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Resumo

Resumo

Envenenamento por serpentes € um importante problema de saude publica em varios paises tropicais e
subtropicais, pois além da mortalidade, pode resultar em sequelas permanentes como consequéncia de
danos locais, representando assim um grande desafio a terapia utilizando antivenenos. As proteinas
fosfolipases A, (PLA,s) e fosfolipases A, homdlogas de venenos tém um papel fundamental na complexa
patogénese da necrose do musculo esquelético e seus mecanismos de acdo sdo apenas parcialmente
entendidos. Por isso, a busca por inibidores e da completa descricdo do mecanismo de acdo das PLA,S e
PLA,s homdlogas representam assuntos amplamente abordados no campo académico-cientifico. Para o
melhor entendimento desses mecanismos e a busca por novas moléculas inibidoras, o entendimento dos
processos de reconhecimento molecular de pequenos ligantes e macromoléculas bioldgicas é fundamental
e requer a completa caracterizacdo da energética de ligacdo desses agentes e da correlacdo entre os dados
termodindmicos e cinéticos com as estruturas moleculares envolvidas na ligagdo. Para tanto, a
calorimetria de titulacdo isotérmica (ITC) € a metodologia mais utilizada com este fim. Nesse trabalho,
nossos objetivos foram: i) determinar os parametros termodinamicos de moléculas candidatas a inibidores
da atividade miotdxica de PLA,s homologas: bothropstoxina-1 (BthTX-1) e moojenitoxina | (MjTX-1) e 1l
(MjTX-II), purificadas do veneno de serpentes do género Bothrops e (ii) caracterizar a intera¢do entre as
componentes 4cida (CA) e bésica (CB) da crotoxina, obtida do veneno da serpente Crotallus durissus
terrificus. As serpentes dos géneros Bothrops e Crotalus sdo as principais responsaveis por acidentes
ofidicos na Ameérica Latina e estas proteinas apresentam alta proporc¢do do volume nestes venenos. Foi
verificado por ITC que o &cido chicérico, composto vegetal atualmente extraido de vérias plantas, que
bloqueou a atividade miotoxica in vitro, se liga ao dimero de BthTX-I na proporcao estequiométrica de
1:1 com média afinidade de ligacdo (k,= 8.47+1.26 uM). Foi verificado ainda que o processo de ligacdo
é entélpica e entropicamente favoraveis (4H = —3,9740,14 kcal/mol, —TAS = —2,83 kcal/mol).
Entretanto para apresentar energia livre semelhante a ja apresentadas para outros inibidores virais ainda
seria necessario diminuir a energia de ligacdo na ordem de -10 kcal/mol. Em relacdo as interacGes dos
fons Zn** com a BthTX-I, a titulacdo se apresentou predominantemente exotérmica e a isoterma de
ligacdo foi melhor ajustada considerando-se 3 eventos de ligacdo (F-test, p<0.05), sendo que os fons Zn?*
tem baixa afinidade pela proteina (kg4 » 3= 83,3+25,4, 62,1+25,1 e 300,0+104,3 uM). Em funcéo da baixa
afinidade, o ion ndo se apresenta como um bom inibidor, mas tem sua importancia na explicacdo dos
mecanismos estruturais da BthTX-I. A suramina, quando titulada a MjTX-1 e MjTX-Il, apresentou
afinidade de ligacdo moderada-alta (k;=0,56+0,23 e 0,6+0,1 UM, respectivamente) e complexos
termogramas, em ambos casos, com grandes variacGes entalpicas, com processos endo e exotérmico
ocorrendo durante a titulagdo. Em ambos os casos foi sugerido que esse comportamento demonstra
processos de oligomerizagdo com formagdo de dimeros e tetrdmeros, nos casos da MjTX-I e MjTX-II
respectivamente. Nos experimentos calorimétricos realizados com os componentes da crotoxina, CA e
CB, foi sugerido pelo termograma e isotermas obtidos que a CA é capaz de dissociar o tetramero formado
por CB para formar a crotoxina. Ambos 0s eventos apresentaram afinidades de dissocia¢do do tetrdmero e
complexacdo da CA/CB da ordem de submicrmolar enquanto o primeiro evento é entropicamente guiado
enquanto o segundo é entalpicamente guiado.

Palavras chave: Fosfolipases A,; calorimetria de titulacdo isotérmica; Bothrops; Crotalus; Lys49-PLA,;
Asp49-PLA,;



Abstract

Abstract

Envenomation by snakebites is an important public health problem in many tropical and subtropical
countries that, in addition to mortality, can result in permanent sequelae as a consequence of local
damage, which represents a major challenge to antivenom therapy. Venom phospholipases A, (PLA,S)
and PLA,s-like proteins play an important role in the complex pathogeneis of skeletal muscle necrosis
and their precise mechanism of action is only partially understood. Therefore, the search for inhibitors
and the complete description of the mechanism of action of the PLA,s and PLA,s-like represent a wide
covered issues in the academic and scientific fields. For a better understanding of these mechanisms and
the search for new inhibitory molecules, the understanding of the molecular recognition processes of
small ligands and biological macromolecules is fundamental and requires the complete characterization of
the binding energy of these agents and of the correlation between thermodynamic and molecular
structures involved in the binding. For this purpose, isothermal titration calorimetry (ITC) is the most
used methodology. In this work, our objectives were: (i) to determine the thermodynamic parameters of
molecules candidates for inhibitors of myotoxic activity of PLAs-like proteins: bothropstoxin-1 (BthT X-
I) and moojenitoxin-1 (MjTX-I) and 1l (MjTX-11), purified from snake venoms of the bothropic genus and
(ii) characterize the thermodynamics of the interaction between the acidic (CA) and basic (CB)
components of the crotoxin, purified from the venom of Crotallus durissus terrificus. Snakes of the
genera Bothrops and Crotalus are the main responsible for ophidian accidents in Latin America and these
proteins have a high proportion of the volume of these venoms. It was verified by ITC that chicoric acid,
a vegetal compound extracted from several plants that blocks myotoxic acitivity of BthTX-I in vitro,
binds to BthTX-I dimer at the stoichiometric ratio of 1:1 with medium binding affinity (k;=8.47+1.26
UM). It was also verified that the binding process is enthalpic and entropically driven (AH = —3.97+0.14
kcal/mol, —TAS = —2.83 kcal/mol). However, for the chicoric acid to have free energy similar to that
already shown by other viral inhibitors, it would still be necessary to decrease its binding energy in the
order of -10 kcal/mol. In relation to the interactions of the Zn?* ijons with BthTX-I, the titration was
predominantly exothermic and the binding isotherm was better adjusted considering 3 binding events (F-
test, p<0.05), with Zn®* ions having low affinity for the protein (ka1 23= 83.3+25.4, 62.1+25.1 and
300.0+£104.3 uM). Due to the low affinity, the ion does not present itself as a good inhibitor, but was
important to explain the structural myotoxic mechanisms of Lys49-PLA,s. Suramine, when titrated to
MjTX-1 and MjTX-II, had moderate to high binding affinity (k;= 0.56+0.23 and 0.6+£0.1 pM,
respectively) and complex thermograms in both cases, with large enthalpic variations with endo and
exothermic processes occurring during the titration. In both cases, it was suggested that their behavior
demonstrates oligomerization processes with formation of dimers or tetramers, in the cases of MjTX-I
and MjTX-II, respectively. In the calorimetric experiments performed with the components of crotoxin,
CA and CB, it was suggested by the thermogram and isotherms obtained that CA is able to dissociate the
tetramer formed by CB to form the crotoxin. Both events showed dissociation affinities of the tetramer
and complexation of the CA/CB in the submicromolar range, being the first event entropically driven
while the second is entalpically driven.

Keyword: Phospholipases A,; isothermal titration calorimetry; Bothrops; Crotalus; Lys49-PLA,; Asp49-
PLA,
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temperatura em funcdo do tempo) da titulacdo de suramina (750 UM, pipeta) em MjTX-I (50
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Calorimetria de Titulacdo Isotérmica

1.1. Calorimetria de titulagdo isotérmica (ITC)

Um principio fundamental de todo processo biolégico € o reconhecimento e a
organizacdo molecular, e o estudo de como tais processos ocorrem é fundamental para o
entendimento bioquimico dos organismos vivos (Ladbury & Chowdhry, 1996). Macromoléculas
bioldgicas sdo capazes de interagir com varias moléculas, pequenas ou grandes, com um alto
grau de especificidade e com alta afinidade. Um pré-requisito para o melhor entendimento das
bases moleculares das interacGes entre biomoléculas € atraves da caracterizacdo e quantificacao
da energética que governa a formacdo do complexo. Conhecer a termodindmica resultante de
uma reacdo é de fundamental importancia para a caracterizagdo do mecanismo molecular de
ligagdo. A termodindmica reflete os varios tipos de forgcas que governam a ligacao, tal como o0s
efeitos de entropia da absorcdo/liberacdo de moléculas de &gua, a restricio dos graus de
liberdade das cadeias principais dos polipeptideos e de seus grupos laterais e as contribuigdes
entélpicas na formacdo de ligagcdes (Doyle, 1997). Calorimetria € a Unica técnica que possibilita
estudar diretamente as forcas fisicas basicas entre macromoléculas em detalhes através da
medida de quantidades de calor ou de efeitos de calor (Perozzo et al., 2004).

A técnica de calorimetria de titulacdo isotérmica (Isothermal Titration Calorimetry, ITC)
é utilizada para a obtencéo direta das constantes de equilibrio de ligacéo e da entalpia de ligacéo
resultantes da interagdo entre macromoléculas ou entre macromoléculas e pequenos ligantes, sem
0 uso de espécies marcadoras de interacdo. Na maioria das metodologias de deteccdo, como
espectroscopia de fluorescéncia ou de cintilagdo, o sinal experimental é proporcional ao total de
ligante ligado a outra espécie (Biswas & Tsodikov, 2010). Entretanto, a calorimetria de titulacdo
isotérmica se baseia na medida do calor liberado ou absorvido do ambiente, proporcional a taxa
de interacdo de duas ou mais espécies em uma titulacdo, ou seja, na adicdo seriada de uma
macromolécula em outra, a temperatura constante (Freire et al., 1990; Tellinghuisen, 2004).

ITC é a metodologia de maior precisdo na determinacdo das constantes termodinadmicas
relativas a uma interagdo molecular e permite a medida direta da entalpia de qualquer reagcdo em
condigdes isotérmica e isobarica. E 0 Ginico método capaz de determinar a entalpia, entropia e a
energia livre de ligacdo em apenas uma titulacdo, em uma Unica temperatura (Ladbury et al.,
2010). E considerada a melhor metodologia para determinar a entalpia de ligacdo de varias
reacOes, incluindo protonagdes, coprecipitacdo e interagdo proteina-ligante (Baranauskiene et al.,
2009). Também é uma das técnicas que mais rapido se desenvolveu nos ultimos anos no campo
de interacBes moleculares, pois ndo requer imobilizacdo, tampouco acoplamento das moléculas
em substancias fluorescentes para o estudo das ligagdes quimicas e se beneficia das propriedades
termodindmicas intrinsecas de liberacdo ou absorcdo de calor que quase todas as reacOes
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bioquimicas apresentam (Liang, 2008). Quando combinada com técnicas ortogonais, como
cristalografia, espalhamento dindmico de luz (DLS), dicroismo circular (CD), etc., possibilita a
descricdo das interacdes entre macromoléculas bioldgicas, dados que podem ser usados no
desenvolvimento e otimizacdo de compostos farmacologicos, bem como na elucidagédo de fatores

que determinam a especificidade de interacOes (Pierce et al., 1999; Klebe, 2015).

1.1.1. Métodos de detec¢ao de calor

As medidas calorimétricas podem ser feitas, de modo geral, de 3 diferentes maneiras: (i)
com mudanca de temperatura (adiabatico ou isoperibol); (ii) por conducdo de calor, e; (iii) por
compensacdo de poténcia a temperatura constante (isotérmico). Os calorimetros de titulacéo
utilizados atualmente sdo majoritariamente do modelo de compensacdo de poténcia, uma vez que
a implementacgéo de aparelhos com este modelo de medigdo possibilitou um melhor tempo de
resposta, resultando em medidas mais precisas de pequenos calores da reacdo (McKinnon et al.,
1984; Velazquez-Campoy & Freire, 2005).

Como exemplo de calorimetro do tipo de compensacdo de poténcia, podemos citar o
microcalorimetro iTCyo (Malvern Instruments), que € composto basicamente por: 2 células, uma
de referéncia e uma de reacdo, nesta onde de fato ocorrera a titulacdo e, sensores/controladores
de temperatura encerrados em uma caixa termicamente isolada do ambiente externo. E composto
também por uma micropipeta automatica responsavel por homogeneizar as solugdes dentro da
célula de reagdo e por fazer as inje¢Bes da titulacdo da espécie titulante na célula de reacéo,

conforme descritos esquematicamente na figura 1.
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Célula de reagio Sensor de Célula de referéncia
Temperatura

Figura 1. Esquema ilustrativo de um microcalorimetro de titulacéo isotérmica (iTCyy, Malvern Instruments).
(Esquerda) Desenho esquematico de um microcalorimetro iTC,y no qual esta ilustrado a (1) pipeta, (2)
émbolo da pipeta (azul escuro), (3) motor de rotacdo, (4) pipeta (azul claro), (5) célula de amostra (com a
pipeta em seu interior), (6) isolante térmico, (7) célula de referéncia e (8) revestimento térmico externo.
(Direita) Ampliacao (zoom) do desenho esquematico da regido das células de reacédo e referéncia e sistema de
controle de temperatura composto por sensor de temperatura e aquecedores. Figuras Adaptadas de Malvern
Instruments (www.malvern.com).

Os calorimetros mais modernos (ITCy, PEAQ-ITC, Malvern Instruments) apresentam
volumes de células de reacdo diminutos (~200 pL) quando comparados aos modelos anteriores
de volume de célula de ~1.4 mL (VP-ITC, GE HealthCare), por exemplo. Os instrumentos atuais
possibilitam a medida de fluxos de calor da ordem de 0.1 pcal/s, determinando precisamente
taxas de reacdo da ordem de 10 mol/s e de constantes de dissociacdo da ordem de nanomolar
(nM) (Freyer & Lewis, 2008). Com a apresentacdo do mais novo modelo de microcalorimetro
(PEAQ-ITC, Malvern), as alteracdes de sensibilidade referem-se a melhoria do ruido de alta
frequéncia, oferecendo maior confianca ao usuario quando a relacdo sinal-ruido é menor e,
também foram implementadas novas rotinas de andlise de dados, mais intuitivas e
automatizadas, entretanto a concentragdo e volume necessario de amostra continuam 0s mesmos.

Nesse tipo de equipamento, anteriormente a titulacdo, uma poténcia constante (<1 mW) e
aplicada a célula de referéncia. Este sinal aciona o aquecedor da célula de reacao, e esta poténcia
aplicada representa a linha de base (Fig. 2, painel superior, linha vermelha). A quantidade
diretamente mensurada em um experimento de ITC é a poténcia de entrada dependente do tempo
para manter as células de referéncia e de reacdo a mesma temperatura. Durante a injecdo do
titulante na celula de reacdo, calor é absorvido ou liberado dependendo se a natureza da interagdo

entre as macromoléculas é endo ou exotérmica, respectivamente. Para uma reagdo exotérmica, a
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temperatura na célula de reacdo tenderia a subir e com isso, a poténcia de feedback vai ser
diminuida, para manter as duas células a mesma temperatura (Fig. 2, painel superior, linha
preta). Nas reacdes endotérmicas, a poténcia vai ser aumentada para a manutencdo da
temperatura constante, uma vez que a interacdo vai retirar energia do ambiente (Velazquez-
Campoy & Freire, 2005). O calor gerado ou absorvido durante a titulacdo é proporcional a fragdo
de ligacdo da espécie titulante ao titulado. Por isso, é de extrema importancia a correta
determinacéo das concentrac@es iniciais das espécies titulante e titulada para as injecoes iniciais,
fazendo com que todo ou quase todo o titulante se ligue ao titulado, resultando em consideravel
sinal exo ou endotérmico, dependendo da natureza da associagdo no inicio da titulacdo (Freire et
al., 1990; Pierce et al., 1999).

No termograma gerado em um experimento tipico de ITC, os calores iniciais decorrentes
da reacdo entre ambas as espécies sdo maiores que 0s gerados nas injecdes subsequentes do
titulante, pois no inicio da titulacdo ha um excesso de sitios de ligacdo ndo ocupados na espécie
titulada. Com isso, os calores gerados no inicio da titulacdo s&o resultado da reacéo “completa”
do titulante adicionado. Com o prosseguimento da titulacdo, menores quantidades de titulante se
ligam a espeécie titulada e novas espécies passam a aparecer na célula de reacdo: titulante livre,
titulado com sitios de ligacdo ndo ocupados e complexo formado. Ja nas Ultimas injecOes é de
fundamental importancia que a espécie titulada esteja toda saturada e que o calor gerado ou
absorvido seja proporcional ao calor de diluicdo do titulante (Biswas & Tsodikov, 2010),
acabando a titulacdo majoritariamente com moléculas do titulante livres e moléculas do
complexo titulante-titulado formadas.

No tratamento dos dados gerados pelo calorimetro é possivel calcular a variagéo de calor
das reacdes de titulacdo através da integracdo da poténcia aplicada durante a titulagdo (ucal/s)
normalizada pela concentracdo do titulante em funcdo da razdo molar das espécies titulante e
titulada (painel inferior, Fig. 2). Com base nessa isoterma é possivel determinar as varia¢fes de
entalpia (4H), a estequiometria da titulacdo (n) e a constante de dissociacdo (k;) entre as
espécies tituladas. Com base nesses parametros é possivel calcular a variacdo da entropia (4S) e

a energia livre de ligacédo (4G).
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Figura 2. Calorimetria de titulagdo isotérmica da titulacao de ions calcio (5 mM) em EDTA (0.4 mM), ambos
diluidos em tampdo MES (10 mM) a 25°C. (Painel superior) Dados brutos de calorimetria de titulagéo
isotérmica (linha preta) e linha de base (linha vermelha). (Painel inferior) Isoterma da titulagdo, que
representa a energia medida em cada injecdo normalizada pela molaridade do titulante (eixo das ordenadas)
em funcdo da razdo molar de titulante por titulado (eixo das abscissas).

H& algumas razBes para a crescente popularidade da técnica de calorimetria de titulacdo
isotérmica no campo de ciéncia de proteinas: (i) a técnica é de facil realizagéo, resultando em
uma grande quantidade de dados termodindmicos com pouca quantidade de proteina; (ii) em
alguns casos as constantes de dissociagdo sdo similares ou indistinguiveis para um conjunto de
interacbes de proteina e ligantes, mas a determinagdo da entalpia e entropia ajudam na
diferenciacédo entre os sitios; (iii) embora nédo seja possivel obter a correlagdo completa entre os
dados termodinamicos e os cristalograficos, é possivel chegar a conclusdes comparando os dados
com as alteracdes conformacionais das proteinas; (iv) os pardmetros termodinamicos juntamente
com a area de contato da interface formada na interagdo também ajudam no entendimento das
interacdes (Liang, 2008). Entretanto, a metodologia também apresenta algumas desvantagens,
tais como: em casos de interagdes complexas, em algumas vezes, € gasto um grande tempo e
quantidades de amostras para se otimizar as condigdes de titulacdo; inabilidade em determinar
constantes de dissociagdo menores que nanomolar (nM) e maiores que milimolar (mM) em
apenas uma titulacdo, sendo necessarios algumas vezes ensaios de competicédo, e; complexidade

da anélise dos dados para modelos complexos de ligacdo (Vega et al., 2015).
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1.1.2. Relagdes termodinamicas no fendbmeno das interagdes moleculares

A descoberta e otimizacdo de novas pequenas moléculas envolve vérias propriedades
fisico-quimicas do possivel ligante, particularmente sua afinidade de ligacdo para o alvo
receptor. Uma das formas de se otimizar o sistema € conhecendo as propriedades
termodindmicas que governam o processo de ligacdo. Este processo € multifatorial e inclui a
formacdo de ligacGes de hidrogénio, interacGes de van der Waals e contatos hidrofobicos,
desolvatacdo, mobilidade residual, dinamica e estrutura das aguas ligadas as moléculas em
estudo (Klebe, 2015). Por isso, uma das principais finalidades nas medidas calorimétricas de
interacdo entre moléculas quimicas € obter conhecimento de como o0s pardmetros
termodinamicos se relacionam com a estrutura do complexo formado (Baranauskiene et al.,
2009). Um aspecto do conhecimento da termodinamica de ligacdo de uma reacdo, ou seja, dos
parametros AG, AH, AS e AC,, é o impacto que eles podem ter na caracterizagdo do mecanismo
molecular de ligagcdo, uma vez que a termodinamica revela aspectos sobre a quimica funcional de
uma interacdo. Os parametros supracitados refletem os varios tipos de forcas moleculares que
guiam a ligacdo, como, por exemplo, os efeitos entropicos da absorcao/liberacdo de moléculas de
agua e moléculas idnicas, a restricdo dos graus de liberdade das cadeias principais e de grupos
laterais de polipeptideos, as contribui¢Bes entalpicas de formagdo/quebra de ligacOes, a area de
superficie acessivel a agua, dentre outras (Doyle, 1997, Klebe, 2015).

Por exemplo, quando se estuda as interagdes de um composto que se liga a uma proteina
alvo, o interesse principal é na elucidagdo de quais grupos funcionais do composto contribui para
0s parametros termodinamicos. Ou seja, se busca quais mudancgas quimicas devem ser feitas no
composto para deixa-lo termodinamicamente mais favoravel, entalpica ou entropicamente, e para
que sua ligacdo seja mais especifica. Entretanto, essas correlacfes entre energia-estrutura ndo sao
bem conhecidas e a adicdo de alguns compostos funcionais pode ser bastante complicada
(Baranauskiene et al., 2009). Mesmo assim, através de ITC ja foi comprovado que determinados
residuos tem grande importancia estrutural, pois ap6s mutacdes sitio-dirigidas a formacdo do
complexo proteina-peptideo foi inibida (de Barros, em elaboracgéo), bem como até alteragdes na
quiralidade de compostos afetam a afinidade pelos seus alvos originais (Grecu et al., 2016).

Apesar da deconvolucéo de cada um dos pardmetros termodindmicos & macromoléculas
bioldgicas em nivel atbmico ser uma tarefa extremamente dificil e, em alguns casos inviavel,
varios progressos tem sido relatados. H4 ao menos duas bases de dados para tentar ajudar na
correlagédo dos dados termodinamicos com os dados estruturais: (i) base de dados SCORPIO, que
é composta de interacBes estruturais e termodinamicas de ligagcdes entre proteinas e um banco de

dados de pequenos ligantes (Olsson et al., 2008) e; (ii) PDBcal (Li et al.,2008), composta por
.
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uma vasta gama de dados termodinamicos e dados estruturais de complexos receptor-ligante, que
é composta por dados de energia livre, entalpia, entropia e capacidade térmica, medidas por ITC.
Além disso, apresenta as condi¢bes experimentais utilizadas nos experimentos. Todavia, ha
alguns relatos de repeticdes de experimentos em diferentes laboratérios e calorimetros que
mostram consideraveis discrepancias entre os resultados (Baranauskiene et al., 2009), o que
dificulta ainda mais relacionar padrGes termodindmicos a grupos especificos de ligacoes

quimicas.

1.1.3. Caracteristicas geométricas das isotermas de ligacdo e informacdes contidas nos
resultados de ITC
Considerando-se uma reagdo de titulacdo calorimétrica isotérmica na qual uma reacao do
tipo M + L 2 ML ocorra, em que a substancia M é uma macromolécula e esta alocada na célula
de reacdo, também chamada de titulado, L é um ligante e esta colocado na pipeta, chamado
titulante, e ML € o complexo formado durante a titulacdo. O equilibrio entre as espécies pode ser
descrito matematicamente pelas equacoes:
[M]r = [M] + [ML] (1)
[L]r = [L] + [ML] )
em que [M]; e [L]r representam as concentracOes totais do titulado e do titulante e [M], [L] e
[ML] as concentragdes na condi¢do de equilibrio do titulado, titulante e do complexo titulado-
titulante, respectivamente. A condicao de equilibrio da reacdo é dada por:
[ML] = kq[M][L] @)
em que k,é a constante de associacao entre as espécies.
Resolvendo as equagdes (1) e (2) em funcdo da concentragdo do complexo ([ML]):
[ML]

M]r = [ML| + 4
Mlr = ML Gzl - i @
obtemos a equac¢do quadratica a seguir:
1
[MLI? = (ML ([M]; + (L7 + =) + [Mly[L]y = 0 )
a
que nos da duas possiveis solucdes, sendo a fisicamente relevante, a solu¢ao descrita abaixo:
M1+ (L + = |(IM1r + [L]r +21) = 401, [1]
T T ke T Tk, rislr (6)

[ML] = >

Usando o parametro adimensional "r" introduzido por Wiseman e colaboradores

(Wiseman et al., 1989), a equacao seguinte € obtida:
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1+7+Xg— /(1 +7+Xg)% — 4Xp )
2
emquer =1/(k,[M]r) e Xg = [L]+/[M]+. E da equacdo acima se pode calcular a razdo molar

[ML] = [M]r

(Xg) do complexo formado

[ML] 147+ Xg— A +71+Xp)? — 4X,
[M]r 2

A quantidade de calor total (Q) gerada ou absorvida no calorimetro devido a formacao

(8)

do complexo ML ¢ dada por

T+7r+Xg—J(1+7+Xg)2—4Xg )
2
em que V, € o volume da cela de reacdo e AH ¢ a entalpia de ligacéo.

Qr = Vy[ML]AH = VyAH[M]

A representagdo da isoterma de Wiseman, forma mais recomendada para apresentagéo
dos resultados de ITC, € obtida pelo calculo da derivada dQ+/V,d[L]+, que é a forma diferencial
equivalente ao calor incremental por injecdo, AQ, normalizado pelo incremento molar do
ligante injetado na cela de reagéo, 4n;,

AQr dQr d[ML]
~ = AH 10
Angr Vod[L]r d[L]r (10)

A derivada com respeito a [L]; pode ser convertida em uma derivada relacionada a razéo
molar, X, aplicando a relacéo

d _ddx; 1 d
d[L]r dXgd[L]y [M];dXg

(11)

que considera a concentracdo da macromolécula constante durante a titulagdo. Aplicando-se as
equacdes (10) e (11) a equacdo (9), obtem-se a isoterma de Wiseman:
d 1 1 1-r—-X
o _ <— += 2 ) AH (12)
Vod[L]r  \2 2 /X2 —2X,(1—1) + (1 +7)2

A isoterma de Wiseman (Wiseman et al.,, 1989) (Fig. 3) é a representacdo da

dQ;/V,d[L]; em funcdo da razdo molar, X5, que é calculada assumindo que ndo ha diluicéo
nem da macromolécula nem do ligante utilizados na titulacdo que, segundo Velazquez-Campoy
(2015), e igual a obtida usando-se um quociente incremental ao invés da derivada em funcdo de
[L]r, e da diluicdo da macromolécula e do ligante em funcdo das injecGes. Isso se deve ao fato
que a diluicdo da macromolécula esta implicitamente considerada quando do célculo dos valores
da razdo molar ao longo da anélise dos dados e, por isso, a aproximacdo na equagdo 11 fica
pequena.
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Como explicado no trabalho original de Wiseman e colaboradores (1989), o parametro
adimensional r = 1/k,[M]; = ky/[M]+ determina o formato da isoterma de ligagdo (Fig. 3).

Entretanto, o trabalho original foi discutido em funcdo da constante "c", dada pelo inverso de

c= 1/r = ko[M]r = [M]r/kq (13)

kcal/mol of injectant

Molar Ratio

Figura 3. Simulacéo de isotermas ilustrando a dependéncia da forma da curva com o produto da constante de
associacdo e a concentracao total da macromolécula titulada. As curvas sdo simuladas para varios valores da
inversa da constante de Wiseman (c), como descrito no grafico. Adaptado de Perozzo et al., 2004.

Basicamente trés diferentes regimes de afinidade de ligacdo podem ser descritos em
funcdo do parametro “c” descrito por Wiseman e colaboradores (1989): (i) regime de baixa
afinidade (c <1), em que a concentracdo inicial da espécie titulada € muito menor que a
constante de dissociacdo (k;) e a saturacdo sera atingida apenas em altas concentracGes do
titulante (Turnbull & Daranas, 2003), ou seja, com [L] > k;, uma vez que uma pequena fragéo
do titulante se liga ao titulado. Com isso, ndo € possivel determinar a entalpia de formacgéo do
complexo e, em algumas vezes, € possivel determinar o K; com precisao razoavel; (ii) regime de
alta afinidade (¢ >1000), no qual a concentracdo do titulado € muito maior que a constante de
dissociacdo (M, > K;) e todo o titulante se liga ao titulado até sua saturacdo e nas ligacGes
subsequentes ndo ocorre ligacdo. A formagdo do complexo € quase linear até a saturacdo do
titulado, e por isso a isoterma de ligagéo parece uma funcdo degrau, sendo que nessas titulagdes
0 AH é determinado com excelente precisdo, enquanto o k; é determinado com altos erros
associados; (iii) regime de média afinidade (10< ¢ <1000), é o mais informativo se realizado em
condigcdes Otimas. Neste regime, a isoterma de ligacdo contém um ponto de inflexdo bem
definido e a curva ndo se caracteriza por uma funcdo degrau, e sim, nos casos mais simples de

estequiometria 1:1, por uma curva sigmoide, sendo nessa titulagdo possivel calcular tanto o k,

10
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quanto o AH com excelente confiabilidade (Biswas & Tsodikov, 2010). Em uma titulacéo ideal o
ponto de inflexdo deve ficar na metade da titulacdo e a variacdo de calor detectada deve ser
grande o suficiente para possibilitar o calculo do k; e do AH em uma Unica titulagdo (Biswas &
Tsodikov, 2010).

Vérios trabalhos sobre o regime ideal do valor "c" foram reportados, afirmando que este
deveria variar entre 10 e 100 (Thomson & Ladbury, 2004), 1 e 500 (Turnbull, 2005) e 5 a 1000
(Peters et al., 2009). Entretanto, diferentes metodologias de analises foram utilizadas, algumas
com a inclusdo de erros experimentais (Broecker et al., 2011) enquanto outras ndo continham
erros experimentais nem de alta nem baixas frequéncias (Biswas & Tsodikov, 2010). Um dos
trabalhos mais atuais sobre o tema defende a determinagdo da estequiometria e variacdo de
entalpia com melhores intervalos de confianca para maiores valores de "c" enquanto o k,; pode
ser calculado com a melhor precisdo com valores de "c" préximos a 40 (Broecker et al., 2011).

Uma das caracteristicas geométricas da isoterma de Wiseman é o ponto de inflexdo da
curva, que ocorre para titulagbes com valores de "c" maiores que 1. Este ponto é definido na
maior inclinacdo da isoterma de ligacdo, que pode ser definido calculando-se a primeira (Eq. 14)
e segunda derivada (Eq. 15) da isoterma da titulagdo em funcdo da razéo molar (Xg):

d ( dQr )__ 1 (1_ (1—7r—Xgp)? )AH »
dXp \Vod[Llr) — 2/X2 = 2Xa(1—1) + (L + )2 XE—2Xp(1—1) + (1 +71)? (14)

d_2< dQr )__E 1o X <1+ (A~ = Xp)” )AH 15
dXz \Vod[Llr/ 2 /(xZ = 2X,(1—1) + (1 + 1)2)3 Xg—2Xpg(1—=71) + (1 +1)? (15)

Resolvendo a equacdo 15, constata-se que o calor normalizado no ponto de inflexéo é
metade da entalpia de ligacdo (Eqg. 16), independentemente do valor "c", e que a inclinagcdo da
reta € dependente da variacdo da entalpia e da constante “c" (Eqg. 17), sendo proporcional a

constante de dissociacdo (Velazquez-Campoy, 2015).

dor 1

A TTAT (16)
d [ dQor \ 1
d_XR(VOd[L]T> =~z VedH an

Essas caracteristicas geométricas tém grande importancia uma vez que esses pontos

podem ser informativos no inicio da analise de dados, pois o ponto de inflexdo é

11
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aproximadamente a metade da entalpia da reacdo, enquanto a inclinacdo da reta da uma
estimativa inicial para o célculo da constante de dissociacédo (k) da reacgéo.

Outra caracteristica geométrica a ser destacada é a diferenca dos interceptos com o eixo
das ordenadas, ou seja, entre o suposto calor infinitesimal gerado por uma suposta injecao
infinitesimal de titulante (Eq.18) e o calor gerado apenas pela diluicdo do titulante, ao final da
titulacdo (Indyk & Fisher, 1998).

li dQr ¢ AH
X0t Vod[L]y ¢+ 1

Caso o valor da constante "c" seja bastante alto, essa diferenca serd muito proxima da entalpia de

(18)

ligagdo da reacdo desde que todo o ligante se ligue ao titulado, que o calor por mol seja igual a
entalpia molar de ligacdo e que o aumento da concentracdo de titulante seja igual ao aumento da
concentragdo do complexo formado. Todavia, para pequenos valores de "c" a entalpia observada
na titulacdo pode ser muito menor que a entalpia de ligacdo (Velazquez-Campoy, 2015).

O ponto de equivaléncia ou estequiométrico corresponde ao ponto de razdo molar igual a
1 (Xz = 1), que é quase equivalente ao ponto de inflexdo para valores de “c" grandes, enquanto
para valores muito grandes de "c" (c >1000), os pontos de equivaléncia e de inflexdo
correspondem a quase saturacdo completa do titulado.

Entretanto, apesar dos parametros geométricos permitirem uma estimativa inicial dos
parametros de afinidade e de entalpia, eles devem ser refinados através de procedimentos de
ajustes ndo linear das isotermas de ligacdo (Vega et al., 2015).

Os processos de ajustes dos dados sd@o realizados tendo como base o conhecimento do
tipo de interacdo entre a espécie titulada e titulante, sendo que alguns pardmetros devem ser
incluidos no ajuste dos dados baseados nos modelos matematicos que descrevem o equilibrio da
ligacdo: (i) estequiometria da reacdo; (ii) constante de associacdo (ou de afinidade) ou
dissociacdo, k, ou kg, respectivamente; (iii) caracterizacdo das contribuigdes entalpica e
entropica para a energia livre de ligacdo; (iv) caracterizacdo de multiplos sitios e cooperatividade
positiva ou negativa para os casos de multiplos sitios; (v) caracterizacdo da dependéncia do
equilibrio de ligacdo com varidveis como pH, forca idnica do tampao, entre outros (Freire et al.,

1990). Os parametros acima relacionados estdo abaixo explicados.
1.1.3.1. Estequiometria
A estequiometria, n, de uma reacdo descreve as relacfes quantitativas entre 2 ou mais

substancias em uma reacdo fisica ou quimica. Na calorimetria de titulacdo isotérmica, a
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determinacdo da estequiometria de ligacdo tem um papel fundamental na caracterizagcdo dos
mecanismos de ligacdo de macromoléculas biologicas (Doyle, 1997).

Com base nas concentracGes de ambas as espécies em interacdo, a estequiometria de
ligacdo pode ser determinada através da razdo molar das espécies no ponto de inflexdo do
termograma. No processo de analise de dados, o valor da estequiometria pode ser utilizado como
um valor varidvel, a ser ajustado no processo de minimizacdo de erros dos pardmetros
experimentais, como pode ser mantido fixo, caso se tenha informacdo do sistema em estudo.
Outra possibilidade é ajusta-la para um valor conhecido de estequiometria, baseando-se no
conhecimento prévio do sistema em estudo e de fatores de correcdo de concentracdo da espécie
titulada e/ou titulante (Broecker et al., 2011). Ademais, em casos em que a estequiometria seja
bem conhecida, o seu valor pode servir apenas para corre¢do da concentracdo, geralmente da
solucdo titulada, a qual se tem maior dificuldade no preparo quando comparada a solucao
titulante, para a qual a concentracdo, via de regra, é tida como conhecida com maior precisao
(Tellinghuisen, 2004).

Uma grande quantidade de fatores pode influenciar o valor da estequiometria, fazendo
com que seu valor seja um valor ndo inteiro. Os principais determinantes para isSo Sdo: erro nas
concentragfes da espécie titulada ou titulante (Freyer & Lewis, 2008), ligacdo inespecifica,
degradacédo ou baixa qualidade do titulado (estado inativo, sem folding correto) (Tellinghuisen,
2004; Griner et al., 2014). Por isso, a analise da estequiometria da reacdo também pode ser
considerada um excelente parametro de qualidade na analise de ensaios de ligacdo de diferentes
lotes de proteinas purificadas em diferentes condi¢cbes, bem como na analise de proteinas
recombinantes expressas em diferentes linhagens celulares ou mesmo em testes de estabilidade

de congelamento-descongelamento (Doyle, 1997).

1.1.3.2. Variacao de entalpia (AH)
A entalpia, H, € definida como
H=U+pV (19)
em que U é a energia interna, p a pressdo do sistema e Vo volume. Entretanto, considerando que
em um experimento de calorimetria de titulacdo isotérmica a pressdo € constante durante a
titulacdo, pode se assumir que a variacdo da entalpia € igual a variacdo de energia, q, devido a
reacdo quimica da titulaco
AH = q (20)
As interagdes entre duas ou mais moléculas geralmente sdo acompanhadas de liberacdo

ou absorcéo de energia do meio onde acontecem e, por isso, sdo caracterizadas como reacdes
13
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exotérmica ou endotérmica, respectivamente. Nas reacfes de calorimetria por titulacdo
isotérmica tais comportamentos sdo representados na Fig. 4, sendo o termograma e a isoterma de
ligacdo de uma reacdo endotérmica representada no painel esquerdo, enquanto uma reagédo
exotérmica esta a direita. As reaces endotérmicas e exotérmicas sdo caracterizadas, por uma
variacdo de entalpia positiva (AH > 0) e negativa (4H < 0) (Fig. 4), sendo que contribuem,
respectivamente, de forma favordvel ou desfavoravelmente para a energia livre de ligagdo
(Pierce et al, 1999).
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Figura 4. Termogramas e isotermas de ligacdo de experimentos de calorimetria de titulagdo isotérmica, entre
espécies com estequiometria 1:1, representativos de uma reagdo endotérmica (esquerda) e exotérmica
(direita). Adaptado de Rithmann e colaboradores (Rihmann et al., 2015).

A variacdo de calor medido pelo calorimetro durante as titulacdes reflete ndo somente o
calor liberado ou absorvido decorrente da interacdo entre as espécies titulada e titulante, mas
representa os efeitos de calor totais no interior da célula de reacdo. Por isso, além do calor
intrinseco da interacdo, a medida experimental de calor tem contribuicGes provenientes de
eventos ndo especificos como diluicdo das especies titulada e titulante no tampé&o, calor de
agitacdo, diferengas de temperatura entre a célula de reagdo e a pipeta, dentre outras. Essas
contribuicdes devem ser determinadas pela realizacdo de experimentos controle, para assim, se
obter o calor apenas da interacdo entre as espécies titulada e titulante. Em geral, as contribui¢des
ndo especificas sdo pequenas e, em algumas vezes despreziveis, enquanto o calor da diluicdo da
espécie titulante pode ser significante e deve ser levada em conta na analise de dados. Em alguns
casos, caso a saturacdo do titulado ocorra antes das ultimas injecGes, e caso o calor de dilui¢éo
do titulante ndo seja concentracdo-dependente, pode-se atribuir o calor das ultimas injecbes da

titulacdo como sendo o calor de diluicdo da especie titulante (Perozzo et al., 2004).
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Mesmo com a determinacdo e subtracdo dos calores inespecificos, varios outros
processos ainda podem estar contribuindo para a variacdo de entalpia observada (4H,,;) como,
por exemplo, entalpia intrinseca da interacao titulante-titulado (4H,;,4), mudanca no estado de
protonacdo do ligante e da macromolécula livre ou ligada, mudanga na solvatacdo devido a
ligacgéo titulado-titulante, mudangas conformacionais, dentre outros (Perozzo et al., 2004; Freire,
2005). Caso haja protonagéo/desprotonacdo na complexacdo das espécies, esta vai depender da
entalpia de ionizacdo do tampéo (4H;,,), que pode ser determinada repetindo-se a titulagéo, no
mesmo pH e temperatura, com tampdes com diferentes entalpias de ionizacdo, que possibilitard
determinar o nimero de prétons (ny+) liberados (ny+ > 0) ou absorvidos (ny+ < 0) pelo
tampdo e entdo calcular a entalpia intrinseca de ligacdo (4H,;,q) através da equacdo abaixo
(Perozzo et al., 2004):

AHops = AHping + np+AHion (21)
Outra forma de minimizar os efeitos de protonacdo/desprotonacdo é utilizando-se um tampé&o
com baixa entalpia de ionizacdo (Freyer & Lewis, 2008).

As contribuices entalpicas devido as alteracBes conformacionais ndo sdo facilmente
determinadas, sendo em alguns experimentos possivel apenas caso haja uma série de outras
medidas calorimétricas com uma série de compostos relacionados e pode ser facilmente
implementada em rotinas de otimizacdo de farmacos, sendo frequentemente constante para uma
mesma familia de farmacos (Freire, 2005). J& em medidas com ligantes diferentes, essa
contribuicdo é geralmente incorporada a variacdo de entalpia intrinseca da ligacéo.

Espera-se que ao final da analise de dados a entalpia intrinseca seja determinada, uma vez
que é um dos fatores principais na verificacdo da qualidade das ligacbes na formacdo do
complexo, e resultante da formacdo e quebra de muitas ligacbes quimicas individuais, como
ligacOes de hidrogénio, pontes salinas, interacGes de van der Waals entre a espécie titulada e
titulante e da reorganizagdo do solvente proximo a superficie da macromolécula (Perozzo et al.,
2004; Freire, 2005; Velazquez-Campoy et al., 2006). Cada uma dessas interagcdes contribui
individualmente para produzir contribui¢fes favoraveis (A4H < 0) ou desfavoraveis (4H > 0),
podendo a somatdria destas resultar em uma variagdo menor que as variagdes especificas de cada
interacdo (Fisher & Singh, 1995). Por isso, a disseccdo da contribuicdo de cada ligacdo é
extremamente dificil uma vez que a contribuicdo efetiva de uma ligacdo especifica € o balanco
entre a entalpia da reacdo da ligacdo entre a macromolécula e o solvente (Velazquez-Campoy et
al., 2006; Ladbury et al., 2010).

A entalpia intrinseca da interacdo é composta de duas contribuicdes distintas e

conflitantes: a entalpia favoravel associada com a formacao de ligacGes de hidrogénio e contatos
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de van der Waals e a entalpia desfavoravel associada a desolvatagdo de grupos polares (Freire,
2004). As interacOes de van der Waals sdo maximizadas por uma geometria perfeita entre o
titulante e o titulado, enquanto a forca das ligacdes de hidrogénio é maxima quando a distancia e
angulo entre os atomos aceptores e doadores é dtima. Caso as distancias e os angulos estejam em
regides subdtimas, a contribuicdo entélpica de uma ligagdo de hidrogénio além de poder ser
menor ou mesmo nula, pode também se tornar desfavordvel. A explicacdo para isso é que 0s
grupos aceptores e receptores da ligacdo fazem ligagdes de hidrogénio com a agua antes da
interacdo. Na energetica de ligacdo, a questdo real ¢ quédo forte é a ligacdo de hidrogénio do
titulado com o titulante em relagdo a ligacdo que 0 mesmo grupo fazia com a dgua anteriormente
a interacdo, uma vez que as interagcGes com a agua sdo refletidas na entalpia de solvatacdo desses
grupos (Freire, 2008). Por isso, uma variacao de entalpia favoravel (AH <0) é um indicativo que
o titulante estabelece com a espécie titulada interacGes fortes o suficiente para compensar a
entalpia desfavoravel associada com a desolvatacdo (Ladbury et al., 2010). Entretanto, se uma
entalpia de ligacdo desfavoravel (AH >0) é observada, geralmente, isso indica que 0s grupos
polares do titulante e titulado ndo formam ligacbes fortes e que a entalpia de desolvatacdo
predomina (Freire, 2008).

Quando se trata de desenho e otimizacdo de novos farmacos, alguns pesquisadores
escolhem um modelo inicial que ja possua variacdo de entalpia favoravel na interacdo em um
screening inicial. Esse tipo de ligacdo contribui ndo apenas para a afinidade, mas quando
combinada com complementaridade de forma, ela também aumenta a seletividade,
especialmente se os ligantes sdo direcionados a sitios doadores ou receptores Unicos na molécula
alvo. Apesar dessas aparentes vantagens, a otimizacdo entalpica tem sido notoriamente dificil de
ser implementada especialmente se comparada a otimizacéo entropica (Freire, 2008), pois apesar
dos ganhos serem significativos em caso de formacdo de uma ligacdo em condicdes 6timas, as
penalidades na entalpia de solvatacdo também sédo significantes se as ligacGes forem fracas ou
ndo forem feitas de forma otimizada (Davies et al., 2003; Freire, 2004). E, como a energia
requerida para desolvatar um grupo polar é substancial, a adicdo simples de grupos quimicos
com potencial de interagdo com o objetivo de estabelecer interagbes ndo covalentes podem
consideravelmente reduzir a afinidade resultante (Ladbury et al., 2010).

Entretanto, é de fundamental importancia que se busque compostos com diversas ligacdes
de hidrogénio favoraveis ao seu alvo, pois alem de, possivelmente, deixar a ligacao
entalpicamente favoravel, deixa o composto menos susceptivel as mutacGes que ocorrem

frequentemente, por exemplo, em alguns tipos de virus (Freire, 2005).
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Outra forma de se mensurar a variagdo de entalpia é fazendo a medida
espectrofotometricamente em diferentes temperaturas. Esta medida é realizada em funcdo da

dependéncia da temperatura da constante de associacdo, dada por:

olnK,  AH
1. R (22)
o(7)
9%InK, _T2AC,
2 - R (23)
o(7)

Entretanto, esta metodologia apresenta algumas desvantagens: (i) por razdes praticas, nem
sempre € possivel cobrir um vasto intervalo de temperaturas para estimar a constante de
associacao; (ii) entalpia e entropia sdo temperatura-dependentes e a energia livre é pouco
dependente da temperatura nas condigdes experimentais geralmente utilizadas. Por isso, a
compensacéo da entalpia-entropia faz com que seja dificil obter valores confiaveis da primeira e
segunda derivada da constante de associagdo, ambas mensuradas diretamente por calorimetria;
(iii) erros sistematicos inerentes a métodos ndo calorimétricos que geram erros associados
consideraveis (Chaires, 1997; Horn et al., 2002; Velazquez-Campoy & Freire, 2005).

Diversos estudos ja foram realizados anteriormente e mostraram que o célculo da entalpia
de van't Hoff pode gerar um valor aproximado muito longe do real (Naghibi et al., 1995; Liu &
Sturtevant, 1995) mesmo em casos em que minimos quadrados lineares resultaram um bom
coeficiente de correlagdo, tirando a influéncia da temperatura no sistema em estudo (Arena et al.,
2015; Horn et al., 2002; Arena et al., 2016). Com isso, podemos afirmar que a técnica
calorimétrica, ¢ o melhor método para mensurar as entalpias de ligacdo de um sistema em

interacdo.

1.1.3.3. Constante de dissociacéo (k4) e energia livre de ligacédo (4G)
Outra caracteristica que, assim como a variacdo de entalpia, € medida diretamente na
isoterma de ligacdo € a constante de associacdo (k,) ou afinidade, que esta relacionada com a

constante de dissociagdo (k) atraves da equacdo

1
kq = r. (24)
sendo estas diretamente relacionadas a energia livre da ligacdo (4G) através da equacéao
AG = —RTIn(k,) = RTIn(k,) (25)

A energia livre de ligacdo é o parametro termodindmico mais importante de uma ligacdo, uma

vez que seu valor, em condicBes especificas de concentracbes dos reagentes, direciona o
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equilibrio biomolecular. Se o valor de AG é negativo, a reacdo de ligacdo ou transicdo
conformacional sera espontdnea numa medida ditada pela magnitude do AG. Se o sinal é
positivo, a magnitude da variacéo especifica a quantidade de energia necessaria para a formacao
dos produtos da reacdo. Além disso, este pardmetro quantifica a afinidade da ligagcdo entre 2
moléculas em uma interacdo (Ladbury et al., 2010), determina a estabilidade do complexo
formado e ainda é uma ferramenta analitica de caracterizacdo fenomenoldgica da relagédo
estrutura-funcéo (Perozzo et al., 2004).

A afinidade de ligacdo de uma molécula pelo seu alvo resulta do balanco entre as forgas
de solvatacgdo e das forcas atrativas. Como regra, grupos quimicos polares e apolares contribuem
de forma diferente para a afinidade e seletividade devido a diferencas em suas caracteristicas
termodinamicas. Enquanto a desolvatacdo de grupos polares e apolares € ligada a uma favoravel
variacdo de entropia (—T4S <0), a variacdo da entalpia de desolvatacdo de grupos polares é
desfavoravel (AH > 0) e cerca de dez vezes maior (Freire, 2004) que a de grupos apolares, esta
também sendo desfavoravel (Kawasaki & Freire, 2011).

A afinidade entre as espécies titulada e titulante € maxima quanto maior e mais negativo
for 0 AG, sendo que seus valores alvo, em regimes de otimizacao de farmacos, sdo da ordem de -
12 a -16 kcal/mol. Esses valores correspondem a constantes de dissociacéo (k;) da ordem de
nano a décimos de nanomolar (nM). Entretanto, o valor da energia livre é composto pela soma
das variacdes de dois diferentes termos, entalpico e entropico

AG = AH —TAS (26)
e, por isso, valores de afinidade extremamente alta sdo obtidos geralmente quando tanto a
entalpia quanto a entropia contribuem favoravelmente a ligacdo (Kawasaki & Freire, 2011), no
caso, quando AH <0 e -TAS <0. J& foi observado que diferentes contribui¢cbes do AH e do A4S
resultaram no mesmo valor de AG e, por conseguinte, na mesma afinidade para uma molécula
alvo. Entretanto, compostos com iguais afinidades, mas otimizados entalpicamente ou
entropicamente ndo sdo equivalentes, pois suas interacbes que ddo origem a entalpias ou
entropias favoraveis sdo diferentes (Freire, 2004), podendo gerar diferentes especificidades e
diferentes propriedades farmacoldgicas (Chaires, 2008). Por isso, devem-se estudar ambos 0s
fatores uma vez que séo cruciais para o entendimento detalhado da energia livre de ligagéo e a

fim de melhor entender o processo de obtencgéo e otimizacdo de moléculas a um alvo especifico.
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1.1.3.4. Variacao da entropia (AS)

A variacdo da entropia (4S) de ligacdo nédo é determinada diretamente pela isoterma de
ligagdo, mas em funcdo da energia livre e da variacdo da entalpia de ligacdo, ambas variaveis
observaveis na isoterma, através da equacao

AG = AH —TAS (27)

A variacdo de entropia € composta principalmente pela entropia de solvatacdo e pelas
alteracbes entropicas conformacionais. A entropia de solvatacdo é favoravel (4S >0 ou
—TAS <0) e se origina da liberacdo de moléculas de agua decorrente da desolvatacdo total ou
parcial devido a ligagédo do titulante ao titulado. Uma entropia de solvatagédo favoravel é a forca
predominante associada a energia livre de grupos hidrofébicos (Freire, 2004). Sabe-se que a
variacdo energética devido a desolvatacdo de um grupo polar é da ordem de 5-9 kcal/mol
(Kawasaki & Freire, 2011), enquanto de grupos apolares é aproximadamente 10 vezes menor
(Freire, 2004).

Quase todas as reagdes de ligacdo devem superar as penalidades entrdpicas. A primeira
variacdo de entropia desfavoravel resulta da perda, em alguns casos, de no minimo 6 graus de
liberdade rotacionais e translacionais resultantes da ligacdo de 2 macromoléculas para formar um
complexo, sendo que esta variacdo energética pode chegar a -15 kcal/mol (45 < 0). A segunda
perda se origina da restri¢do de ligagdes rotacionais individuais devido a formacdo do complexo,
como por exemplo, quando uma molécula fica restrita a uma conformacao particular quando
ligada ao seu sitio receptor. Esta perda energética pode ser de aproximadamente -0.6 kcal/mol
por ligacdo (A4S < 0). Essas perdas energéticas podem ser evitadas através do desenho de novas
moléculas com ligagdes rigidas que possibilitem um encaixe perfeito no sitio receptor (Chaires,
2008).

Quando se trata do processo de descobrimento ou otimizagdo de farmacos, a variagdo de
entropia € mais facil de ser otimizada quando comparado & variacdo de entalpia (Freire, 2008),
uma vez que a otimizacdo entropica se deve, principalmente, a hidrofobicidade. Neste caso, a
seletividade aumenta primeiramente pela complementaridade de forma e pela suposi¢do da
probabilidade de ligacdo por formas geometricamente similares (Freire, 2004). Entretanto, foi
verificado apds o sequenciamento de varios genomas que a ligacdo por complementaridade de
forma é valida apenas para alguns alvos, pois varios alvos pertencem a proteinas de uma mesma
familia com sitios de ligacdo muito similares (Velazquez-Campoy & Freire, 2005), levando a

ligacdo em alvos incorretos.
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1.1.4. Analise de dados de ITC

Em uma andlise termodinamica o objetivo é determinar AG, AH, AS e suas dependéncias
em funcdo da temperatura, dada por AC,, uma vez que estes 4 parametros fornecem a completa
descricdo da energética que governa as interacdes moleculares (Perozzo et al, 2004).

A analise dos dados de ITC é realizada pela estimacdo dos parametros variaveis (n, k, e
AH) através do ajuste dos dados de calor cumulativo ou dos calores individuais de cada injecéo.
A andlise em funcdo dos calores individuais, como citado anteriormente, é preferivel, pois
elimina as incertezas associadas com cada injecdo sucessiva, que sdo maiores nos dados
cumulativos (Freire et al., 1990).

Os dados experimentais de calorimetria de titulacdo isotérmica sdo geralmente
apresentados na forma da isoterma de Wiseman (Wiseman et al., 1989). Esta forma de
representacdo consiste na analise do grafico do calor incremental por injecdo de titulante
normalizado pela molaridade do titulante (eixo das ordenadas) em fungdo da razdo molar do
titulante pela do titulado (eixo das abscissas). Uma das vantagens desse tipo de representacao €
que caso outra titulacdo seja feita com 0 mesmo sistema de estudo, mas com diferentes volumes
de injecdo e/ou diferentes concentragcdes das espécies titulada ou titulante, a isoterma vai ser a
mesma devido a normalizag&o pela concentracdo da espécie titulante. Além disso, 0 uso da razéo
molar como a variavel independente torna mais facil a determinacéo da estequiometria da reacéo
pelo ponto de inflexdo, caso este exista, e caso as concentragdes sejam determinadas com erros
minimos. Pela isoterma da ligacdo também é possivel, através de suas caracteristicas
geomeétricas, obter dados preliminares sobre os parametros termodinamicos (Velazquez-Campoy,
2015). Entretanto, apesar de algumas estimativas serem obtidas pelas formas geométricas da
isoterma de ligacdo, valores de maior precisdo sdo obtidos somente através do ajuste dos dados
por polindmios de ligacéo (Freire et al., 2009; Vega et al., 2015; Velazquez-Campoy, 2015).

Com o intuito de determinar os pardmetros termodinamicos relevantes as interagdes entre
as moléculas, alguns passos comumentemente sdo seguidos (Velazquez-Campoy et al., 2004):
primeiramente ajustar uma linha de base no termograma e realizar a integracdo dos picos. A
linha de base pode ser determinada tanto de forma automatica quanto manualmente no add-on do
software Origin (v. 7.0, OriginLab), fornecido pelo fabricante, ou apenas automaticamente pelo
software NITPIC (Keller et al., 2012; Scheuermann & Brautigam, 2015). Apds, faz-se a
checagem das concentracbes das espécies titulada e titulante, que podem ser averiguadas
inicialmente pela estequiometria da ligacdo, e caso seja necessario, fazer as correcdes nas
mesmas e, em seguida, estimar os calores de diluicdo, ou pelas Ultimas injeces da titulacdo

realizada ou atraves de experimentos controle, caso o calor de diluicdo da espécie titulante seja
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concentracdo dependente. O calor de diluicdo, ou mesmo de interacBes inespecificas, deve ser
subtraido dos calores calculados nas injecbes da titulacdo para melhor estimativa dos dados
termodinamicos. O ultimo passo é determinar o0 modelo de ligacéo a ser utilizado para ajustar os
dados da isoterma de ligacao da titulacdo (Velazquez-Campoy et al., 2004).

Os polindbmios de ligacdo, introduzidos por Wyman (1948, 1964) e revisados mais
recentemente por Wyman e Gill (1990), introduziram um embasamento geral de termodinamica
estatistica do estudo das interacfes entre ligantes e macromoléculas. Os polindmios sao
equivalentes a funcdo particdo, contém toda a informacdo sobre o sistema e permite a
determinacdo das constantes termodindmicas experimentais observaveis como o nimero de
moléculas ligadas (n), variacdo de entalpia (4H), afinidade (k,) entre as espécies. Ao contrario
dos modelos de pardmetros dependentes, os parametros que definem os polindmios de ligagdo
tém validade geral. Os polindmios de ligagdo sdo uma descricdo matematica dos processos
bioldgicos, fisicos e quimicos que descrevem a interacdo entre as espécies tituladas, nos quais as
variaveis dependentes (calor ou fluxo de calor) sdo definidas como funcdo das variaveis
independentes (molaridade de titulante) e de outros pardmetros do modelo. Por isso, usa-se o
modelo mais simples possivel e que corrobore as informacdes ja conhecidas do sistema em
estudo, de modo que as equacdes de modelo sejam utilizadas para determinar os melhores
valores para os pardmetros de ajuste a isoterma, como a k,, AH e estequiometria (Freyer &
Lewis, 2008). Caso ndo se tenham informacdes acerca do sistema em estudo, diferentes modelos
podem ser ajustados aos dados experimentais e 0 modelo mais adequado, ou seja, 0 que
apresentar melhor ajuste dos dados pode ser escolhido estatisticamente (Sant'/Anna et al., 2016,
Borges et al., 2017).

A metodologia de calorimetria de titulagdo isotérmica avancou muito nos ultimos anos,
entretanto, a anélise de dados ainda se apresenta, em alguns casos, com limita¢Ges significativas.
Por isso, todos os experimentos devem ser realizados de modo que as fontes de incertezas como
quantificacdo do calor liberado pelo equipamento, erros nas concentragdes das espécies titulada e
titulante, erros na linha de base por problema no equipamento ou variagdes ambientais, variacdes
das solucGes tampado utilizadas; problemas nas opera¢ées com o equipamento, como bolhas de ar
ou uso de velocidades de agitacdo ndo 6timas (Baranauskiene et al., 2009; Pethica, 2015;
Tellinghuisen, 2003; Tellinghuisen, 2005; Keller et al., 2012; Tellinghuisen & Chodera, 2011),
sejam minimizadas ou determinadas e subtraidas na analise de dados. Dentre os problemas
frequentemente encontrados na andlise dos dados obtidos podemos enumerar alguns: (i)
problemas na determinacdo da linha de base; (ii) analise de dados com modelos de alta

complexidade de um sistema sobre o qual ndo se tenham outras informacdes obtidas por
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metodologias ortogonais; (iii) variagdes encontradas na realizacdo do mesmo experimento entre
diferentes laboratérios e operadores.

Em relacdo a integracdo da area dos picos, a linha de base (Fig. 2, linha vermelha) tem
papel crucial e esta sujeita a artefatos e ruidos de curta e longa escalas temporais (Keller et al.,
2012). Esses artefatos séo limitantes principalmente em estudos com baixas variagdes de entalpia
ou para interagdes entre compostos com altas afinidades, nos quais sdo necessarias pequenas
concentragdes do titulante em relacdo ao titulado para garantir que uma fracdo dessas espécies
estejam ndo ligadas. De modo particular, estas condi¢des estdo mais presentes nos calorimetros
mais atuais, que se utilizam de menores volumes das espécies titulada e titulante (Brautigam et
al., 2016). Os algoritmos de integracdo da area dos picos dos termogramas utilizados pelos
fabricantes, em varios casos ndo sao satisfatorios e, em varias titulacdes requerem que a linha de
base seja calculada manualmente, baseada na inspecdo visual do usuario (Keller et al., 2012),
condicdo na qual podem ser introduzidos viés no estudo, uma vez que os resultados da isoterma
sdo usados para avaliar se é necessaria uma nova linha de base ou ndo (Scheuermann &
Brautigam, 2015).

Uma das proposicdes para resolver esse problema esta baseada no software NITPIC
(Keller et al., 2012), que se baseia em uma metodologia automética de determinacdo dos picos
baseado na anélise da forma destes por decomposicao de valores singulares em combinagdo com
modelagem de minimos quadrados das linhas de base pré e poés-inje¢cdes. Desse modo, 0
software pode efetivamente filtrar contribuicdes de ruido de curta duracdo e eventos acidentais,
como bolhas de ar, no tracado da linha de base. A metodologia também possibilitou, pela
primeira vez, estimar erros estatisticos para os pontos individuais da isoterma de liga¢do. Por sua
vez, estes resultados melhoraram os limites de deteccdo para sistemas de alta afinidade e de
baixa variacdo de entalpia e possibilitou a determinacdo dos parametros termodinamicos (Keller
et al., 2012). Entretanto, em sistemas que apresentaram baixo ruido, poucas varia¢des da linha de
base em longa escala temporal e com altos calores por injecdo (>50 wJ), o software Origin foi
melhor na determinacdo das linhas de base quando comparado ao software NITPIC (Keller et al.,
2012). Nas novas versdes do software NITPIC (Brautigam et al., 2016), foram implementadas
novas rotinas que agora também possibilitam a analise em larga escala, inviaveis no software
Origin (v. 7.0).

Outra limitacdo significante, e que também demonstra claramente a complexidade e a
limitacdo da analise de dados é quando da realizacdo de uma titulacdo em que as espécies
tenham interacdo com modelos ndo padrdo, ou seja, tenham 2 ou mais sitios de ligacéo,
apresentem cooperatividade entre os sitios, dentre outros casos (Brautigam et al., 2016). O
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software comercial de anélise de dados que acompanha o equipamento (Origin v.7.0, OriginLab)
apresenta poucos modelos de ligagdo ja implementados e, por isso, algumas vezes o usuério deve
desenvolver suas proprias rotinas de ajuste ou usar as ja implementadas assumindo algumas
simplificacbes (Vega et al, 2015), uma vez que em alguns casos, mesmo no software distribuido
ndo ha convergéncia dos dados no processo de minimizagédo de erros.

Com o intuito de possibilitar andlises mais complexas, o software SEDPHAT,
inicialmente proposto para analise de dados de ultracentrifugacdo analitica, teve implementadas
algumas rotinas para analise de dados de calorimetria de sistemas mais complexos (com mais de
1 sitio, cooperatividade, etc) (Houtman et al., 2007). Posteriormente, em novas versdes foram
também implementados algoritmos para analises globais de mais de um termograma e também a
inclusdo de dados provenientes de outras técnicas biofisicas ortogonais, como espalhamento
dindmico de luz, ressonancia plasmonica de superficie, fluorescéncia, dentre outros (Zhao et al.,
2015; Zhao & Schuck, 2015).

O processo de analise de dados de ITC é um processo iterativo, uma vez que
primeiramente sdo definidos valores iniciais estimados dos parametros que vdo modelar as
equacOes do modelo de ligacao desejado. Com estes valores sdo geradas curvas teoricas que sao
comparadas aos dados originais e estimativas de erros séo feitas (Freire et al., 2009). Estes erros
s80 minimizados através de algoritmos de minimizacdo amplamente conhecidos (Newton-
Raphson, Levemberg-Marquardt, etc.) até que a funcdo erro seja minimizada ou mudangas ndo
significativas desta sejam observadas (Vega et al., 2015).

Varios parametros devem ser incluidos na descricdo dos modelos de ligacdo como, por
exemplo, o nimero de sitios de ligacdo ou estequiometria da reagdo, forga de associacdo entre as
espécies, expressa em termos da constante de dissociacdo ou da variagcdo de energia livre. Em
caso de caracterizacdo de maultiplos sitios, verificar se ha cooperatividade entre os sitios, e se é
positiva ou negativa, caracterizacdo das contribuicdes entalpica e entropica da associacéo e, se
possivel, caracterizar a dependéncia do equilibrio de reacdo em funcdo de varidveis como pH e
forca ionica das solucgdes tampéo utilizadas (Freire et al., 1990).

Em casos complexos como de ligagdo em dois ou mais sitios, a maioria dos modelos ja
delineados assumem que as macromoléculas ndo sofrem alteracdes induzidas pelos ligantes
como oligomerizagdo ou mesmo mudancas de enovelamento (folding) (Doyle, 1997). Caso seja
comprovado que tais alteracBes estejam ocorrendo, as variagfes calorimétricas medidas durante
a titulagéo vao incluir as contribuicfes de tais eventos e, por isso, se tornam necessarios modelos
matematicos capazes de analisar independentemente os eventos de ligacdo e processos de
oligomerizacdo (Vega et al., 2015; Salvador et al., 2015). Nesses casos, quando interacdes
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complexas sdo estudadas e os softwares comerciais ndo sdo capazes de ajustar os dados
adequadamente, a analise dos dados é feita majoritariamente atraves de polindmios de ligacao,
que sdo as equacdes matematicas que vao modelar o sistema em estudo e possibilitardo a
determinacdo dos parametros termodindmicos e cinéticos da reacdo (Brown, 2009; Freire et al.,
2009; Martinez et al., 2013; Vega et al., 2015).
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2. Aspectos termodinamicos da interacao entre fosfolipases A, e fosfolipases A, homologas
de venenos de serpentes e inibidores
2.1. Importancia do estudo de proteinas de veneno de serpentes

Envenenamento por picada de serpentes foi incluida na listagem das 24 condicdes e
doencas tropicais negligenciadas (neglected tropical diseases, NTD) listadas pela Organizacao
Mundial da Saide (OMS) em 2009 (Williams et al., 2010), e esta entre as que mais causam
mortes (WHO, 2014). Milhares de pessoas morrem anualmente como resultado de
envenenamento por serpentes (Mohapatra et al., 2011; Kasturiratne et al.,, 2008) e essas
estatisticas ainda podem estar subestimadas (Kasturiratne et al., 2008, Habib et al., 2015). Além
disso, dependendo da espécie de serpente em questdo, quando ndo causam mortes, podem deixar
sequelas, sendo que necrose da regido afetada esta entre as consequéncias mais temidas pelos
envenenamentos (Fernandes et al., 2014). Em algumas regides da Africa, por exemplo, ha
poucas fontes de soros antiveneno efetivas, seguras e acessiveis (Brown, 2012) e, além disso,
alguns tipos de soros amplamente utilizados estdo sendo descontinuados do mercado e outros
produtos alternativos antiveneno estdo sendo utilizados, mas ainda sem evidéncias de efetividade
e seguranca (Alirol et al., 2015).

Estudos recentes sugerem que em algumas regides como na Africa Ocidental, seriam
necessarios investimentos da ordem de US$35 milhGes para controlar as consequéncias dos
envenenamentos por serpentes (Habib et al., 2015). Essa estimativa, quando comparada com o0s
valores gastos e casos de soros antiofidicos em desenvolvimento em relacdo ao desenvolvimento
de farmacos/vacinas para outras NTD como dengue, por exemplo, os indices sdo muito baixos,
mesmo com diversas chamadas de agdes emitidas por Organizagdes publicas e privadas e por
institutos de pesquisas (Cheng & Winkel, 2001; Gutiérrez et al., 2013; Habib et al., 2015).
Alguns dos fatores que mitigam as pesquisas e o desenvolvimento de novas terapias antiveneno
sdo a baixa lucratividade, imprevisibilidade e fragmentacdo do mercado, que dificultam os
investimentos das inddstrias farmacéuticas (Brown, 2012). Entretanto, enquanto uma terapia
realmente eficiente e segura ndo for desenvolvida, as estimativas de mercado continuardo sendo
especulativas (Williams et al., 2010).

Os casos mais severos de envenenamento por serpentes sdo relacionados as espécies da
familia Elapidae e Viperidae. As espécies que causam o maior nimero de picadas e fatalidades
sdo as Echis sp. no norte da Africa, Bothrops asper e B. atrox nas Américas Central e do Sul e
Naja sp. e Bungarus sp. na Asia. Entretanto, varias outras espécies, embora néo responsaveis por
um grande nimero de casos mundialmente constituem um serio problema em regifes especificas
(Gutiérrez et al., 2006).
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Estudos clinicos demonstram que geralmente os soros antiofidicos sdo eficazes na
neutralizacdo das toxinas responsaveis por efeitos sisttmicos como, por exemplo, hemorragia
(Gutierrez et al., 2006). Entretanto, essa terapia ndo € eficaz em danos aos tecidos proximos a
picada, ndo pela falta de anticorpos neutralizantes, mas sim pelo rapido desenvolvimento da
patologia local, que dificulta 0 acesso dos anticorpos a essas areas antes de danos irreversiveis
ocorrerem (Gutiérrez et al., 1998). Os danos locais sdo causados geralmente por fosfolipases A,
miotdxicas, que tem como alvo o sarcolema e induzem uma degeneracdo aguda das fibras
musculares, enquanto as metaloproteinases degradam componentes da matriz extracelular e
levam a perda da integridade de microvasos sanguineos (Fernandes et al., 2014).

Por isso, é de fundamental importancia o desenvolvimento de novas terapias que sejam
efetivas e interrompam os efeitos locais, pois apesar de, em alguns casos, ndo serem fatais,
podem gerar graves sequelas, levando até a amputacdo de membros (Gutierrez et al., 2006,
Fernandes et al., 2014).

2.2. Fosfolipases A, e Fosfolipases A, homologas e suas relagdes com venenos ofidicos

As fosfolipases A, (PLA,S) sdo enzimas caracterizadas por sua habilidade de hidrolisar
especificamente a ligacdo ester sn-2 de substratos fosfolipidicos (Gutiérrez & Lomonte, 2013).
As enzimas sdo classificadas em grupos baseados em suas sequéncias, massa molecular, padrdes
de ligacbes de dissulfetos, necessidade por célcio, etc, e formam uma superfamilia que
atualmente contém 15 grupos separados e identificados, e diversos subgrupos (Burke & Dennis,
2009a; Schaloske & Dennis, 2006). Ha 5 principais categorias de PLA,s: as PLA, de baixa
massa molecular secretadas (SPLA;s); PLA,s de alta massa molecular citosélicas Ca?*-
dependentes (CPLA,S); PLA,s Ca’*-independentes (iPLA.S); as acetilhidrolases de fator de
ativacdo de plaquetas e; as PLA;s lisossomais (Burke & Dennis, 2009b).

As sPLA,s foram as primeiras PLA,S descobertas e estdo entre os componentes mais
abundantes dos venenos de serpentes avancadas da superfamilia Colubroidea, incluindo-se as
familias Viperidae e Elapidae, consideradas muito venenosas (Fry & Wauster, 2004). Estudos
mostram que em algumas espécies de serpentes, as fracbes de PLA,s podem chegar a 60% do
volume do veneno (Calvete et al., 2009) e que estas toxinas estdo ligadas a imobilizacdo e morte
das presas (Freitas et al., 1990), apresentando acelerado processo adaptativo e evolutivo para
adquirir diversas e potentes funcdes de toxicidade (Nakashima et al., 1995) relacionadas a
musculatura esquelética, juncdes neuromusculares e sistema hemodindmico (Montecucco et al.,
2008).
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Estudos evolutivos demonstraram que as PLA,s de venenos de serpentes se originaram de
dois eventos distintos: de enzimas pancreaticas ndo toxicas (grupo I) na familia Elapidae e de
enzimas inflamatorias (grupo 1) na familia Viperidae (Fry & Wodster, 2004). A estrutura
tridimensional bem como a maquinaria catalitica foram altamente conservadas, entretanto
alteracbes principalmente nos aminodcidos expostos durante a evolucdo possibilitou que as
PLA,s de veneno de serpentes desempenhassem uma variedade de atividades toxicas (Kini &
Chan, 1999), se adaptando ao reconhecimento de alvos moleculares e interferindo em processos
fisioldgicos (Kini & Evans, 1989; Gutiérrez & Lomonte, 2013).

Estudos sobre a atividade catalitica e toxicidade mostraram que as propriedades
interfaciais de ligacdo e a especificidade de ligagédo a um alvo variam de acordo com as PLAS
estudadas e que as reacdes de hidrdlise de fosfolipidios é apenas uma das etapas do processo
(Montecucco et al., 2008). Além disso, embora a maioria dos efeitos toxicos das PLA,S
cataliticamente ativas sdo dependentes da hidrolise de fosfolipidios, efeitos ndo relacionados a
catélise deste grupo de enzimas também foi mostrado (Stefansson et al., 1990).

A atividade enzimatica das PLA,s de veneno de serpentes causa a hidrdlise da ligacao
estérica sn-2 dos fosfolipidios, gerando um acido graxo livre e um lisofosfolipidio. Ambos os
produtos tém fator preponderante na geracdo de segundos mensageiros que tem importantes
fatores fisioldgicos. O 4cido araquiddnico, quando liberado da posicdo sn-2 dos fosfolipidios
pode ser convertido em eicosanoides através da acdo de uma variedade de enzimas (Funk, 2001)
que podem exercer uma ampla gama de efeitos fisioldgicos e patologicos. O lisofosfolipidio
pode ser convertido em &cido lisofosfatidico ou ser acetilado, se transformando em fatores
ativadores de plaquetas, que também apresentam uma variedade de papéis fisioldgicos (Prescott
et al., 2000; Burke & Dennis, 2009b).

Os grupos | e 11 das PLA,s de venenos de serpentes possuem uma rede catalitica formada
pelos aminoacidos His48, Asp49, Tyr52 e Asp99 (Arni & Ward, 1996). Junto com esses residuos
do loop de ligagdo de calcio, o residuo Asp49 coordena o ion calcio, essencial para a hidrdlise de
fosfolipidios (Scott et al., 1990). Por isso, a habilidade em coordenar calcio e a presenca do
residuo Asp49 sdo fundamentais para as sSPLA,S apresentarem atividade catalitica. Entretanto,
algumas mutac6es do residuo Asp49 por Lys49 foram relatadas em algumas espécies (Lomonte
et al., 2003), sendo, nestas, determinada auséncia de atividade catalitica de PLA, e, por isso,
estas variantes sdo chamadas de PLA,-like ou PLA; homologas (Lomonte et al., 2009). As
alteracbes mais comuns no residuo 49 sdo substituicdes de Asp por Lys, entretanto outros
aminoacidos ja foram relatados (Ser, Arg, GlIn, Asn) e varias caracteristicas estruturais e
funcionais j& foram descritas. Entretanto ainda ha alguns detalhes fundamentais de seu modo de
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acao que ndo sdo completamente conhecidos (Lomonte et al., 2009), embora novos trabalhos tem
ajudado a desvendar tais mecanismos (dos Santos et al., 2009; Fernandes et al., 2013, 2014,
2015; Salvador et al., 2013a, 2013b, 2015).

As PLA;s homologas tém caracteristicas estruturais das do grupo Il de sPLA.s,
geralmente com 120-122 aminoacidos estabilizados por 7 pontes dissulfetos conservadas.
Comumentemente sdo encontradas em forma de homodimeros em solucéo, sdo estabilizados por
forcas ndo covalentes e tendem a se dissociar apenas em meios acidos g (Angulo et al.,
2005). A maioria das PLA,s homdlogas apresentam pontos isoelétricos basicos, sdo ricas em
residuos de Arg e Lys, e essa caracteristica apresenta papel fundamental no reconhecimento de
seu alvo (Murakami et al., 2007).

Figura 5. Representacéo esquematica do enovelamento de uma PLA2s do grupo Il, gerada a partir do monémero da
BthZ-1 (Murakami et al., 2005).

Letalidade das presas é uma das caracteristicas que pode ser praticamente descartada
desse grupo de proteinas, uma vez que apresenta poténcia menor que as PLA,s ativas
cataliticamente. O principal efeito in vivo das PLA,s homdlogas é a miotoxicidade, que é
exercida rapidamente e apenas no local e tecidos adjacentes a inoculacdo, em contraste com as
acOes sistémicas de outros tipos de toxinas (Lomonte et al., 2009). Foi sugerido que as
miotoxinas PLA,s homdlogas ndo se ligam apenas a fibras musculares mas também a outros
tipos celulares ou a matriz celular e com isso atinge uma area adjacente abrangente do tecido
muscular (Gutiérrez et al., 2008). Também ja foi relatado que devido a grande quantidade de
veneno inoculado por algumas serpentes durante a picada, as PLA,s homdlogas apresentem agéo

miotoxica nos tecidos adjacentes a inoculagdo (Lomonte et al., 2009). Acredita-se que o sitio
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inicial de interacdo dessas proteinas € o sarcolema, que leva a perda de permeabilidade gerando
influxo de célcio e liberacdo de ions potdssio e ATP, entre outros marcadores (Cintra-
Francischinelli et al., 2010).

As PLA,s homologas mais estudadas sdo as Lys49-PLA,s, que apresentam as mutacoes
Asp4d9—Lys e Tyr28—Asn que inibem a coordenagdo de célcio (Arni & Ward, 1996; Fernandes
et al., 2010; Lomonte & Rangel, 2012; Fernandes et al., 2015). Entretanto, varios anos foram
necessarios para se provar que elas ndo possuem atividade catalitica, sendo comprovada apenas
com a producd de Lys49 (Ward et al, 2002) e Ser49 (Petan et al., 2007) PLAs recombinantes,
que ndo continham fragdes de PLA,s cataliticas, que possivelmente deixavam tragos de atividade
catalitica em estudos anteriores (Fernandez et al., 2013).

Neste trabalho foram abordadas 4 diferentes proteinas, PLA, e PLA,s homologas, de

serpentes das espécies Bothrops e Crotalus.

2.2.1. Moojenitoxina I (MjTX-I)

A serpente Bothrops moojeni é encontrada nas regides central e do sudeste do Brasil e em
algumas regides da Argentina, Paraguai e Bolivia, habitando principalmente os ecossistemas de
Cerrado e Florestas de Araucarias (Borges & Araujo, 1998). Seu estudo tem importancia clinica
e cientifica, pois é relatado um alto nimero de acidentes ofidicos com essa serpente, uma vez
que ela apresenta comportamento agressivo, tem um maior tamanho comparada a outras
serpentes do mesmo género e apresenta boa resposta adaptativa & mudancas ambientais
(Melgarejo, 2003).

A MjTX-l, uma Lys49-PLA,s constituinte do veneno da B. moojeni, apresenta
preservadas as estruturas secundarias classicas desse grupo de proteinas: -hélice N-terminal,
uma hélice curta (“short” helix), um loop de coordenacdo de Ca** n&o funcional, duas o -hélices
antiparalelas, duas folhas B curtas anti paralelas e um loop C-termianl (Salvador et al., 2013a)

(Fig. 6).
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Figura 6. Representacao esquematica do enovelamento da MjTX-I gerada a partir de seu monémero A (PDB
3TOR) (Salvador et al., 2013).

Entretanto, tem algumas particularidades estruturais quando comparada a outras Lys49-
PLA,s, pois tem uma mutacdo Tyr—Val na posi¢do 119 que ¢é essencial para a estabilizagdo do
dimero alternativo e para a atividade miotoxica (Salvador et al., 2013b). A Tyr119 de ambos
monomeros faz ligacdes de hidrogénio quando um ligante esta presente no canal hidrofobico ou
com a regido da His48, induzindo o arranjo estrutural correto do sitio miotoxico pela organizacéao
do C-terminal (dos Santos et al., 2009; Marchi-Salvador et al., 2009). Além disso, a MjTX-I
apresenta maiores diferencas na regido C-terminal quando comparada a outras Lys49-PLA.s
além da mutacéo no residuo Tyr119— Val , como Tyrll7 — Arg, Lys127 — Asp e Aspl130 —
Arg. E, como esses residuos mutados apresentam caracteristicas fisico-quimicas diferentes dos
presentes em outras Lys49-PLA;s, isto pode ser um dos fatores responsaveis pela atividade
miotdxica mais baixa da MjTX-I, quando comparada a outras Lys49-PLA,s (Salvador et al.,
2013a). Quando comparada a MjTX-Il e a BthTX-I apresenta 85% e 95% de identidade,
respectivamente.

Outra diferenca da MjTX-1 em relagdo a outras Lys49-PLA,s refere-se ao seu estado
oligomérico. A estrutura cristalografica obtida por Salvador e colaboradores (2013a) apresenta
uma conformacgdo oligomérica tetramérica, enquanto a maioria das Lys49-PLA, apresenta-se
como dimero (Fernandes et al., 2010; dos Santos et al., 2009) ou eventualmente monomérica
(Ambrosio et al., 2005). Na interface do dimero A/B o contato é feito por 7 ligacdes de
hidrogénio e 4 pontes salinas enquanto na interface do dimero C/D estéo presentes 4 ligacGes de
hidrogénio e 3 pontes salinas. Apesar de haver diferentes nimeros de ligagéo, as que sao comuns
entre as interfaces A/B e C/D ocorrem entre 0s mesmos residuos. Também foi observado que a
presenca de uma molécula de PEG 4000 na interface A/B forma intera¢fes hidrofobicas entre o
ligante e os monémeros, deixando-o0 mais compacto. Além disso, a auséncia do PEG 4000 na
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interface C/D aparentemente permite um pequeno deslocamento do monémero D e um
deslocamento da folha B, quando comparado aos outros monémeros. Ademais, 0S mondmeros
formam dois dimeros convencionais, conforme a estrutura dimérica convencional proposta (Arni
& Ward, 1996), sendo que esses dois dimeros (A/B e C/D) estédo ligados por um grande numero
de contatos de van der Waals que contribuem para a estabilizacdo oligomérica (Salvador et al.,
2013a) (Fig. 7).

Figura 7. Representacdo em forma de cartoon da MjTX-1 em sua conforcdo tetramérica (PDB 3TOR)
(Salvador et al., 2013).

Entretanto, no mesmo estudo (Salvador et al., 2013a) foi observado que o estado
oligomérico era ditado pela forca idnica da solugdo tampdo utilizada, uma vez que quanto maior
a concentracdo do tampdo utilizado (Tris HCI) mais complexo era o estado oligomérico
observado e que eram esperados estados oligoméricos mais complexos em condi¢fes proxima da
fisioldgica. J& em estudos mais recentes (Salvador et al., em elaboracdo) foi verificado que
quando utilizado um tamp&o com menor forca id6nica (bicarbonato de amonio, por exemplo)
resultados obtidos por espalhamento dinamico de luz sugerem que o estado oligomérico
predominante era 0 monomérico.

Em relacdo a atividade miotoxica desta proteina, mais baixa que a apresentada por outras
Lys49-PLA,s, pode ser decorrente de: i) alteracBes estruturais e mutacfes nos residuos da regido
C-terminal; ii) formag&o oligdmeros, como tetrameros, em condi¢des proximas a fisioldgica; iii)

formacédo do dimero convencional (Salvador et al., 2013a).
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2.2.2. Moojenitoxina Il (MjTX-I11)

A MjTX-1l1 é uma Lys49-PLA, bésica de 122 aminoacidos e massa molecular de 13.5
kDa (Lomonte et al., 1990; Watanabe et al., 2005), purificada do veneno da B. moojeni. Ela
apresenta atividade miotoxica caracterizada pelo aumento dos niveis séricos de creatina quinase
e alteragcBes morfoldgicas em tecido muscular de camundongos quando estudada in vivo e in
vitro (Stabeli et al., 2006; Cavalcante et al., 2007; Salvador et al., 2013b). Sua estrutura é
estabilizada por 7 pontes dissulfeto e preserva estruturas classicas desse grupo de proteinas como
a-hélice N-terminal, short helix, loop ndo funcional de ligacio de Ca®*, 2 a-hélices antiparalelas,

2 cadeias curtas de folhas B e um loop C-terminal (Salvador et al., 2013b) (Fig. 8).

Figura 8. Estrutura cristalografica da MjTX-11 representada na forma de cartoon. Figura confeccionada no
software PyMol (DelLano, 2002).

O estado oligomérico visto por espalhamento dindminco de luz (DLS) indica um raio
hidrodindmico de 2.3 nm, correspondendo a uma massa molecular calculada de 23kDa,
indicando que esta proteina se apresenta em forma dimérica em solucéo (Salvador et al., 2013b).
O mesmo estado oligomérico é verificado para outras Lys49-PLA,s por outras metodologias
como espalhamento de raios-X a baixo angulo (SAXS) (Murakami et al., 2007), DLS (Fernandes
et al., 2010) e por cristalografia (dos Santos et al., 2009; Magro et al., 2003). Entretanto, ja foi
demonstrado que em meio acido o dimero de Lys49-PLA2s tendem a se dissociar (de Oliveria,
2001).

A MjTX-II apresenta 122 residuos, 1 a mais que varias outras Lys49-PLA,s botropicas
conhecidas. Essa diferenca se originou pela inser¢cdo de uma Asparagina (Asn) na posigdo 120 e
uma mutacdo na posi¢do 121 (His» Tyr), que gera particularidades na regido C -terminal da

proteina. Com isso ndo ha a formacdo de ligacdo de hidrogénio entre as Tyrl1l9 de ambos
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monémeros, que é provavelmente compensada pela criagdo de duas outras ligacGes de
hidrogénio com a participacdo do residuo Tyrl21 (Salvador et al., 2013b). Com base nisso,
Salvador e colaborares (2013b) sugerem que a MjTX-Il requira inibidores especificos ou
modificados quando comparados com outras moléculas capazes de inibir outras Lys49-PLA,s
pela interagdo com seu canal hidrofobico.

Em relacdo a poténcia de bloqueio neuromuscular, foi verificado que a MjTX-Il apresenta
poténcia 5 vezes maior quando comparada a MjTX-l (Salvador et al., 2013a), entretanto quando
comparada a outras Lys49-PLA,s como a BthTX-I (Cavalcante et al., 2007), apresenta poténcia de

bloqueio similar.

2.2.3. Bothropstoxina I (BthTX-1)

A BthTX- | é uma proteina miotéxica isolada do veneno da serpente Bothrops
jararacussu, isolada primeiramente por Homsi-Brandeburgo e colaboradores (1988). Assim
como as demais Lys49-PLA,s ndo apresentam atividade catalitica, tem 121 residuos, massa
calculada de aproximadamente 14 kDa (Cintra et al., 1993) e as mesmas caracteristicas
estruturais ja descritas para a MjTX-11, dado que apresentam alta similaridade de sequéncia, com
identidade de 95% (Salvador et al., 2013b).

Estudos por espalhamento dindmico de luz mostraram que a proteina apresenta-se como
mondémero quando diluida em meio &cido e dimérica quando em condicdo de pH basico e que a
18°C mostrou a menor polidispersidade entre as temperaturas varridas (10, 18, 25°C) (Cardoso
et al., em elaboracéo).

Em relacdo a atividade miotdxica mostrou-se dose e tempo dependente, tendo realizado
blogueio irreversivel das contragfes musculares evocadas indiretamente nas preparacoes frénico-

diafragmaticas de camundongos (Cardoso et al., em elaboracao).

2.2.4. Crotoxina

O primeiro componente de veneno animal purificado e cristalizado foi a crotoxina (Slotta,
1938), que € o componente mais abundante do veneno da serpente Crotalus durisus terrificus
(Faure & Bon, 1988). A crotoxina é um complexo heterodimérico 3 -neurotdxico composto por
uma componente béasica, uma fosfolipase A, pouco toxica, chamada de crotoxina B (componente
B, CB), e uma componente acida, ndo téxica e ndo enzimatica chamada de crotapotina ou
crotoxina A (componente A, CA) (Sampaio et al., 2010).

Apesar de ser a primeira toxina animal purificada e cristalizada, poucos grupos tiveram

sucesso na analise e refinamento dos dados cristalograficos (Achari et al., 1985; Santos et al.,
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2007; Marchi-Salvador et al., 2008; Faure et al., 2011) provavelmente devido ao alto nimero de
isoformas. Marchi-Salvador e colaboradores (2008) obtiveram cristais utilizando-se um pool de
isoformas de CB, tendo obtido tetrdmeros compostos por dimeros, cada um formado pelas
isofrmas CB; e CBg, (Fig. 9). Posteriormente, Faure e colaboradores (2011) reassociaram todos
0s 16 possiveis complexos CA-CB e tiveram sucesso na cristalizacdo e processamento dos dados
cristalograficos de apenas 1 estrutura, formada pelas isoformas CA,, e CBy, que forneceu a
primeira estrutura em alta resolucdo de CA (Fig. 9). Ela é formada por 3 cadeias polipeptidicas
(o, B e v) ligadas por pontes dissulfeto que 8o formadas pos -translacdo de um precursor de uma
PLA, homologa, conhecido como pro-CA (Bouchier et al., 1991; Faure et al.,, 1991). Foi
verificado também que apesar da conservacdo da sequéncia priméria do loop de ligacio de Ca**
e a presenca de residuos criticos (Tyr28, gly30, Gly32 e Asp49), a estrutura cristalogréfica
revelou que o loop ndo estava presente na CA (Faure et al., 2011). A estrutura da crotoxina B
apresenta as caracteristicas estruturais das PLA, do grupo IlA: sitio catalitico (residuos His48,
Asp99 , Tyr52, Tyr73), loop de ligacdo de Ca®*, interface com superficie de ligacdo e 7 ligagbes
dissulfeto conservadas (Saul et al., 2010; Marchi-Salvador et al., 2008).

Figura 9. Estruturas cristalograficas em forma de cartoon da crotoxina B (PDB 2QOG)(Marchi-Salvador et
al., 2008) e da crotoxina (PDB 3ROL)(Faure et al., 2011). (A) Representacdo dos monémeros A (vermelho), B
(salméo), C (Azul) e D (verde) da crotoxina B (Marchi-Salvador et al., 2008). (B) Representacdo das
subunidades acida (CA) (azul) e basica (CB) (verde) da crotoxina (Faure et al., 2011).

A caracterizacdo bioquimica desta toxina revelou diversas isoformas isoladas de amostras
individuais e de varias amostras de diferentes exemplares de C. d. terrificus, mostrando uma alta
diversidade das subunidades da crotoxina (Faure & Bom, 1987, 1988; Faure et al., 1994). Quatro
isoformas de cada subunidade foram purificadas (CA;, CA,, CAs, CA; e CBy,, CBy, CB. e CBy),
sendo que as 4 isoformas de CA e as CB,; e CBc, de CB, foram completamente sequenciadas
(Faure & Bom, 1991; Faure et al., 1991, 1993, 1994). As isoformas de CB apresentaram
pequenas alteracfes nas propriedades enziméticas e farmacoldgicas da CTX enquanto quando
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complexadas a CA, as isoformas CB,, CB. e CBy sdo mais toxicas, tem menor atividade
enzimatica e dissocia da CA mais rapidamente que a isoforma CB,, (Faure et al., 1993). Essas
diferencas especificas funcionalmente podem estar relacionadas com pequenas alteracdes nos
residuos superficiais expostos e na interface entre as subunidades (Saul et al., 2010; Faure et al.,
2011).

Apesar do mecanismo molecular de neurotoxicidade pré-sinaptica da crotoxina ndo ser
complementamente conhecido, foi verificado na estrutura cristalografica (Faure et al., 2011) os
sitios da ligacdo hidrofébica CA-CB. Foi visto também que a CA bloqueia a interface
hidrofébica da superficie de interacdo da CB, e com isso mascara 0s residuos importantes para a
interacdo da CB com fosfolipideos, diminuindo sua adsor¢cdo a membrana fosfolipidica (Krizaj et
al., 1996, 1997; Faure et al., 2003), levando a crotoxina a interagir com receptores especificos
como o0 CAPT (R48) na jungédo neuromuscular (Faure et al., 2012). Levando-se em consideracao
esse mecanismo, pode-se dizer que 0 mecanismo bioquimico da crotoxina é um exemplo de
potenciacdo molecular (Marchi-Salvador et al., 2008). Considerando a ligacdo da crotoxina ao
receptor especifico, uma vez que é formado um complexo transiente (CA-CB-R48), seguido-se
da liberacdo da CA, pode-se sugerir que a regido completamente exposta proxima do Trp80 da
CBy, do complexo da crotoxina, localizado no lado oposto da interface CA-CB pode também ser
um importante residuo de ligagdo da crotoxina ao seu receptor especifico (Faure et al., 2011).

Além das atividades bioldgicas classicas atribuidas a crotoxina como neurotoxicidade
(Bon et al., 1979; Vital Brazil et al., 2000), mio (Conte et al., 2008; Gutiérrez et al., 2008), nefro
(Amora et al., 2006), e cardiotoxicidades (Hernandez et al., 2007), possivelemnte devido as suas
inimeras isoformas, numerosos estudos tem mostrado também que esta toxina apresenta
atividade imunomodulatéria (Rangel-Santos et al., 2004; Castro et al., 2007), antiinflamatoria
(Sampaio et al., 2005), antitumoral (Yan et al., 2006) e analgésica (Zhu et al., 2008; Gutierrez et
al., 2008).

2.3. Mecanismos de agdo das PLA,s e PLA,s homologas e busca por inibidores

Fosfolipases A, sdo enzimas que catalizam a hidrdlise dos glicerolfosfolipideos de forma
dependente de calcio, e representam 0 componente mais abundante nos venenos das serpentes da
familia Viperidae (Gutierrez & Ownby, 2003).

O mecanismo de acdo catalitica das PLA,s foi inicialmente proposto por Verheiji e
colaboradores (1980) baseado na comparacgdo estrutural com serinoproteases. Nesse modelo, o
mecanismo envolve a agdo da PLA, mediada por uma base que utiliza uma molécula de agua

como um nucleofilo, que gera hidrolise de fosfolipidios em diferentes fases, como monomeérico,
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micelar ou de fases de bicamadas lipidicas, sendo que ocorre um aumento consideravel na
atividade catalitica quando ocorre formacdo de micelas por agregados de fosfolipidios
monoméricos (Verheij et al., 1981; Kini, 2003). Posteriormente, foi verificado por Scott e
colaboradores (1990) que as fosfolipases secretadas ndo eram enzimas acyl classicas
intermediérias, como ocorre no mecanismo proposto primeiramente com base na acdo das
serinoproteases. Nesse modelo, conhecido como single-water mechanism, as PLA,s se utilizam
do seu sitio catalitico His48, juntamente com o Asp49, para polarizar uma agua estrutural que
entdo ataca os grupos carbonil, sendo que o fon Ca®*, ligado no loop de coordenacéo de célcio,
estabiliza o complexo transitério tetramérico formado. Apos a desestabilizacdo desse complexo,
ocorre a liberagdo dos produtos da hidrdlise e trés moléculas de 4gua se dirigem para a regido do
sitio ativo.

Posteriormente, um novo modelo proposto, conhecido como assisted-water mechanism
sugeriu que 2 moléculas de &gua estariam envolvidas na formacdo e hidrélise do complexo
transitorio tetramérico (Rogers et al., 1996; Edwards et al., 2002). Neste modelo, a molécula de
4gua que gera o ataque nucleofilico é coordenada pelo Ca**. E esta molécula de agua estabiliza
outra molécula de H,0, que faz ligacdes de hidrogénio com a His48 e Asp99. Tal mecanismo é
suportado cristalograficamente por um mutante His48GIn de uma PLA,; humana do grupo IIA,
que apresenta atividade catalitica significativa (Edwards et al., 2002).

Em ambos 0s mecanismos propostos, o fon Ca®*, coordenado pelo oxigénio do Asp49,
serve como um eletréfilo durante a catalise (Scott, 1997; Edwards et al., 2002). De forma geral, a
catalise por enzimas PLA,s secretadas podem ser resumidas da seguinte forma: i) ligacdo do ion
Ca’* ao substrato; ii) catdlise mediada por uma base; iii) formagdo e quebra do complexo
tetramérico transitdrio; iv) liberacdo do produto de reacdo (Murakami et al., 2006). O loop de
coordenacado de calcio forma uma das barreiras do canal hidrofébico e, por isso, € importante na
interacdo enzima-substrato (Banumathi et al., 2001). Na auséncia de Ca®*, o loop fica mais
flexivel e durante a catalise, o Ca®" direciona o posicionamento estereoespecifico do substranto
no sitio ativo e o Ca?* eletrofilico polariza a ligacdo éster e estabiliza 0 estado de transicdo
(Scott, 1997). O fon Ca®* ligado, também suporta as interacdes das enzimas SPLA, com
agregados micelares, vesiculas, monocamadas e membrnas, uma vez que as forcas eletrostaticas
tem um papel fundamental na ligacdo com esses substratos (Scott et al., 1994).

Foi verificado também que quando a Asp49 é substituida por outros residuos como a Lys,
por exemplo, a proteina ndo é capaz de coordenar Ca**, levando & perda da atividade catalitica
(Doley et al., 2010), e por isso, um diferente mecanismo de acdo das PLA,s homdlogas se faz
necessario. Diversas estruturas e estudos foram realizados até a identificacdo de 13 aminoéacidos
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proximos ao C-terminal que eram capazes de causar morte celular (Lomonte et al., 1994).
Estudos posteriores com mutagdes sitio dirigidas com a proteina BthTX-1 de Bothrops
jararacussu indicaram 5 residuos que apresentam papel estrutural fundamental nos mecanismos
de acdo miotdxica (Ward et al., 2002; Chioato et al., 2002).

Além da substituicdo do residuo 49, atribuida a incapacidade para coordenagédo do calcio,
outras caracteristicas estruturais parecem estar relacionadas a auséncia da atividade catalitica
como, por exemplo, o residuo Lys122 que é conservado em todas Lys49-PLA,s mas incomum as
PLA,s cataliticas. Diversos estudos (Fernandes et al., 2010; Delatorre et al, 2011; Salvador et al.,
2013b) relataram a alta mobilidade deste residuo e sugeriram que este pode apresentar diversas
funcdes relacionadas a atividade miotdxica como, por exemplo, auxiliar na ancoragem de &cidos
graxos no canal hidrofébico com eventual hiperpolarizacdo da Cys29. Outro aminoacido, a
Tyr28, parece ter grande influéncia na coordenacgéo do calcio, uma vez que quando substituida
por uma asparagina, presente em todas as Lys49-PLA,s, deixa o loop de coordenacdo de calcio
mais aberto, pois causa um aumento da distancia entre os carbonos. (C ) dos residuos 28 e 33,
fazendo com que a regido fique pouco mais instavel (Fernandes et al., 2014). Por isso, a
inatividade catalitica das Lys49-PLA,s pode ser explicada por estas duas substituicdes, Y28N e
D49K (Fernandes et al., 2010).

Outro fator que parece ter ligacdo com a atividade miotdxica é o estado oligomérico,
sendo que as Lys49-PLA,s apresentam-se como dimero, a menos que em meio acido, onde ha a
tendéncia a monomerizacdo. Foi observado também pela anélise da cela unitaria de estruturas
cristalogréficas de diferentes Lys49-PLA,s duas possiveis configuracdes: (i) estabilizada por
interacOes entre as pontas das folhas B e residuos das hélices do N-terminal (Arni et al., 1995),
dimero chamado de "dimero convencional”, e; (ii) estabilizada por contatos entre os loops de
ligagdo de célcio e C-terminal formando uma via de ligacdo entre o sitio ativo de ambos
monémeros (Murakami et al., 2007), estrutura chamada de "dimero alternativo” (dos Santos et
al., 2009). O dimero alternativo apresenta-se mais compacto que o convencional, com um maior
numero de contatos, sendo o mais provavel que ocorra em solucéo. Esta conformacéo também
foi corroborada por analises por espalhamento de raios-X a baixo angulo (Murakami et al.,
2007). Assim, baseando-se na estrutura cristalografica do dimero alternativo, na qual os C-
terminais estdo na interface dimérica, foi proposto que o sitio miotoxico destas toxinas é
composto pelos residuos Lys20, Lys115 e Arg118 (dos Santos et al., 2009) (Fig. 10).
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Figura 10. Dimeros convencional (Esquerda, em azul) e alternativo (Direita, em verde) com residuos do sitio
miotdxico proposto por dos Santos e colaboradores (2009) destacados em vermelho.

Posteriormente, novos estudos sugeriram que estes residuos seriam 0s responsaveis por
ancorar a toxina nos grupos fosfatidil das camadas anidnicas lipidicas das membranas. E com
base nos residuos altamente conservados do C-terminal (Lys115 e Argl18) e eventualmente
auxiliado por outros residuos catidnicos expostos (Lys20, Lys80, Lys122, Lys127) foi proposto o
sitio catidnico de docagem na membrana (cationic membrane-docking site - MDoS) (Fernandes
et al., 2013). Também foi observado, quando considerado o dimero alternativo, que os residuos
hidrofobicos Leul21 e Phel25, altamente conservados (98%) nas Lys49-PLA,s botrdpicas, estdo
mais expostos ao solvente e tem uma reducéo da sua area superficial ndo acessivel ao solvente. E
que, apds ligacdo de uma molécula no canal hidrofobico, estes residuos ficam alinhados em
ambos mondmeros (Fernandes et al., 2013), aumentando assim o potencial miotéxico das
proteinas (dos Santos et al., 2009). Com base nisso, e na alta hidrofobicidade e indices de
permeabilidade (Kyte & Doolittle, 1982; Wimley & White, 1996; Naoi et al., 1977) destes
residuos, Fernandes e colaboradores (2013) sugeriram que o sitio hidrofébico esteja relacionado
com a ruptura de membrana, nomeando-0 entdo como sitio de ruptura de membrana (membrane-
disruption site - MDiS) (Fernandes et al., 2014).

Com isso, 0 mais novo mecanismo de acdo das Lys49-PLA,s botropicas proposto (Fig.
11) envolve uma transicdo alostérica e participacdo de dois sitios independentes de interagdo
com a membrana através dos seguintes passos (Fernandes et al., 2014): i) ligacdo de molécula
hidrofobica no canal hidrofdbico; ii) ativacdo alostérica do dimero alternativo com exposicéo dos
residuos do MDoS e MDIS ao solvente; iii) ancoragem da proteina & membrana pelo MDoS; iv)

penetracdo da proteina (MDIiS) e desorganizacdo da membrana; v) morte celular.
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Dimero convencional Dimero alternativo

-

>
Ligagdo de molécula hidrofébica
no canal hidrofébico com
reorientacdo do mondmero

Alinhamento do C-

terminal e MDoS para
ancoragem e do MDiS
para desestabilizacdo da
membrana

Figura 11. Mecanismo miotéxico de acdo de Lys49-PLA2s botrdpicas. Uma Lys49-PLAZ2s nativa é ativada
pela entrada de uma molécula hidrofoébica no canal hidrofébico, causando uma alteracdo alostérica
(reorientacdo do mondmero) que causa alinhamento do C-terminal e do MDoS (Lys20, Lys115 e Arg118) que
possibilita 0 ancoramento a membrana e exposi¢do do MDIS (Leul2l, Phel25) ao solvente e em posi¢do
simétrica para ambos mondmeros, que desestabiliza a membrana. Figuras confeccionadas no software PyMol
(DeLano, 2002), com excecdo da membrana modelo de 1-palmitoil-2-oleoilfosfatidilcolina (POPC), adaptada
de www.shutterstock.com.

Os é&cidos graxos que se ligam ao canal hidrofdbico supostamente sdo provenientes da
hidrélise de fosfolipidios por PLA,s cataliticas, 0 que evidencia a acdo sinérgica de ambas
classes de proteinas (Cintra-Francischinelli et al., 2009). E a penetracdo das Lys49-PLA,s na
membrana acabam por desestabilizar esta, causando perda de permeabilidade e influxo de ions e
posteriormente morte celular (Gutiérrez et al., 2003; Montecucco et al., 2008).

A elucidagdo dos mecanismos de acdo é de vital importancia, pois evidencia novas rotas
para desenvolvimento de possiveis inibidores que complementem a terapia convencional e que
possam inibir os efeitos locais causados por estas toxinas. Por isso, entendemos que a busca por
novos ligantes deve ser focada nas regides que desempenham um papel estrutural e funcional
vitais para a acdo da toxina. Por isso, sdo buscados inibidores que possam se ligar nos sitios
ativos da proteina, bloqueando o MDoS para evitar a ancoragem da proteina @ membrana ou ao
MDiS para bloguear a permeabilidade da membrana celular. Também pode ser procurado outro
tipo de ligante que bloqueie o canal hidrofobico, bloqueando a entrada de uma molécula

hidrofébica e consequentemente evitando que ocorra a alteracdo conformacional do dimero
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convencional para o alternativo, uma vez que na primeira conformacédo ela apresente atividade

miotdxica reduzida (dos Santos et al., 2009).
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2.4. Objetivos
Caracterizar termodinamicamente as interagbes entre PLA, homdlogas com diferentes
moléculas candidatas a inibidores da acdo miotoxica e entre 0os componentes da crotoxina, a

crotapotina e a crotoxina B.

2.4.1. Objetivos especificos

Determinar os parametros termodindmicos e cinéticos da interacéo entre:

e BthTX-I, Lys49-PLA, obtida do veneno da serpente Bothrops jararacussu, e &cido
chicorico e ions zinco;

e Suramina e as Lys49-PLA,s MjTX-1 e MjTX-II, obtidas do veneno da serpente Bothrops
moojeni;

e A crotapotina, ou crotoxina A (CA), e a Asp49-PLA, crotoxina B, subunidades da
crotoxina, purificadas do veneno da serpente Crotalus durissus terrificus.
Relacionar o modo da interagdo entre os candidatos a inibidor com os mecanismos de

blogueio da acdo miotdxica propostos para as PLA,s homdlogas.
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2.5. Metodologia
2.5.1. Isolamento das toxinas e ligantes utilizados

2.5.1.1. Bothropstoxina-1 (BthTX-1)

A BthTX-I foi isolada a partir do veneno bruto, obtido comercialmente, da serpente
Bothrops jararacussu. Uma aliquota de 10 mg de veneno bruto foi diluido em 500 pL de tampéo
bicarbonato de aménio (50 mM, pH 7,9) e centrifugado a 10000 rpm por 10 minutos a 4 °C. O
protocolo de fracionamento do veneno bruto e obtencdo da fracdo de BthTX-I foi adaptado do
protocolo originalmente proposto (Cintra et al., 1993; Homsi-Brandeburgo et al., 1988) e
realizado através de cromatografia liquida de alta performance (HPLC) de exclusdo molecular
em um sistema Akta Purifier (GE Healthcare) com uma coluna Superdex 75 10/300 GL (GE
Healthcare) utilizando-se tampdo bicarbonato de aménio (50 mM, pH 7,9) como fase mdvel.
Posteriormente foi realizada uma nova etapa de purificacdo por troca idnica no mesmo sistema
HPLC utilizando-se uma coluna HiTrap SP FF (GE Healthcare) com um gradiente de
bicarbonato de amonio (50-1000 mM, pH 7,9).

A pureza da amostra foi aferida por cromatografia de fase reversa com a coluna uRPC
C2/C18 SC 2.1/10 (GE Healthcare) utilizando-se gradiente de acetonitrila (0-66,7% em acido
trifluoracético (TFA) 0,1%) no mesmo sistema HPLC.

As amostras foram concentradas até a concentracdo desejada utilizando-se filtros
concentradores Vivaspin (GE Healthcare).

O ligante, candidato a inibidor de atividade miotoxica, titulado a BthTX-I foi o &cido
chicorico (C7243, Sigma Aldrich, St. Louis, EUA), que, segundo o fabricante, tem pureza
superior a 95%, e por isso foi utilizado sem qualquer tipo de purificacdo prévia aos experimentos
calorimétricos. Também foram realizadas titulagdes com cloreto de zinco (Sigma Aldrich, St.
Louis, EUA) na proteina. Ambas as solugbes nao tiveram nenhum tratamento prévio, com

excecao do ajuste de pH entre as solucgdes da titulacdo entre a BthTX-1 e cloreto de zinco.

2.5.1.2. Crotoxina A (CA) e Crotoxina B (CB)

As fracdes de Crotoxina A e Crotoxina B foram obtidas pela purificacdo do veneno bruto,
obtido comercialmente, da serpente Crotalus durissus terrificus por HPLC de exclusdo
molecular seguida por uma etapa de fase reversa utilizando-se um cromatdgrafo AKTA Purifier
(GE Healthcare), conforme previamente descrito (Oliveira et al., 2002; Hernandez-Oliveira et
al., 2005).
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O veneno bruto (15 mg) foi diluido em 500 pL de tampéo bicarbonato de aménio (50
mM, pH 8,0) e entdo centrifugado a 10000 rpm por 10 minutos a 4 °C. O sobrenadante foi
aplicado em uma coluna Superdex 75 10/300 GL (GE Healthcare) equilibrada com bicarbonato
de amonio (1 M, pH 8,0). As fracdes de CTX obtidas na etapa de HPLC de exclusdo molecular
foram liofilizadas e armazenadas a -20 °C. Para separar as subunidades CA e CB foi realizada
uma etapa de HPLC de fase reversa, sendo nesta, aliquotas de 2 mg de CTX dissolvidas em
acido trifluoracético (TFA)(tampdo A) e aplicado em uma coluna C18 (Sephasil Peptide
4.65m/250, Pharmacia Biotech) pré-equilibrada com tamp&o A. As proteinas foram eluidas com
gradiente linear (0-100% B) de 0,1% TFA em 66,6% de acetonitrila (tampé&o B). As fracOes de

CA e CB foram liofilizadas e armazenadas a -20 °C até seu uso.

2.5.1.3. Moojenitoxina | e Moojenitoxina Il (MjTX-1 e MjTX-II)

As proteinas MjTX-I e MjTX-1I foram isoladas do veneno bruto, obtido comercialmente,
da serpente Bothrops moojeni. Aliquotas do veneno foram diluidas em tampé&o bicarbonato de
amonio (50 mM, pH 8,0) e centrifugadas a 10000 rpm a 4 °C por 10 minutos. O sobrenadante foi
submetido a HPLC de troca idnica utilizando-se um gradiente de 0,05 — 0,5 M de bicarbonato de
amonio, pH 8,0 em uma coluna CM-FF (GE Healthcare) previamente equilibrada com
bicarbonato de aménio (50 mM, pH 8,0). O protocolo utilizado foi otimizado por Soares e
colaboradores (1998) baseando-se no protocolo originalmente proposto (Lomonte et al., 1990).

O pico correspondente as fracoes de MjTX-1 e de MjTX-1I tiveram suas purezas aferidas
por eletroforese em gel de poliacrilamida a 13 % em condicGes desnaturante (Tris HCI pH 6,8,
Sodium Dodecyl Sulfate (SDS); B-mercaptoetanol; azul de bromofenol).

As amostras foram concentradas utilizando-se filtros Vivaspin (GE Healthcare).

O ligante utilizado foi o sal sodico de suramina (suramin sodium salt, S2671,

SigmaAldrich) que foi utilizado sem qualquer purificacdo prévia.

2.5.2. Calorimetria de Titulacdo Isotérmica (ITC)

Todos os experimentos de calorimetria de titulagdo isotérmica foram realizados em um
microcalorimetro iTCy (GE Healthcare). Os calores de agitacdo e diluicdo de todas as reagdes
foram determinados em experimentos controle e foram subtraidos das titulacdes anteriormente a
determinacdo dos parametros termodindmicos. Em cada um dos complexos de interagdo
estudados, algumas caracteristicas proprias do sistema como concentracdo, pH, tampédo e
temperatura foram alteradas a fim de otimizar as condi¢Ges experimentais para que fornecessem

o0s resultados com os menores erros associados e estdo descritas abaixo. Os termogramas e
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isotermas de ligacdo apresentados sdo representativos de cada titulacdo, uma vez que apos a
otimizag&o, os experimentos foram realizados, no minimo, em duplicata.

A analise dos dados foi realizada com as seguintes etapas: (i) ajuste de linha de base no
termograma e calculo das areas dos picos e subtracdo dos calores de dilui¢do da espécie titulada,
que foi realizada no software Origin, fornecido pelo fabricante, ou no software Nitpic (Keller et
al., 2012; Scheuermann & Brautigam, 2015), de acordo com a caracteristica da curva observada;
(ii) analise do melhor modelo de ligacéo a ser utilizado baseando-se nos termogramas obtidos e
nos dados de metodologias ortogonais utilizadas (cristalografia, espalhnamento dinamico de luz,
espalhamento de raios-X a baixo angulo (SAXS)); (iii) aplicagdo do modelo dos polinémios de
ligagéo para determinacédo das constantes termodinamicas do sistema.  Foram utilizados
polinbmios de ligacdo (Freire et al., 2009) adaptados de Vega e colaboradores (2015) com o
intuito de determinar as constantes de dissociacdo gerais (8) e especificas (k,), de acordo com o
tipo de interacdo, as variagdes de entalpia geral de cada evento (4H) e especifica de ligacdo a
cada sitio de interacdo (4h), variacdo de entropia (AS) e se havia cooperatividade entre os &ios
ou eventos de ligacdo. Os polindmios foram implementados em ambiente MatLab (R2015a,
Mathworks) e os termogramas e isotermas foram confeccionados no add-on do software Origin

(v. 7.0, OriginLab) fornecido pela fabricante do equipamento (Malvern, Reino Unido).

2.5.2.1. Estudos calorimétricos da BthTX-1 e acido chicdrico

A titulagdo foi realizada através de 20 injecOes, a primeira com volume de 0,4 pL
(descartada anteriormente a analise de dados) e as 19 restantes de 2uL (duragdo de 4 s) de acido
chicorico (400 uM) (na pipeta) a célula de reacdo contendo BthTX-1 (50 uM). As injecGes foram
feitas a cada 240 segundos, a 20 °C, sob constante agitacdo de 1000 rpm. Tanto a proteina
quanto a espécie titulante estavam diluidas em solucdo aquosa com 5% de piridina e 5% de
etanol. A poténcia de referéncia (Reference Power) entre a célula de reacdo e de controle foi de 9
pcal/s. O calor de diluicdo do acido chicorico foi obtido pela sua titulacdo, nas mesmas
condigdes supracitadas, na célula de reacdo contendo apenas a solucdo aquosa com 5% de

piridina e 5% de etanol, sem adicéo de BthTX-I.

2.5.2.2. Estudos calorimétricos da BthTX-1 e cloreto de zinco

A titulagdo foi realizada através de 40 injecOes, a primeira com volume de 0,4 pL
(descartada anteriormente a analise de dados) e as 39 restantes de 1 pL (duragdo de 2 s) de
cloreto de zinco (2000 uM) a célula de reacdo contendo BthTX-1 (53 uM). As injecdes foram

espacadas em 240 segundos e a titulacdo foi realizada a 25 °C com agitacdo constante de 1000
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rpm. As espécies titulada e titulante estavam diluidas em tampéo Tris HCI (100 mM), 100 mM
NaCl, pH 7,0, entretanto o cloreto de zinco (titulante) teve de ter seu pH ajustado pela adi¢éo de
hidroxido de sédio. A poténcia de referéncia aplicada entre as celulas de reacdo e controle foi de
10 pcal/s. Foram realizados experimentos controle para verificar se havia diferenca de pH entre
as solucdes de diluicdo das espécies titulada e titulante e para determinar o calor de dilui¢do do
cloreto de zinco, que foram subtraidos da titulagdo BthTX-1/ZnCl, anteriormente a analise de

dados.

2.5.2.3. Estudos calorimétricos da MjTX-1 e suramina

A interacdo entre a MjTX-1 e a suramina foi determinada pela titulagdo composta por 20
injecOes (primeira de 0,4 pL (excluida anteriormente a analise de dados) e as demais 19 de 2 pL
com duragdo da injecdo de 0,8 e 4 s, respectivamente) de suramina (750 uM) a célula de reacéao
contendo MjTX-1 (50 uM) espacadas entre si por 240 s. Ambas espécies, titulada e titulante,
estavam diluidas em tampdo bicarbonato de aménio (50 mM, pH 8,0). As titulacdes foram
realizadas a 25°C, aplicando-se uma poténcia de referéncia entre as células de reagédo e controle

de 5 pcal/s, e ambas as espécies ficaram sob constante agitagdo de 1000 rpm.

2.5.2.4. Estudos calorimétricos da MjTX-11 e suramina

As titulagOes foram realizadas por 20 injecdes de 2 pL com duragéo de 4 s (excecgéo da
primeira injecdo de 0,4 pL, descartada anteriormente & analise de dados) de sal sodico de
suramina (600 pM) a célula de reacdo contendo 45 uM de MjTX-II. As injecOes foram repetidas
a cada 240 s, com agitacdao constante de 1000 rpm. As titulacdes foram realizadas aplicando-se
poténcia de referéncia de 5 pcal/s entre as células de reacdo e controle, a 25 °C, sendo ambas as
soluc@es diluidas em tamp&o bicarbonato de aménio (50 mM, pH 8,0). Os calores de dilui¢do da
suramina foram determinados em experimentos controle pela adicdo da mesma solucdo titulante

a célula de reacéo contendo apenas o tampao utilizado.

2.5.2.5. Estudos calorimétricos da Crotoxina A (CA) e Crotoxina B (CB)

Os experimentos calorimétricos foram realizados a 25 °C, com ambas proteinas diluidas
em tampdo formato de amoénio (50 mM, pH 6,55). As titulagdes foram compostas de 1 injecdo de
0,4 L, excluida anteriormente a andlise de dados, e de outras 19 injecGes de 2 pL (duragéo de 4
s) de CA (240 uM) a célula de reacdo contendo CB (15uM) a cada 180 s. A poténcia de
referéncia (Reference Power) aplicada entre as células de reacdo e controle foi de 10 pcal/s. A

primeira injecdo de 0,4 uL (duracdo de 0,8 s) foi excluida anteriormente & anélise de dados. Os
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calores de diluicdo da CA foram calculados pela titulacdo desta a célula de reacdo contendo
apenas tampao, e os calores de diluicdo da CB foram calculados pela inje¢do de tampdo a célula
de reacdo contendo solucdo de CB. Ambas as titulacdes controle foram realizadas nas mesmas

condigdes citadas anteriormente.
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2.6. Resultados e Discusséo

Um dos maiores desafios atualmente na area de toxinologia é a elucidagdo dos
mecanismos de acdo das proteinas constituintes dos venenos de diferentes animais peconhentos
e, com base nisso, desenvolver terapias alternativas para o tratamento de lesGes decorrentes de
envenenamento que ndo sao neutralizadas pela soroterapia convencional.

Os venenos podem ser bastante diferentes, com micro ou macrovariagdes, mas eles
também compartilham varios compostos ao longo dos niveis taxonémicos. Ao longo do processo
evolutivo, 0s répteis venenosos tiveram varias moléculas regulatérias de diversas vias
metabdlicas recrutadas como constituintes de seus venenos (Fry, 2004), e como a sele¢do
evolutiva parece ser limitada, as proteinas dos venenos pertencem a um pequeno nimero de
familias protéicas (Calvete et al., 2007). Entretanto, esta pequena diversidade de proteinas sofreu
uma rapida evolucdo in situ, resultando na atuacdo em diversas atividades mesmo com uma
mesma estrutura molecular conservada. Estas formas estruturais séo vistas repetidamente dentro
dos constituintes dos venenos, particularmente entre as toxinas three-finger (3FTX) (Kini, 2002;
Pawlak et al., 2006, 2009), as PLA, (Nakashima et al., 1995; Kini, 2003; Chuman et al., 2000),
serinoproteases que afetam a homeostase (Deshimaru et al., 1996; Serrano & Maroun, 2005),
proteinas secretadas ricas em cisteinas (CRISPs) (Yamazaki & Morita, 2004), desintegrinas
(Juérez et al., 2008) e metaloproteases (Matsui et al., 2000).

Quando se trata de acidentes ofidicos por serpentes, as PLA; e PLA; homélogas tém um
papel fundamental na necrose de masculos esqueléticos, que podem resultar em perda de tecido,
incapacidade e sequelas permanentes como amputacdes (Gutiérrez & Lomonte, 1995; Fernandes
etal., 2015).

Na América Latina, uma das maiores causadoras de acidentes ofidicos sdo as serpentes
do género Bothrops (de Oliveira, 2009; Williams et al., 2010). Nestas serpentes, grande parte do
volume do veneno é composto por PLA, e PLA, homologas, que sdo responsaveis pela
mionecrose nas areas adjacentes a picada e, por isso, estas proteinas apresentam elevada
importancia terapéutica (Murakami et al., 2007). Em nosso trabalho foram estudadas 3 diferentes
PLA, homologas, a BthTX-I da serpente Bothrops jararacussu, e a MjTX-1 e MjTX-Il, ambas da
serpente Bothrops moojeni, complexadas a diferentes candidatos a inibidores.

Outra serpente que apresenta relevante importancia é a Crotalus durissus, amplamente
distribuida geograficamente no Brasil, também causando um elevado numero de mortes
decorrente de envenenamento (Cardoso, 2003). O veneno dessa serpente é capaz de dissociar a
transmissdo neuromuscular e provocar sintomas de mialgia, causando paralisia progressiva. Em
pessoas acometidas por envenenamento por esta serpente, a neurotoxicidade sistémica é
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frequentemente acompanhada de rabdomidlise, causando necrose tubular aguda e falha renal,
gue representa a causa primaria da morte (Azevedo-Marques et al., 2009; Vital-Brazil, 1966a,b).
A neuro e miotoxicidades devido ao envenenamento pela picada da C. durissus € atribuida a alta
concentracdo de crotoxina (Warrell, 2004), uma PLA, heterodimérica que exibe neurotoxicidade
pré-sinaptica (Bon et al., 1989; Bon, 1997; Sampaio et al., 2010) que também foi alvo de nossos
estudos.

Desvendar as relagcfes estrutura-funcéo das interacfes proteina-ligante é fundamental no
campo das ciéncias moleculares (Olsson et al., 2008), e com esse intuito diversos estudos
estruturais e funcionais ja foram realizados com essas subclasses de proteinas buscando-se novos
inibidores (Ticli et al., 2005; Marcussi et al., 2007; Lomonte et al., 2009; dos Santos et al.,
2011). Entretanto, descobrir e otimizar inibidores baseando-se apenas em estudos
cristalograficos e funcionais ndo é pratico e demanda muito tempo. Por isso, metodologias
ortogonais como espectroscopias de fluorescéncia e no visivel, ressonancia magnética nuclear e
calorimetria sdo essenciais e necessarias para complementar os estudos de descoberta e
otimizacdo de farmacos (Henry, 2001). Apenas dados estruturais, mesmo quando acoplados a
sofisticadas técnicas computacionais ndo sdo capazes de definir precisamente 0os modos das
ligacbes moleculares ou mesmo predizer suas afinidades de ligagdo. Por isso, a caracterizagéo
termodindmica da interagdo destas proteinas com moléculas candidatas a inibidores da atividade
miotoxica é importante nos campos tanto da ciéncia basica quanto aplicada, incluindo biofisica
molecular e de drug design (Klebe, 2015; Kantonen et al., 2017; Olsson et al., 2008).

A calorimetria de titulacdo isotérmica é o Gnico método capaz de determinar ndo apenas a
constante de dissociacdo (k;), mas também a variacdo de entalpia (4AH) em uma Unica medida
em uma unica temperatura (Wiseman et al., 1989; Velazquez-Campoy et al., 2004; Ladbury &
Chowdhry, 1996; Ladbury et al., 2010). Além disso, as informagdes geradas por ITC como
variacdo de entalpia de ligacdo e afinidade entre as espécies titulada e titulante fornecem
informacbes sobre a fisica das interacbes ndo covalentes e nos ajudam em nosso objetivo de
definir os modos de acdo de drogas inibidoras (Kantonen et al., 2017). Também, se fosse nosso
objetivo, através da calorimetria também poderiam ser determinados os efeitos e entender em um
nivel mais profundo as alteracdes na afinidade de ligacdo entre os compostos apds substituicoes
moleculares (Weber & Salemme, 2003; Chaires, 2008; Klebe, 2015).

Esse trabalho apresenta relevancia aplicada a salide humana, uma vez que pode auxiliar
na busca de inibidores para as proteinas ndo neutralizadas pela soroterapia convencional, além
disso, apresenta grande importancia académica uma vez que apresenta analises de complexas
interacdes, enquanto a maioria dos trabalhos relatados utilizando-se calorimetria de titulacéo
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isotérmica apresentava até pouco tempo apenas modelos de interagdo de apenas 1 sitio. 1sso
ocorria, pois estudos de ligacdo de pequenas moléculas a proteinas podem se tornar
extremamente complexos, pois muitos sitios protéicos ndo sdo conhecidos ou processos
desencadeados pela complexacdo das especies titulada e titulante, como oligomerizacao, ndo sao
completamente entendidos (Falconer, 2016). Como serd visto nas proximas se¢des, foram
analisados casos de ligagcdes simples com estequiometria 1:1, como no caso entre BthTX-I e
4cido chicérico, e mais complexos, como no caso BthTX-1/Zn*, além dos casos que indicam
oligomerizacdo (MjTX-1 e MjTX-Il com suramina) e cooperatividade nos eventos de ligacdo
(CA/CB).

2.6.1. Analise termodinamica da interacéo entre BthTX-I e &cido chicorico

J& foram relatados diversos estudos relacionando a eficicia de extratos naturais e seus
compostos bioativos na inibicdo dos efeitos miotoxicos (Ticli et al., 2005; Aung et al., 2011a;
dos Santos et al., 2011), paralisante (dos Santos et al., 2011), hemolitico (Agoro, 1978) e
hemorragico (Aung et al., 2011b) de diversas fosfolipases A, de diferentes venenos. Em nosso
estudo, foi verificada a termodindmica da interacdo entre a BthTX-I e o &cido chicdrico,
composto vegetal fenolico, isolado pela primeira vez a partir das folhas de Cichorium intybus
(Scarpati & Oriente, 1958), e depois em uma ampla gama de plantas de diferentes ordens (Lee &
Scagel, 2013).

O termograma da titulacdo do &cido chicorico em BthTX-I apresentou comportamento
apenas exotérmico. O calor gerado nas ultimas injecdes da titulacdo ndo foram tdo baixos (Fig.
12, painel superior) quanto os vistos em outros trabalhos de nosso grupo (Salvador et al., 2015;
de Barros et al., 2016) devido ao uso de solventes organicos como piridina e etanol para a
diluicdo da espécie titulante. Com o intuito de minimizar o calor de diluicdo dessas espécies,
foram usadas solucdes tampdo com a mesma composi¢cdo para diluir as espécies titulante e
titulada, entretanto pequenas diferencas podem ter acontecido, pois o preparo das solucgdes
tampéo era diferente. Enquanto a BthTX-1 era diluida na solucdo pronta (solu¢do aquosa com 5%
de piridina e 5% de etanol), o &cido chicorico era diluido em piridina (50%) e etanol (50%) e
posteriormente diluido para obtengdo de solugdes com volume final de 5% de etanol e 5% de
piridina, conforme ja realizado por Griiner e colaboradores (2014) com outros ligantes pouco
sollveis. Entretanto, isso tem pouca influéncia na analise da variacdo de entalpia (AH), pois 0
calor obtido pelo possivel mismatch entre os tampbes foi determinado através da titulacao
controle, realizada pela titulacdo de &cido chicérico na solugdo tampdo usada para diluir a
proteina. Os valores encontrados na titulacdo de diluicdo da solugdo de &cido chicorico (titulagdo
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controle) foram constantes, ou seja, ndo eram concentracdo-dependente e seus valores foram
muito proximos aos encontrados na ultima injecdo da titulagdo &cido chicorico/BthTX-I. Os
valores da energia obtidos na titulacdo controle foram descontados da titulagdo 4acido
chicorico/BthTX-I anteriormente a anélise de dados.

As areas dos picos foram determinadas automaticamente pelo Add-on do software Origin
(v.7.0) fornecido pelo fabricante, uma vez que o termograma apresentou excelente relacdo
sinal/ruido e ndo apresentou artefatos de baixa nem de alta frequéncia. A determinacdo dos
parametros termodinamicos foi realizada apos a subtracdo dos calores obtidos na reacéo controle,
dos dados obtidos na titulagdo do &cido chicdrico com a BthTX-1 em si.

Baseando-se no formato da isoterma obtida (Fig. 12, painel inferior), que apresenta
valores da constante de Wiseman (Wiseman et al., 1989) proximos ao regime 6timo (Broecker et
al., 2011), a anélise de dados foi realizada deixando-se o valor da estequiometria flutuante, assim
foram determinados os valores da estequiometria (n), variacdo de entalpia AH) e constante de
dissociacdo (k,). Optou-se por deixar a estequiometria flutuante uma vez que deste modo reduz-
se a sensibilidade dos pardmetros termodinamicos calculados (k; e AH) a possiveis erros de
determinacédo da concentracdo da espécie titulada (Griner et al., 2014; Tellinghuisen & Chodera,
2011). Esse mesmo procedimento pode ser realizado no Add-on do software Origin (v.7.0)
fornecido pelo fabricante, enquanto no software Sedphat, por exemplo, ele é deixado fixo, mas
para o melhor refinamento dos dados sugere-se e, 0 software possibilita, o calculo do erro das
concentracdes das espécies titulada e titulante explicitamente (Brautigam et al., 2016; Houtman
et al., 2007; Zhao et al., 2015), deixando que o usuario decida qual concentracdo, da espécie
titulante ou titulada, ou de ambas espécies, devem ser corrigidas. No caso do Sedphat, apds
calcular o erro associado as concentracdes, ele refaz o refinamento dos dados considerando o
valor ajustado da concentracdo para a determinacdo dos parametros termodinamicos.

Com base nisso, foram determinados os parametros termodinamicos e cinéticos descritos

na tabela 1 e com base nesses dados foi obtida a isoterma de ligacéo representada na figura 12.
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Figura 12. Calorimetria de titulacdo isotérmica (ITC) da interagdo entre acido chicorico e BthTX-I. (Painel
superior) Termograma obtido pela titulagdo de acido chicorico (400 uM, pipeta) na BthTX-I (50 uM, célula
de reacdo), diluidos em solugdo aquosa com 5% piridina e 5% etanol, a 20°C. A linha preta representa a
poténcia aplicada pelo microcalorimetro iTCy, para manter as células de reagdo e controle a mesma
temperatura e a linha vermelha representa a linha de base determinada pelo add-on do software Origin v.7.0
(OriginLab) para o célculo das areas dos picos. (Painel Inferior) Isoterma de ligacdo ajustada com polinémio
de ligacdo com 1 sitio. Os pontos das isoterngs representam as areas dos picos do termograma da
titulacdo, calculados automaticamente no add-on do software Origin v.7.0 (OriginLab), e a linha preta
representa o ajuste do modelo de ligag&o.

Tabela 1. Parametros termodinadmicos da interacdo entre acido chicérico e BthTX-1 determinados por ITC
realizada a 20°C utilizando-se como tampao solugédo aquosa com 5% etanol e 5% piridina.

n (nUmero de sitios) 0,72+0,01

kg (UM) 8,47+1,26

AH (kcal/mol) -3,97+0,14
—T. AS (kcal/mol) -2,83

Nos estudos aqui apresentados, utizamos a massa medida (pesada) no célculo das
concentragdes dos ligantes, enquanto as concentracbes das proteinas sdo determinadas
espectrofotometricamente. Durante as andlises de dados, caso seja necessario ajustar as
concentragcOes das espécies titulada ou titulante, elas sdo ajustadas da seguinte forma: i) se a
estequiometria obtida tivesse um valor maior que o esperado, por exemplo num sistema com
interacdo 1:1, a concentracdo do ligante é ajustada, pois isso é indicativo que hd menos ligante
que o valor assumido (Griiner et al., 2014); ii) se a estequiometria tiver um valor menor que o
esperado, por exemplo um valor abaixo de 1 para um sistema com interacdo 1:1, a concentracao

da proteina (espécie titulada) é ajustada.
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O célculo da concentracdo da BthTX-I foi feita considerando-se um dimero e a do acido
chicérico foi feito pela sua massa molecular e, com base na estequiometria calculada de
0,72+0,01 sitios, pode-se considerar que estd ocorrendo a ligacdo de 1 molécula de acido
chicorico por dimero de BthTX-I. A diferenca do valor obtido para 0 namero inteiro mais
préximo, nesse caso 1, se deve possivelmente a erros na determinagcdo da concentracdo da
proteina, ou ela esteja parcialmente em seu estado inativo ou parcialmente com folding correto
(Tellinghuisen, 2005).

O valor da estequiometria obtido nos estudos calorimétricos é condizente com a estrutura
cristalogréfica obtida (Cardoso et al., em elaboragdo), que mostrou um dimero em sua
conformacdo convencional (Ward et al., 1998) complexado & uma molécula de &cido chicérico
(Fig. 13).

o T

Figura 13. Estrutura cristalografica do complexo BThtX-1/Acido chicérico. (A) Representacio da BthTX-I na
forma de dimero convencional, em forma de cartoon (vermelho), e acido chicorico (sticks, verde). (B) Nuvem
de potencial eletrostatico gerado para a BThTX-1 com as cargas positivas em azul e as negativas em vermelho
e 0 acido chicérico em forma de sticks (verde).

A isoterma de ligacdo apresentou um processo exotérmico monotdnico, ou seja, sem
variacdes entélpicas exotérmicas e endotérmicas explicitas, como 0s que serdo mostrados nas
secOes futuras deste trabalho. Esse comportamento é caracteristico de apenas um evento de
ligagdo ou de mais de um evento com afinidades e varia¢fes entalpicas muito proximas (Perozzo
et al., 2004; Velazquez-Campoy et al., 2004; Bernardes et al., 2015). Por isso, foi considerado
que houve apenas um evento de ligagdo com comportamento entalpicamente favoravel, com
AH = —3.97+0.14 kcal/mol. Como o calor medido representa a troca de calor global devido a
interacdo entre as biomoléculas (Perozzo et al., 2004), o termograma indica que as ligacdes
realizadas foram mais energéticas que a adsorcdo de moléculas de agua que estavam na regido de

ancoragem do ligante (Freire, 2004). Entretanto, quando foram verificadas quais ligagoes
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estavam ocorrendo entre as biomoléculas, de acordo com a estrutura cristalogréafica, foi

verificado que eram apenas interacdes hidrofdbicas (Fig. 14).

Prol7 (A}

Figura 14. Diagrama das ligacOes estabelecidas entre a molécula de &cido chicérico e a BthTX-1 em sua
conformacao dimérica convencional. Tragos pretos significam as ligagdes entre os atomos de carbono (pontos
amarelos) e oxigénio (pontos vermelhos) da molécula de acido chicorio. Figura confeccionada no software
LigPlot (Wallace et al., 1995) com base na estrutura cristalografica resolvida do complexo BthTX-1/Acido
chicdrico.

A estrutura cristalografica refinada distoa de diversas outras apresentadas, que mostram
gue miotoxinas botropicas se apresentam na conformacdo dimérica “alternativa” para
desestabilizar membranas biolégicas (dos Santos et al., 2009b; Gallaci & Cavalcante, 2010;
Fernandes et al., 2014), além de, na conformacdo alternativa, apresentar valores de energia livre
mais favoraveis para as interfaces hidrofobicas e maior area de interface (dos Santos et al.,
2009b; Fernandes et al., 2010; 2013). Entretanto, quando os dados cristalograficos foram
refinados com base no dimero alternativo, foi observado que a molécula de acido chicoérico fazia
menos interagdes com o dimero de BthTX-I, quando comparada &s interacbes com o dimero
“convencional”, e o &cido chicérico ainda ficava com regides livres expostas ao solvente (Fig.
15). Por isso, essa conformacgdo € considerada menos favoravel que quando o complexo é

refinado com a BthTX-1 em sua conformacao “convencional” (Cardoso et al., em elaboracao)
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Figura 15. Estrutura cristalogréafica do complexo BThtX-1/Acido chicérico. (A) Representagdo da BthTX-I na
conformacédo de dimero alternativo, em forma de cartoon (vermelho), e acido chicorico (sticks, verde). (B)
Nuvem de potencial eletrostatico gerado para a BThTX-1 com as cargas positivas em azul e as negativas em
vermelho e o &cido chicérico em forma de sticks (verde).

Ao se analisar a unidade assimétrica da estrutura cristalografica obtida, Cardoso e
colaboradores (em elaboragdo) observaram 2 dimeros de BthTX-I na conformacédo alternativa,
sendo que nesta estrutura conformacional tetramérica, o é&cido chicérico faz contatos

hidrofébicos com todos os mondmeros da toxina (Fig. 16).

Figura 16. Representacdo tetramérica do complexo BthTX-l/Acido chicérico. (Esquerda) Conformacéo
tetramérica gerada pela simetria da unidade assimétrica com dois dimeros da proteina em sua conformacao
convencional (monémeros da mesma cor) ou dois dimeros em conformacéo alternativa (monémeros com
cores diferentes). (Direita) Diagrama de interagdes da molécula de acido chicérico com a estrutura
tetramérica de BthTX-l. Os pontos amarelos e vermelhos denotam os atomos de carbono e oxigénio,
respectivamente, e os tracos pretos as ligagdes entre 0s &tomos.

Entretanto, analisar os dados obtidos por calorimetria de titulacdo isotérmica com um
modelo de ligagdo que caracterize a ligacdo de uma molécula de acido chicorico em um dimero
de BthTX-1 com posterior complexagdo de outro dimero de BthTX-I (formagdo do tetrdmero)

55



Resultados e Discussdo

ndo foi possivel, pois 0 comportamento termodindmico obtido ndo corrobora esse modelo de
ligagdo, tampouco as formas geométricas da isoterma de ligacdo obtida. Entretanto, cabe
ressaltar que as condigcdes de realizacdo do experimento calorimétrico ndo sdo iguais as
condicdes realizadas nos experimentos de cristalizacdo, e por isso ndo se pode afirmar que a
formacdo do complexo tetramérico esteja errada. Podemos apenas concluir que, com base no
experimento calorimétrico, 0 modelo mais adequado é a ligacdo do acido chicérico a um dimero
de BthTX-I.

Os experimentos funcionais de miotoxicidade foram realizados no departamento de
Farmacologia pelos Drs. Fabio F. Cardoso e Walter L. G. Cavalcante utilizando-se preparagdes
do nervo frénico-muasculo diafragma de camundongos. Neste experimento foram realizadas
medidas temporais das contracGes diretas e das evocadas indiretamente no musuclo/nervo
frénico com a presenca e auséncia da BthTX-l1 incubada ou ndo com &cido chicorico. Os
resultados mostraram que quando a BthTX-I foi incubada com éacido chicorico, houve protecdo
total da preparacdo muscular, uma vez que ndo houve paralisia significativa das contragoes
musculares (Cardoso et al., em elaboracdo). Por isso, com base no efeito protetor a preparacéo
muscular promovida pelo &cido chicérico, e comparando a afinidade determinada por ITC com
o0s dados da literatura (Freire, 2008), podemos considerar que o composto apresenta afinidade da
ordem das apresentadas por compostos nas primeiras rodadas de screenings de alta escala ou de
screenings de fragmentos. Além disso, as variacGes da entalpieHE — -3.97+0.14 kcal/mol) e
entropia (AS=-2.83 kcal/mol) observadas tem iguais proporcdes a energia livre de ligacédo, fato
também observado para outras proteinas e medicamentos de programas de quimica medicinal,
conforme demonstraram as analises do banco de dados Scorpio (Olsson et al., 2008). Entretanto,
se formos comparar a afinidade do acido chicorico pela BthTX-I com as afinidades de
compostos anti-HIV comerciais, que ja passaram por diversas fases de otimizacdo, que sdo da
ordem de nano a picolar (Freire, 2008), ainda seriam necessarias otimizacdes da molécula que
levem & variacOes da energia livre em torno de -8 a -10 kcal/mol (Kawasaki & Freire, 2011).

Essa variacdo na energia livre de ligacdo apesar de ser consideravel, pode ser alcancada
com rodadas de otimizagdo molecular, uma vez que ligacdes de hidrogénio com geometrias
favoraveis contribuem com variacdes entalpicas da ordem de -4 a -5 kcal/mol (Kawasaki &
Freire, 2011). E como se trata de um composto pequeno, que com base na estrutura
cristalogréfica ainda ndo faz ligagdes de hidrogénio, tem poucas restrices confomacionais,
indicativo de poucas perdas entropicas, com a substituicdo ou incorporacdo de grupos

moleculares, pode-se chegar a um composto com excelente afinidade.
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Mas, para ser considerado um inibidor efetivo, deve-se buscar a otimizagdo entalpica do
composto, com formacdo de ligacdes de hidrogénio, que apesar de ser um trabalho mais &rduo
(Freire, 2008, 2009; Williams et al., InPress), se faz necessario. A otimizacao entalpica, com
consequente aumento da seletividade e especificidade é fundamental, pois diversas outras PLA,
estdo presentes em diversas vias metabdlicas de humanos, evitando assim que esse composto
atue e altere outras vias/rotas fisiologicas.

Considerando-se que o acido chicdrico tem potencial como futuro inibidor, com base nas
estruturas cristalogréficas, quando considerada a estrutura da BthTX-I proposta como dimero
alternativo, pode-se sugerir seu potencial de inibicdo da atividade miotoxica pela acdo de
bloqueio do canal hidrofébico, uma vez que nao foram observadas moléculas de PEG no canal
hidrofobico, as quais estavam nas condi¢cdes de cristalizagdo. Esse mecanismo inibiria a acéo
miotdxica, pois ndo possibilita a ativacdo alostérica da BthTX-1 (Fernandes et al., 2014),
diminuindo seu potenical de acdo miotoxica. Outro fator que contribui ainda mais para a inibicéo
do efeito miotoxico é a formacdo de oligdmeros de alta ordem, nesse caso tetrameros, o que
favorece para diminuir ainda mais sua atividade (Salvador et al., 2015). Se for considerado o
complexo BthTX-I/acido chicérico em sua conformacédo dimérica, na qual a BthTX-1 apresenta-
se como dimero convencional que é estabilizado pela molécula de acido chicérico, os arranjos
estruturais da regido C-terminal ndo ficam alinhadas, sugerindo uma diminuicao consideravel do

potencial miotoxico da proteina (Fernandes et al., 2014) (Cardoso et al., em elaboracéo).

2.6.2. Analise termodinamica da interacdo entre BthTX-I e cloreto de zinco

A grande maioria dos trabalhos que buscam inibidores tem seu foco em compostos de
plantas utilizadas na medicina popular de paises em desenvolvimento (Sanchez & Rodriguez-
Acosta, 2008; Soares et al., 2005), e poucos estudos tem se voltado & avaliagdo de ions na
inibicdo do veneno de serpentes, mais particularmente & toxinas PLA, homologas (Rodrigues-
Simioni et al., 1995; Soares et al., 2002; Heluany et al., 1992).

O zinco apresenta efeito antioxidante e antiinflamatdrio e pode ter papel benéfico nas
patologias cardioldgicas e na arterosclerose (Little et al., 2010). Também j& foi relatado seu uso
na prevencdo de tipos especificos de cancer (Prasad et al., 2009; Dhawan & Chadha, 2010;
Grattan & Freake, 2012) e cegueira em pacientes com degeneracdo macular relativa a idade,
como adjuvante no tratamento de diarréia, para ajudar o sistema imune, no tratamento de
resfriado, doenca de Wilson e anemia falciforme (Prasad, 2012). Entretanto tambem ja foi
verificado que a presencga deste ion em determinadas concentragcdes o torna toxico para uma
ampla variedade de tipos celulares in vitro (Bozym et al., 2010).
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Com o intuito de verificar se hé interacdo BthTX-1/Zn** e se ions de zinco apresentam
efeito inibitorio a acdo miotoxica da BthTX-I, foram realizados diversos experimentos tais como
testes funcionais, estruturais e calorimetricos para verificar, respectivamente, se ocorre inibigcdo
do efeito miotoxico, onde ocorre ligacdo dos ions a BthTX-1 e com qual afinidade os ions se
ligam (Borges et al., 2017).

Foi verificado experimentalmente que os ions zinco inibiram a atividade miotoxica da
BthTX-1 em preparacdes musculares de camundongos em aproximadamente 80% (Borges et al.,
2017).

O experimento calorimétrico foi realizado pela titulacdo da solucdo de cloreto de zinco
(2000 pM, pipeta) a BthTX-1 (53 uM, célula de reagdo), que resultou em um termograma que
apresentou comportamento exotérmico e uma isoterma de ligacdo que denota um sistema de
interacdo com baixa afinidade (Biswas & Tsodikov, 2010) entre a proteina e os ions de zinco
(Fig. 17).

Como o sistema, com base no termograma obtido, apresentou baixa afinidade, os pontos
de inflexdo da curva, que sugerem as estequiometrias de ligacdo (Perozzo et al., 2004), nao
foram determinados. Por isso, com o intuito de determinar a estequiometria da interacdo e a
afinidade de ligacdo para cada sitio, foram ajustados modelos matematicos com 1, 2 ou 3 sitios
de ligacdo, sendo que em cada modelo os sitios eram considerados independentes entre si. Os
modelos mateméticos foram ajustados aos pontos da isoterma de ligacdo, que foram
determinados pelo ajuste automatico da linha de base e do célculo da area dos picos atravées do
software Nitpic (Keller et al., 2012; Scheuermann & Brautigam, 2015). Foi escolhido o software
Nitpic, pois 0 termograma apresentado apresenta-se com baixa relacdo sinal/ruido (bastante
ruido de alta e pouco de baixa frequéncia) e baixas energias por injecao.

Nesta andlise, como a afinidade de interacdo era baixa, 0 que ndo impossibilita o estudo
da interacdo (Turnbull & Daranas, 2003), mas requer alguns cuidado especificos, as
estequiometrias foram mantidas fixas de acordo com o modelo utilizado para ajustar os dados
das isotermas. Esse procedimento foi adotado, pois em experimentos com baixos valores da
constante de Wiseman (1989), fixar a estequiometria possibilita o calculo dos valores da
variacdo de entalpiaAH) e constantes de disso¢#0 ( k4) com menores erros associados
comparados aos valores estimados com a estequiometria variavel. Além disso, quando a
estequiometira € mantida fixa, os erros associados as variagdes entalpicas sdo minimizados e a
sensibilidade da variacdo de entalpia depende do grau de saturacdo da espécie titulada aos quais

0s experimentos sdo realizados (Kantonen et al., 2017).
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Para definir o melhor modelo ajustado, e assim definir a estequiometria e afinidade de
cada sitio, foram analisados tanto o ¥*/DoF (DoF, Degrees of Freedom: graus de liberdade do
ajuste) (Crepin et al., 2010) quanto os residuos (diferenca do valor experimental e do modelo
ajustado) de cada modelo ajustado, realizado através do teste F ou Akaike (Sant’Anna et al.,
2016) caso os residuos apresentem distribuicdo Gaussiana (paramétrica) ou ndo Gaussiana (néo
parameétrica), respectivamente. Devem ser feitas as andlises tanto do x> DoF quanto dos residuos
dos ajustes, pois apenas o valor de y*DoF pode levar a conclusdes errdneas do melhor modelo
ajustado, como possivelmente tenha ocorrido no trabalho de Sankhala e colaboradores (2016),
pois em modelos com maior numero de sitios, ha também maior nimeros de variaveis na anélise,
aumentando assim os graus de liberdade.

Para os diferentes modelos ajustados (n= 1, 2 e 3), foram obtidas as constantes de
dissociacdo (k;) e x*/graus de liberdade descritas na tabela 2, bem como as curvas ajustadas as

isotermas de ligacdo (Fig. 17).

Tabela 2. Par@metros termodinamicos da interacdo entre BthTX-I e ions zinco obtidos por calorimetria de
titulagdo isotérmica. Constantes de dissociacdo (K,) da interacdo BthTX-1:Zn*" obtidas através do ajuste de
modelos de ligacdo considerando 1, 2 ou 3 sitios independentes. A titulacéo foi realizada por 40 injecoes (2
uL, 4s) de fons zinco (2000 uM)(pipeta) a BthTX-1 (53 uM)(célula de reacéo) diluidos em 100 mM Tris HCI,
100 mM NaCl, pH 7.0 & 25°C.

Modelo K1 (LM) Ky (LM) K3 (UM) x%/DoF
1 sitio 188,7+31,0 7683
2 sitios 9,3+5,2 2808,9+1735,9 3792
3 sitios 83,3+25,4 62,1+25,1 300,0+104,3 2691

DoF: degrees of freedom (graus de liberdade)

Uma vez que os residuos apresentaram distribuicdo Gaussiana (Shapiro-Wilk, p-
value>0.05, Minitab) foi realizado o teste F (F test, p-value<0.05, Origin) e foi verificado que o
melhor modelo ajustado corresponde ao ajuste de 3 sitios. Outro fator que pode indicar ajuste
dos dados com modelos com muitas varidveis, ou seja, uma superparametrizacao
(overparameterization) sdo erros associados as varidveis determinadas (k;, AH) com valores na
mesma ordem de grandeza dos valores determinados ou diferencas menores que 50%, 0 que néo
foi observado nos ajustes realizados. Alem disso, como o sistema é de baixa afinidade, €
completamente compreensivel e esperado que os erros associados estejam da ordem de 20-30%

dos valores determinados.
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Figura 17. Calorimetria de titulacdo isotérmica (ITC) da interacdo entre ZnCl, e BthTX-Il. (Esquerda)
Termograma obtido pela titulagédo de ZnCl, (2000 uM, pipeta) na BthTX-1 (53 uM, célula de reagao), diluidos
em tampao Tris HCI (100 mM), 100 mM NaCl, pH 7.0 a 25°C. A linha preta representa a poténcia aplicada
pelo microcalorimetro iTC,q para manter as células de reacdo e controle a mesma temperatura e a linha
vermelha representa a linha de base determinada pelo add-on do software Origin v.7.0 (OriginLab) para o
célculo das areas dos picos. (Direita) Isotermas de ligagéo ajustadas com modelos de ligagdo de 1 sitio (Painel
superior), 2 sitios (Painel central) e 3 sitios (Painel inferior). Os pontos das isotermasrépresentam as
areas dos picos do termograma da titulacao, calculados automaticamente no add-on do software Origin v.7.0
(OriginLab), e a linha vermelha representa o ajuste do modelo de ligacao.

Os dados termodindmicos corroboram os dados cristalogréaficos obtidos por espalhamento
andémalo de raios-X, que também mostraram a interacéo de 3 fons Zn** por dimero de BthTX-I
(Borges et al., 2017). Foi verificado cristalograficamente que os ions se ligam: (i) a His48 no
canal hidrofébico do monémero A; (ii) a His120, do monémero A e; iii) a His120 do mondémero
B (Fig. 18).
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Figura 18. Estrutura cristalografica do complexo BthTX-1/Zn?*, em forma de cartoon (verde), complexada
aos ions zinco (esferas cinza) (PDB 4WTB). Desenhos representam a mesma estrutura rotacionadas em 90°.
Figura confeccionada utilizando o software PyMOL (www.pymol.org).

A estrutura cristalogréafica foi refinada com base na conformacdo alternativa do dimero de
BthTX-I. Entretanto, foi verificado na estrutura da BthTX-1/Zn** que os mondmeros S&o
diferentes, principalmente por varia¢fes nos residuos Y199 ao F125 na regido C-terminal. Como
proposto por Fernandes e colaboradores (2013), os residuos L121 e F125 sdo os responsaveis por
formar o MDiS, que é estabilizado por uma ligacdo de hidrogénio entre o oxigénio da cadeia
principal da L121 e o nitrogénio da cadeia principal da F125, dois residuos hidrofdébicos e
expostos e pela P123 rigida, que junto com a K122 forma uma -hélice curta. No complexo
BthTX-1/Zn?** 0 monémero B apresenta os residuos 121 ao 125 mais distantes entre si formando
uma estrutura secundaria de loop (Borges et al., 2017). Por isso, a proposi¢do da inibicdo do
efeito miotdxico da BthTX-I esta relacionada & ligacdo de Zn?* & His120, que ndo permite a
interacdo entre os residuos do MDiS, particularmente da Lys121 e a membrana. Além disso, a
interacdo do Zn®* com a His120 no monémero B pode interferir no bloqueio da ativacio
alostérica, ou seja, ndo permite a mudanca conformacional a conformacdo ativa da proteina
(Borges et al., 2017). Outro fator que pode estar relacionado ao impedimento da mudanca
alostérica é a ligagdo do Zn** & His48, impedindo assim a ancoragem de 4cidos graxos no canal
hidrofébico, um dos fatores preponderantes para a mudanca alostérica (dos Santos et al., 2009).

Com base nessa estrutura e em estudos de segmentacéo do canal hidrofobico da proteina
Borges e colaboradores (2017) propuseram um maior detalhamento do mecanismo de acgéo
miotoxico previamente proposto (Fernandes et al., 2014): i) ativagdo alostérica pela entrada uma
molécula hidrofébica/acido graxo em uma porcdo especifica do canal hidrofébico do monémero
A; ii) aproximacédo dos residuos L121 e F125 do monémero B; iii) reorientacdo dimérica, com
alteracdo conformacional do monémero B, invertendo os Y119 e H120 e aproximando a L121 e
F125; iv) a parte inacessivel do canal hidrofébico é aberta pela reorientagdo dimérica e a
molécula hidrofébica se liga, estabilizando o dimero em sua conformag&o ativa; v) proteina se
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liga @ membrana pelo MDoS; vi) e a desestabiliza pela interacdo com o MDiS; vii) que leva a um
fluxo de ions descontrolado que causa a morte celular.

Apesar de ser observada inibicdo do efeito miotdxico no experimento funcional,
verificando-se a proporcdo molécula/molécula entre a BthTX-I e os fons Zn?*, foi constatado que
a proporcdo de Zn®* é muito maior nos experimentos funcionais e de cristalizacdo do que o
relatado com outras Lys49-PLA; (Salvador et al,. 2015). Entretanto, nos relatos apresentados, ao
menos nos estudos miogréaficos, essa foi a Unica condigéo testada, entdo é inviavel afirmar que o
efeito miotoxico seria inibido em menores concentracdes de Zn?*, mas com base nos
experimentos calorimétricos, sugere-se que ndo, uma vez que nas condigBes testadas, o
complexo apresenta baixa afinidade de interacdo. Outro fator importante a se analisar é que nos
experimentos de cristalizacdo, ndo foi verificado o pH final da solucdo na gota de cristalizacéo,
pois a diluicdo de cloreto de zinco diminuiu o pH da solucdo tampéo utilizada nos experimentos
de ITC, e 0 mesmo muito provavelmente pode ter acontecido na gota de cristalizagdo. Isso foi
observado, pois 0s primeiros experimentos calorimétricos foram realizados sem a conferéncia do
pH entre as solucdes das espécies titulada e titulante, sendo que na da espécie titulante o pH era
muito menor que na solucdo da espécie titulada (4,0-4,5 vs. 7,0, respectivamente). Sendo que
nestes experimentos o calorimetro gerava um calor t&o intenso que ndo era capaz de retornar a
linha de base, e apenas apds o ajuste do pH da solugdo da espécie titulante, foram obtidos
resultados confiaveis e reprodutiveis, sendo visto que o calor de dilui¢cdo era minimo ao final das
titulacGes controle.

Entretanto, caso as alteracdes conformacionais observadas ndo tenham ocorrido em
funcdo de uma possivel alteracdo do pH, o que € possivel, uma vez que a proteina estava em sua
conformagdo dimérica “alternativa” e tenderia a ficar em forma de monémero caso o pH fosse
4cido, e desprezando o potencial inibitério do Zn** como inibidor em funcéo da baixa afinidade
observada por calorimetria, € inegavel sua contribuicdo na elucidacdo e complementacdo dos
mecanismos de a¢do miotoxicas das Lys49-PLA,s, bem como os estudos das regides especificas
do canal hidrofébico destas proteinas, proposto por Borges e colaboradores (2017).

Com base na afinidade calculada sugere-se que o fon Zn®* ndo é um inibidor viavel para
uso clinico, pois seria necessaria uma grande quantidade a fim de inibir o efeito em caso de
acidente ofidico, além de que j& ha varios competidores pelo Zn®* no sangue, como os fosfatos.
Além disso, expor diversos tipos de tecidos a niveis maiores que 100 nM de ions livres por mais
que alguns segundos pode ser extremamente toxico e levar a perda de funcgdes fisiologicas
(Bozym et al., 2010).
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2.6.3. Analise termodinamica da interacédo entre MjTX-1 e suramina

A suramina é um composto polisulfonado com alta carga superficial, amplamente
utilizado para tratamentos de tripanossomiase (Fairlamb et al., 2003) e oncocercose (Hawking,
1978). Ja foi testada como agente neutralizante de miotoxicidade e preveniu necrose muscular
promovida por outras Lys49-PLA,s (Arruda et al., 2002; de Oliveira et al., 2003; Murakami et
al., 2005, 2007) bem como também inibiu blogueio neuromuscular induzido por neurotoxinas
pré-sinapticas como crotoxina e B-bungarotoxina (Fathi et al., 2011; Lin-Shiau & Lin, 1999).

A suramina, como demonstrado anteriormente, ja comprovou capacidade de inibir a acdo
miotdxica de varias Lys49-PLA;, e de PLA,. A MjTX-I apresenta algumas caracteristicas
estruturais peculiares, que a distinguem de outras Lys49-PLA,s, como por exemplo nao
apresentar o sitio miotoxico proposto em sua sequéncia de aminoacidos (residuos dos sitios
MDoS e MDIiS) e de apresentar a conformacdo do dimero convencional em sua estrutura
cristalogréfica, alem de se apresentar na forma tetramérica quando cristalizada sem ligantes
(Salvador et al., 2013), enquanto a maioria das Lys49-PLA,s se apresentam como dimeros em
sua conformacdo alternativa (Salvador et al., 2015; dos Santos et al., 2009; Fernandes et al.,
2013).

Além disso, a MjTX-I é bastante instavel, sendo que pode assumir diferentes formas
oligoméricas que parecem ser dependentes da forca idnica e da concentracdo do tampao utilizado
para sua diluicdo (Salvador et al., 2013).

Possivelmente devido a essas caracteristicas estruturais incomuns as demais Lys49-
PLA,s, essa proteina apresente menor atividade miotoxica que as demais Lys49-PLA,s descritas
(Cavalcante et al., 2007). Por isso, foram realizados varios procedimentos experimentais
buscando determinar se a suramina apresenta acao inibitoria ao efeito miotoxico e qual seu
mecanismo de acao.

Interessantemente, que a proteina nativa, sem ser complexada a nenhum ligante, foi
cristalizada somente apds um longo periodo de tempo (cerca de um ano), entretanto quando
complexada a suramina obteve-se cristais que permitiram a coleta de dados de difracao de raios-
X em aproximadamente 1 més. Além disso, na forma nativa, na unidade assimétrica havia um
tetramero formado por dimeros convencionais (Fig. 7), enquanto quando complexada a
suramina, esta era a responsavel por estabilizar os mondmeros na forma dimérica, em sua
conformacdo alternativa (Fig. 19) (Salvador et al., em elaboracdo). A estabilizacdo do dimero
também foi verificada por simul¢Bes de dinamicas moleculares, que mostraram menores
variagdes (r.m.s.d.) enquanto a estrutura estava complexada a suramina do que quando o ligante
era tirado do complexo (Salvador et al., em elaboracgéo).
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Figura 19. Estrutura cristalografica do dimero de MjTX-I (cartoon, verde) com suramina (sticks, vermelho).
Figuras superiores estdo rotacionadas em 90°. Figura inferior representa a nuvem de carga da proteina com
cargas negativas em vermelho e cargas negativas em azul.

Foram realizados estudos funcionais e foi visto que a MjTX-I promovia bloqueio das
contracdes diretas e indiretas de preparacdes musculares de camundongos de forma tempo-
dependente, mas as concentracdes de MjTX-l necessarias para induzir o mesmo efeito
apresentado por outras Lys49-PLA, era aproximadamente 4 vezes maior. Foi verificado também
que a incubagdo da toxina com a suramina promoveu 0 bloqueio de sua acdo miotoxica
(Salvador et al., em elaboracéo).

Ja ha relatos estruturais da acdo da suramina em outras Lys49 (Murakami et al., 2005) e
Ser49-PLA;s (Zhou et al., 2008), entretanto elas interagem estruturalmente de forma diferente
com a suramina. Zhou e colaboradores verificaram que na unidade assimétrica haviam 8
mondmeros de Ecarfolina S com conformacdes quase idénticas e 12 moléculas de suramina, de
forma que a estrutura pode ser dividida em 4 dimeros cada qual com 3 moléculas de suramina
em seus canais hidrofobicos, sendo que as moléculas de suramina interagem com seus C- e N-
terminais. Murakami et al., (2005) mostrou que a interacdo era na proporcao de 1 dimero de
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Basp-1l para 1 molécula de suramina, entretanto, nessa estrutura, a suramina se liga ao loop de
coordenacdo de Ca** e ao C-terminal da proteina. Entretanto, foi verificado que a complexacéo
da suramina ndo altera as interacbes responsaveis por manter a conformacdo da porcao
hidrofobica, mas resulta no deslocamento da porcdo de interacdo do loop de coordenacdo de
calcio e do C-terminal. Além disso, foi sugerido que como a suramina induz alteracdo da carga
superficial, a proteina ndo teria mais capacidade de se ligar em membranas, que sdo carregadas
negativamente (Murakami et al., 2005).

Zhou e colaboradores tambem relataram experimentos calorimétricos da interacédo entre a
Ecarfolina S e a suramina, entretanto, o termograma e a isoterma de ligacdo obtidos sdo
completamente diferentes das obtidas em nosso estudo. Eles observaram um termograma apenas
com padréo geral exotérmico, mas ndao monotonico, devido ao comportamento observado nas
primeiras injecGes, que apresentaram aumento da componente exotérmica e sua posterior
diminuicdo. Também fizeram uma simplificagdo que possibilitou a anélise de dados, uma vez
que consideraram a ligacdo das 3 moléculas de suramina & Ecarfolina S como apenas um evento,
e ndo 3 eventos distintos (Zhou et al., 2008).

Em nossos experimentos, realizados com a MjTX-I diluida em um tampéo de baixa forca
ibnica e baixa entalpia de ionizacdo (Bicarbonato de amoénio, 50 mM, pH 8,0), na qual a proteina
estava predominantemente na forma monomeérica foi visto um termograma bifasico com
comportamento endotérmico nas primeiras injeces acompanhado de uma componente
exotérmica concomitante, que ficou mais evidene e passou a ser predominante nas injecdes

subsequentes, sendo esse 0 componente Unico a partir da 52 injecdo (Fig. 20).
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Figura 20. Titulacdo calorimétrica isotérmica de suramina em MjTX-l. (Painel superior) Termograma
(poténcia aplicada pelo equipamento para manter ambas as células a mesma temperatura em funcéo do
tempo) da titulagédo de suramina (750 pM, pipeta) em MjTX-1 (50 uM, célula de reagéo) a 25°C utilizando-se
tampéo bicarbonato de aménio (50 mM), pH 8.0. (Painel inferior) Isoterma de liga¢do (calor normalizado
pela concentracdo de titulante em funcéo da razdo molar de suramina pela de MjTX-1) da titulacao.

Esse comportamento, similar ao apresentado pela MjTX-1l (veja se¢do 2.6.4) ndo € um
artefato uma vez que foi reprodutivel em todas as repeti¢des e o calor de diluicdo da suramina
era endotérmico, com menor magnitude (ordem de 0,2 kcal/mol) que as primeiras inj¢cdes da
titulacdo MjTX-1/suramina e era constante ao longo da titulagdo controle.

O comportamento de ligacdo da BthTX-l1 com 4&cico chicérico e fons Zn** sdo
caracteristicos de eventos independentes de ligacdo e podem ser consideradas ligacGes em sitios
especificos, entretanto, 0 comportamento da interacdo MjTX-I/suramina ndo é correspondente a
esse tipo de ligagdo, assim como o comportamento analisado por Zhou et al. (2008) e Salvador et

(2015). Essas interagdes, em funcdo de seus termogramas e isotermas, apresentam
dependéncias entre si, podendo apresentar cooperatividade positiva ou negativa, ou mesmo nao
serem cooperativas (Freiburger et al., 2015). N&o se pode afirmar se hd ou ndo cooperatividade
apenas em funcdo das isotermas, pois em alguns casos elas podem ter formas semelhantes

Quando se trata de interacfes proteina-proteina ou de interacbes entre macromoléculas,
deve-se fazer uma analise diferente da realizada para interacOes sitio-especificas, por exemplo,
como a interacdo de pequenas moléculas em sitios especificos de macromoléculas. Alguns

softwares e autores diferenciam estes modelos pelos nomes: i) abordagem sitio especifica e ii)
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abordagem estequiométrica, cada qual com suas caracteristicas especificas. A primeira é baseada
no equilibrio da ocupacdo do sitio pelo ligante, ndo considera complexos intermediérios, o
numero de sitios € um pardmetro a se determinar e é valido para sistemas com sitios
independentes de estequiometira conhecida ou desconhecida e para sistemas com interacdes
competitivas entre dois ligantes, mas ndo deve ser aplicado para sistemas com interacGes
cooperativas. O segundo modelo baseado no equilibrio estequiométrico das espécies, gera as
constantes de ligacdo estequiométricas (gerais) a partir das quais podem ser determinadas as
constantes de ligacdo espécificas para cada complexo, a estequiometria de cada espécie é
conhecida e € aplicada para sistemas que apresentam cooperatividade e ndo deve ser utilizada em
sistemas com estequiometrias desconhecidas (Verna Frasca, Malvern Instruments, comunicagéo
pessoal).

A complexidade na analise de sistemas cooperativos ou de interacfes entre
macromoléculas pode ser muito maior, pois varios tipos de interagdo podem estar acontecendo.
Por exemplo, em sistemas com macromoléculas com dois sitios de ligagdo ou mesmo sistemas
com dois eventos de ligacdo, pelo menos 6 possiveis mecanismos de ligagdo podem ocorrer: i)
dois eventos idénticos e independentes; ii) dois eventos idénticos e com cooperatividade
negativa; iii) dois eventos idénticos e com cooperatividade positiva; iv) dois eventos nédo
idénticos e independentes; v) dois eventos negativos e com cooperatividade negativa e; vi) dois
eventos diferentes e com cooperatividade positiva. O fator que dificulta ainda mais a analise
desses sistemas € que nem todos sdo distinguiveis experimentalmente, uma vez que alguns
apresentam isotermas de ligacdo e por isso, informacdes de metodologias ortogonais sao
necessarias. Por exemplo, uma sistema que apresente dois eventos idénticos e independentes se
assemelha a um sistema com dois eventos diferentes com cooperatividade positiva, pois ambos
tem efeitos de compensacdo (Freire et al., 2009). Em nosso caso, as analises sempre sdo
acompanhadas de informac6es de DLS, cristalografia, SAXS ou fluorescéncia.

Por isso, buscando a forma mais simples de analisar o sistema, passou-se a utilizar um
sistema cooperativo de dois estados em que se consideram apenas as moléculas monoméricas de
MjTX-l nativas, seu estado intermediario (monémero de MjTX-I/suramina) e sua forma
dimérica ja complexada com suramina (monémero de MjTX-I/suramina/mondémero de MjTX-I).
Assim passa-se a analisar apenas os eventos de i) ligagédo da suramina ao monémero de MjTX-I
e ii) complexacédo de outro mondmero (nativo) ao complexo monémero de MjTX-1/Suramina, ou

seja, a formacao do dimero (Freiburger et al., 2015; Freire et al., 2009; Vegas et al., 2015).
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A determinacdo dos parametros gerais de ligacdo (Tabela 3) mostraram o parametro de
cooperatividade menor que 1 (¢=0,03+0,01), o que indica que os 2 eventos sdo considerados
independentes ou séo eventos idénticos com cooperatividade negativa (Freire et al., 2009).

Baseando-se na analise das interacGes entre a suramina e ambos mondmeros da MjTX-I,
obtida cristalograficamente, foi verificado que ndo ocorrem 0s mesmos contatos da suramina
com os diferentes mondmeros, além dos contatos hidrofébicos realizados por ambos mondmeros
quando da formacéo do dimero (Fig. 21). Por isso, os eventos de interacdo foram considerados
independentes, resultando no célculo das constantes de dissociacdo e entalpias especificas dos

eventos de ligacdo (Tabela 3).

Tabela 3. Parametros termodinamicos determinados por calorimetria de titulagdo isotérmica para a
interacdo entre suramina e MjTX-1. Experimento realizado pela titulacdo de suramina (750 pM) em MjTX-I
(50 uM) a 25°C diluidos em tampéo bicarbonato de amdnio (50 mM), pH 8.0.

Parametros gerais de ligacdo determinados por regressdo nao linear

By (M) (2,12+0,08) x 107
AH; (kcal/mol) 6,1+0,8

B2 (M?) (3,820,6)x10%
AH, (kcal/mol) -9,0+2,5

o 0,03+0,01

Constantes de dissociacdo e entalpias especificas da ligagdo

K1 (UM) 0,48+0,23
Ah; (kcal/mol) 5,97+0,85

Ko (UM) 5,95+0,99
Ah, (kcal/mol) -14,8+2,96
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Figura 21. Diagrama de liga¢Bes da suramina com o dimero de MjTX-1. A suramina esta representada pelas
esferas amarelas, vermelhas, azuis, verde conectadas por tragos pretos, que denotam os atomos de carbono,
oxigénio, nitrogénio e enxofre, respectivamente. As liga¢cdes polares sdo representadas por linhas verdes
tracejadas enquanto os contatos hidrofobicos sdo representados por semicirculos vermelhos. Figura
confeccionada no software LigPlot (Wallace et al., 1995) com base na estrutura cristalografica do complexo
MjTX-l/suramina.

Como visto na estrutura cristalografica, a suramina realiza diferentes contatos com cada
monodmero da MjTX-I, entretanto pelo modelo de anélise realizado eles ndo foram diferenciados.
Fez-se essa simplificacdo, pois a diferenciagdo de cada evento de ligagdo geraria um modelo
muito complicado uma vez que iria conter ainda, pelo menos, mais 2 constantes de associacéo
(B) e variacOes de entalpia gerais de ligacdo (4H), inviabilizando a analise.

Entretanto, como os experimentos calorimétricos foram realizados sem a presenca de
PEG4000, e considerando-se que a suramina faz os mesmos contatos que foram apresentados na
estrutura cristalografica, que continha PEG4000 na condigdo de cristalizagdo, sugerimos que o
primeiro evento de ligacdo presente na titulacdo € a ligacdo da suramina no monémero B. De
acordo com a estrutura cristalogréafica, ela é feita basicamente por complementaridade de forma,
uma vez que apresenta basicamente contatos hidrofobicos e poucas ligacbes polares mas
nenhuma ligacéo de hidrogénio, pois a menor distancia entre contatos polares foi de 2.63 A. Isso
é corroborado pela termodindmica apresentada, de uma reagdo desfavoravel entalpicamente
(AH > 0), mas favoravel entropicamente (—TAS < 0). De um modo simplista, podemos também
relacionar essas caracteristicas termodindmicas com a desolvatacdo de grupos polares, no caso a
entalpia desfavoravel (AH > 0), enquanto a entropia favoravel estaria relacionada com a entropia

de desolvatacdo (—TAS < 0). O segundo evento, relacionado por nés como a formacdo do
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dimero pela ligacdo de um mondémero no complexo MjTX-Il/suramina, é entalpicamente
favoravel (AH < 0) possivelmente devido a menor entalpia de desolvatacdo de grupos polares e
formacdo de ligacGes polares, enquanto a entropia é desfavoravel principalmente devido & maior
estruturacdo do complexo (Kawasaki & Freire, 2011).

Né&o foi cogitada a formacdo do dimero como um primeiro evento e posterior ligacdo da
suramina principalmente por questes estruturais, pois mesmo a suramina apresentando alta
mobilidade estrutural seria muito pouco provavel que ela se ligasse dessa forma apds o dimero
estar formado. Além disso, foi verificado pela modelagem molecular (Salvador et al., em
elaboracdo) que a suramina € a responsavel por estabilizar o dimero, o que € corroborado pelas
estruturas cristalograficas obtidas, que mesmo em tampédo com alta forca i6nica (Tris HCI), a
MjTX-1 se apresentou como dimero, enquanto na forma nativa, nas mesmas condi¢cdes de
cristalizagdo, se apresentava como tetramero. Ademais, foi verificado pelo software Pisa
(Krissinel & Henrick, 2007), que a formacgéo dimérica, complexada com suramina, € estavel em
solucdo.

Apesar da suramina se apresentar como um inibidor eficiente da MjTX-1 em laboratorio,
ela se apresenta como um grande desafio dependendo da via de administragdo humana, pois pode
interagir em varias vias metabolicas e apresenta uma diversidade de agdes no organismo humano
(Hosang, 1985; Voogd et al., 1993; Stein, 1993; Liu et al., 2011; Albulescu et al., 2015).
Ademais, sua possivel otimiza¢do visando niveis mais favoraveis da energia livre, pode ser
extremamente complexa, pois € uma molécula com grande mobilidade, alta carga, e pelo que
outros estudos estruturais indicam, pode se ligar em diversas proteinas de venenos ofidicos de
maneiras distintas. Com isso, a possivel otimizacdo em uma proteina pode fazer com que sua
afinidade as outras seja diminuida. De qualquer maneira, apesar dos problemas apontados é uma
opcéo vidvel como droga anti-veneno a ser melhor estudada ja que é utizada comercialmente

como medicamento.

2.6.4. Analise termodinamica da interacdo entre MjTX-11 e suramina
Uma vez que foi verificado que a suramina apresenta inibicdo da acdo da MjTX-I e outras
Lys e Serd9-PLA,s de venenos ofidicos, foi verificado se ela também apresenta acdo sobre a
MjTX-Il do veneno da serpente B. moojeni. Para isso, foram realizados diversos experimentos
como testes funcionais (miografico e eletrofisiol6gico), cristalograficos, DLS e de dinamica
molecular (Salvador et al., 2013; Salvador et al., 2015).
Estudos funcionais revelaram que a suramina blogueou aproximadamente 85% da
paralisia muscular induzida pela MjTX-Il, quando comparado a MjTX-11 sem qualquer inibidor.
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A MjTX-II se apresenta como dimero, assim como a maioria das Lys49-PLA2s, mas quando em
meio &cido (pH 5.6), ainda como dimero pois ndo houve variagdo do raio hidrodindmico,
apresentou menor polidispersidade nos experimentos de espalhamento dindmico de luz (DLS)
que em meio basico (pH 8.0) (Pd=9.5% e 13.9%, respectivamente). Entretanto, quando a
proteina foi incubada com suramina, apresentou-se predominantemente na forma tetramérica
apesar da maior polidispersidade (Pd=14.5%).

A elucidacdo da estrutura cristalografica do complexo MjTX-Il/suramina mostrou que ha
dois mondmeros da MjTX-IlI na unidade assimeétrica, formando um dimero e 2 moléculas de
suramina ligadas a ambos mondmeros em uma forma simétrica. Os contatos do ligante com a
proteina ocorrem nas regides do seu C- e N-terminais (Lys7, LeulO, Asn114, Lys116, Tyr119,
Tyrl21 e Phel26) (Fig. 22).

Figura 22. Estrutura cristalografica da MjTX-11 complexada com suramina. Superficie do dimero alternativo
(verde) mostrando os aminoacidos Lys7, Leul0, Asnl114, Lys116, Tyrll9, Tyrl21 e Phel26 (superficie em
vermelho), que interagem com as moléculas de suramina (moléculas em azul).

Foi observado no software PISA (Krissinel & Henrick, 2007) que o dimero alternativo
apresentou maior probabilidade de ocorréncia e por isso essa conformacao estrutural foi usada no
refinamento cristalografico. Baseando-se na conformacdo estrutural dimérica complexada a
suramina, foi possivel inferir pela inspecdo da cela unitaria cristalina que é possivel a formacao
de oligdmeros de maior ordem, sendo a com maior probabilidade de ocorréncia a que apresenta a
conformagdo de dimero alternativo entre dois dimeros convencionais (Salvador et al., 2013;
Salvador et al., 2015), formando um tetrdmero similar ao apresentado na estrutura do complexo
BthTX-1/Acido chicérico (se¢do 2.6.1).
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Figura 23. Formacéo tetramérica do complexo MjTX-11 com suramina formada por dois dimeros na unidade
assimétrica. Conformacao oligomérica sugerida pelo software PISA, sendo observados dimeros alternativos
de MjTX-II (dimeros com a mesma tonalidade de verde), dimeros convencionais (dimero formado por um
mondmero verde escuro e outro verde claro na parte superior do tetramero), suramina (azul) e moléculas de
PEG4K (laranja).

Entretanto, os experimentos estruturais apresentam condicOes de realizacdo diferentes das
apresentadas em solucdo e como os experimentos de DLS apresentaram alta polidispersidade,
eram necessarios novos ensaios. Assim, visando obter informagdes estruturais adicionais, bem
como obter dados de afinidado do complexo, foram realizados experimentos de calorimetria de
titulacdo isotérmica (ITC) com suramina e MjTX-II.

O ensaio calorimétrico resultou em um termograma com comportamento bifasico, com
reacOes endotérmica, evidenciado nas primeiras e nas ultimas injec@es, e exotérmico, presente na

metade da titulacéo (Fig. 24).
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Figura 24. Titulagdo calorimétrica isotérmica de suramina em MjTX-Il. (Painel superior) Termograma
(poténcia aplicada pelo equipamento para manter ambas as células a mesma temperatura em fungdo do
tempo) da titulacdo de MjTX-11 (45 uM) com suramina (600 pM) a 25 °C utilizando-se tampé&o bicarbonato
de aménio (50 mM), pH 8,0. (Painel inferior) Isoterma de ligacdo (calor normalizado pela concentracdo de
titulante em funcéo da razdo molar de suramina pela de MjTX-I1) da titulagéo.

Esse comportamento é caracteristico de interagdes com pelo menos dois eventos distintos
de ligacdo com diferentes entalpias e constantes de dissociacdo (Freyer & Lewis, 2008) e
apresenta um grande desafio no ajuste de dados, uma vez que ndo foi possivel utilizando-se os
modelos padrBes de ligacdo disponiveis no software fornecido pelo fabricante (add-on do
software Origin). Mesmo em outros softwares disponiveis (Nitpic (Keller et al., 2012;
Scheuermann & Brautigam, 2015) e Sedphat (Houtman et al., 2007)) o ajuste também néo foi
satisfatorio. Por isso, os dados foram modelados utilizando-se polindmios de ligacdo (Freire et
al., 2009), utilizando-se um modelo geral de ligacdo com 2 eventos de ligacdo o qual gerou as
constantes de associacao geral (8, e 3,) e entalpias de ligacdo (4H,; e AH,) e por regressao nao

linear foram estimados os parametros especificos de ligacdo (kyq, k42, Ah, € Ah,) (Tabela 4).
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Tabela 4. Valores termodinamicos para a ligacdo da suramina a MjTX-Il. Resultados obtidos por
calorimetria de titulacdo isotérmica (ITC) pela realizacao da titulagdo de suramina (600 uM) em MjTX-11 (45
UM) a 25 °C diluidos em tampao bicarbonato de aménio (50 mM), pH 8,0.

Constantes de dissociacéo e entalpias especificas da ligacéo

ka1 (LM) 0,640,1
Ah4 (kcal/mol) 5,2+0,2
kao (UM) 6,2+1,2
Ah, (kcal/mol) -18,2+0,6
Parametros gerais de ligacdo determinados por regresséo nao linear
B (M) (3,120,5) X 10°
AH; (kcal/mol) 5,2+0,3
B, (M?) (2,5+0,4)x10"
AH, (kcal/mol) -13,0+0,3
a 0,10+0,03
Ah (kcal/mol) -23,4+0,4
ny 0,5+0,2

K41, K42, ARy, € Ah, s80 as constantes de dissociagdo e variagdo de entalpia intrinsecas para a ligagao do
primeiro e segundo eventos. 3, e 8, sS40 as constantes gerais de associagdo para o primeiro e segundo
eventos. AH, e AH, sdo as entalpias gerais para o primeiro e segundo evento de ligacao. o, 4h € ny sdo a
constante de cooperatividade de interacdo, entalpia de cooperatividade e coeficiente de Hill,
respectivamente.

Como as afinidades dos diferentes eventos de ligacdo eram diferentes, foi verificado se
havia cooperatividade (Brown, 2009) entre eles através da constante de cooperatividade (@),
calculada através da equagdo

a = 4f2/(B1)? (28)

enquanto o coeficiente de Hill foi calculado pela equacao

ng=2/(1+ a_%) (29)
Com base no fator de cooperatividade (o) e no coeficiente de Hill (ny), foi verificado que ou o
dimero apresentava dois sitios de ligacdo ndo idénticos ou sitios de ligacdo iguais com
cooperatividade negativa (Freire et al., 2009). Pela simetria apresentada pela proteina na
estrutura cristalografica, os sitios ndo podem ser diferentes, e, por isso, foi inferido que a ligacéo
MjTX-Il/suramina apresenta dois sitios de ligacdo idénticos com cooperatividade negativa. Com
base nisso, pode-se atribuir o primeiro evento de ligacdo, com afinidade submicromolar
(k41=0,620,1 uM) e comportamento entropicamente guiado (AH > 0, —T.AS < 0) a ligacdo de

ambas as moléculas de suramina no dimero de MjTX-Il. Esse tipo de ligacdo, guiada
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entropicamente, é proveniente do tipo de interacdo resultante da ligagdo, predominantemente
hidrofobica entre a MjTX-1l e a suramina (Fig. 25), e a penalidade entalpica € ligada a entalpia
de solvatacdo da proteina (Kawasaki & Freire, 2011). Por isso, a afinidade moderada-alta das
moléculas de suramina pelo dimero de MjTX-II se deve a complementaridade de forma entre o0s
compostos, uma vez que as ligacbes hidrofébicas sdo predominantes frente a ligacbes de
hidrogénio e van der Waals.
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Figura 25. Interacao das moléculas de suramina com a estrutura cristalografica da MjTX-11. As moléculas da
esquerda e direita representam as moléculas ligadas nos diferentes monémeros, sendo os contatos polares
representados pelas linhas tracejadas e os contatos hidrofdébicos pelas arcos irradiando raios (em vermelho).
Figura desenhada utilizando-se o Ligplot (Wallace et al., 1995).

O segundo evento de ligagéo, atribuido a oligomerizacdo do complexo MjTX-I1/suramina
apresentou constante de dissociacdo aproximadamente 10 vezes maior (k;,=6.2+1.2 uM), por
isso, menor afinidade que no primeiro evento de ligacdo, entretanto apresentou variagdo de
entalpia favoravel (AH < 0). Esse comportamento se deve as ligagdes polares provenientes da
interacdo entre os dimeros complexados a suramina, e principalmente a menor entalpia de
solvatacao relativa a oligomerizacdo quando comparada a ligacdo MjTX-II-suramina.

Com base no exposto, foi verificado que a suramina apresenta afinidade media-alta para o
dimero de MjTX-II, principalmente devido a complementaridade de forma, o que ficou evidente

pelo tipo de ligagédo apresentado (AH > 0). Entretanto, a afinidade calculada a coloca na ordem
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de grandeza de afinidade de drogas obtidas nos estagios iniciais de screening de larga escala
(high-throughput screening) (Freire, 2004).

A otimizacdo da afinidade de formacdo do complexo através de alteragdes de grupos
quimicos da molécula de suramina e a verificacdo dos parametros termodinamicos associados a
essas alteracOes seria muito mais complicado, principalmente devido ao tamanho da molécula de
suramina, os diferentes graus de liberdade que ela apresenta e dificilmente ela chegaria aos
niveis de energia livre necessarios para ser considerado um excelente inibidor, com uma alta
especificidade e seletividade.

Entretanto, o sistema MjTX-Il/suramina apresentou interessantes pontos, como por
exemplo, o tipo de termograma resultante da titulacdo, que demandou uma analise mais
aprofundada que a realizada na maioria dos casos nos quais se utilizam modelos ja
implementados no software Origin, fornecido pelo fabricante do equipamento.

Outro fato, verificado pela estrutura cristalografica, foi que a suramina se liga & MjTX-1l
simultaneamente ao MDoS (classe Il de inibidores (dos Santos et al., 2009; Fernandes et al.,
2014)) e também ao MDIS, sendo a suramina o primeiro composto reportado que apresenta essa
forma de inibicdo (Salvador et al., 2015).

Atraves dos estudos calorimétricos ainda foi inferido que ocorre tetramerizagdo em
solucdo, que auxiliaria ainda mais na inibicdo uma vez que esconde os sitios de ancoragem
(MDoS) e disrupgdo (MDiS) da membrana na interface do tetramero (Salvador et al., 2015).

Como a ligacdo suramina a MjTX-II apresentou-se um inibidor eficaz e demonstrou uma
grande convergéncia com os dados apresentados na literatura e com os modelos de interacao
propostos anteriormente por nosso grupo de pesquisa, ele sera utilizado posteriormente nos
estudos calorimétricos da MjTX-11 com membranas modelo.

2.6.5. Analise termodinamica da interacdo entre crotoxina A e B
O maior desafio de se trabalhar com crotoxina é em relagéo a elucidagédo da estrutura do
complexo heterodimérico. Apesar de ter sido a primeira toxina cristalizada (Slotta & Fraenkel-
Conrat, 1938), diversas tentativas de elucidar sua estrutura ndo tiveram sucesso. ISso ocorre
devido a mistura de isoformas presentes no veneno, que tem seus pontos isoelétricos variando
entre 4,9 e 5,2, (Faure & Bon, 1987). As diferentes isoformas apresentam distintas propriedades
farmaco-bioldgicas e as propriedades relacionadas a toxicidade parecem estar relacionadas com a
estabilidade dos complexos CA-CB (Faure et al., 1993; Faure et al,. 2011).
Com o intuito de desvendar a estrutura cristalogréfica da crotoxina B, Marchi-Salvador et
al., (2008) resolveram uma estrutura apds obter cristais a partir de uma amostra contendo um
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pool de isoformas de CB presentes na aliquota de veneno, sem isolamento de uma isoforma
especifica. A toxina cristalizou apresentando 4 mondmeros em sua unidade assimétrica,
formando dois dimeros de CB cada um deles formado pelas isoformas CBc e CBa,.
Posteriormente, Faure e colaboradores (2011), apos purificar e isolar diversas isoformas da CA e
CB, testaram diversas combinacOes destas moléculas e obtiveram cristais apenas de uma destas
combinagBes. Assim, obtiveram um heterodimero formado pelas isoformas CA, e CBb. Neste
estudo, Faure e colaboradores (2001) apresentaram a primeira estrutrua da CA em alta resolucéo
e foram determinados os residuos fundamentais para a interacdo e estabilidade do complexo
CA/CB.

E sabido que a CA apresenta algumas funcde especificas como: (i) participar, junto com a
CB, na ligacdo da crotoxina ao seu possivel receptor na juncdo neuromuscular, formando um
complexo com posterior liberacdo da CA (Delot & Bom, 1993; Faure et al., 2003; Krizaj et al.,
1996; Krizaj et al., 1997); (ii) prevenir a formacdo do dimero reativo de CB (Radvanyi & Bon,
1982) e (iii) diminuir a adsorcdo de CB a membranas fosfolipidicas (Hawgood & Bon, 1991)
(Faure et al., 2011). Por isso, informacdes sobre o processo de associacdo de CA/CB para
formacdo do heterodimero da crotoxina sdo muito importantes para poder determinar um
mecanismo de acao da toxina.

Fernandes e colaboradores mostraram que em diferentes lotes de veneno bruto ndo havia
CB livre, mas apenas CB complexada & CA, sendo que o mesmo comportamento havia sido
verificado em aliquotas purificadas de crotoxina (Fernandes et al., submetido). Entretanto,
haviam verificado que quando o heterodimero da CTX era dissociado por cromatografia de fase
reversa, as fracoes de CA se comportavam como monomeros e as de CB como tetrdmeros, como
verificado anteriormente por Marchi-Salvador e colaboradores (2008). E que, quando a crotoxina
era reconstituida pelas fracdes de CA e CB, a atividade enzimatica da CTX era a mesma da
apresentada pela obtida do veneno bruto (Fernandes et al., submetido) e provar para uma técnica
alternativa as caracteristicas obtidas por DLS.

Além das evidéncias mostradas por DLS que a CA é capaz de dissociar 0s tetrameros de
CB presentes em solucdo, foram realizados experimentos calorimétricos buscando determinar a
afinidade entre as diversas isoformas de CA e CB presentes na amostra de veneno purificado
(Fernandes et al., submetido).

Na titulacdo calorimétrica isotérmica realizada foi obtido um termograma que
apresentava apenas um comportamento geral exotérmico (Fig. 26, painel superior). O célculo da
area de cada pico foi realizado através do software Nitpic (Keller et al., 2012), em funcéo do
ruido de alta frequéncia apresentado principalmente nas inje¢fes 5-8. Com base nos resultados
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apresentados, que geraram a isoterma de ligagéo (Fig. 26, painel inferior), assim como proposto
anteriormente por Darby e colaboradores (2016), foi verificado que haviam 2 processos
diferentes ocorrendo. Eles podem ser verificados na isoterma de ligacdo em funcdo da razdo
molar , antes da razdo molar de 0,5 e apds a razdo molar de 0,5, uma vez que é evidente pelo
aumento do calor liberado durante as primeiras injegdes (2-5) e sua subsequente diminui¢do
(injecBes 5-11) até valores constantes (injecdes 12-20). Esse tipo de processo € caracteristico de
alosterismo, cooperatividade ou alteragdes conformacionais (Zhou et al., 2008; Freiburger et al.,
2015).
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Figura 26. Titulacdo calorimétrica isotérmica de crotoxina A (CA) em crotoxina B (CB). (Painel superior)
Termograma (poténcia aplicada pelo equipamento para manter ambas as células a mesma temperatura em
fungdo do tempo) da titulacao de CB (15 puM, célula de reagdo) com CA (240 uM, pipeta) a 25 °C utilizando-se
tampéo formato de amdnio (50 mM), pH 6,55. (Painel inferior) Isoterma de ligacdo (calor normalizado pela
concentracdo de titulante em funcéo da razdo molar de CA pela de CB) da titulagéo.

Baseando-se nos dados de DLS que mostramm que isoformas de CA sdo capazes de
dissociar tetrameros de CB, foi realizada nos dados obtidos por ITC uma andlise de sitios
cooperativos. Essa analise considera que a dissociagdo dos tetrameros de CB influi na
termodindmica de formac&o dos heterodimeros de CA-CB.

Para aplicar um modelo de ligagdo a isoterma obtida no experimento de ITC, esses
processos foram diferenciados como sendo a dissociacdo dos tetrameros de CB induzida pelos

monomeros de CA, e pela consequente formacéo do heterodimero de crotoxina, ou seja, ligacéo
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CA-CB. Apesar de diferentes isoformas de CA e CB que podem estar presentes na solucao,
essas, em momento algum da analise dos dados de ITC foram levadas em consideracdo. Todas as
etapas do processo de andlise foram realizadas assumindo-se que haviam apenas tetrameros de
CB, monémeros de CA e heterodimeros CA-CB. Caso fossem levadas em consideracdo as
possiveis isoformas de CA e CB presentes na amostra, e considerando que elas podem se
estabilizar fazendo ligacBes quimicas distintas, ficaria invidvel a aplicacdo de um modelo de
ligacdo que contemplasse esses eventos em virtude da complexidade matematica.

Levando-se em consideracdo essa simplificagdo, uma forte evidéncia que corrobora o
modelo de ajuste aplicado & isoterma de ligagdo, séo os valores doy /graus de liberdade, que
foram aproximadamente 10 vezes menores para 0 modelo que contempla cooperatividade em
relacdo ao que se baseia numa interagao de evento Unico com estequiometria 1:1.

Aplicando o modelo de ajuste escolhido, foram obtidas as constantes termodinamicas de
ambos 0s eventos de ligacdo (Tabela 5) e a isoterma apresentada (Fig. 26, painel inferior).

Tabela 5. Parédmetros termodindmicos obtidos na titulacdo de crotoxina A (CA, 240 uM, pipeta) em crotoxina
B (CB, 15 uM, célula de reac¢éo) diluidos em tampao formato de amdnio (50 mM) pH 6.55 a 25 °C.

1° Evento 2° Evento
k4 (UM) 0,11+0,01 0,16+0,01
AH (kcal/mol) 10,52+0,59 -26,03+0,23
—TAS (kcal/mol) -19,98 16,70

Apesar dos dados calorimétricos ndo conterem nenhuma informacdo estrutural e, em
alguns casos ser dificil especificar um modelo a ser usado quando ha alosterismo ou alteracfes
estruturais (Bjelic & Jelesarov, 2008; Freiburger et al., 2009; Freiburger et al., 2015), a
metodologia pode ser aplicada em sistemas que apresentem estes tipos de interacdo (Ghai et al.,
2012; Falconer et al., 2016; Freiburger et al., 2015).

O modelo de ajuste aplicado resultou em um primeiro evento entalpicamente
desfavoravel (4H =10,52+0,59 kcal/mol), mas entropicamente guiado (—TA4S = —19,98
kcal/mol) e possui afinidade da ordem de submicromolar (k;;=0,11£0,01 uM). O segundo
evento apresentou afinidade semelhante (k;,= 0,16+0,01 uM), mas comportamentos entalpicos e
entrépicos contrarios em relacdo ao primeiro evento (4H = —26,03+0,23 kcal/mol e
—TAS =16.70 kcal/mol). Apesar dos parametros entalpicos e entropicos serem dependentes de
um grande namero de contribui¢cdes (Olsson et al., 2008), nossa hipdtese é que a principal

componente entropica do primeiro evento de ligacdo seja de entropia conformacional, que é
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favoravel devido ao aumento de conformacdes acessiveis (Velazquez-Campoy & Freire, 2005;
Kawasaki & Freire, 2011) devido & dissociagdo do tetramero de CB e também da CA, que
apresenta alta mobilidade estrutural (Faure et al., 2011). Em relacdo ao segundo evento, 0s
parametros podem ser explicados pela formacdo de interacdes polares no heterodimero CA-CB e
a variacdo de entropia pelo grau de estruturacdo do sistema (diminuicdo dos graus de liberdade
das moléculas).

Com isso, podemos destacar o papel fundamental da CA em dissociar um possivel
oligbmero de CB além de evidenciar a capacidade de formacdo do heterodimero CA-CB com

afinidade moderada-alta entre ambos mondmeros.
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3. Conclusodes

Os resultados demonstrados neste trabalho evidenciam a importancia da metodologia de
calorimetria de titulacdo isotérmica na obtencdo de informacdes termodindmicas e cinéticas da
interacdo entre macromoléculas bioldgicas e seus candidatos a inibidores. Além disso, mostram
que a combinacdo dessa metodologia com outras técnicas capazes de trazer informacoes
estruturais, como a cristalografia, é crucial para o entendimento das interagdes entre
macromoléculas e sdo fundamentais para o desenvolvimento de novos farmacos.

Foi mostrado que o acido chicérico, composto extraido e isolado de uma ampla gama de
espécies vegetais, inibidiu a acdo miotoxica da BthTX-I in vitro, se ligou com afinidade da
ordem de micromolar & proteina, com comportamentos entélpico e entrépico favoraveis.
Entretanto, para chegar a afinidades comparaveis a farmacos ja utilizados, ainda sédo necessarias
alteracdes estruturais na estrutura molecular do composto, visando diminuir a energia livre de
ligagdo com a proteina. Essa otimizacdo deve ser realizada buscando-se ligacbes polares como
ligagBes de hidrogénio, que deixem o composto com maior afinidade e especificidade a BthTX-I.

Também foi verificada a interacdo da BthTX-1 com ions zinco, 0s quais apresentaram
baixa afinidade, e por isso ndo podem ser considerados inibidores vidveis clinicamente, mas
apresentaram relevante importancia para a proposi¢éo de novos detalhes do mecanismo de acéo
das Lys49-PLA,s.

A suramina, composto altamente carregado, € utilizada como medicamento para diversas
doencas apresentou grande potencial de inibicdo, com afinidades da ordem de submicromolar.
Também foram verificados diferentes modos de inibigéo, atraves da ligacdo da molécula tanto no
canal hidrofébico da MjTX-1 como simultaneamente nas regides MDoS e MDiS da MjTX-II,
além de induzir oligomerizacdo dos complexos formados. Este mecanismo de inducdo de
oligomerizacao pode levar a taxas de inibicdo ainda maiores.

Titulando-se um pool de isoformas de CA, monomeérica, em tetrameros de CB, foi obtido
um termograma com dois eventos de ligacdo. Os eventos foram atribuidos & dissociacdo do
tetrdmero de CB pela CA e posterior formacdo do complexo heterodimérico CA-CB. Ambos
eventos ocorrem com afinidades da ordem de submicromolar mas apresentam comportamentos
termodinamicos diferentes. Enquanto a possivel dissociacdo do tetramero de CB € um processo
endotérmico e entropicamente guiado, a formacdo do complexo CA-CB possui comportamento

inverso. Estes dados corroborardo com outros experimentos biofisicos realizados previamente.
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Abstract

Neurospora crassa is a filamentous fungus that has been extensively studied as a model or-
ganism for eukaryotic biology, providing fundamental insights into cellular processes such
as cell signaling, growth and differentiation. To advance in the study of this multicellular or-
ganism, an understanding of the specific mechanisms for protein transport into the cell nu-
cleus is essential. Importin-a (Imp-a) is the receptor for cargo proteins that contain specific
nuclear localization signals (NLSs) that play a key role in the classical nuclear import path-
way. Structures of Imp-a from different organisms (yeast, rice, mouse, and human) have
been determined, revealing that this receptor possesses a conserved structural scaffold.
However, recent studies have demonstrated that the Impa mechanism of action may vary
significantly for different organisms or for different isoforms from the same organism. There-
fore, structural, functional, and biophysical characterization of different Impa proteins is nec-
essary to understand the selectivity of nuclear transport. Here, we determined the first
crystal structure of an Impa from a filamentous fungus which is also the highest resolution
Impa structure already solved to date (1.75 A). In addition, we performed calorimetric analy-
sis to determine the affinity and thermodynamic parameters of the interaction between Imp-
a and the classical SV40 NLS peptide. The comparison of these data with previous studies
on Impa proteins led us to demonstrate that N. crassa Imp-a possess specific features that
are distinct from mammalian Imp-a but exhibit important similarities to rice Imp-a, particular-
ly at the minor NLS binding site.

Introduction

The filamentous fungus Neurospora crassa has been studied by classical and molecular genet-
ics, providing several insights into cellular processes, which include cell signaling, growth and
differentiation, secondary metabolism, circadian rhythm and genome defense [1]. Together
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with the yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe, N. crassa has largely
been used as a model organism to study fundamental aspects of eukaryotic biology. Neverthe-
less, compared to yeast, N. crassa has developed greater morphological and developmental
complexity due its multicellular characteristics, and although N. crassa is not known to be a
pathogen, similarities exist between the saprotrophic Neurospora and pathogenic fungi [1].

The genomic sequence of N. crassa exhibits an apparent lack of functional gene duplication
[1], which has allowed several studies to better understand the metabolic pathways of this ex-
perimentally tractable organism. We have used N. crassa as a model organism to understand
the regulation of basic cellular processes, such as glycogen metabolism. Many proteins and
transcription factors have been identified that likely play a role in this process [2, 3]. Some of
these proteins and all transcription factors possess putative nuclear localization signals (NLSs),
either monopartite or bipartite, suggesting that they can be transported into the nucleus via the
classical nuclear pathway [3], which is mediated by importins (importin-a/importin-$) [4, 5].

The classical NLSs (cNLSs) are the best characterized targeting signals and are typically di-
vided into one (monopartite) or two (bipartite) clusters of basic residues [6], whose consensus
sequences correspond to K[K/R]X[K/R] for monopartite cNLSs and [K/R][K/R]X ;¢ 12[K/R]3/5
for bipartite cNLSs, where [K/R]3/s corresponds to at least three of either lysine or arginine res-
idues of five consecutive amino acids [6-8]. Structural studies have shown that both classes are
recognized by the nuclear import receptor importin-a (Impe) [7, 9, 10]. Impe is composed of
tandem armadillo (Arm) repeats that generate a curved and elongated shape. Impe also con-
tains conserved residues that form two NLS binding sites known as major (Arms 1-4) and
minor (Arms 4-8) NLS binding sites [9, 10]. Monopartite NLSs primarily interact with the
major binding site, whereas bipartite NLSs interact with both minor and major NLS binding
sites [10-12].

The modulation of differential expression is a key feature for understanding the metabolism
and growth of an organism [13, 14], and an understanding of the nuclear import mechanism
of fungi may provide insights into these pathways. Although, Impa structures have been eluci-
dated, an understanding of the specificity of NLS recognition and regulation remains limited
[15]. To better understand NLS recognition and gain insights into the N. crassa nuclear import
process, we report the first crystal structure of Impo from a filamentous fungus (NcImpe) in
complex with a classical monopartite NLS (SV40 large T antigen NLS). This is also the highest
resolution Impa structure solved to date (1.75A). Isothermal titration calorimetric (ITC) stud-
ies were used to determine the affinity and thermodynamic parameters of the interaction be-
tween Impe and the classical SV40 NLS peptide. Both crystallographic and calorimetric
analyses confirmed NcImpa recognition of cNLS via both major and minor binding sites.
Moreover, we observed interactions in the minor binding site that are more similar to those in
Impo from rice (Oryza sativa) [16] than those in Impa from yeast [9]. This study highlights
the importance of the analysis of the interactions between NLSs and Impe proteins from vari-
ous organisms. Particularly, it may aid in the identification of specific NLSs from N. crassa,
providing insights into the nuclear import pathway in fungi and enabling future biotechnologi-
cal applications.

Materials and Methods
Protein expression and purification

The recombinant Impe protein from N. crassa (NcImpa) was expressed as a truncated hexa-
His fusion protein, consisting of residues 75-529, using the Escherichia coli host strain Roset-
taTM (DE3) pLysS (Novagen), as previously described [17]. The protein was purified using
nickel affinity chromatography and eluted in a 0.15-3.0 M imidazole linear gradient, followed
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by dialysis. NcImpa was stored under cryogenic temperatures in a buffer composed of 20 mM
Tris-HCI, pH 8, and 100 mM NaCl.

Synthesis of NLS peptides

The peptide corresponding to SV40 NLS (**> PPKKKRKV"*?) was synthesized by Proteimax
(Brazil) with a purity of higher than 99%. The peptides contained additional residues at the N-
and C-termini compared with the minimally identified NLS [18].

Isothermal titration calorimetry

ITC measurements were performed using a MicroCal iT'C200 microcalorimeter (GE Health-
care) calibrated according to the manufacturer’s instructions. NcImpa and the SV40 NLS pep-
tide were prepared and dialyzed in buffer (20 mM Tris-HCI, pH 8.0, and 100 mM NaCl). The
sample cell was loaded with 50 uM NcImpa that was titrated with the SV40 NLS peptide at a
concentration of 1 mM (protein:peptide molar ratio of 1:20). Titrations were conducted at
10°C and consisted of 20 injections of 2.0 yL in an interval of 240 s with a 1000 rpm homogeni-
zation speed. The heat of dilution was determined by titration of the peptide sample into the
protein sample buffer (20mM Tris-HCI, pH 8.0, and 100 mM NacCl) in separate control assays
and was subtracted from the corresponding titrations. The assays temperature was chosen to
avoid protein aggregation displayed for higher temperatures and to permit direct comparison
to previously Impa/SV40NLS ITC studies performed in the same condition [19]. The data
were processed using MicroCal Origin Software to obtain values for stoichiometry (N), dissoci-
ation constants (K,;), enthalpy (AH), and binding-type input parameters were adjusted to ob-
tain the best fitting model. The values of K; and AH were used to calculate free energy (AG)
and entropy (AS) values.

Crystallization, X-ray data collection and structure determination

NcImpor was concentrated to 12 mg/ml using an Amicon 30 kDa cutoft filter unit (Millipore)
and stored at -20°C. Crystals of NcImpe in complex with SV40 NLS were obtained at a 1:8 pro-
tein:peptide molar ratio in 20 mM Bicine, pH 8.5, and 20% (w/v) polyethylene glycol 6000 at
4°C [20] using MRC2 Well Crystallization Plates and an Orix4 system (Douglas Instruments).

X-ray diffraction data were collected from a single crystal of NcImpa/SV40NLS at a wave-
length of 1.0 A using a synchrotron radiation source (X25 beamline, National Synchrotron
Light Source, NSLS, Upton, NY, USA) and a PILATUS detector. A crystal was mounted in a
nylon loop and flash-cooled in a stream of nitrogen at -173.15°C using 20% (v/v) glycerol as
the cryoprotectant. The crystal-to-detector distance was 270 mm with an oscillation range of
0.5°, resulting in the collection of a total of 720 images. The data were processed using the
HKL2000 suite [21]. The crystal belonged to the space group P2,2,2; (Table 1) and was iso-
morphous to previously obtained crystals [20].

NcImpa/SV40NLS crystal structure was determined by molecular replacement using the
program Phaser [22] and the coordinates of Impa from Mus musculus in complex with the
nucleoplasmin NLS (PDB ID: 3UL1, chain B; [15]) as the search model. Rounds of manual
modeling were performed using the program Coot [23] and the crystallographic refinement
(positional and restrained isotropic individual B factors with an overall anisotropic tempera-
ture factor and bulk-solvent correction) was performed using the program phenix.refine [24],
considering free R factors. Structure quality was evaluated using the program MolProbity [25],
and interactions were analyzed using the program LIGPLOT [26]. Figures were generated
using the program PyMOL [27]. Superposition of Impa structures was performed using LSQ
algorithm [28] present in the software package CCP4 [29].
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Table 1. X-ray data-collection and refinement statistics for Ncimpa/SV40NLS structure.

Values in parentheses are for the highest resolution shell.
Diffraction data statistics

Unit cell parameters (A) a=451;b=64.4,c=185.6

Space group P2,2,2,

Unique reflections 54993 (5195)2

Completeness (%) 99.6 (95.8)?

Mosaicity 0.40

Multiplicity 12.4 (9.3)2

Rmerge (%) 6.8 (84.3)°

Average I/o(]) 37.5 (2.0

Refinement statistics

Resolution (A) 36.98-1.75 (1.81-1.75)2

Rerystt (%) 18.3 (28.5)%

Riree§ (%) 21.0 (30.2)2

Number of non-H atoms

Protein 3164

Peptide 113

Solvent 349

Ramachandran plot 11

Residues in most favored regions(%) 99

Residues in disallowed regions (%) 0.23

Mean B-factor(A?)® 36.7

T Rierge = Mw where /; (hkl) is the intensity of an individual measurement of the reflection
hkli

with Miller indices hkl and hl(hkl)i is the mean intensity of this reflection. Calculated for | > -30 (l) [21].

YR = W, where |Fobs| and |Fcalc| are the observed and calculated structure-factor

amplitudes, respectively.

§ Ryee is equivalent to R, but was calculated with reflections (5%) omitted from the refinement process.
Calculated based on the Luzzati plot with the program SFCHECK [31].

1 1 Calculated with the program PROCHECK [31].

2Values in parentheses are for the highest-resolution shell.

doi:10.1371/journal.pone.0128687.t001

PDB accession code

Coordinates and structure factors from NcImpa/SV40NLS have been deposited in the PDB
under accession code 4RXH.

Results
Structure of NcImpa in complex with SV40NLS

NcImpa was expressed as an N-terminal truncation lacking residues 1-74 (which corresponds
to the IBB domain; [30]) that are responsible for autoinhibition. Furthermore, crystallization
was performed in the presence of an NLS ligand to stabilize the truncated protein, as previously
reported [17, 20], and to investigate the protein-NLS binding features.

X-ray diffraction data collection and refinement statistics of the NcImpa/SV40 NLS com-
plex are summarized in Table 1. The crystals are not isomorphous to other Impa/SV40
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Fig 1. Overall structure of the Ncimpa in complex with the SV40 NLS peptide. Ncimpa structure represented in cartoon exhibits an elongated and
curved shape composed of ten tandem Arm repeats. The SV40NLS peptides, represented in magenta sticks, are bound to the major (Arms 1-4) and minor
(Arms 4-8) binding sites of NcImpa.

doi:10.1371/journal.pone.0128687.g001

complexes [10] and diffracted to high resolution (1.75A), which is the highest resolution ob-
tained for an Impa to date.

The final model of the NcImpa/SV40NLS complex consists of 428 residues of NcImpa (79-
507), the peptide ligands bound to the major (seven residues) and minor (four residues) sites,
and 349 water molecules (Table 1). The structure exhibits an elongated and curved shape com-
posed of ten tandem Arm repeats, each containing three a-helices (H1, H2 and H3;), as ob-
served in other Impa structures [9, 10, 16, 30, 32] (Fig 1). The loop containing residues 461-
465 could not be modeled due an absence of electron density. The concave surface of the pro-
tein maintains the conserved array of Trp and Asn residues and negatively charged residues
that interact with positively charged residues from the NLS ligands.

Superposition of the Ca atoms of NcImpo (residues 83-505) with other importin-a struc-
tures results in a root-mean-square deviation (r.m.s.d.) of 1.78 A for Impa from M. musculus
(MmImpe; 3ULL; [33]), 1.77 A for human Impa5 (HsImpas; 4WV6; [34]), 1.22 A for human
Impal (HsImpal; 2]JDQ; [35]), 1.21 A for rice Impa (OsImpao; [36]) and 1.13 A for yeast
Impa (ScImpe; [9]).

Binding of the SV40 NLS peptide at the Nclmpa major binding site

The SV40 NLS peptide binds the major binding site of NcImpe in an extended conformation
with an orientation that is antiparallel to the Arm repeats. The electron density for the peptide
in the major binding site is well defined, allowing for the unambiguous modeling of the eight
peptide residues ("> PPKKKRKV'??, Fig 2a). The SV40 NLS peptide exhibits a conserved bind-
ing mode at the major binding site, which is analogous to mouse (MmImpe; [10]), yeast
(ScImpas; [9]) and rice (OsImpa; [16]) Impa proteins. The N-terminal residue (P125) also ex-
hibits a conformation that is similar to that observed in the structures of OsImpa/SV40 NLS
and MmImpe in complex with an extended SV40 NLS peptide (G110-G132, referred as
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Fig 2. Electron-density map (coefficients 2|F,ps| — |Fcaic|) of the NcImpa/SV40ONLS structure in the area
corresponding to SV40NLS peptides (contoured at 2.0 s.d.) at major (A) and minor (B) binding sites.

doi:10.1371/journal.pone.0128687.9g002
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CN-SV40NLS) [37]. ScImpar/SV40 NLS and MmImpo/SV40 NLS were crystallized using trun-
cated version of the SV40 NLS peptide (P126-V132).

The average B-factor of the peptide at the major binding site (33.2 A?) is lower than the av-
erage B-factor for the protein (37.7 A?), indicating stability for the interaction of the peptide at
this site. The conserved asparagines N150, N192 and N235 of NcImpa stabilize the backbone
of the SV40 NLS peptide via hydrogen bonds, whereas the residues W146, W188 and W231
form pockets for the side chains of K129 and K131 at the P; and Ps positions of the SV40NLS
peptide, respectively. The K127 of SV40NLS participates in hydrophobic interactions with
G195 of NcImpe at the P; binding site. K128 of SV40 NLS forms hydrogen bonds with G154,
A152 and T159 and a salt bridge with D196 of NcImpa, as observed for lysine residues occupy-
ing the P, position in previous structures [9, 10]. In the P, site, the side chain of R130 interacts
with L109 and K111 of NcImpa via hydrogen bonds and hydrophobic interactions with P115
and S153. Finally, K131 (position Ps) forms hydrogen bonds with Q185 and hydrophobic in-
teractions with F142, and V132 (position Pg) forms a hydrogen bond with S110 of NcImpa
(Fig 3a, S1 Fig).

Interestingly, the N-terminal residue P125 of the SV40NLS peptide, that is not in the P; —
P positions, forms hydrogen bonds and hydrophobic interactions with R238 and D270 of
NcImpe. P125 aids in the stabilization of interactions between the protein and a peptide NLS
at the major binding site, as observed previously for MmImpa/CN-SV40NLS and OsImpa/
SV40NLS structures [16, 37].

Binding of the SV40 NLS peptide at the Nclmpa minor binding site

The electron density for the SV40 NLS peptide at the minor binding site is also well defined
and allows the unambiguous modeling of four residues of the peptide (‘**KRKV"*?, Fig 2b). As
observed for the major binding site, asparagines residues (N319 and N361 in this case) of
NcImpa define and guide the backbone of the peptide. The average B-factor for the SV40 NLS
peptide bound at the minor binding site of NcImpe is higher than the average B-factor for the
protein (39.3 and 37.7 A% respectively), indicating a lower stability for the peptide at this site
compared with the major site.

The interactions between the SV40NLS peptide and NcImpe in the minor site exhibit great-
er similarities with the interactions between this peptide and OsImpe [16](Table 2) than those
with MmImpe or ScImpa [9, 10]. In the NcImpa/SV40NLS structure, K129 at the P;” position
forms hydrogen bonds with G323, V321 and T328 of NcImpa. R130, which occupies the Py’
position, is accommodated between the hydrophobic side chains of W357 and W399 and inter-
acts with E396 via salt bridges and with S360 via hydrogen bonds, which results in the lowest
B-factor value (36.2 A%) compared to the other residues of the peptide. K131 at the P5’ position
is stabilized by helix dipoles, negatively charged residues and hydrogen bonds with N283,
G281, and T322. Finally, V132 at P, interacts with D280, R315 and N319 of NcImpa via hy-
drophobic interactions (Fig 3b, S2 Fig).

Affinity of the SV40 NLS peptide for Nclmpa

The affinity and other thermodynamic parameters for the association of NcImpe and the SV40
NLS peptide were evaluated using ITC. A protein:peptide molar ratio of 1:20 was sufficient to
yield a sigmoidal titration curve representing an exothermic process during complex formation
(Fig 4). A two non-symmetrical binding site interaction model was selected based on the deter-
mined structure, which indicates the presence of two NLS binding sites in the Impe protein
with different binding modes. The equilibrium dissociation constants of K; = 1.23+0.22 uM
and K; = 1.69+0.46 uM (Table 3) indicated that the SV40NLS peptide may bind to both sites
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Fig 3. Schematic diagram of the interactions between SV40NLS and Nclmpa for major (A) and minor (B) binding sites. The SV40NLS peptide main
and side-chains are drawn in magenta. NcImpa residues interacting with the peptide are indicated by yellow (side-chain) and orange (main-chain). Polar
contacts are shown as dashed lines and arcs with radiating spokes indicate hydrophobic contacts.

doi:10.1371/journal.pone.0128687.9003
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Table 2. Binding to specific pockets of Impa/NLS structures from different organisms.
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* Binding to specific binding pockets of Impa based on structural data are shown in bold. The NLSs are aligned as observed to bind to the NLS-binding
sites (P, —P,, minor binding site; P1—Ps, major binding site, as defined in [11]). The suspension points corresponds to the extension of the NLS peptides
that not bind into the linker region. NcImpa/SV40NLS; Oslmpa/SV40NLS [16]; MmImpa/SV40NLS [10]; Scimpa/SV40NLS [9];MmImpa/CN-SV40NLS [37];
MmImpa/hPLSCR4 [38]; MmImpa/TPX2 [39]; MmImpa/Nucleoplasmin [10]; MmIimpa/N1N2 [7]; MmImpa/RB [7]; Mmimpa/FEN1 [40]; MmImpa/Bimax1
[41]; MmImpa/Bimax2 [41]; Oslmpa/A89 [16]; Oslmpa/B54 [16]; Scimpa/c-Myc [11]; HsImpa5/Nup50 [42].

doi:10.1371/journal.pone.0128687.t002

but with higher affinity for one site. These results are consistent with previous structural and
functional results that indicate the presence of the major and minor binding sites in Imper in
complex with the SV40NLS peptide [9, 10] and are comparable with ITC experiments per-
formed with MmImpa/SV40NLS complex [19]. Furthermore, the negative contribution for the
enthalpy (AH) and positive value for the entropy (AS) suggest that both hydrogen bonds and
hydrophobic interactions play a role in this interaction, whereas conformational changes are
unfavorable. These data corroborate with the structural information obtained in the present
study.

Discussion
Comparison of Nclmpa with other Impa structures

The crystal structure of NcImpa resembles other Impa structures [9, 10, 16] but exhibits a con-
formation that is more concave compared with MmImpe (Fig 5a). Its superposition (residues
83-504) with other Impa proteins reveals a higher r.m.s.d. for Ca atoms for MmImpe (resi-
dues 78-496; PDB ID: 3UL1; r.m.s.d.: 1.78 A) and HsImpa1 (residues 78-493; PDB ID: 4WV6;
rm.s.d.: 1.77 A) (Fig 5a) compared with ScImpa (residues 89-507; PDB ID: 1BK5; r.m.s.d.:
1.13 A), OsImpa (residues 74-493; PDB ID: 4BQK; r.m.s.d.: 1.21 A) and HsImpa5 (residues
84-502; PDB ID: 2JDQ; r.m.s.d.: 1.22 A) (Fig 5b). The primary sequence identities between
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@’PLOS ‘ ONE

Structure of Importin-a from a Filamentous Fungus

Time (min)
0 10 20 30 40 50 60 70 80
T T T T T T T T T T T T T T T T T
(@) g4
o 964 \
Q I |
g T |
S 9.4+
o3
9.2

(b)

€ 07

S ]

[$)

Kol

S

© -

2 27 ®

3 u

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45
Molar ratio

Fig 4. Isothermal calorimetric data for SV40NLS peptide binding to Nclmpa. (a) Raw power output (ucal/
s) per unit time (min) of replicate titrations (b) Integrated data (kcal.mol™" of injectant versus molar ratio of
SV40NLS to Nclmpa). These data were obtained from the raw power output as the area underneath each
peak, which is then corrected for baseline heat injections and SV40NLS dilution heat and mixing. The solid
line represents the best fit of the data.

doi:10.1371/journal.pone.0128687.g004

Table 3. Isothermal titration calorimetry data for SV40NLS binding to Ncimpa.

Major site Minor Site
N 0.89+0.02 0.86 + 0.02
Kg (UM) 1.23 £ 0.22 1.69 £ 0.46
AH (kcal/mol) -2.47 £ 0.06 -3.21+£0.12
AS (cal/mol/deg) 18.3 15.1

doi:10.1371/journal.pone.0128687.t003

NcImpea and other Impo proteins directly reflect the r.m.s.d. values for Cor atoms: ScImper
(64.69% identity; r.m.s.d.: 1.13 A), OsImpa (63.16% identity; r.m.s.d.: 1.21 A), HsImpas5
(60.22% identity; r.m.s.d.: 1.22 R), MmImpo (46.26% identity; r.m.s.d.: 1.78 R), HsImpal
(45.01%; r.m.s.d.: 1.77 A). Furthermore, ScImpa, OsImpea and HsImpa5 belong to the same
phylogenetic family as NcImpa (a1 family; [43, 44]), whereas MmImpa and HsImpal belongs
to a different family (a2 family). These sequence and structural comparisons raise an impor-
tant question concerning Impe from different organisms or isoforms from the same organism.
How different is the binding mode of an NLS ligand to a particular Impa?

Several studies have shown that Impa proteins from different families exhibit preferences
for specific NLSs [45-48]. Thus, examining the binding mode of the SV40NLS peptide, which
has been crystallized with various Impa proteins, may provide insights into the binding speci-
ficities of these proteins. Crystal structures of Impa/SV40NLS complexes have been
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A

Fig 5. Comparison among Impa crystal structures from different organisms. The Impa proteins were superimposed using the Ca atoms of each protein
(residues 83 -505) (a) Nclmpa, MmImpa (PDB ID: 3UL1) and Hslmpa1 (PDB ID: 4WV6) are represented in black, red and orange, respectively. (b) Ncimpa,
Oslimpa (PDB ID: 4BQK), Sclmpa (PDB ID: 1BK5) and HsImpa5 (PDB ID: 2JDQ) are represented in black, blue, green and pink, respectively.

doi:10.1371/journal.pone.0128687.9005

determined for ScImpe [9], MmImpe (in complex with SV40NLS and with an extended
SV40NLS peptide, referred to as CN-SV40— [10, 37]), OsImpe [16] and NcImpe (the present
study). In all of these structures, the SV40NLS peptide binds strongly to the major site via sev-
eral interactions, resulting in well-defined electron density and B-factor values that are similar
to or lower than the average B-factor value for the protein. These results are consistent with the
determined affinities for the MmImpa/SV40NLS [19] and NcImpa/SV40NLS complexes using
ITC, in which both studies demonstrated the presence of two binding sites for the peptide
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exhibiting with different affinities. In all of these structures, SV40NLS binding to the major site
is essentially identical, in which all six positions (P; — Pg) of the peptide (**’ KKKRKV**?,

Table 2) are occupying similar regions at the protein. The main differences are related to the
number of peptide residues bound before the P, position (OsImpe exhibits 4 residues before
Py, NcImpa exhibits 2 residues, MmImpa exhibits 1 residue and MmImpo/CN-SV40NLS ex-
hibits 4 residues). However, these differences result from the length of the SV40NLS peptide
used in these structural studies rather than differences in Impa proteins from different
organisms.

The role of the minor binding site for NcImpa specificity

The major site was usually associated with the binding of monopartite NLSs, whereas the
minor site was associated with a secondary binding site for bipartite NLSs [7, 10, 40]. Recently,
studies have demonstrated that some monopartite NLSs may bind to only the minor site [16,
38], indicating the importance of this binding site for Impa specificity for cargo proteins.

In contrast to the binding of SV40NLS to the major site (Fig 6a), the binding mode of the
peptide at the minor binding site is different among different Impa proteins. As shown in
Table 2 and Fig 6b, SV40NLS binds to ScImpa and MmImpe via Lys and Arg residues at the
Py’ and P,’ positions, whereas the peptide binds OsImpa and NcImpeo via Lys residues at both
Py’ and P, positions, i.e., the binding of the peptide is shifted one position in the OsImpe and
NcImpo structures.

Interestingly, Lys and Arg residues at the P;” and P,’ positions, respectively, are observed for
the majority of monopartite (hPLSCR1, hPLSCR4, c-Myc, and TPX2 [11, 38, 39, 49]) and bi-
partite NLS complexes (nucleoplasmin, N1N2, RB and FENI1 [10, 37, 40]), and it is also the
predominant binding mode for MmImpa/CN-SV40NLS [37]. Furthermore, the authors of
MmImpa/SV40NLS structure [10] also observed staggering of peptide one position N-termi-
nally which may lead to an alternative binding mode with Lys and Arg residues at the P;” and
P, positions. The binding of KK residues at the P, and P,’ positions for SV40NLS in MmImpa
and ScImpa seems to be exceptions in these particular cases.

An additional interesting characteristic of SV40NLS binding to Impe is the presence of ad-
ditional interactions between both the N- and the C-termini of the peptide and MmImpa in
the minor site: two positions before P,” (P126, N-terminus) and in the Ps’ position (V132).
These interactions are observed in only the mammalian receptor despite all SV40NLS peptides
used for crystallization with Impa proteins have these same residues. Structural studies on
OsImpa have indicated that the plant-specific NLS peptide preferentially binds at the minor
site in OsImpa and at the major site in MmImpa [16]. The similarity of SV40NLS binding at
the minor site between OsImpea and NcImpa raises questions concerning the importance of
this NLS binding site for the import mechanism of N. crassa.

Chang and colleagues [16] observed the presence of non-conserved residues between
OsImpa and MmImpa (S394, R427, E434, E480, and K484 for OsImpa) in the region near the
minor site (Arm repeats 8 and 9) and toward the C-terminus may be responsible for the speci-
ficity of NLS binding for OsImpa. Multiple sequence alignment of Impe proteins (Fig 7a) indi-
cates that some of these residues that are present in OsImpo (S394, E480 and K484) are also
present in NcImpa (S402, E493, and K497) and in other Impa proteins from the o1 family
(5408, R443 and K500 in ScImpa and E491 and K495 in HsImpa). Structural comparison be-
tween NcImpea and MmImpe (Fig 7b) shows that these three residues (5402, E493, and K497
in NcImpa) are substituted by T402, S483 and A487 for MmImpe indicating that favorable in-
teraction of particular peptides may occur. Particularly, T402 in MmImpe (S402 in NcImpa)
has been reported to lie in an identical position as $394 in the OsImpa structure, sterically
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a

Fig 6. Comparison of SV40NLS peptides binding to the major (a) and minor (b) binding sites for Impa structures from different organisms.
SV40NLS peptides in complex with Nclmpa (magenta), Sclmpa (green), Oslmpa (blue) and MmImpa (yellow) were superimposed using the Ca atoms of the
peptides. Positions binding corresponding to the major (P+-Ps) and minor (P+'-P,’) sites are identified along the chains (binding pocket labels were based on
peptide binding with Nclmpa).

doi:10.1371/journal.pone.0128687.9006

preventing the binding of the plant-specific NLS peptide to MmImpe [16]. However, these
substitutions may also prevent the binding of K127 of SV40NLS to NcImpea and OsImpa, ex-
plaining the presence of this interaction in MmImpe, which belongs to the a2 family, and the
absence of this interaction in NcImpa, which belongs to the a1 family.

The majority of monopartite (hPLSCR4, c-Myc, and TPX2 [11, 38, 39]) and bipartite NLS
complexes (nucleoplasmin, NIN2, RB and FENI1 [7, 10, 40]) presented KR residues at the P}
and P, positions which seems to be the most favorable residues to occupy these positions. The
binding of KK residues atthe P, and P, positions for SV40NLS in MmImpa seems to be an ex-
ception which probably occurs because it is also favorable [10] to bind additional residues at

PLOS ONE | DOI:10.1371/journal.pone.0128687 June 19,2015 13/18



@‘PLOS | ONE

Structure of Importin-a from a Filamentous Fungus

a NcImpo
ScImpa
CsImpa
EsImpad
EsImpal
MmImpo

NcImpo
ScImpa
CsImpo
EsImpaS
EsImpal
MmImpo

NcImpo
ScImpa
CsImpo
EsImpaS
EsImpal
MmImpo

NcImpo
ScImpa
CsImpo
EsImpad
HsImpal
MmImpo

NIVITGDDVQTOVIINCGALPCLLSLLSS-NKDGIRKEACWTISNITAGHS
NIVTGNDLOTQVVINAGVLPALRLLLSS-PKENIKKEACWTISNITAGNT
NIVTGDDAQTQCIIDHQALPCLLSLLTOQNLKESIFKEACWT ISNITAGNE
NIVIGDDIQTOQVILNCSALQSLLELLIS-PKESIFKEACWTISNITAGHR
NIVITGIDEQTQVVIDAGALAVEZSLLTN-PKTNIQKEATWTMSNITAGRQ
NIVITGIDEQTQXVIDAGALAVEZSLLIN-PKTNIQKEATWTMSNITAGRO

AQIQSVIDANIIFPPLIELLSEADLETREKEACWAISNATSGGLOEPDQIRY
EQIQAVIDANLIPPLVELLEVAEYKTEKKEACWAISNASSGGLQRPDIIRY
DQIQAVINAGIIGPLVNLLOQTAEFDIFKKEARWAISNATSGGSE--DQIKY
AQIQTVIDANIFPALISILQTAEFRTRKEALWAITNATSGGSA--EQIEKY
DOIQOUVVNHGLVEFLVSVLSKADFKTCKEAVWAVTNYTSGGTV--EQIVY
DQIQQVVNHGLVEPEFLVGVLSKADFKTOQKEARWAITNYTSGGTV--EQIVY

LVAQGCIKPLCDLLACEDNKIIQVALDGLENILKVGELDENAAGDGEDSI
LVSQGCIKPLCDLLEIADNRIIEVILDALENILFEMGEADKEARG-—--LNI
LVSEGCIKPLCDLLICEDIRIVIVCLEGLENILEVGETDETLAAG---DV

LVELGCIKPLCDLLIVMDSKIVQVALNGLENILRLGEQEAKRNGT---GI
LVACGIIEPLMNLLTAKDTKIILVILDAISNIFQAREK ----LG----ET
LVACGIIEPLMNLLSAKDTKIIQVILDAISNIFQAAEK--—--LG----ET

NVFSQMIDEAEGLEKIENLQSHDNNEIYERAVKILEAYWMDEEDD-——-—-—
NPYCALIEEAYGLDKIEFLQSHENQEIYQRAFDLIEHYFGTEDEDSS——-
ERLSIMIEECGGLDKIEALQNHENESVYRASLSLIEKYFSVEEEE-—---
ERLSIMIEECGGLDKIEALQRHENESVYKASLNLIEKYFSVEEEE-——-—-
4 -

) o
J

W W W W ww
oy Oy =) Wn
“dC O W

-] =

Fig 7. Non-conserved residues between Impa proteins near to the minor NLS binding region. (a)Partial alignment of amino acid sequences of Impa
proteins from different organisms. Conserved residues are shown in black. The residues S402, K497 and E493 for Nclmpa and their equivalent residues for
Impa proteins are shown in red. (b) Superposition between Ca of Nclmpa and MmImpa structures (performed as described in Fig 5) highlights the residues
S402, K497 and E493 of Nclmpa (magenta) and the residues T402, S483 and A487 of MmImpa (green). These particular residues may be associated to
NLS binding specificity to the minor NLS binding site. E493 side-chain is shown in a hypothetical conformation in this figure because this residue presents
lack of electron density in this structure due to its high flexibility.

doi:10.1371/journal.pone.0128687.9g007
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the N- and C-terminal regions of the peptide for some Impa proteins. For OsImpoa/SV40NLS
and NcImpoa/SV40NLS complexes, KR binding at the P} and P, positions is more favorable be-
cause fewer interactions occur with the N- and C-terminal regions of the peptide. This observa-
tion accounts for the shift in the binding of SV40NLS to OsImpa and NcImpo compared with
MmlImpa.

Affinity assays between NLS peptides and Impe proteins have been performed based in in-
direct affinity measurements [16, 40, 49-54], using Surface Plasmon Resonance (SPR) [32],
and ITC [19, 38, 55]. Indirect affinity measurements between NLSs and Impe proteins re-
ported dissociation constants in the nM range and permitted the comparison among these
molecules. SPR experiments was only able to estimate the peptide-protein affinity in the yM
range which was lately confirmed by ITC experiments. The comparison between ITC analysis
of MmImpa/SV40NLS [19] and NcImpa/SV40NLS is consistent with the features of the minor
binding site observed in the structure. The higher affinity of the peptide at the minor binding
site for MmImpe (K; = 0.98+0.08 yuM) compared with NcImpa (K; = 1.69+0.46 4uM) may be
associated with the presence of additional interactions at N- and C-termini in the MmImpa/
SV40NLS complex. The crystal structure of this complex [10] has revealed that the residues
K131 and V132 of the SV40 NLS peptide form salt bridges with the conserved E354 and R315
of MmImpa, respectively. Additionally, a hydrogen bond between V132 and R135 aids in the
stabilization of the backbone of the SV40 NLS C-terminus. The importance of additional inter-
actions N- and C-termini has been also observed with ITC assays for a phosphorylated NLS
peptide which enhanced by 10-fold its affinity to MmImpeo compared to unphosphorylated
version [54]. Furthermore, it has been observed that the full length nucleoplasmin protein
binds to Impa/Impp complex with a 2-fold increase in affinity compared to just nucleoplamin
NLS peptide [53]. Interesting, ITC studies with the hPLSCR4 NLS peptide (*”>GSIIRKWN>*°)
which binds only the minor site of MmImpe [38] showed lower affinity (K; = 48.7+6.5 yM)
compared with that of the SV40NLS peptide. This fact may be mainly attributed to the absence
of a positively charged residue in the hPLSCR4 peptide at the P;’ position.

In conclusion, despite the structural similarities among Impa proteins, this study and other
recent studies with this receptor from different organisms or different isoforms from the same
organism clearly demonstrated differences in the binding specificities for cargo proteins. The
differences between NcImpa and MmImpa may result from the phylogenetic distance among
the proteins and the functions of each protein family in organism development, which results
in differences in affinities for NLSs. The elucidation of NcImpe in complex with specific NLSs
peptides from fungi may provide an explanation for the differences between these proteins.

Supporting Information

S1 Fig. Schematic diagram of the interactions between the SV40NLS peptide (purple) and
NcImpa (orange) at the major binding site. Polar contacts are shown with dashed lines, and
hydrophobic contacts are indicated bay arcs with radiating spokes. Carbon, nitrogen and oxy-
gen atoms are shown in black, blue and red, respectively. Generated with the program LIG-
PLOT [26].

(EPS)

S2 Fig. Schematic diagram of the interactions between the SV40NLS peptide (purple) and
NcImpa (orange) at the minor binding site. Polar contacts are shown with dashed lines, and
hydrophobic contacts are indicated bay arcs with radiating spokes. Carbon, nitrogen and oxy-
gen atoms are shown in black, blue and red, respectively. Generated with the program LIG-
PLOT [26].

(EPS)
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Local myonecrosis resulting from snakebite envenomation is not efficiently
neutralized by regular antivenom administration. This limitation is considered to
be a significant health problem by the World Health Organization. Phospho-
lipase A,-like (PLA,-like) proteins are among the most important proteins
related to the muscle damage resulting from several snake venoms. However,
despite their conserved tertiary structure compared with PLAs, their biological
mechanism remains incompletely understood. Different oligomeric conforma-
tions and binding sites have been identified or proposed, leading to
contradictory data in the literature. In the last few years, a comprehensive
hypothesis has been proposed based on fatty-acid binding, allosteric changes
and the presence of two different interaction sites. In the present study, a
combination of techniques were used to fully understand the structural-
functional characteristics of the interaction between suramin and MjTX-II (a
PLA,-like toxin). In vitro neuromuscular studies were performed to characterize
the biological effects of the protein-ligand interaction and demonstrated that
suramin neutralizes the myotoxic activity of MjTX-II. The high-resolution
structure of the complex identified the toxin-ligand interaction sites. Calori-
metric assays showed two different binding events between the protein and the
inhibitor. It is demonstrated for the first time that the inhibitor binds to the
surface of the toxin, obstructing the sites involved in membrane docking and
disruption according to the proposed myotoxic mechanism. Furthermore,
higher-order oligomeric formation by interaction with interfacial suramins was
observed, which may also aid the inhibitory process. These results further
substantiate the current myotoxic mechanism and shed light on the search for
efficient inhibitors of the local myonecrosis phenomenon.

1. Introduction

Myonecrosis is an important local effect of envenomations
caused by snakebite accidents, which is not efficiently
neutralized by regular antivenom administration and may
evolve to permanent tissue loss, amputation and victim
disability (Lomonte et al., 2003; Otero et al., 2002). This toxic
manifestation is particularly serious in accidents involving
viperid snakes from the Bothrops genus, which are frequent
in Latin America (de Oliveira, 2009; Williams et al, 2010).
Myonecrosis results from the synergic action of different
venom components, including haemorrhagic metalloprotein-
ases that induce ischaemia and the myotoxic phospholipases
A,, which promote direct cytotoxicity towards skeletal muscle
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cells (Gutiérrez et al., 2009). Phospholipases A, (PLA,s; EC
3.1.1.4) comprise a large family of proteins that exhibit similar
tertiary structures and are widely found in snake venoms
(Dennis et al., 2011; Gutiérrez & Lomonte, 2013). PLA,-like
proteins (or PLA, homologues) comprise an important
subclass of these proteins that are often present in viperid
venoms, which are catalytically inactive because of a lack of
Ca®" coordination related to natural mutations of the Asp49
and Tyr28 residues (Fernandes et al, 2010; Holland et al.,
1990). PLA,-like proteins, particularly Lys49-PLA,s (with an
Asp49Lys mutation), are intriguing proteins. They are small
proteins with conserved tertiary structure whose functions are
usually associated with oligomeric conformation changes and
different functional sites (Fernandes et al., 2014). Crystallo-
graphic, biophysical, biochemical and functional studies
aiming to understand the structural basis for myotoxic activity
have been performed, resulting in some consistent results and
interesting hypotheses (for a recent review, see Fernandes et
al., 2014). The most feasible and broad mechanism involves
the toxin in a particular dimeric conformation (known as an
‘alternative dimer’ or a ‘compact dimer’) that undergoes an
oligomeric change after fatty-acid binding, resulting in
membrane docking by a cationic site (MDoS) and ultimately
in membrane disruption by a hydrophobic site (MDiS;
Fernandes et al., 2013).

Structural experiments have been performed with complexes
formed of PLA,-like proteins and molecules that are poten-
tially capable of neutralizing their biological activities (de
Oliveira et al., 2003; Lomonte et al., 2009; Marcussi et al., 2007;
Murakami et al., 2005, 2007; Ticli et al., 2005). Some of these
molecules may also serve as models for the design of drugs
with anti-ophidian properties and therefore may also be
applicable as supplements to conventional serum therapy
(Marcussi et al, 2007). Suramin [8,8'-{carbonylbis[imino-
3,1-phenylenecarbonylimino(4-methyl-3,1-phenylene)carbonyl-
imino]}di(1,3,5-naphtalenetrisulfonic acid) hexasodium salt] is
one such compound because of its neutralizing properties
against the myotoxicity of Lys49-PLA,s (Arruda et al., 2002;
de Oliveira et al., 2003). This synthetic molecule is a highly
charged polysulfonated compound that has been used clini-
cally to treat African trypanosomiasis and onchocerciasis
(Burch & Ashburn, 1951; Cherry, 1960; Murakami et al., 2005;
Schneider, 1963; Williamson & Desowitz, 1956). When inves-
tigated with snake venoms, suramin was shown to inhibit the
neuromuscular blockade induced by pre-synaptic neurotoxins
such as crotoxin and B-bungarotoxin (Fathi et al., 2011; Lin-
Shiau & Lin, 1999) and prevent the muscle necrosis promoted
by BthTX-I, a Lys49-PLA, from B. jararacussu venom (de
Oliveira et al., 2003; Arruda et al., 2002).

We have recently performed structural and functional
studies of MjTX-II, a myotoxic Lys49-PLA, from B. moojeni
(Salvador, Cavalcante et al, 2013). These experiments
revealed that this toxin presents structural peculiarities
compared with other Lys49-PLA,s that influence ligand
binding at the hydrophobic channel of the toxin. Furthermore,
we also demonstrated using myographic studies that MjTX-II
produces an irreversible and time-dependent blockage of

directly and indirectly evoked twitches, similar to other Lys49-
PLA,s (Cavalcante et al., 2005, 2007; de Oliveira et al., 2003;
Heluany et al., 1992; dos Santos, Cardoso et al., 2011; Gallacci
et al., 2006; Oshima-Franco et al., 2004; Randazzo-Moura et al.,
2008; Ponce-Soto et al., 2009; Rodrigues et al., 2004; Stabeli et
al., 2006; Soares et al., 2001; Salvador, Fernandes et al., 2013).

In the present study, we explored the interaction of MjTX-
IT and suramin using functional and structural approaches to
advance knowledge regarding the structural basis for the
mechanism of action of MjTX-II. A functional myographic
study on a mice phrenic diaphragm preparation was
performed to characterize the myotoxic effects of MjTX-II
and its neutralization by suramin. The high-resolution crystal
structure of the MjTX-II-suramin complex revealed inter-
action sites between the toxin and the ligand and its oligo-
meric conformation. Calorimetric assays were used to quantify
the interactions between the protein inhibitors, and finally
dynamic light-scattering and bioinformatics assays were
performed to further evaluate the oligomeric characteristics of
the complex.

2. Experimental procedures
2.1. Toxin isolation and suramin

MjTX-II was isolated from B. moojeni venom by ion-
exchange chromatography using a gradient of 0.05-0.5 mM
ammonium bicarbonate pH 8.0, as described previously
(Soares et al., 1998). Suramin sodium salt (catalogue No.
S2671) was obtained from Sigma-Aldrich, St Louis, Missouri,
USA.

2.2. Dynamic light scattering

Dynamic light-scattering (DLS) experiments were
performed with a protein concentration of 2.5 mgml™" for
native MjTX-II and its complex with suramin (MjTX-II:
suramin molar ratio of 1:10) using a DynaPro Titan device
(Wyatt Technology) at 291 K. Measurements were performed
with the protein dissolved in 50 mM ammonium bicarbonate
pH 8.0, 50 mM sodium citrate pH 5.6. 100 measurements were
acquired in each experiment. Analysis of the final data was
performed with DYNAMICS v.6.10 (Wyatt Technology).

2.3. Isothermal titration calorimetry

MjTX-II-suramin isothermal titration calorimetric experi-
ments were performed with an iTC,y microcalorimeter
(MicroCal, GE Healthcare). Titrations were performed in
triplicate with the following general conditions: 2 pl injection
volumes, a 240 s time spacing between injections, a stirring
speed of 1000 rev min~", a reference differential power (DP)
of 5 pcal s, 45 M MTX-II (in the reaction cell) and 600 pM
suramin (in the syringe). Assays were performed at 298 K in
50 mM ammonium bicarbonate buffer pH 8.0. Heats of dilu-
tion and mixing of suramin sodium salt were determined in
separate control experiments and were subtracted from the
titrations. Data analyses were performed using scripts based
on binding polynomials implemented in Origin (v.7.0;
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OriginLab, Northampton, Massachusetts, USA) as described
previously (Freire et al., 2009; Zhou et al., 2008; Vega et al.,
2015).

2.4. Functional studies

In vitro neuromuscular studies were performed using a
myographic technique in order to verify the influence of
MjTX-II or its pre-incubation product with suramin upon the
contractile process of isolated phrenic nerve—diaphragm
muscle preparations of mice. Neuromuscular preparation has
proven to be an invaluable tool in the examination of snake
venoms and their components, since neuromuscular junctions
and muscle fibres are the main target of action of these
substances (for a review, see Hodgson & Wickramaratna,
2002). Diaphragm muscle can be stimulated either indirectly,
by brief pulses in the motor nerve, or directly on the muscle.
This allows discrimination between neurotoxic and myotoxic
effects of a snake venom or toxin (Harvey et al., 1994). While
neurotoxicity only causes the loss of the indirect twitches,
myotoxicity induces the depression of both direct and indirect
twitches (Harvey et al., 1994; Ownby et al., 1999).

Adult male mice (25-30 g) were sacrificed by exsanguina-
tion after cervical dislocation. The phrenic nerve—muscle
diaphragm preparations were removed and mounted verti-
cally in a conventional, isolated organ-bath chamber
containing 15 ml of a physiological solution with the following
composition: 135 mM NaCl, 5 mM KCl, 2 mM MgCl,, 15 mM
NaHCO3;, 1 mM Na,HPO,, 11 mM glucose. This solution was
bubbled with carbogen (95% O, and 5% CO,) and maintained
at 308 = 1 K. The preparation was attached to an isometric
force transducer (FT03, Grass Technologies) to record twitch
tensions. The transducer signal output was amplified and
recorded on a computer via a transducer signal conditioner
(Part No. 13-6615-50, Gould) with an AcquireLab Data
Acquisition System (Gould). The resting tension was 2 g.
Indirect contractions were evoked by supramaximal pulses
(0.2 Hz, 0.5 ms) delivered from an electronic stimulator
(S88K, Grass Technologies) and applied to the phrenic nerve
by means of a suction electrode. Direct contractions were
evoked by supramaximal pulses (0.2 Hz, 5 ms) through a
bipolar electrode positioned on opposite sides of the muscle.
The direct contraction experiments were performed in the
presence of pancuronium bromide (2 x 10~° M). Preparations
were allowed to stabilize for 45 min before the addition of
MjTX-II (1 pM) or of a mixture of MjTX-II plus suramin
(10 uM) pre-incubated at 308 K for 15 min. Animal proce-
dures were in accordance with the guidelines for animal care
prepared by the Committee on Care and Use of Laboratory
Animal Resources, National Research Council, USA.

2.5. Crystallization and X-ray data collection

The purified MjTX-II fraction was concentrated to
10 mg ml™" in 0.05 mM ammonium bicarbonate pH 8.0 and
suramin solution was added to give a 1:8 molar ratio. Crystals
of the MjTX-II-suramin complex were obtained at 291 K from
a mixture of 1 pl protein—suramin solution and 1 pl reservoir

solution equilibrated against 500 pul reservoir solution
[30% (w/v) PEG 4000, 0.1 M Tris—HCI pH 8.5, 0.2 M lithium
sulfate] by the hanging-drop vapour-diffusion method
(Ducruix & Giegé, 1992).

X-ray diffraction data were collected from a single MjTX-
II-suramin crystal at a wavelength of 1.459 A (at 100 K) using
a synchrotron-radiation source [MX2 station, Laboratério
Nacional de Luz Sincrotron (LNLS), Campinas, Brazil] and a
MAR CCD imaging-plate detector (MAR Research). The
crystal was mounted in a nylon loop and flash-cooled in a
stream of nitrogen at 100 K without cryoprotectant. A crystal-
to-detector distance of 100 mm and an oscillation range of 1°
were used, resulting in the collection of 127 images. The data
were processed to 1.9 A resolution using the HKL-2000
program package (Otwinowski & Minor, 1997).

2.6. Structure determination and refinement

The crystal structure of the MjTX-II-suramin complex was
solved by the molecular-replacement method using Phaser
(McCoy, 2007) from the PHENIX package v.1.8.4 (Adams et
al., 2010) using the coordinates of MjTX-II (PDB entry 4kf3;
Salvador, Cavalcante et al., 2013) as the search model. The
modelling process was performed by manual rebuilding using
Coot v.0.7.1 (Emsley & Cowtan, 2004). Polyethylene glycol
(PEG) 4000, water and suramin molecules were added by
Coot and refined using the PHENIX package v.1.8.4 (Adams
et al., 2010). Because of a lack of electron density, the amino-
acid side chains of Glu86 and Lys69 in monomer A and Lys128
in monomer B were not modelled. The PHENIX package and
MolProbity (http://molprobity.biochem.duke.edu/; Chen et al.,
2010) were used to check the general quality of the final
model. The coordinates were deposited in the PDB as entry
4yvs.

2.7. Comparative analysis

The structures of MjTX-II-suramin, MjTX-II (PDB entry
4kf3; Salvador, Cavalcante et al., 2013), BaspTX-II-suramin
(myotoxin II from B. asper venom; PDB entry 1y4l; Murakami
et al., 2005) and ecarpholin S-suramin (a myotoxic Ser49-
PLA, from Echis carinatus venom; PDB entry 3bjw; Zhou et
al., 2008) were used. Molecular comparison of the structures
was performed using Coot v.0.7.1 (Emsley & Cowtan, 2004).
All structural figures were generated using PyMOL v.1.3
(Schrodinger).

2.8. Molecular-dynamics simulations

Molecular-dynamics (MD) simulations were performed
using GROMACS (Groningen Machine for Chemical Simu-
lation) v.4.5.3 (Van Der Spoel et al., 2005) for two experi-
mental conditions: four protomers of MjTX-II (a tetramer)
without ligands and four protomers of MjTX-II (a tetramer)
and four suramin molecules. The simulations were performed
using the protein models in the presence of explicit water
molecules. The GROMOS96 53a6 force field (Oostenbrink et
al., 2005) was selected to perform the MD simulations, and the
protonation states of the charged groups were set to a pH
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value of 7.0. The minimum distance between any atom of the
models and the box wall was 0.5 nm. Energy minimization
using a steepest-descent algorithm was performed to generate
the starting configurations of the systems. After this step,
200 ps of MD simulation with positional restraints applied to
the protein (PRMD) was executed to gently relax the systems.
50 ns of unrestrained MD simulation was then performed to
evaluate the stabilities of the structures. All MD simulations
were performed in a periodic truncated cubic box under
constant temperature (298 K) and pressure (100 kPa), which
were maintained by coupling to an isotropic pressure system
and an external heat bath (van Gunsteren & Berendsen,
1984). The suramin topology and coordinate files used in the
MD simulations were generated by the PRODRG2.5 server at
the University of Dundee (http://davapcl.bioch.dundee.ac.uk/
cgi-bin/prodrg).

The overall stereochemistry and fold quality of the protein
structural models obtained after initial modelling and MD
simulations were further examined with RAMPAGE (Lovell
et al., 2003) and ProSA-web (Wiederstein & Sippl, 2007). To
assess the quality of the MD simulations, the average root-
mean-square deviation/time graphs of the protein backbone
atoms were analyzed to examine the differences between the
total averages of two equal sets of points (the points corre-
sponding to the transient part of the simulations were not
considered).

3. Results
3.1. In vitro myotoxicity

MjTX-IT at 1 pM promoted a time-dependent blockade of
both indirectly and directly evoked twitches in mouse neuro-
muscular preparations (Fig. 1). Pre-incubation with suramin
prevented approximately 85% of the muscle paralysis
promoted by MjTX-II, independent of whether the stimulus
was applied directly into the muscle or indirectly into the
nerve. Suramin alone did not alter muscle contractions
compared with the control.

3.2. Dynamic light scattering

DLS experiments were performed using the toxin dissolved
in ammonium bicarbonate pH 8.0 and sodium citrate pH 5.6.
An R, value of 2.0 nm was obtained in both conditions, with
polydispersivity values of Pd = 9.5% at pH 5.6 and Pd = 13.9%
at pH 8. An average molecular weight of approximately
17 kDa was calculated considering MjTX-II to be a globular
protein (the sequence-based monomeric molecular weight is
13.887 kDa). A similar value was obtained (Ry, = 2.3 A, Pd=
12%) for native MjTX-II dissolved in ultrapure water, as
described previously (Salvador, Cavalcante et al., 2013). These
results are also consistent with data obtained previously for
other Lys49-PLA,s (Fernandes et al, 2010). Thus, taking into
account that the structure is not perfectly globular, the data
suggest that native MjTX-II is predominantly dimeric, but the
presence of a fraction of the toxin in a monomeric confor-
mation may also be possible. Conversely, DLS measurements

of pre-incubated MjTX-II-suramin solution indicated protein
oligomerization (R, = 4.2 nm, Pd = 13.7% at pH 5.6 and R, =
3.5 nm, Pd = 14.5% at pH 8). The calculated molecular weight
of the complex is 98 and 63 kDa at pH 5.6 and 8.0, respectively.
These data clearly demonstrated the oligomerization process
undergone by the complex, and also suggest that the tetramer
is the predominant assembly for the complex at pH 8.0,
despite the relatively high polydispersivity value in these
measurements.

3.3. Interaction between MjTX-Il and suramin

The interaction between MjTX-II and suramin was assessed
by ITC. A representative calorimetric titration is shown in
Fig. 2. The thermogram exhibited biphasic behaviour, indi-
cating at least two distinguishable binding events. To avoid a
priori constraints regarding the ligand-binding sites, a general

—m— Control (n =5)
—O— Suramin (10 uyM) (n = 5)
—A— MjTX-Il (1 uM) (n=7)
—0— MTX-Il (1 yM) + suramin (10 uM) (n = 4)
100
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Figure 1

Effects of MjTX-II and the product of its pre-incubation with suramin
on (a) directly and (b) indirectly evoked twitches in mouse phrenic
diaphragm preparations. The ordinate represents the percentage of
twitches relative to the initial amplitude. The abscissa indicates the time
(in minutes) after the addition of MjTX-II or a mixture of MjTX-II and
suramin to the organ bath. The data are grouped as means =+ standard
error of the mean (P < 0.05). The asterisk indicates the point after which
there was a significant difference compared with the control.
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Table 1

Thermodynamic values for the binding of suramin to MjTX-II.

ka1 and kg, are the intrinsic dissociation constants for the binding of the first
and second ligand. Ak, and Ah, are the intrinsic binding enthalpies for the
binding of the first and second ligand. B; and B, are the overall association
constants for the first and second binding events. AH, and AH, are the overall
binding enthalpies for the first and second binding events. « is the interaction
cooperativity constant (= 48,/87). Ah is the interaction cooperativity enthalpy.
ny is the Hill coefficient [= 2/(1 + a~"?)].

Dissociation binding constants and binding enthalpies

ka1 (UM) 0.6 £ 0.1
Ahy (kcal mol™") 52402
kay (UM) 62+12
Ahs (kcal mol™) —182 £ 0.6

Overall binding parameters determined by nonlinear regression

B (MY (3.1 £ 05) x 10°
AH; (kcal mol™) 52403

B (M7?) (2.5 4 0.4) x 10"
AH, (kcal mol™) —13.0+03

a 0.10 £ 0.03

Ah (kcal mol™") —234 404

ny 0.5+02

Table 2

X-ray data-collection and refinement statistics.

Values in parentheses are for the highest resolution shell.
a=508,b=0636,c=877
P2,2:2,

31.82-1.90 (1.96-1.90)
23031 (2258)

Unit-cell parameters (A)
Space group

Resolution (A)

Unique reflections

Completeness (%) 99.9 (99.7)
(Ilo(1)) 8.6 (2.5)
Multiplicity 49 (4.7)
Molecules in asymmetric unit 2
RuergeT (%) 14.4 (78.9)
Reryst (%) 19.7
Rfree (%) 22.8
No. of non-H atoms
Protein 1916
‘Waters 197
Suramin molecules 2
PEG 4K molecules 3
Sulfate ions 7
Wilson B factor (A?) 20.6
Ramachandran plotf (%)
Favoured 95.0
Outliers 0.91

T Ruerge = D i 0 Hi(hkl) — (I(hkD)| /3" 3; I(hkl), where I(hkl) is the intensity of
an individual measurement of the reflection with Miller indices Akl and (I(hkl)) is the
mean intensity of that reflection. Calculated for I > —3o0(I). % Calculated with
MolProbity (Chen et al., 2010).

model with two binding sites based on the overall association
constants (8, and ,) and binding enthalpies (AH,; and AH,)
was employed. Nonlinear regression analysis allowed the
estimation of binding parameters (Table 1). An interaction
constant a (= 4B,/B7) of 0.1 and a Hill coefficient of 0.5 indi-
cated that the binding sites are either non-identical or iden-
tical exhibiting negative cooperativity.

Intrinsic site-specific binding parameters were calculated
from the overall association parameters: the dissociation
constants for the binding of the first and second events and
their corresponding binding enthalpies (Table 1). The first
binding event presented a dissociation constant of 0.6 uM,
whereas the second binding event displayed a dissociation
constant of 6.2 pM (a tenfold reduction in binding affinity).

There was a considerable difference in the binding enthalpies:
the first event exhibited unfavourable enthalpy (entropically
driven), whereas the second event exhibited favourable
enthalpy (enthalpically driven, with a —23.4 kcal mol ™’
difference in enthalpy).

3.4. Crystallographic structure of the MjTX-lIl—suramin
complex

The MjTX-II-suramin crystals belonged to space group
P2,2,2, and diffracted to 1.9 A resolution. The refinement
converged to an Ry value of 19.7% (Rpee = 22.8%) with a
final model (Fig. 3a) composed of 197 solvent molecules, two
suramin molecules (Fig. 3b), seven sulfate ions and three
polyethylene glycol 4000 (PEG 4K) molecules. This model
revealed two protomers (identified as A and B) in the asym-
metric unit. The refinement statistics and other information
are provided in Table 2. Suramin molecules bind to both
monomers of the MjTX-II-suramin complex in a symmetric
manner, establishing interactions with both the C- and
N-termini of the toxin (the Lys7, LeulO, Asnl14, Lys116,
Tyr119, Tyr121, Leul22 and Phel26 residues are involved in
these interactions; Figs. 4a and 4b).

Time (min)
0 20 40 60 80

10 4

05 | —

00 |- -

dQ/dt (ucal s™)

Q (kcal per mole of injectant)

1 " 1 " 1 L 1 L 1 " 1 "
0.0 0.5 1.0 1.5 2.0 25 3.0
[Suramin],/[PLA,];

Figure 2

Calorimetric titration of suramin sodium salt into MjTX-II. The upper
panel shows the raw data thermogram (thermal power as a function of
time) of the titration of MjTX-II (200 pl, 45 pM) with 600 pM suramin
sodium salt. The lower panel shows the binding isotherm (ligand-
normalized integrated heat as a function of the molar ratio). Affinities
and enthalpy changes were determined by a general nonlinear regression
model considering two ligand-binding sites (solid line).
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The crystallographic structure of MjTX-II complexed with
suramin presents a similar fold to other class II PLA;s, is
stabilized by seven disulfide bridges and is composed of the
following secondary-structure elements: an N-terminal «-helix
(h1), a ‘short’ helix, a Ca®*-binding loop, two antiparallel
a-helices (h2 and h3), two short strands of antiparallel
B-sheets (known as S-wings) and a C-terminal loop (Arni &
Ward, 1996; Magro et al., 2009). The MjTX-II-suramin struc-
ture, like other PLA,-like structures, presents a hydrophobic
channel which links the protein surface to its putative active
site. This cleft is present for both catalytic PLA,s and PLA,-
like proteins, displaying conserved residues (e.g. His48) that
are fundamental for the catalytic process (in PLA,s; Scott &
Sigler, 1994) or for the mechanism of toxicity (in PLA,-like
proteins; dos Santos et al., 2009).

The majority of PLA,-like toxins present dimeric arrange-
ments in their crystals and in solution (Fernandes et al., 2014).

)

Figure 3

Crystal structure of the MjTX-II-suramin complex. (a) The overall structure of the MjTX-1I-
suramin complex is depicted as a ribbon diagram. Suramin molecules (yellow) are illustrated as stick
representations. The electron-density map (coefficients |Fyps| — |Feael) of the MjTX-II-suramin
complex is shown in the area corresponding to the ligand and is contoured at 1.0o. (b) Tetrameric
configuration of the MjTX-II-suramin complex formed by two dimers in the asymmetric unit. This
oligomeric conformation was suggested by PISA (Krissinel & Henrick, 2007), dynamic light
scattering and molecular-dynamics simulations to be stable in solution. Both ‘alternative’ and
‘conventional’ dimers were observed in this oligomeric conformation (Fernandes et al., 2014).

Additionally, the unit-cell packing of MjTX-II-suramin and
most Lys49-PLA, structures presents two possible dimeric
configurations: (i) the ‘alternative dimer’ or ‘compact dimer’
and (ii) the ‘conventional dimer’ or ‘larger dimer’. This issue
has been extensively analyzed in different studies, with the
‘alternative dimer’ being the most likely conformation to
occur in solution (for a review, see Fernandes et al., 2014).
Inspection of the MjTX-II-suramin unit-cell packing using
PISA (Krissinel & Henrick, 2007) also suggested that the
‘alternative dimer’ conformation is the most probable
conformation to occur in solution: the ‘alternative dimer’ had
a complexation signification score (CSS) of 0.2, an interfacial
area of 5125 A% and A'G = —9.4 kcalmol™!, while the
‘conventional dimer’ had a CSS of 0, an interfacial area of
3482 A% and A'G = —0.2 kcal mol™". Thus, the first assembly
(alternative dimer) was selected for the MjTX-II-suramin
structure and used in refinement.

The particular mode of suramin
binding on the toxin surface, in which
there is a ligand on each side of the
dimer (Fig. 3a), enables other toxin
dimers to interact with each side of the
complex, allowing higher-order complex
formation (Fig. 3¢). Notably, this oligo-
meric organization of the MjTX-II-
suramin complex is composed of four
protomers that are composed of two
dimers in the ‘alternative dimer’
conformation (from two asymmetric
units) related by a twofold axis. The
majority of the contacts between the
dimers are between two suramin mole-
cules that are located in the dimeric
interface (Fig. 3¢). Further analyses with
PISA (using the protomers, suramin and
the interfacial PEG 4K molecules)
suggested a tetrameric conformation as
a stable assembly in solution. Another
interesting feature that is observed in
the tetrameric arrangement is the
presence of both ‘alternative’ and
‘conventional’ dimers (Fig. 3c). Thus,
despite the ‘alternative’ conformation
being more favourable in solution for
most Lys49-PLA,s, the ‘conventional’
conformation is found in the case of a
tetrameric arrangement, such as in
MjTX-II-suramin and M;TX-1
(Salvador, Fernandes et al., 2013).

> Alternative
dimer

3.5. Comparison between MjTX-II and
the MjTX-ll-suramin complex

MjTX-II and the MjTX-II-suramin
complex displayed similar dimeric
structures (r.m.s.d. of 0.33 A). The main
differences between these structural
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models are observed in the ligand-binding regions (Figs. 5b
and 5d). The MjTX-II structure contains four PEG 4K
molecules: the PEG 4K(1) and PEG 4K(2) molecules inside
the hydrophobic channel of each dimer, PEG 4K(3) inter-
acting with the Lys7 region and PEG 4K(4) interacting with
the hydrophobic channels of both monomers simultaneously
(each tail is bound to each monomer). In the MjTX-1I-
suramin complex there are only three PEG 4K molecules [the
PEG 4K(4) molecule is absent]. Additionally, the PEG 4K(3)
molecule observed in the vicinity of the Lys7 residue presents
a different configuration compared with that observed in the
MjTX-II structure. Part of this PEG 4K molecule interacts
with one of the monomers of the adjacent dimer of the
asymmetric unit of the MjTX-II-suramin structure (Fig. 3a).
Finally, the most important characteristic of the complex is the
presence of two suramin molecules on the surface of the toxin
dimer. This particular binding mode of the ligands on the
protein surface creates the possibility of the occurrence of a
high-order oligomeric assembly.

3.6. Comparison between PLA,-like toxins complexed with
suramin

Three structures of PLA,-like toxins complexed with
suramin have been solved: (i) MjTX-II-suramin (this work),
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(ii) BaspTX-II-suramin (a Lys49-PLA, from B. asper; Mura-
kami et al., 2005) and (iii) ecarpholin S—suramin (a Ser49-
PLA, from E. carinatus; Zhou et al., 2008). Notably, the ligand
binds to different parts of each protein, leading to different
oligomeric conformations of the toxins.

A comparison between the crystal structures of the two
Lys49-PLA s complexed with suramin (MjTX-II-suramin and
BaspTX-II-suramin) in their dimeric arrangement is shown in
Fig. 5(a). The structure of the BaspTX-II-suramin complex
demonstrated that suramin interacts with the putative
calcium-binding loop and C-terminal regions. The ligand is
bound at the entrance to the hydrophobic channel of the toxin,
blocking the access to a possible activator molecule (see §4.3).
In MjTX-II-suramin, by contrast, the inhibitor is bound at the
external portion of the protein in both monomers (Fig. 3a)
by several hydrophobic contacts and three polar contacts
(Figs. 4a and 4b). This particular mode of interaction also
results in oligomerization of the complex, mainly by contacts
between the suramin molecules. The reasons for the ligand-
binding differences between these two proteins arise from two
unique sequence features of MjTX-II compared with all other
Lys49-PLAs (Salvador, Cavalcante et al., 2013): (i) a mutation
in the putative Ca®*-binding loop (Leu32Gly) causes the
binding of the additional PEG 4K (4) molecule (Fig. 5d) in the
structure of MjTX-II-PEG 4K and of an additional fatty-acid
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Interaction of suramin molecules in the MjTX-II structure. (a) and (b) represent the interactions of suramin 1 and suramin 2 bound to monomers A and
B of MjTX-II, respectively. Polar contacts are depicted as broken lines and hydrophobic contacts are indicated by arcs with radiating spokes. This figure

was drawn using LIGPLOT (Wallace et al., 1995).

2072

Salvador et al.

+ Membrane docking and disruption sites on PLA,-like proteins

Acta Cryst. (2015). D71, 2066—2078



research papers

molecule in the structure of MjTX-II-stearic acid (Watanabe
et al., 2005) and (ii) an insertion in the MjTX-II C-terminus
(Asn120) also confers a different conformation to this region,
leading to the binding of the additional PEG 4K (3) (Fig. 5d) in
the MjTX-II-PEG 4K structure or a fatty-acid molecule in the
MjTX-II-stearic acid structure (Salvador, Cavalcante et al.,
2013; Watanabe et al., 2005). Indeed, phylogenetic studies with
PLA,-like toxins demonstrated that the MjTX-II sequence is
in an isolated and primitive branch of the Lys49-PLA, clade
(dos Santos, Cintra-Francischinelli et al, 2011; Salvador,
Fernandes et al., 2013).

A superposition of the MjTX-II-suramin and ecarpholin S—
suramin (Zhou et al., 2008) dimers is shown in Fig. 6. It can be
observed that although they present a conserved secondary
structure, their oligomeric structures are very different and the

3
M;jTX-II-suramin
(b) (©

Figure 5

BaspTX-II-suramin

C-terminal regions also display different conformations.
The ecarpholin S—suramin crystal structure contained three
suramin ligands interacting with different portions of
C-terminal and N-terminal regions of the toxin mainly by
polar contacts. Interestingly, despite structural and sequential
differences between the toxins (MjTX-II and ecarpholin S),
some parts of the suramin ligands bind to similar regions (the
C-terminal and N-terminal portions), and interaction between
the ligands resulted in the oligomerization of both proteins.

3.7. Molecular-dynamics studies

MD simulations were performed to check the stability of
the tetrameric structure of the complex observed in the unit
cell. Thus, two different models were used for the MD simu-

MjTX-II-suramin

B BaspTX-II-suramin

MjTX-II-PEG 4K
@

Structural comparison between the dimeric MjTX-II-suramin complex structure and other Lys49-PLA, structures. (a) Superposition of the MjTX-II-
suramin (ribbon diagram in black and suramin molecules in yellow) and BaspTX-II-suramin (ribbon diagram in grey and suramin molecules in magenta)
structures. (b) Cartoon representation of the dimeric MjTX-II-suramin complex structure (black); the three PEG 4K molecules and two suramin
molexules are shown in green and yellow, respectively. (¢) Cartoon representation of the BaspTX-II-suramin complex structure (grey); the two PEG 4K
molecules are shown in green and the two suramin molecules are shown in magenta. (d) Cartoon representation of the MjTX-II structure (grey) with its
four PEG 4K molecules shown in green.
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lations: (i) a crystallographic tetrameric assembly of the
complex (four protomers and four interfacial suramin mole-
cules, named the bound assembly) and (ii) a crystallographic
tetrameric assembly without suramin ligands (four protomers,
named the unbound assembly).

The simulations showed that the bound assembly had a
lower average r.m.s.d. value and also a lower level of r.m.s.d.
fluctuations compared with the unbound assembly (Fig. 7).
Thus, these data showed that the bound tetrameric assembly
presented a lower tendency for movement between the dimers
along the tetrameric interface, indicating tight interactions
between the suramin molecules and toxin protomers.

4. Discussion
4.1. Myotoxic activity of MjTX-Il is neutralized by suramin

Functional myographic studies performed on isolated
neuromuscular preparations are suitable for screening the
neurotoxic and myotoxic components of snake venoms
(Gallacci & Cavalcante, 2010; Harvey et al., 1994; Ownby et al.,
1999). Although neurotoxic activity is characterized by the
exclusive blockade of indirect contractions, myotoxicity causes
a loss of both direct and indirect twitches (Ownby et al., 1999).
The present study demonstrates that MjTX-II, similar to other
Lys49-PLA s, induces a blockade of both indirect and direct
twitches in mouse phrenic diaphragm preparations (Caval-
cante et al., 2005; de Oliveira et al., 2003; Gallacci et al., 2006;

B MjTX-II

. (a)
Figure 6

Heluany et al., 1992; Oshima-Franco et al., 2004; Ponce-Soto et
al., 2009; Randazzo-Moura et al., 2008; Rodrigues et al., 2004;
Salvador, Fernandes et al., 2013; Salvador, Cavalcante et al.,
2013; Soares et al., 2001; Stabeli et al., 2006). The muscle
paralysis induced by myotoxic PLA,s has been attributed to
muscle-fibre unexcitability consequent to prolonged depolar-
ization resulting from the alteration of cell-membrane
permeability. Even though morphological studies clearly
demonstrate that Lys49-PLA,s can induce muscle damage,
functional myographic approaches reveal the early stages of
this toxic effect (de Oliveira et al., 2003; Cavalcante et al., 2007,
dos Santos, Cardoso et al., 2011).

As described above, pre-incubation with suramin neutra-
lizes the muscle paralysis promoted by MjTX-II in mouse
phrenic nerve—diaphragm preparations, regardless of whether
the stimulus was applied indirectly on the nerve or directly
on the muscle. Thus, based on the above considerations, we
suggest that suramin neutralizes the myotoxic effect of MjTX-
II. Similar findings regarding the antimyotoxic effect of
suramin have previously been described against other PLA,-
like proteins, such as Lys49-PLA,s [BthTX-I from B. jarar-
acussu (de Oliveira et al., 2003), BaspTX-1I (Murakami et al.,
2005)] and ecarpholin S (Zhou et al., 2008).

The mechanism of action of suramin at the neuromuscular
junction remains unclear, but it is known that suramin
blockades presynaptic voltage-dependent Ca®*channels on the
motor nerve terminal, reducing the release of acetylcholine
(Henning et al., 1996; Lin et al., 2000). However, this mode of

. Ecarpholin S

()

Superposition of the dimeric MjTX-II-suramin and the Ser49-PLA, escarpholin S-suramin structures. (a) Cartoon representation of the MjTX-II-
suramin (green) and escarpholin S—suramin (light brown) structures. (b) The same superposition as in (a) but including the suramin molecules. One
monomer of each structure was superposed to illustrate the oligomeric differences between the complexes.
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action cannot account for the inhibitory effect of suramin on
muscle paralysis induced by MjTX-II and other PLA,-like
toxins. Indeed, these functional results also corroborate our
crystallographic and calorimetric assay results, indicating that
suramin can interact with MjTX-II with high affinity and form
complexes that are inactive.

4.2. Oligomerization of the MjTX-ll-suramin complex

Most apo and complexed PLA,-like structures are dimeric,
as demonstrated by crystallography, DLS, SAXS and size-
exclusion chromatography, among other techniques (Mura-
kami et al., 2007; dos Santos et al., 2009; Fernandes et al., 2010,
2014). In particular, the crystal structure of MjTX-II was also
solved as a dimer (de Azevedo et al., 1997; Watanabe et al.,
2005; Salvador, Cavalcante et al., 2013). The MjTX-1I-suramin
structure also presents a dimeric conformation in its asym-
metric unit; however, analysis of its unit cell shows that owing
to crystallographic symmetry the tetrameric conformation
seems to be most likely to occur. Notably, the dimeric
conformation observed in the MjTX-II structure is also
preserved in the MjTX-II-suramin structure. However,
because the ligand binds on the surface of the toxin, a tetra-
meric arrangement formed by two dimers occurs in the unit
cell.

To test whether the tetrameric arrangement occurs in
solution, we also performed other experiments which, despite
the particularities and limitations of each technique, demon-
strated that a high-order oligomeric conformation is feasible.
MD simulations demonstrated that the tetrameric conforma-
tion is more stable in the presence of the ligand. DLS assays
indicated that the presence of the ligand induces the formation
of higher-order oligomers, and also suggested that the tetra-
meric assembly is predominant at pH 8. ITC experiments
indicated two binding events characterized by dissociation
constants in the low micromolar range with a tenfold differ-
ence. Thus, these two events may be attributed to binding of
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Figure 7

Average backbone r.m.s.d. during 50 ns molecular-dynamic simulations of
the tetrameric assembly of MjTX-II with (black) and without (grey)
suramin ligands. The simulations demonstrated that the bound assembly
(in black) presents a lower average r.m.s.d. value and a lower level of
r.m.s.d. fluctuations compared with the unbound assembly (grey).

suramin to the surface of MjTX-II (the first event with a
higher dissociation constant, with positive enthalpy and
entropically driven) and the interaction between the two
dimers (by suramin and S-sheet residues) forming the tetra-
meric arrangement (the second event with a lower dissociation
constant and enthalpically driven).

Suramin-induced oligomerization has also been reported
for ecarpholin S, a Ser49-PLA, from E. carinatus venom
(Zhou et al., 2008). The myotoxic activity of ecarpholin S is
significantly inhibited by suramin, and oligomerization may be
essential for this inhibition: the apo form of this protein
changed from a monomeric to a dimeric state (in the asym-
metric unit) and an octameric conformation (in the unit cell)
when in the presence of suramin (Zhou et al., 2008). Thus,
considering the crystallographic and biophysical experiments,
in which we showed that the oligomerization process also
occurs for MjTX-II, we suggest that this phenomenon may
also play an important role in the mechanism of inhibition of
PLA,-like toxins by suramin.

4.3. Structural basis for the inhibition of MjTX-Il by suramin

The mechanism of action of Lys49-PLA,s upon muscle
fibres has been much discussed over the last several years, and
great progress has been achieved regarding this topic. It is
already known that Lys49-PLA,s act as dimers through their
C-terminal region (Chioato et al., 2002; Ward et al., 2002). It
has been proposed that C-terminal (Lys115 and Argl18) and
other basic residues (such as Lys20) are the main residues
responsible for membrane anchorage (dos Santos et al., 2009).
More recently, this anchorage site was named the membrane-
docking site (MDoS) and other functional sites responsible
for membrane disruption (called membrane-disruption sites;
MDiS) consisting of the C-terminal hydrophobic residues
(Leul21 and Phe125 in Lys49-PLA,s and Leul22 and Phe126
in MjTX-II because of a residue insertion) have been identi-
fied (Fernandes et al, 2013). Thus, a myotoxic mechanism
composed of five steps was proposed: (i) fatty-acid binding at
the hydrophobic channel of the toxin, (ii) allosteric activation,
(iii) protein-membrane docking (MDoS), (iv) protein pene-
tration and disruption (MDiS) and (v) cell death (Fernandes et
al., 2013).

Based on the available structural and functional data,
different ‘classes’ of inhibitors of PLA,-like proteins have
been proposed: (i) ligands that bind in the hydrophobic
channel (e.g. p-bromophenacyl bromide; BPB), (ii) ligands
that block or restrict access to the hydrophobic channel (e.g.
rosmarinic acid) and (iii) ligands that bind to the C-terminus
or the MDoS (dos Santos et al., 2009; Fernandes et al., 2014).
Notably, the crystal structure of the MjTX-II-suramin
complex shows that suramin binds simultaneously to the
MDoS and MDiS regions (primarily localized at the C-termini
of PLA,-like toxins; Figs. 4 and 8). Suramin simultaneously
neutralizes the myotoxic and neuromuscular blocking activity
of MjTX-II when pre-incubated in vitro. Calorimetric data
demonstrated that suramin ligands bind to MjTX-II in the low
micromolar range, which corroborates the functional data.
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Thus, the interaction of suramin with MjTX-II is in agreement and explains its high efficiency as an inhibitor, as demon-
with the previous hypothesis for class (iii) inhibitors strated by functional and calorimetric assays.

(C-termini) but also reveals a broader class of inhibitor that is In addition to suramin binding at the MDiS and MDoS
able to bind to both the MDiS and MDoS regions. This is the regions of MjTX-II, the oligomerization process observed for
first report of a ligand that binds simultaneously to both sites the MjTX-II-suramin complex also strengthens the MDiS and
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Figure 8

MDoS (cationic membrane-docking site) and MDiS (hydrophobic membrane-disruption site) in the MjTX-II-suramin structure, highlighting the
interaction between the inhibitor and these sites. (a) Cartoon representation of the asymmetric unit of the crystal structure of the MjTX-II-suramin
complex with the inhibitor interacting with MDoS (residues in green) and MDiS (residues in red). Suramin and the MDoS and MDiS residues are shown
in ball-and-stick representation. (b) Detailed view of the interaction between a suramin molecule and a monomer of MjTX-I1, highlighting the MDiS
(red) and MDoS (green) regions. The protein is represented as a surface and the suramin ligand is shown in ball-and-stick representation. (¢) Tetrameric
conformation of the MjTX-II-suramin complex with the inhibitor interacting with the MDiS (red) and MDoS (green) regions.
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MDosS burial process. Therefore, two synergic mechanisms can
potentially explain the demonstrated inhibition of MjTX-II by
suramin: (i) the suramin-binding mode on the toxin surface
that results in a blockade of both the MDoS and MDiS sites,
thus impairing toxin-membrane contacts (Figs. 8a and 8b),
and (ii) MjTX-II-suramin-induced oligomerization resulting
in a special protein-ligand quaternary arrangement that
makes the MDoS and MDiS of all of the oligomerized toxins
physically inaccessible (Fig. 8¢).

4.4. Inhibitory mechanism of PLA,-like toxins

As shown in §3.6, in the crystal structure of the BaspTX-11-
suramin complex the suramin ligand interacts with the puta-
tive calcium-binding loop and C-terminal regions, obstructing
the hydrophobic channel (Murakami et al., 2005). By contrast,
in the crystal structure of the ecarpholin S—suramin complex
(Zhou et al, 2008) interactions of the ligand with the
C-terminal region were observed, particularly with Asnl14,
Lys115 and Lys116 (this basic cluster has been proposed to be
part of the putative MDoS; Fernandes et al., 2014). Similarly,
suramin interacts with MjTX-II residues from the MDoS
(Lys115 and Lys116) and MDiS (Leul22 and Phel26). Thus,
despite the particularities of the interaction between suramin
and MjTX-II or ecarpholin S, there are some similarities in the
regions where the ligand binds to the toxins (MDoS region)
and in the oligomerization process undergone by the toxins
after ligand binding. These facts indicate that the inhibitory
processes of suramin towards both proteins are related.

In addition to suramin, rosmarinic acid also showed efficient
neutralizing characteristics for Lys49-PLA,s (Ticli et al., 2005;
dos Santos, Cardoso et al, 2011) and its complex has been
crystallographically characterized (dos Santos, Cardoso et al.,
2011). The authors of this study observed that rosmarinic acid
is bound at the entrance to the hydrophobic channel. There-
fore, based on the proposed myotoxic mechanism, dos Santos,
Cardoso et al. (2011) suggested that the inhibitory processes
occur because of ligand steric hindrance that blocks the access
of substrates to the hydrophobic channel.

Consequently, based on the effective inhibition by suramin
and rosmarinic acid, we propose two modes of inhibition of
PLA,-like proteins: (i) ligands binding in the hydrophobic
channel or blocking its access and (ii) ligands binding or
blocking access to the MDoS and MDiS regions. The first
inhibition mode avoids the binding of fatty acid to the toxin
that is necessary to activate the protein via an oligomeric
change, whereas the second mode avoids toxin docking and
membrane disruption. Because suramin and rosmarinic acid
act in both inhibitory processes, our experimental results are
promising for their potential use as drugs against the local
effects of myotoxic toxins.

5. Conclusions

In this study, we demonstrated that suramin is a potent inhi-
bitor that binds to MjTX-II with high affinity. The crystal
structure of the MjTX-II-suramin complex demonstrated for

the first time an inhibitor that binds simultaneously to the sites
of the toxin involved in membrane docking and disruption.
Furthermore, the crystal structure, DLS and MD simulations
identified the formation of higher-order oligomers (mainly
tetramers), which also aids in the inhibitory process. The
findings described in this work showed a great convergence
with the data in the literature and with mechanism of action of
PLA,-like toxins proposed by our group in recent years. Based
on these data, we suggest that suramin and other ligands (e.g.
rosmarinic acid) should be clinically studied as inhibitors of
the local myotoxic effects generated by PLA,-like proteins.
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Abstract

Xeroderma pigmentosum type G (XPG) proteins are involved in DNA lesion recognition and promotion
of nucleotide excision repair. Specific mutations in these proteins may lead to Cockayne syndrome, in which
the patients may display severe developmental retardation and neurological abnormalities. No structural
information is available for their spacer region or the C-terminal domain, which are important, respectively,
for specific nucleotide excision repair activity and substrate specificity, as well as nuclear translocation.
Immunofluorescence studies suggested two specific regions of the XPG C-terminus as potential bipartite
nuclear localization sequences, which would be responsible for its translocation to the nucleus by the classical
nuclear import pathway mediated by the importin-a (Impa). Thus, in order to test these hypotheses and gain
insight into the structural basis for the nuclear import process for the XPG protein, we solved the crystal
structures of complexes formed by the Impa and peptides corresponding to both putative nuclear localization
signal (NLS) sequences (XPG1 and XPG2) and performed isothermal titration calorimetry assays to
determine their binding affinities. Structural experiments confirm the binding of both NLS peptides to Impa but,
unexpectedly, they bind to the receptor as monopartite NLSs. The isothermal titration calorimetry assays
demonstrated that XPG1 and XPG2 peptides bind to two separate binding sites, but with high affinity to the
major NLS-binding site of the Impa, resembling classical monopartite SV40 TAg NLS. The results lead to
insights about what distinguishes monopartite and bipartite NLSs, as well as the differential roles of XPG1 and
XPG2 NLSs in the nuclear localization of XPG.

© 2016 Elsevier Ltd. All rights reserved.

organization and maintenance not involved in NER
[3]. Mutations in xeroderma pigmentosum proteins

Introduction

Xeroderma pigmentosum proteins are involved in
DNA lesion recognition and promotion of nucleotide
excision repair (NER) [1]. Xeroderma pigmentosum
proteins are classified in seven groups (XPA through
XPG) associated with distinct steps of NER [2].
They also interact with proteins critical for genome

0022-2836/© 2016 Elsevier Ltd. All rights reserved.

are often related to different cancer types and are
responsible for the disease xeroderma pigmentosum,
an autosomal recessive skin disorder characterized
by extreme UV sensitivity and an increased incidence
of sunlight-induced skin cancers. Xeroderma pigmen-
tosum type G (XPG) proteins (also known as excision

J Mol Biol (2016) 428, 2120-2131
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NLS1 (XPG1) 1057 - KRGITNTLEESSSLKRKRL - 1074

NLS2 (XPG2) 1169 - GKKRRKLRRARGRKRKT - 1186

Fig. 1. Schematic diagram of the XPG domains and its putative NLS regions. Nucleases domains (N and I) are shown in
blue, spacer region is in salmon and the two putative NLS regions (termed here as XPG1 and XPG2) are in red. Both

putative NLS sequences [12] are also shown.

repair cross-complementation group 5) belong to the
FEN-1 family of structure-specific nucleases and play
an essential role in both NER pathways, transcrip-
tion-coupled repair and global genome repair [1,4-8].
Mutations in XPG proteins may also lead to the
Cockayne syndrome, associated with severe devel-
opmental retardation, dwarfism and neurological
abnormalities [9,10].

XPG proteins are large proteins (134 kDa) that
have two nuclease domains similar to FEN-1
proteins but also contain a spacer region of
approximately 600 amino acids between them, as
well as a C-terminal region of approximately 300
amino acids [11] (Fig. 1). Despite that both XPG and
FEN-1 contain nuclease domains, they present
different activities; FEN-1 is primarily involved in
DNA replication, while XPG is involved in DNA repair
by NER, which is a function mainly attributed to the
spacer region. Domain-swap studies between
FEN-1 and XPG indicated specific regions of XPG
involved in its NER activity and substrate specificity
[11]. Immunofluorescence studies suggested two
regions of the XPG C-terminal domain as potential
nuclear localization signals (NLSs) [12] responsible
for the translocation of the XPG to the nucleus.
Structural data of the XPG are scarce; structures are
available for its nuclease domains [13], but no
structural information is available for the spacer
region or for its C-terminal domain.

Thus, in order to learn more about structure—
function relationships in XPG, it is essential to
understand how its transport to the cell nucleus
occurs and how it is regulated. Several proteins
whose functions are associated to DNA replication
(such as FEN-1) or DNA repair [14—17] are imported
to the cell nuclei by the so-called classical nuclear
import pathway. This is the best characterized and
probably the most used protein import mechanism to
the cell nucleus, which involves the binding of the
cargo protein via nuclear localization sequence
(NLS) recognized by the importin-a protein (Impa).
Impa is an adaptor that binds to the carrier importin-3

(ImpB), forming the cargo protein—Impa—ImpB com-
plex. This complex is transported to the nucleus
through interaction between Imp and proteins from
the nuclear pore complex, known as nucleoporins
[18]. Classical nuclear localization sequences
(cNLSs) are the best-characterized targeting signals
that link the cargo proteins to the Impa import
receptor. They are formed by one or two basic
clusters of amino acid residues, termed monopartite
or bipartite NLSs, respectively, and have the
following consensus sequences: K(K/R)X(K/R) for
monopartite cNLS and KRX;q.12K(K/R)X(K/R) for
bipartite cNLS (where X corresponds to any residue
and residues in boldface indicate critical residues)
[19,20]. Impa receptor is able to bind these positively
charged clusters at two different sites, called as
minor or major binding sites [21]; monopartite
sequences usually bind to the major binding site,
and bipartite sequences bind at both sites.

Previous studies with peptides from the XPG
C-terminal region, using in situ immunofluorescence
localization of transiently expressed B-galactosidase
fusion proteins, uncovered two putative bipartite
cNLSs [12] (Fig. 1). The authors of this study also
hypothesized that one of these peptides may contain
a putative nuclear retention signal (NRS) [22]. Thus,
in order to test these hypotheses and gain insights
into the structural basis for nuclear import for the
XPG protein, we solved the crystal structures of the
complexes formed by Impa and both putative NLSs
sequences (termed here as Impa-XPG1 and
Impa-XPG2). Furthermore, we also performed iso-
thermal titration calorimetry (ITC) assays aiming to
quantify the binding process between XPG NLS
peptides and Impa. Structural experiments con-
firmed the binding of both NLS peptides to Impa,
but surprisingly, they bound to the receptor as
classical monopartite NLS peptides. ITC assays
demonstrated that XPG1 and XPG2 peptides bind
with high affinity to the major NLS-binding site of the
Impa, similarly to the classical monopartite SV40
TAg NLS [23,24].
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Table 1. X-ray data collection and refinement statistics

Impa-XPG1 NLS Impa-XPG2 NLS

Diffractionn data statistics

Unit cell (A)

a 78.6 78.5

b 89.5 90.8

c 99.8 101.0
Space group P242424
Resolution (A) 40.0-2.0 40.0-2.8

(2.07-2.0)* (2.88-2.8)%
Unique reflections 47,986 33,617
Multiplicity 4.3 (4.0)? 4.4 (4.3
Completeness (%) 99.4 (99.1)2 99.3 (100)?
Rerge” (%) 12.9 (64.1)2 13.8 (94.9)2
Average la(l) 6.3 (2.4)2 6.9 (1.5)2
Refinement statistics
Resolution (A) 40.0-2.0 40.0-2.80
(2.07-2.0)* (2.88-2.80)*

Number of reflections 47,972 17,937
Reryst (%)° 171 171
Rires (%) 19.2 21.7
Number of non-hydrogen atoms

Protein 3250 3163

Peptide 139 107

Solvent . 189 02
Mean B-factor (A%) 46.5 77.0
Coordinate error (A)® 0.20 0.33
RMSD from ideal values®

Bond lengths (A) 0.007 0.010

Bond angles (°) 1.08 1.28
Ramachandran plot (%)
Residues in most favored

99.7 (0.23)
(disallowed) regions'

95.3 (1.40)

@ Values in parentheses are for the highest-resolution shell.

b Rierge = 2 hKIZ i(l Ihkl,i — (IhkDI))/2 hkl i Ihkl), where [hkl,i is
the intensity of an individual measurement of the reflection with
Miller indices h, k and /, and (lhkl) is the mean intensity of that
reflection. Calculated for IN-3a(/) [40].

® Raryst = X hkl(Il Fobs, hkll — | Fcalc, hkill)/| Fobs, hkll, where
| Fobs,hkll and |Fcalc,hkll are the observed and calculated
structure factor amplitudes, respectively.

9 Riee is equivalent to Reryst but calculated with reflections (5%)
omitted from the refinement process.

¢ Calculated based on Luzzati plot with the program SFCHECK
[44].

f Calculated with the program PROCHECK [44].

Results

Structure of Impa complexed with NLS peptides
corresponding to different regions of the XPG
protein

Peptides corresponding to two different regions of
the human XPG (XPG1 NLS and XPG2 NLS) were
co-crystallized with N-terminally truncated mouse
Impa lacking residues 1-69 (ImpaAIBB); the truncat-
ed residues are responsible for its autoinhibition [25].
Mouse Impa is a suitable model for the human protein
as the residues interacting with NLS peptides are
strictly conserved, as previously observed [17,21,26].
The co-crystals were grown under similar conditions

to other mouse Impa-NLS peptides complexes and
were isomorphous to them [17,26,27]. The structures
were refined at 2.0 and 2.8 A resolutions, respective-
ly, for Impa-XPG1 NLS and Impa-XPG2 NLS com-
plexes (Table 1). Electron density maps based on the
Impa model clearly showed electron density corre-
sponding to fragments of the peptides in two different
regions of the protein, known as major and minor
binding sites (Figs. 2 and 3). These NLS-binding sites
are located in a concave groove on the surface of
Impa formed by the H3 helices. The major binding site
is located at armadillo (ARM) repeats 2—4, while the
minor site is located at ARM repeats 6—8. The Impa
structures in both XPG1 and XPG2 NLS complexes
are essentially identical with that of full-length Impa
and other complexes with monopartite NLS-like
peptides reported previously. The root-mean-square
deviations (RMSDs) of C“ atoms of Impa residues
72—496 are 0.24 and 0.30 A between the full-length
Impa (PDB ID 1IAL) and the Impa-XPG1 or
Impa-XPG2 complexes, respectively. The equivalent
superpositions between Impa-SV40 TAg NLS (PDB
ID 1EJL) and the Impa-XPG1 NLS or Impa-XPG2
NLS complexes yield RMSD values of 0.25 and
0.32 A, respectively.

Binding of XPG1 NLS to Impa structure

The crystal structure of Impa-XPG1 NLS complex
showed the presence of two peptides bound to Impa.
Although the peptide contains two clusters of
positively charged amino acids, it appears to interact
with its NLS-binding sites resembling a monopartite
NLS sequence [21]. The peptides bind with their
main chains positioned in antiparallel configuration
when compared to the direction of the ARM repeats
and the sequences could be identified unambigu-
ously in the electron density maps. At the major
NLS-binding site, the electron density isopresent for
seven peptide residues ('°®LKRKRLS'%"®) with an
average B-factor of 53.8 AZ2 (the average B-factor for
entire Impa is 52.4 A?) (Fig. 2). The residues bound
to the core of major NLS-binding site (residues
1070-1074; positions P1-P5) have lower average
B-factors (49.6 A?) compared to Impa. The residues
K1071 and R1074 (positions P2 and P5) have the
lowest B-factors (41.6 and 46.5 A?, respectively)
and the largest number of interactions between NLS
side chains and side chains of conserved residues of
Impa (Fig. 4). At the minor site, the electron density is
present for six peptide residues ('°*’LKRKRL'°"*)
with an average B-factor of 61.8 A? (Fig. 2). The
residues bound in the core of the minor NLS-binding
site (residues 1071-1074; positions P1'-P4’) have
higher average B-factors (58.2 A?) compared to the
entire protein. The buried surface area between the
protein and the peptide corresponds to 775.0 A2 at
the major site and 570.3 A? at the minor site. The
superposition of C* atoms between XPG1 and SV40
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Fig. 2. Crystal structure of the Impa-XPG1 NLS complex. (a) Overall structure of the Impa-XPG1 NLS complex. Impa is
shown as a ribbon diagram and XPG1 NLS peptide at major and minor binding sites are shown in stick representation. (b)
Electron density omit map of the XPG1 NLS peptide at the minor site region of Impa (contoured at 2 S.D.). The main
peptide residues are labeled in their corresponding binding position. (c) As in (b), but for major site region of the Impa.

TAg NLS peptides yields an RMSD of 0.11 A for the
major binding site and 0.12 A for the minor binding
site (Fig. 5).

Binding of XPG2 NLS to Impa structure

The crystal structure of Impa-XPG2 NLS complex
showed the presence of two peptides bound to Impa,
again interacting with its NLS-binding sites resem-
bling a monopartite NLS sequence [21]. In this case,
some ambiguity was observed in the electron
density for few positions of the minor binding site,
which could be related to multiple binding confor-
mation of the peptide and to the moderated
resolution of the data. At the major NLS-binding
site, the electron density is present for eight peptide
residues (''®*GKKRRKLR''"®) with an average
B-factor of 84.0 A2 (the average B-factor for Impa
is 74.4 A?) (Fig. 3). The residues bound in the core
of the major NLS-binding site (residues 1169-1073;
positions P1-P5) have lower average B-factors
(69.9 A?) compared to Impa. The residues K1070
and R1073 (positions P2 and P5) have the lowest
B-factors (64.9 and 67.8 A?, respectively) and the
largest number of interactions between NLS side
chains and side chains of conserved residues of
Impa (Fig. 4). At the minor site, the electron densigy
is present for five peptide residues (''®?RKRKT ''8¢)

with an average B-factor of 80.9 A? (Fig. 3). The
residues bound in the core of the minor NLS-binding
site (residues 1183-1186; positions P1'-P4’) have
higher average B-factors (80.3 A?) compared to the
entire protein. The buried surface area between the
protein and the peptide corresponds to 666.7 A2 at
the major site and 530.4 A? at the minor site. The
superposition of C® atoms between XPG2 and SV40
TAg NLS peptides yields an RMSD of 0.09 A for the
major binding site and 0.53 A for the minor binding
site (Fig. 5).

Comparison between the binding of XPG1, XPG2
and other NLSs to Impa

The comparison between XPG1, XPG2, SV40
TAg and other NLS peptides displays high conser-
vation of the peptides conformation in major site
region but higher deviation for the minor biding
site, particularly for the XPG2 peptide (Fig. 5). The
alignments of XPG1, XPG2, SV40 TAg and other
monopartite NLSs are shown in Table 2. It can be
observed that XPG1 and XPG2 NLSs bind accord-
ing to the established consensus sequence in the
major binding site. Furthermore, XPG1 and XPG2
NLSs have KR residues, respectively, at positions
P1" and P2’ of the minor binding site; this is the
pattern adopted for the majority of monopartite NLS
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Fig. 3. Crystal structure of the Impa-XPG2> NLS complex. (a) Overall structure of the Impa-XPG2 NLS complex.
Impa is shown as a ribbon diagram and XPG2 NLS peptide at major and minor binding sites are shown in stick
representation. (b) Electron density omit map of the XPG2 NLS peptide at the minor site region of Impa (contoured at
2 S.D.). The main peptide residues are labeled in their corresponding binding position. (c) As in (b), but for major site

region of Impa.

peptides, which bind to both major and minor binding
sites (SV40 TAg NLS is an exception where
alternative registers were observed [21]).

Calorimetric assays of XPG1 and XPG2 NLSs
and Impa

Representative thermograms of calorimetric titra-
tions for both complexes are shown in Fig. 6. Binding
isotherms for XPG1 and XPG2 NLS peptides and
Impa receptor were best fitted with a non-linear
regression model of two binding sites. Thermody-
namic parameters determined in the data analysis
are presented in Table 3. The dissociation constants
(Kg) of XPG1 and XPG2 NLSs for major binding site
of Impa are in the same order of magnitude;
however, for the minor binding site, the binding
affinity for XPG2 NLS to the receptor is very low
(140 £ 20 pM). Thermodynamic parameters (AHand
AS) are very similar for the major NLS-binding site
for both XPG1 and XPG2 NLSs, with favorable
enthalpic and entropic contributions to the binding
Gibbs energy. However, the interaction in the minor
NLS-binding site differs significantly not only in
affinity but also in the partition of the Gibbs energy
into binding enthalpy and entropy.

Discussion

XPG1 and XPG2 are classical monopartite NLSs

The crystal structures of Impa-XPG1 NLS and
Impa-XPG2 NLS complexes are very similar to other
monopartite NLS-Impa complexes for Impa from
Mus musculus [17,21,26] and from other organisms
[283,28—-30]. Impa structures have conserved con-
cave surfaces, formed by a-helices where the
NLS-binding sites are localized. Conserved Asn
residues form hydrogen bonds with the cNLS
backbone, and Trp side chains form an array of
binding cavities with negative residues located at the
end of these grooves. The disruption of this Trp-Asn
array in the ARM repeats 5 and 6 is also a conserved
feature in all Impa structures, creating a region
where the so-called linker region for bipartite NLSs is
accommodated. The presence of an Arg residue in
the ARM repeat 6 and a Tyr residue in the ARM
repeat 5 can increase the affinity of the NLS linker
region to Impa [17,31].

Structural comparisons of XPG1 and XPG2 bound
to Impa, with the cNLS monopartite peptides, such
as SV40 TAg, Ku70 and Ku80 NLSs bound to Impa,
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Fig. 4. Schematic diagram of the interactions between the XPG1 and XPG2 NLS peptides and minor and major binding
sites of Impa. The peptide backbone is drawn in purple [(a), XPG1 NLS] or in orange [(b), XPG2 NLS] with the residues
identified by the one-letter code. Impa side-chain residues interacting with the peptide are indicated with their names and
different colors. Polar contacts are shown with broken lines, and hydrophobic contacts are indicated by arcs with radiating

spokes.

show that these structures are well conserved, as
observed in Fig. 5. Other structural studies also
demonstrated the high structural conservation of
monopartite NLS peptides [26] when bound to the
protein receptor. ITC assays using XPG1 and XPG2
NLS peptides reveal two binding sites of Impa with

different affinity values, similar to the monopartite
SV40 TAg NLS peptide [23,24]. Ky values for XPG1,
XPG2 or SV40 TAg NLSs binding to the major
binding sites of mammalian or Neurospora crassa
Impa proteins are of similar magnitude. This fact is
consistent with the high conservation of residues in
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Major Site

P4

y ¥
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Fig. 5. Comparison of NLS peptides in the minor and major NLS-binding sites. XPG1 (purple), XPG2 (orange), SV40
TAg (pink) [31], Ku70 (cyan) [26] and Ku80 (yellow) [26]. Positions binding to the major (P1-P5) and minor (P1'—P4’)

binding sites are identified along the chains.

the most important positions of major binding sites,
consistent with the consensus sequence (Table 2).
Thus, structural and calorimetric data unambiguous-
ly show that XPG1 and XPG2 NLS peptides bind to
Impa as a classical monopartite NLSs.

At the minor binding site, the XPG2 peptide has a
slightly higher RMSD to the SV40 TAg NLS peptide,
compared to XPG1, but the residues in the key
positions P1'—P2'-P3" positions are structurally
conserved (Fig. 5). However, the analysis of the
electron density map of the XPG2 NLS peptide
shows some ambiguity, particularly at the N- and
C-termini of the peptide, which could be caused by
multiple interaction modes between the peptide and

the receptor, peptide staggering and the moderate
resolution of the data. This behavior may be due to
the presence of several Lys/Arg residues in three
different regions of the XPG2 NLS (Table 2), which
may enable multiple binding modes. Peptide stag-
gering has been also observed in the minor
NLS-binding site of the SV40 TAg NLS structure,
which also has a large content of basic residues [21].
The ITC assays performed using XPG2 NLS peptide
show lower-affinity values compared to XPG1 NLS
(40-fold difference). The structural reasons for this
are not entirely clear, but we suggest that it may be
related to the multiple binding modes of peptide with
the protein receptor. Nuclear localization patterns

Table 2. Binding of monopartite and bipartite NLSs to specific binding pockets of M. musculus Impa
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Fig. 6. Calorimetric titration of XPG1 and XPG2 NLS peptides into Impa. The upper panel shows the raw data
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panel shows the binding isotherm (ligand-normalized integrated heat as a function of the molar ratio). Affinities and
enthalpy changes were determined by a general non-linear regression model considering two ligand binding sites

(continuous line).

differ between XPG1 and XPG2 [13], which may be
caused by the binding differences between the NLS
peptides.

Why XPG1 and XPG2 NLS peptides do not bind
to Impa as classic bipartite NLSs?

Candidates for NLS in the XPG protein have been
tested using in situ immunofluorescence localization of
transiently expressed 3-galactosidase fusion proteins
[12]. The authors of the study proposed two peptides
from the C-terminal region of XPG: NLS-B or XPG1
("°’KRGITNTLEESSSLKRKRL '°#) and NLS-C or
XPG2 ('"**GKKRRKLRRARGRKRKT''®) as puta-
tive bipartite NLSs. This conclusion is partially support-
ed by the analysis using the PSORT program [32],
which predicts only the XPG1 sequence as a probable
bipartite NLS. Surprisingly, our structural results clearly
show that both peptides are bound to the Impa receptor
as classic monopartite NLSs. Furthermore, ITC results
for XPG1 and XPG2 NLSs demonstrate that the
ligands bind to the receptor at two sites with different

Table 3. Thermodynamic parameters for binding of XPG1
and XPG2 NLSs to Impa

Major Minor
binding site  binding site

Impa-XPG1 NLS Ky (UM) 0.45+0.05 34=x05

AH (kcal/mol) -32x03 3.8+0.3

—TAS (cal/mol/deg) -5.3+0.3 11.1 0.1

Impa-XPG2 NLS Ky (UM) 0.91 £0.09 140+ 20
AH (kcal/mol) -69+08 -21+1
—TAS (cal/mol/deg) -1.2+0.8 16 £ 1

affinities, similarly to the classical monopartite NLS
SV40 TAg, supporting the structural results [24].

Taking into account that the current consensus
sequence for a classical bipartite NLS is
KRX40.12K(K/R)X(K/R) [27,31,33], it is possible to
conclude that the XPG2 sequence does not match
the consensus sequence for bipartite NLSs because
a Lys residue should be present in the position P1’
and an Arg residue should be present in the position
P2’ with a minimum of 10 residues in the linker region
[31] (Table 2). On the other hand, XPG1 matches all
requirements for a classical bipartite NLS; however,
the structural data obtained here indicate that the
C-terminal basic cluster (KRKR) of the peptide has a
higher affinity for the minor site than its N-terminal
basic cluster (KR).

It has been suggested that the positions preceding
the P1" and following P2’ contribute significantly to the
binding with the minor site [16,19,31]. Additionally, the
content of acidic, proline and hydrophobic residues in
the linker region also has a role in the stabilization of
bipartite NLS peptides [17,19,34,35]. It can be
observed in the Impa-XPG1 NLS structure that P3'
and P4’ positions are often occupied with, respective-
ly, Lys and Arg residues (Table 2). The Lys side chain
at the P3’ position interacts to N283, T322 and G381
by hydrogen bonds and with other residues by
hydrophobic contacts (Fig. 4). These interactions
would not occur if the peptide bound to Impa as a
bipartite NLS because a Gly residue would be in the
P3' position (Table 2). Similarly, the Arg side chain at
the P4’ position is hydrogen-bonded to E354, R315
and N319 (Fig. 4). These interactions would be not
possible if the lle residue would be in this position for a
supposed bipartite interaction of the XPG1 peptide.
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Furthermore, the putative linker region of the XPG1
peptide presents several uncharged polar residues
and just two polar residues. These residues do not
present favorable interactions with Impa according to
previous studies [19,35]. It has also been observed
that the 12-residue length for linker region, as for
XPG1 NLS, is less favorable compared to the
11-residue length or the 10-residue length [27].

It can be noted from Table 2 that the majority of
bipartite NLS sequences bound to Impa present Lys/
Arg residues in the P3' position and it was observed
that monopartite NLS peptides that only bind to
major binding site do not contain three sequential
Lys/Arg residues; their binding to the minor binding
site is therefore not favored (Table 2). These
observations point to the importance of Lys/Arg
residues at the P3’ for minor site binding. Similar
features are observed in the P3 position (major
NLS-binding site),where the side chain of a basic
residue is hydrogen-bonded to Asn of Impa and it is
not a mandatory residue for peptide binding but
strengthens its affinity (e.g., TPX2 and Prp20
peptides do not contain basic residues in the P3
position; Table 2).

What is the role of XPG1 and XPG2 sequences in
the XPG protein ?

XPG is a protein with a molecular mass of 134 kDa
(1186-amino-acid residues for human XPG) that
needs to be actively translocated to the cell nucleus
to promote DNA repair by NER. It has been
experimentally demonstrated that NLSs are respon-
sible for the delivery of XPG into the nucleus [12] and
that a B-galactosidase fusion protein containing
the C-terminal region of the XPG protein (residues
1146-1185) localizes to the nucleus after UV
irradiation [6]. These authors [6] also observed that
the XPG protein is retained within the nucleus by a
tight, but reversible, association with nuclear struc-
tures and its distribution in the nucleus may regulate
relative NER rates in the transcriptionally active and
inactive nuclear compartments. Indeed, as previ-
ously discussed here, localization of transiently
expressed (3-galactosidase fusion proteins identified
two putative bipartite cNLSs in the same C-terminal
region [6].

In the light of structural and calorimetric studies
presented here and the functional studies with the
C-terminal region of XPG protein [6,13], some
questions arise:

- Are the two adjacent NLS sequences required
to translocate the XPG protein?

Because only one is sufficient for nuclear transloca-
tion, and taking into account the affinity measurements
presented here (2-fold lower affinity for the major

NLS-binding site and 40-fold lower affinity for minor
NLS-binding site for XPG2 compared to XPG1), it is
likely that only the XPG1 sequence is the NLS
responsible for the translocation of the XPG protein
to the nucleus.

- Is the XPG protein translocated to the nucleus
via a monopartite or bipartite NLS process?

The results presented here unambiguously dem-
onstrate that the NLS peptide binds to Impa as a
monopartite NLS. However, the binding of full-length
XPG to Impa may be more complex. It is likely that
the main basic cluster identified in this work (KRKR)
only binds to the major binding site due to steric
hindrance; thus, the minor binding site would be
empty and available for eventual binding of KR
residues to P1" and P2’ binding pockets. However,
as discussed here, due to the relative low affinity of
this region of NLS to the receptor, this is not a
mandatory event for the translocation process of the
XPG protein and an eventual mutation in these
residues will not affect significantly the nuclear
import process. Thus, the monopartite NLS binding
is the major event for the XPG dockage to Impa.

- What is the role for XPG2 sequence in the
XPG protein?

Park and colleagues [6] suggested XPG2 as a
putative NRS [22], based on functional experi-
ments. Our affinity experiments demonstrated the
lower affinity for this peptide fragment to NLS-bind-
ing regions to both binding sites of Impa. How-
ever, this sequence is a suitable candidate for an
NRS.

In conclusion, based on crystallographic and
calorimetric assays, we demonstrate that a C-termi-
nal region previously proposed to be a potential NLS
sequence of the XPG protein (XPG1 fragment) is
able to bind with high affinity to Impa receptor as a
classical monopartite NLS sequence. By contrast,
the other C-terminal basic cluster (XPG2), previously
also proposed to be an NLS, binds to Impa with
lower affinity and possibly using multiple binding
modes. This latter sequence may therefore function
instead as an NRS, rather than NLS.

Materials and Methods

Synthesis of NLS peptides

The peptides corresponding to XPG1 NLS
("°>*KTQKRGITNTLEESSSLKRKRLSD'°7®) and XPG2
NLS ('"**VFGKKRRKLRRARGRKRKT %) were synthe-
sized by Proteimax (Brazil) with purity higher than 99%.
The peptides have additional residues at the N- and
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C-termini to the minimal identified NLS [36] to avoid
artifactual binding at the termini [21].

Protein expression and purification

Hexa-His-tagged truncated M. musculus Impa2, com-
prising amino acids 70-529 (ImpaAIBB), was expressed
and purified by nickel affinity chromatography as de-
scribed previously [37]. The protein was eluted using a
gradient of imidazole followed by dialysis. The Impa
sample was stored in a buffer composed of 20 mM Tris—
HCI (pH 8.0), 100 mM sodium chloride and 10 mM DTT
at —20 °C. The purity was estimated to be 98% by
SDS-PAGE.

Calorimetric assays

ITC assays were used to quantify the binding of XPG1
and XPG2 NLS peptides and ImpaAIBB. ITC measure-
ments were performed using a MicroCal iTC200 microcal-
orimeter (GE Healthcare) calibrated according to the
manufacturer's instructions. All samples were dialyzed
against the ITC buffer [20 mM Tris—HCI (pH 8.0) and
100 mM sodium chloride] and degassed before titration.
The sample cell was loaded with 30 uM (200 pl) of
ImpaAIBB that was individually titrated with the NLS
peptides at a concentration of 300 uM XPG1 and 450 uM
XPG2. Titrations were performed at 20 °C with 20
injections, first containing 0.4 pl (excluded from data
analysis) and the following containing 2 pl with an interval
of 240 s with an 800-rpm homogenization speed. Heats of
dilution and mixing were measured by titration with XPG1
or XPG2 NLSs into the ITC buffer and the values were
subtracted for data analyses. Data were analyzed with
binding polynomials [38,39].

Crystallization and crystal structure determination

ImpaAIBB was concentrated to 18 mg/ml using a
Vivaspin 20, 30 kDa (GE Healthcare) and stored at
—20 °C. Crystallization conditions were screened by
systematically altering various parameters using, as a
starting point, the crystallization conditions that had been
successful for other peptide complexes [21,27]. The
crystals were obtained using co-crystallization, by com-
bining 1 pl of protein solution, 0.5 pl of peptide solution
(peptide/protein molar ratio of 4 for XPG1 and of 8 to XPG2
peptides) and 1 pl of reservoir solution on a coverslip and
suspending the mixture over 0.5 ml of reservoir solution.
Single crystals were obtained with a reservoir solution
containing 0.6-0.7 M sodium citrate (pH 6) and 10 mM
DTT after 15—20 days.

X-ray diffraction data were collected from a single NLS
crystal at the National Synchrotron Light Source, Upton,
New York, with a Pilatus 6M detector at the beamline X25.
For the Impa-XPG2 complex, X-ray diffraction data were
also collected from a single crystal at Laboratério Nacional
de Luz Sincrotron, Campinas, Brazil, with a MarMosaic
225 detector (MAR Research) at the beamline MX-2.
Crystals were mounted in nylon loops, transiently soaked
in a reservoir solution supplemented with 25% glycerol
and flash-cooled at 100 K in a nitrogen stream (Oxford

Nitrogen Cryojet XL, Oxford Cryosystems). Data were
processed using the HKL2000 package [40]. Crystals
have the symmetry of the P2:;2,2; space group and
are isomorphous to other mammalian ImpaAIBB-NLS
peptide complexes (Table 1). The structure of the complex
with CN-SV40 TAg NLS (PDB ID 1Q1S [31]), with the NLSs
peptides omitted, was employed as the starting model for
crystallographic refinement. Refmac5 [41] and PHENIX [42]
programs were used to refine the structures and the Coot
[43] program for manual modeling. The final models consist
of 424 residues of ImpaAIBB for both complexes and of 185
and 2 water molecules, respectively, for Impa-XPG1 NLS
and Impa-XPG2 NLS structures. For both complexes,
fragments of the NLS peptides were found in the minor
and major binding sites of the protein (residues 1069—-1075
and 1069—-1173 in the major binding site and residues 1069—
1074 and 1182—1186 in the minor binding site, respectively,
for Impa-XPG1 NLS and Impa-XPG2 NLS). Structure quality
was checked with the program PROCHECK [44] and the
contacts were analyzed by the program LIGPLOT [45]
(Table 1).

PDB accession codes

Coordinates and structure factors from both structures
have been deposited in the PDB under accession codes
5EKF (XPG1-NLS:mImpaAIBB) and 5EKG
(XPG2-NLS:mImpaAIBB).
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ARTICLE INFO ABSTRACT

Background: One of the main challenges in snakebite envenomation treatment is the development of stable, ver-
satile and efficient anti-venom therapies. Local myotoxicity in accidents involving snakes from the Bothrops
genus is still a consequence of serum therapy inefficient neutralization that may lead to permanent sequelae
in their victims. One of the classes of toxins that participate in muscle necrosis is the PLA;-like proteins. The
aim of this work was to investigate the role of zinc ions in the inhibition of PLA,-like proteins and to advance
the current knowledge of their action mechanism.
Methods: Myographic and electrophysiological techniques were used to evaluate the inhibitory effect of zinc ions,
isothermal titration calorimetry assays were used to measure the affinity between zinc ions and the toxin and X-
ray crystallography was used to reveal details of this interaction.
Results: We demonstrated that zinc ions can effectively inhibit the toxin by the interaction with two different
sites, which are related to two different mechanism of inhibition: preventing membrane disruption and
impairing the toxin state transition. Furthermore, structural study presented here included an additional step
in the current myotoxic mechanism improving the comprehension of the allosteric transition that PLA,-like pro-
teins undergo to exert their function.
Conclusions: Our findings show that zinc ions are inhibitors of PLA,-like proteins and suggest two different mech-
anisms of inhibition for these ions.
General significance: Zinc is a new candidate that can assist in anti-venom treatments and can promote the design
of new and even more accurate structure-based inhibitors for PLA,-like proteins.
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1. Introduction

Snakebite envenomings are an important global health issue.
According to recent estimates, at least 421,000 ophidian accidents
occur each year, of which 20,000 cases result in death, although
these number may be underestimated by poor reporting in the
areas with the highest frequencies of accidents, such as regions in
Asia, Africa and Latin America [1]. Specifically, in the Latin America
region, the high estimates expect approximately 130,000 accidents,
in which 1.8% of cases result in death per year, and Bothrops genus

Abbreviations: Phospholipase A,, PLA;; Membrane-Docking Site, MDoS; Membrane-
Disruption Site, MDiS; Bothropstoxin I, BthTX-I; Phrenic nerve-diaphragm, PND; Resting
potential, RP; Polyethylene glycol, PEG; PEG4000, PEG4k; Protein Data Bank identification
code, PDB id; Root-mean square deviation, RMSD; p-bromophenacyl bromide, BPB.
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snakes (American lance heads from Viperidae family) are the most
important responsible genus [2]. In addition to the high mortality,
the local myotoxicity of bothropic snake bites may cause permanent
sequelae and disability, with member amputation in cases where the
anti-venom is not quickly administered [3]. Most of these accidents
happen in rural areas, and these consequences may incapacitate
rural workers [4]. This scenario led the World Health Organization
to classify snakebite envenomings as a neglected tropical disease [5].

Two groups of toxins, metalloproteinases and phospholipase A;
(PLA,) proteins, may cause the local myonecrosis which is the main ef-
fect caused by Bothrops snake bite. For some snakes of the Viperidae
family, PLA, protein is the most abundant toxin in their venoms [6,7],
and its rapid damage is one of the major difficulties in treating snake
venom accidents because anti-venom therapy is not able to reverse its
effects [4]. PLA,s are small (approximate molecular weight of 14 kDa)
and stable proteins, which frequently have 7 disulfide bridges. These
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enzymes are able to hydrolyze the sn-2 ester bond of phospholipids in
the lipid bilayer of micelles, vesicles and membranes, releasing
lysophospholipids and fatty acids through a catalytic mechanism that
is dependent on calcium ions [8,9]. A subtype of PLA,s, the PLA,-like
proteins, also named the PLA;-homologues due to their similar tertiary
structures and common evolutionary ancestor, do not possess catalytic
activity, but still present high myotoxicity and a wide range of pharma-
cological activities [9,10]. The proteins from PLA,-like group have differ-
ent residues at 49 positions (Lys, Ser and Arg) and may present similar
myotoxic mechanisms of action, although the most studied subgroup is
the Lys49-PLA, proteins [10].

Since the identification of PLA,-like toxins in the 1980s, these proteins
have been investigated using many different approaches to elucidate
their toxic mechanism [10]. The large charge distribution on the toxins'
surface and their various pharmacological and toxic effects enhance the
complexity and hinder our comprehension of their mechanisms of action.
Functional studies highlighted the importance of their dimeric oligomer-
ization [11,12], as well as the C-terminal region, which has a high distri-
bution of basic and hydrophobic residues, for myotoxicity [13,14].
Based on the different dimeric orientations observed in available crystal-
lographic structures, PLA,-like proteins from the Bothrops genus were
classified as being in: i) an inactive state, whose toxins are native with
void hydrophobic channels and ii) an active state, whose toxins were
complexed to either hydrophobic molecules or inhibitors. Recently,
based on structural and functional studies, a myotoxic mechanism has
been proposed that involves specific regions in the C-terminal region,
the MDoS (Membrane-Docking Site) and the MDiS (Membrane-Disrup-
tion Site) [15]. The entrance of a hydrophobic molecule in the toxin hy-
drophobic channel would induce an allosteric modification of the
protein, with dimer reorientation [16] from the inactive to active state,
enabling the MDoS to dock with the cell membrane and the MDiS to per-
turb cell membrane integrity [15]. After the toxin penetrates the lipid bi-
layer and disturbs the phospholipids and membrane integrity, ion
homeostasis is disrupted [9]. Consequently, the calcium influx increases
membrane damage by inducing hypercontraction of myofilaments, mito-
chondrial damage, calcium-dependent proteases and cytosolic PLA,s ac-
tivity, leading to muscle necrosis [9,17]. All of these indirect effects of
PLA,-like activity enhance cytotoxicity [17].

One of the main themes in current toxinology is the development
of alternatives to the conventional serum therapy that does not effi-
ciently neutralize snake venom injuries. Currently, the majority of
studies with this objective focus on compounds isolated from plants
used in folk medicine in developing countries [18,19]. Functional and
structural studies of the toxins complexed to these compounds led to
the proposal of three different possibilities for the mechanism by
which the PLA;-like proteins are inhibited [20-22]. On the other
hand, only a few studies were performed to evaluate the inhibitory
effects of divalent cations against snake venoms and, more particu-
larly, PLA,-like toxins [23-25], despite their role in physiological
functions and their use in the treatment of diseases [26,27]. Zinc
ions are relatively harmless to humans and have been used in differ-
ent treatments. It is an effective antioxidant and anti-inflammatory
agent, and it may have beneficial effects on myocardial pathologies
and atherosclerosis [28]. Zinc has been administered to prevent spe-
cific types of cancer [27,29,30] and blindness in patients with age-
related macular degeneration, to complement the treatment of diar-
rhea, to assist the immune system, and to treat the common cold,
Wilson's disease, and sickle cell disease [26].

Here, the complex between bothropstoxin I (BthTX-I), a PLA,-like
toxin from Bothrops jararacussu venom, and zinc ions was studied
using functional, calorimetric and structural methods to obtain
new insights into the mechanism by which the PLA,-like proteins
are inhibited. As result of this study, it has been shown that zinc
ions are able to inhibit the myotoxic effect through two different
ways. Furthermore, by comparing this structure with the crystallo-
graphic structures of other PLA,-like proteins, more details of the

current myotoxic mechanism [15] were revealed, particularly those
related to the conformational changes of the MDiS region and the hy-
drophobic channel.

2. Materials and methods
2.1. Animals

Male Swiss mice (25-30 g) obtained from the Multidisciplinary Center
for Biological Investigation (CEMIB/Unicamp) were housed 10/cage at
23 °Con a 12 h light/dark cycle, with the lights on at 6 a.m. The animals
had free access to food and water. For in vitro protocols, the animals
were euthanized with isoflurane immediately prior the experiments ac-
cording to the guidelines of the Brazilian College for Animal Experimenta-
tion (COBEA); this study was approved by the institutional Committee for
Ethics in Animal Use (CEUA/UNICAMP, protocol no. 3312-1).

2.2. Protein purification

BthTX-I was isolated from Bothrops jararacussu snake venom by ion-
exchange chromatography on CM-Sepharose, as previously described
[31].

2.3. Twitch-tension experiments

Mouse phrenic nerve-diaphragm preparations (PND) were mounted
under a resting tension of 1 g in a 5 mL organ bath containing aerated
(95% 0, and 5% CO-,) Tyrode's solution (composition, in mM: NaCl 137,
KCl 2.7, CaCl; 1.8, MgCl, 0.49, NaH,PO,4 0.42, NaHCO5 11.9 and glucose
11.1, pH 7.0) at 37 °C and allowed to stabilize for 10 min prior to use, as
described elsewhere [32,33]. Supramaximal stimuli (0.1 Hz and 0.2 ms)
were delivered to the nerve from a Grass S88 stimulator (Grass Instru-
ment Co., Quincy, MA, USA), and the muscle twitches were recorded
using a TRI201AD force displacement transducer coupled to a Quad
Bridge Amp and LabChart 6.0 software (all from AD Instruments Pty
Ltd., Bella Vista, Australia). The preparations were incubated with
BthTX-I (20 pg/mL), ZnCl, (0.4 mM) or BthTX-I (20 pg/mL) + ZnCl,
(0.4 mM) for 120 min or until complete neuromuscular blockade, and
the changes in twitch-tension were recorded.

24. Intracellular recordings

The effects of BthTX-I (20 pug/mL), ZnCl, (0.4 mM) or BthTX-I
(20 pug/mL) + ZnCl, (0.4 mM) on membrane resting potential (RP)
were recorded using a mouse hemidiaphragm muscle mounted in a Lu-
cite chamber containing Tyrode's solution (composition shown above),
as previously described [32,34]. The RP was measured using an amplifi-
er (AM 502 Tektronix) and digitized by an A/D converter CAD12/36 12
bits (Lynx, Sdo Paulo, SP, Brazil) coupled to a microcomputer (Microtec,
Sdo Paulo, SP, Brazil) loaded with AqDados 5 software (Lynx, Sdo Paulo,
SP, Brazil). The RP were monitors in different regions of the muscle con-
sidering basal values as ty (control); the effects of BthTX-I (20 pyg/mL),
ZnCl;, (0.4 mM) or BthTX-I (20 pg/mL) + ZnCl, (0.4 mM) were analyzed
in different intervals (t;s, t3o, teo, top and tya).

2.5. Crystallographic studies of BthTX-I in the presence of zinc ions

Cocrystallization experiments were performed with lyophilized sam-
ples of BthTX-I and ZnCl,. The protein was dissolved in ultrapure water,
and the concentration was measured by determining the absorbance at
280 nm with a NanoDrop 2000c (Thermo Scientific™) using the theoret-
ical protein molecular weight and extinction molar coefficient. Crystals
were obtained by the hanging drop vapor diffusion method at 18 °C
[35]. Hexagonal shape crystals were obtained from drops of 0.8 L of pro-
tein (10.1 mg/mL), 0.09 pL of ZnCl, (1 M), 0.32 pL of MnSO4 (12.5 mM)
and 0.48 L of reservoir solution composed of 0.1 M TRIS-HCI, pH 8.5,
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30% polyethylene glycol 4000 (PEG4k) and 0.1 M LiSO,. Crystals were col-
lected with nylon loops and flash cooled in liquid nitrogen. Datasets from
crystals of BthTX-I complexed to Zn?* were collected at the Laboratério
Nacional de Luz Sincrotron (LNLS, Campinas, Brazil) using the MX1
beamline on a MAR CCD 165 mm detector, and diffracted up to 2.16 A res-
olution (remote dataset in Table 1). To ensure that the metal was present
in the crystallographic structure, isomorphous crystals were diffracted by
exploiting the zinc anomalous signal in the MX2 beamline and collected
on a MarMosaic 225 CCD detector at wavelength of 1.283 A, in which
the zinc peak was determined experimentally using the Fluorescence de-
tector Amptek XR100CR. The datasets were indexed, integrated, and
scaled using XDS [36] in the trigonal space group, although the anomalous
dataset were processed by specifically distinguishing the Friedel pairs
using scaling, strategy and completeness statistics, with strict absorption
correction and a 3.24 A resolution cut, where the anomalous signal was
still strong. The structure was solved by the molecular replacement tech-
nique using the apo (native) BthTX-I structure (PDB id: 3HZD) and the
PHASER program [37]. Refinement was performed using Phenix.refine
[38] and the model was manually build with Coot [39] using the Fps-
Fealc and 2Fps-Feac maps. The side chains of residues K19, L31, K35, K83,
K106, and K116 of monomer A and K53, K60, K61, E84, K105, K112 and
K116 of monomer B were excluded due to the lack of electron density

Table 1
X-ray data collection and refinement.
Datasets remote anomalous
Beamlines in LNLS MX1 MX2
Wavelength (A) 1.608 1.283
Space group P3,21 P3;21
Unit cell (A) a =566, a=572,
b = 56.6, b =572,
c=1295 c=1313
Resolution (A) 45.83-2.16 49.5-3.24
(2.28-2.16) ° (3.43-3.24)°
Total reflections 52,634 63,982
Unique reflections 13,020 (2051) * 7626 (1228) @
Average redundancy 39 8.4
Rneans > (%) 8.9 (116.2)? 9.6 (18.6) *
CC(1/2) 99.7 (79.6) * 99.7 (98.8)
Completeness (%) 96.5 (96.5) ¢ 99.7 (98.4%)
Average /o (1) 13.2(2.0)° 19.0(11.3) ¢
Anomalous correction 29(2)°
Anomalous signal 1.16 (0.82) *
R (%) 19.1
Riree © (%) 234
RMS deviations from ideal values
Bond lengths (A) 0.004
Bond angles (°) 0.883
Ramachandran plot (%)
Residues in most favorable regions 96.7
Residues in accepted regions 33
Molprobity score 1.20
Number of molecules/atoms, their
averaged B factor (A%) and
averaged occupancy
Protein 2 (34.5)[1.0]°
S04 2 (48.3)[0.7]°
H,0 116 (34.7) [1.0] ®
cl- 2 (41.8)[0.8]"
Zn** 3(43.4)[0.6]°
ANumber in parenthesis are for highest resolution shell. "Number in parenthesis and
) . . iyt Sl
in brackets are B factor and occupation, respectively. Rpyeqs = TT”M.‘I" =

Zh"th?" Iy; redundancy independent R-factor. Calculated for I > —30 (). “Reryse =

Ry LEePsm 2IFealtnil dR o s equivalent to Rerist, but calculated with reflections (5%)
omitted from the refinement process. RMS root-mean-square. Anomalous correction:
percentage of correlation between random half-sets of anomalous intensity differ-

ences. Anomalous signal: mean anomalous difference in units of its estimated stan-
dard deviation Ry w&". F(+), F(—) are structure factor estimates obtained

from the merged intensity observations in each parity class. LNLS stands for
Brazilian Synchrotron Light Laboratory.

map. In the final stages of refinement, the optimization of the X-ray/
stereochemistry weight and X-ray/ADP weight, occupancy and addition
of waters options were included in the refinement. The zinc sites were lo-
cated by generating the anomalous difference map after the protein
phases were obtained by restrained refinement of the high-resolution iso-
morphous model. The final model is in agreement with the validation re-
sults from MOLPROBITY [40], and it was deposited in the PDB under the
code 4WTB.

PISA [41], an algorithm that evaluates the interfaces in macromolecu-
lar crystallographic structures using thermodynamics, was used to fore-
see the BthTX-I/Zn biological unit. The MOLE program [42], an
algorithm that is proposed to locate and characterize molecular tunnels
and pores, was used with the default options to identify the hydrophobic
channel and tunnels that access H48, their constituent residues and their
physicochemical properties. Structural comparisons were performed
using the following structures, with the Protein Data Bank identification
code in parentheses (PDB id): apo BthTX-I (3HZD and 3I3H), BthTX-I/
PEG4k (31Q3), dimeric BthTX-I/BPB (p-bromophenacyl bromide)
(3HZW) [43], BthTX-I/PEG400 (2HS8I) [44], BthTX-I/a-tocopherol
(3CXI), PrTX-I/a-tocopherol (3CYL), apo PrTX-I (2Q2]) [16], PrTX-I/BPB
(20K9) [45], PrTX-I/rosmarinic acid/PEG330 (3QNL) [20], PrTX-I/caffeic
acid/PEG4k (4YU7), PrTX-l/aristolochic acid/PEG4k (4YZ7) [21], PrTX-1I/
n-tridecanoic acid (1QLL) [46], apo BnSP6 (1PC9), apo BnSP7 (1PAOQ)
[47], BbTX-II (4K09), MTX-II/PEG4k (4KO06) [15], BaspTX-II (1CLP) [48],
BaspTX-II/suramin (1Y4L) [49], BnIV/myristic acid (3MLM) [50], MjTX-
Il/stearic acid (1XXS) [51], MjTX-1I/PEG4k (4KF3) [52] and MjTX-II/
suramin/PEG4k (4YV5) [22]. The structures complexed with either PEG
or fatty acid may be analyzed together because the protein structures
are similar; both ligands induce the same effect, and their discrimination
by electron density and B-factor analysis alone is difficult [53]. Cartoon
and sticks images were generated by PyMOL (The PyMOL Molecular
Graphics System, Version 1.3 Schrédinger, LLC.) and tunnels images
were generated by MOLE local version 2.13.9.6.

2.6. Calorimetric studies

Calorimetric studies were performed with a microcalorimeter iTCygo
(GE HealthCare) at 25 °C. ZnCl, (2 mM) were titrated (40 injections of
1 pL at each 240 s) into the calorimetric cell containing BthTX-I
(53 uM) diluted in 100 mM Tris HCI, 100 mM NaCl, pH 7.0. Dilution
and stirring effects were determined in control titrations and were
subtracted from the BthTX-I - Zn?™ titration prior to data analysis,
which was performed with Origin v.7.0 software (OriginLab, Northamp-
ton, MA, EUA).

3. Results
3.1. Functional experiments

BthTX-I (20 pg/mL) caused irreversible and complete neuromuscu-
lar blockade in indirectly stimulated PND preparations from 90 min of
incubation. In the preparations incubated with only ZnCl, (0.4 mM),
there was 20 + 5% reduction on the twitch-tension response after
120 min incubation compared to the control preparations. When the
PND preparations were treated with BthTX-I (20 pg/mL) and ZnCl,
(0.4 mM), the BthTX-I-induced neuromuscular blockade was attenuat-
ed from 20 min of incubation, with a 19 + 1% reduction in the twitch
amplitude after 120 min of incubation (Fig. 1A). Fig. 1B shows a repre-
sentative recording of the neuromuscular blockade induced by BthTX-
I (20 pg/mL) (Fig. 1B;) and the lack of this effect in the presence of
ZnCl, (0.4 mM) (Fig. 1B,). In addition, the attenuation of the BthTX-I-
induced neuromuscular blockade by ZnCl, treatment was also corrobo-
rated using intracellular recordings to measure the membrane RP of
muscle fibers from the PND preparations. BthTX-I (20 pg/mL) induced
significant membrane depolarization from 30 min of incubation [from
—80 + 1 mV (tg) to —27 + 3 mV (t120), p < 0.05, n = 4]. Whereas in
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the presence of ZnCl, (0.4 mM), the depolarizing effect of BthTX-I was
significantly attenuated [from —79 4+ 1 mV (to) to —71 + 2 mV
(t120), p < 0.05, n = 4]; ZnCl, (0.4 mM) alone did not induce any mem-
brane depolarization [from —81 4 1 mV (tp) to —77 & 1 mV (ty20),
p <0.05, n = 4] (Fig. 2).

3.2. Structural experiments

To understand the molecular interactions between BthTX-I and the
zinc ions, this protein was crystallized in presence of this ion. Supple-
mentary Fig. 1 shows typical crystals of the BthTX-1/Zn complex, and
Table 1 summarizes the data collection and refinement statistics.
BthTX-I/Zn preserves the general PLA,-like fold. The zinc binding sites
were confirmed using peaks in the anomalous difference map that
were clearly distinguishable from noise (below 3 ©), with the following
anomalous signals and interactions: i) Zn1: H48/A (histidine in position
48 of monomer A) with 8.0 o (Fig. 3A); ii) Zn2: H120/A with 13.2 0
(Fig. 3B); and iii) Zn3: H120/B with 5.8 o (Fig. 3C). The occupancy and
B-factors of the zinc ions are: i) 0.54 and 39.7 A?; ii) 0.69 and 38.8 A?;
iii) 0.58 and 51.8 A2, respectively, for Zn1, Zn2 and Zn3. All zinc ions in-
teract with one histidine imidazole nitrogen, and its coordination is
completed by water molecules in a tetrahedral geometry with the ex-
pected distances and angles, as confirmed by the CheckMyMetal web
server [54]. An anomalous signal above noise is observed close to
Glu84/A, although the zinc refinement trial at this position generated
a B-factor higher than 100 A% and an occupation lower than 0.5 using
the non-anomalous high resolution dataset; thus, it was excluded
from the final model. The crystallographic model quality was evaluated
with validation tools, and it is within all stereochemical requirements,
as verified by a MolProbity score of 1.2 (More details in Table 1).

In addition to the zinc-binding regions, a chloride (partial occupa-
tion of 0.56 and B-factor of 35.9 A%) was shown to interact with
Arg34/A. This last residue, together with L31 and G32 from the putative
calcium binding loop, also partially occupied two possible conforma-
tions, one with the Arg34 side chain pointed toward the end of the C-
terminal region, and the other pointed toward the MDiS. This last alter-
native conformation is different from all other published structures,
with exception of an apo BthTX-I structure (PDB id: 313H/B).

BthTX-I/Zn presents a homo-dimeric structure in the asymmetric
unit, but as often found in other PLA,-like structures (Fig. 4A); thus,
two possible structures can be chosen: i) a compact dimer (also termed
alternative) and ii) a large dimer (termed conventional). Dimer descrip-
tions and discussion may be found elsewhere [10]. BthTX-I/Zn was
solved as a compact dimer because its interface area is greater than
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Fig. 2. Effects of BthTX-I and ZnCl, in membrane resting potential measurements of
isolated mouse phrenic nerve-diaphragm preparations. ZnCl, (0.4 mM) markedly
attenuated the known depolarization induced by BthTX-I (20 pg/mL) (A) from 30 min
(@). There were no important changes on membrane resting potential measurements in
ZnCly-incubated preparations. Results are expressed as mean + S.EM. (n = 4-6).
* p < 0.05 indicates significant differences relative to control group (ZnCl,) and #
p < 0.05 was relative to BthTX-I + ZnCl, treated group.

the area of the larger dimer (770 versus 496.3 A2) with a lower free en-
ergy (—17.1 against — 1.7 kcal/mol); all values were calculated using
the PISA program. In addition, previous small-angle X-ray scattering ex-
periments [44] also indicated that the compact dimer is more likely to
occur in solution.

3.2.1. Structural comparisons of the BthTX-1/Zn monomers

The monomers of the BthTX-I/Zn are different from each other; their
RMSD (root-mean square deviation) is 1.08 A, mainly due to the vari-
ability in the residues from Y119 to F125 in the C-terminal regions
(Fig. 4). Among these residues, the hydrophobic ones were described
by Ambrosio et al. as able to form a hydrophobic knuckle, conserved
in PLA,-like proteins, and related to toxicity [53]. Subsequently, two res-
idues of this region (L121 and F125) were suggested to be responsible
for toxin-induced membrane disruption and called the MDiS [15]. The
MDiS is stabilized by one hydrogen bond between the main chain oxy-
gen of L121 and main chain nitrogen of F125, two hydrophobic and ex-
posed residues and by the rigid P123 that, together with K122, form a
short 314 helix. BthTX-I/Zn possesses these residues in an asymmetrical
configuration: monomer A is in the canonical conformation, where
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Fig. 1. Effects of BthTX-I and ZnCl, on indirectly evoked twitches in isolated mouse phrenic nerve-diaphragm preparations. (A) ZnCl, (0.4 mM) markedly attenuated BthTX-I (20 pg/mL)-
induced blockade. There were no significant differences in twitch-tension responses in ZnCl,-incubated preparations. Results are expressed as mean + S.E.M. (n = 4-6); *p < 0.05 indicates
significant differences relative to BthTX-I 4+ ZnCl, treated group. (B;) Neuromuscular blockade induced by BthTX-I in PND preparations. (B,) Representative record shows the lack of

blockade by BthTX-I (20 pg/mL) when incubated with ZnCl, (0.4 mM) after 120 min.
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Fig. 3. BthTX-I and zinc ions interacting regions and coordination distances (black dashes). Anomalous difference map is contoured at 50'and shown in cyan. Zinc spheres are represented
in grey, water spheres in red, side chain of interacting histidine in green sticks, MDoS and MDiS side chains in cyan and yellow, respectively. (A) Zn1 and H48/A (monomer A); (B) Zn2, C-

terminal H120/A and the MDiS/A; and (C) Zn3 and H120/B.

MDiS is present (Fig. 4 in orange) and will be referred to as the canon-
ical monomer; monomer B possesses residues 121 to 125 far from each
other in a loop secondary structure and will be referred to as the non-
canonical monomer. In the BthTX-I/Zn structure, the distances be-
tween the L121 and F125 C@s are 4.7 A for the canonical monomer
and 10.3 A for the non-canonical monomer.

3.2.2. Hydrophobic channel accessibility analyses

The BthTX-I/Zn dimer has a large cavity of 2757 A surrounding the
interior and interface of both monomers, according to the calculations
from the MOLE2 algorithm (Supplementary Table 1). Inside this cavity,
hydrophobic channel accessibility was assessed through tunnel compu-
tations using each H48 residue as the starting point. This amino acid is
the deepest residue that interacts with different ligands found in the hy-
drophobic channel, such as zinc ions, p-bromophenacyl bromide (BPB),
fatty acids and polyethylene glycol (PEG) molecules (Supplementary
Fig. 2A). Three different tunnels were identified (Supplementary
Table 2) in this region: tunnel 1 (Fig. 5A, green surface and Fig. 5B)
and tunnel 2 (Fig. 5A, dark red surface and Fig. 5B) in the hydrophobic
channel of the canonical monomer and tunnel 3 (Fig. 5A, purple sur-
face) in the non-canonical monomer. Both tunnels 1 and 2 are long,
19.1 and 22.8 A long, respectively, and are accessible to the solvent
through the N-terminal region of the canonical monomer and C-
terminal region of the non-canonical monomer. Tunnel 3 in the
non-canonical monomer is rather short, 6.0 A long, and accesses exte-
rior through residues that are essential only for catalytic PLAs (calcium
binding loop, K49 and Y52). The hydropathy values of tunnels 1,2 and 3
are 0.29, —0.07 and — 0.98, respectively; thus, only tunnel 1 is hydro-
phobic. A superimposition between the monomers of the BnIV/myristic
acid and the BthTX-I/Zn structures shows that the myristic acid lays

A

exactly inside tunnel 1 of the canonical monomer of the BthTX-I/Zn
structure (zoomed square in Fig. 5B), which is in contrast to the non-
canonical monomer, where the fatty acid clashes with the protein
residues. Thus, BthTX-I/Zn has only one accessible hydrophobic channel
in the canonical monomer (tunnel 1).

3.3. Calorimetric experiments

As shown in Fig. 6, the titration presented just a monotonic exother-
mic behavior and a binding isotherm characteristic of low affinity [55]
between BthTX-I and Zn ions. In order to obtain the most likely interac-
tion stoichiometry (n) for this assay, it was tested the following possibil-
ities: n = 1, 2 or 3. According to previous studies [56], the lowest x>
value for the curve adjust to the experimental data represent the most
likely stoichimometry to the system. The following y? values were ob-
tained: 7683, 3792 and 2691, respectively for n = 1, 2 or 3, suggesting
that there is the binding of three Zn ions for each BthTX-I. F-test
(p < 0.05) also confirmed that the n = 3 is the best fit to the isotherm.
Therefore, considering three Zn binding sites at BthTX-I, the obtained
dissociation constants (Kg4) are 83.3 £ 25.4, 62.1 4 25.1 and 300 +
104.3 pM.

4. Discussion
4.1. Zinc ions and neuromuscular preparations

Classically, zinc ions have been described to be essential to two main
roles in proteomics: as a cofactor for enzymes and as the essential con-

stituent of zinc fingers and related structural motifs found in numerous
transcription factors [57,58]. Moreover, this ion has recently been

[ BthTX-iZn/A
[ BthTX-iZn/B

Non-canonica
monomer (B)

Fig. 4. Cartoon representation of the canonical (in orange), non-canonical monomers (in brown) of the BthTX-I/Zn and asymmetry between its C-termini. (A) Overall structure dimeric
representation highlighting C-terminal regions inside the dashed circle. (B) C,, superposition of the C-terminal monomers displays the high asymmetry between both regions. Distances

between MDiS CP residues (121 and 124) are showed on brown dots.
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Fig. 5. Tunnels analysis for bothropic PLAs-like crystal structures in the inactive (A and B) and active states (C). Tunnel 1, which is only tunnel with hydrophobic feature, exists in
canonical monomers (A;, B;, C; and C;) and is accessible to the solvent through the N-terminal region of the canonical monomer and C-terminal region of the non-canonical
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green. Myristic acid and rosmarinic acid ligands are represented in dark green and grey sticks, respectively.
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implicated in a number of novel functions and pathologies of various tis-
sues, organs and systems [59]. Here, zinc ions efficiently inhibit the
myotoxicity of BthTX-I in mouse phrenic nerve-diaphragm (PND) prep-
arations (Figs. 1A, B, and 2). Thus, the question arises of how zinc ions
inhibit BthTX-I myotoxicity: by complexing to the toxin, by protecting
PND preparation, or both? To address these questions, the effects of
zinc alone were evaluated.

This study showed that zinc chloride (0.4 mM) reduced partially the
evoked twitch amplitude in mouse PND preparations. Different effects
of this concentration were reported for other nerve-muscle prepara-
tions, such as partial inhibition of indirect twitches in chick biventer
cervicis [60], full inhibition of twitch amplitudes in rat atria [61], and
no effect on the rat diaphragm [62]. The observed twitch reduction
could be related to membrane damage, as zinc toxicity has been
shown to be concentration- and cell type-dependent [59]. However,
this hypothesis is rejected by the maintenance of the resting potential
throughout entire PND experiment, at least using the evaluated zinc
concentration, because sarcolemma damage would generally increase
resting potential. Similar electrophysiological results with ZnCl, treatment
were obtained by other groups in rat and mouse PND preparations [63].

When BthTX-I was pre-incubated with zinc ions, the PND prepara-
tions were protected from the paralyzing and depolarizing effects initi-
ated by this PLA,-like protein. Thus, the observed decreased in twitch
amplitudes in the myographic assays following this treatment is related
to another factor involved in the muscle contraction process. According
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Fig. 6. Calorimetric titration of zinc ions into BthTX-I toxin. The upper panel shows the raw
data thermogram (thermal power as a function of time) of the titration of BthTX-I (53 uM)
with 2 mM zinc chloride. The lower panel shows the binding isotherm (ligand-normalized
integrated heat as a function of the molar ratio). The best fitted binding isotherm with
stoichiometry of 3 zinc ions for each BthTX-I molecule is shown as a solid line.

to the results obtained from the myographic and electrophysiological
assays and shown here in the crystallographic and calorimetric experi-
ments, the inhibition of myotoxic activity was due to the interaction be-
tween BthTX-I and the zinc ions.

4.2. Zinc interaction sites in BthTX-I and their relationship to the inhibitory
process

Based on previous functional and structural experiments with PLA;-
like toxins and inhibitors, three different inhibition mechanisms were
suggested for these proteins: i) ligands binding inside the hydrophobic
channel or in its entrance, blocking the access of fatty acid molecules; ii)
ligands interacting to specific residues of the MDoS or MDiS regions
[21], preventing the protein/membrane interaction; or iii) ligands in-
ducing toxin oligomerization [22], which may result in a combination
of the two previous processes. BPB and rosmarinic acid are example of
the first class, and they inhibit all or a substantial fraction of the
myotoxic, paralyzing and edematogenic effects of different toxins [20,
64,65]. Caffeic acid and aristolochic acid are examples of the second
type of inhibitor, with partial myotoxic inhibition of PrTX-I from
Bothrops pirajai venom [21]. Curiously, suramin was initially identified
as a member of the first group because of its interaction site to
BaspTX-I, from Bothrops asper venom [49], and it was recently classified
into the second and third categories for MjTX-II, from Bothrops moojeni
venom [22], but it always possesses high inhibition against PLA,-like
proteins [22,49,66]. The crystallographic study identified that the zinc
ions interact with the BthTX-I structure at two different sites (Figs. 3
and 4): i) H48 in the hydrophobic channel from the canonical mono-
mer (Zn1) and ii) H120 (near the MDiS) from both the canonical
(Zn2) and non-canonical monomers (Zn3). The structural data also
corroborated with the calorimetric studies which suggested the stoichi-
ometry of three Zn ions for each BthTX-I.

The conservation of H48 and the other residues from the catalytic
network in PLA,-like toxins has been attributed to the maintenance
of the hydrophobic channel [10,53] for entrance of a fatty acid that
would lead to an oligomeric change for PLA,-like proteins, a funda-
mental step in exerting myotoxicity [10,15]. Supporting this idea,
different ligands have been shown to interact with H48, such as the
BPB inhibitor, fatty acids and PEG molecules (Supplementary
Fig. 2). Although the dimer orientation of the BthTX-I/Zn and dimeric
BthTX-I/BPB structures are different, the zinc and C atoms of BPB
share almost same position interacting to toxin's H48 Nm atom
(Supplementary Fig. 2); thus, their inhibitory mechanisms may be
related. It is also interesting observed that the asymmetrical configuration
of the monomers for the BthTX-I/Zn structure led to the non-accessibility
of zinc ions by the hydrophobic channel of the non-canonical monomer
(tunnels 1 and 2 are not observed in the non-canonical monomer -
section 3.2.2); thus, only the zincion (Zn1) of the canonical monomer
bond to H48.

Zn2 and Zn3 interact with the H120 Nm atom from both monomers
(Figs. 3B/C and 5) in the vicinity of the MDiS region. Similarly, the PrTX-
I/aristolochic acid/PEG4k and MjTX-II/suramin/PEG4k crystallographic
structures show inhibitors bound to the MDiS region, whose interac-
tions were related to their inhibitory abilities [21,22]. The superposition
of the BthTX-I/Zn monomers with the latter structures reveals that zinc
is located close to aristolochic acid and shares the same position as the
suramin urea group (Supplementary Fig. 2 B). Therefore, the binding
of Zn ions to H120 may prevent the interaction between the MDiS resi-
dues (particularly L121) and the membrane. In addition, the interaction
of Zn ions with the H120 in the non-canonical monomer may interfere
with the oligomeric change of the toxin to its active state, as a position
inversion between Y119 and H120 is necessary. Although H120 is con-
served for many bothropic PLA,-like proteins, a natural variant of tyro-
sine is found in a few bothropic snake venoms [48,51,67-72], with
which zinc would probably not interact, reducing its inhibitory
capability.
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Finally, it is interesting to highlight that H48 is a strictly conserved res-
idue for all PLA,-like proteins, and H120 is conserved for many bothropic
PLA,-like proteins. Thus, the inhibitory mechanism proposed here would
be similar for several bothropic PLA,-like toxins, and zinc could be a
potential inhibitory agent for anti-bothropic snake venom therapy.

4.3. Canonical and non-canonical monomers and hydrophobic channel
accessibility

Bothropic PLA;-like proteins (compact dimer conformation, also
known as the alternative dimer) have a cavity surrounded by positive
and hydrophobic residues that are related to the entrance of hydropho-
bic or negative molecules in the hydrophobic channel [10]. All residues
in this cavity are thought to be fundamentally required for the myotoxic
activity of PLA,-like proteins (i.e., MDoS, MDiS, and H48) (Supplementa-
ry Table 1), supporting the importance of the hydrophobic channel and
C-terminal regions for toxin activity. The entry of hydrophobic mole-
cules into this channel is important to induce dimer reorientation
from the inactive to active state, an essential step of the myotoxic
mechanism of action [15,16]. In this context, apo PLA,-like toxins
(empty hydrophobic channel) are in the inactive state, and their di-
mers exhibit an asymmetrical conformation (one monomer is canonical
and the other is non-canonical). BthTX-I/Zn presents a structure similar
to apo PLA,-like structures for both monomers, as can be observed by
the low RMSD values (< 0.7 A) of the superposition of correspondent
monomers (Table 2). In contrast, the crystallographic structures of the
PLA,-like proteins with ligands bound in the hydrophobic channel
have their monomers in a symmetric conformation (canonical), as ob-
served by superposition of the BthTX-I/Zn canonical and non-canoni-
cal monomers (Table 2). Canonical monomers are very similar, but
the comparison between the non-canonical monomer of the BthTX-I/
Zn and canonical monomers of the complexed structures present
higher RMSD values (> 1.1 A) (Table 2). MjTX-II structures are

Table 2

Root mean square deviation (RMSD, A) of superpositions between monomers of available
bothropic PLA;-like crystallographic dimeric structures and BthTX-I/Zn canonical and
non-canonical monomers. It was included only the lower RMSD value of each superposi-
tion. RMSD below 0.7 A are shown in bold.

PDB code BthTX-I/Zn BthTX-I/Zn Toxin Ligand
Canonical Non-canonical
monomer monomer
(chain letter)  (chain letter)
3HZD 0.3 (B) 0.6 (A) BthTX-I -
2Q2) 0.3 (B) 0.6 (A) PITX-1 -
4K09 0.3 (B) 03 (A) BbTX-II -
1PAO 0.2 (A) 0.4 (B) BnSP7 -
1PC9 0.3 (A) 0.4 (B) BnSP6 -
3I3H 0.4 (B) 0.7 (A) BthTX-l -
2H8I 0.5 (B) 0.5 (A) BthTX-I PEG400
3MLM 0.5 (A) 1.1 (B) BnlV Myristic acid
20K9 0.6 (A) 1.2 (B) PrTX-I BPB
3CYL 0.6 (A) 1.2 (B) PrTX-1 Vitamin E and
PEG4k
31Q3 0.7 (A) 1.2 (B) BthTX-l  PEG4k
1QLL 0.6 (A) 1.2 (B) PrTX-II N-tridecanoic acid
3QNL 0.6 (A) 1.1 (B) PrTX-1 Rosmarinic acid and
PEG330
3CXI 0.7 (A) 1.2 (B) BthTX-I Vitamin E and PEG4k
4K06 0.5 (A) 1.2 (B) MTX-II PEG4k
4YU7 0.6 (A) 1.1 (B) PrTX-1 Caffeic acid and PEG4k
1Y4L 0.6 (A) 1.1 (B) BaspTX-II  Suramin and PEG330
4YZ7 0.5 (A) 1.2 (B) PrTX-1 Aristolochic acid and
PEG4k
1CLP 0.6 (A) 1.2 (B) BaspTX-Il -
3HZW 0.8 (B) 1.1 (A) BthTX-I ~ BPB
4YV5 1.3 (A) 1.5 (B) MjTX-II Suramin and PEG4k
1XXS 1.2 (A) 14 (B) MjTX-II Stearic acid
4KF3 1.3 (A) 1.5 (B) MjTX-l  PEG4k

Table 3

Distances (A) between MDiS C{ residues (121 and 124) for monomers (A and B) of inac-
tive (asymmetric monomers) and active states (symmetric monomers) of bothropic
PLA,-like crystallographic dimeric structures. Structures are sorted by higher distance.

PDB Canonical Non-canonical Toxin Ligand
code  monomer monomer
(chain letter) (chain letter)

3HZD 4.8 (B) 11.2 (A) BthTX-I -

2Q2]  49(B) 10.9 (A) PrTX-1 -

4K09 4.5 (B) 10.9 (A) BbTX-II -

1PA0 4.8 (A) 10.8" (B) Bnsp7 -

1PC9 4.7 (A) 10.3" (B) Bnsp6 -

4WTB 4.7 (A) 10.3 (B) BthTX-I Zn?*

3HZW 6.2 (B) 9.7 (A) BthTX-l ~ BPB

3I3H 4.6 (B) 9.3 (A) BthTX-I -

2H8I 49 (B) 8.5 (A) BthTX-I PEG400

3MLM 4.6 (A) 5.4(B) BnlV Myristic acid

20K9 45(A) 5.3(B) PrTX-I BPB

3CYL 45(A) 53(B) PrTX-1 Vitamin E and PEG4k

3103  47(A) 5.2 (B) BthTX-I  PEG4k

1QLL 52 (A) 5.2 (B) PrTX-II N-tridecanoic acid

3QNL 4.8 (A) 5.2(B) PrTX-1 Rosmarinic acid and
PEG330

3CXI 47 (A) 5.1 (B) BthTX-I  Vitamin E and PEG4k

4K06 5.1 (A) 4.9 (B) MTX-II PEG4k

4YU7  5.0(A) 4.7 (B) PrTX-1 Caffeic acid and PEG4k

4YV5 49 (A) 5.0(B) MjTX-II Suramin and PEG4k

1Y4L 46 (A) 4.8 (B) BaspTX-1I  Suramin and PEG330

4YZ7 4.7 (A) 4.7 (B) PrTX-I Aristolochic acid and
PEG4k

1XXS 44 (A) 4.7 (B) MjTX-II Stearic acid

4KF3 44 (A) 4.4 (B) MjTX-II PEG4k

1CLP 42 (A) 3.5 (B) BaspTX-1I -

* (P was added, since this atom was omitted in the crystallographic structure.

exceptions because they present specific structural characteristics [15],
resulting in higher RMSD compared to other toxins (Table 2).

In this work, we observed that the MDiS is stabilized by one hydro-
gen bond between the main chain oxygen of L121 and the main chain
nitrogen of F125, two hydrophobic and exposed residues, and by the
rigid P123 that, together with K122, form a short 3¢ helix (Fig. 4B, or-
ange cartoon). Furthermore, the distances between the Cp3 atoms from
L121 and F125 from all canonical menomers are <5.5 A, whereas the
distances for the residues from all non-canonical monomers are larger
than 10 A (Table 3). The BthTX-I/PEG400 structure is the only exception,
as it is a complex in inactive state with a non-canonical monomer,
with a measured distance that is reduced from the usual 10 A to 7.5 A
(Table 3). The reduced distance between the MDiS Cp atoms is probably
a consequence of the presence of a short PEG molecule in the canonical
monomer because that is the main difference compared to apo BthTX-I
and we observed that the electron density for the other PEG400 mole-
cule in the non-canonical monomer is ambiguous. Therefore, BthTX-
I/PEG400 structure may represent an intermediate state between the
inactive and active states. Whereas, presence of longer PEG molecules
(PEG4k) induces toxin to be in active state with symmetrical
monomers.

Canonical monomers of bothropic PLA,-like proteins contain tun-
nel 1, as described in Section 3.2.2, which structurally connects the N-
terminal region and H48 with the C-terminal region of the other mono-
mer. As a matter of fact, the N-terminal region has been suggested to be
an important region with its hydrophobic residues [73,74], and it may
be associated with the membrane interaction, similar to the MDiS.
PLA,-like structures in the active state display symmetrical and canon-
ical monomers, and tunnel 1 is occupied by ligands, such as fatty acids
or PEG molecules. Interestingly, a rosmarinic acid inhibitor is observed
at the entrance of one of the PrTX-I/RA tunnel 1 regions and interacts
with the N-terminal residues of one monomer and the hydrophobic res-
idues of the C-terminal region of the other monomer (gray sticks in the
zoom of Fig. 5B;), preventing PEG4k entrance.
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Bl Non-canonical C-terminal region
in intermediate state

on-canonical C-terminal region
interme state

al C-terminal region
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Fig. 7. Structural transitions of the C-termini from the BthTX-I that occurs during hydrophobic molecule entrance. The first state is represented by BthTX-I/Zn non-canonical monomer
showed as a brown cartoon (A). An intermediate second state is found only in the non-canonical monomer of the BthTX-I/PEG400 (PDB id: 2H8I) showed as a pink cartoon (A and B).
Finally, a third state is represented by canonical monomer of the BthTX-I/PEG4k (PDB id: 2H8I) showed as orange cartoon (B). (A) The transition from first to second state is characterized
by a reduction of 10.3 A to 8.5 A from L121-F125 C{ distance resulted from the structural change of L121 caused by hydrophobic molecule entrance in the canonical monomer channel.
(B) The transition from second to third state is characterized by change of non-canonical monomer to canonical because Y119 and H120 residues invert their direction (180° rotation),
leading to the approximation of the L121 and F125 residues (4.7 A) and to the formation of a short 3, helix. Side chains of Y119, H120, L121 and F125 residues are shown in sticks.

Meaningful conformation changes are pointed in arrows.

PLA,-like structures in the inactive state only exhibit tunnel 1 for
one monomer (canonical monomer). The comparison between tun-
nels 1 of the structures in the active and inactive states shows that
their cores are identical; however, their entrances are different due to
the different dimeric orientations and differences in the C-termini
(refer to Section 3.2.1). By comparing the hydrophobic channels of inac-
tive state structures, differences in the side chain positions of the H120,
K122 and F125 residues can be observed. Such variability is probably re-
lated to their flexibility, which is essential for the conformational
change from the non-canonical to canonical monomer, in which
Y119 and H120 invert their positions with a 180° rotation (Fig. 7). Curi-
ously, the hydrophobic tunnels of BthTX-I/PEG400 and apo BthTX-I
(3HZD) are closed by the position of the H120 side chain, whereas
they are open in the available models of the other bothropic PLA,-like
proteins.

4.4. New steps in the myotoxic mechanism of PLA,-like toxins

The results presented here identified interesting new structural
features related to the oligomeric changes between the inactive
and active states of PLA,-like proteins. From the detailed structural
analysis of the MDiS region, it was possible to identify totally differ-
ent MDiS conformations in the inactive and active states, which may
be measured by the distance between the L121 and F125 residues
(Figs. 5 and 7). Furthermore, from the comprehensive structural bio-
informatics study of the protein tunnels, we could identified the rel-
evant tunnels for the PLA,-like proteins and their relationships to the
transition between both states, which is represented by the entrance
of hydrophobic molecules in tunnel 1of canonical monomer, lead-
ing to dimer reorientation and a structural change from asymmetri-
cal to symmetrical monomers.

Thus, based on the results presented here, we suggest the following
myotoxic mechanism for PLA,-like proteins, in which item ii was added
and additional details were added to items i, iii and iv of the previously
proposed myotoxic mechanism [15]:

i) The activation starts with the entrance of one hydrophobic mol-
ecule/fatty acid through tunnel 1 of the canonical monomer.
ii) Approximation of L121 to F125 residues from the non-canonical
monomer.
iii) The dimer is reoriented, and the non-canonical monomer
adopts its canonical conformation by inverting the Y119 and

H120 positions and further approximating the L121 and F125
positions.

iv) The inaccessible and vacant hydrophobic channel is opened by
dimer reorientation and a hydrophobic molecule/fatty acid is
bound, stabilizing the toxin active state.

v) Protein-membrane docking through the MDoS.

vi) Membrane destabilization by its interaction with the MDiS.

vii) Uncontrolled influx of ions and, consequently, cell death.

Steps i to iv of the proposed myotoxic mechanism are represented
by two morphing videos based on the different identified states of the
BthTX-I crystallographic structures (Supplementary Videos 1 and 2).

4.5. Concluding remarks

The structural study presented here and its comparison to other
PLA,-like structures added important elements to the comprehension
of the allosteric transition that PLA,-like proteins undergo to exert
their function. The transition between the inactive state, which is
present as asymmetrical monomers, to the active states with symmet-
rical monomers was observed, and a key tunnel (Tunnel 1) was identi-
fied for the first time, in which all fundamental residues for the
myotoxicity of PLA,-like proteins are located (MDoS, MDiS and H48).
Furthermore, we showed that zinc ions inhibited BthTX-I myotoxicity
in vivo by interacting to H48 of the accessible hydrophobic channel
(canonical monomer) and to both H120 residues, as determined in
the crystallographic studies. Based on these observations, we can hy-
pothesize that the Zn ions simultaneously inhibit BthTX-I through two
different mechanisms: i) preventing fatty acid binding to H48 and
thus avoiding the state transition from the inactive to active state,
and ii) by binding directly to the MDiS region, preventing the mem-
brane disruption process. Thus, zinc ions could be a new candidate to
aid anti-venom treatment against the myonecrotic effects induced by
the most abundant toxin in some bothropic snake venoms. Finally, all
of the information presented here, regarding the expression of
myonecrosis by PLA,-like proteins and its inhibition, can promote the
design of new and even more accurate structure-based inhibitors that
can completely inhibit these proteins and provide new insights to com-
plement the conventional serum therapy.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2016.08.003.
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1. Introduction

RNA silencing is a potent host defense mechanism against
plant viruses that is counteracted by viral proteins possessing RNA
silencing suppression activities [1]. Host proteins acting as sup-
pressors of RNA silencing have also been identified and a Nicotiana
tabacum calmodulin-like protein called rgs-CaM (for regulator of
gene silencing camodulin-like) was the first whose suppression
activity was demonstrated [2]. The tobacco rgs-CaM was shown
to interact with the helper-component proteinase (HC-Pro), a viral
RNA silencing suppressor, and was postulated to be required for HC-
Pro-mediated silencing suppression. Consistent with this, Li et al.
[3] demonstrated that an rgs-CaM homolog of N. benthamiana is
required for the RNA silencing suppression activity of $C1, a sup-
pressor encoded by the satellite DNA of Tomato yellow leaf curl China
virus. Contradictory findings, however, have shown that the inter-
action of rgs-CaM with different viral suppressors has an antiviral
function [4]. In this case, rgs-CaM is supposed to counteract viral
suppressors by binding to their double-stranded RNA (dsRNA)-

* Corresponding author.
E-mail addresses: igmaia@ibb.unesp.br, igmaial@gmail.com (I.G. Maia).
T These authors contributed equally to this work
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binding domains and targeting them for autophagic degradation.
Moreover, the proposed mechanism requires self-sacrifice of the
rgs-CaM protein. Evolving knowledge indicates that rgs-CaM is an
early-inducible gene implicated in the initial steps of viral infection
[5].

Despite sharing similarity with calmodulins (CaM) and
Calmodulin-like proteins (CML), little is known about the struc-
tural features of rgs-CaM. Such structural studies are important to
shed light on the function of rgs-CaM and also to elucidate its inter-
action with target viral suppressors. As mentioned above, rgs-CaM
was shown to interact with viral suppressors via their positively
charged dsRNA-binding domains [4]. This interaction was reported
to be mediated by electrostatic interactions [4], a distinctive fea-
ture compared to classical CaMs that usually bind to their target
proteins through hydrophobic interactions [6,7]. In this regard, the
crucial roles of electrostatic interactions in the cooperativity of cal-
cium binding and in protein aggregation have been highlighted by
several studies [8-11].

This peculiar characteristic of rgs-CaM in comparison to other
CaMs suggests that rgs-CaM may exhibit unique structural propri-
eties. In addition, as highlighted by Tadamura et al. [5], rgs-CaM
is the only known CML protein able to bind to exogenous targets.
In contrast, classical CaMs interact with endogenous targets using
canonical helix-loop-helix EF-hand motifs for Ca2* binding [12].



R.K. Makiyama et al. / International Journal of Biological Macromolecules 92 (2016) 1288-1297 1289

These EF-hands frequently occur in pairs and most CaMs possess
two, four or six EF-hands [12].

The structure of CaMs is generally well conserved and presents
N- and C-terminal globular lobes linked by a central alpha helix
[13]. Each lobe possesses two EF-hand motifs containing a Ca?*-
binding loop composed of a cluster of 12 amino acid residues that
usually starts with an Asp and ends with a Glu. Residues essential
for Ca2* binding coordination within this cluster are in positions 1,
3,5,7,9and 12, respectively [12,14].

In this study, we examined the Ca2* binding properties of rgs-
CaM in order to learn more about its functionality. For this, the
tobacco rgs-CaM was expressed in Escherichia coli and purified.
Subsequently, the binding affinities and possible conformational
changes associated with Ca?* binding to recombinant rgs-CaM
were investigated using different biophysical and computational
approaches (circular dichroism, isothermal titration calorimetry,
molecular modeling and molecular dynamics simulations).

2. Materials and methods
2.1. Construction of the rgs-CaM expression vector

The cDNA encompassing the open reading frame of tobacco
rgs-CaM (accession number AF329729) was amplified by RT-PCR
using total RNA extracted from leaves of N. tabacum SR1 and
gene-specific primers supplemented with the restriction sites
for Ndel and Xhol (5'-GGCCATATGTGCATGGAATCAGTTTC-3’ and
5-CTACTCGAGACTTGTCATCATAGCTTTGAAC-3'; sites underlined).
The amplified fragment was gel-purified and cloned into the
Ndel- and Xhol-digested expression vector pET-28a (Novagen). The
resulting construct was sequenced and subsequently inserted into
E. coli BL21(DE3)-CodonPlus-pRIL cells (Stratagene) for expression.

2.2. Expression and purification of recombinant his-tagged
rgs-CaM

Transformed E. coli cells were grown overnight at 37°C in
Luria-Bertani medium supplemented with 100 mg/l kanamicin and
50 mg/l chloramphenicol. The culture was diluted (1:100) in the
same medium and grown at 37 °C to an ODggq of 0.7, followed by
addition of 1 mM isopropyl-3-D-thiogalactopyranoside (IPTG) and
induction for 4 h at 28°C. The harvested cells were resuspended in
lysis buffer (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 0.25% Tween
20, TmM EDTA and 1 mM PMSF) supplemented with lysozyme
(1 mg/ml), RNAse A (1 wg/ml) and DNAse I (10 u/ml). After break-
ing the genomic DNA by sonication (6 x 305s), the suspension was
centrifuged (20.000 x g for 30 min at 4°C). The pellets of inclusion
bodies were washed twice in buffer A (50 mM Tris—HCIl, pH 8.0, and
100 mM NaCl), and solubilized (30 min at 4°C) by addition of buffer
A containing 1% sodium dodecyl sulfate (SDS). The recombinant
protein was then refolded in the presence of 2M 2-methyl-2,4-
pentanediol (MPD) [15,16]. For this, the samples were incubated
at 4°C for 24 h under gentle agitation. Subsequent purification of
recombinant His-tagged rgs-CaM (rgs-CaM:His) was performed by
affinity chromatography using Ni-NTA columns pre-equilibrated
with buffer A (plus 1% SDS and 2 M MPD) as recommended by the
manufacturer (Qiagen), followed by size exclusion chromatography
using Superdex 75 10/300 GL columns (GE Healthcare) that were
equilibrated with buffer A containing 2 M MPD. All columns were
linked to a high-performance liquid chromatography system (AKTA
Purifier 900; GE Healthcare) and a flow rate of 0.5ml/min was
used. Fractions containing recombinant rgs-CaM:His were checked
by standard SDS-PAGE (0.1% SDS, 12% polyacrylamide), stained
with Coomassie blue, and also by western blot using a monoclonal
anti-polyHistidine antibody (Sigma) and the ECL Western Blot-

ting Analysis System as recommended by the manufacturer (GE
Healthcare). Protein concentration was determined by absorbance
at 280nm in a NanoDrop 2000C spectrophotometer (Thermo
Scientific), using theoretical molecular weights and extinction coef-
ficients provided by the in silico ProtParam tool available on the
ExPASy web server (http://web.expasy.org/protparam) [17].

2.3. Semi-denaturing mobility-shift assays

The semi-denaturing mobility-shift assay was performed essen-
tially as described [ 18] using 3 g of recombinant rgs-CaM in buffer
A (containing 2 M MPD) supplemented with either 5 mM CacCl, or
5mM ethylene glycol bis(beta-aminoethyl ether)-N,N’-tetraacetic
acid (EGTA). The samples were incubated at 4°C for 30 min and sus-
pended without boiling in sample buffer (62.5 mM Tris—HCI, pH 6.8,
1% SDS, 10% glycerol) devoid of 3-mercaptoethanol. Each protein
sample was subsequently electrophoresed on a precast 16% poly-
acrylamide gel containing no SDS (ECL Precast Gel; GE Healthcare).
The gel was stained with Coomassie blue.

2.4. Circular dichroism (CD) spectroscopy

CD measurements were obtained over the spectral range of
200-260 nm using a JASCO J-815 spectropolarimeter (JASCO Spec-
troscopic Co. Ltd.,Japan) equipped with a Peltier thermo-controller.
The assays were carried out at 293 K using an optical path length
of 0.5nm, a scanning speed of 100 nm/min, response time of 1s,
band width of 2 nm and data pitch of 0.5 nm. Twenty spectra were
acquired, averaged and corrected for the buffer solution (baseline)
and then normalized to residual molar ellipticity [0]. Previously to
CD measurements, rgs-CaM was treated with excess of EGTA to
remove possible residual Ca%* bound to its structure, and the solu-
tion was subsequently dialyzed against buffer A (containing 2M
MPD). The effect of Ca2* in CD spectra was also evaluated by the
addition of 5mM CaCl, to the protein sample, in the absence or
presence of 5 mM EGTA. Buffer A plus MPD, CaCl, and EGTA gave
negligible signals at the concentrations tested and were included
in baseline measurements.

2.5. Isothermal titration calorimetry (ITC)

The thermodynamic parameters of the interaction between rgs-
CaM and calcium ions were determined at 25°C in buffer A, using
an isothermal titration calorimeter (MicroCal ITC,g9, GE Health-
care). Prior to the ITC assays, rgs-CaM was treated with excess EGTA
to remove possible residual Ca%* bound to its structure, and the
solution was subsequently dialyzed against the buffer used in the
titration to remove EGTA from the final solution. For a typical Ca2*
titration, 0.2 mM of recombinant rgs-CaM was placed in the reac-
tion cell (200 1) and a 10mM Ca2* solution was loaded into the
ITC syringe. Each 2.5 min, 2 wl of Ca?* solution was injected into
the reaction cell. Ca%* heat of dilution/mixing were determined in
separate control assays and were subtracted from the correspond-
ing titrations. For the stoichiometry (N), dissociation constants (Ky),
enthalpy (AH), and binding-type input parameters were adjusted
to obtain the best fitting model. The values of K4 and AH were used
to calculate the change in free energy (AG) and entropy (AS) of
Ca?* binding.

2.6. Modeling and molecular dynamics (MD) simulations

According to the data obtained from the based-threading
method program HHPred (http://toolkit.tuebingen.mpg.de/
hhpred) [19] (score: 169.12; e-value: 2.1e-32; identity: 33%), the
crystal structure at 1.0A resolution of a CaM from Paramecium
tetraurelia [Protein Data Bank (PDB) ID: 1EXR] was selected as
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the best template for initial in silico rgs-CaM structural modeling.
Besides, the crystallographic structures of CaMs from Saccha-
romyces cerevisae, Physarum polycephalum, Entamoeba histolytica,
Kluyveromyces lactis, Chalamydonas reinhardtii and Homo sapiens
(PDB IDs, respectively, 3FWD, 2B10, 40CI, 4DS7, 3QRX and 20BH)
were also identified as putative templates. However, their crystal
structures presented lower resolution values and shared limited
sequence identity with the rgs-CaM primary sequence (lower than
28%).

The initial in silico model of the rgs-CaM structure was gen-
erated using the program MODELLER v.9.10 [20]. Since the first
47 N-terminal residues of rgs-CaM possess no homology with
any CaM structure deposited in PDB, they were not included in
the model. Calcium ions were modeled at the four putative Ca%*-
binding loops of the rgs-CaM structure and the generated model
(called rgs-CaM + Ca-A-B-C-D) was submitted to MD simulations
using the program package GROMACS (Groningen Machine for
Chemical Simulation) v.4.5.3 [21] in the presence of explicit water
molecules. Protonation states of charged groups were set according
to pH 7.0. Counter ions were added to neutralize the system and
the GROMOS 96 53a6 force field [22] was chosen to perform the
MD simulations. The minimum distance between any atom of the
protein and the box wall was 1.0 nm.

In the next step, four additional models were generated remov-
ing one (rgs-CaM-Ca-A-B-D model), two (rgs-CaM+Ca-A-D), three
(rgs-CaM+Ca-C) and four (apo-rgs-CaM) calcium ions from the four
putative CaZ*-binding loops as found in the CaM of P. tetraurelia
used as model. The letters A, B, C and D denote the presence of
calcium in the corresponding Ca2*-binding loops. For all models,
energy minimization (EM) using steepest descent algorithm was
performed to generate the starting configuration of the system.
After this step, 200 ps of MD simulation with position restraints
applied to the protein (PRMD) was executed to gently relax the sys-
tem. All the MD simulations were carried out in a periodic truncated
dodecahedron box under constant temperature (298 K) and pres-
sure (1.0 bar) maintained by the coupling to an external heat and an
isotropic. Then, 200 ns for the rgs-CaM+Ca-A-B-D model and 100 ns
for the remaining models of unrestrained MD simulations were cal-
culated to evaluate the stability of all the structures generated. The
overall quality of all in silico models obtained after MD simulation
was checked using RAMPAGE [23] and ProSA-web (https://prosa.
services.came.sbg.ac.at/prosa.php). The average root mean square
fluctuations (RMSF) of the backbone atoms from the final models
were calculated and converted to B-factor values using GROMACS
v.4.5.3 [21] (Suppl. Fig. 1). The same program was used to calculate
the radius of gyration (Rg) of each model during MD simulation.
The electrostatic potential surfaces of the in silico models were gen-
erated by APBS (Adaptive Poisson-Boltzmann Solver) electrostatic
calculations at 150 mM NaCl with a probe size of 1.4 A on Chimera
v.1.9 [24], after the conversion of the PDB file into a PQR file (pH
7.0) using the online server PDB2PQR with the PARSE force field
[25]. All structural figures were generated using Chimera v.19 [24]
and PyMOL v.1.3 [26].

3. Results
3.1. Expression and purification of soluble rgs-CaM

Expression of the His-tagged rgs-CaM in E. coli resulted in a
polypeptide with an apparent molecular mass of 21 kDa (Fig. 1A),
which was present in the insoluble inclusion body fraction (Fig. 1B).
After several unsuccessful attempts of solubilization in nonde-
naturing conditions, the inclusion bodies were solubilized using
SDS and the recombinant protein was refolded in the presence
of the amphipathic solvent MPD. MPD has been successfully used

in the refolding of SDS-denatured proteins avoiding disruption of
the protein structure [15,16]. After refolding, the recombinant rgs-
CaM was further purified using a combination of metal affinity
chromatography on a Ni-NTA column and size exclusion chro-
matography (Fig. 1C). Purification resulted in a single band of
22 kDa, visible on SDS-PAGE, which is close to the estimated molec-
ular mass of native rgs-CaM (21 kDa). Purified rgs-CaM was further
recognized by a His-tag monoclonal antibody in western blot anal-
ysis, thus confirming correct fusion. It should be noted that the
His-tag was not removed from purified rgs-CaM for subsequent
analyses.

3.2. Secondary structural predictions using CD spectroscopy

The structural integrity of the refolded rgs-CaM was checked
using CD spectroscopy. The resulting CD spectrum displayed min-
imum values around 208 and 222 nm, indicating a structured
conformation (Fig. 2A). These two minima are typically observed in
proteins with significant alpha-helical content, which is the case of
plant CaMs [27]. To characterize a possible conformational change
of rgs-CaM upon Ca2* binding, CD spectra were further recorded in
the presence of 5mM CaCl; and after the addition of 5 mM EGTA.
As shown in Fig. 2B, the addition of Ca2* to rgs-CaM promoted a
slight increase in molar ellipticity at 222 nm. In contrast, no spec-
tral changes were detected in the presence of EGTA as compared to
purified rgs-CaM (apo-rgs-CaM). A modest effect on the CD spec-
trum after Ca2* addition was also observed for two CMLs from
Arabidopsis thaliana (designated CML42 and CML43) [28,29]. How-
ever, for both proteins, the observed effect was attributed to a helix
reorientation rather than to an increase in alpha helix content after
Ca?* binding [28,29].

3.3. Calcium promotes a shift in rgs-CaM mobility

Calcium ions have been reported to alter the electrophoretic
mobility of CaZ*-binding proteins by promoting faster migration
compared to proteins maintained in a Ca2*-free state [30,31]. We
therefore tested the effect of Ca2* on the migration of recombinant
rgs-CaM using a semi-denaturing mobility-shift assay. When CaCl,
was added to rgs-CaM just before electrophoresis, a faster migra-
tion of CaCl,-treated rgs-CaM as compared to purified rgs-CaM was
noted (Fig. 3). In contrast, no shift was observed when EGTA was
added to the protein sample containing 5mM CaCl,. In this case,
the EGTA-treated rgs-CaM migrated similarly to purified rgs-CaM.

3.4. ITC results indicate the presence of three Ca*-binding sites
in rgs-CaM

A typical set of ITC data for Ca2* interaction with rgs-CaM is
shown in Fig. 4. Higher and lower panels show the raw calorimetric
data for the Ca2*-into-rgs-CaM titration and the binding isotherm,
respectively. Based on primary sequence analyses (Fig. 5), a sequen-
tial four-binding site model was used to fit ITC data as previously
described [29,32,33]. In this regard, the resulting calorimetry data
was best fitted by the three CaZ*-binding site model (Table 1 and
Fig. 4), which presented the lower chi-square value (128.8) com-
pared to the two- and four-binding site models (162.0 and 198.8,
respectively). This is in line with a previous assumption suggest-
ing the existence of only three Ca2*-binding sites in rgs-CaM [2].
It should also be emphasized that the interaction of rgs-CaM with
Ca2* displayed a negative enthalpy change, indicative of an exother-
mic binding event (Table 1).
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Fig. 1. Expression in E. coli and purification of recombinant tobacco rgs-CaM. A) Total cell extracts of non-induced (lanes NI) or IPTG-induced (lanes I) bacteria expressing
rgs-CaM (different clones are shown). B) Analysis of the solubility of recombinant rgs-CaM. Ins and Sol denote insoluble and soluble fractions, respectively, resulting from
centrifugation of sonicated cells. C) Purified His-tagged rgs-CaM after size exclusion chromatography. All samples were subjected to 12% SDS-PAGE. M- Molecular mass
standard in kDa (PageRuler Plus Ladder 10-250 kDa; Fermentas). Gels were stained with Coomassie Brilliant Blue.

3.5. Primary sequence comparisons and homology modeling
highlights the presence of three Ca?*-binding sites in rgs-CaM

A search for proteins structurally related to rgs-CaM using the
HHpred server revealed structural similarity to CaMs from K. lactis
(PDB ID: 4DS7), P. tetraurelia (PDB ID: 1EXR) and H. sapiens (PDB
ID: 30X6). Inspection of the primary structure alignment (Fig. 5A)
revealed that only three out of the four putative Ca2*-binding loops
of rgs-CaM (indicated as A, B and D) have a canonical 12-residue
Ca2*-binding loop sequence signature [D-X-Y-X-Y-G-X-W-X-X-X-
E, where Y indicates either D or N residues, and W indicates a

hydrophobic residue] [12]. On the other hand, loop C showed no
conservation of D/N residues at positions 1,3 and 5, and of E at posi-
tion 12, therefore suggesting possible non-functionality (Fig. 5A).
Further comparative information about these loops is provided by
the alignment (Fig. 5B) of rgs-CaM with CML42 and CML43 from A.
thaliana that also possess only three Ca2*-binding sites [28,29].

To obtain further structural insights into the Ca?* coordina-
tion of rgs-CaM, we generated in silico models for apo-rgs-CaM
and for rgs-CaM loaded with four (rgs-CaM+Ca-A-B-C-D), three
(rgs-CaM+Ca-A-B-D model), two (rgs-CaM+Ca-A-D model) and one
(rgs-CaM+Ca-C model) Ca2* ions (Table 2; Fig. 6A and B). The in sil-



1292 R.K. Makiyama et al. / International Journal of Biological Macromolecules 92 (2016) 1288-1297

14000 -
12000 + rgs-CaM
10000 -} rgs-CaM+Ca’"
8000 rgs-CaM+Ca”*+EGTA

[6] (deg.cm®.dmol™.residue™)

T T T T T T T T T ) T ) 1
200 210 220 230 240 250 260

Wavelength (nm)
Fig. 2. Far-UV circular dichroism spectra of recombinant rgs-CaM in apo state
(black), in the presence of 5mM CacCl, (red) and after subsequent addition of 5 mM
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reader is referred to the web version of this article.)
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Fig. 3. Effects of Ca?* on the electrophoretic mobility of recombinant rgs-CaM.
The protein samples analyzed by CD (as described in the legend of Fig. 2) were
subjected to PAGE (16%) under semi-denaturing conditions. A faster migration of
rgs-CaM in the presence of CaCl, (5mM) was observed. M: Molecular mass stan-
dard in kDa (PageRuler Plus Ladder 10-250 kDa; Fermentas). The gel was stained
with Coomassie Brilliant Blue.
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Fig.4. Isothermal calorimetric data of Ca?* binding to rgs-CaM. The top panel shows
the raw power output (jcal/s) per unit time (min). Bottom panel shows the inte-
grated data (kcal/mol of injectant versus molar ratio of Ca2* to rgs-CaM). These data
were obtained from the raw power output as the area underneath each peak, which
is then corrected for baseline heat injections and Ca%* dilution heat and mixing. The
solid line represents the best fit of the data to the sequential 3 binding site model.

Table 1
Thermodynamic parameters of Ca*-binding to rgs-CaM obtained from ITC analysis.

Binding Site Kq (M) AH (kcal/mol) AS (cal/mol/deg)
1 (1.27+£0.07)x 104 —-2.10+0.07 10.8

2 (7.87£0.42)x10°° 0.32+0.09 19.8

3 (1.02+£0.05)x 102 —-31.61+1.31 -96.9

ico models confirmed that rgs-CaM, as classical CaMs, has N- and
C-terminal globular lobes (with two putative Ca2*-binding loops
each) separated by a central helix of 26 residues (Fig. 6). More-
over, all models showed an overall good quality, as evaluated by
the distribution of residues in favored and allowed regions of the
Ramachandran plot and by Z-score of ProSA-web [34] (Table 2).
These models were deposited in the ModelArchive public database
[35], and their Digital Object Identifier (DOI) are available in Table 2.

Interestingly, along the MD simulations of the rgs-CaM+Ca-A-B-
C-D model, all Ca* ions remained coordinated in their loops, with
the exception of the one presentinloop C (Fig. 6A). The same feature
was observed when Ca2* was loaded only on loop C (rgs-CaM+Ca-C
model), suggesting that this loop is unable to coordinate Ca2*. These
results are consistent with the aforementioned sequence alignment
predictions and ITC data, thus indicating that rgs-CaM, unlike clas-
sical CaMs, has only three sites of Ca2* coordination, namely loops
A,BandD.
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Table 2

Overall quality, radius of gyration (Rg) and Digital Object Identifiers of rgs-CaM in silico models deposited on ModelArchive public database.

Model Z-score?

Residues in allowed and favored regions (%)°

Rg (nm)° pord

apo-rgs-CaM -7.4 100

rgs-CaM+Ca-A-B-C-D -5.6 98.6
rgs-CaM+Ca-A-B-D -54 96.4
rgs-CaM+Ca-A-D -6.1 98.9
rgs-CaM+Ca-C —-4.7 99.3

1.7 ma-asrjx
23 ma-a9cbt
2.3 ma-awfwa
2.2 ma-a2nix
1.8 ma-aborg

2 Calculated by ProSa-web [27].

b According to Ramachandra plot calculated by RAMPAGE [17].
¢ Calculated by GROMACS v.4.5.3 [15].

d

Digital object identifier (DOI) of the in silico structure deposited on ModelArchive [33] public database.

A * 20 *
rgs_CaM
K_lac_CaM
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H_sap_CaM

rgs_CaM

K_lac_CaM
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rgs_CaM S R (
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CML43
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CML43
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CML42
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Fig. 5. Multiple amino acid sequence alignments. (A) Alignment of rgs-CaM with homologous structures identified by the HHpred server. K_.lac.CaM: Calmodulin from K.
lactis NRRL Y-1140 (PDB ID 4DS7); P_tet_CaM: Calmodulin from P. tetraurelia (PDB ID 1EXR) and H_sap_CaM: Human calmodulin (PDB ID 30X6); (B) Alignment of rgs-CaM
with CML42 (GI: 75337714) and CML43 (GI: 75333888) from A. thaliana. The putative Ca2* binding-loops are designated A, B, C and D. Red boxes highlight the amino acids of
the canonical 12-residue Ca?*-binding loops seen in CaM [D-X-Y-X-Y-G-X-W-X-X-X-E, where Y indicates D/N residues, and W indicates a hydrophobic residue]. The green box
highlights the flexible region of the central helix observed in Ca?*-bound structures. Superior arrows in panel B indicate the hydrophobic amino acid substitutions observed
in loops A and D of rgs-CaM in relation to the CML sequences. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

3.6. In silico models of Ca?*-bound rgs-CaM detected an
expansion on its tertiary structure with exposition of a large
negatively charged surface

It has been previously reported that Ca2*-bound CaMs have
a more expanded tertiary structure than their apo counterparts
[13,36].In this regard, we found that the removal of all Ca2* resulted
in a more compact rgs-CaM model compared to the one loaded

with three CaZ*. This observation was well correlated with the
Rg values of both apo and four calcium-containing rgs-CaM mod-
els (1.7 nm versus 2.3 nm; Table 2). Thus, the loading of Ca* into
loops A, B and D promoted an expansion of the tertiary structure
of rgs-CaM, as already reported for CaMs [37]. Ca superposition of
the central helix of the rgs-CaM+Ca-A-B-C model over the central
helix of the apo-rgs-CaM model clearly illustrates this expan-
sion. In this case, a different reorientation of the EF-hand helices
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Fig. 6. Insilico modeling of rgs-CaM. (A) Cartoon representation of the final rgs-CaM model with Ca?* modeled in the four predicted Ca?*-binding loops (rgs-CaM+Ca-A-B-C-D
model). The residues predicted to coordinate Ca%* in rgs-CaM are represented by sticks. Along the MD simulations, the Ca2* in loop C escaped from the loop whereas the
other ions remained coordinated in the other loops. The flexible region near the middle of the central helix (E120-E125) is also highlighted. (B) Cartoon representation
of Ca superposition of the central helix of rgs-CaM+Ca-A-B-D (green) over apo-rgs-CaM (yellow) showing the expansion of rgs-CaM tertiary structure and the different
reorientations of the helices within the EF-hands upon Ca2* binding. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 7. Electrostatic potential surfaces of the in silico models. (A) apo-rgs-CaM and (B) rgs-CaM+Ca-A-B-D. Both structures are shown in the same orientation after Ca
superposition. The electrostatic potential surfaces were generated by APBS (Adaptive Poisson-Boltzmann Solver). Red and blue colored regions denote negative and positive
charges, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Structural comparisons between the P. tetraurelia CaM (PDB ID 1EXR) and the rgs-CaM + Ca-A-B-D model. (A) Cartoon representation of crystallographic structure of P.
tetraurelia CaM with hydrophobic residues (Ala, Ile, Leu, Phe, Pro and Val) exposed to the solvent after Ca2*-binding (highlighted as yellow sticks). (B) Cartoon representation
of the rgs-CaM+Ca-A-B-D model with hydrophobic residues exposed to solvent after Ca%*-binding (highlighted as yellow sticks). The hydrophobic residues buried into the
N-terminal globular lobe are highlighted as green olive sticks. (C) Cartoon representation of the rgs-CaM+Ca-A-B-D model with negatively charged residues (Asp, Glu, Ser
and Thr) exposed to the solvent after Ca?*-binding (highlighted as light green sticks). The figure was generated using PyMOL v.1.3 [22]. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

between apo- and calcium-containing models could be observed
(Fig. 6B). Interestingly, when CaZ* was loaded into loops A and D
but not B (rgs-CaM-A-D model), rgs-CaM adopted an expanded ter-
tiary structure conformation showing an Rg value around 2.3 nm
(Table 2).

Along the MD simulations of the rgs-CaM models with Ca2*
loaded into, at least, loops A and D (rgs-CaM+Ca-A-B-D and rgs-
CaM+Ca-A-D models), a region near the middle of the central helix
(E120 through E125 as denoted in Fig. 5A) presented great mobil-
ity, adopting even a disordered secondary structure at the end of
the majority of the simulations (Fig. 6A). This flexibility confers
to the central helix a bendable joint on its center that probably
contributes to the reorientation of the EF-hands to become more
solvent-exposed in the Ca2*-bound models (Fig. 6B). In contrast,
in MD simulations of apo-rgs-CaM, this region remained stable
during all 100 ns simulations. The deduced amino acid sequence
alignments revealed that the E120-E125 region of rgs-CaM is anal-
ogous to the K77-S81 region of classical CaMs (Fig. 5A), which is
also located in the middle of the central helix and has a high degree
of mobility as previously shown by NMR assays [37].

Another typical feature of classical CaM is the exposure of a sig-
nificant amount of non-polar surface area upon expansion of its
tertiary structure [37,38]. This solvent-exposed area results in a
hydrophobic pocket that serves as a target interaction site [32].
In this context, Nakahara et al. [4] reported previously that rgs-

CaM can interact with the 2b suppressor of Tomato aspermy virus
by electrostatic interactions, thus contrasting with classical CaMs
that usually use hydrophobic patches to interact with their targets
[6,7]. In fact, a comparative analysis of the electrostatic potential
surfaces of the apo-rgs-CaM and rgs-CaM+Ca-A-B-D models in the
same orientation revealed that the CaZ*-induced conformational
expansion leads to the exposure of a negatively charged region
(Fig. 7). This anionic area is located mainly on the N-terminal globu-
lar lobe and is complemented by some portions of the central helix
and C-terminal lobe, thus forming a large and negatively charged
pocket. A careful comparison between the crystallographic struc-
ture of the CaZ*-bound CaM from P. tetraurelia (PDB ID: 1EXR) and
the rgs-CaM+Ca-A-B-D model reveals a different distribution of
the conserved hydrophobic residues on these structures (Fig. 8).
In the CaM from P. tetraurelia, the surface-exposed hydrophobic
residues are located mainly on the N-terminal globular lobe and
in some portions of the central helix and C-terminal lobe (Fig. 8A).
In contrast, the corresponding regions of the rgs-CaM+Ca-A-B-D
model have fewer solvent-exposed hydrophobic residues and con-
tain several negatively charged residues (Fig. 8C). This is especially
true for the N-terminal lobe in which the majority of the residues
are buried into the EF-hand structure (Fig. 8B). These negative
residues comprise the anionic pocket that could be responsible for
the interaction of rgs-CaM with the dsRNA-binding domains of viral
Suppressors.
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4. Discussion

Rgs-CaM is a CaM-related protein involved in the dynamic inter-
play between viruses and plants. Conflicting results from different
groups suggest that rgs-CaM could target viral suppressors for
autophagic degradation [4] or interact with them having a posi-
tive effect on suppressor activity [3]. Earlier homology modeling
studies demonstrated that rgs-CaM possesses two predicted EF-
hand motifs separated by a negatively charged cleft [4]. Despite
the presence of these predicted EF-hands, the ability of rgs-CaM to
bind Ca2* and its effective role as a CaZ* sensor remain elusive.

In this regard, our CD spectral data revealed that rgs-CaM is
sensitive to Ca* binding, but only modest effects on its overall sec-
ondary structure are detected upon binding (Fig. 2). Our results
using EGTA in CD measurements and mobility shift assays showed
that Ca2* binding to rgs-CaM is a reversible process. Moreover, by
generating structural in silico models for calcium-free and calcium-
bound rgs-CaM (Fig. 6B; Table 2), we found that rgs-CaM structure
undergoes a calcium-induced expansion and reorientation of the
alpha-helices within the EF-hands (Fig. 6B; Table 2). This confor-
mational change is commonly observed in classical CaMs [37]. The
reorientation of the helices leads to exposure to the solvent of a
large EF-hand area that could be responsible for the slight increase
in molar ellipticity at 222 nm detected upon Ca2* addition to rgs-
CaM (Fig. 2), as previously observed for CML43 [28]. Additionally,
in our Ca2*-bound rgs-CaM models, a higher flexibility near the
middle of the central helix along the MD simulations was noted, a
feature that probably contributes to the EF-hand rearrangements.

Our ITC data indicate that rgs-CaM has only three functional
CaZ*-binding sites. This was further supported by the information
gleaned from amino acid sequence predictions and by inspection
of the rgs-CaM models generated in silico. Collectively, our results
indicate that loop C in the C-terminal EF-hand of rgs-CaM is unable
to bind calcium. Remarkably, this loop shows no conservation of the
residues typically found in canonical Ca2*-binding loops of classical
CaMs (Fig. 5A). Bender et al. [28] reported that A. thaliana CMLA43,
which acts as a Ca?* sensor, also possesses only three functional
CaZ*-binding loops. One of them has high Ca2* affinity [dissocia-
tion constants (ky) of 8.16 nM] and is supposed to play a structural
role, whereas the two remaining loops have moderate CaZ* affin-
ity (kg =4.85 wM) and are supposed to be regulatory. In contrast to
rgs-CaM, the non-functional loop of CML43 (loop B) is located in
the N-terminal EF-hand and shows no conservation of the residues
involved in CaZ* coordination (Fig. 5B).

According to the ITC results, rgs-CaM has two Ca2*-binding
sites (sites A and D) with moderate Ca2* affinity (ky=78.7 uM and
127 uM, sites 1 and 2 in Table 1), and a third one (B) with low
CaZ* affinity (kg=10.2 mM; site 3 in Table 1). This moderate/low
Ca2* affinity may be attributed to the substitution of conserved
hydrophobic residues within the EF-hands, especially in loops A
and D (Fig. 5B). Surprisingly, despite the fact that rgs-CaM possesses
several features of a Ca2* sensor, as indicated by our structural data,
the k, values determined by ITC are not within the affinity range of
a typical Ca%* sensor (1-0.1 wM) [12]. This fact, however, does not
preclude the role of rgs-CaM as a sensor since its Ca2* affinity may
be increased in the presence of its target viral suppressor. This phe-
nomenon has already been reported for other known CaMs [12]. In
mammals, for example, the affinity of CaM for Ca2* was increased
25-fold in the presence of its interacting protein [38]. Interestingly,
basal cytosolic levels of Ca2* (about 100 nM) [12,39] were insuffi-
cient to induce important structural changes in rgs-CaM. It seems
therefore likely that the observed expansion in rgs-CaM structure
could be triggered by transitory increases in cytosolic Ca2* lev-
els as would be expected during pathogen attack. Consistent with
this, previous studies have shown that rgs-CaM is widely expressed
immediately after wounding [5], a stress that occurs simultane-

ously tovirusinvasion and is also reported to alter Ca2* homeostasis
[40].

Of note, the thermodynamic results relative to sites A and D
(sites 1 and 2 in Table 1), revealing small enthalpy and large positive
entropy changes, corroborate the observed Ca2*-dependent con-
formational modification [12]. Concerning site B (site 3 in Table 1),
despite its low Ca2* affinity, this site showed a large and exother-
mic enthalpy and an unfavorable binding entropy in calorimetric
studies. This is consistent with the large and exothermic enthalpy
observed for Ca?*-binding of calbindin Dg; due to the dehydration
of the EF-hands [11]. Most noteworthy is the fact that the absence
of Ca2* in site B has no impact on the expansion of the rgs-CaM ter-
tiary structure. Accordingly, rgs-CaM adopted the same expanded
conformation when Ca%* was loaded into sites A and D or into the
three predicted Ca2*-binding sites.

Despite corroborating previous findings suggesting that rgs-
CaM interacts with its targets by electrostatic interactions [4], our
results provide additional information about peculiar aspects of
this protein. Most importantly, we observed that the binding of
two Ca2* to rgs-CaM is sufficient to promote surface exposure of a
large negatively charged pocket, which might be responsible for its
interaction with the dsRNA-binding domains of viral suppressors.

5. Conclusions

The results obtained indicate that rgs-CaM has three puta-
tive CaZ*-binding sites. However, Ca%* binding to the two sites
possessing higher Ca2* affinity is sufficient to trigger a conforma-
tional change in an expanded structure with reorientation of the
helices within the EF-hands. In addition, our structural data support
the idea that rgs-CaM interacts with its targets through electro-
static interactions, thus contrasting classical CaMs that usually use
hydrophobic patches [6,7]. It seems plausible that these negatively
charged residues comprised within an anionic pocket might be
responsible for the interaction of rgs-CaM with the dsRNA-binding
domains of viral suppressors.
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