 | Toxicol. Res., 2012, 1, 85-102

This journal is © The Royal Society of Chemistry 2012



44

Table 1 Half maximal inhibitory concentration (ICsy) values for rat liver 8-ALA-D inhibition by selenides and their respective selenoxides

Compound 1C5q (uM) Product” ICsq (UM) Ref.

PhSeMe >400 (I? 104 212
PhSeMe

C,Hy—=——SeMe >400 : 72 212
C4H9 ——SeMe

Ph SePh 250 45 213

I
——S¢Ph

“Selenoxides were generated by reacting selenides with H,0s, for details on the experimental procedure the readers could refer tothe above cited

references.

characterized by the substitution of some cysteinyl residues by
acidic amino acids, which makes the enzyme less susceptible to
oxidation (Fig. 11, panel B).*"!

The use of classical reducing agents, such as DTT, to restore
8-ALA-D activity reinforces the notion that organochalcogens
inhibit the enzyme by oxidizing its essential cysteinyl residues
(Fig. 11, panel A) 2407208 Degpite the relatively poor thiol
oxidant property of monoselenides, there is substantial evidence
indicating that they can oxidize the 8-ALA-D after chemical or
enzymatic transformation to their respective selenoxides.?'*='?
Table 1 shows that selenoxides are more potent inhibitors of the
rat liver 8-ALA-D than their respective parent compounds. This
effect can be explained by the presence of selenium—oxygen
double bond in which the pi (n) electron delocalization makes
the selenium atom of selenoxides more electrophilic than that of
selenides.

Taking into consideration the above mentioned and that the
monooxygenation of selenides to their selenoxides by flavin-
containing monooxygenases (FMO) has been reported
in vive,”'* 8-ALA-D could be a potential target of selenides
toxicity after their oxidation to selenoxides by FMO.

Table 1 also shows that phenylselenoacetylene at high concen-
trations inhibits the 8-ALA-D activity from rat liver. This inhibi-
tory effect was dependent on the conversion of
phenylselenoacetylene to diphenyl diselenide.*'?

A number of organochalcogen compounds are inhibitors of
the 8-ALA-D activity. Diseclenides (Table 2, entries [-4) are
more effective inhibitors than the other organochalcogens shown
in Table 2. The inhibitory potential of diphenyl diselenide varies
depending on the source of enzyme (Table 2, entries 1, 7 and
18). The human erythrocytic 8-ALA-D is less sensitive to diphe-
nyl diselenide than the rat liver or brain.

Diaryl diselenide substituted with chloro at the para position
of the aromatic ring is the most effective inhibitor of the rat liver
8-ALA-D (Table 2, entry 2).

Despite the differences in the organic structure bonded to the
selenium atom, carbohydrate diselenide derivatives were as
potent as diphenyl diselenide in inhibiting 8-ALA-D from rat
liver (Table 2, entries 1 and 4). By contrast, the ICs, values of
diphenyl diselenide and its analogues were similar when the
source of 3-ALA-D was rat brain, suggesting that the introduc-
tion of functional groups (trifluoromethyl, chloro or methoxyl)
into the aromatic ring of diaryl diselenide does not alter its
inhibitory effect (Table 2, entries 7-10). As seen on Table 2,

selenofuranoses (entries 5-6)*'® and tris-selenides (entries

15-17)*"7 are fair inhibitors of 8-ALA-D activity. It is also
evident that 3-ALA-D from human erythrocytes is a potential
target for diphenyl diselenide, ebselen and diphenyl ditelluride
(Table 2, entries 18-20).2%%

The above mentioned studies provided clear evidence that
8-ALA-D from different sources can be a marker of organochal-
cogen exposure in vitro. Furthermore, 8-ALA-D inhibition may
increase the concentration of 5-aminolevulinic acid (8-ALA),
which is a pro-oxidant molecule (Fig. 12).°577% Extrapolating the
in vitro findings, the disruption of the aerobic metabolism by
inhibiting the heme biosynthesis (Fig. 12) and the increase in the
production of reactive oxygen species may be consequences of
the 8-ALA-D inhibition by organochalcogens.

3.1.2. Exposure to organochalcogens: in vitro vs. in vivo.
Although persuasive evidence has been found to suggest that
8-ALA-D  activity 1s a marker of exposure o
organochalcogens,?™2% it is not clear whether the in vitro
effects of organochalcogen compounds would be consistent with
the in vivo outcomes. Amongst other reasons, the in vivo effect
of certain compounds not only depend on the chemical form and
the dose of the compound administered, but also on a variety of
other factors such as the route of administration and the animal
Snecies.z[ﬂ—?{]ﬁ

There is evidence suggesting that modifications of the organic
moiety of organochalcogen compounds can have profound
effects on their reactivity towards thiols. Accordingly, it has been
demonstrated that diorganyl diselenide derived from cholesterol,
dicholesteroyl diselenide, does not significantly inhibit the
3-ALA-D activity from different tissues after both in vitro or
in viva f:)mcrsurt:.msz

One of the first demonstrations that the effects of organochal-
cogens on the 3-ALA-D activity varied depending on the exper-
imental conditions came from a study by Maciel and
collaborators.”** In that study, diphenyl diselenide inhibited the
8-ALA-D activity from brain, liver and kidney at a similar
potency in vitro. However, when diphenyl diselenide was acutely
or chronically administered to mice, the cerebral and hepatic
8-ALA-D activities were inhibited, but the renal enzyme was not
altered”*

Diethyl 2-phenyl-2-tellurophenyl vinylphosphonate consist-
ently inhibited the cerebral, renal and hepatic 8-ALA-D of mice
in vitro. By contrast, exposure of mice for 12 days to this
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Table 2 ICs; values for 3-ALA-D inhibition by different organochalcogen compounds®

Entry Compound Enzyme source ICsp (uM) Ref.
1 Rat liver 9 207
lSe
O
2 Rat liver 2 207
Se Cl
3 PhSe  SePh Rat liver 9 207
Mg Me
4 OH So) Rat liver 10 216
O €2
Me S_/
Me™ o
5 OH Rat liver >400 216
Q. Se-p-ClC6H4
Mo
Me™ o
6 OH Rat liver >200 216
O, SeBn
Me
s
7 Rat brain 4.6 217
’Se
O
8 F5C Rat brain 6.6 217
Se
!
Se
CF;
9 Rat brain 4.3 217
,Se Cl
cw@—&
10 se @ OMe Rat brain 43 217
McOGSe
1 CsHj—=—"TeBu Mouse brain 171 218
12 Ph——TeBu Mouse brain 177 218
13 -Bu—=—"TeBu Mouse brain 204 218
14 HO/_— TeBu Mouse brain 213 218
15 PhSe>_<— OEt Human erythrocyte =200 219
PhS¢ SePh
16 P-MeOCgH,Se OFt Human erythrocyte =200 219
p-MeOC¢H,S¢ Se-p-MeOCgH,
17 P'C]C5H4SC>_( OFt Human erythrocyte >400 219
p-CIC4I,S€ Se-pClC4ll,
18 Human erythrocyte 40 208

oY
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Table 2 (Contd.)

Entry Compound Enzyme source 1Cs (uM) Ref.

19 ’Te @ Human erythrocyte 39 208
O

20 o Human erythrocyte 100 208

“1Csq values were calculated using data obtained after pre-incubation of different concentrations of organochalcogens and the source of 8-ALA-D; for
details of the experimental procedure readers should refer to the references cited above.

B 0, o PhSesePh
005 k-i“’" CO, ' Porphobilinogen (PBG) |
i 2 HJ\/\ 2 _)s" rpl IO
5 N, ALA- |
DOVA o . ALal
0., H,0, HO |
l Hemaglobin‘
HEME : -+ === = Cytochrome ¢
T Myoglobin

Fig. 12 The consequences of 8-ALA-D inhibition by dipheny! disele-
nide. The increase of ALA levels can produce reactive oxygen species
and impairments in heme biosynthesis, which could disrupt aerobic
metabolism.

organotellurium compound did not affect the §-ALA-D from
kidney, brain and liver?* The results indicated that the
8-ALA-D was not a molecular target for diethyl 2-phenyl-2-
tellurophenyl vinylphosphonate in vivo, which can be explained
by its weak ability to oxidize thiols.

As pointed out above, 8-ALA-D can be a marker of organo-
chalcogen toxicity. > Consequently, the lack of inhibition of
the enzyme by organochalcogens may indicate low toxicity of
certain compounds. In this context, we have persuasive exper-
imental results demonstrating that organochalcogens that do not
inhibit the 8-ALA-D exhibit low toxicity in vivo (Table 3).

Moreover, organochalcogens are effective in reversing
hepatic,”** ¢ cerebral,®” renal”*® and pulmonary®*® §-ALA-D
activity in experimental models in which this enzyme is inhi-
bited by different xenobiotics. These results reinforcing the
hypothesis that 8-ALA-D is not a target of organochalcogens at
pharmacological doses.

3.1.3. Exposure to organochalcogens in vivo. 8-ALA-D has
been postulated to be a useful biochemical marker for assessing
organochalcogen toxicity. In fact, most experimental evidence
now indicates that 8-ALA-D activity is inhibited by organochal-
cogens only at doses that caused toxicity in experimental
animals. Table 4 shows that subchronic exposure to high doses
of diphenyl diselenide or methyl phenyl selenide inhibited the
hepatic 8-ALA-D activity and caused anemia in mige, 224240244
Thus, the 8-ALA-D inhibition following the exposure to high
doses of organochalcogens may perturb the heme metabolic
pathway, reducing the hemoglobin biosynthesis (Fig. 12).

Diphenyl diselenide and its analogues, chloro and trifluoro-
methyl substituted diaryl diselenides, administered to rodents at
doses near to the half maximal lethal dose (LDsg) inhibited

8-ALA-D from peripheral tissues and caused signs of systemic
and hepatic toxicity (Table 4). Although I-butyltellurenyl-2-
methyl-thioheptene was administered at a single small dose to
rats (compared to those used for Se compounds), the animals
exhibited signs of systemic toxicity as demonstrated by the
reduction of body weight gain, hepatotoxicity (increase of aspar-
tate aminotransferase, AST, and alanine aminotransferase, ALT,
activities), renotoxicity (increased urea levels) and dislipidemia
(increased serum triglyceride levels) concurrent with the inhi-
bition of 8-ALA-D activity.™** Accordingly, organotellurium
compounds have been reported to be more toxic agents to
rodents than organoselenium compounds.?***4°

As summarized in Table 5 rats exposed to a single high dose
of ebselen or diphenyl ditelluride presented signs of renal
(increased serum urea) and hepatic toxicity (increased serum
AST and ALT) which were coincident with the inhibition of
8-ALA-D from erythrocytes. These observations further suggest
that 8-ALA-D can be an enzymatic marker for organochalcogen
toxicity.

The potential inhibition of 8-ALA-D activity may lead to
neurotoxic effects. Evidence has been found showing that
8-ALA accumulation induces convulsions and that 8-ALA
irreversibly inhibits glutamate uptake and is an antagonist of
y-aminobutyric acid (GABA) receptors.zﬁ’z“ As seen in
Table 6, cercbral 6-ALA-D is inhibited by diphenyl diselenide at
a dose that caused seizures in rat pups. On the other hand, diphe-
nyl diselenide did not alter cerebral 8-ALA-D activity at anti-
convulsant  doses.™ % Accordingly,  organoselenium
compounds have been reported to have dual effects based on
their dose-dependent contrasting action. At low doses, organo-
selenium has beneficial effects, whereas high doses are toxic.
The threshold dose separating these opposing effects has not yet
been precisely established.?**2"

The consequences of lactational exposure to diphenyl ditellur-
ide in the brains of suckling rats are shown in Table 6. Diphenyl
ditelluride increased lipid peroxidation and inhibited catalase,
superoxide dismutase and 8-ALA-D activities in cerebral struc-
tures of suckling rats.®” As a consequence of 3-ALA-D inhi-
bition, 8-ALA may undergo autooxidation thus facilitating the
generation of reactive oxygen species. The ALA enoyl radical
and 4,5-dioxovaleric acid (DOVA), the end products of 8-ALA
oxidation, are reactive species that can disrupt cellular prooxi-
dant/antioxidant balance (Fig. 12).%7% These in vivo obser-
vations generate a body of evidence reinforcing that 3-ALA-D
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Table 3 Relationship between the absence of toxicity after organochalcogen exposure and the activity of 3-ALA-D in different species”

Animal Signal of 8-ALA-D
Compound species Exposure toxicity Tissue activity Ref.
S @ Rat 8 weeks None Testes Normal 225
€
O+
T @ Rat 8 weeks None Testes Normal 225
e
O~
S _@ Rabbit & months None Blood, hepatic, cerebral cortex Increased 226, 227
e
/
O
S @ Rabbit 8 months None Renal, hippocampus Normal 226,227
e
O+
Ph: Mouse 12 days None Renal, hepatic, cerebral Normal 224
PhT¢ P(O)OLL),
’SEQOMC Mouse 72 hours None Liver, kidney, brain Normal 228
MeO Se
Ph: Rat 72 hours None Hepatic Normal 229
BuT¢ SCH;
| Se Mouse 1 hour None Brain Normal 230
3 days None Renal, hepatic, cerebral Normal 231

Se) Rat
N
S

“ For details of the experimental exposure readers should refer to the references cited above.

from different sources can be an enzymatic marker of toxicity by
organochalcogens.

4. 8-ALA-D as a marker of pro-oxidant situations
4.1. 8-ALA-D in animal models of human diseases

Reliable animal models of human diseases are essential for pre-
dicting applications in clinical research. In this regard, 8-ALA-D
has been indicated as a useful screening marker for pathologies
in the humans, mainly because 6-ALA-D activity can be often
correlated with oxidative damage on proteins. Thus, it is essen-
tial to test its activity in classical animal models of human dis-
cases to clarify whether it translates to real human diseases.
Some classical models of diabetes type 1, such as alloxan- and
streptozotozin - (STZ)-induced  diabetes, have already been
characterized for 6-ALA-D activity. The results obtained with
these drugs were similar to the findings observed in human type
| diabetes patients in which an inhibition of 8-ALA-D was
detected ' ™*** Investigating the molecular causes of 8-ALA-D
inhibition, it was concluded that it could be caused by the

glycation of the active lysine site or by the oxidation of cysteinyl
residues of 8-ALA-D.* Indeed, it has been shown by the reacti-
vation index (with DTT) that this enzyme is more oxidized in
diabetic patients.>* Accordingly, a recent work demonstrated
that the administration of the antioxidant N-acetylcysteine to dia-
betic rats restored 8-ALA-D activity to control levels.?*®

Besides diabetes, 8-ALA-D activity has already been linked
with a wide variety of other disorders and tested in different
animal models of pathologies, such as obesity,”” hypothyroid-
ism,>>® hyperglycemia,zsg cancer,”%" paracetamol intoxication,”%"
fatigue,”**2%% sepsis®® among others.

Obesity and hyperglycemia are of great concemn in our
society, because they increase susceptibility to development of
insulin resistance, diabetes, hypertension and additional compli-
cations.”® Animal models of obesity and overweight, usually
obtained by high fat diet feeding, have contributed to clarifying
many issues related to these complications in the human body.
Diet-induced hyperglycemia and high fat diet in animal models
have been associated with increased ROS production and with
reduced 8-ALA-D activity.” ™" In fact, Folmer et al.”*® have
demonstrated a strong negative correlation between oxidative
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Table 4 Experimental evidence of 3-ALA-D from peripheral tissues as a marker of organochalcogen toxicity®

Compound Exposure Target tissue(s) ALA-D activity Signal of toxicity Ref.
250 umol kg™, Liver Inhibited Anemia in mice 223,241
,Se 14 days
Se
PhSeMe 500 pmol kg™, Liver Inhibited Anemia in mice 242
30 days
. 300 pmol kg™, Kidney, liver Inhibited |Body weight gain, TAST, 243
Se 14 days ALT in rats
Se
380 pmol kg™, Liver, spleen Inhibited |Body weight gain, |food and 228
;SC cl one dose water intake in mice
Cl Se
F3C 300 umol kg™, Liver, spleen, kidney,  Inhibited |Body weight gain, |food and 228
,Se one dose brain water intake in mice
Se
CF;
CsHy, 75 umol kg™', Liver, spleen Inhibited |Body weight gain, TAST, ALT, 244
— one dose urea and TG in rats
BuTe SCHj

“For details of the experimental exposure readers should refer to the references cited above. AST — aspartate aminotransferase, ALT — alanine
aminotransferase, TG — triglyceride, CAT — catalase, SOD — superoxide dismutase.

Table 5 Experimental evidence erythrocytes 8-ALA-D as a marker of organochalcogens toxicity in rats®

Compound Exposure Target tissue 8-ALA-D activity End point of toxicity
9 340 umol kg™', one dose Erythrocyte Inhibited 1 Urea
N
>—Ph
Se
150 umol kg™, one dose Erythrocyte Inhibited T AST, ALT

O

¢ All data were collected from ref. 240. AST — aspartateaminotransferase, ALT — alanineaminotransferase.

Table 6 Experimental evidence of cerebral 3-ALA-D as a marker of organochalcogen toxicity in young rats”

Compound Exposure Target tissue(s) 8-ALA-D activity Signal of toxicity Ref.
Sc© 50 mg kg™', one dose Brain, liver Inhibited Seizures 249

O
0.03 mg kg™', 14 days Hippocampus, striatum Inhibited tLipid peroxidation | CAT, SOD 250

T aY

“ For details of the experimental exposure readers should refer to the references cited above. CAT - catalase, SOD — superoxide dismutase.

stress and 8-ALA-D activity in mice indicating that 8-ALA-D
can be an earlier marker of metabolic changes associated with
obesity and related pathologies.

Thyroid dysfunction in animal models (induced by pro-
pylthiouracil administration) was associated with inhibition of

8-ALA-D.** Moreover, hypothyroidism may be associated with
oxidative stress.*®” However, 8-ALA-D activity was found to be
higher in patients with hypothyroidism than in patients with
normal thyroid function.?>® The discrepancies can be related to
the time course of disease development (i.e., after acute

This journal is @ The Royal Society of Chemistry 2012

Toxicol. Res., 2012, 1, 85-102 | 97



49

induction in animal models vs. spontaneous and delayed devel-
opment in humans), which could allow an adaptation to the
metabolic alterations found in humans.

Laboratory animal models of human disorders have been quite
helpful in clarifying the putative effects of oxidative stress and
other metabolic changes on human 8-ALA-D; however, the
number of studies is still limited, indicating that it would be
crucial to test the 8-ALA-D activity in other models of human
pathologies associated with oxidative stress to determine whether
or not 8-ALA-D could be considered a universal marker of
oxidative stress.

4.2. $-ALA-D in human diseases and aging

3-ALA-D activity is a potential biomarker for screenings of
pathophysiological conditions, particularly in those associated
with oxidative stress. Accordingly, blood 8-ALA-D has been
reported to be inhibited in different pathological conditions, for
instance, in hemodialysis palientsff’x_m after bone marrow
transplantation,?’> 2" in patients with cervical cancer’”> and in
diabetes type 1 and 2.2°23*23% Importantly, in various studies, a
negative correlation was found between 8-ALA-D activity and
oxidative stress. Human 6-ALA-D can also be inhibited after
exposure to other pro-oxidant situations, for instance, after
hyperoxygenation® ® and after exposure to a mixture of solvents
in painters.””” This is because 8-ALA-D contains vicinal -SH
groups which can be easily oxidized”*™® (Fig. 3 and 4), there-
fore, inhibiting its activity.?™

Protein oxidation is a natural phenomenon that occurs in phy-
siological and pathological processes, such as aging and age-
associated conditions.”” Aging can be defined either as a
normal process of differentiation or as a progressive decrease in
physiological function.”” The free radical theory of aging”®” has
gained experimental support with studies showing an exponen-
tial increase in oxidized proteins, lipids and DNA as a function
of aging.®™ As aging and oxidative damage occurs, 8-ALA-D
could be targeted by oxidative stress and be less active in the
elderly. For instance, a study comparing young (8 weeks) and
aged (38 weeks) mice demonstrated that in aged animals the
8-ALA-D activity was lower than in 8 week-old mice as a conse-
quence of enzyme oxidation with aging.®” Furthermore,
8-ALA-D activity has been suggested as a biomarker of oxi-
dative stress in the elderly population.®™' In fact, 8-ALA-D
activity decreased as a function of age and there was a negative
correlation between age and blood 8-ALA-D activity between
60 to 84 years of age in elderly subjects.®®!

Age-associated pathologies have been demonstrated to contain
altered forms of a variety of proteins, which could be related to
protein oxidation and to a decrease in proteases involved in the
degradation of aged proteins.””® Protein oxidation is a common
observation in age-related pathologies such as Parkinson’s™**?*
and Alzheimer’s diseases. *** 2% Interestingly, Alzheimer
plagues contain amyloid-B protein, which binds to heme, poten-
tially leading to heme deﬁciency.zm Moreover, expression of
aminolevulinate synthase (ALA-S) and porphobilinogen de-
aminase (PBG-D) mRNAs have been shown to be reduced in
Alzheimer’s disease, indicating that different points of heme
biosynthesis can be altered in these chronic degenerative

pathologies. Unfortunately, 6-ALA-D activity has not yet been
tested in Alzheimer’s or Parkinson’s diseases. However, this
enzyme could give important insights into the oxidative state of
these age-associated conditions. !

5. Conclusions

3-ALA-D has been considered a reliable and sensitive marker of
Pb(i1) exposure. However, in view of the presence of 3 vicinal
thiol groups in its active centre, 3-ALA-D can also be oxidized
by different soft electrophiles and by metals that compete with
Zn(n) at its active centre. Recently, it has been postulated that
3-ALA-D could also be a molecular sensor of oxidative stress. In
fact, the enzyme has been reported to be inhibited in experimen-
tal and in pathological situations associated with oxidative stress.
Remarkably, the substrate of 8-ALA-D, 5-aminolevulinic acid
(8-ALA), is a pro-oxidant compound and 8-ALA-D inhibition
can therefore indirectly increase oxidative stress via an increase
in the levels of 3-ALA. The oxidative stress triggered by 8-ALA
can further inhibit 6-ALA-D, thus setting forth a vicious toxic
cycle. In short, 8-ALA-D is more than a biomarker of Pb(n). In
fact, it can be considered a biomarker of exposure to different
exogenous electrophiles and also to pro-oxidant situations found
in relevant human pathologies. Thus, the pair 8-ALA and
8-ALA-D can be considered more than substrate and enzyme,
because the inhibition of 8-ALA-D can increase 8-ALA levels
that will further inhibit 3-ALA-D, contributing in this way to
worsening the redox state of living cells.
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MOLECULAR DOCKING STUDIES OF DISUBSTITUTED DIARYL DISELENIDES AS
MAMMALIAN 5-AMINOLEVULINIC ACID DEHYDRATASE ENZYME INHIBITORS

R. A. Saraiva, D. C. Bueno, P. A. Nogara, ]. B. T. Rocha

Laboratério de Bioguimica Toxicol6gica, Centro de Ciéncias Naturais e Exatas, Universidade
Federal de Santa Maria, Campus Universitario, Camobi, Santa Maria, RS, Brazil

8-Aminolevulinic acid dehydratase (8-ALAD) is a metalloprotein that catalyzes por-
phobilinogen formation. This enzyme is sensitive to pro-oxidants and classically
used as a biomarker of lead (Pb) intoxication. Diphenyl diselenide [(PhSe);] and
analogs  bis(4-chlorophenyl) diselenide [(pCl;PhSe),;], bis(4-methoxyphenyljdiselenide
[(pCH;OPhSe);], and bis[3-(trifluoromethy)phenyl] diselenide [(mCF;PhSe);] inhibit
mammalian 3-ALAD by oxidizing enzyme cysteinyl residues, which are involved in dise-
lenide-induced toxicity. 2-Cysteinyl residues from 3-ALAD are believed to sequentially interact
with (PhSe),. Thus this study utilized protein-ligand docking analyses to determine which
cysteinyl residues might be involved in the inhibitory effect of (PhSe), and analogs toward
3-ALAD. All diselenides that interact in a similar manner with the active site of 8-ALAD were
examined. Docking simulations indicated an important role for n—-n interactions involving
Phe208 and cation-n interactions involving Lys199 and Arg209 residues with the aromatic
ring of (PhSe)z and analogs. Based upon these interactions an approximation between Se
atoms and -SH of Cys124, with distances ranging between 3.3 A and 3.5 A, was obtained.
These data support our previous postulations regarding the mechanism underlying §-ALAD
oxidation mediated by (PhSe), and analogs. Based on protein-ligand docking analyses, data
indicated that -SH of Cys124 attacks one of the Se atoms of -SH of (PhSe); releasing one
PhSeH (selenophenol). Subsequently, the -SH of Cys132 attacks the sulfur atom of Cys124
(from the bond of E-S-Se-Ph indermediate), generating the second PhSe™, and the oxidized
and inhibited 3-ALAD. In conclusion, AutoDock Vina 1.1.1 was a useful tool to search for
diselenides inhibitors of §-ALAD, and, most importantly, it provided insight into molecular
mechanisms involved in enzyme inhibition.

Porphyrins are prosthetic groups particu-
larly important in aerobic living systems since
they are associated with a wide range of
chemical properties, including oxygen bind-
ing, electron transfer, and light absorption
(Mochizuki et al. 2010). The porphyrin struc-
ture consists basically of four modified pyrrole
rings (tetrapyrroles), generally interconnected
by methine bridges chelated to a centered
divalent metal ion such as Fe?T(in heme),

Mg** (in chlorophyll), Ni**t (in factor Fss0), or
Co?t (in vitamin By,) (Heinemann et al. 2008;
Jaffe 2003). In the second step of porphyrin
biosynthesis, the enzyme delta-aminolevulinic
acid dehydratase (8-ALAD) or porphobilinogen
synthase catalyzes a unique asymmetric con-
densation of two molecules of 8-aminolevulinic
acid (ALA) to form the monopyrrol precur-
sor porphobilinogen (PBG) (Ajioka et al. 2006;
Nogueira and Rocha 2011). The molecular
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MOLECULAR DOCKING STUDIES OF DISELENIDES

mechanisms by which 3-ALAD from mam-
mals catalyzes the formation of PBG is well-
established from enzyme kinetic studies, site-
directed mutagenesis, analysis of conformation
and position of residues and substrate ALA
in different crystal structures (Jaffe 2004), and
recently, by density functional theory (DFT)
studies (Erdtman et al. 2010). There is a con-
sensus that the reaction involves covalent Schiff
bases linkages between adjacent active site
lysine residues (Lys199 and Lys252, at A (acetic)
and P (propionic) site, respectively) and an
interaction involving Zn?T ion coordinated to
the thiolates of three cysteinyl residues and
the nitrogen from the -NH; group from the
ALA substrate (A-site). Lys263 is essential in the
catalysis because it is involved in the recogni-
tion of N from the pyrrole ring (P-site) from PBG
{Erdtman et al. 2070).

In humans, 8-ALAD is encoded by a single
gene located in chromosome 9q34, which has
two co-dominant alleles, ALAD1 and ALAD2.
The nature of this polymorphism is due to a
G-to-C transversion in nucleotide 177, lead-
ing to a substitution of Asn59 (in ALAT1) for
Lys59 (in ALA2). Because |y5ine is a posi-
tive charged whereas asparagine is a neutral
amino acid, the expression of these alleles
results in three distinctly charged forms of
the isozymes, designated ALAD1-1, ALAD1-2,
and ALAD2-2. Thus, ALAD1-2 heterozygotes
produce an enzyme that is more electroneg-
ative than that of ALAD1 homozygotes, and
ALAD2 homozygotes produce an enzyme that
is more electronegative than that of 1-2 het-
erozygotes (Fujihara et al. 2009; Kelada et al.
2001). Despite these differences in the total
charge, all three isozymes display similar activ-
ities in PBG synthesis, since their active center
site is not affected (Jaffe et al. 2001).

8-ALAD has been used for a long time as a
marker of lead (Pb) exposure (Oskarsson 1989;
Takebayashi et al. 1993; Zhao et al. 2007).
It appears that human 3-ALAD G177C poly-
morphism has been implicated in susceptibility
to Pb-mediated toxicity due to differences in
the electrical charge of the molecule result-
ing in ALAD2 with a higher affinity for Pb
than ALAD1 (Fujihara et al. 2009; Kelada et al.
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2001; Scinicariello et al. 2007). In addition,
the mechanism underlying inhibition of Pb-
induced effects involves a competition with
Zn** coordinate with cysteinyl residues of the
enzyme active site (Jaffe et al. 2001).

Recently, 3-ALAD was also suggested to
serve as a potential bioindicator of oxida-
tive stress (da Silva et al. 2007; Concalves
et al. 2005; 2009; Crotto et al. 2010).
Of particular toxicological significance, 8-ALAD
inhibitors such as Pb, mercury (Hg), cad-
mium (Cd), beryllium (Be), succinilacetone, and
2,3-dimercaptopropanol are known to impair
heme biosynthesis (Kusell et al. 1978; Rocha
et al. 1993; Sakaguchi et al. 1997; Sassa and
Kappas 1983) and increase ALA concentra-
tions, which exert pro-oxidant activity under
physiological conditions (Bechara et al. 1993).

Studies demonstrated that the simplest
of the diaryl diselenides, diphenyl diselenide
[(PhSe);] (Figure 1A), exhibits a variety of inter-
esting biological effects, including antioxidant,
antiulcer, neuroprotective, anti-inflammatory,
antihyperglycemic, antiatherosclerotic and anti-
hypercholesterolemic properties both in vivo
and in vitro (de Bem et al. 2009; de Freitas
et al. 2009; Hort et al. 2011; Nogueira and
Rocha 2011; Sausen de Freitas et al. 2010).
In contrast, (PhSe); and analogs display cyto-
toxic properties (Posser et al. 2011) and dis-
rupt the activity of thiol-containing proteins
(Kade and Rocha 2010; Lugokenski et al. 2011;
Puntel et al. 2010), including 3-ALAD from dif-
ferent sources (Barbosa et al. 1998; Farina et al.
2002; Golombieski et al. 2008). In agreement
with these observations, in vivo exposure to
(PhSe); produced adverse effects (Ardais et al.
2010; Maciel et al. 2000; Straliotto et al. 2010)
and inhibited mouse (Mus musculus), South
American catfish (Rhamdia quelen), and fruit
fly (Drosophila melanogaster) 3-ALAD by oxi-
dation of sulfhydryl residues (Barbosa et al.
1998:; Fachinetto et al. 2006; Farina et al. 2002;
Golombieski et al. 2008; Soares et al. 2005).

In silico molecular docking has been widely
employed as an important tool in order
to assess interactions involving ligands and
receptors (Roncaglioni and Benfenati 2008).
This method combines mathematical models,



1014

OCH,4
. T
H4CO

3

57

R. A. SARAIVA ET AL

F4C Se
o \©/ “Se

4

FIGURE 1. Chemical structure of disubstituted diaryl diselenides: 1, diphenyl diselenide (PhSelz; 2, bisi4-chlorophenyl) diselenide
(pCls PhSely; 3, bis (4-methoxyphenyl) diselenide (pCH3; OPhSelz; and 4, bis[3-itriflucromethylphenyl] diselenide (mCF;PhSel;.

theoretical chemistry, quantum physics, and
structural biochemistry (Kitchen et al. 2004).
Utilizing this technique an understanding of
the toxicological effects produced by the affin-
ity of these ligands to a target enzyme can
also be implemented (Sun and Yost 2007; Ma
et al. 2011). Although studies demonstrated
that diaryl diselenides inhibit 8-ALAD activ-
ity in vitro by sulfhydryl oxidation, no model
has yet been proposed to explain this interac-
tion. Previously, Farina et al. (2002) proposed
that the inhibition of mammalian 8-ALAD may
occur via oxidation of two vicinal -SH groups
located at the active center of the enzyme
(Figure 2). In this figure, a more reactive —SH
group (labeled with *) undergoes a nucleophilic
attack from one of the selenium (Se) atoms of
diselenide (step 1), forming the first selenophe-
nol (PhSeH). Sequentially, the vicinal less reac-
tive —SH toward the —Se-Se bond is expected
to attack the sulfur atom of the intermediate
E-5*-SePh, forming the second selenophenol

- cysteinyl*-SH

E + PhSeSePh —» E

=~ cysteinyl**-SH

- cysteinyl*-S-SePh
E

—» E
—~

cysteinyl**-SH

- cysteinyl*-S

H‘cysteinyl“—ﬁ

(PhSeH) and the oxidized and inhibited &-
ALAD (Figure 2). Thus, the aim of this study
was to affirm that this mechanism underlying
8-ALAD inhibition by (PhSe); occurred using in
silico molecular maodels.

METHODS

Docking simulations of the diaryl
diselenides with 3-ALAD were carried out using
AutoDock Vina 1.1.1 (Trott and Olson 2010).
The octameric crystal structure of human
8-ALAD obtained from the RCSB Protein Data
Bank (http://www.rcsb.org/pdb/) was used as
macromolecule (PDB code 1E51). The diaryl
diselenides (PhSe)z, bis(4-chlorophenyl) dis-

elenide (pCl;PhSe);,  bis(4-methoxyphenyl)
diselenide  (pCH;OPhSe);, and  bis[3-
(trifluoromethy)phenyl] diselenide

(mCFsPhSe); were constructed using the
program Avogadro 0.9 and their geometry
was optimized with the universal force field

eysteinyl*-5-SePh
-~ + PhSeH (1)
cysteinyl**-SH

| +Phset(2)

FIGURE 2. Proposed molecular mechanism of oxidation of catalytic thiols from 5-ALAD by (Ph5e);. Adapted from Farina et al. (2002).
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(UFF which is a classical method of molecular
optimization with a wide range of atomic
parameters, including dependent atomic bond
radii, a set of hybridization angles, van der
Waals parameters, torsional and inversion
barriers, and a set of effective nuclear charges)
(Rappé et al. 1992). This was followed by the
AM-1 method (a semiempirical method used
to optimize the tridimensional structure of
a molecule, according to atomic parameters
previously calculated and obtained experi-
mentally, in order to minimize energy and
correct atom distances and dihedral angles)
(Jakalian et al. 2002) from molecular orbital
package (MOPAC), a set of semiempirical
methods (Stewart 2009). Both ligands and
macromolecule  were  previously prepared
using AutoDock Tools (Morris et al. 2009).
All rotatable bonds within the ligands were
allowed to rotate freely, and the receptor
was considered rigid. The grid was centered
on the active site of ap-barrel from 3-ALAD
(x =31.724, y = 71.555, and z = 58.081) and
the dimensions of the grid box consisted of
20A x 26 A x 20 A points, with spacing
of 1 A. The exhaustiveness was set to 50.
All other parameters were used as defaults.
For each ligand docked, the conformation
from the lowest binding free energy with
inferred inhibitory reactivity was accepted as
the best affinity model. The conformations and
interactions were analyzed using the programs
Accelrys Discovery Studio Visualizer 2.5 and
PyMOL (Seeliger and DeGroot 2010).

RESULTS AND DISCUSSION

AutoDock Vina 1.1.1 is a recent docking
program that operates by pairing an empirically
weighted scoring function containing terms for
values such as hydrogen bonding, hydropho-
bic interaction (van der Waals), rotatable bond
penalties, and a sophisticated gradient-based
local search as a global optimization algorithm
(Chang et al. 2010; Trott and Olson 2010).
In order to ensure the efficiency of AutoDock
Vina program as a reliable model, a re-docking
of the crystal ligand PBG in the active site of
8-ALAD was previously performed. The best
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FIGURE 3. Molecular overlapping of the crystal ligand PBC
(green) and the best pose of PBG proposed by AutoDock Vina
1.1 program ired), with RMSD = 1.074 A icolor figure available
online).

conformation from the crystal ligand PBG pro-
posed by docking in silico was almost identi-
cal with the original conformation, showing a
root mean square deviation (RMSD) of 1.074A
(Figure 3). A RMSD value less than 2 A is a
criterion often used for the correct bound struc-
ture prediction (Bursulaya et al. 2003). Thus
evidence indicates that AutoDock Vina can be
reliably used in this study as a docking tool in
the prediction of enzyme-ligand interactions.

Craphical representations of the docking
results of (PhSe); and analogs are illustrated in
Figures 4 and 5. The molecular models pro-
posed by virtual docking analyses suggest that
all diaryl diselenides interact similarly with the
active site of 3-ALAD (Figure 4).

The free energies of binding (AGying) of
these interactions are given in Table 2. All
values obtained are equal or lower than the
AGng of the native 3-ALAD product ligand
PBG (ranging from —6.0 to —5.4 kcal.mol™7).
Consequently, the binding of (PhSe); and
analogs to the active site of 3-ALAD is expected
to be a spontaneous process. Furthermore, the
interaction of (PhSe); and analogs with the
active center of 3-ALAD occurred via m-m
stacking and cation-m and C-H ... 7 inter-
actions. Consequently, these types of interac-
tions are fundamental for inhibition of 8-ALAD
by aromatic diselenides. The m—m interac-
tion was formed between the phenyl group
of the diaryl diselenide and the aromatic
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FIGURE 4. Representative molecular models of (A} diphenyl diselenide (yellow), (B) bis(4-chlorophenyl) diselenide, (C) bis[3-
(trifluoromethy)phenyl] diselenide diphenyl diselenide, and (D) bis(4-methoxyphenyl) diselenide binding the active site of 3-ALAD. The
green lines denote the C-H . .. m, n—7 stacking, and cation—7 interactions. The dark-blue dotted lines denote hydrogen bonds. The
green ball inside the aromatic structure denotes its centroid. All the amino acid residues that are involved in molecular interaction are
shown in the stick drawing. Ligands are shown in ball-and-stick drawing. Atoms in sticks are colored as follows: hydrogen white, carbon
gray, oxygen red, nitrogen light blue, sulfur yellow, and selenium orange (color figure available online).

FIGURE 5. Molecular overlapping of the best pose of ligands diphenyl diselenide (yellow), bisi4-chlorophenyl) diselenide (green), bis(4-
methoxyphenyl) diselenide (red), and bis[3-({trifluoromethy)phenyl] diselenide (blue) binding the ag-barrel active site of human 3-ALAD
(color figure available online).

ring of Phe208 from 3-ALAD. Cation-m inter- residues Lys199 (important for the formation
actions were observed between the phenyl of Schiff-base linkage with the substrate ALA
group of the (PhSe); and positively charged “A-site”) and Arg209 (Figure 4). C-H ... =
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interaction was noted between the aromatic
Ci2-H of Phe79 and one of the phenyl
groups of the ligands (Figure 4). Hydrogen
bonds between the oxygen from methoxyl
group of (pCH3OPhSe); and the hydrogen
from residues GIn225 and Arg221 (Figure 4D)
and between two fluorine atoms from—CF;
group of (mCF;PhSe); and the hydrogen from
residues Tyr276 and Gly80 were also noted.
Taken together, these interactions contribute
to forming stable complexes between diaryl
diselenides and the active center of 8-ALAD.
Of particular importance for the mechanism
underlying 8-ALAD- induced inhibition by
diaryl diselenide compounds, these distinct
types of interactions allow an approximation
between the reactive electrophile moiety —Se—
Se— from the ligands to the nucleophile —SH
groups Cys122, Cys124, and Cys132 with dis-
tances ranging from 3.3 to 6.0A (Figure 4
and Table 1). This orientation adopted by the
ligands is of crucial importance to permit the
oxidation of these cysteinyl residues located
in close proximity in the catalytic center of
8-ALAD. The oxidation of these residues is
expected to produce an immediate inhibition
of enzyme, which is accompanied by release
of Zn**, leading to a conformational state that
is less susceptible to reactivation by reducing
agents (Emanuelli et al. 1998).

Barbosa et al. (1998) and Farina et al.
(2002) demonstrated that (PhSe), inhibited ani-
mal but not plant 3-ALAD by thiol oxidation.
Indeed, the active site of 8-ALAD in animals
and plants is different. Although in animals
the catalytic Zn?* ion coordinates sulfur atoms
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from cysteine residues, in contrast, in plants,
cysteine residues are substituted by aspartic
acid residues and the metal Zn?* is replaced by
Mg?*, which presents a significant preference
for binding to oxygen atom from water and
aspartic acid, serine, and glutamine residues
(Jaffe 2003). These findings support the belief
that (PhSe); is not able to inhibit plant -ALAD
due to significant differences in its active site,
including the absence of cysteine residues.
Previous studies indicated that (PhSe); and
analogs inhibit hepatic, renal, and cerebral
3-ALAD in vitro (Barbosa et al. 1998; Farina
et al. 2002). The first step of oxidation of —
SH groups involves the reaction of the enzyme
with diaryl diselenide to yield the intermedi-
ate E-Cys-S5-SePh via an attack by the most
reactive cysteinyl residue (indicate by aster-
isk in Figure 1) in one of the Se atoms of
diaryl diselenide. Subsequently, the second
more nucleophilic cysteinyl residue attacks the
sulfur atom of the -5-Se- bond of the inter-
mediate (E-Cys*-5-SePh) due to its close spa-
tial proximity to the more reactive residue,
producing the oxidized enzyme (E-Cys-5-5-
Cys-E) and two molecules of selenophenol
(Figure 6). Here, docking analyses indicated
that the residue Cys124 is the nearest thio-
late to Se atoms of (PhSe); and analogs (see
distances in Table 1). In addition, a positive
correlation was found between the AGpg
and the distance between the nearest Se of
diaryl diselenides to Cys124 and the sulfur
atom of Cys124 (R? = 9958, Figure 7), sug-
gesting that the approximation of the —SH
group from Cys124 to one of the Se atoms

TABLE 1. Free Energy of Binding Proposed by AutoDock Vina and the Distance of Nearest Selenium Atom
of Ligands to Sulfur From Thiol Croup of Cys122, Cys124, and Cys132 Docked to Human 8-ALAD Enzyme

Proposed free energy of

Distances from the nearest Se atom of ligands
to S of cysteinyl residues (A)

Ligand hinding (kcal/maol) Cys122 Cys124 Cys132
PBC 5.4 — — —
{PhSe); —6.0 4.363 3.332 5.816
(mCF5;Ph5e); -5.7 4.102 3.399 5.513
(pCIPhSe); -5.8 4.317 3.384 5.637
(pCH; OPhSelz -5.4 4.376 3.466 5.689
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FIGURE 6. Additional proposed molecular mechanism of oxidation of catalytic thiols from human &-ALAD by (PhSel;, according to

docking molecular studies in silico.

w
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R? = 0.9958

Distance between Se from
ligand and S from Cys124 (A)
[
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Free energy of binding (kcal.mol™)

FIGURE 7. Correlation hetween the free energy of binding
(AGHg) predicted by AutoDock Vina program and the distance
berween the sulfur atom from Cys124 and the nearest selenium
of {(PhSe)z and analogs binding human &-ALAD.

from diselenides may be crucial for (PhSe);
and analogs-mediated inhibition of 3-ALAD.
Consequently, evidence indicates that the sul-
fur atom from Cys124 attacks the —Se-Se bond
in diaryl diselenides in order to form the inter-
mediate E-Cys124-5-SePh.

According to the distances of —SH from
Cys122, Cys124 and Cys132 in human 3-ALAD
crystal (Table 2), Cys132 presents the nearest
thiol from thiol of Cys124. Consequently, it is
postulated that Cys132 attacks the sulfur atom
of the intermediate E-Cys124-5-SePh, forming
the oxidized enzyme (—Cys124-5-5-Cys132-)
and 2 PhSeH molecules (Figure 7).

TABLE 2. Distances Between Thiol Groups From Cysteinyl
Residues of Catalytic Active Site of Human &-ALAD Enzyme

Residues Distance (A)
—5H of Cys122 and —5H of Cys124 4.626
—5H of Cys122 and —5H of Cys132 4.423
—5H of Cys124 and —5H of Cys132 4.255

CONCLUSIONS

The molecular docking analyses performed
here indicate that —Cys124 is probably the
critical mammalian nucleophilic center, which
initiates the thiolate attack on the electrophile
-Se-Se— moiety of (PhSe); and analogs,
forming an intermediate of the type E-5-Se—
Ph. This -5-Se— bond is subsequently attacked
by the vicinal Cys132 —SH group, resulting in
the formation of an internal disulfide bond
between Cys124 and Cys132 in mammalian
3-ALAD. This is expected to produce inhibi-
tion of the enzyme and release of the Zn**
ion (which was coordinated to the three thi-
olate (=57) groups of the 3-ALAD active cen-
ter). The two molecules of PhSeH formed at
the expense of cysteinyl residues oxidation are
easily oxidized back to —Se-Se—[(PhSe);] by
molecular oxygen. Data presented support a
sequential interaction of two vicinal cysteinyl
residues of mammalian 3-ALAD with (PhSe)s.
The selenol intermediate maolecules formed
(2PhSeH) react promptly with oxygen, regen-
erating (PhSe);. Consequently, the net result of
the interaction of (PhSe); with 3-ALAD is the
inactivation of this enzyme by catalytic amounts
of diselenides. In summary, AutoDock Vina
1.1.1 is a useful tool to search for diselenides
inhibitors of 3-ALAD and, most importantly, it
provides insights with respect to the molecular
mechanisms involved in 3-ALAD-induced inhi-
bition. In addition, the results presented here
suggest that the rational search for inhibitors of
enzymes needs to start with in silico docking
analyses.
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Abstract

d-aminolevulinic acid dehydratase (6-ALA-D) is an essential metalloprotein involved in
porphyrin biosynthesis. Consequently, its inhibition is implicated in a set of physiological
disorders, including impairment of heme synthesis, neurotoxicity and oxidative stress. In the
last years, the organochalcogen diphenyl diselenide [(PhSe);] has called attention as a novel
promising drug with neuroprotective, antioxidant, anti-atherosclerotic and anti-inflammatory
properties. Contrariwise, (PhSe), can be toxic due, in part, to the ability to oxidize catalytic
sulfhydryl groups from 3-ALA-D. In order to give important support to the rational design of
novel diselenide drugs with low affinity for 5-ALA-D, we aimed to understand the inhibition
mechanism of 3-ALA-D by (PhSe), using in silico molecular modeling and theoretical
quantum biochemistry calculations. For this purpose, interaction energies between (PhSe),
and neighboring residues at the active site of 3-ALA-D were calculated by Molecular
Fractionation with Conjugated Caps (MFCC) method using the DFT approach. According to
MFCC, interactions could occur up to 9 A distance from the centroid of (PhSe), active site.
Phe208, Phe79, Cys122, Cys124, Pro125, Asp120, Lys199, Lys252 and Cys132 displayed
strong attraction energy to (PhSe),. The representative molecular model is in accordance with

in vitro assays and gives mechanistic support to previous speculative mechanism of

* Corresponding author: . Email: jbtrocha@yahoo.com.br, Tel. +55 55 3220 9462
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inhibition. Phenyl moieties in (PhSe), can be strongly attracted by aromatic and positive
charged residues from 3-ALA-D active site. This allows the approximation of the reactive
electrophile moiety Se-Se to the nucleophile —S™ groups from Cys122, Cys124 and Cys132,
facilitating the release of coordinated Zn(Il), thiol oxidation and formation of 2 molecules of
phenylselenol (PhSeH). In conclusion, the presence of aromatic moieties in (PhSe), and its
reactive electrophile moiety Se-Se are crucial to 5-ALA-D inhibition, which leads to thiol

oxidation and consequent impairment of its activity.

1. Introduction

Porphyrins are essential biomolecules to all forms of life, since they play an important
role as prosthetic groups or coenzymes and are involved in a wide range of physiological and
biochemical processes, including pigmentation, energy production, electron transfer, gas
transport and light absorption (Mochizuki et al., 2010). Structurally, they are composed of
four modified pyrrole rings generally interconnected by methinic bridges (=CH), and a central
region with a bivalent metal ion (e. g. Fe(ll) in heme, Mg(ll) in chlorophyll and Co(ll) in
vitamin B1y) (Heinemann et al., 2008; Jaffe et al., 2004).

A coordinated activity of more than 10 different enzymes is required for porphyrin
biosynthesis (Ajioka et al., 2006). One of them, porphobilinogen synthase or 3-aminolevulinic
acid dehydratase (6-ALA-D, E.C. 4.2.1.24, Figure 1), is a metalloprotein involved in the
formation of the common porphyrin precursor porphobilinogen (PBG) via a unique
asymmetric condensation of 2 molecules of 5-aminolevulinic acid (ALA) and loss of 2

molecules of water (Tang et al., 2006).

Some methodologies have been employed to unravel the molecular mechanism by
which the 8-ALA-D from yeast and animals produces PBG, such as enzyme kinetic studies,
site-directed mutagenesis, analysis of conformation and position of residues and substrate
ALA in different crystal structures (Jaffe, 2004). More recently, Density Functional Theory
(DFT) studies have been applied to elucidate its catalysis (Erdtman et al., 2010). Among
them, there is a consensus that the catalysis involves covalent Schiff bases linkages between
adjacent active site lysine residues (Lys199 and Lys252 in human 5-ALA-D, at A (acetic) and
P (propionic)-site, respectively) and an interaction involving Zn(Il) ion coordinated to the
thiolates of three cysteinyl residues (Cys122, Cys124 and Cys132 in human 5-ALA-D) and
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the nitrogen from —NH; group from one of the ALA substrate (A-site). Lys252 is essential in
the catalysis because it is involved in the recognition of N from pyrrole ring (P-site) from
PBG (Erdtman et al., 2010).

In the last twenty years, pre-clinical trials have attributed a diversity of pharmacological
effects to the organochalcogen molecule diphenyl diselenide [(PhSe),, Figure 2], including
antioxidant, antiulcer, neuroprotective, anti-inflammatory, anti-hyperglycemic, anti-
atherosclerotic and anti-hypercholesterolemic properties (de Bem et al, 2009; de Freitas et al.,
2010; Nogueira and Rocha, 2011; Hort et al., 2011). On the other hand, (PhSe), can also
present cytotoxic properties (Posser et al., 2011) and disrupt the activity of thiol-containing
proteins (Kade and Rocha, 2010; Puntel et al., 2010; Lugokenski et al., 2011), including &-
ALAD. In vitro studies have shown that animal 5-ALAD inhibition occurs via oxidation of
their sulfhydryl residues, since dithiothreitol (DTT) recovers (PhSe).-iinhibited 6-ALAD
(Barbosa et al., 1998; Farina et al., 2002; Soares et al., 2005; Fachinetto et al., 2006;
Golombieski et al., 2008). Accordingly, the development of novel potentially therapeutic
diselenide derivatives with antioxidant properties and low affinity for 5-ALA-D is needed.

A more detailed comprehension on binding affinities of protein-ligand complexes by
computational methods has become an important and essential tool in optimizing and finding
novel drugs with affinity to a specific target (Mucs and Brice, 2013; Menezes et al., 2003;
Menezes et al., 2006 and de Menezes et al., 2008). Additionally, in silico toxicological studies
concerning the affinity of drugs to enzymes involved in essential physiological processes is
also of meaningful importance, since these data could provide the rational development of

efficient drugs with less toxic effects (Gleeson et al., 2012).

In line with this, different strategies and methodologies have been exploited, including
the use of classical and quantum mechanics calculations (Raha et al., 2007). Although ab
initio or other quantum calculation methods could provide a more accurate and unbiased
interaction energies, it demands a high computational cost when considering the entire
protein-ligand complex containing several thousand of atoms due to the very large number of
electrons involved. As solution, fragmentation methods have been used on these large
complexes to simpler full systems in order to make it more computationally acceptable and, at
the same time, maintain the good accuracy of the quantum calculation (Jing and Han, 2010).
For this purpose, the Molecular Fractionation with Conjugated Caps (MFCC) method has

been pointed as a useful approach to calculate interaction energies for protein-ligand



70

complexes (Zhang and Zhang, 2003, da Costa et al., 2012, Zanatta et al., 2012). In this
method, the entire complex is divided into small subsystems and the calculations are executed
individually for each subsystem. 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 (Jing and Han, 2010; Barroso-Neto et al., 2012).

Recently, we modeled the complex formed by the interaction of (PhSe), and analogs
with human 8-ALA-D by in silico molecular docking (Saraiva et al, 2012). According to the
proposed model, (PhSe), acesses the TIM barrel active site of octameric 3-ALA-D, allowing
the close approximation of its selenium atoms to —SH groups of Cys124, Cys122 and Cys132.
This is crucial for subsequent oxidation of these cysteyl residues and enzyme inhibition. In
addition, an important role of n-n stacking interactions involving Phe208, CH...x interactions
with Phe79 and cation-z interactions involving the side chains of Lys199 and Arg209 residues
with the aromatic ring of (PhSe), could also be observed (Saraiva et al, 2012). However,
studies concerning individual energies contribution of each residue in the protein-ligand
complex have not yet been carried out. Such type of studies can better explain the interaction
of ALA-D with diselenides in details and help the modeling of molecules with low affinity for
ALA-D. Here, we aimed to improve our understanding 6-ALA-D inhibition by (PhSe), by
evaluating the binding energies of each amino acid residue using in silico theoretical quantum
biochemistry calculations. The results of the present study can provide mechanistic support to
the rational design of novel therapeutically viable diselenide drugs with low affinity for &-
ALA-D.

2. General Computational Details

2.1 Preparation of macromolecule and ligand

The crystal structure of human 5-ALA-D obtained from the RCSB Protein Data Bank
(http://www.rcsb.org/pdb/) was used as macromolecule, with PDB code 1E51. Hydrogen
atoms were previously added to the macromolecule, followed by energy minimization using
AM1-BCC (Jakalian et al., 2002) method and partial Gasteiger charges (Gasteiger and
Marsili, 1980) implemented in UCSF Chimera 1.5.3 program (Pettersen et al., 2004). The
structure of (PhSe), was drawn using the program Avogadro 0.9 followed by geometry
optimization with the Universal Force Field (UFF) partial charges classical method (Rappé et
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al, 1992) and PM3 semi-empirical method (Stewart JJP, 1989ab) implemented in
MOPAC2009.

2.2 Molecular docking and geometry optimization of the complex

The complex formed by (PhSe), and 5-ALA-D, were previously modeled by in silico
molecular docking using AutoDock Vina 1.1.1 program (Trott and Olson, 2010; Saraiva et al.,
2012). AutoDock Vina is able to operate by pairing an empirically-weighted scoring function
enclosing terms for values such as hydrogen bonding, hydrophobic interaction (van der
Waals), rotatable bond penalties, and a sophisticated gradient-based local search as a global
optimization algorithm. Tridimensional coordinates from crystal structure of human 3-ALA-
Dand ligand (PhSe), are previously prepared using AutoDock Tools 4.2 (Morris et al., 2009)
by adding polar hydrogens and Gasteiger charges. For docking procedure, all rotatable bonds
within the ligands were allowed to rotate freely while the macromolecule was kept rigid. The
grid box was centered at coordinates x = 30.81, y = 23.662 and z = 9.581 and dimensions of
68 A x 57 A x 66 A points. The spacing consisted of 1 A and the exhaustiveness was set at
200. All other docking parameters were used as defaults. The conformation generated with the
lowest binding free energy was accepted as the most probable model of interaction. Briefly, a
redocking using the co-crystalized ligand porphobilinogen (PBG) was also performed, using
the same adopted docking conditions. The RMSD from the best pose of ligand PBG proposed
by AutoDock Vina program and the real conformation of PBG in the crystal was of 1.074 A
(Saraiva et al., 2012), suggesting that AutoDock Vina 1.1.1 program can propose a reliable
model of interaction (RMSD < 2.0 A). After getting the complex formed by (PhSe), and -
ALA-D by molecular docking, all missing hydrogen atoms were added and their positions
were classically optimized, maintaining them flexible while the other atoms were fixed. The
geometry optimization procedure was performed using the Forcite code, with the UFF partial
charges (due to the presence of selenium atoms). The convergence tolerances were set to 2.0
x 10 kcal-mol™ for total energy variation, 0.001 kcal-mol™-A™ for maximum force per atom,

and 1.0 x 10™ A for maximum atomic displacement.
2.3. DFT calculations

The calculations at DFT level were carried out using the DMol® code (Delley B,
2000), using: i) the Local Density Approximation (LDA) for the exchange-correlation
functional with PWC parameterization (Delley B, 1990), and 2) the Generalized Gradient
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Approximation (GGA) (Perdew et al., 1992) parameterized by Perdew Wang 91 functional
(PW91) (Perdew et al., 1996), both with Ortmann, Bechstedt, and Schmidt (OBS) damped
atom-pairwise dispersion corrections for DFT (Ortmann et al., 2006). In order to expand the
Kohn-Sham orbital for all electrons, a double numerical plus polarization (DNP) numerical
basis set was adopted. The DNP basis set is comparable to 6-31G** Gaussian basis sets, but
with much more accuracy (Inada and Orita, 2008). The orbital cutoff was set to 3.7 A and the
smearing was set of 0.005 Ha. The total energy variation, which specifies the self-consistent
field (SCF) convergence threshold, was set to 10°° Ha, ensuring a well converged electronic

structure for the system.

It is well established in the literature that pure DFT methods can not accurately
describe systems where noncovalent bonding is pertinent (Zhao et al., 2005, Cooper et al,
2008 Silvestrelli et al, 2009). In addition, it is known that LDA functional may overestimate
relative energy values when compared to experimental energies (mainly when ions and
charged moieties are considered) and is not adequate to characterize hydrogen bonds (Zanatta
et al., 2012). On the other hand, theoretical studies have reported that LDA can be used to
treat systems where noncovalent bonding is essential to the interaction and system
stabilization (e. g. graphite, hydrated guanine crystals and aromatic binding of ligands to an
enzyme) (Ortmann et al., 2005, 2006, 2008; Kee et al., 2009). Furthermore, LDA can estimate
relative energies correlated with those obtained by experimental data, thus giving an improved
scenario of the general behavior tendencies of interaction (da Costa et al., 2012). Moreover,
studies concerning aromatic interaction of ligands binding enzymes have shown that LDA
functional has a better agreement with the more sophisticated MP2 method when compared to
hybrid functionals (da Costa et al., 2012; Zanatta et al., 2012). Regarding calculations based
on GGA with PW91 functional, studies have pointed that it yield a good prediction of VVan der
Waals interactions in organic and hydrogen bonded systems (Tsuzuki and Luthi, 2001;
Alfonso et al., 2004). PW91 can also be highly useful for computational studies of neutral and
cationic conformers of aromatic molecules with flexible side chains (Patey and Dessent,
2002). Together, these evidences allowed us to set both the LDA/PWC and GGA/PW91
functionals as a way to obtaining a better understanding what 5-ALA-D amino acids could

exert an important role in the interaction with the inhibitor (PhSe)s.
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2.4. Molecular Fractionation with Conjugated Caps (MFCC)

In order to estimate relative energies of interaction between (PhSe), and each
neighboring amino acid residue belonging or close to the active center site of 5-ALA-D,
guantum mechanics studies using the Molecular Fractionation with Conjugated Caps (MFCC)
method (Zhang and Zhang, 2003; Antony and Grimme, 2012; da Costa et al., 2012) were
performed. Here, the tridimensional structure of the protein-ligand complex is decomposed

into individual amino acid-based fragments that are treated with proper molecular caps.

According to MFCC method, the interaction (binding) energy E(L-R;) (expressed in
kcal mol™) between a ligand L and an amino acid residue R; from the enzyme is given by the

equation (1):
E(L-Rj) = E(L-Ci_1RiCi+1) — E(Ci_1RiCi+1) — E(L-Ci_1Ci+1) + E(Ci_1Ci+1) 1)

where C;_; and Ci.; are the caps obtained from neighbor residues to R; (Ri 1 and R4,
respectively); E(L-C;_1R;Ci.1) is the total energy of the subsystem consisted of ligand L,
residue R; and caps Ci; and Ci.1; E(Ci_1RiCis1) is the total energy of the subsystem consisted

of residue R;j and caps (Fig. 3).

However, the high proximity of the ligand (PhSe), to the thiolates from residues
Cys122, Cys124 and Cys132 bound to Zn(Il) ion may influence the charge density of (PhSe),.
Thus, we decided to include in the calculations a special cap formed by Cys122, Cys124 and
Cys132 bound to Zn(l1) (denominated here as Ccys.zn) beside neighbor caps Ci_; and Cis1 in
each individual amino acid-based fragment, for a more realistic prediction of the interaction

energies between each individual residue and (PhSe), (Figure 4, equation 2).

E(I—'Ri) = E(I—'CiflRiCHl'CCys—Zn) - E(CiflRiCHl'CCyS—Zn) - E(I—'Ciflci+1'CCys—Zn)
+E(Ci71Ci+1'CCys—Zn) (2)

The total interaction energy of ligand (PhSe), binding 6-ALA-D enzyme [E(L-6-ALA-D)] is
approximated by the summation of all individual energies calculated from N amino acid

residues of enzyme and ligand [E(L-R;)] and is given by the equation (3):

N
E(L-5-ALA-D) = Z E(L-R)) 3)
i=1
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The binding pocket was defined as an imaginary sphere surrounding 3-ALA-D
residues close to the ligand (PhSe), (from the TIM barrel active site) and, consequently, the
center of the binding pocket was determined as the ligand centroid (see Figure 2 and Table 1).
When considering the order of energy calculations from each amino acid, the distances from
the ligand centroid to each corresponding amino acid residue in the complex proposed by
molecular docking were taken into account, at distances ranging from 2.5 to 12.0 A (with
intervals of 0.5 A), and the calculations were stopped when an energy convergence was
achieved, i.e., when the variation of the total binding energy was smaller than 10% after a

radius size increased by 2.0 A.
3. Results and discussion

In our study, the MFCC computational method provided an easy means to study the
(PhSe)./3-ALA-D complex by explicitly calculating the interaction energy between individual
residues and the ligand at QM levels. These individual residue—ligand interaction energies
could provide detailed quantitative information about specific residue interactions with the
(PhSe), that can be informative for understanding the molecular nature of enzyme inhibition.
Both LDA/PWC and GGA/PW91 functionals implemented in quantum MFCC method were
skilled to present relative energies of residues close to (PhSe), at a radius from 2.5 to 12.0 A
of ligand centroid (Figure 6). Despite differences in the relative values of energies calculated
by LDA (ELpa) and GGA (Ecca) is observed, however, a good correlation between them is
noted (R? = 0.817, Figure 9). In figures 6 and 8, the variation of the interaction energies as a
function of the 5-ALA-D binding pocket radius E(r) is shown. It is possible to note that the
energy convergence is achieved at a 8.5 A distance (Figure 6, 7), where the amino acid
residues with the most important attractive or repulsive interactions to (PhSe), are found.
Calculated energies from each residue are given in Table 2. A positive correlation between the
relative energy values obtained After convergence, the total relative binding energy E(L-6-
ALA-D) was estimated to be —187.03 kcal-mol™ for LDA/PWC and —65.53 kcal-mol™ for
GGA/PWI1.

The energies from the most important amino acid residues were plotted into a detailed
graph where we denominated here “Binding site, Interaction energy and Residues Domain”
(BIRD) panel (Figure 8) (da Costa et al., 2010). The BIRD panel is consisted of: (i) horizontal
bars showing the binding energy (in kcal-mol™) of (PhSe), to the most important residues

(left-aligned), from which one can assign quantitatively the role of each residue in the binding
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site (as attractive or repulsive forces); (ii) the distance from ligand centroid (right-aligned);
and (iii) the region of the ligand (e. g., “iii (C11)H” shown in Figure 2) which is closer to the

respective residue of the binding site.

According to the BIRD panel (Figure 8), the residues Lys199 (E pa = —23.752
kcal-mol™; Egga = —19.754 kcal-mol™); Phe208 (E_pa = —18.340 kcal-mol™; Egga = —11.107
kcal-mol™), Lys252 (E_pa = —16.821 kcal-mol™; Egga = —14.652 kcal-mol™) Phe79 (Eipa =
—11.742 kcal-mol™; Egga= —6.924 kcal-mol™), Cys132 (ELpa = —18.821 kcal-mol™; Egga = —
22.33 kcal-mol™) and Cys124 (E_pa = —11.746 kcal-mol™; Egga = —6.755 kcal-mol™) can
exert the strongest attractive energy on (PhSe),. The residues Asp120, Arg209, Ala212,
Arg221, Tyr205, Tyr126, GIn225 and Val81 also exert attractive energies (see energy values
in Figures 6, 7-B, 8-B and Table 3) important in the complex stabilization.

The energy calculations for the positive charged residues Lys199, Lys252, Arg209 and
Arg221 (Figures 10-C and 11-B) were found as exerting attractive energy (Figure 8 and Table
3). According to the ligand and residues orientation and conformation, it is expected that the
phenyl moiety of (PhSe), could be strongly attracted by positive charged residues Lys199 via

cation-r stacking interactions (Figures 7-C and 8-C).

The orientation of the phenyl moiety of Phe208 close to the aromatic region iii (C7-
C12)H of (PhSe); (Figures 7-D and 8-D) exhibits a n-n stacking noncovalent interaction
(Saraiva et al., 2012). In addition, the strong attraction energy of the thiolates (nucleophile
species) of Cys124, Cys122 and Cys132 bound to Zn(Il) (Figures 10-A and 11-A) involves
the selenium atoms of (PhSe), (which here is the electrophile species). This interaction is
crucial for a redox reaction, leading to the reduction of (PhSe), into 2 molecules of
phenylselenol (PhSeH) and subsequent catalytic cystenyl oxidation and enzyme inhibition
(Farina et al., 2002; Saraiva et al., 2012).

Taking into account the interaction of 2 molecules of the substrate ALA into 3-ALA-D,
we can divide its active center site into two regions: A-site (that is related to the acetic moiety
from PBG) and P-site (that is related to the propionic moiety from PBG). The residues
Lys252 (A-site) and Lys199 (P-site) are involved in Schiff-base linkages to ALA substrates
and previous experimental mutagenesis studies have suggested that Lys252 is essential for
catalysis (Jaffe, 2004; Erdtman et al., 2010). In addition, several polar groups hydrogen bond
to the carboxylates of the P- (Tyr126) is able to bind ALA moieties and other amino acid
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residues (Asp120 and Tyr205) constitute a polar pocket around, or hydrogen bond to the
terminal amino groups of the ALA substrates (Erdtman et al., 2010). Thus, the strong
interaction between (PhSe), and these catalytic residues is a indicative of an efficient

inhibition.

Here, the use of theoretical biochemistry calculation using the MFCC method pointed
out the interactions between (PhSe), and 3-ALA-D and the important residues involved in the
stabilization of the complex prior to the cysteine oxidation. Our analysis indicated that the
toxicity of (PhSe), can be associated with the presence of aromatic moieties, which increases
(PhSe), affinity with aromatic and positively charged residues in the target protein.
Additionally, these interactions of phenyl moieties approximate the electrophile selenium
atoms close to cysteine catalytic residues. This subsequently leads to oxidation of cysteyl
residues in the active center of 3-ALA-D. In conclusion, these data indicate that introduction
of bulkier substituent groups to aromatic ring in (PhSe), than that previously tested (Saraiva et
al. 2012; Rocha et al., 2012) could decrease the inhibitory potency of (PhSe), and analogs
towards 6-ALA-D. Thus, the results presented here provided some important theoretical
information that can help in the rational drug design of novel diselenides with less toxicity,

when 6-ALA-D is considered the molecular endpoint of toxicity.
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FIGURES

Figure 1 — Human 8-ALA-D (PDB code 1E51). (A): Octamer structure showing four active sites
(each monomer is indicated with a different color); (B): Monomer structure showing the TIM barrel
binding site of 3-ALA-D complexed with the co-crystalized product porphobilinogen (PBG). The
residues belonging to the binding site are inside the orange dashed spheres of radius r surrounding the

PBG molecule.
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Figure 2 — Structure of diphenyl diselenide [(PhSe),]. (A) 2D chemical structure with atoms labeled by
numbers. Regions i and iii pointed out aromatic moieties. Region ii showed selenium atoms in the molecule. (B)
Electron density of (PhSe), (with 3D conformation oriented into the active center site of human 5-ALA-D)
projected onto an electrostatic potential isosurface (isovalue= 0.017) showing negatively charged regions (tended
to red) and positively charged regions (tended to blue) calculated by DFT (at LDA/PWC functional level using
DMol® code).
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Figure 3 — Diphenyl diselenide [(PhSe),] in complex with the monomer 8-ALA-D. Yellow centered ball
denotes the ligand centroid. (A) Secondary structure representation showing (PhSe), bound 3-ALA-D TIM barrel

active site. (B) Surface representation. Dashed white circumferences denote different radii (4 A and 8 A) from

ligand centroid.
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Figure 4 — MFCC scheme showing fragmented systems employed in general calculations.
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Figure 6 — Variation of the DFT (LDA/PWC and GGA/PWC) relative interaction energies as a function of

the binding pocket radius. Arrows indicate the first appearance of residues in a given radius. Thiolates instead

thiols were considered for Cys124*, Cys122* and Cys132* side chains during the energies calculation.
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Figure 7 — Total DFT interaction energies of (PhSe), for binding 6-ALA-D pocket radii
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Figure 8 — BIRD graphic panel showing the interaction energy for the amino acid residues
with relative interaction energies < —5.0 kcal-mol™ (attractive energies) or > 5.0 kcal-mol™
(repulsive energies). Black bars indicate LDA/PWC relative energies and gray bars,
GGA/PWO91. Here, the most important residues for complex interaction are shown, according
to DFT calculations. The binding pocket radii (taking into the consideration the ligand

centroid) for each amino acid is right-aligned.
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obtained by MFCC method.
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Figure 10 — Interaction of (PhSe), and the most attractive and repulsive residues from 6-
ALA-D binding site. Red dashed lines and labeled number denote the shorter distance (in
angstroms) between each amino acid residue and ligand (PhSe),. Residues are represented as
stick and (PhSe); as ball-and-stick. Atoms are colored as follows: carbon dark grey, nitrogen
blue, oxygen red, hydrogen white, sulfur yellow and selenium dark yellow. Zinc ion is

represented as a light grey sphere.
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Figure 11 — Electron map densities projected onto relative electrostatic potential isosurfaces (value = 0.2)
around (PhSe),, and the most attractive residues from §-ALA-D binding site, calculated at DFT/LDA/PWC
level. (A) cysteinyl residues Cys122, Cys124 and Cys132 complexed to Zn(ll); (B) positive-charged residues
Lys199, Lys252 (involved in cation-x interactions), Arg209 and Arg221; (C) aromatic residues Phe208, Phe79,
Tyr205 and Tyr126 (most of them involved in 7t-n stacking interactions); (D) . Negatively charged regions

(tended to red) and positively charged regions (tended to blue) are shown.
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Table 1 — Residues found in 3-ALA-D active center site at radii ranging from 2.5 to 12.0 A,

taking into account the spatial position of (PhSe), ligand centroid. Main residues for complex

interaction are highlighted in boldface font. In blue are shown positive residues, in red

negative residues and in green Zn(Il) ion is denoted.

Radius

A) Residues (Rj)

25 Phe208

3.0 —

35 —

4.0 Phe79  Cysl24

45 Pro125  zn(ll)

5.0 Aspl20  Serl68  Lys199

5.5 Cysl122  Arg209  Ala212  Ser214  Arg221  Lys252

6.0 —

6.5 Phe36  Cysl132

7.0 Tyr196

7.5 Gly80 Leul23  Tyr205 GIn225 Tyr276

8.0 Leu77 Val8l Vall2l  Tyrl26  Glyl30 Aspl69  Ala2il
8.5 lle78 Tyr224  Tyr318

9.0 His131  Alal66  Prol67  Lys213  Ser215 Pro216

9.5 Pro34 Pro82 Thrl27  Val278  Ser279

10.0 Cys119  Leul50 Metl70 Met250

10.5 lle35 Lys87 Gly133  Tyrl57  Argl74  Pro207  Asp210 1le316
11.0 Val37 lled47 Leu50 Ala94 Alal01  Gly206

115 Args5 His129  Vall53 Metl71 Phe200  Ala201  Phe204
12.0 Prol00  Ser202  Ala217  Pro253  Gly280
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Table 2 — Individual amino acid residue contribution as a function of the radius size. Energies

calculated by LDA/PWC (ELpa) and by GGA/PWI1 (Egca) are expressed in kcal-mol™ and

radii (r) from ligand centroid are given in A.

Residue (R)) Eipa Ecca r (A Residue (R;) Eioa Ecca r(A)
Phe208 -18.340 -11.107 3.5 Pro216 -0.125 -0.105 9.0
Phe79 -11.742 -6.924 4.0 Pro34 -0.242 -0.212 9.5
Cysl24 -11.746 -6.755 4.0 Pro82 -0.151 -0.147 9.5
Pro125 -11.734 -16.464 45 Thr127 -0.058 -0.057 9.5
Aspl20 -7.501 -3.592 5.0 Val278 -0.345 -0.293 9.5
Ser168 -2.992 0.796 5.0 Ser279 -0.260 -0.227 9.5
Lys199 -23.752 -19.754 5.0 Cys119 0.146 0.152 10.0
Cysl122 -9.251 -5.855 55 Leul50 0.036 0.053 10.0
Arg209 -7.324 -5.632 55 Met170 0.658 0.593 10.0
Ala212 -8.127 -4.961 55 Met250 0.011 -0.003 10.0
Ser214 -1.419 -1.374 55 1le35 0.027 0.026 10.5
Arg221 -5.652 -4.256 55 Lys87 1.559 1.370 10.5
Lys252 -16.821 -14.652 55 Gly133 -0.064 -0.068 10.5
Phe36 -0.739 -0.818 6.5 Tyrl57 -0.117 -0.114 10.5
Cys132 -18.826 -7.341 6.5 Argl74 -0.795 -0.870 10.5
Tyrl96 -0.867 -0.923 7.0 Pro207 -0.388 -0.317 10.5
Gly80 -1.544 -1.103 7.5 Asp210 -0.863 -0.630 10.5
Leul23 0.254 0.259 7.5 11e316 -0.084 -0.072 10.5
Tyr205 -3.895 -3.584 7.5 Val37 -0.205 -0.176 11.0
GIn225 -3.986 -2.629 7.5 lle47 -0.087 -0.053 11.0
Tyr276 -0.223 -0.237 7.5 Leu50 -0.105 -0.068 11.0
Leu77 -0.358 -0.344 8.0 Ala94 0.065 0.061 11.0
Val81l -6.214 -0.840 8.0 Alal101 -0.066 -0.051 11.0
Vall21 -0.150 -0.188 8.0 Gly206 -0.186 -0.153 11.0
Tyrl26 -6.699 -0.493 8.0 Args5 0.252 0.124 115
Gly130 -0.270 -0.211 8.0 His129 -0.169 -0.130 115
Aspl69 -1.729 -1.648 8.0 Vall53 -0.051 -0.054 115
Ala211 1.915 -0.377 8.0 Metl171 0.165 0.153 115
11e78 -7.213 -0.027 8.5 Phe200 0.127 0.159 115
Tyr224 1.867 -0.271 8.5 Ala201 -0.066 -0.045 115
Tyr318 -0.112 -0.081 8.5 Phe204 0.028 0.035 115
His131 -0.100 -0.085 9.0 Pro100 -0.098 -0.073 12.0
Alal66 0.185 0.162 9.0 Ser202 -0.247 -0.238 12.0
Pro167 -0.536 -0.434 9.0 Ala217 -0.004 0.000 12.0
Lys213 0.496 0.213 9.0 Pro253 -0.018 0.004 12.0
Ser215 -0.049 -0.066 9.0 Gly280 -0.115 -0.096 12.0




Table 3 — Shorter distance between (PhSe), and each amino acid residue at the binding site

(until 12 A of ligand centroid) after inserting and optimizing hydrogen atomic coordinates
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(see the highlighted regions of (PhSe), in the figure 2). Main residues for complex interaction

are denoted in boldface.

Residue Distance (A) (PhSe), Residue Distance (A) (PhSe),
Phe208 2.95 iii (C12)H Pro216 6.10 iii (CH9)H
Phe79 2.21 i(C5)H Pro34 8.18 ii Se2
Cys124 3.43 ii Sel Pro82 5.17 i (C4)H
Prol25 2.16 i(Cé)H Thr127 8.29 i (CL)H
Asp120 2.07 i (C6)H Val278 6.13 iii (C12)H
Serl68 3.53 ii Sel Ser279 6.16 iii (C11)H
Lys199 258 iii (C7)H Cys119 6.76 i (C6)H
Cysl122 3.36 ii Sel Leul50 8.00 ii Sel
Arg209 2.94 iii(C10)H Met170 6.49 iii (CO)H
Ala212 1.62 i (C3)H Met250 6.18 iii (CO)H
Ser214 4.46 i(C3)H 11635 6.92 i (C5)H
Arg221 7.07 iii(C10)H Lys87 7.70 i (C3)H
Lys252 1.96 iii (C12)H Gly133 8.18 iii (CHO)H
Phe36 3.82 i(CA)H Tyris7 5.92 i (C5)H
Cys132 3.08 i(COH Argl74 7.98 iii (CH8)H
Tyrl96 481 ii Se2 Pro207 8.27 iii (CH11)H
Gly80 1.89 i (C5)H Asp210 8.32 i (C3)H
Leul23 5.64 ii Sel 11e316 9.03 ii Se2
Tyr205 2.96 iii (CLU)H Val37 5.42 i (C4)H
GIn225 215 iii (CLO)H lle4? 8.02 i (C3)H
Tyr276 5.45 iii (C12)H Leu50 8.96 iii (C12)H
Leu77 6.72 i (C6)H Ala94 8.57 i (C5)H
Valgl 3.23 i (C4)H Ala101 5.29 i (C5)H
Val121 4.61 i (C6)H Gly206 6.92 iii (C11)H
Tyri26 3.66 i (C5)H Arg55 7.05 i (CA)H
Gly130 7.79 i (C2)H His129 9.53 iii (CO)H
Asp169 4.99 i (C8)H Val153 7.47 i (C6)H
Ala211 5.38 i (C3)H Met171 8.49 iii (C8)H
lle78 4.39 i (C5)H Phe200 6.56 iii (CLO)H
Tyr224 413 iii (COH Ala201 6.11 iii (CLO)H
Tyr318 6.37 iii (C12)H Phe204 6.87 iii (C1)H
His131 6.10 iii (CO)H Pro100 6.91 i (CA)H
Alal66 6.46 i (C6)H Ser202 6.65 i (CL1)H
Prol67 7.41 iii (CT)H Ala217 9.97 iii (C9)H
Lys213 5,58 i (C3)H Pro253 7.15 iii (CLL)H
Ser215 7.07 iii (CLO)H Gly280 7.91 iii (CL1)H




94

4 DISCUSSAO

Por seu envolvimento direto na sintese dos compostos tetrapirrdlicos, a expressao e
atividade da enzima 6-ALA-D é essencial para manter a homeostase fisioldgica nos seres
vivos. Consequentemente, a acdo de agentes toxicos exdgenos, espécies reativas e outros
metabdlitos enddgenos que inibam sua atividade podem trazer efeitos negativos significativos
no metabolismo celular (HEINEMANN et al., 2008). Sendo assim, a compreensdo dos
mecanismos moleculares envolvendo a interagao de reagentes toxicos na atividade da o-ALA-
D é de extrema importancia para as ciéncias da salde, agropecuarias e ambientais.

Num primeiro momento, foi realizada uma revisdo de literatura visando conhecer
informacBes ja existentes quanto a influéncia de metais, compostos organicos e outras
situacbes pro-oxidantes na atividade da 6-ALA-D, demonstrando que a avaliacdo de sua
atividade em diferentes materiais biol6gicos é uma excelente estratégia para evidenciar a
intoxicacao por exposicdo a agentes exdgenos e investigar condi¢des fisiopatoldgicas variadas
(Artigo 1). Em condicdes cataliticas normais, os estudos cristalograficos revelam que a
enzima 6-ALA-D de animais (humanos, camundongos) e leveduras (Saccharomyces
cerevisiae) apresenta no seu sitio catalitico trés residuos de cisteina (Cys122, Cysl124 e
Cys132 na enzima humana; Cys133, Cys135 e Cys143 na enzima da levedura) cujos tiolatos
encontram-se coordenados a um fon Zn(11) (Figura 2-B e Figura 7-A, Artigo 1). E conhecido
que o Zn(Il) forma complexos mais estaveis com doadores macios (moles), de forma que nao
é surpresa que ele seja encontrado em peptideos e proteinas ligados a residuos de histidina
(enzima conversora de angiotensina) ou cisteina (metalotioneinas, anidrase carbdnica, alcool
desidrogenase) ou em ambos os residuos (fatores de transcri¢do contendo “dedos de zinco”)
realizando até quatro ligacGes coordenadas (BERG, 1990; SANGHANI et al., 2002;
NATESH et al., 2003; BELL & VALEE, 2009). Além disso, o Zn(Il) é um excelente &cido de
Lewis, sendo bem adequado para catalisar reacGes &cido-base devido a sua capacidade de
formar ligagdes fortes com grupos doadores de residuos de aminoacidos (N e S) e ligantes
exogenos (H,O, por exemplo), e permitir reacdes de oxidorredugdo nas interconvencdes
cisteina-cistina, apesar da sua propria falta de quimica de oxidorreducdo (0 que é uma
vantagem para a catalise em sistemas biolégicos) (FRAUSTO DA SILVA & WILLIAMS,
2001; BELL & VALEE, 2007).

No entanto, é evidenciado que outros metais e compostos metalicos [Pb(Il), Hg(ll),
Cd(I1), CH3Hg(ll), Ga(lln), In(l), Sn(ir), Bi(lll)], e ndo-metais/compostos organicos com
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organocalcogénios [As(l1l), Se(lV), R-Se-Se-R, Te(lV), R—-Te-Te-R] podem interferir na
atividade da d8-ALA-D em vérios modelos in vivo e in vitro (Artigo 1). Estudos
cristalograficos da 6-ALA-D de leveduras mostram que o Pb(Il) e o Hg(ll) também sdo
capazes de manter ligagbes coordenadas com os tiolatos das cisteinas do sitio ativo, em
substituicdo ao Zn(ll) (Figura 7-B e 7-C, Artigo 1). De fato, todos esses metais e
organocalcogénios possuem centros eletrofilos mais moles quando comparado com o Zn(ll)
(que ¢ um eletréfilo duro), o que parece explicar a preferéncia dos tiolatos da 6-ALA-D (e de
outras zincoproteinas) por todas essas espécies em detrimento do Zn(Il). Com a ligacéo desses
metais, ocorre uma alteracdo funcional e estrutural na o-ALA-D, inviabilizando o
reconhecimento do substrato ALA pela enzima (Artigos 1 e 2, JAFFE et al., 2001; BELL &
VALEE, 2009).

A farmacologia e a toxicologia de disselenetos de diarila, e em especial, do disseleneto
de difenila (PhSe),, tem sido bastante estudada nos Gltimos anos. No que diz respeito a
toxicologia, tem-se observado que o (PhSe), inibiu a 6-ALA-D em eritrocitos humanos (Clsg
= 40 pmol.L™), figado e cérebro de ratos (figado: Clsp = 9 pumol.L™"; cérebro: Clsy = 4,6
umolL™), branquias de peixe jundia (Rhamdia quelen, Clso = 0,27 mmol.L™" ) e em mosca de
frutas (Drosophila melanogaster) in vitro por oxidacéo de tiois, uma vez que o agente redutor
ditiotreitol (DTT) foi capaz de reverter a inibicdo ocasionada (Tabela 2 do Artigo 1; Artigo 2;
SOARES et al., 2004; GOLOMBIESKI et al, 2008). J& no que tange aos estudos in vivo, em
alguns trabalhos é demonstrada uma diminuigao na atividade da 3-ALA-D pela exposi¢do ao
(PhSe), em roedores com consequente alteracbes metabolicas (Tabelas 4 e 6 do Artigo 1),
enquanto que em outros trabalhos ndo foram observadas alteragdes na atividade da enzima em
roedores e coelhos (Tabela 3 do Artigo 1). Essas diferencas encontradas podem estar
relacionadas a dose administrada, ao modelo animal utilizado, a via de administracdo e ao
tempo de exposicdo do animal a droga (Artigo 1), o que sugere maiores investigacdes para
buscar uma dose segura com efeito bioldgico favoravel, além de ndo se descartar totalmente
o risco de sua toxicidade como inibidor da 6-ALA-D in vivo.

De forma a explicar como ocorreria a oxidacdo dos tiois cataliticos, Farina e
colaboradores (2002) especularam que a inibicdo da 6-ALA-D de mamiferos poderia ocorrer
via oxidacdo de dois grupos tiois vizinhos localizados no centro ativo da enzima (FARINA et
al., 2002; ver Figura 2 do Artigo 2). Nesse esquema proposto, um grupo —SH mais reativo
(marcado com um *) deve fazer um ataque nucleofilico em um dos atomos de selénio do
disseleneto (passo 1), formando o primeiro selenofenol (PhSeH). Em seguida, seria esperado

do —SH vizinho menos reativo atacar o atomo de enxofre do intermedidrio E-S*-SePh,
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formando o segundo selenofenol (PhSeH) e, consequentemente, oxidando os dois tidis
vizinhos, fazendo assim com que a enzima seja inibida (Figura 2 do Artigo 2). A partir desta
ideia, buscamos métodos de modelagem molecular in silico para uma melhor compreenséo
deste mecanismo de interacdo. Atraves do método de docking proteina-ligante, buscou-se
verificar o modo de afinidade do (PhSe);, no sitio ativo da 3-ALA-D. De acordo com o0 modelo
de interacdo da conformacdo de mais baixa energia livre (AGping) do (PhSe), (teoricamente
mais estavel) demonstrada pelo programa AutoDock Vina, sugere-se que 0 composto
consegue acessar com sucesso o sitio catalitico a/p barril da 8-ALA-D (figura 5 do Artigo 2;
Figura 3 do Manuscrito), havendo um posicionamento dos anéis aromaticos do disseleneto
voltados para a cadeia lateral de residuos hidrofobicos (Tyr, Phe) e positivamente carregados
(Lys, Arg), via interagdes hidrofobicas e eletrostaticas do tipo empilhamento n-n (grupo fenil
do (PhSe), e grupo fenil do residuo Phe208), cation-n (grupo fenil do (PhSe), e cadeia lateral
do residuo Lys199; grupo fenil do (PhSe), e cadeia lateral do residuo Arg209) e C-H...n
(grupo fenil do (PhSe), e o carbono Cs-H do anel aromaético do residuo Phe79) (Figura 4 do
Artigo 2). Esse posicionamento dos anéis aromaticos do disseleneto € crucial para permitir a
aproximacdo dos dois atomos de Se da molécula aos tiolatos dos residuos Cys122, Cys124 e
Cys132 ligados ao Zn(l1) (Figura 4 do Artigo 2), contribuindo para uma subsequente oxidacao
desses tiolatos.

Além do (PhSe),, estudos também tém sido realizados para compreender a atividade
biologica de outros andlogos com substituintes nas posi¢des para (-OCHs, -Cl) e meta (-
CF3) dos anéis aromaticos do (PhSe), em varios modelos experimentais: compostos bis (4-
clorofenil)disseleneto [(pCLPhSe),], bis(4-metoxifenil)disseleneto [(pCH3OPhSe),] e bis [3-
trifluormetil(fenil)] disseleneto [(MCF3PhSe),] (Artigo 1, Figura 1 do Artigo 2). Estudos in
vitro e in vivo também demonstram que esses compostos podem inibir a atividade da 5-ALA-
D em roedores (Tabelas 2 e 4 do Artigo 1). Ao que parece, 0 acréscimo desses grupamentos
ndo interferem na toxicidade, muito pelo contrario. O composto (pCtPhSe),, por exemplo,
demonstrou uma inibigdo da atividade da &-ALA-D de rato maior comparada com o (PhSe);
(figado: Clso = 2 pmol.L™ versus 9 pmol.L™; cérebro: Clsy = 4,3 pmol.L™ versus 4,6 pmolL™)
(Tabela 2 do Artigo 1).

Diante de tais evidéncias, também buscamos avaliar o0 modo de interacdo desses
compostos por docking molecular. De acordo com os modelos moleculares propostos, 0s
compostos apresentam um modo de interagdo semelhante ao (PhSe), (anéis aromaticos do
ligante com interacBes envolvendo residuos de Phe, Tyr, Lys e Arg). Além disso, outras

interacdes também devem contribuir para a estabilidade do complexo: ligacdes de hidrogénio
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envolvendo os residuos GIn225 e Arg221 e o grupo metoxil do composto (pCH3OPhSe), e
entre dois 4&tomos de fldor de um dos grupos —CF3 do composto (mCF;OPhSe), e hidrogénios
da cadeia lateral dos residuos Tyr276 e Gly80 (Figura 4 do Artigo 2). A inclusdao de C{
(elemento mais eletronegativo) nas posicOes para dos anéis no composto (pCLPhSe), também
contribui para interacdes eletrostaticas atrativas mais fortes com residuos carregados
positivamente de Lys e Arg do sitio ativo da 3-ALA-D, 0 que poderia explicar uma maior
afinidade desse composto quando comparado com o (PhSe), (Figura 4 do Artigo 2).

O estudo de Farina e colaboradores (2002) demonstra ainda que o (PhSe), ndo é capaz
de inibir a atividade da 3-ALA-D do pepino (Cucumis sativus). Isso se da pelo fato de que o
sitio ativo da 8-ALA-D de plantas, apesar de apresentar os mesmos residuos hidrofobicos e
positivamente carregados que a 6-ALA-D de animais (Apéndice 1, Figura 1A), ndo possui em
seu sitio catalitico residuos de cisteina (Cys, C) coordenados a Zn(Il), mas residuos de acido
aspartico (Asp, D) coordenados a Mg(Il) (JAFFE, 2003). Essa diferenca encontrada na
enzima de plantas inviabilizaria uma completa interacdo dos disselenetos de diarila, tal como
ocorre na enzima de animais (Ver Apéndice 1, Artigos 1 e 2, Manuscrito). Kade e Rocha
(2010) avaliaram os efeitos do analogo dicolesteroil disseleneto sobre a atividade da 3-ALA-
D de camundongo, comparando com o (PhSe),. De acordo com essa pesquisa, 0 (PhSe), foi
capaz de inibir a atividade (como ja era esperado), mas o dicolesteroil disselento ndo alterou a
atividade da 6-ALA-D nas concentrages testadas (KADE & ROCHA, 2010). Levando-se em
consideracdo que o colesteroil € um grupo muito volumoso, podemos sugerir que compostos
analogos ao disseleneto com substituintes muito volumosos seriam impossibilitados em
acessar o sitio catalitico da 6-ALA-D para promover oxidagdo dos tidis cataliticos.

Apesar de o docking ter demonstrado ser um método eficaz para predizer o modo de
interacdo entre os diaril disselenetos ¢ a 6-ALA-D (Artigo 2), 0 mesmo ainda ndo é adequado
para dar informacdes mais precisas quanto as contribuic@es individuais de cada residuo de
aminoécido no sitio ativo. Tal informacgdo seria crucial para compreender melhor os
mecanismos de interacdo entre ligante e proteina, além de contribuir com informagdes para o
planejamento de drogas com baixa afinidade para a 6-ALA-D. Diante disso, partimos para
métodos de bioquimica quéntica, que conseguem descrever melhor a interacdo considerando a
densidade eletronica do sistema. No entanto, como a aplicacdo desses métodos para sistemas
muito grandes (como € o caso de proteinas) ainda é computacionalmente inviavel, resolveu-se
adotar o método de fragmentagdo MFCC como forma de avaliar as energias de interacdo
individuais, que tem tido relativa correlacdo com dados experimentais (Manuscrito). De

acordo com esse método, foi possivel observar que interacdes entre o (PhSe), e residuos de
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aminoécidos do sitio de ligacio podem acontecer até um raio de 8,5 A partindo do centroide
do ligante. Além disso, pode-se confirmar que os residuos Lys199, Lys252 (ambos essenciais
para a formacdo de base de Schiff com o substrato ALA), Phe208, Phe79, além das Cys122,
Cys124 e Cys132 complexas com Zn(ll), apresentam as maiores energias de interacdo com o
(PhSe),, exercendo uma importante forca eletrostatica atrativa para que ocorra a estabilidade
do complexo. Além desses residuos, outros proximos também foram identificados exercendo
forcas eletrostaticas atrativas consideraveis (Prol25, Arg221, Aspl20, Tyrl26, Tyr205 e

GIn225) com os anéis aromaticos do ligante.
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5 CONCLUSOES

Com a utilizacdo de métodos in silico (docking molecular e calculos quénticos) foi
possivel, pela primeira vez, propor um modelo molecular correlacionado com dados
experimentais, j& que o mesmo € capaz de explicar o mecanismo de oxidacdo dos tidis

cataliticos da 6-ALA-D por disselenetos de diarila, com as seguintes observacoes:

e O modelo molecular sugere que a interacéo entre o (PhSe), e a enzima 6-ALA-D se da
através de uma forte energia de interacdo atrativa envolvendo os anéis aromaticos do
(PhSe); e residuos hidrofébicos (Phe208, Phe79) e positivamente carregados (Lys 199

e Lys252), devido a interagdes eletrostaticas n-mt, cation-w ¢ CH...x;

e A interacdo dos anéis aromaticos do (PhSe), com residuos hidrofobicos permite
posicionar os atomos de Selénio do composto préximo aos residuos Cys122, Cysl124 e
Cys132 complexados com Zn(ll) (que também exercem, conjuntamente, uma energia
de interacdo atrativa). Essa aproximacdo permitird uma subsequente oxidacdo dos
tiolatos.

e De acordo com o método MFCC, o modelo molecular do complexo sugere que 0
(PhSe), é capaz de interagir com os residuos localizados até a uma distancia de 8,5 A

partindo do seu centroide.

e Os disselenetos de diarila (pCIPhSe),, (pCH3OPhSe), e (mCF3PhSe), também

conseguem acessar facilmente o sitio ativo o/pf barril da 6-ALA-D, de forma

semelhante ao (PhSe),.

e O carater mais eletronegativo e a presenca de receptores de ligacdo de hidrogénio nos
substituintes também parecem contribuir para uma maior afinidade no sitio ativo da d-
ALA-D.
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Conjuntamente, a presenca dos dois anéis aromaticos nos disselenetos de diarila e a
flexibilidade da ligacdo C-Se-Se-C dos disselenetos de diarila parecem ser cruciais
para que haja forte interacdo com residuos hidrofébicos a enzima 3-ALA-D, abrindo
uma nova perspectiva quanto a trabalhos futuros envolvendo o desenvolvimento de

novos organocalcogénios com menor toxicidade frente a inibicao da 3-ALA-D.



101

REFERENCIAS BIBLIOGRAFICAS

AJIOKA, R. S.; PHILLIPS, J. D.; KUSHNER, J. P. Biosynthesis of heme in mammals.
Biochim. Biophys. Acta, v. 1763, p. 723-736, 2006.

ALMEIDA, W. B.; SANTOS, H.F. Métodos teoricos para a compreensdo da estrutura da
matéria. Cadernos Tematicos de Quimica Nova na Escola, n. 4 , maio 2001, p. 6-13.

ARDAIS, A. P.; VIOLA, G. G.; COSTA, M. S.; NUNES, F.; BEHR, G. A.; KLAMT, F.;
MOREIRA, J. C.; SOUZA, D. O.; ROCHA, J. B.; PORCIUNCULA, L. O. Acute treatment
with diphenyl diselenide inhibits glutamate uptake into rat hippocampal slices and modifies
glutamate transporters, SNAP-25, and GFAP immunocontent. Toxicol Sci., v. 113, p. 434—
443, 2010.

BARBOSA, N. B. V.; ROCHA, J. B. T.; ZENI, G.; EMANUELLI, T.; BEQUE, M. C.;
BRAGA, A. L. Effect of organic forms of selenium on delta-aminolevulinate dehydratase
from liver, kidney, and brain of adult rats. Toxicol. Appl. Pharm., v. 149, p. 243-253, 1998.

BECHARA, E. J. M.; MEDEIROS, M. H. G.; MONTEIRO, H. P.; HERMES-LIMA, M;
PEREIRA, B.; DEMASI, M.; COSTA, C. A;; ADBALLA, D. S. P.; ONUKI, J.; WENDEL,
C. M. A.; MASCI, P. D. A free radical hypothesis of lead poisoning and in born porphyrias
associated with 5-aminolevulinic acid overload. Quim. Nova, v. 16, p. 385-392, 1993.

BELL, S.G.; VALEE, B.L. The metallothionein/thionein system: an oxidoreductive metabolic
zinc link. ChemBioChem, v. 10, p. 55-62, 2009.

BERG, J. M. Zinc finger domains: hypotheses and current knowledge. Annu Rev Biophys
Biophys Chem , v. 19, p. 405-21, 1990

BOESE, Q. F.; SPANO, A. J.; LI, J.; TIMKO, M. P. 8-aminolevulinate acid dehydratase in
pea (Pisum sativum L.). Identification of an unusual metal-binding domain in the plant
enzyme. J. Biol. Chem., v. 266, p. 17060-17066, 1991.



102

BREINING, S.; KERVINEN, J.; STITH, L.; WASSON, A.S.; FAIRMAN, R;;
WLODAWER, A.; ZDANOV, A., JAFFE, E.K. Control of tetrapyrrole biosynthesis by
alternate quaternary forms of porphobilinogen synthase. Nat Struct Biol , v. 10, p. 757-763,
2003.

BRUNING, C. A, PRIGOL, M., ROEHRS, J. A., NOGUEIRA, C. W., ZENI, G.
Involvement of the serotonergic system in the anxiolytic-like effect caused by m-
trifluoromethyl-diphenyl diselenide in mice. Behavioural Brain Research, v. 205, p. 511-
517, 2009.

BRUNING, C. A.; PRIGOL, M.; BARACELLI, D. A.; NOGUEIRA, C. W.; ZENI, G.
Disubstituted diaryl diselenides inhibit 3-ALA-D and Na+, K+-ATPase activities in rat
brain homogenates in vitro. Mol. Cell. Biochem., v. 332, p. 17-24, 2009.

BRUNING, C. A., SOUZA, A. C. G., GAI, B. M., ZENI, G., NOGUEIRA, C. W.
Antidepressant-like effect of m-trifluoromethyl-diphenyl diselenide in the mouse forced
swimming test involves opioid and serotonergic systems. Eur J Pharm, v. 658, p. 145-149,
2011.

CAMPBELL TW, WALKER HG, COPPINGER GM. Some aspects of the organic chemistry
of selenium. Chem Rev, v. 50, p. 279-349, 1952.

CECHINEL-FILHO V, YUNES RA. Estratégias para a obtencdo de compostos
farmacologicamente ativos a partir de plantas medicinais: conceitos sobre modificagéo
estrutural para otimizacdo da atividade. Quimica Nova, v. 21, n. 1, p. 99-105, 1998.

CHEH, A. & NEILANDS, J. B. Zinc, an essential metal ion for beef liver delta
aminolevulinate dehydratase. Biochem. Biophys. Res. Commun. v. 55, p. 1060-1063, 1973.

CHEH, A. & NEILANDS, J. L. The delta-aminolevulinate dehydratase: molecular and
environmental properties. Struct. Bonding, v. 29, p. 123 -169, 1976.

CHEN, L., MORROW, J.K.,, TRAN, H.T., PHATAK, S.S., DU-CUNY, L., ZHANG, S.
From laptop to benchtop to bedside: structure-based drug design on protein targets. Curr
Pharm Des., v. 18, p. 1217-1239, 2012.



103

DA SILVA, A. C.; ROCHA, J. B.; MORSCH, A. L.; ZANIN, R. F.; KAIZER, R;
MALDONADO, P. A.; ARANTES, L. C.; SILVA, L. A;; MORSCH, V. M.; SCHETINGER,
M. R. Oxidative stress and delta-ALA-D activity in chronic renal failure patients. Biomed.
Pharmacother., v. 61, p. 180-185, 2007.

DE BEM, A. F.; PORTELLA, R. L.; COLPO, E.; DUARTE, M. M.; FREDIANE, A;
TAUBE, P. S.; NOGUEIRA, C. W.; FARINA, M.; DA SILVA, E. L.; TEIXEIRA

ROCHA, J. B. Diphenyl diselenide decreases serum levels of total cholesterol and tissue
oxidative stress in cholesterol-fed rabbits. Basic Clin. Pharmacol. Toxicol., v. 105, p. 17-23,
2009.

DE FREITAS, A. S.; FUNCK, V. R.; ROTTA, M. S.; BOHRER, D.; MORSCHBACHER,
V.; PUNTEL, R.; NOGUEIRA, C. W.; FARINA, M.; ASCHNER, M.; ROCHA, J. B. T.
Diphenyl diselenide, a simple organoselenium compound, decreases methylmercury-induced
cerebral, hepatic and renal oxidative stress and mercury deposition in adult mice. Brain Res
Bull., v. 79, p. 77-84, 2009.

DELLEY, B. From molecules to solids with the DMol3 approach. J. Chem. Phys., v. 113, p.
77567764, 2000.

DENT, A. J.; BEYERSMANN, D.; BLOCK, C.; HASNAIN, S. S. Two different zinc sites in
bovine 5-aminolevulinate dehydratase distinguished by extended X-ray absorption fine
structure. Biochemistry. v. 29, p. 7822-7828, 1990.

ERDTMAN, E.; BUSHNELL, E. A. C.; GAULD, J.W.; ERIKSSON, L. A. Computational
insights into the mechanism of porphobilinogen synthase. J. Phys. Chem. B., v. 114, p.
16860-16870, 2010.

FACHINETTO, R.; PIVETTA, L. A,; FARINA, M.; PEREIRA, R. P.; NOGUEIRA, C.

W.; ROCHA, J. B. T. Effects of ethanol and diphenyl diselenide exposure on the activity of
delta-aminolevulinate dehydratase from mouse liver and brain. Food Chem. Toxicol., v. 44,
p. 588-594, 2006.

FARINA, M.; BARBOSA, N. B. V.; NOGUEIRA, C. W.; FOLMER, V.; ZENI, G;
ANDRADE, L. H.; BRAGA, A. L.; ROCHA, J. B. T. Reaction of diphenyl diselenide with



104

hydrogen peroxide and inhibition of delta-aminolevulinate dehydratase from rat liver and
cucumber leaves. Braz. J. Med. Biol. Res., v. 35, p. 623-631, 2002.

FRAUSTO DA SILVA, J.J.; WILLIAMS, R.J.P. The biological chemistry of the elements.
Oxford University Press, 2001.

GOLOMBIESKI, R. M.; GRAICHEN, D. A. S.; PIVETTA, L. A;; NOGUEIRA, C. W;
LORETO, E. L. S.; ROCHA, J. B. T. Diphenyl diselenide [(PhSe,)] inhibits Drosophila
melanogaster 3-aminolevulinate dehydratase (6-ALA-D) gene transcription and enzyme
activity. Comp. Biochem. Physiol. C Toxicol. Pharmacol., v. 147, p. 198-204, 2008.

GONCALVEST. L.; ERTHAL, F.; CORTE, C. L.; MULLER, L. G.; PIOVEZAN, C. M,;
NOGUEIRA, C. W.; ROCHA, J. B. Involvement of oxidative stress in the pre-malignant and
malignant states of cervical cancer in women. Clin. Biochem. v. 38, p. 1071-1075, 2005.

GONCALVES, T. L.; BENVEGNU, D. M.; BONFANTI, G.; FREDIANI, A. V.; ROCHA,
J. B. T. Delta-ALA-D activity is a reliable marker for oxidative stress in bone marrow
transplant patients. BMC Cancer. v. 9, p. 138, 20009.

GROTTO, D.; VALENTINI, J.; FILLION, M.; PASSOS, C. J. S.; GARCIA, S.C;
MERGLER, D.; BARBOSA-JR., F. Mercury exposure and oxidative stress in communities of
the Brazilian Amazon. Sci. Total Environ., v. 408, p. 806-811, 2010.

HAMEL, P.; CORVEST, V.; GIEGE, P, BONNARD, G. Biochemical requirements for the
maturation of mitochondrial c-type cytochromes. Biochim Biophys Acta, v. 1793, p. 125-
138, 2009.

HEINEMANN, I. L.; JAHN, M.; JAHN, D. The biochemistry of heme biosynthesis. Arch.
Biochem. Biophys., v. 474, p. 218-251, 2008.

HORT, M. A.; STRALIOTTO, M. R.; NETTO, P. M.; DA ROCHA, J. B.; DE BEM, A.

F.; RIBEIRO-DO-VALLE, R. M. Diphenyl diselenide effectively reduces atherosclerotic
lesions in LDLr -/- mice by attenuation of oxidative stress and inflammation. J. Cardiovasc.
Pharmacol. , v. 58, p. 91-101, 2011.



105

JAFFE, E. K., MARTINS, J., LI, J., KERVINEN, J., DUNBRACK JR., R. L. The molecular
mechanism of lead inhibition of human porphobilinogen synthase. J. Biol. Chem. v. 276, p.
1531-1537, 2001.

JAFFE, E. K. An unusual phylogenetic variation in the metal ion binding sites of
porphobilinogen synthase. Chem. Biol. , v. 10, p. 25-34, 2003.

JAFFE, E. K. The porphobilinogen synthase catalyzed reaction mechanism. Bioorg. Chem.,
v. 32, p. 316-325, 2004.

KADE, I. J., ROCHA, J. B. T. Comparative study on the influence of subcutaneous
administration of diphenyl and dicholesteroyl diselenides on sulphydryl proteins and
antioxidant parameters in mice. J. Appl. Toxicol. , v. 30, p. 688-693, 2010.

KITCHEN, D.B.; DECORNEZ, H.; FURR, J. R.; BAJORATH, J. Docking and scoring in
virtual screening for drug discovery: methods and applications. Nature Reviews, v. 3, p. 935—
949, 2004.

LACASSE, Y.; RICHER, C. Toxicity of selenium and of its derivatives. Union Medicale
Du Canada, v. 105, p. 1192-1199, 1976

LAWRENCE, S.H.; RAMIREZ, U.D.; SELWOOD, T; STITH, L.; JAFFE, E.K. Allosteric
inhibition of human porphobilinogen synthase. J Biol Chem , v. 284, p. 35807-35187, 20009.

LUGOKENSKI, T. H.; MULLER, L. G.; TAUBE, P. S.; ROCHA, J. B.; PEREIRA, M. E.
Inhibitory effect of ebselen on lactate dehydrogenase activity from mammals: a comparative
study with diphenyl diselenide and diphenyl ditelluride. Drug Chem. Toxicol. v. 34, p. 66—
76, 2011.

MA, C.; KANG, H.; LIU, Q.; ZHU, R.; CAO, Z. 2011. Insight into potential toxicity
mechanisms of melamine: an in silico study. Toxicology, v. 283, p. 96-100, 2011.

MACIEL, E. N.; BOLZAN, R. C.; BRAGA, A. L.; ROCHA, J. B. Diphenyl diselenide
and diphenyl ditelluride differentially affect delta-aminolevulinate dehydratase from
liver, kidney, and brain of mice. J. Biochem. Mol. Toxicol., v. 14, p. 310-319, 2000.



106

MAGALHAES, C. S.; BARBOSA, H.J.C; DARDENNE, L.E. Métodos de docking receptor-
ligante para o desenho racional de compostos bioativos. In: MORGON, N. H.; COUTINHO,
K. Métodos de Quimica Teorica e Modelagem Molecular. Sao Paulo: Livraria da Fisica,
2007, p. 489-531.

MATSUMOTO, T; FURUTA, T.; NIMURA, Y; SUZUKI, O. 3-(p-Hydroxyphenyl)propionic
acid as a new fluorogenic reagent for amine oxidase assays Anal Biochem, v. 138, p. 133—
136, 1984.

MITCHELL, L. W. & JAFFE, E. K. Porphobilinogen synthase from Escherichia coli is a
Zn(11) mettalloenzyme stimulated by Mg(Il). Arch. Biochem. Biophys., v. 300, p. 169-177,
1993.

MOCHIZUKI, N.; TANAKA, R.; GRIMM, B.; MASUDA, T.; MOULIN, M.; SMITH, A.
G.; TANAKA, A.; TERRY, M. J. The cell biology of tetrapyrroles: a life and death struggle.
Trends Plant. Sci., v. 15, p. 488-498, 2010.

MORRIS, G. M.; HUEY, R.; LINDSTROM, W.; SANNER, M. F.; BELEW, R. K;
GOODSELL, D. S.; OLSON, A. J. AutoDock4 and AutoDockTools4: automated docking
with selective receptor flexibility. J. Comput. Chem. v. 30, p. 2785-2791, 20009.

NANDI, D. L. 6-aminolevulinate acid synthase of Thodopseudomas spheroides.
Binding of pyridoxal phosphate to enzyme. Z. Naturforsch. , v. 33C, p. 799-800, 1978.

NATESH R, SCHWAGER SL, STURROCK ED, ACHARYA KR. Crystal structure of
the human angiotensin-converting enzyme-lisinopril complex. Nature, v. 421, p. 551-554,
2003.

NELSON, D. L., COX. M. M. Lehninger, Principles of Biochemistry, Fourth Edition,
2004.

NOGUEIRA C. W.; ROCHA, J. B. T. Toxicology and pharmacology of selenium: emphasis
on synthetic organoselenium compounds. Arch. Toxicol. v. 85, p. 1313-1359, 2011.



107

PAINTER, E.P. The chemistry and toxicity of selenium compounds, with special
reference to the selenium problem. Chem. Rev., v. 28: p. 179-204, 1941.

POSSER, T.; DE PAULA, M. T.; FRANCO, J. L.; LEAL, R. B.; DA ROCHA, J. B.
Diphenyl diselenide induces apoptotic cell death and modulates ERK1/2 phosphorylation in
human neuroblastoma SH-SY5Y cells. Arch Toxicol., v. 85, p. 645-651, 2011.

PUNTEL, R. L., ROOS, D. H., FOLMER, V., NOGUEIRA, C. W., GALINA, A,
ASCHNER, M., ROCHA, J. B. Mitochondrial dysfunction induced by different
organochalchogens is mediated by thiol oxidation and is not dependent of the classical
mitochondrial permeability transition pore opening. Toxicol. Sci. v. 117, p. 133-143, 2010.

RAPPE, A.K., CASEWIT, C. J., COLWELL,K. S., GODDARD III,W. A. SKIFF, W. M.
1992. UFF, a full periodic table force field for molecular mechanics and molecular dynamics
simulations. J. Am. Chem. Soc. v. 114, p. 10024-10039, 1992.

ROCHA, J. B., FREITAS, A. J.,, MARQUES, M. B., PEREIRA, M. E.,, EMANUELLI, T.,
SOUZA, D. O. Effects of methylmercury exposure during the second stage of rapid postnatal
brain growthon negative geotaxis and on delta-aminolevulinate dehydratase of suckling rats.
Braz. J. Med. Biol. Res. v. 26, p. 1077-1083, 1993.

ROCHA, J. B. T.; SARAIVA, R. A,; GARCIA, S. C. ; GRAVINA, F. S.; NOGUEIRA, C.
W. Aminolevulinate dehydratase (5-ALA-D) as marker protein of intoxication with metals
and other pro-oxidant situations. Toxicology Research, v. 1, p. 85, 2012.

RONCAGLIONI, A., BENFENATI, E. In silico-aided prediction of biological properties
of chemicals: oestrogen receptor-mediated effects. Chem. Soc. Rev. v. 37, p. 441-450, 2008.

SAKAGUCH]I, S., SAKAGUCHI, T., NAKAMURA, I., AMINAKA, M., TANAKAT.
KUDQO, Y. Effect of beryllium chloride on porphyrin metabolism in pregnant mice
administered by subcutaneous injection. J. Toxicol. Environ. Health, v. 50, p. 507-517,
1997.



108

SANGHANI, P.C.; ROBINSON, H; BOSRON, W. F.; HURLEY, T. D. Human glutathione-
dependent formaldehyde dehydrogenase. Structures of apo, binary, and inhibitory ternary
complexes. Biochemistry, v. 41, 10778-10786, 2002.

SARAIVA, R. A. ; BUENO, D. C. ; NOGARA, P. A.; ROCHA, J. B. T. Molecular docking
studies of disubstituted diaryl diselenides as mammalian 6-aminolevulinic acid dehydratase
enzyme inhibitors. J Toxicol Environ Health A, v. 75, p. 1012-1022, 2012.

SASSA, S. Delta-aminolevulinic acid dehydratase assay. Enzyme, v. 28, p. 133-145, 1982.

SASSA, S.; FUJITA, H.; KAPPAS, A. Genetic and chemical influences on heme
biosynthesis. In: A. Kotyk, J. Skoda; Paces and V. Kostka (Eds.), Highlights of Modern
Biochemistry., VSP, Utrecht, v. 1, p. 329-338, 19809.

SASSA, S., KAPPAS, A. Hereditary tyrosinemia and the heme byosinthetic pathway.
Profound inhibition of delta-aminolevulinic acid dehydratase activity by succinilacetone. J.
Clin. Invest., v. 71, p. 625-634, 1983.

SAUSEN DE FREITAS, A., DE SOUZA PRESTES, A., WAGNER, C., HAIGERT
SUDATI, J., ALVES, D., OLIVEIRA PORCIUNCULA, L., KADE, I. J., TEIXEIRA
ROCHA, J. B. Reduction of diphenyl diselenide and analogs by mammalian thioredoxin
reductase is independent of their gluthathione peroxidase-like activity: a possible novel
pathway for their antioxidant activity. Molecules, v. 28, p. 76997714, 2010.

SCHAUMBURG, A.; SCHNEIDER-POETSH, A. A. W.; ECKERSKORN, C.
Characterization of plastid 5-aminolevulinate dehydratase (ALA-D, EC 4.2.1.24) from
spinach (Spinacia oleracea L) by sequencing and comparison with non plant ALA-D
enzymes. Z. Naturforsch. , v. 47C, p. 77-84, 1991.

SCHWARZ, K., FOLTZ, C.M. Selenium as an integral part of factor-3 against dietary
necrotic liver degeneration . J Am Chem Soc, v. 79, p. 3292-3293 1957.

SEELIGER, D., DE GROOQT, B. L. Ligand docking and binding site analysis with PyMOL
and Autodock/Vina. J. Comput. Aided Mol. Des., v. 24, p. 417-422, 2010.



109

SEGEL, I. H. Non-competitive inhibition (Simple intersecting linear non-competitive
inhibition), pp. 101-112. In: Enzyme Kinetics: Behavior and analysis of rapid equilibrium and
steady-state enzyme systems. New York: John Wiley and Sons, 1993.

SHEMIN, D. 5-aminolevulinic acid dehydratase: structure, function, and mechanism. Phil.
Trns. R. Soc. Lond. , v. 273B, p. 109-105, 1976.

SHIBATA, H.; OCHIAI, H. Purification and properties of delta-aminolevulinate acid
dehydratase from radish catyledons. Plant Cell Physiol., v. 18, p. 421-429, 1977.

SIES, H. Oxidative stress: Introduction. in Sies H (ed): Oxidative Stress, Oxidants and
Antioxidants. San Diego, CA, Academic Press, 1991.

SOARES, F. A.; FARINA, M.; BOETTCHER, A. C.; BRAGA, A. L.; ROCHA, J.B.T.
Organic and inorganic forms of selenium inhibited differently fish (Rhamdia quelen) and rat
(Rattus norvergicus albinus) 3-aminolevulinate dehydratase. Environ. Res., v. 98, p. 46-54,
2005.

SPENCER, P. & JORDAN. P. M. Investigation of the nature of the tow metal-binding sites in
5-aminolevilinic acid dehydratase from Escherichia coli. Biochem. J. , v. 300, p. 373-381,
1994,

STRALIOTTO, M. R.; MANCINI, G.; DE OLIVEIRA, J; NAZARI, E. M.; MULLER, Y.
M.; DAFRE, A.; ORTIZ, S.; SILVA, E. L.; FARINA, M.; LATINI, A.; ROCHA, J. B.; DE
BEM, A. F. Acute exposure of rabbits to diphenyl diselenide: a toxicological evaluation. J.
Appl. Toxicol. v. 30, p. 761-768, 2010.

SUN, H., YOST, G. S. Metabolic activation of a novel 3-substituted indole-containing TNF-
alpha inhibitor: dehydrogenation and inactivation of CYP3A4. Chem. Res. Toxicol. v. 21, p.
374-385, 2008.

TOSTES, J.G. Estrutura molecular: o conceito fundamental da quimica. Quimica Nova na
Escola, n. 7, maio 1998.



110

TROTT, O.; OLSON, A. J. AutoDock Vina: improving the speed and accuracy of docking
with a new scoring function, efficient optimization and multithreading. J. Comput. Chem., v.
31, p. 455461, 2010.

VALENTINI, J.; SCHMITT, G. C.; GROTTO, D.; SANTA MARIA, L. D.; BOEIRA, S.
P.; PIVA, S. J.; et al. Human erithrocytes 6-aminolevulinate dehydratase activity and
oxidative stress in hemodialysis patients. Clin. Biochem., v. 40, p. 591-594, 2007.

ZHANG, D. W.; ZHANG, J. Z. H. Molecular fractionation with conjugate caps for full
quantum mechanical calculation of protein-molecule interaction energy. J. Chem. Phys., v.
119, p. 3599-3605, 2003.



111

APENDICE

APENDICE A - ALINHAMENTO MULTIPLO DE SEQUENCIAS DE
AMINOACIDOS DA 3-ALA-D DE DIFERENTES ORGANISMOS

Rattus VARYGVNQ-LEEMLRPLVEAGLRCVLI PSRVPKDEQGSAADSEDSPT 101
Mus VARYGVNQ-LEEMLRPLVEAGLRCVLI PSRVPKDEQGSAADSEDSPT 101
Homo VARYGVKR-LEEMLRPLVEEGLRCVLI PSRVPKDERGSAADSEESPA 101
Drosophila ISRFGLNR-LKEHLEPLVAKGLSSVLL VDPDMKDEQASNADSAKNPY 99
CUCUMLS ==m-memmmcmccccemeeemcccmemmmmmmmmmm e m e e EAYNDNGLV 9
Raphan CYRLGWRHGLLQEVAKARAVGVNSIVLEPKVPEALKNPTGDEAYNDNGLY 197
Pisum CYRLGWRHGLLEEVAKARDVGVNSVVL'PKIPDALKTPTGDEAYNEDGLV 169
*
Rattus IEAVRLLRKTFPTLLVACDVC TSHGHCGLLSENGAFLAEESRQRLA 151
Mus IEAVRLLRKTFPSLLVACDVC TSHGHCGLLSENGAFLAEESRQRLA 151
Homo IEAIHLLRKTFPNLLVACDNC TSHGHCGLLSENGAFRAEESRQRLA 151
Drosophila VLALPKLREWFPDLLIACDNC SSHGHCGLLGETG-LENGPSIKRIA 148
Cucumis PRTIRLLKDKYPDLVIYT SSDGHDGIVREDGVIMNDETVHQLC 59
Raphan PRTIRLLKDKYPDLIIYT SSDGHDGIVREDGVIMNDETVHQLC 247
Pisum PRSIRLLKDKYPDLIIYT! SSDGHDGIVREDGVIMNDETVHQLC 219
s ¥l ok Rsn RS SCURETE EE s 8 8 51 g o
Rattus EVALAYAKAGCQVVA MMDGRVEAIKAALLKHGLGNRVSVMS FA 201
Mus EVALAYAKAGCQVVA MMDGRVEAIKAALLKHGLGNRVSVMS FA 201
Homo EVALAYAKAGCQVVA MMDGRVEAIKEALMAHGLGNRVSVMS FA 201
Drosophila EIAVAYAKAGAHIVA MMDNRVKAIKQALIDAQM-NSVSLL FT 197
Cucumis KQAVSQARAGADVVS MMDGRVGAIRRALDAEGF-YHVSIMS A 108
Raphan KQAVSQARAGADVVS MMDGRVGAIRAALDAEGF-QNVSIMS A 296
Pisum KQAVAQARAGADVVS MMDGRVGAMRVALDAEGF -QHVSIMS A 268
. *:: *:**..:*:******_** *:: * ¥ **:::*:**::
Rattus SCFYGPERD SSPAFGDRRCYQLPPGARGLALRAVARDIQEGADILMY 251
Mus SCFYGP SSPAFGDRRCYQLPPGARGLALRAVARDIQEGADMLMY 251
Homo SCFYGPFRDAAKSSPAFGDRRCYQLPPGARGLALRAVDRDVREGADMLMM 251
Drosophila SNFYGPFREAAQSAPKFGDRRCYQLPSGSRSLAMRAIQRDVAEGADMLMY 247
Cucumis SSFYGPFREALDSNPRFGDKKTYQMNPANYREALIETREDESEGADILLY 158
Raphan SSFYGPFREALDSNPRFGDKKT NPANYREALIEAREDEAEGADILLY 346
Pisum SSFYGPFREALDSNPRFGDKKT NPANYREALTEMREDESEGADILLY 318
x ******:* .* * ***:: **: .. *: .¥ ****:*:*
Rattus PGLPYLDMVQEVKDKHPELPLAVYQVSGEFAMLWHGAKAGAFDLRTAVL 301
Mus PGLPYLDMVREVKDKHPELPLAVYQVSGEFAMLWHGAQAGAFDLRTAVL 301
Homo PGMPYLDIVREVKDKHPDLPLAVYHVSGEFAMLWHGAQAGAFDLKAAVL 301
Drosophila PGMPYLDILRSTKDSYPYHTLYVYQVSGEFAMLYHAAKAGAFDLKDAVL 297
Cucumis PGLPYLDIIRLLRDNSP-LPIAAYQVSGEYSMIKAGGVLKMIDEEKVMM 207
Raphan PGLPYLDIIRLLRDKSP-LPIAAYQVSGEYSMIKAGGVLKMIDEEKVMM 395
Pisum 367

PGLPYLDIIRLLRDNSP-LPIAAYQVSGEYSMIKAGGALKMIDEEKVMM

***:****;:; :*_ * .*:****::*: —_ :* 4

Figura 1: Alinhamento multiplo das sequéncias de aminoacidos da 3-ALA-D de diferentes organismos
usando o programa ClustalW. Em verde, residuos que estdo posicionados até 4 A do ligante (PhSe), no
docking molecular com a enzima 3-ALA-D humana. Em amarelo, residuos de cisteina que interagem com o ion
Zn(Il), de acordo com o cristal PDB 1E51. Em cinza, residuos especificos da 6-ALA-D de plantas, ndo
encontrados na enzima dos animais. Os dados sugerem que o (PhSe)2 tem maior afinidade com a 6-ALA-D de
animais (com atividade inibitéria de modo semelhante), mas ndo de plantas, corroborando com dados
experimentais (Farina et al., 2002).
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