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RESUMO

A enzima Adenilosuccinato liase (ASL) pertence a superfamilia de
enzimas aspartase/fumarase, as quais compartiham o mecanismo catalitico
acido-basico com B-eliminacéo de fumarato como o produto comum. A ASL esta
envolvida tanto na biossintese de novo quanto na via de salvamento de purinas.
Aqui sado descritos os métodos de clonagem, expresséao e obtencéo da proteina
recombinante ASL de Leishmania braziliensis (LbASL) na sua forma
homogénea. Andlises da proteina recombinante por espectrometria de massa,
determinacdo do estado oligomérico e alinhamento mudultiplo de sequéncias
também sdo apresentados. Ensaios de cinética em estado estacionario
mostraram que a LbASL segue o perfil de Michaelis-Menten. Experimentos de
titulacao isotérmica por calorimetria sugerem que a LbASL segue um mecanismo
cinético Uni-Bi ordenado, no qual o fumarato € liberado primeiro do sitio ativo
seguido pelo AMP. Dados de velocidade iniciais para a reacdo reversa e a
relacdo de Haldane permitiram calcular uma constante de equilibrio desfavoravel
para a reacdo quimica catalisada pela enzima. Os parametros de energia de
ativagcdo e termodindmica também foram estimados. Os efeitos isotopicos do
solvente V/K e V sugerem uma modesta contribui¢cdo da transferéncia de prétons
do solvente durante o passo limitante da reacdo. Os dados obtidos no inventario
de prétons mostram um modesto efeito em V resultante de um Unico sitio
proténico, e o valor de transicdo do fator de estado de fracionamento de 0,74
sugere a participacao da transferéncia de prétons do solvente em vibracées de
estado de transicdo perpendiculares a coordenada da reacdo. Experimentos de
perfil de pH para Kcat € kcat/Km sugerem os residuos de aminoécidos envolvidos,
respectivamente, na catélise e ligacdo do substrato. A modelagem molecular
para LbASL foi realizada visando prover uma base estrutural para interpretacéo
dos dados experimentais. Um melhor entendimento do modo de agéao da LbASL

sera util para o desenho racional de agentes antileishmanioses.

Palavras chave: Leishmania braziliensis, salvamento de purinas,

adenilossucinato liase, caracterizagdo bioquimica, leishmaniose cutanea.



ABSTRACT

Adenylosuccinate lyase (ASL) belongs to aspartase/fumarase superfamily
of enzymes which share a general acid-base catalytic mechanism with [3-
elimination of fumarate as common product. ASL is involved in both de novo and
salvage pathways of purine biosynthesis. Cloning, expression, and a method to
obtain homogeneous recombinant ASL from Leishmania braziliensis (LbASL) are
described. Mass spectrometry analysis of recombinant LbASL, oligomeric state
determination and multiple sequence alignment are presented. Steady-state
kinetics of LbASL showed a Michaelis-Menten pattern. Isothermal titration
calorimetry binding assays suggested that LbASL follows a Uni-Bi ordered kinetic
mechanism, in which release of fumarate is followed by AMP to yield free
enzyme. Initial velocity data for the reverse reaction and the Haldane relationship
allowed calculation of an unfavorable equilibrium constant for LbASL-catalyzed
chemical reaction. The activation energy and thermodynamic activation
parameters were estimated. Solvent kinetic isotope effects V/K and V suggest a
modest contribution of solvent proton transference during the rate-limiting step of
the reaction. Proton inventory data show that the modest normal effect on V
arises from a single protonic site, and the transition state fractionation factor value
of 0.74 suggests participation of solvent proton transfer in transition-state
vibrations perpendicular to the reaction coordinate. pH-rate profiles for kcat and
kcat/Km suggested amino acid residues involved in, respectively, catalysis and
substrate binding. A model of LbASL was built to provide a structural basis for
the experimental data. A better understanding of the mode of action of LbASL is

useful for the rational design of antileishmaniasis agents.

Keywords: Leishmania braziliensis, purine salvage, adenylossucinate lyase,

biochemical characterization, cutaneous leishmaniasis.
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1. INTRODUCAO

1.1. Leishmaniose - Aspectos gerais

A leishmaniose € uma doenca infecciosa, ndo contagiosa, causada por
protozoarios da familia Trypanosomatidae, do género Leishmania. A doenca é
considerada um importante problema de saude publica, sendo umas das
principais doencas negligenciadas 2. Em humanos, a infeccéo por Leishmania
pode causar varias sindromes clinicas com comprometimento da pele, mucosas
das vias respiratdrias superiores e visceras ). As leishmanioses sdo
classificadas como Leishmaniose cutanea (LC), que engloba as formas cutaneas
e mucocutanea da doenca, e a Leishmaniose Visceral (LV), também chamada
de Kala-azar 4.

A LC possui trés manifestacdes clinicas distintas: Leishmaniose Cutédnea
Localizada (LCL) — caracterizada por lesdes cutaneas, geralmente indolores,
ulceradas ou ndo, com bordas elevadas, de fundo granuloso e avermelhado;
Leishmaniose Cutanea Difusa (LCD) - assemelha-se a LCL, porém apresenta
lesbes infiltradas e disseminadas por todo o0 corpo; e Leishmaniose Mucocutanea
(LM) — na maioria dos casos, uma evolucdo secundaria da forma cutanea,
caracterizada pela formacdo de lesdes desfigurantes e destrutivas na boca,
nariz, palato, faringe e laringe, podendo causar mutilagcdes na face :46.789) Por
fim, a Leishmaniose Visceral (LV), é a forma mais severa da doenca,
acometendo as visceras como figado, baco, medula 6ssea e linfonodos,
podendo levar a morte do paciente ¢*89.10),

Dentre os fatores de risco que facilitam a transmissdo da doenca,
destacam-se a condicdo socioecondmica da populacdo, a mobilidade e as
mudancas ambientais e climéticas. Os diferentes padrées de transmissdo e o
conhecimento ainda limitado sobre alguns aspectos, como a mobilidade da
populacdo e dos reservatérios naturais do parasito, torna dificil o controle da
doenca (139),

Todas as espécies de Leishmania sdo transmitidas pelas fémeas de
dipteros da subfamilia Phlebotominae, pertencentes aos géneros Lutzomyia e
Psychodopigus no continente americano, e Phlebotomus no continente europeu.

No Brasil, mosquitos do género Lutzomyia, conhecidos popularmente como
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mosquito palha, tatuquira, birigui, entre outros, sado de facil identificacdo devido
a sua coloracdo castanho-claro e por manter as asas eretas quando pousa ¢13),
O papel vetorial de cada espécie do mosquito dependera da espécie de
Leishmania presente no intestino do vetor ©).

No Brasil, foram identificadas sete espécies de Leishmania, sendo seis do
subgénero Viannia e uma do subgénero Leishmania. As trés principais espécies
sdo: Leishmania (Vianna) braziliensis, L. (V.) guyanensis e Leishmania
(Leishmania) amazonensis e, mais recentemente, as espécies L. (V.) lainsoni, L.
(V.) naiffi, L. (V.) lindenberg e L. (V.) shawi foram identificadas em estados das
regides norte e nordeste ©6:13),

Segundo a Organizacdo Mundial da Saude (OMS) a leishmaniose é
endémica em 98 paises, sendo que aproximadamente 0,2 a 0,4 milhdes de
novos casos de leishmaniose visceral (LV) e 0,7 a 1,2 milh6es de novos casos
de leishmaniose cutanea (LC) ocorram anualmente. No Brasil, predominam as
formas de LC e mucocutanea; porém, a LV apresenta alta taxa de mortalidade
411 Segundo o Ministério da Saude no ano de 2016 ocorreram mais de 12 mil
casos de LC e cerca de 3 mil casos de LV, sendo as regifes norte mais afetada

pela LC e nordeste mais afetada pela LV (12,

1.2. Leishmania (Viannia) braziliensis

A Leishmania (Viannia) braziliensis foi a primeira espécie de Leishmania
descrita como agente etioldgico da LT nas Américas e é encontrada em todas
as regides do pais. Geralmente, esta associada com a presenca de animais
domésticos e a transmissao frequentemente ocorre dentro das habitacdes. No
homem, é a espécie mais prevalente e pode causar lesbes cutaneas e
mucocutaneas. A transmissao € associada aos vetores Lutzomyia whitmani, L.

migonei, L. intermedia e Psychodopigus wellcomei, dependendo da regido *6:13),

1.3. Ciclo de vida da Leishmania

As Leishmania spp. s&o organismos digenéticos (completam seu ciclo de
vida passando por pelo menos dois hospedeiros), alternando entre as formas
flageladas promastigotas no intestino de flebotomineos e amastigota intracelular

no hospedeiro mamifero (14,



16

A infeccdo das fémeas do flebotomineo ocorre quando estas se
alimentam de sangue infectado de um hospedeiro mamifero e ingerem
macréfagos contendo leishmanias na forma amastigota ). No trato digestério do
vetor ocorre o rompimento da membrana dos macréfagos e os parasitos sao
liberados. Na regido do intestino médio abdominal, ocorre a transformacéo dos
amastigotas em promastigotas prociclicos, que se multiplicam através de divisao
binaria. Apos a divisdo, migram para a regido anterior do intestino onde se
concentram e sofrem um processo de diferenciacdo, denominado
metaciclogénese. Nesse processo, 0s promastigotas apresentam reducao no
tamanho do corpo celular, tornam-se extremamente moéveis e altamente
infectivos e passam a ser denominados promastigotas metaciclicos. As formas
metaciclicas migram para a proboscide e sédo regurgitados e transmitidos ao
hospedeiro vertebrado através da picada durante o repasto sanguineo * 15 16),
Apés a inoculacdo pela picada do inseto, as promastigotas interagem com
neutrofilos, células dendriticas e, principalmente, macréfagos no local da picada.
Estas células aderem as promastigotas e as fagocitam por meio de um
mecanismo mediado por receptores e ligantes. Embora a fagocitose seja um
mecanismo de defesa do hospedeiro, as leishmanias desenvolveram sistemas
capazes de subverter a capacidade microbicida dos fagécitos. Uma vez
fagocitadas, as promastigotas ficam alojadas em fagossomos. Nos macrofagos,
os fagossomos se fusionam a lisossomos, formando um fagolisossomo chamado
vacuolo parasitéforo (14-19),

Dentro do vacuolo parasitéforo, as promastigotas se diferenciam em
amastigotas que comecam a se multiplicar intensamente até romperem a célula
hospedeira devido ao excesso de amastigotas ©17:19, Uma vez liberadas na
corrente sanguinea, as amastigotas podem infectar novas células dendriticas,
fibroblastos, bem como outros macréfagos ). O ciclo de transmissdo se
completa quando mosquitos néo infectados ingerem sangue contendo fagocitos

infectados ©). O ciclo de vida do protozoario esta ilustrado na Figura 1.
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Figura 1: Ciclo de transmissao da leishmaniose em humanos.
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Fonte: adaptado de CDC http://www.cdc.gov/parasites/leishmaniasis/biology.html. Acesso em
17/03/2016.

1.4. Tratamento

Existem muitos tratamentos para as diversas manifestacbes da
leishmaniose, variando de tratamentos locais nas leses cutaneas a tratamentos
sistémicos. Desta forma, a escolha dos medicamentos de primeira e segunda
linha ird depender do tipo da doenca e da pratica regional 29,

Os antimoniais pentavalentes (Sb*°) sdo considerados os medicamentos
de primeira linha para o tratamento das leishmanioses. A OMS recomenda a
dosagem de 20 mg de Sb*°/kg/dia, durante 20 dias seguidos, podendo ser
utilizado o antimoniato de N-metilglucamina ou estibogluconato de sodio, sendo
que apenas o primeiro é disponibilizado no Brasil pelo Ministério da Salde®).
Estes medicamentos interferem nas vias bioenergéticas de Leishmania na forma
amastigota, inibindo a glicélise e oxidacdo de &acidos graxos, reduzindo a

producdo de ATP e GTP. No entanto, 0 mecanismo de acao preciso ainda esta


http://www.cdc.gov/parasites/leishmaniasis/biology.html.%20Acesso%20em%2017/03/2016
http://www.cdc.gov/parasites/leishmaniasis/biology.html.%20Acesso%20em%2017/03/2016
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sendo investigado %21, As grandes desvantagens destes medicamentos s&o o
custo elevado e a alta toxicidade, que pode provocar deficiéncia ou faléncia
renal, alteracdes hepaticas e cardioldgicas, além de febre, enjoos e nduseas.
Devido ao seu potencial teratogénico, ndo ha possibilidade de administracdo em
gestantes. Os Sb*> sdo administrados via parenteral, sendo necessaria a
administragdo em ambito hospitalar e um cuidadoso monitoramento dos
pacientes durante o tratamento. Estes fatores contribuem para a baixa aderéncia
ao tratamento ou interrupcdo do mesmo, o que favorece a selecéo de parasitas
com resisténcia ao medicamento (20-22),

A anfotericina B (AmB) é o medicamento de primeira linha para gestantes
e o de segunda linha mais utilizado quando o tratamento com os Sb*> néo
apresentam resultados. O mecanismo de acdo da AmB causa a instabilidade e
ruptura da membrana citoplasmatica do protozoario. Recomenda-se a dosagem
de 0,5 mg/Kg/dia, aumentando gradualmente até 1 mg/Kg/dia por no minimo 20
dias, em dias alternados. Os efeitos adversos mais frequentes séo febre,
nauseas, vomitos, hipopotassemia, flebite no local da infusédo e deficiéncia renal.
Embora seus efeitos colaterais sejam menos agressivos do que os Sb*°, o
tratamento € mais longo e também requer administracdo e acompanhamento em
ambito hospitalar. A anfotericina na forma lipossomal € menos téxica, porém o
custo elevado restringe seu uso em regides onde a doenca é endémica (62024,

Miltefosina € o medicamento mais recente lancado no mercado e o Unico
para tratamento oral de leishamaniose visceral. Também mostrou resultados
positivos para LC causada por L. mexicana, L. guyanensis e L. panamensis,
porém € ineficaz contra lesbes causadas por L. braziliensis. Embora este
medicamento ndo apresente muitos efeitos colaterais, possui efeitos
teratogénicos 0,

Tratamentos tdépicos realizados com imiquimoda e paromomicina
aplicadas nas lesfes, tém mostrado resultados positivos para tratar LC em
conjunto com outros medicamentos sistémicos %22, Qutros estudos
demonstram que o uso tépico de fator estimulante de col6nias de granulécitos e
macrofagos (GM-CSF), adicionado ao tratamento padrdo com antimoniais,
acelera a cicatrizacao das lesdes ?>26), Terapias utilizando calor a 50°C aplicado
diretamente nas lesdes de LC sdo uma opcéo para pacientes HIV-positivos, nos

guais os tratamentos de primeira e segunda linha ndo apresentam resultados
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(20.27) Recentemente, um candidato a vacina utilizando nanoparticulas contendo
um conjugado polivalente do trissacarideo a-Gal em particula viral QB (QB-a-
Gal nanoparticulas) foi testado em modelos de camundongos knockout para o
gene C57BL/6 a-galactosiltransferase, apresentando resultados promissores ha
eliminagéo da infeccéo e proliferacéo de L. amazonensis e L. infantum, espécies
causadoras de LC e LV, respectivamente ©8),

Diante deste panorama, € de suma importancia continuar os esfor¢cos para
planejamento e desenvolvimento de novos medicamentos eficientes contra a
leishmaniose, que sejam menos toxicos, de facil administracdo e de custo

reduzido (> 20.23)

1.5. Planejamento racional de novos farmacos contra Leishmania —

Metabolismo de Purinas

O planejamento racional de farmacos, usualmente, baseia-se em explorar
as diferencas bioquimicas e fisiolégicas entre o patégeno e seus hospedeiros. A
identificacdo dessas diferencas metabdlicas possibilita a selecdo de potenciais
alvos moleculares para acdo de novos inibidores 93031 Algumas diferencas
metabdlicas interessantes entre a Leishmania e seus hospedeiros mamiferos
sdo encontradas no metabolismo de nucleotideos de purinas 0. Esses
nucleotideos, além de serem as unidades monoméricas precursoras de DNA e
RNA, também exercem importantes fun¢cdes como moduladores de atividades
enzimaticas e como constituintes de algumas coenzimas, onde estao envolvidas
em reacdes de liberacdo de aclcares e transferéncia de energia (233, Em
mamiferos, os nucleotideos de purina sédo obtidos através de duas rotas
distintas: a via de biossintese de novo e a via de salvamento 3. Entretanto, os
protozoarios da familia Trypanosomatidae, na qual Leishmania esta inserida,
nao possuem a via de biossintese de novo, sendo totalmente dependentes da
via de salvamento de purinas para a obtencdo destes nucleotideos 4.

Na via de biossintese de novo, o anel purinico € montado a partir de varios
precursores simples como a glicina, o aspartato e a glutamina. A porcao ribose
fosfato dos nucleotideos purinicos € obtida a partir do 5-fosforribosil-1-pirofosfato
(PRPP) sintetizado a partir de adenosina trifosfato (ATP) e 5-fosforribose. De

modo geral, a via consiste na adicdo progressiva de atomos formadores do anel
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purinico ao carbono 1 da 5-fosforribose em onze etapas dependentes de ATP,
cujo primeiro produto formado € o ribonucleotideo de hipoxantina ou inosina
monofosfato (IMP). O IMP constitui um composto-chave na sequéncia
metabdlica dos ribonucleotideos de purinas, podendo ser convertido em
adenosina monofosfato (AMP) ou guanosina monofosfato (GMP) através de
duas vias distintas. O AMP ¢ sintetizado a partir do IMP por uma via de duas
reacOes. Na primeira reacdo, o grupo amino do aspartato € ligado ao IMP que
produz adenilosuccinato. Na segunda reacédo, a enzima adenilosuccinato liase
catalisa a eliminacdo do fumarato do adenilosucinato para formar o AMP. A
mesma enzima catalisa a nona etapa da sintese de IMP. O GMP também é
formado a partir de uma rota com duas reagdes. Primeiramente, o IMP é
desidrogenado formando xantosina-monofosfato (XMP), apés o XMP é
convertido em GMP pela transferéncia do nitrogénio amidico da glutamina em

uma reacdo promovida pela hidrélise de ATP a AMP+PP; (Figura 2 e 3) (35-38),
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Figura 2: Esquema representativo da sintese de inosina monofosfato pela

biossintese de novo de purinas.

- AIR
HCO
@ ATP
5 6a) ADP + P,
. i 0y no—"%
00 7 G N*- Carboriaminoimidazol
J-Fostorril 0—'G—H"’ . -
H 1-pirofosfato (PREP) \ g H ) tibomucledtido
Glutamina (M- CAIR)
(D)}, Glutamato @l
_ occkcfﬂﬁ
3'-E_'05ff_’—|3~ _ Il CH  Carboxiamino-
n-tibosilamina - ,,N"C“Nf imidazol ribonuclestido
]L (CATR)
Aspartato
@ ATP
ADP+ Py
_ ADP + P,
o Glicinamida oo
A ribonucledtido (GAR) ﬂllHu 0
0=C H
ey HO—N--C-—C—, e
| - I }{CH N- Succinil-3-aminoimidazol-4-
R T carboramida ribonuclestido
N'"_ Fomil H; folato ) (SAICAR)
H, folato
I @I\ Fumarato
Hml:’N G~ Formilglciamida ?
o—t. o ribonuclestido (FGAMD) A N
i HaNT €7 Ny 5-Aminoimidazol 4- carboxamida
T Hm“é“ﬂ" ribonucledtido
Ghtamina : ]H (ATCAR)
Glutamato N _Formil Hy folato
@
ATP H, folato
ADP+ P
=, N
, ij HNT 6N N-Fomilaminoimidazol
m;é I " Formilglicinamida oc B’ 4-carboxamida ribomclestido
- ribomuclestido (FGAM) HH | (FAICAR)
1J1 @I\w Hy0
ATP 0
@}CADP + Py HN.-"!':‘-LC_.#N
}wuzo w1 Sen
C"’N\C _ L H‘h{
b mmmied oo
N T ribomucledtido (ATR) 0 H H
R H H
H H

Inosina F-monofosfato (IMVE)

Fonte: Adaptado de Voet et al. 2006



22

Figura 3: IMP é convertido em AMP e GMP em duas reacdes separadas na mesma

rota.
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7

A via de salvamento de purinas € mais simples e menos dispendiosa
comparada a biossintese de novo. Nesta via, ocorre a recuperacdo de purino-
nucleotideos pré-formados como adenina, guanina e hipoxantina livres
resultantes da degradacéo de acidos nucleicos ou de nucleotideos livres, através
da reacao direta do PRPP com as purinas livres, que sédo convertidas em IMP,
AMP e GMP pela acdo de enzimas fosforibosiltransferases (PRTases)
correspondentes (7:38),

Uma vez que Leishmania ndo é capaz de realizar a biossintese de novo
de purinas, estes organismos possuem uma extensa via de salvamento de
purinas que lhes permite reutilizar purinas de seu meio de cultura ou do
hospedeiro, sendo capazes de incorporar nucleosideos ou nucleobases
purinicas (336:3940)  Enquanto mamiferos possuem duas enzimas PRTases

especificas, a adenina fosforribosiltransferase (APRTase) e a hipoxantina-
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guanina fosforribosiltransferase (HGPRTase), protozoarios do género
Leishmania possuem além destas duas enzimas, uma terceira PRTase exclusiva
para xantina (XPRTase) ¢23536) O salvamento de purinas é similar nas formas
amastigotas e promastigotas, diferindo apenas no metabolismo de adenina e
adenosina. Em promastigotas, praticamente toda a adenina € convertida em
hipoxantina pela catalise de uma adenina deaminase. Em amastigotas ndo ha
adenina deaminase, sendo que a adenina € convertida em AMP pela acao direta
da APRTase (2.

Estudos realizados em L. donovani mostraram que o fluxo majoritario na
via de salvamento est4 na conversdo de IMP em AMP e XMP em GMP,
sugerindo que as enzimas de interconversdo de nucleotideos como a inosina
monofosfato desidrogenase (IMPDH), adenilosuccinato sintetase (ADSS),
adenilosuccinato liase (ASL), GMP sintetase (GMPS), GMP redutase (GMPR) e

AMP deaminase sdo essenciais para o parasito ¢ (Figura 4).

Figura 4: Esquema representativo da rota de salvamento de purinas em

Leishmania.
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[ VLI
AFRT] ADO INO GUO K—AIC:

.
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Figura 4: Flechas azuis representam o fluxo majoritario de substratos na via de salvamento de
purinas. As menores atividades estdo representadas pelas flechas pretas, e a linha tracejada
representa a fosforibosilagdo de guanina que raramente ocorre em Leishmania. Abreviacdes:
APRT, adenina fosforribosiltransferase, HGPRT, hipoxantina-guanina fosforribosiltransferase,
XPRT, xantina fosforribosiltransferase, AK, adenosina quinase, AAH, adenina aminohidrolase,
GDA, guanina deaminase, ADSS, adenilosuccinato sintetase, ASL, adenilosuccinato liase,
AMPDA, adenosina monofosfato deaminase, IMPDH, inosina monofostafase desidrogenase,
GMP, guanosina monofosfato sintetase, GMPR, guanosina monofosfato redutase, NH,
nucleosideo hidrolase, ADO, adenosina, INO, inosina, HYP, hipoxantina, GUO, guanosina, GUA,

guanina, XAO, xantosina, XAN, xantina. Fonte: adaptado de Jan M. Boitz et al. 2012.
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A importancia das vias de interconversdo de nucleotideos para o
crescimento e para o potencial de infeccdo ja foi validada através de
experimentos de isolamento e caracterizacdo de cepas L. donovani mutantes
com auséncia dos genes funcionais de ADSS, ASL e IMPDH ®“142), Os trés
mutantes apresentaram fenotipos de infecciosidade reduzida em macrofagos; no
entanto, apenas parasitas nocautes para ASL foram severamente incapacitados
na sua habilidade de estabelecer uma infec¢do visceral em camundongos
comparado com 0s outros genes nocautes. Outro estudo com L. donovani
também demonstrou a relevancia da enzima GMPR para a producdo de
nucleotideos “3). Neste cenario, a via de salvamento de purinas apresenta alvos

potenciais para planejamento de inibidores eficientes contra o Leishmania (3944,

1.6. Enzima adenilosuccinato liase

A ASL € uma enzima housekeeping encontrada em muitos organismos,
possui um papel importante na replicacdo celular, na producdo de purinas e no
metabolismo celular. E a Ginica enzima que estéa presente em ambas as rotas do
metabolismo de purinas catalisando duas reacgfes distintas, ndo sequenciais e
com substratos especificos (739,

Na biossintese de novo, a ASL medeia a reacao de clivagem do 5-
aminoimidazol-(N-succinylocarboxamida)  ribotideo  (SAICAR) em  5-
aminoimidazole-4-carboxamida ribotideo (AICAR) e fumarato. Na via de
salvamento de purinas, a qual é funcional em Leishmania, a enzima catalisa a
clivagem de adenilosuccinato monofosfato (S-AMP), proveniente do IMP,

promovendo a formacédo de AMP e fumarato (Figura 5).
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Figura 5: Reac0es catalisadas pela enzima ASL
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Fonte: Adaptado de Berens et al 1995.

O sitio ativo da enzima € o mesmo em ambas as reacdes (37:38,39,4042,44,45)
Foi demonstrado que as rea¢fes envolvem uma catélise acido-base com a [3-
eliminacao de um grupo succinil do substrato levando a liberacédo do fumarato, o
qual deixa o sitio ativo da enzima antes da liberacdo do AICAR ou AMP ©9),

A sequéncia de aminoé&cidos da enzima ASL, bem como sua estrutura
tridimensional e a determinacdo de parametros cinéticos ja foram elucidados
para uma variedade de organismos incluindo Escherichia coli (PDB ID: 2PTR),
Leishmania donovani (PDB ID: 4MX2) e Homo sapiens (PDB ID: 2CV6),
demonstrando que o sitio catalitico da enzima € conservado para todas as
espécies 251, A estrutura tridimensional da enzima ASL de L. braziliensis ainda
nao foi elucidada até o presente momento, no entanto, através do alinhamento
das sequéncias de aminoacidos da enzima ASL de L.braziliensis e de L.

donovani, observou-se que a ASL de L. braziliensis possui 88% de identidade
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com L. donovani, cuja estrutura tridimensional ja foi determinada, bem como a
conservacgado dos residuos de aminoacidos presentes no sitio ativo #4.48),
Estudos realizados com a ASL de Plasmodium falciparum demostraram
tanto a capacidade de a enzima catalisar a clivagem do substrato da via de novo
SAICAR gquanto os parametros cinéticos e termodinamicos semelhantes aos de
S-AMP, assim como demostraram que a interacdo com o produto AICAR
apresenta afinidade similar ao AMP. Neste estudo, o uso de AICAR apresentou
atividade inibitoria sobre a ASL causando reducédo no crescimento do parasita
em cultura ©253), Estudos adicionais em busca de compostos que apresentem
uma atividade inibitéria sobre a ASL sdo necessarios, tendo em vista que
diversos trabalhos sustentam o potencial desta enzima como um alvo para
desenvolvimento de fArmacos anticancer e bactericidas (3042455254 Pportanto, a
caracterizacao bioquimica e funcional da enzima ASL de Leishmania braziliensis
nos trara informagdes adicionais que possam auxiliar no planejamento de

agentes terapéuticos contra leishmaniose.
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2. JUSTIFICATIVA

As leishmanioses constituem um problema mundial de saude publica. A
cada ano, cerca de 2 milhdes de novos casos sao registrados no mundo. No
Brasil, as leishmanioses atingem grande parte da populacéo, sendo as regifes
norte e nordeste as mais afetadas.

Atualmente os medicamentos utilizados para o tratamento das
leishmanioses sdo caros, necessitam de assisténcia médica para sua aplicacéo,
apresentam alta toxicidade e efeitos colaterais severos. Tais fatores levam a
baixa adeséo ao tratamento, a reincidéncia da doenca e a selecédo de parasitas
resistentes aos medicamentos. Diante desse panorama, o desenvolvimento de
farmacos mais eficazes e menos toxicos se faz necessario. A identificacdo e o
entendimento das rotas metabdlicas e das enzimas que séo essenciais para a
sobrevivéncia e/ou infeccdo do parasita representam um ponto de partida para
0 planejamento racional de novas classes de compostos inibidores. A via de
salvamento de purinas é a Unica forma das leishmanias adquirirem o0s
nucleotideos purinicos exigidos em varios processos bioquimicos essenciais a
sobrevivéncia e ao desenvolvimento do patdégeno. A enzima adenilosuccinato
liase desempenha uma funcéo importante na rota de salvamento de purinas, o
gue a sugere como um alvo molecular para o desenvolvimento de farmacos
antileishmaniais. Neste contexto, o estudo aprofundado de suas funcdes através
da caracterizacdo bioguimica e estrutural podera auxiliar na busca por inibidores
especificos.
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3. OBJETIVOS

3.1. GERAL
Obtencdo e caracterizacdo enzimética da adenilosuccinato liase de
Leishmainia braziliensis visando o planejamento racional de novos compostos

candidatos a farmacos.

3.2. OBJETIVOS ESPECIFICOS

3.2.1 Clonar o gene ASL_LbrM.04.0500, que codifica para a enzima
adenilosuccinato liase de Leishmainia braziliensis, no vetor pET23a(+);

3.2.2 Expressar a proteina recombinante em cepas de Escherichia coli;

3.2.3 Estabelecer um protocolo de purificacdo da enzima;

3.2.4 Confirmar a identidade da ASL por espectrometria de massa,;

3.2.5 Determinar os parametros cinéticos e termodinamicos da enzima;

3.2.6 Determinar a estrutura tridimensional da proteina.
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Abstract

Adenylosuccinate lyase (ASL) is involved in both de novo and salvage pathways
of purine biosynthesis. ASL belongs to argininosuccinate lyase/fumarase C superfamily
of enzymes which share a general acid-base catalytic mechanism with B-elimination of
fumarate as common product. Cloning, expression, and a method to obtain homogeneous
recombinant ASL from Leishmania braziliensis (LbASL) are described. Mass
spectrometry analysis of recombinant LbASL, oligomeric state determination and
multiple sequence alignment are presented. Steady-state kinetics of LbASL showed a
Michaelis-Menten pattern. Isothermal titration calorimetry binding assays suggested that
LbASL follows a Uni-Bi ordered kinetic mechanism, in which release of fumarate is
followed by AMP to yield free enzyme. Initial velocity data for the reverse reaction and
the Haldane relationship allowed calculation of an unfavorable equilibrium constant for
LbASL-catalyzed chemical reaction. The activation energy and thermodynamic
activation parameters were estimated. Solvent Kinetic isotope effects V/K and V suggest
a modest contribution of solvent proton transference during the rate-limiting step of the
reaction. Proton inventory data show that the modest normal effect on V arises from a
single protonic site, and the transition state fractionation factor value of 0.74 suggests
participation of solvent proton transfer in transition-state vibrations perpendicular to the
reaction coordinate. pH-Rate profiles for keat and Keat/Km suggested amino acid residues
involved in, respectively, catalysis and substrate binding. A model of LbASL was built to
provide a structural basis for the experimental data. A better understanding of the mode
of action of LbASL is useful for the rational design of antileishmaniasis agents.

Keywords: Leishmania braziliensis, purine salvage, adenilossucinate lyase, biochemical

characterization, cutaneous leishmaniasis.
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Introduction

Leishmaniasis is regarded as one of the most burdensome of the neglected tropical
diseases.! The disease is endemic in 98 countries and three continents, and is estimated
that 350 million people are at risk.> Approximately 0.2 to 0.4 million cases of visceral
leishmaniasis (VL) and 0.7 to 1.2 million cases of cutaneous leishmaniasis (CL) occur
each year. CL is more widely distributed, with about one-third of cases occurring in the
Americas, the Mediterranean basin, and Western and Central Asia.? In Brazil, American
tegumentary leishmaniasis (ATL) is predominantly caused by Leishmania (Viannia)
braziliensis,* which is responsible for four distinct forms of ATL: localized CL, mucosal
leishmaniasis (ML), disseminated leishmaniasis (DL) and diffuse CL (DCL).>® As others
Leishmania species, L. braziliensis is a digenetic protozoan parasite that is flagellated,
extracellular promastigote in the phlebotomine sandfly vector; while it is an immotile,
intracellular amastigote within phagolysosomes of macrophages of infected mammalian
host.* The main drug treatments of leishmaniasis include pentavalent antimonials, as
sodium stibogluconate (Pentostam) and meglumine antimoniate (Glucantime) (Croft et al
2011, Croft et al 2003; McGwire 2014). However, these antimonials have multiple
toxicities and are increasingly ineffective due to the development of parasite resistance.”
® Although second-line drugs, such as amphotericin-B either as deoxycholate or liposomal
form, paromomycin and miltefosine show fewer side effects;” these therapies are very
expensive and are far from ideal.!* There is thus an urgent need for new treatments to
combat this disease.

The development of new effective antiparasitic drugs can be based on exploring
the biochemical and physiological differences between the pathogen and its host. One of
these metabolic differences lies in the biosynthesis of purine nucleotides.'>'® While
mammal cells hold the capacity to synthetize purine nucleotides by the de novo and
salvage pathways, Leishmania species are completely dependent on the salvage pathway
to supply their purine requirements.!*!> The enzyme adenylosuccinate lyase (ASL; EC
4.3.2.2) belongs to the aspartase/fumarase protein superfamily, all members of which are
homotetramers with approximately 200 kDa that share a high level of structural
similarity.61® ASL is the only enzyme in the purine nucleotide metabolism that catalyzes
two distinct reactions, both involving B-elimination of fumarate: 1) conversion of 5-
aminoimidazol-4(N-succinylcarboxamide)  ribonucleotide  (SAICAR) into  5-
aminoimidazole-4-carboxamide ribonucleotide (AICAR) and fumarate, and 2)

conversion of succinyl-adenosine monophosphate (S-AMP) into AMP and fumarate. The
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latter reaction is part of the two-reaction pathway that converts inosine monophosphate
(IMP) into AMP.1® ASL is the last enzyme in the conversion of IMP to AMP in
Leishmania, representing therefore a critical bottleneck in purine salvage (Boitz et al
2013). Previous studies showed that an L. donovani parasite containing the ASL gene
knocked-out exhibited a severely reduced parasite burden in both macrophages and mice,
which could be explained by the toxic accumulation of adenylosuccinate.™® These results
indicate that ASL could be a promising drug target for anti-leishmaniasis drug
development.

Here, we describe cloning, expression and purification to homogeneity of
recombinant L. braziliensis ASL (LbASL). Determination of the true steady-state Kinetic
parameters, thermodynamic constants of substrate and products interaction, pre-steady-
state Kinetics, energy of activation, solvent kinetic isotope effect (SKIE) and proton
inventory studies are also presented. A three-dimensional model has been built to provide
a structural basis for interpretation of experimental results. These results contribute to a
better understanding of the mode of action of LbASL, which should inform the rational

design of chemotherapeutic agents to treat leishmaniasis.

Experimental
Cloning and recombinant protein expression

The LbASL coding gene LbrM.04.0500 containing Ndel and Hindlll restriction
sites on, respectively, the 5" and 3' ends was synthetized with signal peptide removed by
Biomatik®  and ligated into  the pET23a(+) expression vector
(pET23a(+)::LbrM.04.0500), previously digested with the same restriction enzymes. The
construction of pET23a(+)::LbrM.04.0500 was submitted to automatic DNA sequencing
to confirm identity, integrity and absence of mutations in the cloned gene.

The recombinant plasmid pET23a(+)::LbrM.04.0500 was transformed into E. coli
BL21(DE3) cells and plated on Luria-Bertani (LB) agar containing 50 pg mLampicillin.
A single colony was inoculated into LB medium (50 mL) containing 50 pg mL*
ampicillin and grown at 37 °C, 180 rpm, overnight. The culture (8.5 mL) was inoculated
in LB medium (500 mL) with the same antibiotic concentration and grown in a shaker-
incubator at 37 °C, 180 rpm. When the optical density at 600 nm (ODsqo) reached 0.4-
0.6, the cells were induced with 1 mM of isopropyl B-D-1-thiogalactopyranoside (IPTG)
and harvested at 3h, 6h, 9h, 12h and 24h after induction. Cells were harvested by

centrifugation at 8,000 x g for 30 min at 4 °C and stored at -20 °C. Frozen cell paste was
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disrupted by sonication and soluble and insoluble fractions were analyzed by 12% sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

Protein purification

Protein purification was performed by HPLC using an AKTA System (GE
Healthcare® Life Sciences, Pittsburg, USA) at 4 °C. Approximately 2.8 g of frozen cells
were suspended in 14 mL of 50 mM Tris HCI pH 7.5 (Buffer A), and incubated with 0.2
mg mL lysozyme (Sigma—Aldrich) with stirring for 30 min at 4 °C. Cells were disrupted
by sonication (10 pulses of 10 s each at 60% amplitude) and centrifuged at 48,000 x g for
30 min at 4 °C. The supernatant was treated with 1% (v/v) streptomycin sulfate for 30
min with slow stirring to precipitate nucleic acids and centrifuged at 48,000 x g for 30
min at 4 °C. The resulting supernatant was treated with 1.5 mM ammonium sulfate with
stirring for 30 min. The fraction containing precipitated molecules was suspended with 8
mL of buffer A and loaded on a HiLoad Superdex 200 26/60 size exclusion column (GE
Healthcare® Life Sciences, Pittsburg, USA), previously equilibrated with buffer A.
Proteins were isocratically eluted with 1 column volume (CV) of buffer A at flow rate of
0.5 mL min, and fractions containing the target protein were pooled and loaded on a
HiLoad Q Sepharose High Performance 16/10 anion exchange column (GE Healthcare®
Life Sciences, Pittsburg, USA), pre-equilibrated with buffer A. The column was washed
with 7 CVs of buffer A, and the adsorbed proteins were eluted with a linear gradient (0-
60%) of 25 CV of buffer A containing 1 M NaCl (buffer B) at flow rate of 1 mL min™.
The fractions containing homogeneous LbASL were pooled and dialyzed against 50 mM
potassium phosphate buffer pH 7.0, containing 150 mM KCI, 1 mM EDTA, 1 mM DTT
and 10% glycerol (storage buffer), and stored at -20 °C. Protein concentration was
determined by the method of BCA using a bovine serum albumin as standard (BCA
protein Assay Kit, Thermo Scientific Pierce).

LbASL identification by mass spectrometry

The homogeneous protein was submitted to shotgun proteomics to confirm the
enzyme's identity. In-gel digestion was performed according to Shevchenko et al.°
Tryptic digest of LbASL was separated on a homemade 20 cm reverse-phase column (5
pum ODSAQ C18, Yamamura Chemical Lab, Japan) using a nanoUPLC (nanoLC Ultra
1D plus, Eksigent, USA) and eluted directly to a nanospray ion source connected to a
hybrid mass spectrometer (LTQ Orbitrap Discoverty, Thermo, USA). The flow rate was
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set to 300 mL min™ in 120 min reverse-phase gradient. The mass spectrometer was
operated in a data-dependent mode, with full MS1 scan collected in the Orbitrap, with
m/z range of 400-1600 at 30,000 resolution. The eight most abundant ions per scan were
selected to CID MS2 in the ion trap. Mass spectra were analyzed using PatternLab
platform. MS2 spectra were searched with COMET?! using a non-redundant database
containing forward and reverse E. coli DH10B reference proteome and the sequence of
LbASL. The validity of the peptide-spectra matches (PSMs) generated by COMET was
assessed using Patternlab's module SEPro?? with a false discovery rate of 1% based on

the number of decoys.

Oligomeric state determination

An estimate for the molecular mass of LbASL in solution was obtained by
injecting 100 pL of protein suspension (7 uM homogeneous LbASL in 50 mM Tris HCI
pH 7.5 containing 200 mM NacCl) into a HighLoad 10/30 Superdex-200 column (GE
Healthcare), and isocratically eluted with 1 CV of 50 mM Tris HCI pH 7.5 containing
200 mM of NaCl at 0.4 mL min™.

Protein elution was monitored at 215, 254 and 280 nm. The low molecular weight
(LMW) and high molecular weight (HMW) Gel Filtration Calibration Kits (GE
Healthcare) were used to prepare a calibration curve, measuring the elution volumes (Ve)
of several standards (ferritin, aldolase, ovalbumin, conalumin, ribonuclease and carbonic
anhydrase A). These values were used to calculate their partition coefficient (Kay, EQ. 1).
Blue dextran 2000 (GE Healthcare) was used to determine the void volume (Vo). Vtis the
total bead volume of the column. The Kay value for each protein was plotted against their
correspondent molecular mass to obtain an estimate for LbASL molecular mass in

solution.

Equation 1
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Multiple sequence alignment and homology modeling

Multiple alignment was carried out to compare amino acid sequences of
homologous ASL proteins whose residues in the active site were determined by
mutagenesis studies or for which three-dimensional structures were solved. The following
proteins were included in the alignment: Leishmania braziliensis (LbASL,
XP_001561734), Leishmania donovani (LJASL, XP_003858107), Escherichia coli
(ECASL, WP_000423742), Plasmodium falciparum (PfASL, XP_001349577), Bacillus
subtilis (BSASL, WP_003233955), Homo sapiens (HSASL, NP_000017), and
Mycobacterium tuberculosis (MtASL, WP_003898583). The alignment was performed
by Clustaw? using the Blosum62 matrix.

Homology modelling approach, implemented in the MODELLER (Sali and
Blundell, 1993) 9v19 program, was used to build a model of LbASL. The structure of
ASL from E.coli (PDB ID: 2PTQ) associated with AMP and fumarate products was used
as template. The protocol used to perform the molecular modelling experiments generated
10 models. All models were submitted to the DOPE energy scoring function®
implemented in the MODELLER 9v19 aiming to select the best structures. The
MOLPROBITY webserver?® and PROCHECK?® were used to verify and validate the

stereochemical quality of the models.

Steady-state kinetic parameters of LbASL

Recombinant LbASL enzyme activity was monitored by a continuous assay in a
UV-2550 UV/Visible spectrophotometer (Shimadzu) equipped with a temperature-
controlled cuvette holder, using 1.0 cm path length quartz cuvettes. The enzyme was
preincubated for 30 min at 25 °C in storage buffer. All the assays were performed under
initial rate conditions at 25 °C in 50 mM Tris HCI pH 7.5 containing 200 mM NaCl and
5 mM EDTA (buffer C), in a total volume of 0.5 mL and reaction course data collected
for 60 s. The kinetic data were determined using the difference in absorption between S-
AMP and AMP measuring the decrease in absorbance at 282 nm using a difference
extinction coefficient value of 10,000 M cm™. One unit of enzyme activity (U) was
defined as the amount of enzyme catalyzing the conversion of 1 umol of substrate into
products per second at 25 °C.

The initial velocity study was carried out to determine the steady-state kinetic
parameters for S-AMP conversion into AMP and fumarate (forward reaction). The

saturation curve was performed at varying concentrations of S-AMP (5 — 100 uM) and
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the reaction was initiated by the addition of the recombinant LbASL (30 nM). Hyperbolic
saturation curves were analyzed by non-linear regression of data fitting to the Michaelis—
Menten equation (Eg. 2), in which v is the steady-state velocity, V is the maximal velocity,

A is the substrate concentration, and Ky is the Michaelis—Menten constant.

Equation 2

The kcar Values were calculated from Eqg. 3, in which [E]: corresponds to the total

concentration of enzyme subunits.

K, =— Equation 3

The initial velocities for the reverse reaction were determined varying the
concentration of AMP (10 — 800 uM) at varied-fixed fumarate concentration (100 — 900
uM). All reactions started with addition of recombinant LbASL, assayed under standards
conditions, and all measurements were performed at least in duplicates. Data from initial
velocity measurements showing a pattern of lines intersecting to the left of the y-axis in
the double-reciprocal plots (or Lineweaver—Burk plots) were fitted to Eqg. 4, which

describes a sequential substrate binding and ternary complex formation (reverse reaction).

. VAB
K.K, +K,B+K,A+AB

Equation 4

For Eq. 4, v is the initial velocity, V is the true maximal initial velocity, A and B
are the concentrations of the substrates (AMP and fumarate) for the reverse reaction, Ka
(Kg) and Ky (Kp) are their respective Michaelis-Menten constants, and Kia (Kig) is the
dissociation constant for enzyme-substrate A binary complex formation (enzyme-AMP
binary complex formation for the reverse reaction).

The initial velocities for the reverse reaction were employed to calculate the
equilibrium constant (Keg) using the Haldane equation for an ordered Uni-Bi (or Bi-Uni)
mechanism (Eq. 5). Vr is the maximal initial velocity for the forward and V; for the reverse

reaction, K, represents the Michaelis-Menten constant for the first product to be released


http://pubs.rsc.org/en/content/articlehtml/2015/RA/C5RA14918E#eqn4
http://pubs.rsc.org/en/content/articlehtml/2015/RA/C5RA14918E#eqn4
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from the ternary complex (fumarate), Ka represents the Michaelis-Menten constant for S-
AMP (Kwm of Eq. 2), and Kiq represents the dissociation constant for enzyme-AMP binary

complex formation for the reverse reaction.?’

VK K, _
Keg = VK Equation 5
r-ta

Isothermal titration calorimetry (ITC)

ITC experiments were carried out using an iTCz00 Microcalorimeter (Microcal,
Inc., Northampton, MA). The reference cell (200 uL) was loaded with water during all
the experiments and the sample cell (200 pL) was filled with recombinant LbASL at a
concentration of 72 uM in buffer C. The injection syringe (39.7 pL) was filled with either
AMP (2 mM) or fumarate (2 mM) in the same buffer, and the ligand binding isotherms
were measured by direct titration (ligand into macromolecule). The stirring speed was
500 rpm at 25 °C and constant pressure. Titration first injection (0.5 pL) was not used in
data analysis and was followed by 19 injection of 2 pL each at 300 s intervals. Control
titrations (ligand into buffer) were performed in order to subtract the heats of dilution
prior to data analysis. The Gibbs free energy (AG) of binding was calculated using the
relationship described in Eq. 6, in which R is the gas constant (1.987 cal K molY), T is
the temperature in Kelvin (T = °C + 273.15), and K, is the association constant at
equilibrium. The entropy of binding (AS) can also be determined by this mathematical
formula. 4H represents the enthalpy of binding. The dissociation constant at equilibrium,
Kq, was calculated as the inverse of Ka (Eq. 7). All data were evaluated utilizing the Origin

7 SR4 software (Microcal, Inc.)
AG®° =—RT InK, =AH° —TAS° Equation 6
Ky = Equation 7

Energy of activation

To determine the energy of activation (Ea) of LbASL for the forward reaction, the
dependence of kcat On temperature was measured. Initial velocities were measured in the
presence of saturating concentrations of S-AMP (100 puM) at temperatures varying from
15t0 40 °C (from 288.15 to 313.15 K). Prior to data collection, LbASL was incubated for
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several minutes at all tested temperatures and assayed under standards conditions to
ascertain enzyme stability is maintained. All assays were performed in duplicates. Ea was
calculated from the slope (Ea/R) of the Arrhenius plot fitting the data to Eq. 8, in which R
is the gas constant (8.314 J mol™ K 1), and A is the Arrhenius constant, which represents
the product of the collision frequency (Z), and a steric factor (p) based on the collision
theory of enzyme kinetics.?®%° A simplistic approach was adopted to explain a complex
phenomenon and that A is independent of temperature.

Ink,, =In A—(%}% Equation 8

The Ea value allowed to obtain an estimate for the enthalpy of activation (AH*) employing
Eq. 9. The Gibbs free energy (AG*) of activation was estimated using Eq. 10. These values
allowed to obtain an estimate for the entropy of activation (AS*) using Eq. 11. These
equations were derived from the transition state theory of enzymatic reactions.?®% R, E,
and T are as for Eq. 8, ky is the Boltzmann constant (1.380658 x 1022 J K1), and h is the
Planck’s constant (6.626075 x 103 J s). The error in AG* was calculated using Equation
12.

# — —
AH"=E,-RT Equation 9
# kB
AG" =RT|In—=—-InT —Ink_,
h Equation 10
# #
Ag* = AH"-AG
T Equation 11
( AG#)E” _ RT (:cat)Err

cat Equation 12
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Solvent kinetic isotope effects (SKIE) and proton inventory

All assays were carried out under standard reaction conditions, in duplicate. The
solvent kinetic isotope effects on both V/K and V were determined by measuring initial
velocities for LbASL reaction using varied concentrations of S-AMP in either H2O or 90
% D-0. The SKIE data were fitted to Eq. 13,%° in which V is the maximal velocity, A is
the substrate concentration, Evik and Ev are, respectively, the isotope effect minus 1 on
V/IK and V, and F; is the fraction of deuterium label in the solvent.

VA
K(1+ FiEV/K)+ All+FE,)

V=

Equation 13

To determine the number of protons contributing to the observed solvent kinetic isotope
effect, the proton inventory on the catalytic rate constant (kcar) was measured at saturating
concentration of S-AMP at different mole fractions of D20 (0 - 90 %). The data for the
relative activity versus mole fraction of DO plot were fitted to the Gross-Butler equation
(Eq. 14),* in which k, is the rate constant measured at various mole fractions of D,O
(e.g., ko = kcat value in H20, and koo = kcat Value in 90 % D20), n is the isotopic
composition of the solvent, and ¢" is the deuterium fractionation factor for transition-state
proton exchange relative to bulk water (i.e., exchange equilibrium constant that measures
the tendency of a transition-state site to fractionally contain deuterium versus the
deuterium fraction of the solvent). It should be pointed out that Eq. 14 implies that a single
proton contributes to the observed solvent isotope effect and that the reactant-state

fractionation factor is equal to unity.

% =1-n+ng' Equation 14
0

pH-rate profiles

Prior to carrying out pH-rate studies, LbASL was incubated for 2 min at 25 °C in
100 mM 2-(N-morpholino)-ethanesulfonic acid (MES)/N-2-hydroxyethylpiperazine-N-2-
ethanesulfonic acid (Hepes)/2-(N-cyclohexylamino)-ethanesulfonic acid (CHES) buffer
mixture over a wide pH range (5.0 - 10.5),*! and assayed under standard conditions to

ensure enzyme stability at the experimental pH values over the course of reaction, thereby
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showing that changes in enzyme activity were due to changes in proton concentration and
not to protein denaturation. Initial velocities measurements were carried out at 25 °C in
solutions containing increasing concentrations of S-AMP in 100 mM
MES/HEPES/CHES buffer mixture over the following pH values: 6.3 (S-AMP
concentration range: 40-150 uM, [LbASL] = 60 nM), 6.5 (S-AMP concentration range:
5-60 puM with 6 or 12 nM of LbASL), 6.7 (S-AMP concentration range: 1-60 uM with 6
or 12 nM of LbASL), 7.0 (S-AMP concentration range: 5-60 uM with 6 or 12 nM of
LbASL), 7.5 (S-AMP concentration range: 3-60 UM with 6 or 12 nM of LbASL), 8.0 (S-
AMP concentration range: 5-60 UM with 6 or 12 nM of LbASL) , 8.5 (S-AMP
concentration range: 20-180 puM with 6 or 12 nM of LbASL), 9.0-9.5 (S-AMP
concentration range: 20-200 puM, [LbASL] = 12 nM). The pH-rate data for kcat (Fig. 10A)
were plotted to Eq. 15, in which y represents keat, C is the pH-independent plateau value
of y (keat), H is the hydrogen ion concentration, and K, and Ky are, respectively, the
apparent acid and base dissociation constant for the ionizing group. Eqg. 15 describes a
bell-shaped pH profile for a group that must be protonated for catalysis and another group
that must be unprotonated for catalysis, and participation of a single ionizing group for
the acidic limb (slope value of +1) and participation of a single ionizing group for the

basic limb (slope value of -1).3!
C .
log y = log 0 K Equation 15

The pH-rate profile for kea/Km was more complex (Fig. 10B). The data were
tentatively either fitted to Eqg. 15 or Eq. 16. The latter equation describes a bell-shaped
pH profile that starts with a slope of +2 in the acidic limb which goes to an eventual slope
of -1 in the basic limb, suggesting participation of two ionizing groups in the acidic limb.3*
Ko is the product of two apparent dissociation constants. Unless the pKs of the groups are
at least 3 pH units apart, there will not be both a linear region with a slope of +1 and a
flat plateau at intermediate pH values. The intersection of the linear asymptote with slope
of 2 and the poorly defined plateau will give the average of the pK values of the two

ionizing groups.®
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Equation 16

Results and Discussion
Cloning and recombinant protein expression

The LbASL-coding DNA sequence LbrM.04.0500 was purchased from
Biomatik® and cloned into the pET-23a(+) expression vector. Automated DNA
sequencing confirmed the identity and the absence of mutations in the cloned fragment.
The best experimental condition for LbASL protein expression was observed in
competent E. coli BL21 (DE3) cells, in LB medium after 12h of growth, without IPTG
induction. SDS-PAGE analysis showed that the protein was expressed in the soluble
fraction of cellular extracts (~51 kDa) which is in agreement with the predicted molecular
mass value of 51.269 kDa for LbASL subunit. The recombinant protein purification
protocol (streptomycin sulfate and ammonium sulfate precipitations, and size exclusion
and anion exchange columns) yielded approximately 20 mg from 2.8 g of frozen cells (~7
mg/g). The recombinant protein was stored at -20 °C in the storage buffer (50 mM
potassium phosphate buffer pH 7.0, 150 mM KCI, 1 mM EDTA, 1 mM DTT and 10%
glycerol). The storage buffer was identified as the best condition to maintain enzyme
stability for up to 3 months. The recombinant enzyme lost more than 50 % of initial
activity after 3 months when stored at either -20°C or -80 °C.

LbASL identification by mass spectrometry

The gel band of approximately 51 kDa was excised from SDS-PAGE, submitted
to trypsin digestion protocol, and the peptides were analyzed by LC-MS/MS in triplicate.
LbASL identity was confirmed, with the identification of 189 unique peptides and

sequence coverage of 100%.

Oligomeric state determination

To determine the oligomeric state of recombinant LbASL, 100 puL was loaded on
a Superdex 200 HR 10/30 size exclusion column. A single peak was obtained with elution
volume corresponding to approximately 223,357 kDa, according to data fitting to Eq. 1.

This molecular mass value divided by the subunit molecular mass value (51.2699 kDa)
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indicates that LbASL is a homotetramer in solution. This result is in agreement with the
ASL characterized previously from human® L. donovani®3 and others aspartase/fumarase

superfamily members.!®

Multiple sequence alignment and homology modeling

The multiple sequence alignment for Leishmania braziliensis (LbASL),
Leishmania donovani (LdASL), Escherichia coli (ECASL), Plasmodium falciparum
(PfASL), Bacillus subtilis (BSASL),****!8 Homo sapiens (HSASL), and Mycobacterium
tuberculosis (MtASL),*® allowed to propose the likely amino acid residues involved in
LbASL catalysis and substrate binding (Fig. 1). Multiple sequence alignment results
showed that LbASL shares 88%, 45%, 35%, 18%, 17% and 12% sequence identity with,
respectively, L. donovani, E. coli, P. falciparum, B. subtillis, H. sapiens and M.
tuberculosis.

The general mechanism proposed for ASL catalysis is a B-elimination (anti 1,2-
addition-elimination reaction), in which a general base of the enzyme abstracts the pro-R
hydrogen from the C3 atom (CP) of the succinyl moiety of the substrate.®® The resulting
carbanion is stabilized as the aci-carboxylate (or enediolate) intermediate with two
negative charges on the B-carboxylate group. Cleavage of the C-N bond of the substrate
is assisted by leaving group protonation by an enzyme general acid.*® As the reaction
occurs via anti elimination, two separate amino acid residues for proton abstraction and
donation are required. Conserved His!*! and His®® in B. subtilis have been proposed to be,
respectively, the base and acid groups.®**” The sequence comparison showed that
residues equivalent to these histidines are conserved (Fig. 1), suggesting that His*®” and/or
His!'® may play a role in LbALS catalysis. Alternatively, the catalytic base residue may
be ascribed to Ser®?? in LbASL (Fig. 1). Proteins belonging to the aspartase/fumarase
superfamily (including ASL) share a characteristic tertiary and quaternary fold as well as
similar active site architecture.’® The monomer is comprised of three mainly a-helical
domains: N-terminal (D1), central helix (D2) and C-terminal (D3). Three conserved
regions are found in the D2 domain: C1 located at the start of D2, and C2 and C3 that are
located in the loop regions between the helices of D2. (Fig. 2). Although spatially
separated in the monomeric unit, the C1-C3 domains from three different subunits form
the active site of the tetrameric polymer (Fig 2). Part of the conserved C3 region is formed

by the flexible SS loop, which undergoes conformational changes upon substrate binding
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that is relevant to catalysis in ASL enzymes.®”® The signature sequence of this SS loop
in LbASL is 321GSSXXPXKXN330, and is highly conserved among all aligned
sequences (Fig. 1). Site-directed mutagenesis studies on B. subtilis indicated that GIn?'?,
Asn?’® and Arg®® residues perform critical functions in catalysis by ASL through their
contributions to the binding and orientation of the succinyl carboxylate groups of its two
substrates SAICAR and S-AMP.3* The corresponding GIn?"4, Asn®*°and Arg®? residues
in LbASL are also conserved in the ASLs from other organisms (Fig 1), except Arg®!
that is replaced with a glycine in M. tuberculosis.®®

The homology model of LbASL (Fig. 3) shows a His'*" at 4.1 A of the C-N bond
of AMP, suggesting that this residue may act as the catalytic acid. The conserved Ser3?
is in close proximity (2.9 A) to the C(B or a)-H bond of fumarate. This serine is in the
highly conserved flexible SS loop, which closes the active site upon substrate binding.
Accordingly, Ser®? side chain may act as the catalytic base in the LbASL reaction.
Although it is tempting to suggest that the corresponding residues may play a role in
LbASL mode of action, site-directed mutagenesis efforts will have to be pursued to assign
any role to these amino acids.

The high conservation of key amino acid residues essential for substrate binding
and catalysis for both H. sapiens and L. braziliensis ASL enzymes suggest that the
development of selective inhibitors for LbASL might be challenging. Notwithstanding, a
better understanding of the mode of action of LbASL may unveil differences in enzyme,
chemical and catalytic mechanisms that may contribute to the development of

mechanism-based anti-leishmaniasis agents.

Steady-state kinetic parameters

The initial velocity experiments were measured to obtain the true steady-state
Kinetics parameters and to propose an enzyme mechanism. It has been shown that B.
subtilis ASL dissociates to a mixture of monomer-dimer-trimer with decreased enzyme
activity at low temperatures (4 and 8 °C), whereas the enzyme is fully active and exists
as 100% tetrameric form.*® Accordingly, recombinant LbASL protein was preincubated
for 30 min at 25 °C to ascertain maintenance of fully active tetrameric LbASL enzyme.
The specific activity of LbASL was obtained by varying the concentration of S-AMP (5-
100 uM) and fixed concentration of enzyme (30 nM), and measuring the decrease in
absorbance at 282 nm upon S-AMP conversion into products. Substrate saturation curves

were hyperbolic (Fig. 4) and the data were thus fitted to the Michaelis—Menten equation
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(Eq. 2), and keat Value was calculated using Eq. 3. This analysis yielded the following
steady-state Kinetic parameters: Ky = 10.23 ( 1.40) UM, Vimax = 6.3 (+ 0.2) U mgtand
keat = 5.53 (+ 0.17) s™*. A comparison of the specific activity of ASL from L. donovani,!3%
P. falciparum,*® H. sapiens®? and M. smegmatis®® are summarized in Table 1. LbASL
displays lower ket and specificity constant (kcat/Km) values in comparison to ASL
enzymes from different species of Leishmania (Table 1). Interestingly, the larger overall
dissociation constant (Km) for S-AMP substrate of LbASL as compared to H. sapiens
ASL may suggest differences from substrate binding en route to product formation that

may be exploited to increase inhibitor specificity.

Table 1: Steady-state kinetic parameters for S-AMP conversion into products catalyzed
by ASL homologs.

Specie Kwm (LM) Vmax (U | Keat (s2) Keat/Km Assay

mg?) (M1sh conditions
L. braziliensis | 10.2+1.4 6.3+02 [324+10 |3.2(x0.4)x10" [25°CpH 7.5
L.  donovani | 3.3+£0.5 100+ 3 87.7+26 | 2.7 (x0.4)x10" |30°CpH 7.8
(Spector, et al
1979)
L. donovani | 24.0 2.1 28 0.12 x 10’ 25°CpH 7.0
(Boitz, et al
2013)
P. falciparum | 32.0+ 1.6 - 75207 |0.23 (x 0.02) x|25°CpH7.4
(Bulusu et al 108
2009)
H. sapiens | 1.78 £0.05 | 3.88 +|3.40 +[1.9(x0.1)x10° |25°CpH 7.4
(Lee and 0.07 0.06
Colman, 2007)
M. smegmatis | 43.7 + 2.6 - 0.70 +[1.6(x0.1)x10* |37°CpH 7.6
(Banerjee 0.01
2014)

Double-reciprocal plots showed a family of lines intersecting to the left of the y-

axis (Fig. 5), suggesting ternary complex formation and a sequential (either random or
ordered) mechanism for the reverse reaction. The pattern of straight lines intersecting to
the left of the y-axis rules out ping-pong (parallel lines), steady-state random (that gives
non-linear reciprocal plots), and rapid-equilibrium ordered (one of the family of lines
should cross at a single value on the y-axis) mechanisms. Accordingly, the data were
fitted to Eq. 4 yielding the following values: Kmamp) = 13 (£ 5) uM and Kmumarate) = 203
(x 20) uM, Kiampy = 112 (£ 20) uM, and kear = 115 (+ 3) s**. The steady-state kinetic
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parameters for the forward and reverse reactions and the Haldane equation for an ordered
Uni-Bi mechanism (Eq. 5) were used to calculate a value of 6280 uM (ca 6.3 x 10 M)
for the equilibrium constant (Keq). This result suggests that the forward reaction is not
favorable under the in vitro experimental conditions here employed. However, the
depletion of products in the physiological context may drive the reaction forward. At any
rate, the double-reciprocal plots alone cannot distinguish between rapid-equilibrium
random and steady-state compulsory ordered Bi Bi mechanisms. ITC studies were thus
performed to distinguish between these enzyme mechanisms.

Isothermal titration calorimetry (ITC)

As double reciprocal plots suggested a sequential kinetic mechanism for the
reverse reaction, product binding to free enzyme was assessed by ITC to ascertain the
order, if any, of chemical compound interaction with free LbASL. Accordingly, binary
complex formation of either AMP or fumarate binding to free LbASL enzyme was studied
by ITC. No heat change was detected upon addition of fumarate, suggesting that fumarate
cannot bind to free LbASL enzyme. An exothermic profile (heat release) was observed
for binary complex formation upon AMP binding to free LbASL protein (Fig. 6). The
ITC data yielded the following values for LOASL:AMP binary complex formation: AH®
= -5.5 (+ 1.5) kcal mol* and AS° = 3.13 (+ 0.84) cal mol* K. The negative enthalpy
value indicates a favorable, though small, redistribution of interactomic interactions
network (e.g., hydrogen bonds and/or van der Waals interactions) between the reacting
species, including solvent. Hydrophobic interactions are related to the relative degrees of
disorder in the free and bound systems and thus these interactions are reflected in the
entropy change. The release of “bound” water molecules from a surface to the bulk
solvent is usually a source of favourable entropy (positive AS). A reduction in
conformational states in either ligand or protein upon binary complex formation is
entropically unfavourable (negative AS) because this molecular recognition process limits
the external rotational and translational freedom of both partners (for instance, structuring
regions of the protein adjacent to the bound ligand and loss of conformational freedom of
free ligand).*! The positive entropy value suggests either release of bound water
molecules and/or an increase in conformational states in LbASL or AMP upon binary
complex formation. The Gibbs free energy AG® value of -5.6 (+ 1.5) kcal mol? (Kg = 19
+ 7 uM) suggests a favorable process for LbASL:AMP binary complex formation. ITC
data were fitted to one set of site binding model yielding a value of 0.6 (= 0.1) for n
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(stoichiometry, ligands per active site). This result suggests that more than one subunit of
LbASL contribute to AMP binding. Structural studies showed that three separate
protomers contribute to each binding site of tetrameric M. tuberculosis ASL*® and to other
enzymes belonging to the Aspartase/Fumarase superfamily.’® However, the
stoichiometry should be equal to approximately one as there are four active sites per
tetrameric LbASL enzyme.

The steady-state kinetic measurements for the reverse reaction and the ITC data
for product binding to LbASL demonstrate that the reaction catalyzed by LbASL follows
an ordered Uni-Bi kinetic mechanism, in which fumarate is the first product to dissociate
from the ternary complex followed by AMP release to yield free enzyme for the next
round of catalysis (Fig. 7). This proposal is in agreement with L. donovani ASL enzyme

mechanism.3°

Energy of activation

The energy of activation (Ea) for the LbASL-catalyzed chemical reaction was
assessed by measuring the dependence of kcat On temperature for S-AMP (Fig. 8). The Ea
(6.8 + 0.3 kcal mol™) of the reaction was calculated from data fitting to Eq. 8 for the slope
(-E4/R) of the Ahrrenius plot (Fig. 8). The transition state enthalpy (AH* = 6.2 + 0.3 kcal
mol™?), Gibbs free energy (AG* = 16.4 + 0.5 kcal mol™) and entropy (AS* = -34.4 + 1.6
cal mol™ K1) at 25 °C were calculated using, respectively, Eq. 9, Eq. 10 and Eq. 11. The
Ea value of 6.8 kcal mol™? represents the minimum energy needed to initiate the reaction,
and the linearity of the Ahrrenius plot suggests that there is no change in the rate-limiting
step over the temperature range employed (15 - 40 °C). The AG* value of 16.4 kcal mol-
! represents the energy barrier required for the reaction to occur and can be regarded as
the variation of Gibbs energy between the enzyme-substrate activated complex and
enzyme-substrate in the ground state.

The negative value for the entropy activation (AS¥) suggests that the entropy value
for the enzyme:substrate activated complex is lower than the one for enzyme:substrate in
the ground state, which may be accounted for by a loss of degrees of freedom on going
from the ground state to activated state. The constant A (frequency factor that represents
the frequency of collisions between reactant molecules) of Eq. 8 corresponds to the
product of collision frequency (Z) and the probability or steric factor (p) from the collision
theory of reaction rates. From the absolute rate theory, A=pZ=(ksT/h)e*5"R, This equation

enables us to interpret the probability factor (p) in terms of the molar entropy of activation
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(AS®). If reactants are atoms or simple molecules, then relatively little energy is
redistributed among the various degrees of freedom in the activated complex (transition-
state complex). Consequently, AS* will be either a small positive or a small negative
number, so that exp(AS#/R) or p is close to unity. But if complex molecules are involved
in a reaction, AS* will be either a large positive or a large negative number. In the former
case, the reaction will proceed much faster than predicted by collision theory; in the latter
case, a much slower rate will be observed. Note that the probability factor (p) takes into
account the fact that in a collision complex molecules must be properly oriented to
undergo the reaction (having the proper activation energy is a prerequisite but not a
guarantee for a reaction to take place). Thus, the frequency factor (A) of the Arrhenius
equation depends also on T and p (that accounts for that fact that colliding molecules must
be properly oriented to undergo the reaction). The negative values for the entropy of
activation (AS*) for S-AMP reaction suggests that this reaction proceeds slower than
predicted by the collision theory. Incidentally, a value of 17466582 s was obtained for
A which allows to calculate an apparent first-order constant value of approximately 188
s using the Arrhenius equation (k = Ae®¥RT) which is in reasonably good agreement

with the ket value of 324 s from steady-state kinetics data (Table 1).

Solvent kinetic isotope effect (SKIE) and proton inventory

To evaluate the contribution of proton transfer from the solvent to a rate-limiting
step of S-AMP conversion into fumarate and AMP for LbASL, SKIE were determined
by data fitting to Eq. 13 (Fig. 9), yielding a value of 1.40 + 0.06 for P2°V and of 1.20 +
0.16 for P2°V/K. Isotope effects on V report on events following the ternary complex
formation capable of undergoing catalysis (fully loaded enzyme), which include the
chemical steps, possible enzyme conformational changes, and product release (leading to
regeneration of free enzyme). Solvent isotope effects on V/K report on the contribution
of the proton transfer in steps in the reaction mechanism from binding of the isotopically
labeled chemical compound (solvent) to the first irreversible step, usually considered to
be the release of the first product (that is, all rate constants from reactant binding until the
first irreversible step).>® As rule of thumb, deuterium accumulates where binding is tighter
(that is, fractionation factor is larger than one). Transition state proton contributes the
reciprocal of its respective fractionation factor to the solvent isotope effect, whereas the
contribution of a reactant state proton to the solvent isotope effect is equal to its

fractionation factor.%®
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The values of V/K and V suggest that there is a modest contribution of solvent
proton transference during the rate-limiting step of the reaction, probably events
occurring after formation of the binary complex, as conformational and chemical
changes. The proton inventory data show that the modest normal SKIE on V arises from
asingle protonic site (Fig. 9 - inset). The SKIE on V data are similar to the results observed
for PfASL.%° On the other hand, there appears to be a modest normal SKIE effect on V/K
for LbASL whereas no effect was observed for PfASL.*C The latter suggests that subtle
differences of substrate binding and solvent proton participation in this process may play
a role in LbASL mode of action. Data fitting to Eq. 14 yielded a transition state
fractionation factor (@") value of 0.74, which is in agreement with the value observed for
PfASL enzyme.*® The transition state fractionation factor value suggests that binding of
proton solvent to the transition state and/or to LbASL en route to catalysis is looser than
the S-AMP substrate in the ground state and/or free enzyme as compared to bulk solvent.
Solvation catalytic proton bridges are proton transfers that do not have appreciable proton
motional amplitude in the reaction coordinate, but occur in stable, normal modes of the
transition state.>® Solvation catalytic proton bridges involve transfers among O, N, and S
atoms, for which intrinsic free energy barriers are expected to be small compared to free-
energy changes associated with covalent rearrangement of the heavy-atom
(nonhydrogenic) framework of the reacting system. Hence, solvation catalytic bridges are
strong H bonds with values @ values of 0.3 - 0.6.%° The @' value thus suggests that
solvent proton transfer in transition-state vibrations perpendicular to the reaction
coordinate plays a role in LbASL mode of action. As these proton transfers are common
for O and N, it is tempting to suggest that protonation of either His'®”, His!!®, Lys!!8,
GIn?™, Asn®*° or Arg®®! residues, proton transfer from Ser®? (or Lys''®) to N1/N6 of S-
AMP may play a role in LbALS-catalyzed chemical reaction. However, it should be
pointed out that solvent isotope effects lead to isotope exchanges at hundreds of protic

positions of the enzyme, which precludes any assignment to a particular chemical group.

pH-rate profiles

In order to gain information on the chemical mechanism of LbASL and likely
residues involved in catalysis and substrate binding, the dependence of kinetic parameters
on varying pH values were determined. The pH-rate profile is shown in Fig. 10. The bell-
shape pH-rate data for logkcat were fitted to Eq. 15 yielding apparent pKa value of 7.5 and

pKp value of 9.1, which slopes of +1 for the acidic limb and -1 for the basic limb indicate
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the participation of a single ionizable group in each limb. This ionization could be
occurring in either the substrate or enzyme.

It is propose that the cleavage of S-AMP to AMP and fumarate for ASL occurs
through a general acid-base mechanism involving a B-elimination of fumarate. The
reaction initiates by abstraction of the CB-proton from the substrate by the general base,
resulting in the formation of a carbanion intermediate, and subsequent proton donation
by the catalytic acid to the N1 or N6 atom of the substrate results in cleavage of the Ca—
N bond and product release.'®*® The His'®’ (for LbASL counting) is a highly conserved
residue in the conserved region C2 in aspartase/fumarase superfamily. This histidine
residue has being proposed to act as the general acid, donating a proton to the leaving
group.’®® In previous site-direct mutagenesis studies, the mutation of correspondent
His!™* in E. coli ASL,%® and His!*! in B. subtilis,®” showed decrease in enzyme activity,
showing that these histidine residues play a role in catalysis. The His'®" of LbASL may
account for the apparent pKa value of 7.5 in logkeat analysis, which needs to be
deprotonated for catalysis, whereas the pK value from the theoretical histidine imidazole
group (pK = 6.0) could be shifted due interactions with others residues in the active site.

Another conserved region in the superfamily is flexible a SS loop which plays an
important role in catalysis, performing a conformational change from open to close
conformation upon substrate binding in the active site. A lysine residue (Lys*?® LbASL
numbering) situated in the SS loop, has been propose to interact with the a-carboxylate
group of the substrate.!® In addition, this lysine was suggested to be involved in the
stabilization of the negative charge of the carbanion intermediate in E. coli ASL,* E. coli
L-aspartase*? and E. coli C-fumarase.*® The apparent pKy value of 9.1 may correspond to
Ser®?? (LbASL numbering), which could act as the catalytic base. Site-directed
mutagenesis studies of the corresponding serines in B. subtilis and H. sapiens ASL
proteins have shown that they are essential for catalysis.**“> Nevertheless, site-directed
mutagenesis efforts will have to be pursued to ascertain the amino acid residues that play
any role in catalysis.

Fitting the data of the rather complex pH-rate profile for kca/Km (Fig. 10B) to
either Eq. 15 or Eq. 16 yielded poor estimates. For instance, data fitting to Eq. 16 yielded
pK values of 6.4 and 9.2 with large errors. The value of 9.2 likely corresponds to the same
catalytic group implicated in catalysis by the pH-rate profile for kcat (Fig. 10A). As pH-
rate profile studies cannot differentiate between ionizable groups of enzyme and

substrate(s). Accordingly, the two ionizing groups in the acidic limb (slope of +2) with a
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pKa value of approximately 6.4 may correspond to either a protein amino acid residue or
to the ionization of carboxyl groups of the succinyl moiety of S-AMP substrate whose
dissociation constants may have been perturbed by the amino acid side chains of LbASL.

Conclusion

ASLs have been proposed as potential drug targets due to their important role in
purine metabolism.3404647 AS|_is the last enzyme in the conversion of IMP to AMP. As
Leishmania species lack the de novo pathway and are dependent on the salvage pathway
to supply their purine requirements, LbASL could thus represent a drug target for the
development of chemical agents to treat leishmaniasis. As point mutations in the human
purB ASL-encoding gene causes autosomal recessive disorders such as autism, mental
retardation, epilepsy and degeneration of muscles,*®° it is of paramount importance that
species-specific enzyme inhibitor compounds be designed. Accordingly, exploiting
differences in the mode of action between human ASL and enzyme from leishmania
represents a promising approach to the design of anti-leishmiasis agents with limited host
toxicity. The results presented here may contribute to a better understanding of the
biology of L. braziliensis, and may aid to the development of LbASL enzyme inhibitors.
Incidentally, it has recently been reported a promising vaccine candidate using a
polyvalent a-Gal conjugate on QP virus-like nanoparticles that showed elimination of
Leishmania infection and proliferation of parasites in a C57BL/6 a-galactosyltransferase
knockout mouse model.>* Although these preliminary results bode well, there have to be
continuing efforts towards the development of alternatives strategies to combat

Leishmania infection.
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Figure legends

Figure 1: Multiple sequence alignment of ASL from Leishmania braziliensis (LbASL,
XP_001561734), Leishmania donovani (LdASL, XP_003858107), Escherichia coli
(ECASL, WP_000423742), Plasmodium falciparum (PfASL, XP_001349577), Bacillus
subtilis (BsASL, WP_003233955), Homo sapiens (HSASL, NP_000017), and
Mycobacterium tuberculosis (MtASL, WP_003898583). Residues His119, His197, S322,
and K328, proposed to be involved in catalysis, are indicated by black solid circles. ASL
enzymes present three highly conserved regions, C1, C2, and C3 (residues 147 - 158, 194
- 204, and 321 - 331 in LbASL), which in the structure pack together to form the active
site. The red boxes represent residues conserved in all sequences. The yellow box
represents residues that present the same physical-chemical properties. The alignment

was prepared with ClustalW®2 and ESPript.>

Figure 2: Structure organization of the ASL from Leishmania braziliensis (LbASL).
LbASL is biologically active as a homotetramer and contains four active sites. Amino
acid resudies of three subunits contribute to each enzyme active. (A) Quaternary structure
of LbASL and a close view of the active site, which is formed by tight packing of regions
C1 (red), C2 (blue), and C3 (green), belonging to, respectively, monomers D, A, and B.
(B) Representation of the N-terminal (D1), central core (D2) and C-terminal (D3)
domains of one enzyme subunit. Protein main polypeptide chain, represented as cartoon,
is coloured in grey, and AMP and fumarate are represented as sticks and coloured as CPK.
The illustration was generated with PyMOL (The PyMOL Molecular Graphics System,
Version 1.8 Schrddinger, LLC).

Figure 3: The proposed residues involved in the reaction mechanism. This model of
LbASL active site shows contacts of the imidazole side chain of His!®" with AMP, and
the putative catalytic base Ser®?? with the C(B or a)-H of the succinyl moiety of the
substrate. Protein main-chain, represented as cartoon, is coloured in grey, and AMP,
fumarate and amino acid residues are represented as sticks and coloured as CPK. The
illustration was generated with PyMOL (The PyMOL Molecular Graphics System,
Version 1.8 Schrddinger, LLC).
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Figure 4: Initial velocities for S-AMP conversion into AMP and fumarate. Substrate

saturation curve was hyperbolic and data fitted to Eq. 2.

Figure 5: Intersecting initial velocity patterns for ASL using either fumarate (a) or AMP

(b) as the variable substrate. Each curve represents varied-fixed levels of the substrate.

Figure 6: ITC analysis of LbASL titration with AMP. The top panels show raw data of
the heat pulses resulting from titration of LbASL. The botton panels show the integrated
heat pulses, normalized per mole of injection as a function of the molar ratio (ligand
concentration/LbASL subunit concentration). Data were best fitted to a one binding site

model.

Figure 7: Proposed sequential ordered Uni-Bi kinetic mechanism for LbASL, in which

fumarate release is followed by AMP dissociation to form free enzyme.

Figure 8: Temperature dependence of In kecar. Saturating concentrations of S-AMP
substrate were employed to measure the maximum velocity as a function of temperature
ranging from 15 to 40 °C. The linearity of the Arrhenius plot suggests that there is no
change in the rate-limiting step over the temperature range utilized in this assay.

Figure 9: Solvent kinetic isotope effects for LbASL. S-AMP was used as the variable
substrate (5-100 pM). Reaction mixtures contained either 0 (¢) or 90 (@) atom % D-O.
The inset represents the proton inventory (0, 20, 40, 60 and 90 atom % D>0O) measuring
LbASL enzyme activity at fixed-saturating concentration of S-AMP (100 puM), in which
the y-axis represents the values for keat in solutions containing different mole fractions of
D20 (kn) divided by kcat in H20 (ko), and the x-axis gives the isotopic composition of the

solvent (n).

Figure 10: Dependence of steady-state kinetic parameters on different pH values for
LbASL reaction. (A) Data for pH dependence of log kcar were fitted to Eq 15. (B) Data
for the dependence of log kcat/Km on pH values were fitted to Eq. 16.
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4. CONSIDERACOES FINAIS

A leishmaniose € uma doenca infecciosa, ndo contagiosa causada por
protozoarios do género Leishmania, sendo considerada um importante problema
de saude publica mundial. Em humanos, a infeccéo por Leishmania pode causar
lesGes que comprometem a pele, as mucosas das vias respiratorias superiores
e as visceras. O tratamento padrdo disponivel utiliza de medicamentos que
apresentam efeitos colaterais severos e precisam ser administrados em ambito
hospitalar, o que dificulta a aderéncia do paciente pelo tratamento. Neste
contexto, o desenvolvimento de farmacos eficazes, menos toxico e de facil
administracdo se faz necessario para reducédo da incidéncia das leishmanioses.

Devido a importancia da via de salvamento de purinas para o parasita, as
enzimas envolvidas nesta via podem ser possiveis alvos moleculares
interessantes na busca de compostos inibidores, uma vez que essa € a Unica
forma das leishmanias adquirirem os nucleotideos purinicos, visto que a via de
biossintese de novo estd ausente nesses organismos. A enzima ASL é a ultima
enzima responsavel pela conversédo de IMP a AMP em Leishmania,
representando dessa forma um passo crucial para sintese de purinas, 0 que a
torna um alvo atrativo para o desenvolvimento de novos farmacos.

Este trabalho apresenta os resultados da clonagem do gene ASL de
Leishmania braziliesis, da expressédo da proteina recombinante e da obtencdo
da proteina em sua forma homogénea a partir de um protocolo de purificacédo
que consiste de duas colunas cromatograficas. A partir do sequenciamento
peptidico, foi confirmada a identidade da proteina recombinante. A determinacdo
do estado oligomérico sugere que a LbASL € um tetrdmero em solucédo. O
alinhamento multiplo de sequéncias de aminoacidos permitiu propor o0s
provaveis residuos de aminoacidos envolvidos na catalise e na ligacdo com o
substrato. Os resultados obtidos de cinética em estado estacionario mostraram
que a enzima segue o perfil de Michaelis-Menten. A determinacdo das
velocidades iniciais da reagao reversa apresentou uma familia de linhas que se
intersectam a esquerda do eixo y, sugerindo a formag&o de um complexo ternario
e um mecanismo sequencial para a reacdo reversa. A determinacdo da
constante de equilibrio (Keq = 6280 uM) sugere que a reacgdo direta catalisada

pela LbASL néo é favoravel sob as condi¢cdes empregadas in vitro.
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Estudos de calorimetria de titulacdo isotérmica (ITC) também foram
realizados, os resultados sugerem que a reacao catalisada pela LbASL segue
um mecanismo cinético Uni-Bi ordenado, no qual o fumarato € o primeiro produto
a deixar o sitio ativo da enzima seguido pelo AMP. O valor negativo obtido para
a entalpia indica uma pequena, mas favoravel redistribuicdo de interacdes
interatbmicas (ligacbes de hidrogénio e/ou van der Waals) e a liberacdo de
moléculas de agua do sitio ativo da enzima entre as espécies reativas, incluindo
o solvente. O valor positivo obtido para entropia sugere tanto a liberacdo de
moléculas de 4gua e/ou uma mudanca no estado conformacional da LbASL ou
do AMP na formag&o do complexo binario. O valor negativo para a energia livre
de Gibbs sugere um processo favoravel para a formag¢do do complexo binario
LbASL:AMP. O valor obtido para estequiometria sugere que mais de uma
subunidade da proteina esta envolvida no sitio de ligacdo do AMP. Os
parametros termodinamicos de ativacdo para a reacdo catalisada pela LbASL
foram determinados por meio do ensaio de energia de ativagdo com o substrato
S-AMP. O valor de Ea= 6,8 kcal mol? representa a energia minima necessaria
para iniciar a reacao e a linearidade do gréfico utilizando a equacédo de Ahrrenius
sugere que ndo ha mudancas de temperatura na etapa limitante da reacao.
Outros parametros termodinamicos de ativacédo (AG*, AS#, AH¥) também foram
obtidos.

Estudos relacionados ao efeito isotopico do solvente em V indicam um
efeito de transferéncia de prétons nos eventos que seguem a formacdo do
complexo ternério capaz de sofrer catélise, os quais incluem as etapas quimicas,
as mudancas conformacionais da enzima e a liberacdo dos produtos. Efeitos
isotépicos em V/K sugerem uma contribuicdo da transferéncia de prétons no
mecanismo de reacdo da ligacdo do solvente no primeiro passo irreversivel,
usualmente considerado ser a liberacdo do primeiro produto. O inventario de
prétons mostra que o efeito isotdpico em V surge a partir de um unico préton.

O ensaio de perfil de pH para kcat gerou os valores de pKs de 7,5 e 9,1
indicando que ha a participagdo de dois grupos ionizaveis durante a catélise. A
analise dos resultados obtidos no ensaio de perfil de pH, juntamente com os
dados do alinhamento da sequéncia de aminoacidos e da modelagem molecular
da LbASL possibilitou sugerir que os residuos de aminoacidos His'®’ e Ser3??
estejam envolvidos na catalise. A analise dos dados do perfil de pH para kca/Km
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foi mais complexa, gerando valores de pKs de 6,4 e 9,2 com erros elevados. O
valor de 9,2 provavelmente corresponde ao mesmo grupo catalitico indicado na
analise de perfil de pH para kca. O valor de pK de 6,4 pode corresponder tanto
aos residuos de aminoacidos quanto a ionizacdo dos grupos carboxilicos da
porcdo succinil do substrato, cujas constantes de dissociacdo podem ter sido
perturbadas pelas cadeias laterais de aminoacidos de LbASL.

Os objetivos propostos no trabalho, com excecdo da obtencdo da
estrutura cristalografica, foram realizados com sucesso. Estes resultados
possibilitaram a caracterizacdo bioquimica e estrutural da enzima LbASL, no
entanto, estudos adicionais ainda sdo necessarios para a melhor compreensao
do mecanismo de acdo da enzima. A resolucdo da estrutura cristalogréfica
possibilitara identificar as interacbes entre os grupamentos funcionais das
cadeias laterais dos residuos de aminoéacidos no sitio ativo da enzima com 0s
substratos e/ou inibidores. Experimentos de mutagénese sitio-direcionadas sao
necessarios para melhor identificacdo e compreensao do papel de residuos de

aminoacidos importantes para a catalise da ASL.
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