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Resumo

Adesédo celular aberrante e extravasamento anormal de células da corrente
sanguinea foram implicados em uma série de patologias, como tumores
metastaticos, crises vaso-oclusivas decorrentes de anemia falciforme e doencas
inflamatdrias como um todo. Consequentemente, as selectinas representam um alvo
terapéutico muito atraente, que vem sendo explorado ha varios anos. Utilizando o
sialyl Lewis* (ligante natural dessas proteinas) como ponto de partida, inUmeros
inibidores de selectina pré-organizados na conformacado bioativa foram
desenvolvidos. O GMI-1070, cuja analise conformacional constitui o tema do
presente trabalho, € um desses inibidores. Apesar dos resultados desanimadores
obtidos em testes clinicos e da consequente descontinuagao dos experimentos com
o GMI-1070 por parte da empresa responsavel, esse composto segue sendo um
topico de estudo muito relevante. Tendo em vista sua capacidade de se ligar as trés
selectinas e seus resultados promissores em etapas pré-clinicas, a analise
conformacional do GMI-1070 pode contribuir em grande medida para a otimizagao
de novos candidatos. Langando mao de simulagbes de dinamica molecular e
empregando a ferramenta conflD, foi possivel constatar que o GMI-1070 alcangou
um excelente nivel de pré-organizagdo, superando inclusive a rigidez do ligante
natural. Constatou-se também que uma das caracteristicas mais peculiares do
GMI-1070, um apéndice extremamente flexivel que faz dele um ligante de
Pan-selectina, interage com a por¢ao mimética, contribuindo inesperadamente para
a restricao conformacional observada. Para além dos resultados obtidos em relagao
ao GMI-1070, o presente trabalho também foi capaz de confirmar o comportamento
do proprio sialyl Lewis*, identificando as conformacdes relevantes adotadas por essa
molécula em solucgao.

Palavras-chave: GMI-1070; Sialyl Lewis; Dinamica molecular; ConflD; Glicomimético



Abstract

Aberrant cell adhesion and extravasation from the bloodstream have been
implicated in a number of pathologies, such as metastatic cancer, vaso-occlusive
crisis typical of sickle cell disease and inflammatory diseases as a whole.
Consequently, the selectins represent a very attractive therapeutic target that has
been explored for many years. Utilizing sialyl Lewis* (the natural ligand of these
proteins) as a starting point, many selectin inhibitors preorganized in the bioactive
conformation have been developed. GMI-1070, which analysis constitutes the theme
of the present work, is one of those inhibitors. In spite of its clinical failure and the
consequent discontinuation of the tests involving GMI-1070 by the responsible
company, this compound remains a relevant topic of research. Owing to its ability to
bind all three selectins and its promising results in preclinical trials, GMI-1070’s
conformational analysis may contribute largely to the optimization of new candidates.
Running long molecular dynamics simulations and employing the conflD tool, it was
possible to verify that GMI-1070 reached an excellent level of preorganization,
surpassing the rigidity of the natural ligand. It was also verified that one of
GMI-1070’s most peculiar characteristics, an extremely flexible appendage that turns
it into a Pan-selectin antagonist, interacts with the mimetic portion of the molecule,
unexpectedly contributing to the observed conformational restriction. Apart from the
results obtained in relation to GMI-1070, the present work was also able to confirm
the behaviour of sialyl Lewis*, identifying the most relevant conformations adopted by
this molecule in solution.

Keywords: GMI-1070; Sialyl Lewis; Molecular dynamics; ConflD; Glycomimetics
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1. Introdugao
1.1. GMI-1070

Adesédo celular aberrante e extravasamento anormal de células da corrente
sanguinea foram implicados em uma série de patologias, como tumores
metastaticos [1]-[4], crises vaso-oclusivas decorrentes de anemia falciforme [5] e
doengas inflamatérias como um todo [6]-[11]. Consequentemente, as selectinas
representam um alvo terapéutico muito atraente, que vem sendo explorado ha
varios anos. Ao longo desses anos, diversos candidatos foram desenvolvidos de
forma racional, sendo sucessivamente superados por novas moléculas otimizadas a
partir da performance dos seus antecessores. Um desses candidatos € o GMI-1070
(Figura1), cuja analise conformacional constitui o tema do presente trabalho.
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Figura 1. Estrutura bidimensional do GMI-1070.

Esse inibidor de Pan-selectina faz parte de uma longa linhagem de miméticos
de sialyl Lewis* e, tendo obtido uma série de resultados pré-clinicos promissores,
acabou adquirindo status de carro-chefe do desenvolvimento de antagonistas de
selectina. Entre outras coisas, o GMI-1070 se mostrou capaz de reverter
vaso-oclusdo aguda em modelos animais de anemia falciforme [12], bloquear
adesao celular em linhagens celulares de leucemia mieldide [13] e prevenir ativagao
de integrina e captura de neutréfilos humanos in vitro [14]. Ele foi submetido a testes
clinicos para o tratamento de crises vaso-oclusivas decorrentes de anemia
falciforme [15], [16], mas acabou falhando na terceira etapa, tendo se mostrado
incapaz de reduzir o tempo de internagdo e o0 uso de analgésicos opidides por
pacientes com anemia falciforme hospitalizados.

Apesar desses resultados desanimadores e da consequente descontinuacao
dos experimentos com o GMI-1070 por parte da empresa responsavel, esse
ex-candidato segue sendo um tépico de estudo muito relevante, pois tal analise
pode contribuir em grande medida para a otimizagdo de novos candidatos: além de
ter obtido resultados pré-clinicos promissores, o GMI-1070 & capaz de se ligar as



11

diferentes selectinas, uma habilidade que o distingue tanto de seus antecessores,
guanto de seus sucessores em atual desenvolvimento.

1.2. Selectinas

As selectinas sdo uma subfamilia de moléculas de adesao celular composta
por trés membros: E-selectina (CD62E), P-selectina (CD62P) e L-selectina (CD62L).
Tendo sido descobertas em 1989, essas moléculas foram amplamente estudadas;
sua funcdo de adesdo celular € muito bem descrita e sua estrutura primaria &
conhecida ha décadas. Cada selectina apresenta um dominio de reconhecimento de
carboidratos dependente de calcio (CRD), um dominio semelhante ao fator de
crescimento epidérmico (dominio EGF), uma série de dominios de repeticao
consenso (dominios CR), um dominio transmembrana e uma cauda citoplasmatica
(Figura 2). Em se tratando do CRD e do dominio EGF, as trés selectinas
apresentam ~65% de alinhamento de sequéncia, ao passo que seus dominios CR,
além de variar em numero, apresentam apenas ~45% de alinhamento de sequéncia;
ja quanto a porgao citoplasmatica, as trés proteinas exibem grande variabilidade
entre si. A partir da elucidagédo da sua estrutura tridimensional por cristalografia de
raios X, se sabe também que as selectinas assumem conformagdes muito
semelhantes e podem assumir tanto uma configuracdo “dobrada” de baixa
afinidade, quanto uma conformacao “estendida”, de alta afinidade [17]-[20].

P-selectina CRD
EGF

E-selectina

L-selectina L CR

LUMEN DO SISTEMA CIRCULATORIO

CITOPLASMA

Figura 2. Desenho esquematico das selectinas.
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As selectinas exibem padrées de expressao temporal e espacialmente
distintos, ainda que sobrepostos. Em resposta ao estimulo inflamatério, as células
endoteliais sintetizam E-selectina de novo, enquanto a P-selectina, até entao
armazenada em corpos de Weibel-palade, é transportada para a membrana; a
P-selectina também é expressa em plaquetas ativadas, enquanto a L-selectina &
exclusiva e constitutivamente expressa em leucdcitos. Ao interagir com seus
ligantes, O-glicanos, N-glicanos, glicoproteinas ou glicolipideos presentes no
glicocalix, as selectinas permitem a adesao dos tipos celulares supracitados uns
com os outros ou com outras células presentes na corrente sanguinea. Por
exemplo: é a interagc&o entre as selectinas e seus ligantes que promove o rolamento
de leucdcitos ao longo do endotélio, fenbmeno que precede a adesao firme mediada
por outras moléculas e o subsequente extravasamento das células de defesa para o
tecido subjacente. Por outro lado, esse mesmo mecanismo parece permitir a
invasdo de tecidos por células tumorais e o consequente estabelecimento de
metastases (Figura 3) [1]-[4], [17], [18], [20].

LEUCOCITO ou CELULA TUMORAL LUMEN DO SISTEMA CIRCULATORIO

ROLAMENTO MEDIADO POR SELECTINAS

- N\ ] ADESAO FIRME MEDIADA POR OUTRAS MOLECULAS

" LIGANTE

: SR EXTRAVASAMENTO
Dl SELECTINA TECIDO SUBJACENTE

Figura 3. Rolamento de leucdcitos ou células tumorais.
1.3. Sialyl Lewis

As trés selectinas reconhecem um motivo em comum compartilhado por dois
tetrassacarideos que compdem os ligantes naturais dessa subfamilia: o sialyl Lewis*
(Figura 4) e seu isGbmero, o sialyl Lewis®. O motivo compartilhado por eles é
composto por um acido N-acetil-D-neuraminico, uma D-galactose e uma L-fucose.
Por conta de pequenas diferengas estruturais, a afinidade da ligagdo com o sialyl
Lewis* varia entre as trés selectinas (0,3 a 1,1 mM para E-selectina, 6,8 a 8,8 mM
para P-selectina e 3,3 a 4,5 mM para L-selectina), e ja foi demonstrado que tanto a
P-, quanto a L-selectina demandam uma interagdao adicional com um grupo
sulfatado adjacente ao sialyl Lewis para que a ligagao ocorra in vivo. Além disso, foi
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observado que a interagdo entre as selectinas e o sialyl Lewis apresenta um
comportamento de “catch-bond”, ou seja, quando as duas moléculas se ligam, a
tensdo aplicada pela corrente sanguinea ao complexo promove uma alteragao
estrutural nas selectinas que acarreta no aumento de afinidade [17], [19]-[24].

OH

. OH
> O
®) O
AcHN e O o OH
NeudAc HO OH NHAC
e L oH GlcNac
HOOH

Figura 4. Estrutura bidimensional do sLe* (Adaptado de Jin, 2020) [44].

Em funcdo de resultados divergentes de espectroscopia por NMR, a
conformacgao bioativa do sialyl Lewis* foi objeto de debate ao longo de muitos anos
[25]-[28]. Ela foi eventualmente confirmada através de analises cristalograficas, que
demonstraram que a conformacao bioativa do sialyl Lewis* ndo varia entre os
complexos disponiveis com as diferentes selectinas [29]. Esse tipo de analise
revelou que o carboxilato do acido N-acetil-D-neuraminico forma uma ponte salina
com a proteina, enquanto as hidroxilas nas posi¢des C3 e C4 da D-galactose
estabelecem ligagdes de hidrogénio com ela; quanto a L-fucose, as hidroxilas nas
posicdes C4 e C6 coordenam com um ion calcio, ao passo que a hidroxila na
posicdo C2 estabelece uma ligagcado de hidrogénio adicional com a proteina (Figura
5) [17], [20], [21], [24].
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Figura 5. Interagao entre sLe* e E-selectina (Adaptado de Binder et al., 2012) [23].

1.4. Desenvolvimento de inibidores de selectina

Em se tratando do desenvolvimento de inibidores de selectina, o desafio
consiste em mimetizar a informagao estrutural de um carboidrato funcional através
de uma molécula que se comporte como um farmaco. Isso é desafiador ndo apenas
pelas limitagdes farmacocinéticas inerentes aos carboidratos e seus derivados, mas
também pela baixa afinidade que caracteriza a interacdo entre lectinas e seus
ligantes [17], [18], [24].

Essa baixa afinidade é fruto da configuragdo do sitio ativo, que é raso e
completamente exposto ao solvente, de modo que apenas alguns grupos funcionais
conseguem interagir com a proteina, e o fazem sob a interferéncia do solvente.
Termodinamicamente falando, a ligacao entre selectina e sialyl Lewis & propelida
exclusivamente pelo termo entrépico da variacdo de energia livre, ao passo que as
interagdes estabelecidas entre farmacoforos e aminoacidos contribuem estritamente
para a especificidade da ligagdo e ndo garantem um termo entalpico favoravel. A
favorabilidade do termo entrépico é garantida pela pré-organizagdo do ligante em
sua conformacédo bioativa, por meio de for¢as intramoleculares que ja foram
exploradas através de espectroscopia por NMR com auxilio de ferramentas
computacionais [21], [24], [30]-[35]. Essa pré-organizagéo permite que a redugao
minima dos graus de liberdade associados a translagao, rotacdo e conformagao do
ligante seja compensada pela liberagdo das moléculas de agua a ele associadas.
Adicionalmente, a pré-organizagao também permite que a interagao aconteca dentro
de uma janela de tempo muito pequena, o que € indispensavel para que o complexo
se forme no fluxo da corrente sanguinea.
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Figura 6. Linhagem do GMI-1070. Partindo do sLe*, diversas alteragcdes estruturais foram
implementadas no sentido de aumentar a afinidade entre ligantes e selectinas, até culminar
no GMI-1070. O primeiro gréafico indica o AG associado com a ligagao entre sLe* e
E-selectina, assim como os termos entalpico e entrépico do AG, enquanto os graficos
subsequentes indicam a variagado do AG e dos seus termos entalpico e entrépico a partir

das alteracdes estruturais realizadas (Adaptado de Binder et al., 2012) [23].
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Tendo isso em mente, foi adotada uma estratégia que culminou no
desenvolvimento de inumeros inibidores de selectina, o GMI-1070 entre eles (Figura
6): utilizando o sialyl Lewis* como ponto de partida, muitos compostos foram
desenvolvidos e testados até que o CGP69669 foi selecionado e se tornou o
composto lider a partir do qual o GMI-1070 foi construido. A qualidade desse lider é
atribuida a substituicdo de carboidratos meramente estruturais (ou seja,
carboidratos que ndo portam farmacéforos) por miméticos menos polares, uma
medida que tornou o termo entalpico da variagdo de energia livre menos
desfavoravel. Subsequentemente, a adicdo de um substituinte equatorial ao mimico
da N-acetilglicosamina e a adicdo de um benzoato a posicdo C2 da D-galactose
aumentaram a contribuicdo do termo entropico ao otimizar a pré-organizagdo do
mimético. Por fim, a inser¢do de um grupo sulfatado que se conecta ao mimético por
um linker longo e flexivel fez do GMI-1070 um antagonista de Pan-selectina [21],
[24], [36].

1.5. Dinamica molecular

A analise conformacional do sialyl Lewis* e do GMI-1070 foram realizadas a
partir de longas simulagdes de dindmica molecular utilizando o pacote GROMACS
[37] e o campo de forga GROMOS 53A6 GLYC [38]. A dindmica molecular permite
simular o movimento de uma molécula, garantindo a obtencdo de modelos muito
mais proximos da realidade bioldgica. Nesse tipo de simulagdo, o deslocamento de
cada atomo é descrito a partir da equagao de movimento relacionada a Segunda Lei
de Newton, de modo que cada atomo precisa estar associado a uma massa e a
uma forca. Essa forca resulta do somatério das diversas forgcas intra ou
intermoleculares as quais o atomo em questdo esta submetido por conta de
estiramento de ligagbes, deformacé&o de angulos de ligagéo, torgdo de diedros,
interacdes nao-covalentes etc. Cada uma dessas forgas € definida a partir de uma
equagao, que é calibrada para reproduzir de forma fidedigna o comportamento
daquela ligagédo, angulo ou diedro em particular, e o conjunto dessas equacgdes €
denominado campo de forca [39]. O GROMOS 53A6 GLYC, utilizado no presente
trabalho, € um campo de forca desenvolvido e otimizado para a simulagdo do
movimento de carboidratos, permitindo o estudo dessas moléculas estruturalmente
complexas cujo comportamento escapa muitas vezes as técnicas experimentais
[38]. Na Figura 7, estao representados alguns termos do campo de forga utilizado.
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Figura 7. Alguns termos do campo de forca GROMOS 53A6 GLYC: na primeira linha, estédo
representadas as interagdes ndo-ligadas, ou seja, a interagdo de Van der Waals e a
interacao eletrostatica; na linhas subsequentes, estao representadas as interagdes ligadas,
ou seja, o estiramento da ligagao entre dois atomos, a deformagao do angulo de ligagcao
entre trés atomos; a tor¢ao diedral e a deformacao do diedro impréprio.
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2. Justificativa

Como previamente apontado, o GMI-1070 segue sendo um tépico de estudo
muito relevante. Apesar dos resultados desanimadores na terceira etapa dos testes
clinicos para o tratamento de crises vaso-oclusivas decorrentes de anemia
falciforme e da consequente descontinuacédo dos experimentos com o GMI-1070 por
parte da empresa responsavel, esse ex-candidato ndo € de modo algum obsoleto no
ambito da exploragédo cientifica. Por conta de seu sucesso pré-clinico e da sua
capacidade de se ligar as diferentes selectinas, o GMI-1070 constitui uma
importante fonte de informacdo que pode contribuir para a otimizacdo de novos
inibidores de Pan-selectina. Sua caracteristica mais peculiar é o linker longo e
flexivel que conecta o grupo sulfatado ao mimético e confere ao GMI-1070 a
capacidade de se ligar aos diferentes membros da subfamilia. Portanto, para além
de acessar a suposta pré-organizagdo do GMI-1070 em sua conformacao bioativa, o
presente trabalho permitira a compreensdo do comportamento deste apéndice
extremamente flexivel, assim como o seu impacto sobre a conformacédo do
GMI-1070 e sobre a eficiéncia desta molécula enquanto um antagonista de
Pan-selectina.
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3. Objetivos

O presente trabalho pretende contribuir para o desenvolvimento de inibidores
de selectina através da elucidacdo do comportamento em solugcdo do GMI-1070.
Mais especificamente, lancando mao de simulacbes de dindmica molecular e
empregando a ferramenta conflD, pretende-se:

1. confirmar o comportamento do préprio sialyl Lewis*, identificando as
conformacdes relevantes adotadas por essa molécula em solugao;

2. avaliar o nivel de pré-organizagdao do GMI-1070;

3. avaliar o comportamento da haste flexivel e seu impacto na conformacao da

por¢cao mimética do GMI-1070.
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4. Metodologia
4.1. Estruturas tridimensionais e construgao de topologias

A estrutura tridimensional do sialyl Lewis* foi obtida no Protein Data Bank,
complexada com a E-selectina e com o cofator Ca?" [29], enquanto a estrutura
tridimensional do GMI-1070 foi construida no Avogadro [40]. No pymol [41], o sialyl
Lewis* foi extraido do complexo e os angulos diedrais do GMI-1070 foram
modificados, de modo que a conformacao da por¢gdo mimética correspondesse a
conformacao bioativa do ligante.

As topologias foram construidas de acordo com os parédmetros disponiveis
para o campo de forca GROMOS 53A6 GLYC [38]. Quando os parametros
disponiveis ndo davam conta de descrever acuradamente os anéis aromaticos
presentes no GMI-1070, recorreu-se a publicacdo de Poléto et al. [42]: a porgao
glicidica (D-galactose e L-fucose), o substituinte uracila e as inumeras ligagcbdes
peptidicas, que compdem o linker flexivel e conectam o substituinte uracila ao (1R,
2R)-ciclo hexanodiol (mimico da GlcNac) e o substituinte benzoato a D-galactose, ja
haviam sido parametrizados para o campo de forga utilizado; por outro lado, os
parametros para o substituinte benzoato e o grupo sulfatado negativamente
carregado foram encontrados na publicagédo posterior de Poléto et al. [42]. A Figura
8 representa a estrutura bidimensional do GMI-1070, indicando os grupos de carga
utilizados na construgao da topologia.
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Figura 8. Estrutura bidimensional do GMI-1070, indicando os grupos de carga utilizados na

construgao da topologia.

4.2. Dinamica molecular

No presente trabalho, utilizou-se o pacote GROMACS [37] e o campo de
forca GROMOS 53A6 GLYC [38]; todas as simulagdes se deram dentro de uma
caixa dodecaédrica, sob condi¢cdes periddicas de contorno, utilizando o modelo de
agua SPC/E. Antes de rodar as simulagdes, os sistemas foram neutralizados pela
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substituicio do numero necessario de moléculas de solvente por ions Na' e a
minimizacdo de energia foi realizada pelo algoritmo de maximo declive. Na
sequéncia, realizou-se uma simulagcdo de dindmica molecular de 1us para cada
molécula, com as coordenadas sendo escritas no arquivo da trajetéria comprimida a
cada 2ps. Depois disso, 50 simulagcbes de dinamica molecular de 1us foram
realizadas para o GMI-1070 no supercomputador Santos Dumont, pertencente ao
Laboratério Nacional de Computagdo Cientifica (LNCC/MCTI, Brasil). As 50
trajetérias produzidas foram subsequentemente concatenadas para produzir uma
unica trajetoria de 50ps.

4.3. Definicao dos diedros

De acordo com as normas da IUPAC, os angulos diedrais ® e W do sialyl
Lewis* foram definidos como 06-C2-02-C'3 e C2-02-C'3-C'2, respectivamente, para
a ligagdo (glicosidica Neu5Ac(2—3)Gal; 05-C1-01-C'4 e C1-01-C'4-C'3,
respectivamente, para a ligagdo glicosidica Gal(1—4)GlcNac e 05-C1-0O1-C'3 e
C1-01-C'3-C'2, respectivamente, para a ligacdo glicosidica Fuc(1—3)GIcNac. Os
diedros correspondentes no GMI-1070 foram nomeados da mesma forma para
facilitar comparagdes (ainda que o NeuSAc e a GlcNac tenham sido substituidos
por mimicos) e definidos de modo a corresponder geometricamente aos diedros do
sialyl Lewis*. A Uunica excecdo foi o Neu5Ac(2—3)Gal ®: como o atomo
correspondente ao O6 do Neu5Ac consiste em um hidrogénio apolar, que nao é
explicitado no campo de forga utilizado, utilizou-se o atomo correspondente ao C1
do Neu5Ac para definir o diedro em questao.

4.4. Andlise das trajetorias

A partir das trajetorias produzidas e utilizando recursos do pacote GROMACS
[37], os angulos diedrais de interesse foram analisados: sua variagdo em fungéo do
tempo, assim como a sua distribuicdo foram plotados; o valor médio e o desvio
padrdao também foram obtidos. Os graficos foram utilizados como input para o
conflD, um método analitico para a caracterizagao das populagdes conformacionais
de pequenas moléculas [43]. Essa ferramenta permite a identificacdo das
conformagdes mais relevantes e suas respectivas frequéncias, distinguindo-as de
intermediarios de transi¢cdo. Além disso, o conflD produz uma rede na qual as
conformacgdes identificadas e as interconversdes entre elas podem ser claramente
visualizadas. Como o GMI-1070 € uma molécula complexa, foi necessario analisar a
porcdo mimética e o linker flexivel separadamente: em um primeiro momento, o
confID foi rodado utilizando apenas os diedros Neu5Ac(2—3)Gal & e VY,
Gal(1—4)GIcNac @ e W e Fuc(1—3)GIcNac ® e W como input, no sentido de avaliar
o nivel de pré-organizacao do GMI-10170; na sequéncia, foram incorporados a
analise os diedros cuja torcado determina a posicdo do substituinte benzoato, do
substituinte uracila e do ciclohexano pertencente ao (S)-ciclohexil acido latico, no
sentido de confirmar a presenca de interagdes previstas pelo design dessa
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molécula. Por fim, o conflD foi rodado utilizando apenas os diedros cuja tor¢ao
determina a posi¢ao do grupo sulfatado negativamente carregado.

Com o objetivo de detectar os minimos de energia e visualizar a exploragao
do espaco conformacional, também realizou-se analise de componente principal
(PCA), utilizando novamente recursos do pacote GROMACS.
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5. Resultados e discussao

Os resultados e a discusséo estdo organizados na forma de um artigo
cientifico estruturado de acordo com as normas do periddico Carbohydrate
Research.



24

Conformational analysis of GMI-1070, a sialyl Lewis* mimetic

Lais B. Arend ' and Hugo Verli '

! Centro de Biotecnologia, Universidade Federal do Rio Grande do Sul, Av Bento Gongalves,

9500, CP 15005, Porto Alegre 91500-970, RS, Brazil



25

Abstract

When it comes to the treatment of pathologies in which aberrant cell adhesion and
extravasation from the bloodstream have been implicated, the selectins represent a central
therapeutic target. The present work dedicates itself to the conformational analysis of two
selectin ligands: the natural ligand sialyl Lewis* and its mimetic GMI-1070. The employment
of long molecular dynamics simulations and confID (an analytical method for the
characterization of conformational populations of small molecules) enabled the identification
of the most relevant conformations assumed by sialyl Lewis* and GMI-1070 in solution.
Overall, the results reflect the predicted behavior of both molecules, with some minor
exceptions in the case of GMI-1070, which could point to optimizations for novel
Pan-selectin antagonists.

Keywords
GMI-1070; Sialyl Lewis; Molecular dynamics simulation; ConfID; Glycomimetic
1. Introduction

Aberrant cell adhesion and extravasation from the bloodstream have been implicated
in a number of pathologies, such as metastatic cancer [1]-[4], vaso-occlusive crisis typical of
sickle cell disease [5] and inflammatory diseases as a whole [6]-[10]. Consequently, when it
comes to the treatment of such pathologies, the interaction between selectins and their ligands
present an important topic of research [11].

The selectins are a subfamily of cell adhesion molecules that belong to the group of
C-type mammalian lectins [12]. The three members of the subfamily, E-selectin (CD62E),
P-selectin (CD62P) and L-selectin (CD62L) are closely related, being composed of a
calcium-dependent carbohydrate recognition domain (CRD), an epidermal growth factor
(EGF)-like domain, a series of consensus repeats (CR) domains, a transmembrane domain
and a short cytoplasmic tail. In terms of CRD and EGF-like domain, the selectins show ~65%
sequence identity, while their CR domains, besides varying in numbers, show only ~45%
sequence identity. Their cytoplasmic tail shows conversely very little similarity. Additionally,
they display distinct but overlapping patterns of expression: E-selectin is synthesized de
novo on endothelial cells by means of inflammatory stimulation; P-selectin is expressed on
activated platelets and is stored in Weibel-palade bodies in endothelial cells, being carried to
the membrane upon activation, and L-selectin is constitutively expressed on leukocytes [11],
[13], [14]. Through the binding to their ligands, the selectins promote the first and transient
interaction between the above-mentioned cell types among themselves or with other cells
flowing in the bloodstream. Among other things, this interaction enables the tethering and
rolling of leukocytes along the endothelium, before they can firmly adhere to its surface and
extravasate to the underlying tissue.

All three selectins bind a common motif shared by sialyl Lewis* and its isomer, sialyl
Lewis?®, two tetrasaccharides found in the natural ligands of each selectin. The common motif
in question is composed of a N-acetyl-D-neuraminic acid, a D-galactose and a L-fucose.
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Owing to small structural differences, the binding affinity to sialyl Lewis varies among the
members of the subfamily (0.3 to 1.1 mM for E-selectin, 6.8 to 8.8 mM for P-selectin and 3.3
to 4.5 mM for L-selectin) and it has been shown that P and L-selectins require an additional
interaction with an adjacent sulfated negatively charged group for the binding to occur in
vivo. Another noteworthy point is the catch-bond behavior of this interaction [15] enabled by
an extended high-affinity conformation assumed by the selectins upon ligand-binding under
the tensile force of the blood flow [16], [17]. The bioactive conformation of sialyl Lewis* has
been subjected to debate, owing to different NMR spectroscopy results [18]—[21], but was
confirmed by crystallography analysis [22], and does not vary among the available
complexes. This kind of analysis has revealed that the carboxylate of the
N-acetyl-D-neuraminic acid forms a salt bridge to the protein, while the hydroxyl groups in
C3 and C4 of the D-galactose establish hydrogen bonds with it; as for the L-fucose, the
hydroxyl groups in C4 and C6 coordinate with calcium, whereas the hydroxyl group in C2
establishes an additional hydrogen bond with the protein [11], [14], [23], [24].

Regarding the development of drugs that target selectins (preventing their binding to
their natural ligands and the abnormal consequences thereof), the challenge consists of
mimicking the structural information of a functional carbohydrate by means of a compound
that behaves like a drug. This is challenging because of the inherent pharmacokinetic
limitations of carbohydrates and their derivatives and, more specifically, because of the
characteristically low binding affinity between lectins and their ligands [11], [13], [24]. This
low affinity has its roots in the binding site configuration: it is shallow and exposed to the
solvent, so that only some functional groups of the ligand are able to interact with the protein,
doing so under the interference of the solvent. Thermodynamically speaking, this interaction
is exclusively propelled by the entropic term of the binding free energy, through the release of
bound water molecules that compensates for the reduction in translational, rotational and
conformational degrees of freedom, while the interactions established by the pharmacophores
contribute strictly to the specificity of the interaction. This phenomenon is only made
possible by the preorganization of the ligand by means of intramolecular interactions that
have been explored by NMR spectroscopy with the aid of computational tools [23]-[30].
Additionally, the fact that the binding occurs in the flow of the bloodstream also requires the
preorganization of the ligand, since there is just a fleeting time window for it to occur.

Thus a strategy was adopted in the 1990s by Ernst and his collaborators that led to the
discovery of numerous selectin antagonists, the GMI-1070 being one of them: using sialyl
Lewis* as a starting point, many compounds were tested until CGP69669 was selected and
became the lead compound from which GMI-1070 was developed. The quality of this leader
is attributed to the substitution of merely structural sugars (that is, sugars that did not carry
pharmacophores) for less polar mimics, a measure that made the enthalpic term of the
binding free energy less unfavorable. Subsequently, the addition of an equatorial substituent
to the N-acetylglucosamine mimic and the addition of an benzoate substituent to the C2 of
D-galactose raised the entropic term contribution by optimizing the preorganization of the
mimetic. Lastly, the insertion of an sulfated negatively charged group, that connects to the
core through a flexible linker, made of GMI-1070 a Pan-selectin antagonist [23], [24], [31].

Among other things, GMI-1070 has been shown to block cell adhesion of acute
myelogenous leukemia cell lines [32]; reverse acute vascular occlusions in sickle cell mice
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[33] and prevent integrin activation and arrest of human neutrophils [34]. The drug has been
submitted to clinical trials for the treatment of vaso-occlusive crisis due to sickle cell disease
[35], [36], and progressed until the third phase, when it failed to reduce the length of hospital
stay and the use of opioid painkillers by hospitalized sickle cell disease patients. The results
of those trials are yet to be published, and the exploration of GMI-1070 for the treatment of
this pathology has been discontinued.

In spite of this discontinuation, GMI-1070 is in no way obsolete in the realm of
scientific exploration. Because of its preclinical success and its ability to bind all three
selectins, GMI-1070 constitutes an important source of information that may help in the
optimization of new Pan-selectin inhibitors. Its most peculiar feature is its flexible linker,
which connects the sulfated negatively charged group to the core and turns it into a
Pan-selectin antagonist. Besides assessing the supposed preorganization of GMI-1070’s core
in its bioactive conformation, the present work aims at understanding the behaviour of this
extremely flexible appendage, as well as the impact of such peculiar feature on the
conformation of GMI-1070’s core and its efficiency as a Pan-selectin antagonist.

Additionally, the present work may also contribute to the elucidation of sialyl Lewis*
behavior in solution: in spite of its preorganization, sialyl Lewis* has been assumed to be a
mixture of conformers in solution, presenting a significant variation of reported glycosidic
torsion angles; the link between N-acetyl-D-neuraminic acid and D-galactose has been
considered the flexible portion of the molecule, while the rest of it is taken to be quite rigid,
not varying among the different configurations [24]. The identification of those
configurations may however be better served through the tools employed here, expressedly
longer molecular dynamics simulations and the use of confID, an analytical method for the
characterization of conformational populations of small molecules.

2. Materials and Methods
2.1. Three-dimensional structure and topology construction

The three-dimensional structure of sialyl Lewis* was downloaded from the Protein
Data Bank complexed with E-selectin and its Ca*" cofactor [22], while the three-dimensional
structure of GMI-1070 was built in Avogadro [37]. In PyMol [38], sialyl Lewis* was
extracted from the complex and the dihedral angles of GMI-1070 were modified to match
sialyl Lewis’s conformation.

The topologies were built according to the available parameters for GROMOS 53A6
GLYC force field [39], resorting to the publication by Poléto et al. [40] as a source of new
parameters that could more accurately describe the aromatic rings present in GMI-1070. This
molecule is composed of previously parameterized moieties (Fig. 1): the glycidic portion
(D-galactose and L-fucose), the uracil substituent and the many peptide bonds that compose
the flexible linker and connect the uracil and benzoate substituents to (1R, 2R)-cyclohexane
diol (GlcNac mimic) and D-galactose respectively had already been parameterized for
GROMOS 53A6 GLYC force field. On the other hand, the parameters for the benzoate
substituent and the sulfated negatively charged group connected to the core through the
flexible linker were obtained from the posterior publication by Poléto et al. [40]. Fig. 1
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represents the two dimensional structure of GMI-1070, indicating the charge group
partitioning utilized in the topology construction.
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Fig. 1. GMI-1070’s two dimensional structure indicating the charge group partitioning utilized in the
topology construction.

2.2. Molecular dynamics of sialyl Lewis and GMI-1070

Then, the molecular dynamics were carried out in GROMOS 53A6 GLYC force field
[39], using the GROMACS simulation suite [41]. They took place inside a dodecahedral box,
under periodic boundary conditions, utilizing SPC/E water model as solvent. The system was
neutralized by the substitution of the necessary number of solvent molecules for Na® ions and
energy minimization was carried out by steepest descent method with a hundred steps. This
preparation was followed by lus long molecular dynamics simulations, coordinates being
written every 2ps to the compressed trajectory file. After that, 50 lus long molecular
dynamics simulations were run for GMI-1070 utilizing the Santos Dumont supercomputer,
run by the National Laboratory for Scientific Computing (LNCC/MCTI, Brazil), and the
produced trajectories were concatenated to produce a single 50us long trajectory.

2.3. Definition of dihedral angles

In accordance with TUPAC, the @ and ¥ glycosidic torsion angles in sialyl Lewis*
were defined as 06-C2-02-C'3 and C2-02-C'3-C'2, respectively, for Neu5Ac(2—3)Gal;
05-C1-01-C'4 and C1-O1-C'4-C'3, respectively, for Gal(1—4)GlcNac and O5-C1-O1-C'3
and C1-O1-C'3-C'2, respectively, for Fuc(1—3)GIlcNac. The corresponding torsion angles in
GMI-1070 were named in the same way to facilitate comparisons (even though Neu5Ac and
GlcNac have been substituted by mimics) and were defined so as to geometrically correspond
to sialyl Lewis’s glycosidic torsion angles. The only exception was Neu5SAc(2—3)Gal @, in
which case the corresponding atom to NeuSAc’s O6 consisted of an apolar hydrogen, which
is not made explicit in the employed force field, so that the corresponding atom to NeuSAc’s
C1 had to be utilized instead to define the torsion angle in question.
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2.4. Trajectory analysis

From the produced trajectories and utilizing resources of the GROMACS package
[41], the dihedral angles of interest were analyzed: their variations as a function of time, as
well as their distributions were plotted; the mean values and standard deviations were also
obtained. The plots were utilized as inputs for confID, an analytical method for the
characterization of conformational populations of small molecules [42]. This tool enables the
identification of the most relevant conformations and their respective frequencies of
occurrence, distinguishing them from transition intermediates. Furthermore, it produces a
network in which the identified conformations and their interconversions can be visualized.
Principal component analysis was also performed from the produced trajectories, for the
generation of heatmaps, utilizing resources of the GROMACS package [41].

3. Results and discussion

3.1. Sialyl Lewis*

When it comes to sialyl Lewis*, we were able to identify four relevant conformations,
which varied mainly in relation to torsion angle Neu5Ac(2—3)Gal ®, reflecting its trimodal
distribution. The network produced by conflD is represented in Fig. 2, which highlights the
identified conformations and their respective frequencies as well as their similarity with the
bioactive conformation. The prevalent conformation showed a populational frequency of
95% and a RMSD in relation to sialyl Lewis*’s bioactive conformation of 0.816; the second
most abundant conformation showed a populational frequency of 5% and a RMSD in
relation to sialyl Lewis®’s bioactive conformation of 0.887, while the third showed a
populational frequency of 3% and a RMSD in relation to sialyl Lewis*’s bioactive
conformation of 0.958. As for the less frequent conformation, which varied in relation to
torsion angle Gal(1—4)GlcNac ® when compared to the other three, it showed a populational
frequency of 2% and a RMSD in relation to sialyl Lewis*’s bioactive conformation of 2.194.
These results reflect the well-established preorganization of sialyl Lewis*, and confirm what
has been previously observed following the structural analysis of this tetrasaccharide by
NMR spectroscopy and shorter molecular dynamics simulations [23]-[30], namely that
D-galactose and L-fucose are mostly kept in place, while the Neu5Ac(2—3)Gal glycosidic
bond lets Neu5SAc free to assume multiple orientations. The accordance between our results
and the previously reported results from experimental as well as computational analysis
indicate that the employed methods are able to accurately describe the behaviour of the small
molecules in question.
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Fig. 2. Network produced by confID for sialyl Lewis* highlighting the identified
conformations and their respective frequencies as well as their similarity with the bioactive
conformation.

3.2.1. GMI-1070: mimetic portion

GMI-1070’s development aimed not only at the mimicry of sialyl Lewis’s structural
information but also at the optimization of the ligand’s preorganization in its bioactive
conformation. This optimization implies conformational restriction, which should raise the
entropic term’s contribution to the binding free energy, increasing the affinity between
mimetic and its targets. The analysis of the dihedral angles that compose GMI-1070’s
mimetic portion - and which torsion determines the relative position of the pharmacophores -
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evidence an overall increase in rigidity in comparison with sialyl Lewis*, as shown in Fig. 3.
and Table 1. The only exception to this increased rigidity seems to be torsion angle
Fuc(1—3)GlcNac ¥, with an bimodal distribution (for the concatenated 50us long trajectory)
and a higher standard deviation when compared to the corresponding glycosidic torsion angle
of sialyl Lewis* (for the 1 us long trajectory as well as the concatenated 50us long trajectory).

Table 1
Standard deviation for torsion angles Gal(1—4)GlcNac @ and ¥, Neu5Ac(2—3)Gal @ and ¥ and
Fuc(1—3)GlcNac © and ¥ obtained from the analysis of each trajectory.

sialyl Lewisx (1us) GMI-1070 (1ps) GMI-1070 (50us)
NeuS5Ac(2—3)Gal 51.7 36.8 353
NeuS5Ac(2—3)Gal ¥ 21.4 10.9 11.6
Gal(1—4)GlcNac @ 34.2 9.1 9.8
Gal(1—4)GlcNac ¥ 8.8 8.7 9.4
Fuc(1—3)GlcNac @ 15.9 10.1 11.5
Fuc(1—3)GlcNac ¥ 7.8 13.3 20.6

Considering only GMI-1070’s mimetic portion (that is, using only the plots shown in
Fig. 3 as an inputs for confID), we identified two relevant conformations, which varied only
in relation to torsion angle Neu5Ac(2—3)Gal @, reflecting its bimodal distribution. The
prevalent conformation showed a populational frequency of 93% and a RMSD in relation to
sialyl Lewis®’s bioactive conformation of 0.701, while the less abundant conformation
showed a populational frequency of 1% and a RMSD in relation to sialyl Lewis*’s bioactive
conformation of 0.807 (Fig. 4). Including the dihedral angles which torsion determines the
relative orientation of the benzoate substituent, the uracil substituent and the cyclohexane
belonging to (S)-cyclohexyl lactic acid (NeuSAc mimic) in the analysis, enabled the
identification of 40 relevant conformations, 4 of them showing a population frequency of at
least 1%. These 4 conformations varied in relation to the orientation of the uracil substituent
and of the cyclohexane belonging to (S)-cyclohexyl lactic acid. Fig. 5 presents on the left a
network of all identified conformations and their interconversions in which the 4 prevalent
conformations and their populational frequencies have been highlighted; on the right, the
figure represents the superposition of the 4 conformations in question.
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Fig. 3. Variation as a function of time, distribution, average angle and standard deviation for



33

These results indicate an overall improvement of the ligand’s preorganization in it’s
bioactive conformation, particularly when it comes to the to torsion angle NeuSAc(2—3)Gal
®, but the intramolecular force responsible for this conformational restriction seems to
deviate from the predicted by GMI-1070’s design: the addition of the benzoate substituent to
the C2 of D-galactose has been shown to increase the sialyl Lewis® mimetics’s
preorganization by establishing a o-m interaction with the cyclohexane belonging to
(S)-cyclohexyl lactic acid [24], but this interaction is absent from the prevalent conformations
that emerged in the simulation. Apart from that, the exceptional behavior of torsion angle
Fuc(1—3)GlcNac ¥ may be attributed to disruption of the intramolecular forces which have
been shown to stabilize sialyl Lewis*, namely the hydrophobic interaction between the
L-fucose and B-face of the D-galactose and the nonconventional C—H- - - O hydrogen bond
between H-C(5) of L-fucose and O(5) of D-galactose [24].

S*)-cyclohexyl lactic acid

‘ ) (NeuSNAc mimic)

! (1R, 2R)-cyclohexane diol
(GleNAc mimic)

O D-Gal
\ RMSD 0.701
1%
RMSD 0.807 g

Fig. 4. Network produced by confID for GMI-1070’s mimetic portion, highlighting the
identified conformations and their respective frequencies as well as their similarity with the
bioactive conformation.
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(S)-cyclohexyl lactic acid
(Neu5SNAc mimic)
Benzoate

(1R, 2R)-cyclohexane diol
(GleNAc mimic)

Fig. 5. Network produced by confID for GMI-1070’s mimetic portion including the dihedral
angles which torsion determines the relative orientation of the benzoate substituent, the uracil
substituent and the cyclohexane belonging to (S)-cyclohexyl lactic acid (Neu5Ac mimic) in
the analysis, highlighting the identified conformations and their superposition to each other.

3.2.2. GMI-1070: flexible linker

Considering only GMI-1070’s flexible linker (that is, using only the dihedral angles
which torsion determines the position of the sulfated negatively charged group in relation to
the rest of the molecule as inputs for confID), we identified 1622 relevant conformations. 14
of these conformations showed a population frequency of at least 1%, and the variation
among them can be attributed mainly to the rotation of the four dihedral angles indicated in
Fig. 6. Measuring the distance between the cyclohexane belonging to (S)-cyclohexyl lactic
acid and the sulfated negatively charged group along a 1us long trajectory has evidenced a
recurrent proximity, which seems to be responsible for the conformational restriction of
torsion angle Neu5Ac(2—3)Gal @, as shown in Fig. 7. These results indicate that, in spite of
its own flexibility, the flexible linker seems to contribute to the conformational restriction
observed for the rest of the molecule through its interaction with the cyclohexane belonging
to (S)-cyclohexyl lactic acid, rendering the addition of the benzoate substituent possibly
superfluous. The importance of this interaction is also evidenced in Fig. 8, which depicts the
PCA results for the whole molecule in the form of a heatmap, indicating the conformations
associated with the lowest energy regions as well as their similarity to the bioactive
conformation. The two principal components correspond together to 92% of the total motion.
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Fig. 6. Network produced by confID for GMI-1070’s flexible linker, highlighting the
identified conformations and the four dihedral angles which rotation constitutes the main
source of variation among the different conformations.
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Fig. 7. Distance between the cyclohexane belonging to (S)-cyclohexyl lactic acid and the
sulfated negatively charged group along a 1us long trajectory, evidencing a recurrent
proximity.
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Fig. 8. PCA results for the whole molecule in the form of a heatmap, indicating the
conformations associated with the lowest energy regions as well as their similarity to the
bioactive conformation.



37

4. Conclusion

The obtained results indicate that, in spite of its preorganization, GMI-1070’s
behavior in solution deviates from what has been intended. The expected interaction between
the benzoate substituent and the cyclohexane belonging to (S)-cyclohexyl lactic acid is absent
from the prevalent conformations that emerged in the simulation. Instead, we observed a
recurrent proximity between the cyclohexane in question and the sulfated negatively charged
group that connects to the mimetic portion through the flexible linker, which seems to be
mostly responsible for the conformational restriction of torsion angle NeuSAc(2—3)Gal ©.
Apart from that, we also observed a notable reduction in torsion angle Fuc(1—3)GlcNac ¥’s
rigidity, which could be attributed to the disruption of the intramolecular forces which have
been shown to stabilize sialyl Lewis*. The present work was thus able to point out some
improvable characteristics of GMI-1070 that could be optimized as the development of sialyl
Lewis* mimetics continues and new candidates emerge.
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5. Conclusoes

Os resultados obtidos indicam que, apesar da sua pré-organizagdo, o
comportamento do GMI-1070 diverge em alguns aspectos do pretendido pelo seu
design. A interagdo prevista entre o substituinte benzoato e o ciclohexano
pertencente ao (S)-ciclohexil acido latico ndo se faz presente nas conformagdes
prevalentes adotadas pelo GMI-1070 durante a simulagdo. Ao invés disso, foi
observada uma proximidade recorrente entre o ciclohexano em questdo e o grupo
sulfatado negativamente carregado que se conecta a por¢cado mimética através do
linker flexivel. Essa interacdo parece ser majoritariamente responsavel pela
restricdo conformacional do diedro Neu5Ac(2—3)Gal ®. Além disso, também foi
observada uma reducgao significativa na rigidez do diedro Fuc(1—3)GIcNac ¥, que
talvez possa ser atribuida a disrupcdo de forgas intramoleculares as quais foi
atribuida a estabilizagdo do sialyl Lewis*. Assim, o presente trabalho foi capaz de
apontar algumas caracteristicas passiveis de otimizagcdo do GMI-1070, que podem
ser levadas em consideragdo no desenvolvimento de novos inibidores de
Pan-selectina.
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6. Perspectivas

No sentido de expandir e corroborar os resultados obtidos até o presente
momento, algumas analises subsequentes se fazem necessarias, como:

1. clusterizacao a partir da trajetéria de 50us do GMI-1070;
2. virtual screening contra as selectinas a partir dos clusters obtidos;
3. metadinamica do linker flexivel ou novas simula¢des de dindmica molecular

partindo das conformacdes ja identificadas.
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