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RESUMO

O desenvolvimento de técnicas complementares a métodos experimentais
classicos, tais como a cristalografia de raios-X e a ressonancia magnética nuclear
(RMN), capazes de descrever e prever a diversidade estrutural e conformacional de
carboidratos e glicoconjugados, consiste em um potencial impacto no entendimento
dos processos bioldgicos em que estas moléculas estao envolvidas. Neste sentido, o
presente trabalho tem por objetivo: 1) a validacdo de um conjunto de parametros,
desenvolvidos no nosso grupo de pesquisas, na reproducdo de dados de RMN
descrevendo a conformagdo de uma série de glicoproteinas em solu¢do aquosa, e
2) a avaliacdo do emprego de geometrias de dissacarideos em solugdo como
modelo para a construcdo de glicanas complexas, na auséncia de dados
experimentais. Através do emprego de técnicas de modelagem molecular como
célculos ab initio, construcdo de mapas de contorno para dissacarideos e
simulacées de dindmica molecular (DM) em escalas de tempo de até 0.1 us, os
resultados obtidos confirmam a adequacgéao dos parametros gerados na descri¢cdo da
conformacdo de carboidratos e glicoproteinas. Adicionalmente, sugerem que o
emprego de populagdes de confébrmeros de dissacaridos em solucao, obtidos
através de simulagdes de DM, constitui-se em uma estratégia promissora na
obtencdo de modelos de glicanas condizentes com condigbes bioldgicas.
Esperamos, a partir destas observacdes, que os resultados obtidos na presente
dissertacdo possam contribuir no crescimento do numero de trabalhos de DM
abordando carboidratos e glicoproteinas bioldgicas e, assim, no crescimento do
entendimento de processos biolégicos nos quais estas biomoléculas estejam

envolvidas.



Xiii

ABSTRACT

The development of novel techniques, capable of describing and predicting the
structural and conformational diversity of carbohydrates and glycoconjugates, in
complement to experimental methods as X-ray crystallography and nuclear magnetic
resonance (NMR), might bring a potential impact in the comprehension of the
biological processes in which such molecules are involved. In this context, this work
aims to: 1) validate a set of parameters, developed by our research group, to
reproduce NMR data describing the conformation of a series of glycoproteins in
aqueous solutions; and 2) evaluate the use of solution geometries of disaccharides to
assemble complex glycans, in the absence of experimental data. Employing
molecular modelling techniques as ab initio calculations, construction of energy
contour plots for disaccharides and molecular dynamics (MD) simulations with time
scales up to 0.1 ps, the obtained results confirm the adequacy of the studied
parameters to describe the conformation of carbohydrates and glycoproteins.
Additionaly, such data suggest that the use of solution conformations of
disaccharides, as obtained through MD simulations, consists in a promissing strategy
to obtain glycans representation in accordance to biological conditions. We expect,
with such observations, that the obtained results contribute to increase the number of
works employing MD simulations of biological carbohydrates and glycoproteins and,
thus, to raise the comprehension of the biological processes in which such molecules

are involved.
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1 Introducao

1.1 Glicosilacao de proteinas

A glicosilacao € uma das modificagcdes de proteinas mais freqientes que, co-
e/ou pés-traducionalmente, ocorre em praticamente todos 0s organismos vivos,
desde eubactérias até eucariotos, sendo controlada por fatores que mudam
significativamente entre tipos celulares e espécies (Spiro, 2002). Adicionalmente,
esse processo € a alteracdo protéica mais variavel (Medvedova & Farkas, 2004),
podendo abranger uma grande diversidade de aminoacidos e monossacarideos. Até
o0 momento, encontram-se descritos pelo menos cinco tipos de ligacdes entre
carboidratos e proteinas, envolvendo treze monossacarideos e oito aminoacidos
diferentes (Spiro, 2002): C-glicosilacao, fosfoglicosilacao, glipiacao, O-glicosilacao e
N-glicosilagéo.

Tendo sido descritos apenas recentemente, e somente em eucariotos, pouca
informacdo encontra-se disponivel para dois dos tipos acima citados: a
fosfoglicosilacao (Mehta et al., 1996; Haynes, 1998), em que oligossacarideos estdo
ligados a residuos de serina ou treonina via ligacdes fosfodiéster (Figura 1A); e a C-
manosilacao ou C-glicosilacdo (Hofsteenge et al., 1994; de Beer et al., 1995; Krieg et
al., 1997; Doucey et al., 1998), na qual um residuo de a-manose € adicionado ao
grupamento indol de um triptofano (Figura 1B) presente na primeira posicdo da
sequéncia consenso Trp-X1-X2-Trp/Cys, sendo que essa ligacdo é favorecida
quando X1 é um aminodacido pequeno ou polar (como serina, alanina, glicina ou
treonina) e desfavorecida quando X1 é fenilalanina ou leucina (Krieg et al., 1998;
Julenius, 2007).

OH OH

(A) chon O\\ / (B) cion

O
OH

NHAc

H,N OH

Figura 1: Representacdo esquematica das ligagcdes entre aminoacidos e
monossacarideos na (A) fosfoglicosilacao e na (B) C-glicosilagéo.



A glipiacéo, identificada em eucariotos e arqueas (Spiro, 2002), envolve a
adicéo de GPI a regiao C-terminal de polipeptideos, que é realizada a fim de ancorar
algumas glicoproteinas e proteoglicanas a superficies celulares (Low, 1989; Paulick
& Bertozzi, 2008). Tal modificagdo tem inicio quando da clivagem de um peptideo
sinal da regido C-terminal da proteina, na qual um grupamento fosfoetanolamina se
liga ao grupamento carboxi-terminal protéico e ao esqueleto glicidico [a-D-Man-
(1—2)-a-b-Man-(1—6)-a-D-Man-(1—4)-a-D-GIcN-(1—6)-myo-inositol] do GPI, que
por sua vez estd conectado covalentemente a um fosfolipideo. Uma série de
modificacées (especialmente, ramificacdes) no esqueleto glicidico do GPIl, no
grupamento fosfoetanolamina e nos possiveis fosfolipideos envolvidos ja foram
identificadas (Paulick & Bertozzi, 2008). Nesse sentido, diversas relacdes entre a
estrutura e a atividade associadas a este grupamento tem sido propostas, no
entanto a Unica funcao biolégica realmente confirmada para o GPI é a de conferir as
proteinas um ancoramento estavel a membranas (Low, 1989; Low & Saltiel, 1988).

A N-glicosilacado e a O-glicosilacdo sdo os tipos de glicosilacdo mais
comumente encontrados na natureza, identificadas em eucariotos, arqueas e
eubactérias (Spiro, 2002; Schmidt et al., 2003; Abu-Qarn et al., 2008). Até hoje,
varios tipos de N- e O-ligacdes glicosidicas foram descritas (Figura 2), embora o
estado anomérico de algumas dessas conexdes e determinadas seqiéncias
consenso de glicosilacdo, que indicam o ponto para a adicdo dos residuos de
carboidratos na cadeia polipeptidica, ndo estejam identificadas (Spiro, 2002). As
conformacdes dessas ligacoes glicosidicas e seus efeitos sobre a estrutura protéica
consistem em uma ampla area de conhecimento ainda a ser explorada.

A O-ligacéo glicosidica é a mais diversa e versatil, considerando-se a elevada
quantidade de aminoacidos e monossacarideos envolvidos e que, até o momento,
poucas sequiéncias consenso conservadas foram identificadas (Spiro, 2002). No
entanto, o desenvolvimento de bases de dados e algoritmos de predicdo (Gupta et
al., 1999; Li et al., 2006) possibilitaram a identificacdo de algumas propriedades das
regidbes de O-glicosilacdo, tais como a preferéncia por prolina e a aversao por
aminoacidos aromaticos nas proximidades da ligacao glicosidica (Thanka Christlet &
Veluraja, 2001). Por outro lado, a N-glicosilacao possui uma sequéncia consenso de
reconhecimento determinada, que inclui a presenca do tripeptideo Asn-X-Ser/Thr na
superficie da proteina (Hunt & Dayhoff, 1970; Marshall, 1972), onde X pode ser
qualquer um dos 20 aminoacidos naturais, exceto prolina (Gavel & von Heijne, 1990;



Marshall, 1974). Em contrapartida a O-glicosilacdo, enquanto residuos de prolina
impedem a glicosilacao (Gavel & von Heijne, 1990; Marshall, 1974), a presenca de

residuos aromaticos favorecem a N-glicosilacao (Thanka Christlet & Veluraja, 2001).

GlcNAc
Rha
cie Asn Arg — Glc
GalNAc
N-glicosilacao
Gal
Gal ! Gal
>Tyr Hyl Hyp<— GleNAc
Glc T Ara
O-glicosilacao
FucNAc GlcNAc
Gal > l Gal
Xyl / Ser Ser/Thr LG Man
Glc

GIcNAc GalNAc

Y
Gal Fuc Man

Figura 2: Representacdo diagramatica de alguns tipos de N- e O-ligacoes
glicosidicas identificados até entdo. Adaptado de Spiro, 2002.

A sintese de O-ligacdes glicosidicas é atribuida a varias enzimas diferentes,
mesmo em eucariotos ou em eubactérias separadamente, de maneira que a ligacao
de carboidratos a proteinas ocorreria através da transferéncia pds-traducional de
monossacarideos isolados — GalNAc, Man, Xyl, Fuc, a aminoacidos que possuam
um grupamento hidroxila livre — Thr e Ser, principalmente — em polipeptideos ja
enovelados (Imperiali & Hendrickson, 1995).

Por outro lado, a sintese e modificacdo de oligossacarideos durante a N-
glicosilacdo sdo amplamente estudadas e compreendidas, nas quais, inclusive,
determinadas enzimas estdo relacionadas a etapas especificas do processo
(Helenius & Aebi, 2001). Essencialmente, essa cascata de eventos comeca na face
citosdlica da membrana do RE, onde sao ligados alguns dos monossacarideos



constituintes de um tetradecassacarideo inicial (Figura 3A) que, posteriormente, ja
no lumen dessa organela, é transferido para a cadeia polipeptidica nascente (Figura
3D). Em seguida, apdés o completo enovelamento da glicoproteina, inicia-se o
processamento desse oligossacarideo, no complexo de Golgi (Figura 3H), onde tem
origem a imensa diversidade observada nos glicoconjugados que atingem as
superficies celulares (Helenius & Aebi, 2001).

Reticulo endoplasmatico

D E G)
Lamen (—)- (—)u- 8
Citosol )

- Transferéncia
Sintese do oligossacarideo precursor da glicana para a proteina e folding protéico
Golgi
(H) L) L
— — —

Processamento do oligossacarideo

Figura 3: Processo de biosintese de um oligossacarideo N-ligado do tipo complexo.
O processo tem inicio com (A) a adicdo de monossacarideos a uma molécula de
dolicol fosfato ancorada a face citosélica da membrana do RE. Quando sete
residuos (duas GIcNAc e cinco Man) estdo ligados, (B) este heptassacarideo é
revertido ao lumen do RE e (C) mais sete monossacarideos sao adicionados. Em
seqguida, (D) esse oligossacarideo é transferido para o polipeptideo nascente e (E-F)
pode sofrer ciclos de adicdo e remocgao de residuos de glicose. Quando a proteina
(G) estabelece seu correto enovelamento e (H) chega ao complexo de Golgi, (I)
residuos de Man s&o removidos da estrutura glicosidica. Apéds, (J-K-L) tem inicio a
adicdo de outros residuos, tais como GIcNAc, Gal e NeuAc. As formas azuis
representam GIcNAc; as rosas, Man; as vermelhas, Glc; as verdes, Gal; as cinzas,
NeuAc; e as brancas, Fuc. Adaptado de Helenius & Aebi, 2001.



No caso da N-glicosilacéo, o oligossacarideo precursor pode ser convertido em
diferentes tipos de glicanas (Figura 4), dependendo da proteina a que esse
carboidrato esta ligado e de fatores teciduais ou celulares (Spiro, 2002), podendo
influenciar de maneira variada diversas propriedades de glicoproteinas. Nesse
contexto, estudos prévios em modelos animais indicaram que os tipos desses
oligossacarideos podem mudar durante o desenvolvimento, da mesma forma que se
identificou que tipos especificos dessas glicanas podem ser expressos em diferentes
estagios da diferenciacdo (Cipollo et al., 2005), possivelmente alterando os alvos
moleculares dessas proteinas e/ou suas atividades (Fukuda, 1991; Saéz et al,
2001). Modificacdes similares nos carboidratos presentes em proteinas de superficie
celular estdao associadas com varias patologias, tais como cancer (Couldrey &
Green, 2000; Takahashi et al., 2008) e um grupo de patologias derivadas de defeitos
no processo de N-glicosilagéo, ao que se denomina sindrome de glicoproteinas com
deficiéncia de carboidratos (Jaeken & Carchon, 1993).
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Figura 4: Representacao esquematica do (A) tetradecassacarideo precursor e dos
trés tipos principais de glicanas a que esse oligossacarideo pode ser convertido
através de processamento no RE e no complexo de Golgi: (B) tipo complexo, (C)
tipo hibrido e (D) tipo high-mannose, também chamado de oligomanose. As formas
azuis representam GIcNAc; as rosas, Man; as vermelhas, Gic; as verdes, Gal; e as
cinzas, NeuAc. Em linhas tracejadas, é apresentada a estrutura do pentassacarideo
central dos oligossacarideos N-ligados.



1.2 Glicoproteinas em processos biologicos

A forma mais comum na qual diversidade funcional é gerada para proteinas
consiste na alteracdo da ordem e composicdo de seus aminoacidos (Mitra et al.,
2006). No entanto, mesmo com a manutencdo dessa organizacao, um termo
adicional de variabilidade pode ser adicionado através da glicosilacao, de maneira a
promover efeitos ndo somente sobre a fungdo, mas sobre diversas outras

propriedades protéicas (Tabela 1).

Tabela 1: Efeitos da glicosilacao sobre proteinas.

Propriedades protéicas Efeitos*

Resisténcia a proteodlise
Resisténcia a desnaturagao

Alteracao do pH 6timo para atividade

Fisicas
Aumento de viscosidade da solucao
Diminui¢do do ponto de congelamento
Aumento de solubilidade da proteina
Prevencéo de agregacao protéica
Enovelamento Promocéo de interagdo com chaperonas

Promocéao de enovelamento em folhas

Mudanca de reconhecimento proteina-proteina
o o Mudanca de reconhecimento proteina-carboidrato
Atividades biologicas _ 3
Alteracdo na taxa de transporte e secregao
Alteracado na oligomerizacao protéica

* Dados adaptados de Varki, 1993 e Sears & Wong, 1998.

Dentre os possiveis efeitos de carboidratos sobre propriedades protéicas,
merece destaque o papel de glicanas sobre a dindmica conformacional de cadeias
polipeptidicas (Wyss et al., 1996). Tendo em vista a elevada hidrossolubilidade das
estruturas sacaridicas, o numero de glicanas ligadas a proteinas, mais do que a
composicao dessas estruturas, esta associada a este efeito (Shental-Bechor & Levy,
2008). Adicionalmente, o aumento de estabilidade conformacional conferida por
oligossacarideos N-ligados a proteinas € atribuido a porcoes da unidade
pentassacaridica (Figura 4) mais préxima da ligacao a cadeia polipeptidica (Hanson



et al, 2009), que é a Unica parte desses oligossacarideos que nao sofre
modificacées durante seu processamento (Helenius & Aebi, 2001). Da mesma
forma, a origem desse processo foi relacionada a desestabilizacao dos estados nao-
enovelados da proteina, ao invés da estabilizacdo dos estados protéicos enovelados
(Shental-Bechor & Levy, 2008).

Nesse sentido, a glicosilacdo pode desempenhar papel chave sobre os eventos
e funcdes bioldégicas em que glicoproteinas estejam envolvidas, tais como as de
enzimas, horménios, citosinas, fatores de crescimento e fatores de coagulacao
(Varki, 1993). Devido a essa ampla variedade de funcdes, as glicoproteinas podem
estar envolvidas em uma série de processos bioldgicos, tais como adesao celular,
reconhecimento intercelular, inflamagdo e resposta imune, da mesma forma que
podem estar envolvidas com eventos mais especificos, tais como atividade
anticongelamento (Varki, 1993; Dwek, 1996; Imperiali, 1997; Sears & Wong, 1998).
A seguir, algumas glicoproteinas serdo apresentadas como exemplos da influéncia

da glicosilacdo sobre suas conformacdes e funcoes.

1.2.1 Fator VIl da coagulacao
O fator VII da coagulacdo é um zimogénio que circula no plasma e é ativado

através da acao catalitica de um outro fator da coagulacao, a trombina, de maneira a
formar o fator VII ativado, ou fVlla (Hagen et al., 1986). A atividade catalitica de sua
forma ativa é muito pequena, tornando-se pronunciada somente apds sua interacéao
com o fator tecidual, uma proteina integral de membrana exposta como
consequéncia de danos vasculares agudos (Nakagaki et al., 1991), evento
considerado como a primeira etapa da cascata de coagulacdo (Butenas e Mann,
1996).

A estrutura do fVlla € formada por uma cadeia pesada, composta por 254
residuos de amino4cidos, e uma cadeia leve, de 152 residuos (Hagen et al., 1986).
Adicionalmente, ha, ainda, quatro sitios de glicosilacao: trés em sua cadeia leve,
sendo dois de O-glicosilacado (Ser52 e Ser60) e outro de N-glicosilacdo (Asn145), e o
ultimo, na cadeia pesada, uma N-glicosilacdo no residuo Asn170 (Hansson &
Stenflo, 2005). Sua estrutura tridimensional ja foi estudada através de cristalografia
de raios-X, principalmente quando em complexo com o fator tecidual (Banner et al.,
1996). Contudo, pouco se sabe sobre sua conformagdo quando livre em solucéo,
tampouco sobre a influéncia da glicosilacdo sobre sua estrutura. Nesse contexto,



técnicas de RMN foram utilizadas no estudo de uma parte dessa proteina, o primeiro
de dois dominios EGF (Kao et al, 1999), localizado na regido N-terminal da
proteina, no qual se observou que a presenca de O-glicosilagcdo no residuo Ser60
nao causa mudangas conformacionais no dominio, mas parece aumentar sua
afinidade por ions Ca?*, envolvidos na interagdo do fVlla completo com o fator
tecidual.

1.2.2 CD2 humana
A proteina CD2 humana, também conhecida como LFA-2, € uma glicoproteina

transmembrana de aproximadamente 55 kDa, presente em células de defesa, tais
como células T e células natural killer. Essa molécula é um importante mediador de
adesao celular e transducgéo de sinal, fungdo exercida por meio de sua ligacdo com
seu receptor, CD58, também conhecido como LFA-3 (Moingeon et al., 1989).
Embora sua estrutura tridimensional ndo esteja totalmente elucidada, sua porgao
extracelular, referente a dois dominios ricos em folhas 3, ja foi estudada através de
cristalografia de raios-X (PDB ID 1HNF) (Bodian et al., 1994) e seu dominio de
adesdo, que se localiza na porcdao N-terminal da proteina, foi também avaliada
através de técnicas de RMN (PDB ID 1GYA) (Wyss et al., 1995).

A proteina CD2 possui um unico sitio de N-glicosilag&o, localizado no dominio
de adesao desta glicoproteina. Estudos prévios indicam que o oligossacarideo
adicionado a Asn65 dessa proteina é do tipo oligomanose (Wyss et al., 1995), e é
crucial no desempenho das fungdes de adesao da molécula (Recny et al., 1992). No
entanto, embora se conheca a regido da proteina CD2 que interage com seu
receptor alvo (Arulanandam et al., 1993), localizada préxima a um conjunto de folhas
B antiparalelas, a maneira como a glicosilacdo afeta as fung¢des da proteina ainda

nao esta compreendida.

1.2.3 CD59 humana
CD59 é uma glicoproteina de superficie celular que esta associada: (1) a

protecdo de células plasmaticas e do endotélio vascular contra lise mediada pelo
sistema complemento, impedindo a ligacao do fator C9 com os complexos C5b-8 e
C5b-9 (Farkas et al.,, 2002); (2) atividade regulatéria sobre células T e sobre a
capacidade dessas células em produzir citocinas (Longhi et al., 2005; Longhi et al.,
2006); (38) atividades relacionadas a reproducao e desenvolvimento humano
(Kimberley et al., 2007).



Essa proteina possui entre 18 e 20kDa, com um unico sitio de N-glicosilagéo
(Asn18) e vérios sitios de O-glicosilacdo. Pertence a familia de proteinas Ly-6, ricas
em cisteinas e ancoradas a membrana através de GPI (Kimberley et al., 2007).
Nesse contexto, sua estrutura tridimensional foi descrita previamente através de
técnicas de RMN (PDB ID 1CDQ) (Fletcher et al., 1994) e cristalografia de raios-X
(PDB ID 2J8B) (Leath et al., 2007), demonstrarando que CD59 é estabilizada por
cinco pontes dissulfeto e possui um enovelamento com elevado contetdo de folhas
B (Figura 5). Adicionalmente, parte de seu oligossacarideo N-ligado foi observado
em estudos de RMN, na qual dissacarideos (PDB ID 1CDS) ou trissacarideos (PDB
ID 1CDR) foram detectados em uma isoforma sollvel da proteina (Fletcher et al.,

1994), que é excretada via urina.

PDE ID 2J8B

PDB ID 1CDQ

Figura 5: Estruturas da proteina CD59 obtidas a partir de (A) cristalografia de raios-X
e (B) RMN, mostrando suas cinco pontes dissulfeto (linhas amarelas), e seu

enovelamento, rico em folhas 3 com uma a-hélice lateral.

1.2.4 hCG
A gonadotrofina coribnica humana é um hormbénio composto por duas

subunidades glicoprotéicas, denominadas a-hCG e B-hCG que, em mulheres
gravidas, possui a funcdo de estimular o corpo luteo, presente nos ovarios, a
produzir progesterona (Talwar, 1979). Enquanto a subunidade a possui 92
aminoacidos e é N-glicosilada em duas posicoes, Asn52 e Asn78, a subunidade
possui 145 aminoéacidos, sendo N-glicosilada nas posicdes Asn13 e Asn30 e O-
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glicosilada nas posicées Ser121, Ser127, Ser132 e Ser138 (Kessler et al., 1979a;
Kessler et al., 1979b). A interacdo dessas duas glicoproteinas forma um complexo
rico em folhas B (Figura 6A), estabilizadas, principalmente, por interacoes
hidrofébicas, como determinado em estudos de cristalografia de raios X (PDB ID
1HCN e 1HRP) (Lapthorn et al., 1994; Wu et al., 1994).

(B)

Figura 6: Representacao das estruturas (A) cristalografica do horménio hCG (PDB ID
1HCN), com as subunidades a (azul) e B (cinza) ligadas, formando a molécula
completa, e da provavel estrutura da (B) subunidade a isolada (vermelho), com
reduzido conteudo de estrutura secundaria.

Os horménios glicoprotéicos heterodiméricos, que compreendem, além da
molécula supracitada, os hormdnios luteinizante, foliculo-estimulante e tireo-
estimulante, possuem como caracteristica a presenca de uma mesma cadeia q,
sendo diferenciados, portanto, por suas cadeias B, que sao codificadas por uma
série de genes altamente homélogos arranjados in tandem. Adicionalmente, a
glicosilacao dessas proteinas foi relacionada com a regulacdo da combinacao
dessas subunidades (Blithe et al., 1995). Nesse contexto, também sao atribuidas a
subunidade a isolada atividades independentes, tais como inducdo de producéo de
prolactina (Begeot et al., 1984). Sua estrutura ja foi determinada por técnicas de
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RMN (PDB ID 1HD4) (Erbel et al., 2000), indicando, juntamente a outros estudos (de
Beer et al., 1996), que no estado ndao complexado tal proteina possui um reduzido

conteudo de estrutura secundaria em relacao ao seu estado ligado as cadeias de [3-
hCG (Figura 6B).

1.3 Carboidratos em processos biologicos

O papel de carboidratos sobre fenémenos biolégicos ndo se restringe aos
compostos mencionados anteriormente. Nesse sentido, embora grande parte dos
eventos biologicos esteja envolvida com estruturas protéicas, estruturas sacaridicas
vém sendo identificadas como moléculas importantes em alguns desses processos
(Varki, 1993; Dwek, 1996). Além da participacdo no metabolismo de glicidios, que
gera grande parte da energia — na forma de trifosfato de adenosina, ou ATP — a ser
utilizada pelo organismo, carboidratos podem desempenhar papéis importantes no
metabolismo, sem envolvimento na geracédo de energia, tais como compor a parede
celular de bactérias, fungos e plantas (Fincher, 2009; Latgé, 2007), auxiliar na
reacdo acrossOmica do esperma de espécies de ourico-do-mar (Alves et al., 1997;
Alves et al., 1998; Vilela-Silva et al., 1999; Vilela-Silva et al., 2002) e participar na
mediacdo do reconhecimento intercelular (Misevic & Burger, 1990a; Misevic &
Burger, 1990b).

Por exemplo, galactanas e fucanas séo polissacarideos sulfatados que estéao
entre os carboidratos mais abundantes de origem nao-mamifera encontrados na
natureza (Pereira et al., 2002b; Melo et al., 2004). Sdo constituidas de unidades de
repeticio compostas, respectivamente, por galactose e fucose, que podem
apresentar variacdo em seus estados anoméricos e isomeria (D- ou L-), tendo como
principais fontes de obtencdo as algas marinhas. Nesses organismos, estes
polissacarideos sdo componentes da parede celular (Lahaye, 2001), possuindo
estruturas heterogéneas e complexas, tornando-os, portanto, compostos de dificil
elucidacao estrutural (Patankar et al., 1993; Mulloy et al., 1994). Em contrapartida,
outra fonte de obtencdo de galactanas e fucanas sédo os invertebrados marinhos,
principalmente espécies de ourigo-do-mar, tais como Glyptocidaris crenulatis e
Echinometra lucunter, em que esses polissacarideos apresentam estruturas simples,
lineares e regulares (Figura 7), ou seja, com unidades de repeticdo, padrdes de
sulfatacao e posicao de ligagdes glicosidicas bem definidas. Em ouricos-do-mar, tais

polissacarideos encontram-se relacionados com a reagao acrossdémica do esperma,
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sendo, inclusive, indutores espécie-especificos desse evento (Alves et al.,, 1997;
Alves et al., 1998; Vilela-Silva et al., 1999; Vilela-Silva et al., 2002). Adicionalmente,
alguns destes polissacarideos possuem promissora atividade anticoagulante quando
testados em modelos animais (Pereira et al., 1999).

CH,OH
(A) ’ .- (B)
0 .7
OH 0
CH,0H
0 0
OH °
o CH,0OH
.0 -0S03
R OH
-0S0; --0

Figura 7: Estrutura de galactanas obtidas de diferentes espécies de ourico-do-mar:
(A) G. crenularis, onde a unidade de repeticdo consiste em um dissacarideo
contendo residuos de (-D-galactose unidos através de ligacdes glicosidicas 31—3 e
sulfatados na posicdo C-2 intercaladamente; e (B) E. lucunter, em que a-L-
galactoses sulfatadas na posicao C-2 estdo unidas através de ligacbes glicosidicas
al—-3.

Outro exemplo envolve os GAGs, uma familia de polissacarideos sulfatados
lineares, compostos por unidades de repeticdo dissacaridicas que podem variar na
composicao basica de residuos, em termos de ligacao glicosidica e padrbes de
acetilacdo e sulfatacdo (Gama & Hsied-Wilson, 2005; Handel et al., 2005). Tais
moléculas sdo geralmente encontradas covalentemente ligadas a proteinas na
superficie celular ou na matriz extracelular (Imberty et al., 2007). Adicionalmente,
podem estar relacionados com uma série de processos biolégicos, tais como
desenvolvimento neuronal, sinalizagdo celular, facilitacdo de oligomerizacao,
prevencao a protedlise e adesao celular (Handel et al., 2005). Podem ser divididos
em quatro tipos, classificados de acordo com as suas unidades de repeticao: (1)
condroitina/dermatan sulfato; (2) queratan sulfato; (3) acido hialurénico; e (4)
heparina/heparan sulfato. Nesse contexto, a heparina, um dos componentes desse
ultimo grupo, atraiu grande atencao pelo seu potencial terapéutico, sendo composta
por residuos de acido idurénico (IdoA), acido glicurénico (GlcA) e glicosamina (GlcN)



13

(Silva & Dietrich, 1975), que podem apresentar diferentes padrées de sulfatacao
dependendo do tecido e do organismo de origem deste carboidrato (Nader et al.,
2001). Tal polissacarideo vem sendo utilizado clinicamente ha mais de 40 anos
como agente anticoagulante e antitrombético (Jacques, 1979), atuando através da
potenciacdo da atividade da antitrombina sobre proteases da cascata de coagulacao
(Choay et al., 1983; Danielsson et al., 1986) (Figura 8).

CH OSO - CH, oso CH oso
COO-
OH
__O_
NHSO NHSO.- NHSO -

glicosamina acido glicurénico glicosamina acido idurénico glicosamina

Figura 8: Representacdo do pentassacarideo minimo necessario para que a
heparina tenha atividade potencializadora sobre AT. Nessa estrutura, o
oligossacarideo & composto por residuos de IdoA 2-sulfatado, glicosamina 2,6

dissulfatada e acido glicurénico nao sulfatado.

1.4 Estudos da estrutura e conformacao de glicanas e polissacarideos

A conformacdo de carboidratos € usualmente descrita de acordo com as
recomendacgdes da IUPAC (IUPAC-IUB, 1980; IUPAC-IUB, 1983), segundo as quais
0 arranjo espacial dos atomos de um monossacarideo piranosidico, em sua forma
ciclica, é determinado por uma letra maiuscula, em italico, designando a forma do
anel, e por numeros, responsaveis pela distincdo das possiveis variantes
conformacionais para um mesmo residuo, como nas formas de cadeira ‘Ci e 'Cs4
(Figura 9A e 9B). Adicionalmente, monossacarideos podem assumir os estados
configuracionais dextrégiro (D-) ou levégiro (L-), que diferenciam-se pela organizacao
espacial de seus substituintes (Figura 9C e 9D), e podem ser encontrados, ainda,
nos estados anoméricos a e 3, no que tange a posicao axial ou equatorial de seu
substituinte na posigao C1 (Figura 9D e 9E).

Varias técnicas experimentais vém sendo aplicadas no estudo de
glicoproteinas e polissacarideos. No contexto do uso de cristalografia de raios-X, a
flexibilidade conformacional dos oligossacarideos, estejam eles livres ou ligados a
superficie da proteina, geralmente dificulta a formacao de cristais (Bohne-Lang &
von der Lieth, 2002; Petrescu et al., 2006). Adicionalmente, no caso de
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glicoproteinas, quando os cristais sdo obtidos, o0 mapa de densidade eletronica é
prejudicado pela alta mobilidade dessas glicanas, compromentendo sua correta
determinacao conformacional e configuracional (Petrescu et al., 1999). Dessa forma,
nao sao incomuns erros na determinacdo do estado anomérico, conformacdes
distorcidas de monossacarideos (Litteke et al., 2004), ou na orientacao relativa de

dois residuos unidos através de uma ligacao glicosidica (Lutteke, 2009).

(A) B-p-glicose, *C, (B) a-L-glicose, 'C,

OH HO
= 1
HO
HO Q HO o OH
1 4
OH OH HO—"Ho

(C) B-L-glicose (D) B-p-glicose (E) a-p-glicose
CH,OH CH,OH

o 0 0
OH
O chyoH
OH OH
S on 0 0 OH
OH OH OH

Figura 9: Variantes conformacionais e configuracionais associados a
monossacarideos: conformacéo do anel piranosidico (A e B), estados levogiro (C) ou
dextrégiro (D) e estado anomérico a ou B (D e E). Nessa representacéo, a glicose €

usada como modelo.

Por outro lado, com o emprego de técnicas de RMN sao obtidas estruturas que
representam as conformacbes observadas em solucdo para as moléculas em
estudo. No entanto, uma determinagdo conformacional precisa de carboidratos,
utilizando essa metodologia, s6 € possivel se forem obtidos trés ou mais sinais de
NOE interresiduos em uma ligacao glicosidica (Wormald et al., 2002), o que, na
maioria das vezes, ndao permite a determinacdo conformacional de oligossacarideos
maiores que uma dezena de residuos (Tabela 2). Adicionalmente, € importante
considerar que os sinais de NOE sao medidos em uma escala de tempo que varia
entre 50 ms e 1 s, 0 que nao afeta a determinacdo conformacional de moléculas
rigidas, mas, em sistemas flexiveis, ou que coexistem em dois ou mais subestados

conformacionais, acarreta em resultados que representando propriedades
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conformacionais médias dessas moléculas (Woods, 1998; Wormald et al., 2002), o
gue ndo necessariamente corresponde aos subestados conformacionais existentes

em solucgao.

Tabela 2: Estruturas tridimensionais de glicoproteinas e polissacarideos
determinados por RMN.

Moléculas Numero de Cédigo

Geral Especifica® monossacarideos® PDB
a-hCG 9 1HD4

Dominio de adesdo — CD2 9 1GYA

Calcitonina 8 1BZB

Dominio extracelular — CD152 4 1AH1

CD59 3 1CDR

Glicoproteina Conotoxina — Conus textile 2 1WCT
Dominio EGF —fVlla 1 1FF7

Dominio lectina — Latrofilina 1 2JXA

Dominio — Fibronectina 1 1E88

Dominio — Fibronectina 1 2FN2

Toxina — Corynespora cassiicola 1 2HGO

Dominio EGF — Trombomodulina 1 1DQB

Polissacarideo ] Fleparina 2 THPN
Acido hialurénico 8 2BVK

 Referéncias, em ordem de aparecimento: Erbel et al., 2000; Wyss et al., 1995;
Hashimoto et al., 1999; Metzler et al., 1997; Fletcher et al., 1994; Rigby et al., 1999;
Kao et al., 1999; Vakonakis et al., 2008; Pickford et al., 2001; Sticht, et al., 1998;
Barthe et al., 2007; Wood et al., 2000; Mulloy et al., 1993; Almond et al., 2006;

® Ntimero de monossacarideos unidos em um Unico oligossacarideo.

1.5 Caracterizacdo conformacional de biomoléculas através de dinamica
molecular (DM)

O uso de simulagdes de DM, um procedimento de simulacdo que consiste na
computagdo do movimento dos atomos em uma molécula, iniciou-se ha mais de 30
anos para sistemas bioldgicos, com o estudo de um sistema protéico envolvendo um

inibidor de tripsina pancreédtica bovina (McCammon et al., 1977). Atualmente,
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consiste em uma ferramenta amplamente difundida, que € empregada na
investigagéo da estrutura e dindmica de biomoléculas em geral, abrangendo estudos
que envolvem desde a interacdo de compostos as suas proteinas-alvo,
desnaturacao e enovelamento protéicos (Ponder & Case, 2003), até o estudo de
exopolissacarideos bacterianos (Sampaio-Nogueira et al., 2005).

A integracdo da equacdo de movimento de Newton ori(t)/dff=F; /m;, sendo
dri(t)/df a aceleragdo, m; a massa e F; a forca sobre um determinado atomo i/, é a
caracteristica fundamental dos calculos de DM que, quando realizada
sucessivamente e sobre todos os atomos do sistema, gera uma trajetéria de
movimento das moléculas em estudo, ou seja, uma seqiéncia de diferentes
posicoes dos atomos em fungao do tempo (Leach, 2001).

Esta integracao é realizada de forma que uma forga F; acarreta uma aceleragao
sobre um determinado atomo / e, em consequéncia, causa uma mudanca de sua
posicao num intervalo de tempo 4t relativo a aceleracéao. No entanto, considerando
somente tal equacédo, ndao é possivel determinar o moédulo e a direcao da forca F;
sobre os atomos do sistema, nem sua relagcdo com as caracteristicas quimicas de
cada molécula em estudo (Leach, 2001). Dessa forma, tais parametros sao
calculados em fungdo de mudancas na energia potencial entre a posicédo atual e a
posicao seguinte (a que representara o proximo passo da simulagdo) sobre cada
atomo separadamente. Esta superficie de energia potencial representa a energia de
cada molécula, sendo descrita pelo denominado Campo de Forga.

O campo de forca pode ser definido como um conjunto de fungdes e
parametrizagdes usadas em calculos de mecanica molecular (de Sant’Anna, 2002).
Estas funcbes (Figura 10) definem as energias de estiramento de ligacdo e de
distor¢ao de angulo de ligacao (tanto de valéncia quanto de diedro) de uma molécula
quando comparadas com a sua conformacao nao tensionada (aquela caracterizada
pelos valores-padrao de comprimentos e de angulos de ligacdo). Nesse contexto, os
campos de forgca, juntamente com possiveis termos adicionais de, por exemplo,
interacdo entre atomos nao ligados, de efeitos eletrostaticos, de ligacao de
hidrogénio e de outros efeitos estruturais, expressam o somatério das funcdes de
energia potencial de cada atomo (Leach, 2001) e calculam a energia dos sistemas
em funcdo das posicbes dos nucleos dos atomos, representados por esferas,

estando os covalentemente ligados, por sua vez, unidos por molas.
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Figura 10: Funcbes de energia que compde campos de forca. De cima para baixo
estdo representadas as equacbes que descrevem o estiramento de ligacdes
quimicas, angulos de ligacéo, diedros e interagdes intermoleculares (interacdes
eletrostaticas/Coulémbicas e interagdes de van der Waals, também identificadas
como potencial de Lennard-Jones). Adaptado de Verli, 2004.

Diversos campos de forca estao disponiveis para simulagdes de DM, estando a
maioria parametrizada para o estudo de proteinas. Dentre estes, merecem
destaque, por seu amplo uso na literatura, AMBER (Case et al., 2005), CHARMM
(MacKerell et al., 1998), CVFF (Kitson & Hagler, 1988), TRIPOS (Clark et al., 1989),
OPLS (Jorgensen et al., 1988) e GROMOS96 (van Gunsteren et al., 1996). No
entanto, embora a maioria dos campos de forca disponiveis seja capaz de lidar com
proteinas, ou seja, levar uma estrutura conhecida a uma evolucao temporal, existe
uma caréncia de parametros especificos para outras classes de biomoléculas, tais
como acidos nucléicos, lipidios, compostos sintéticos e carboidratos. Particularmente
nesse ultimo caso, a presenca de diversos grupos altamente polares, a elevada
flexibilidade e as diferencas nas propriedades eletrbnicas que podem ocorrer
durante modificacées conformacionais dificultam a parametrizacdo de campos de
forca para estes compostos (Pérez et al., 1998). Adicionalmente, estudos
comparando alguns dos principais campos de forca para carboidratos atualmente
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disponiveis indicam que nenhum deles é consistentemente melhor que os demais,
mas que abordagens especificas, seguidas por cada um deles, podem ser melhores
para estudar diferentes aspectos desses compostos (Martin-Pastor et al., 1996;
Peréz et al., 1998; Corzana et al., 2003; Hemmingsen et al., 2004).

Nesse sentido, o Grupo de Bioinformatica Estrutural vem se dedicando ao uso
e desenvolvimento de parametros para campos de forca de MM para a descricéo e
caracterizacdo de carboidratos em geral. Esse empenho centra-se na
parametrizacdo do campo de forca GROMOS96, que teve inicio com a escolha de
um esquema de cargas adequado para a descricdo desses compostos (Verli &
Guimaraes, 2004; Becker et al., 2005) e possibilitou a realizacao de simulacbes por
DM da heparina (Verli & Guimaraes, 2004). Apds estes estudos, criaram-se as
condicGes necessarias para a descricdo do complexo entre um pentassacarideo
sintético, derivado de heparina, e antitrombina (Verli & Guimaraes, 2005), da mesma
forma que a realizacdo de estudos envolvendo a identificagdo das forcas
responsaveis pelo equilibrio conformacional do residuo IdoA, presente na estrutura
da heparina (Pol-Fachin & Verli, 2008). Adicionalmente, outros trabalhos nessa linha
incluem a caracterizacdo da conformacgao de a-fucanas e a-galactanas de ourico-do-
mar (Becker et al., 2007).

Embora o desenvolvimento e aprimoramento de campos de forgca para
carboidratos estejam crescendo gradativamente nos ultimos anos, a adequacao
desses parametros no estudo de glicoconjugados, tais como glicoproteinas, ainda
encontra-se bastante incipiente. Isso pode ser evidenciado pelo pequeno numero de
estudos envolvendo DM de glicoproteinas (Tabela 3), incluindo: (1) uma lectina de
Erythrina corallodendron (Naidoo et al., 1997) e glicopeptideos derivados da proteina
viral gp120 (Huang et al., 1997), utilizando o campo de forca CHARMM (Ha et al.,
1988); (2) MHC de classe | (Mandal & Mukhopadhyay, 2001), através dos
parametros do CVFF (Hwang et al., 1998); e (3) prions de camundongo (Wong et al.,
2000) e humano (Zuegg & Gready, 2000), uma glicoproteina anticongelamento
(Nguyen et al., 2002), o fator da coagulagdo humana VIl (Perera et al., 2002),
glicopeptideos derivados de hemaglutinina (Bosques et al., 2004) e mucina humana
(Rubinsten et al., 2004), utilizando campos de forca AMBER (Woods et al., 1995;
Kirschner et al., 2008).



19

Tabela 3: Estudos envolvendo DM de glicoproteinas

Glicoproteina / glicopeptideo® Glicosilacao Campo de Forca
Lectina de E. corallodendron N- CHARMM
Glicopeptideos derivados de gp120 N- e O- CHARMM
MHC de classe | N- CVFF
Prion de camundongo N- AMBER
Prion humano N- AMBER - GLYCAM
Glicoproteina anticongelamento 8 (OF AMBER - GLYCAM
fVIl da coagulagédo humana O- AMBER - GLYCAM
Glicopeptideo derivado de hemaglutinina N- AMBER - GLYCAM
Glicopeptideo derivado de mucina humana (OF AMBER - GLYCAM

 Referéncias, em ordem de aparecimento: Naidoo et al., 1997; Huang et al., 1997;
Mandal & Mukhopadhyay, 2001; Wong et al., 2000; Zuegg & Gready, 2000; Nguyen
et al., 2002; Perera et al., 2002; Bosques et al., 2004; Rubinsten et al., 2004.

Embora exista uma série de campos de for¢ca sendo utilizados para descrever
a conformagdo de glicoproteinas e polissacarideos, com destaque para o0s
parametros AMBER — GLYCAM, a utilizacdo desses campos de forga geralmente
exige uma grande capacidade computacional, impedindo uma busca suficientemente
ampla pelo espaco conformacional dessas moléculas. Por consequéncia, a
descricdo conformacional desses sistemas fica prejudicada e, assim, a
confiabilidade das predicbes realizadas. Nesse sentido, o desenvolvimento e/ou
aprimoramento de campos de forca, capazes de gerar respostas mais rapidas e
suficientemente precisas em relagdo a dados experimentais prévios, consiste em
uma promissora estratégia para a descricdo e predicdo conformacional de
carboidratos e glicoconjugados através de simulacées de DM. Adicionalmente, no
caso especifico do campo de forca GROMOS96, tais pardmetros estdo baseados
em ferramentas disponiveis gratuitamente, ja tendo demonstrado, em trabalhos
prévios, que podem ser utilizados na determinagdo de GAGs complexos, da mesma
forma que na interacdo dos mesmos com suas moléculas alvo e na descricdo da

conformacao de proteinas.
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2 Objetivos

A partir do exposto, o presente trabalho se insere no contexto da
caracterizagcao conformacional de polissacarideos e glicoproteinas através de
técnicas de MM. Nesse contexto, o trabalho visa comparar o comportamento
conformacional de glicoproteinas, determinadas por RMN, com o obtido através de
simulacées de DM, empregando uma estratégia de parametrizacdo de carboidratos
previamente descrita pelo grupo, compativel com o pacote de simulacao
GROMACS, tendo em vista sua elevada velocidade e baixo custo. Ainda, o trabalho
visa confrontar a geometria das ligacdes glicosidicas dos oligossacarideos que
compbe tais glicoproteinas com as obtidas através de simulagbes de DM dos
dissacarideos isolados. Espera-se, a partir dos resultados obtidos, validar a
estratégia empregada e, desta forma, subsidiar futuros estudos de outros sistemas
envolvendo glicoproteinas, na auséncia de dados experimentais prévios. Dessa
forma, as seguintes metas foram estabelecidas:

» Caracterizacdo das propriedades conformacionais de uma B-galactana
em comparac¢ao com as de uma a-galactana, ambas de ourico-do-mar;

» Viabilizacdo da descricdo computacional de glicoproteinas unidas a
oligossacarideos N- e O-ligados;

» Viabilizacdo da predicdo conformacional de oligossacarideos ligados a

proteinas através de DM;
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3 Metodologia

3.1 Programas utilizados

Diversas metodologias de modelagem molecular foram utilizadas no presente
trabalho, incluindo MM, DM e métodos ab initio. Os protocolos referentes a cada um
destes métodos estao descritos em detalhes a seguir.

Os programas utilizados incluem:

- Ferramentas de visualizacdo de moléculas: VMD v1.8.6 (Humphrey et
al., 1996), PyMol v0.99 (DelLano, 2002) e MOLDEN (Schaftenaar &
Noordik, 2000);

- Programa para calculo ab initio: GAMESS (Schmidt et al., 1993);

- Programa para construgdo de mapas de contorno e simulacdes de
dindmica molecular: GROMACS v3.3.3 (van der Spoel et al., 2005);

- Programa para geracdo de topologias: PRODRG Beta v2.5
(Schuettelkopf & van Aalten, 2004);

- Programas para analise de estrutura secundaria: PROCHECK
(Laskowski et al., 1993).

3.2 Calculos utilizando métodos ab initio

Uma importante etapa na parametrizacdo de campos de forca de mecénica
molecular é a obtencdo de cargas atbmicas para as moléculas em estudo. Nesse
sentido, nosso grupo de pesquisas vem aplicando, com sucesso, um procedimento
baseado em cargas atdbmicas de Léwdin, obtidas por calculos Hartree Fock, na
descricao conformacional de polissacarideos sulfatados (Verli & Guimaraes, 2004;
Becker et al., 2005) e monossacarideos componentes de glicanas (Becker, 2007).

Tendo-se em vista o0 elevado custo computacional associado aos métodos ab
initio, as moléculas utilizadas para a obtencdo destas cargas atbmicas foram
simplificadas para incluirem somente os residuos em suas formas isoladas e quando
envolvidos nas ligacoes glicosidicas entre aminoacidos (Asn e Ser) e
monossacarideos (GIcNAc e Fuc). Dessa forma, tais residuos foram construidos
utilizando o programa Molden (Schaftenaar, 1997) e, posteriormente, submetidos a
célculos de minimizacao de energia utilizando a base HF/3-21G no programa
GAMESS (Schmidt et al., 1993). As conformacdes de minimo de energia entao
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obtidas foram empregadas como geometrias de entrada para célculos single point
na base HF/6-31G, de forma a gerar cargas atdmicas segundo o esquema de
Léwdin (no item de anexos 9.3, encontram-se as cargas atémicas obtidas para os
grupamentos estudados até entao).

3.3 Construcao de mapas de contorno por mecanica molecular

As preferéncias conformacionais de dissacarideos foram avaliadas através de
mapas de contorno, analogos aos mapas de Ramachandran, utilizando campos de
forca de mecénica molecular. Nesse contexto, utilizando como base os parametros
do campo de forca GROMOS96 (van Gunsteren et al., 1996) e as cargas atbmicas
de Léwdin, na base HF/6-31G** (Verli & Guimaraes, 2004; Becker et al., 2005), 15
mapas de contorno foram calculados a partir da rotacdo dos diedros componentes
de 13 ligacdes glicosidicas de dissacarideos (Tabela 4).

Tabela 4: Dissacarideos estudados

_ _ _ Minimos de energia Tempo total de

Ligacao Glicosidica . B _ B
refinados em solucéo simulacéo

a-D-Man-(1—2)-a-D-Man 2 0.2 ys
B-D-GlcNAc-(1—2)-a-D-Man 2 0.2 ys
a-L-Gal-(1—3)-a-L-Gal 3 0.3 ps
a-L-Gal2S-(1—3)-a-L-Gal2S 1 0.1 us
B-D-Gal-(1—3)-B-D-Gal 5 0.5 s
B-D-Gal2S-(1—3)-B-D-Gal 2 0.2 ys
B-D-Gal-(1—3)-B-D-Gal2S 2 0.2 us
a-D-Man-(1—3)-a-D-Man 2 0.2 ys
B-D-Gal-(1—4)-B-D-GIcNAc 2 0.2 ys
B-D-Man-(1—4)-B-D-GIcNAc 2 0.2 ys
B-D-GlcNAc-(1—4)-B-D-GIcNAc 4 0.4 ps
a-L-Fuc-(1—6)-B-D-GIcNAc 3 0.3 us
a-D-Man-(1—6)-a-D-Man 2 0.2 ys
13 dissacarideos 32 conformeros 3.2 s

Dessa forma, no caso de ligacbes 1—2, 1—-3 e 1—4, 0os angulos ® e W foram
rotados de -180° a 1509, em passos de 30°, gerando um total de 144 conférmeros

para cada dissacarideo. No caso de ligacbes 1—6, como a ligagao glicosidica é
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composta por trés diedros: @, W e w, foram gerados 144 conférmeros para cada par
de angulos, ou seja, 144 para o par ® versus W e 144 para o par W versus w. Para
todos esses tipos de ligacdo, durante a geracdo dos confébrmeros, utilizam-se
restricbes (diedros improprios) somente para os diedros da ligacao glicosidica em
estudo, de maneira que tais angulos sao fixados em cada uma das 144 possiveis
combinacdées dos dois diedros em estudo, enquanto o restante da molécula
encontra-se livre para ter sua energia minimizada. O protocolo utilizado para tal
envolve uma minimizacédo de energia utilizando o algoritmo de gradiente conjugado
e, em seguida, uma DM com duracao de 20 ps a temperatura de 10K e tempo de
integracdo de 0,5 fs a fim de reforcar a busca pelo arranjo mais estavel da
conformacé&o avaliada (Becker et al., 2007; Pol-Fachin & Verli, 2008). Os valores de
energia das 144 conformacdes de cada par de diedros sdo entdo empregados na
construcdo de um mapa de contorno, considerando-se a estabilidade relativa a
conformagéo mais estavel de todas.

3.4 Simulacées de DM

3.4.1 Protocolo de simulagéao

O protocolo geral de simulacdo foi baseado em procedimentos previamente
descritos (de Groot & Grubmdller, 2001). Todas as simulagcdes foram realizadas a
temperatura fisiolégica (310K), com duracao variavel, de acordo com o sistema em
estudo (de 50 a 100 ns) (Tabelas 4 e 5). Cada molécula (proteina, glicoproteina ou
dissacarideo) foi solvatada numa caixa retangular utilizando condi¢des periddicas de
contorno, empregando o modelo de agua SPC (Berendsen et al., 1987). Contra-ions
(cloreto ou sodio) foram adicionados, conforme a necessidade, de forma a
neutralizar as cargas dos sistemas estudados. O método Lincs (Hess et al., 1997) foi
aplicado na restricdo de ligacdes covalentes de forma a permitir um passo de
integracao de 2 fs, enquanto as interacdes eletrostaticas foram calculadas utilizando
o método Particle-Mesh Ewald (PME, Darden et al., 1993), utilizando raios de corte
de Coulomb e de van der Waals de 9 A. A temperatura e a pressdo do sistema
foram mantidas constantes através do acoplamento do soluto, ions e solvente a
banhos externos de temperatura e pressao, utilizando constantes de acoplamento
de, respectivamente, 1 = 0,1 ps e T = 0,5 ps (Berendsen et al.,, 1984). A constante

dielétrica do meio foi tratada como € = 1.
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Tabela 5: Proteinas e glicoproteinas estudadas

) _ ) Modelos Tempo total
Proteina / Glicoproteina _ _ .
simulados de simulagao

Dominio EGF-like nao glicosilado — PDB 1F7E 1 0.05 ps
CD59 néo glicosilado — PDB 1CDQ 1 0.05 ps

Dominio de adesdao CD2 né&o glicosilado — PDB 1CDB 1 0.05 ps
a-hCG néo glicosilada — PDB 1DZ7 1 0.05 ps

Dominio EGF-like glicosilado — PDB 1FF7 1 0.05 ps
CD59 glicosilada — PDB 1CDR 2 0.1 us

CD59 glicosilada — PDB 1CDS 1 0.05 us

Dominio de adesao CD2 glicosilado — PDB 1GYA 2 0.1 us
a-hCG glicosilada — PDB 1HD4 2 0.1 us

9 moléculas 12 modelos 0.6 us

As simulacdées por DM podem ser divididas em trés etapas: termalizacao,
equilibragcdo e recolhimento de dados. A primeira delas envolve o aquecimento
gradativo do sistema, visando uniformizar as energias contidas na estrutura
cristalografica ou de RMN e, desta forma, evitar deformag¢des nas moléculas em
estudo. Nesta etapa, ap6s 1 ps de restricdo de posicao, cada sistema foi aquecido
lentamente de 50 K a 310 K, de maneira que, em cada um dos seis passos de 5 ps,
ha o aumento da temperatura em 50 K (Figura 11). Apds a termalizacao do sistema,
a simulacao prossegue na temperatura de equilibrio de 310 K, pelo tempo
estipulado.

; termalizagdo s
/ o
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0 - 100 200 300 400 500
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Figura 11: Esquema das etapas que compde as simulacdes de DM a 310K. De Ops
a 30ps, uma série de etapas, de 5ps cada, aquece lentamente o sistema em
incrementos de 50K. Apds 30ps, o sistema esta a 310K e se mantém nesta
temperatura pelo resto da simulacao (Verli, 2005).
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3.4.2 Construcéo de topologias

A topologia € um arquivo contendo parametros que descrevem as propriedades
atdmicas de uma determinada estrutura quimica por meio da descricdo da forca e
tipo de cada ligagdo quimica, angulos de ligacdo e de diedros, assim como 0S
parametros de Lennard Jones e as cargas atdmicas. Desta forma, e considerando a
auséncia de topologias previamente existentes, no campo de forca GROMOS96
43a1, para a maioria dos residuos de carboidratos empregados neste estudo, e
visando viabilizar os objetivos tracados, utilizou-se uma ferramenta de construcao de
topologias denominada PRODRG (Schuettelkopf & van Aalten, 2004).

O PRODRG é um servidor que funciona na World Wide Web, gerando um
arquivo de topologia para os sistemas de interesse a partir de um arquivo PDB que
contenha sua estrutura. Esta ferramenta, no entanto, gera somente um conjunto de
parametros iniciais, que necessitam de alguns refinamentos, que incluem o
acréscimo de cargas atdmicas, calculadas por métodos ab-initio (descrito no item
3.2), e a adicao de diedros impréprios (Tabela 6), necessarios para preservar 0s
estados conformacionais (*C; ou 'Cs;) dos monossacarideos em decorréncia do
emprego do campo de forca GROMOS96 43a1. Estes diedros impréprios, além de
manter a integridade conformacional do anel em estudo, de acordo com dados
experimentais, tornam possiveis também mudangas no estado conformacional de
uma piranose ou furanose, por exemplo, de forma a explorar o papel de diferentes
estados conformacionais em um determinado fendmeno bioldgico (Verli &
Guimaraes, 2005).

No item 9.4, estdo descritas topologias, parametrizadas em fungdo desta
dissertacao, para uma série de monossacarideos que compde glicoproteinas e para
0s aminoacidos em que a parte sacaridica dessas moléculas esta ligada.

3.4.3 Validagao das simulacdes de DM

A confiabilidade das predicbes baseadas em calculos de DM depende,
principalmente, da precisdo do campo de forga utilizado e do tamanho da
amostragem do espaco conformacional realizada durante a simulagdo, que
necessita ser suficientemente ampla para descrever as propriedades do sistema
(van Gunsteren & Mark, 1998). De modo geral, o teste final do modelo tedrico
produzido reside na sua comparacdo com propriedades experimentais, ou seja, a
precisao do método € julgada a partir da observacdo ou constatagdo, nas
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simulacdes realizadas, de quéao precisas sado reproduzidas quantidades conhecidas
(van Gunsteren & Berendsen, 1990; Karplus & Petsko, 1990). Dessa forma, a
validacdo dos resultados obtidos nas simulagbes de DM foi realizada através da
comparacdo com dados experimentais prévios, com destaque para estruturas
cristalograficas, dados bioquimicos e, principalmente, conformag¢des oriundas de
experimentos de RMN, assim como através da observacdo da estabilidade dos
sistemas estudados, ou seja, pela manutencdo, durante as simulacdes, de
propriedades que incluem estrutura secundaria, energia, densidade e volume.

Tabela 6: Definicdo dos diedros imprdprios utilizados para definir a conformacao dos

monossacarideos contidos nos sistemas simulados.

1c4 HO

Sequéncia de atomos Angulos (em graus)
definindo o diedro® e 'Cy
5-2-4-1 2,0 -2,0
5-2-3-1 23,0 -23,0
5-2-3-6 -2,0 2,0

Na figura, a glicose é utilizada como modelo.
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4 Resultados

4.1 Preambulo

Os resultados obtidos serdo apresentados a seguir na forma dos trabalhos
submetidos ou publicados durante a realizacdo da presente Dissertacdo. Estes

trabalhos estao citados abaixo, assim como uma breve descricao sobre cada um.

* Michelle O. de Castro, Vitor H. Pomin, Livia L. dos Santos, Ana Cristina E.
S. Vilela-Silva, Noritaka Hirohashi, Laércio Pol-Fachin, Hugo Verli, Paulo
Anténio de Souza Mourédo: A unique 2-sulfated B-galactan from the egg jelly
of the sea urchin Glyptocidaris crenularis: Conformational flexibility versus
induction of the sperm acrosome reaction. J. Biol. Chem., 2009, 284; 18790-
18800.
Este trabalho apresenta a aplicacdo de ferramentas de modelagem molecular
no estudo conformacional de um polissacarideo sulfatado, B-galactana, isolado a

partir de ovos do ourico-do-mar Glyptocidaris crenularis.

* Laércio Pol-Fachin, Claudia Lemelle Fernandes, Hugo Verli: GROMOS96
43a1 performance on the characterization of glycoprotein conformational
ensembles through molecular dynamics simulations. Carbohydr. Res., 2009,
344; 491-500.

Este artigo avalia a capacidade do campo de forca GROMOS96 43af,

adicionado por cargas atébmicas de Loéwdin, na descrigdo conformacional de
glicoproteinas utilizando simula¢des de DM, tendo como base de comparagéao dados

experimentais de RMN.

» Claudia Lemelle Fernandes, Liana Guimaraes Sachett, Laércio Pol-Fachin,
Hugo Verli: GROMOS96 43a1 performance in predicting oligosaccharides
conformational ensemble within glycoproteins. Carbohydr. Res., 2010, 345;
663-671.

Por fim, este trabalho analisa a adequacao do uso de conformacdes obtidas

por simulacbes de DM para dissacarideos em solugdo aquosa como pontos de
partida para a construgcédo da estrutura de glicanas compondo glicoproteinas.

A sequir, serdo apresentados um resumo e a integra de cada manuscrito.
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4.2 Trabalho |

Este trabalho descreve a identificagdo de uma [B-galactana, a partir de ovos da
espécie de ourico-do-mar Glyptocidaris crenularis, que consiste em um
polissacarideo sulfatado composto por residuos de D-galactose. Até entdo, haviam
sido encontradas apenas a-galactanas e a-fucanas nesses organismos, as quais
foram atribuidas atividades relacionadas a reacdo acrossdémica desses animais.
Dessa forma, testes realizados com a [-galactana recém identificada demonstraram
que tal polissacarideo bloqueia a capacidade de fertilizacdo do esperma em
diferentes espécies de ourico-do-mar, enquanto a-galactanas e a-fucanas ativam
esse processo. Neste contexto, foram realizados estudos de modelagem molecular
destas a- e B-galactanas de forma a elucidar as razées moleculares para atividades
antagbnicas como as mencionadas.

Os resultados obtidos sugerem uma maior flexibilidade da (-galactana, em
comparacdo com a da a-galactana, de forma que as unidades dissacaridicas que a
compde podem assumir, potencialmente, quatro sub-estados conformacionais em
solucdo, enquanto que os dissacarideos que formam a a-galactana parecem adotar
uma unica conformacdo prevalente. Adicionalmente, as conformacdes adotadas
pelos dissacarideos de [3-galactana ndao sido observadas nos dissacarideos da a-

galactana.

A unique 2-sulfated (3-galactan from the egg jelly of the sea urchin
Glyptocidaris crenularis: Conformational flexibility versus induction
of the sperm acrosome reaction

Michelle Oliveira de Castro, Vitor Hugo Pomin, Livia Loiola dos Santos, Ana Cristina
Espirito Santo de Vilela Silva, Noritaka Hirohashi, Laercio Pol-Fachin, Hugo Verli,
Paulo Antdnio de Souza Mourao

Journal of Biological Chemistry, 2009, 284; 18790-18800
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Sulfated polysaccharides from the egg jelly of sea urchins act
as species-specific inducers of the sperm acrosome reaction,
which is a rare molecular mechanism of carbohydrate-induced
signal-transduction event in animal cells. The sea urchin
polysaccharides differ in monosaccharide composition (L-fu-
cose or L-galactose), glycosylation, and sulfation sites, but they
are always in the a-anomeric configuration. Herein, structural
analysis of the polysaccharide from the sea urchin Glyptocidaris
crenularis surprisingly revealed a unique sulfated 3-p-galactan
composed by (3-B-p-Galp-2(0S50,)-1—3-B-p-Galp-1),, repeat-
ing units. Subsequently, we used the G. crenularis galactan to
compare different 2-sulfated polysaccharides as inducers of the
acrosome reaction using homologous and heterologous sperm.
We also tested the effect of chemically over-sulfated galactans.
Intriguingly, the anomeric configuration of the glycosidic link-
age rather than the monosaccharide composition (galactose or
fucose) is the preferential structural requirement for the effect
of these polysaccharides on sea urchin fertilization. Nuclear
magnetic resonance and molecular dynamics indicate that sul-
fated a-galactan or a-fucan have less dynamic structural behav-
ior, exhibiting fewer conformational populations, with an
almost exclusive conformational state with glycosidic dihedral
angles ®/W = -—102°/131°". The preponderant conformer
observed in the sulfated a-galactan or a-fucan is not observed
among populations in the B-form despite its more flexible struc-
ture in solution. Possibly, a proper spatial arrangement is
required for interaction of the sea urchin-sulfated polysacchar-
ides with the specific sperm receptor.

The evolution of barriers to inter-specific hybridization is a
crucial step in the fertilization of free-spawning marine inver-
tebrates. In sea urchins the molecular recognition between
sperm and egg ensures species recognition. The jelly coat sur-

* This work was supported by Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico, Fundagao de Amparo a Pesquisa do Estado do
Rio de Janeiro, and Coordenacao de Aperfeicoamento de Pessoal de
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hucff.ufrj.br.
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rounding sea urchin eggs is not a simple accessory structure; it
is considerably complex on a molecular level and intimately
involved in gamete recognition. It contains sulfated polysac-
charides, sialoglycans, and peptides.

Structural changes in the sulfated polysaccharide from the
egg jelly of sea urchins modulate cell-cell recognition and spe-
cies specificity leading to exocytosis of the acrosomal vesicle,
the acrosome reaction. This is a crucial event for the recogni-
tion between male and female gametes, leading to the fertiliza-
tion success, and is also what prevents intercrosses. The sul-
fated polysaccharide from the egg jelly recognizes its specific
receptor present in the sperm. Apart from the sialoglycans that
act in synergy with the sulfated polysaccharides, other compo-
nents of the egg jelly do not possess acrosome reaction-induc-
ing activity (1). The sulfated polysaccharide-mediated mecha-
nism of sperm-egg recognition co-exists with that of bindin and
its receptor in the egg (2—4).

The sulfated polysaccharides from sea urchin show species-
specific structures composed of repetitive units (mono-, tri-,
and tetrasaccharides) that differ in the monosaccharide back-
bone (i-fucose or L-galactose), glycosidic linkage (3- or
4-linked), and sulfation (2- and/or 4-sulfation). However, they
are always in the a-enantiomeric configuration (4, 5). Previous
studies from our laboratory have demonstrated that sea urchin-
sulfated polysaccharides induce the acrosome reaction in a spe-
cies-specific way. In some cases the sperm from a certain spe-
cies of sea urchin recognizes the sulfated polysaccharide
containing a similar structure from a different species. For
example, the egg jelly from Strongylocentrotus franciscanus
contains a 2-sulfated, 3-linked a-fucan, but the sperm from this
species recognizes a heterologous 2-sulfated, 3-linked a-galac-
tan from Echinometra lucunter (6).

We now extended our studies to the sulfated polysaccharides
of the sea urchin Glyptocidaris crenularis (7). Surprisingly, we
observed that this species contains a unique sulfated B-p-galac-
tan composed of repetitive disaccharide units alternating 2-sul-
fated and non-sulfated 3-linked units. This polymer is markedly
distinct from all other sea urchin-sulfated polysaccharides
described so far that are composed of units on a-L-configura-
tion. Furthermore, this sea urchin does not contain sialogly-
cans, which are commonly found in the echinoderm egg jelly.
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We used this new sulfated B-galactan to investigate the acro-
some reaction in a further molecular detail using homologous
and heterologous sperm. We tested three 2-sulfated polysac-
charides that differ in their conformation (« or 8) and mono-
saccharide composition (galactose or fucose) as inducers of the
sperm acrosome reaction. We aimed to establish the structure
versus biological activity of the echinoderm polysaccharides,
including structural features at a conformational level.

EXPERIMENTAL PROCEDURES

Extraction of Sulfated Galactan from Egg Jelly of Sea Urchins—
Mature females of G. crenularis were harvested by dredging in
Noheji Bay, Japan. Eggs were spawned into sea water by intrace-
lomic injection of 0.5 M KC. The crude egg jelly was isolated by
pouring eggs repeatedly through nylon mesh, prepared as a
30,000 X g supernatant, and stored at —20 °C, lyophilized, and
dialyzed against distilled water (8). The acidic polysaccharides
were extracted from the jelly coat by papain digestion and par-
tially purified by ethanol precipitation, as described previously
(9).

Purification of Sulfated Galactan—Approximately 20 mg of
the crude polysaccharides from G. crenularis was applied to a
Mono Q fast protein liquid chromatography (FPLC) column
(HR5/5; Amersham Biosciences) equilibrated with 20 mm Tris-
HCI (pH 8.0) and coupled to a FPLC system. The column was
washed with 10 ml of the same solution and then eluted with a
linear gradient of 0—3 M NaCl. Fractions of 0.5 ml were col-
lected at a flow rate of 0.45 ml/min and checked for hexose (10),
sialic acid (11), and metachromatic property (12). The NaCl
concentration was estimated by conductivity. Fractions were
pooled, dialyzed against distilled water, and lyophilized.

Chemical Analyses—After acid hydrolysis of the polysaccha-
ride (5.0 M trifluoroacetic acid for 5 h at 100 °C), sulfate was
measured by the BaCl,/gelatin method (13). The presence of
hexoses and 6-deoxyhexoses in the acid hydrolysates was esti-
mated by paper chromatography in 1-butanol/pyridine/water
(3:2:1, v/v) for 48 h. In addition, alditol acetate derivatives were
analyzed by gas-liquid chromatography/mass spectrometry
(14).

Determination of p or L Configuration of Galactose—The
enantiomeric form of the galactose was assigned based on the
analysis of the acetylated (—)-2-butyl glycoside, as described
(15). Galactose obtained after acid hydrolysis of the polysaccha-
ride from G. crenularis (1 mg, see above) was mixed with 0.5 ml
of (—)-2-butanol (Aldrich) containing 1 M HCI. After butanoly-
sis for 18 h at 80 °C, the solution was neutralized with Ag,CO,,
and the supernatant was concentrated and dissolved in 50 ul of
distilled water, Thereafter, alditol acetate derivative was pre-
pared (14) and analyzed on a DB-5 GLC column. The temper-
ature of the column was programmed to increase in a linear
gradient of 120 to 240 °C at 2 °C/min. The injector and detector
temperatures were 220 and 260 °C, respectively. Appropriate
controls of acetylated (—)-2-butyl-p- and L-galactosides were
analyzed under the same conditions.

Agarose and Polyacrylamide Gel Electrophoresis—The sul-
fated galactan was analyzed by agarose gel electrophoresis, as
described previously (16, 17). About 15 ug of the purified sul-
fated polysaccharide was applied to a 0.5% agarose gel and run
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for 1 hat 110V in 0.05 M 1,3-diaminopropane acetate (pH 9.0).
The sulfated polysaccharides in the gel were fixed with 0.1%
N-cetyl-N,N,N-trymethylammonium bromide solution. After
12 h, the gel was dried and stained with 0.1% toluidine blue in
acetic acid:ethanol:water (0.1:5:5, v/v).

The average molecular mass of the sulfated galactan was esti-
mated by comparison with the electrophoretic mobility of
standard compounds (18). The sulfated polysaccharides (~10
g of each) were applied to a 1-mm-thick 10% polyacrylamide
slab gel in 0.02 M sodium barbital (pH 8.6). After electrophore-
sis (100 V for 30 min), the sulfated polysaccharides were stained
with 0.1% toluidine blue in 1% acetic acid and washed for about
1 hin 1% acetic acid.

Desulfation and Oversulfation Procedures—Desulfation of
the sulfated galactan was performed as described previously
(16, 19). About 20 mg of the polysaccharide was dissolved in 5
ml of distilled water and mixed with 1 g (dry weight) of Dowex
50-W (H™, 200—400 mesh). After neutralization with pyridine,
the solution was lyophilized. The resulting pyridinium salt was
dissolved in 2.5 ml of dimethyl sulfoxide/methanol (9:1, v/v).
The mixture was heated at 80 °C for 4 h, and the desulfated
product was exhaustively dialyzed against distilled water and
lyophilized. The extent of desulfation was estimated by the
molar ratio of sulfate/total sugar. This method allowed us to
detect desulfation up to a molar ratio of =0.1 sulfate/total
sugar. About 5 mg of desulfated polysaccharide was obtained at
the end of the reaction. Over-sulfated galactans were prepared
through chemical sulfonation of the native polysaccharides (6).
In a control reaction we followed sulfonation of chondroitin
4-sulfate. The reaction reached about 72.1% of the total sites
available for sulfation on the entire chondroitin sulfate back-
bone, as indicated by NMR analysis. It was not possible to
run NMR spectra of the over-sulfated galactans due to scarce
material.

NMR Experiments—'H and '>C one- and two-dimensional
spectra of the native sulfated galactan and of its desulfated
derivative were recorded using a Bruker DRX 400 MHz appa-
ratus with a triple resonance probe, as detailed previously (18).
About 5 mg of each sample was dissolved in 0.5 ml of 99.9%
deuterium oxide (Cambridge Isotope Laboratory, Cambridge,
MA). All spectra were recorded at 50 °C with HOD suppression
by presaturation. One-dimensional '"H NMR spectra were
recorded with 16 scans. Two-dimensional 'H/'H COSY,’
TOCSY, NOESY, and '*C,"H HSQC spectra were recorded
using states-TPPI (states-time proportion phase incrementa-
tion) for quadrature detection in the indirect dimension.
TOCSY spectra were run with 4046 X 400 points with a spin-
lock field of 10 kHz and a mixed time of 80 ms. NOESY spectra
were recorded with a mixing time of 100 ms. **C,"H HSQC
spectra were run with 1024 X 256 points and GARP (globally
optimized alternating phase rectangular pulses) for decoupling.
Chemical shifts are relative to external trimethylsilylpropionic
acid at 0 ppm for 'H and to methanol for '*C.

2 The abbreviations used are: COSY, correlation spectroscopy; NOESY, nuclear
overhauser effect (NOE) spectroscopy; TOCSY, total correlation spectros-
copy; HSQC, heteronuclear single quantum coherence; MD, molecular
dynamics.
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Molecular Dynamics—All calculations were performed using
GROMACS simulation suite (20) and GROMOS96 force field
(21). Briefly, structures of disaccharide units containing
a-L-Galp-(1—3)-a-L-Galp, a-1-Galp-2(S0,)-(1—3)-a-L-
Galp-2(SO,), B-p-Galp-(1—3)-B-p-Galp, B-p-Galp-2(SO,)-
(1—3)-B-p-Galp, and B-p-Galp-(1—3)-B-p-Galp-2(SO,)
were submitted to the PRODRG server (22), and the initial
geometries and crude topologies were retrieved. These topolo-
gies were supplied with Lowdin HF/6-31G** atomic charges
(23, 24) and submitted to conformational analysis by varying
the ¢ and s dihedral angles from —180 to 180°, with a 30° step,
in a total of 144 conformers for each linkage. Each conforma-
tion was further refined in a 20-ps molecular dynamics at 10 K,
with an integration step of 0.5 fs (25). The relative stabilities of
the conformations were used to construct relaxed energy con-
tour plots. The minimum energy conformations described in
these plots were submitted to 0.1 s molecular dynamics (MD)
simulations in aqueous solutions using the SPC water model
(26) following a protocol previously described (23, 24, 27). A
triclinic water box under periodic boundary conditions was
employed using a 10-A minimum distance from solute to the
box faces. Counter ions (Na™) were added to neutralize the
system. The Lincs method (28) was applied to constraint cova-
lent bond lengths, allowing an integration step of 2 fs after an
initial energy minimization using the Steepest Descents algo-
rithm. All simulations applied the Particle-Mesh Ewald method
(29). Temperature and pressure were kept constant by coupling
carbohydrate, ions, and solvent to external temperature and
pressure baths with coupling constants of £ = 0.1 and 0.5 ps,
respectively (26). The reference temperature was adjusted to
310 K. The relative orientation of a pair of contiguous carbohy-
drate residues is described by two torsional angles at the glyco-
sidic linkage, denoted ¢ and s, as follows: ¢ = O-5-C-1-O-1-
C-3',and ¢y = C-1-O-1-C-3'-C-2".

Fertilization Block by Sperm Preincubation with Sulfated
Galactans—G. crenularis sperm were collected as undiluted
semen, stored on ice, and diluted in ice-chilled seawater shortly
before use. Sulfated galactans (20 ul) were dissolved in sea
water at the final concentration of 4 mg/ml and placed in a test
tube. Thereafter, 100-fold diluted sperm suspension (5 pl) was
added and incubated for 10 min at room temperature. Unfer-
tilized G. erenularis eggs spawned by intercelomic injection
with 0.5 M KCI were placed in a 48-well culture dish filled with
150 ul of seawater. After a 10-min incubation of sperm with
sulfated galactan, such sperm (5 pl) were inseminated for 30
min at 20 °C. The percentage of fertilization (judged by the
presence/absence of the fertilization envelope) was scored
under the microscope by counting ~200 eggs. Three independ-
ent experiments were performed.

Acrosome Reaction Assays—The method used to access the
acrosome reaction was slightly modified from Su and Vacquier
(30). Briefly, sperm were spawned by intracelomic injection of
0.5 m KClI (0.5 ml/animal), collected undiluted, and stored on
ice before dilution. They were diluted 1:5 in 10 mm HEPES-
buffered sea water (pH 7.9). Immediately after dilution, ~25 pul
of the sperm suspension were mixed with 50 ul of the polysac-
charide solution. The sugar content of these solutions was pre-
viously quantified by the phenol-sulfuric acid assay (10). After 5
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min on ice, sperm were fixed in 350 pl of 3.7% formaldehyde in
seawater for 30 min, washed 2 times with 500 pl of phosphate-
buffered saline and stained for at least 2 h with 1 unit of rhoda-
mine phalloidin (Molecular Probes R415, Invitrogen) in 50 ul of
0.1 m glycine, 1 mg/ml bovine serum albumin, 0.02% sodium
azide in phosphate-buffered saline (pH 7.4). The solution was
then washed twice in 500 pl of phosphate-buffered saline and
incubated with 30 pl of 4'6’-diamino-2-phenylindole (Sigma)
for 6 min. The cells were washed twice in 500 pl of phosphate-
buffered saline and then re-suspended in 30 ul of 70% glyceral-
dehyde in the same solution and mounted in a thin layer, and
the coverslip was sealed. Sperm were scored blindly using a
Zeiss Axioskop 2 plus fluorescent microscope. Photos were
acquired with a Zeiss LSM 510 Meta confocal microscope (Jeha,
Germany) in red (phalloidin), blue (4'6'-diamino-2-phenylin-
dole), and transmitted light channels.

Measurements of Increases in Intracellular Ca®* —Intracel-
lular calcium was measured by a methodology slightly modified
from Hirohashi and Vacquier (8). Briefly, sperm from E. lu-
cunter were collected on ice and in darkness and immediately
used. Undiluted semen was suspended in 4 volumes of dye load-
ing buffer (artificial sea water containing 10 mm HEPES, 1 mm
CaCl,, and 0.1 mg/ml soybean trypsin inhibitor at pH 7.0),
placed in dimethyl sulfoxide (final concentration 0.6%) con-
taining fura-2/AM at a final concentration of 12 uMm, and incu-
bated for 4 h in darkness at 4 °C. The cells were washed twice
with phosphate-buffered saline and grounded at 430 X g for 5
min. The final pellet was resuspended in fresh dye loading
buffer without soybean trypsin inhibitor. Finally, 50 pl of fura-
2-loaded sperm were placed in an 11-mm-diameter glass tube
containing 1.5 ml of dye loading buffer without soybean trypsin
inhibitor and mounted in a FP-6300 spectrofluorimeter from
Jasco at 16 °C at continual agitation. The fluorescence intensity
was measured at Ex/Em 340/500 nm to follow the effect of the
sulfated polysaccharide in the sperm. The sugar content of the
polysaccharide solutions was quantified by the phenol-sulfuric
acid assay (10).

RESULTS AND DISCUSSION

The Egg Jelly of the Sea Urchin G. crenularis Contains a Sul-
fated p-Galactan—The polysaccharides extracted from the egg

jelly of G. crenularis were purified by anion-exchange chroma-
tography on a Mono Q column coupled to a fast protein liquid
chromatography system, and fractions were monitored for hex-
ose and metachromasia (Fig. 14). We observed a single peak of
sulfated polysaccharide, eluted from the column with ~1.3 M
NaCl, as indicated by the hexose assay (closed circles in Fig. 1A)
and metachromasia (open circles). Different from other species
of sea urchins (17, 31-33), no sialoglycan was detected in the
egg jelly of this sea urchin, as indicated by the negative Erlich
reaction (closed triangles in Fig. 1A).

The purified sulfated polysaccharide from G. crenularis
showed a single component on agarose gel electrophoresis (Fig.
1B), with a high molecular mass (Fig. 1C), as already observed
for the sulfated polysaccharides from the egg jelly of other spe-
cies of sea urchins (17, 31-33). Chemical analysis revealed the
occurrence of galactose and sulfate, exclusively. After derivat-
ization with butyl alcohol, the galactoside derivatives obtained
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FIGURE 1. Purification and electrophoretic mobility of the sulfated galac-
tan from the egg jelly of G. crenularis. A, total sulfated polysaccharide from
the egg jelly (20 mg) was applied to a Mono Q fast protein liquid chromatog-
raphy column (HR5/5) equilibrated with 20 mm Tris-HCI (pH 8.0). The column
was developed by a linear gradient of 0-3.0 m NaCl in the same solution.
Fractions were assayed by metachromasia using 1,9-dimethylmethylene
blue (O}, the Dubois reaction for hexose (@), and the Ehrlich assay for sialic
acid (A). The NaCl concentration was estimated by conductivity (-). Fractions
containing the sulfated galactan (indicated by the horizontal bar) were
pooled, dialyzed against distilled water, and lyophilized. B, total polysaccha-
rides from the egg jelly and the purified sulfated galactan (15 g of each)
were applied to a 0.5% agarose gel, and electrophoresis was carried out for
1 hat 110 Vin 0.05 m 1,3-diaminopropane:acetate (pH 9.0). Gels were fixed
with 0.1% N-cetyl-N,N,N-trimethylammonium bromide solution. After 12 h,
the gel was dried and stained with 0.1% toluidine blue in acetic acid/ethanol/
water (0.1:1:5, v/v). C, the purified sulfated galactan (10 j.g) were run on 6%
polyacrylamide gels in 0.2 m sodium barbital (pH 8.6) and stained with 0.1%
toluidine blue in 1% acetic acid. Molecular mass markers used were dextran
sulfate (5t-1, average molecular mass =500 kDa), chondroitin 6-sulfate (St-2,
average molecular mass ~60 kDa), chondroitin 4-sulfate (St-3, average
molecular mass ~40 kDa), and heparin (5t-4, average molecular mass ~10

kDa).

showed the same retention times and peak areas as p-galactose
standard, indicating that the galactose occurs in the G. crenu-
laris exclusively in the p-enantiomeric form.

Thus, the egg jelly of the sea urchin G. crenularis contains a
single fraction of sulfated p-galactan. It differs from the sulfated
polysaccharides found in other species of sea urchins that con-
tain fucose or galactose always in the L-configuration (17,
31-33).

The Sulfated Galactan from G. crenularis Has a Regular
Disaccharide Repeating Unit Composed of Alternating 2-Sul-
fated and Non-sulfated 3-Linked B-Galactopyranosyl Units—
For a detailed structural analysis of the sulfated galactan from
G. crenularis, we employed one- and two-dimensional NMR
spectroscopy of the native polysaccharide and of its desulfated
derivative (Figs. 2—4).
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FIGURE 2. One-dimensional 'H NMR spectra at 400 MHz of the native
sulfated B-galactan from G. crenularis (A) and its desulfated derivative
(B). About 5 mg of each polysaccharide were dissolved in 0.5 ml of D,0, and
the one-dimensional NMR spectra were recorded at 50 °C. The residual water
signal was suppressed by presaturation. 'H chemical shifts are relative to
external trimethylsilylpropionic acid at 0 ppm. The signals designated with A
and B correspond to the 2-sulfated and non-sulfated 3-p-galactopyranosyl
units, respectively, and numbers correspond to each hydrogen of the hexose
ring. Numbers in panel A below the spectrum indicate integrals of A1 and B1
signals. The peak marked by the asterisk corresponds to a contaminant.

The 'H one-dimensional spectrum (Fig. 24) and mainly the
13C,"H HSQC spectrum (Fig. 3A4) of the native sulfated galactan
showed equimolar proportions of two anomeric signals,
denominated as Al and B1. A1 exhibited a downfield shift of
~0.2 ppm, possibly because of sulfation (34). This conclusion
was reinforced by analysis of the **C,"H HSQC spectrum of the
native polysaccharide (Fig. 34) and the disappearance of signal
Al after the desulfation reaction (Figs. 2B and 3B). These obser-
vations suggest that the sulfated galactan from G. crenularis
contains equimolar proportions of non-sulfated and sulfated
galactoses.

Correlation peaks in the two-dimensional COSY (Figs. 4, A
and D) and TOCSY spectra (Figs. 4, B and E) allowed us to trace
the entire spin systems of A and B signals in the native sulfated
galactan and of B signal in the desulfated derivative. The COSY
spectrum of the native sulfated galactan showed two correla-
tion signals (A1-2 and B1-2) because of scalar-couplings
between 'H-anomeric proton and H2 for both residues (Fig.
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FIGURE 3. *C,"H HSQC spectra of the sulfated pB-galactan from
G. crenularis (A) and its desulfated derivative (B). Chemical shifts are
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anol for '*C. The spin systems were denoted as A and B for 2-sulfated and
non-sulfated p-galactopyranosyl units, respectively. Spectra were
recorded at 50 °C.
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4A). A single B1-2 correlation signal is observed in the spec-
trum of the desulfated derivative (Fig. 4D). After identification
of the cross-peaks in the COSY spectra, the TOCSY experi-
ments (Figs. 4, B and E) allowed up to assign unequivocally the
whole spin systems A and B and to obtain the "H chemical
shifts, as indicated in Table 1. Based on the 'H chemical shifts,
we assigned the peaks of correlation in the "*C,"H HSQC spec-
tra (Fig. 3) and obtained the values of ’C chemical shifts shown
in Table 1. Analysis of these '*C chemical shifts revealed that
the galactan contains 3-linked B-galactopyranosyl residues, as
indicated by the typical low-field shift of carbon (~10 ppm) in
sites of glycosylation (Table 1). This **C shift was also seen in
reference compounds (Table 1).

The spin systems A and B traced for the native sulfated galac-
tan differ mainly because of typical 'H low-field shift (~0.6
ppm) of H2 that indicates 2-sulfation (Table 1). The neighbors
H1 and H3 protons showed characteristic ~0.2-ppm low-field
shifts. The spin systems B traced for native sulfated galactan
and for its desulfated derivative show almost similar chemical
shifts for "H and "*C.

In summary, these results indicate that sulfated galactan
from G. crenularis has equimolar proportions of 2-sulfated and
non-sulfated B-galactopyranosyl units. It remains to clarify
whether these units alternate along the polysaccharide chain or
occur in a random distribution or even as clusters in the mole-
cule. This aspect was investigated using two-dimensional
NOESY spectrum of the native sulfated galactan (Fig. 4C). The
spectrum revealed intraresidue NOEs between 'H-anomeric
and H3 and H5, as typically found in -galactopyranose resi-
dues in their regular chair conformation (35). Protons H1, H3,
and H5 are on the same plane (equatorially or axially) and com-
monly show <5 A space contacts, which allows detection of
their NOE. But more significantly, the NOESY spectrum also
showed inter-residue NOEs between H1 and H3 of the adja-
cent residue (A1-B3 and B1-A3). These observations indi-
cated that the 2-sulfated and non-sulfated units intercalate
along the polysaccharide chain as a repeating disaccharide
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3.6 i it
A j C " get-8s D . { E Sl
c 3.8 P_M-B:'.? B1-B3 Bl -----fit- &9z
g: 0 ! A1-A5 i : ! .
=] A-[At-a3lg fyB1-A3 ! ! . 0
& ' ' ' \ |B14
£ 42 Ml : g =
w C .‘. 1 11 : ] -5 ] &
p— § g s i I .
5“4 2 | 3
9 ¥ o | - if: | B4
E 4.6 i i 1 [t ] w | J-s(}
3] ! : ; ) I I .
o | i L \ i ¢P ]
o 481 ! L ' | B1 H
o] & | & 4 ,
L 2 A * \ °
= ! I
5.2 | .
T T T T T T T T T T T T T e T T T T
5.0 44 50 48 46 4450 48 46 44 50 4.8 4.6 4.4

'H — chemical shift (ppm)

FIGURE 4. Strips of the anomeric regions (expansions from 4.4 to 5.1 ppm) from the COSY (4 and D), TOCSY (B and E), and NOESY (C) spectra of the
sulfated p-galactan (A-C) from G. crenularis and its desulfated derivative (D and E). About 5 mg of each polysaccharide were dissolved in 0.5 ml of D,0O,
and the two-dimensional NMR spectra were recorded at 50 °C at 400 MHz. Chemical shifts are relative to external trimethylsilylpropionic acid at 0 ppm for 'H.
The spin systems were denoted as A and B for 2-sulfated and non-sulfated -galactopyranosyl units, respectively. The peak at 4.85/3.85 ppm in the NOESY

spectrum (C) corresponds to a contaminant.

18794 JOURNAL OF BIOLOGICAL CHEMISTRY

RGN SN

VOLUME 284+ NUMBER 28+JULY 10, 2009

600Z '€ AInr uo g3dvD e Bio'ogl'mmm woly papeojumoq



ASBVB

-

The Journal of Biological Chemistry

TABLE 1

34

Sulfated -Galactan from Sea Urchin

"H and '3C chemical shifts (ppm) of the sulfated and desulfated B-b-galactan from G. crenularis and standard compounds

ND, not determined.

'H and '*C chemical shift”

Polysaccharide Structure H-1 H-2 H-3 H-4 H-5 H-6
C-1 C-2 c-3 C-4 C-5 C-6
ppﬂl
Sulfated B-p-galactan from G. cremudaris 3-B-p-Galp-2(S0; )-1 (unit A) 4.94 4.52 4.11 4.37 4.02 3.82
104.1 80.2 818 70.5 743 625
3-B-p-Galp-1 (unit B) 4,73 3.87 3.90 4.24 3.75 3.82
107.2 72.0 83.5 69.1 77.0 62.5
Desulfated B-p-galactan from G. crenularis 3-B-0-Galp-1 (unit B) 4.79 3.90 3.93 4.29 3.82 3.87
103.5 69.9 819 68.3 74.8 60.5
Desulfated B-p-galactan from Codium isthmocladum” 3-B-n-Galp-1 4.81 3.64 3,92 4.39 3.86 3.94-3.85
102.6 73.8 829 67.1 75.2 60.3
6-B-p-Galp-1 4.62 3.82 3.89 4.38 4.09 4.36-4.01
103.1 70.1 70.2 67.0 739 69.9
Sulfated B-p-galactan from Meretrix petechialis® 3-B-p-Galp-2(50; )-1 4.83 4.45 3.97 ND ND ND
Sulfated a-L-galactan from E. lucunter 3-a-1-Galp-2(50; )-1 5.47 4.66 4.23 4.33 4.35 3.82
97.2 76.2 75.9 725 69.5 63.8
Desulfated a-1-galactan from E. lucunter” 3-a-1-Galp-1 5.26 4,08 4.14 432 424 3.82
98.1 73.5 77.2 69.5 68.5 63.9

“ Chemical shifts are relative to external trimethylsilylpropionic acid at 0 ppm for 'H and methanol for "*C. Values in boldface indicate sulfate position and in italics indicate

glycosylated positions.
» Values are from Farias et al. (43).
¢ Data are from Amornrut et al. (38).
4 Values are from Alves et al. (17).

unit. Overall, NMR analysis indicated that the sulfated galac-
tan from the egg jelly of G. erenularis has the following dis-
accharide repeating units: (3-B-p-Galp-2(0SO,)-1—3--b-
Galp-1),, (Fig. 5A).

The Anomeric Configuration of the Glycosidic Linkage Is an
Important Structural Feature for Recognition of Sulfated Poly-
saccharides by Sea Urchin Sperm—Previously, we tested a vari-
ety of sulfated polysaccharides with well defined structures as
inducers of the acrosome reaction in sea urchin sperm. These
studies indicated that sulfated polysaccharides show species
specificity in inducing the sperm acrosome reaction, which is
regulated by the structure of the saccharide chain and its sulfa-
tion pattern (3, 31-33). However, the glycosidic linkages in all
these previously tested polysaccharides were in the a-anomeric
configuration. The sulfated B-p-galactan from G. crenularis
extends the possibility of determining the event at a further
molecular detail.

Investigation of the acrosome reaction using sperm from
G. crenularis was not feasible. There was no obvious difference
in morphology and phalloidin staining between sperm treated
with and without sulfated B-p-galactan or 10 puMm ionomycin.
Thus, the acrosome in this species is too small and difficult to
visualize using microscopic methods. Attempts to determine
the increase in intracellular Ca** using fura-2 loaded sperm
were also unsuccessful. As an alternative, we used a fertilization
inhibition assay. Preincubation of the G. crenularis sperm with
homologous sulfated -galactan blocks fertilization, possibly
because of a premature acrosome reaction (see Table 2). In
contrast, preincubation with the sulfated a-galactan from E. [u-
cunter, composed of (3-a-L-Galp-2(0S0,)-1-),, (Fig. 5B) (17),
did not affect the fertilization capacity of the G. crenularis
sperm. Clearly, these results indicate that the effect of sulfated
galactans on the sea urchin fertilization depends mostly on the
anomeric configuration of the glycosidic linkage rather than
charge density.

We further investigate the effect of sulfated galactans on sea
urchin fertilization using sperm from E. lucunter, which

JULY 10, 2009 -VOLUME 284-NUMBER 28

express in their egg jelly a sulfated a-galactan (Fig. 5B) (17).
Sperm from E. lucunter were equally sensitive to homologous
2-sulfated a-galactan and to heterologous 2-sulfated a-fucan
from . franciscanus (see structure in Fig. 5C) but not to the
2-sulfated pB-galactan from G. crenularis, even when the
polysaccharide was tested at high concentrations (Fig. 6A4). This
indicates that the receptor for egg jelly of E. lucunter sperm
does not differentiate between the CH,OH of L-galactose and
CH, of L-fucose at position 6. These two polysaccharides pres-
ent the same sulfation pattern and position of glycosylation but
differ in the sugar moieties. In a similar way sperm from S. fran-
ciscanus were sensitive to the homologous sulfated a-fucan and
to the heterologous E.[ucunter-sulfated a-galactan (6, 36).
Despite that, E. lucunter sperm markedly distinct between a-
and B-galactans.

Another plausible reason for the absence of effect of the sul-
fated B-galactan on E. lucunter sperm is its reduced charge den-
sity compared with the homologous polysaccharide (0.5 versus
1.0 sulfate/monosaccharide). We attempted to investigate this
aspect using chemically over-sulfated galactan. In the 2-sul-
fated, 3-linked a-galactan from E. lucunter, the 4- and 6-posi-
tons are the only ones capable of additional sulfation. Oversul-
fation of this polysaccharide did not change its responsiveness
to homologous sperm (Fig. 6B), indicating that increased sul-
fates do not increase or inhibit the biological activity. In con-
trast, over-sulfated 3-galactan from G. crenularisinduced acro-
some reaction in E. [ucunter sperm but at a significantly lower
potency compared with the homologous a-galactan. Thus, the
anomeric configuration of the glycosidic linkage is still a pref-
erential structural requirement for the effect of these over-sul-
fated galactans on the acrosome reaction.

Another point to consider is that the sulfated B-galactan
could increase intracellular Ca®>" of E. lucunter sperm but not
up to the proper high concentration required to induce the
complete acrosome reaction. In fact, a low molecular weight
sulfated a-fucan increases intracellular Ca®* and pH, which is
enough to induce exocytosis of the acrosome vesicle, but only at
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FIGURE 5. Structures of 2-sulfated polysaccharides obtained from the
egg jelly of different species of sea urchins. A, the sulfated g-p-galactan
from G. crenularis is composed of the following disaccharide repeating
unit: (3-B-p-Galp-2(50,)-(1—3)-B-b-Galp-1),. The polysaccharides from
E. lucunter (B) and S. franciscanus (C) are composed of a-L-galactopyrano-
syl or a-L-fucopyranosyl residues, respectively, both 2-sulfated and
3-linked.

TABLE 2

Fertilization block by pre-incubation of G. crenularis sperm with
homologous and heterologous sulfated galactans

G. crenularis sperm were preincubated with sulfated galactan for 10 min. Thereaf-
ter, such sperm were inseminated for 30 min with homologous eggs. The percent-
ages of fertilization (indicated by the presence of fertilization envelope) were then
scored under microscopy by counting ~200 eggs.

Fertilization envelope formed

Sulfated a-galactan
from E. lucunter

Sulfated f-galactan
from G. crenularis

0 4 mg/ml 0 4 mg/ml
% of total eggs
Experiment 1 98.7 93.0 98.5 3.3
Experiment 2 99.1 96.7 98.0 0.5
Experiment 3 98.2 98.1 98.3 0.5
Mean * 5.D. 987 £ 0.5 959 * 26 983*03 14+09

18796 JOURNAL OF BIOLOGICAL CHEMISTRY

35

>

=

:
§ % of acrosoms reaction
0 L L
M

< |
-
&

</
@\

% of acrosome reaction
e B8 & 8 8

FIGURE 6. Effects of native (A) or over-sulfated (B) 2-sulfated «-L-galac-
tan, a-L-fucan, and B-p-galactan from the egg jellies of E. lucunter,
S. franciscanus, and G. crenularis, respectively, as inducers of acrosome
reaction (A and B) and on increases intracellular Ca** (C) of E. lucunter
sperm. Sulfated polysaccharides or lyophilized egg jelly were dissolved in sea
water and incubated with sperm from E. lucunter, and the acrosome reaction
was detected using fluorescence phalloidin (see “Experimental Procedures”).
Negative control was done with artificial sea water. Approximately 100-150
sperm were scored per data point. The concentrations of polysaccharides
were normalized by hexose content. In panel B a fixed concentration of sul-
fated polysaccharides (100 pug/ml) was used in the assays. The results are
representative from two experiments and are shown as the average and S.D.
C, increases in intracellular Ca® *: each sulfated polysaccharide were added to
a fura-2 loaded E. lucunter sperm suspension (arrows) at a final concentration
of 100 pg/ml. Scale bars indicate the fluorescence intensity (Fl, y axis) and
100 s (x axis).

a slower kinetics, which is not able to induce the complete acro-
some reaction (8, 37). To test for a similar effect of the sulfated
B-galactan in E. lucunter sperm, we measured the increase in
intracellular Ca®>* using fura-2-loaded sperm after incubation
with egg jelly polysaccharides (Fig. 6C). Increase of intracellular
Ca®" was detected when E. lucunter sperm were incubated
with homologous polysaccharides but not with the sulfated
B-galactan from G. crenularis (Fig. 6C).
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TABLE 3

36

Sulfated -Galactan from Sea Urchin

3}y and ", (H2) in the NMR spectra of sulfated «- or B-galactans and &-fucans

ND, not determined.

3
Polysaccharide Structure S
H1-H2 H2-H3 H3-H4 H4-H5 H5-H6
Hz
Sulfated 3-p-galactan from G. crenularis 3-B-p-Galp-2(SO, )-1 (unit A) 7.4 7.9 2.7 ND ND
3-B-p-Galp-1 (unit B) 7.01 ND ND ND ND
Desulfated 3-p-galactan from G. crenularis 3-B-p-Galp-1 (unit B) 7.29 ND 2.83 ND ND
Sulfated B-p-galactan from M. petechialis 3-B-p-Galp-2(SO; )-1 7.6-7.8 7.8-8.2 <15 ND ND
Sulfated a-1-galactan from E. lucunter” 3-a-1-Galp-2(50, )-1 3.0 10.5 ND ND 4.5
Sulfated a-1-fucan from S. franciscanus” 3-a-1-Fuep-2(SO; )-1 31 9.5 ND ND 49
Sulfated a-1-fucan from Ludwigothurea grisea® 3-a-L-Fucp-2(50; )-1 3.5-4.0 =10.0 <3.0 <3.0 6.7-7.0
Yen
C1-H1 C2-H2 C3-H3 C4-H4 C5-H5 C6-Hé6
Hz
Sulfated B-p-galactan from G. crenularis 3-B-p-Galp-2(SOy, )-1 (unit A) 164.7 156.8 143.4 151.4 143.0 143.9
3-B-p-Galp-1 (unit B) 163.5 141.2 143.1 150.5 139.9 1439
Sulfated o-1-galactan from E. lucunter” 3-a-1-Galp-2(50, )-1 177.5 151.3 146.2 146.5 146.8 1433
Sulfated o-1-fucan from S. franciscanus” 3-a-1-Fucp-2(S0, )-1 177.2 148.7 144.6 140.9 147.1 125.3

“ Data are from Amornrut et al, (38).
" See also Pereira et al. (39).
¢ Data are from Mulloy et al. (44).

In conclusion, studies with the sulfated B-galactan from
G. crenularis extend the characterization of the induction of sea
urchin acrosome reaction to a further molecular detail. It indi-
cates that the echinoderm sperm are sensitive to polysacchar-
ides with the appropriate anomeric configuration.

The Scalar Coupling Constants *J,, ;,and '] ., Differ between
Sulfated B-Galactans and Sulfated o-Galactan or a-Fucan—
Conformational analysis is an important approach to extend
the characterization of the biological effect of the sea urchin
polysaccharides at molecular level. The differences in chemical
structure may in fact determine spacing between sulfate groups
required to match the interval between basic amino acid resi-
dues in the protein chain of the receptors.

This aspect was investigated by determining the scalar cou-
pling constant of the 2-sulfated polysaccharides isolated from
three species of sea urchins. The sulfated S-galactan from
G. crenularis showed well defined doublets of 'H-"H couplings
for the anomeric signals in the one-dimensional NMR spectra
(Figs. 2, A and B) (Table 3). This pattern of "H-'H coupling is
evidenced by multiplets in all cross-peaks showed in the COSY
spectrum (Fig. 44) and by the doublets in the other homo-
nuclear two-dimensional experiments (TOCSY and NOESY
spectra, Fig. 4, Band C). Interesting, a similar pattern of coupled
signals was also observed for another invertebrate sulfated
B-galactans (38) but poorly noted in sulfated a-galactans and in
a sulfated a-fucan (17, 39). These marked spin-spin couplings
of the sulfated 3-galactan from G. crenularis together with the
presence of inter-residue NOEs exclusively between protons
involved in the glycosidic bond, suggest a polysaccharide with
dynamic behavior and the absence of a single preponderant
conformation. This proposition is confirmed by the MD simu-
lations, as discussed below.

The scalar-coupling constants *J;, ,, and '/ ,, observed for
the sulfated B-galactan differ significantly compared with the
values for sulfated a-galactan and a-fucan, especially *J;,
(Table 3). Again, these different coupling-constant values
reflect distinct conformations for these polysaccharides. The
2-sulfated and non-sulfated units found in the sulfated 3-galac-

JULY 10, 2009 -VOLUME 284-NUMBER 28

tan from G. crenularis showed similar *J;; ,; and '/ 4, values,
with only discrete difference in the '/ ,; values (Table 3). It
means that 2-sulfation does not significantly alter the glycosidic
geometry of the B-galactopyranosyl residues.

MD of a- and -Galactans—Differences in the scalar cou-
pling constants between sulfated B-galactan and sulfated a-ga-
lactan or a-fucan suggest distinct conformations. To explore
such behavior at the atomic level, we employed conformational
calculations based on MD simulations, an important tool for
the structural and conformational characterization of carbohy-
drates (40).

Initially, the conformational preference of the disaccharides
a-1-Galp-(1—3)-a-1-Galp, a-L-Galp-2(SO,)-(1—3)-a-L-Galp-
2(S0,), B-p-Galp-(1—3)-B-p-Galp, B-p-Galp-2(S0,)-(1—3)-
B-p-Galp, and B-p-Galp-(1—3)-B-b-Galp-2(SO,) was analyzed
employing relaxed contour plots (Fig. 7). These maps indicate
that the non-sulfated galactans possess more flexible confor-
mational behavior than their sulfated counterparts (Fig. 7, A
versus B and C versus D and E), indicating that sulfate groups
increase the rigidity of the polysaccharide chain, as already sug-
gested (41). Additionally, the configuration of the glycosidic
linkage appears to play an important role on the flexibility of
sulfated galactans and fucans in aqueous solution, as the $3-p-
galactopyranosyl residues showed an increased flexibility when
compared with a-L-galactopyranosyl units (Fig. 7, A and B ver-
sus C-E), which did not differ from a-L-fucopyranose (41).

To refine the analysis obtained by relaxed contour plots data
upon the addition of solvent molecules, each galactan mini-
mum energy conformation was further submitted to a 0.1-us
MD simulation in aqueous solutions. The analysis of these sim-
ulations confirmed the observations that a-L-galactopyranosyl
units have a more rigid structure than B-p-galactopyranoses.
Thus, the a-L-galactopyranose disaccharides, as in the sulfated
a-galactan from E. lucunter, present unique prevalent confor-
mation in solution (glycosidic dihedral angles of /¥ = — 102°/
131°, Fig. 7B). In contrast, B-p-galactopyranosyl disacchar-
ides, as in the sulfated B-galactan from G. crenularis, present
at least two main solution conformations for each dihedral
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prevalent conformation in aqueous solutions, and a series of
conformational sub-states occur in equilibrium. Curiously,
the conformers experimented by the B-configuration do not

RGN SN

angle (Figs. 7, C—E), indicating four possible conformations
co-existing simultaneously in solution. As a consequence,
the glycosidic linkage around the sulfated 3-galactan has no
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match the preponderant conformer observed for the
a-forms.

MD simulations of the desulfated derivatives from the two
enantiomeric forms of the galactans (Figs. 7, A versus C) indi-
cated that a-galactopyranose still has less dynamic molecular
behavior compared with pB-galactopyranose. Although sulfate
groups may promote steric/electrostatic hindrances, which
restrict the glycosidic motions, the three-dimensional orders of
these sulfated galactans are clearly dominated by the configu-
ration of their glycosidic linkage.

Thus, the sulfated B-galactan from G. crenularis is a more
dynamic and flexible polysaccharide than the sulfated a-galac-
tan from E. lucunter or the sulfated a-fucan from S. francisca-
nus. But more significantly, the observation that only a-po-
lysaccharides induce the acrosome reaction in sperm from
E. lucunter and S. franciscanus can arise from the observation
that the preponderant conformer population observed by the
active sulfated a-polysaccharides is not observed among popu-
lations of the B-form despite its much more flexible structure in
aqueous solution.

Major Conclusions—We extended our studies to the sea
urchin G. crenularis, which inhabits high depth and low tem-
perature seawater (7). The egg jelly of this sea urchin contains a
sulfated B-galactan, which is constituted of the disaccharide
repeating structure 3-f-p-Galp-2(0S0O,)-1—3--p-Galp-1.
This is the first report of a sulfated B-galactan with a regular and
homogeneous disaccharide structure. The polymer is markedly
distinct from all other sea urchin-sulfated polysaccharides
described so far that are composed of units on a-L-configura-
tion. Furthermore, this sea urchin does not contain sialogly-
cans, commonly found in the echinoderm egg jelly.

Sulfated B-galactans have been reported in marine green
algae. In these organisms the polysaccharides have complex
structures composed preponderantly of 4-sulfated, 3-linked
B-p-galactopyranosyl units but with branching and mostly
highly pyruvylated at the non-reducing terminal residues,
forming cyclic ketals (42, 43). Red algae contain a linear sulfated
galactan made of alternating 3-linked [3-p-galactopyranosyl
and 4-linked a-galactopyranosyl residues, but considerable
structural variation in these sulfated galactans occurs among
different species, including complex sulfation pattern, substitu-
tion by methyl groups or pyruvic acid, formation of anydro
sugar, etc. (45).

We used this new sulfated 8-galactan to investigate the acro-
some reaction in a further molecular detail using homologous
and heterologous sperm. We tested three 2-sulfated polysac-
charides differing in their conformation (a or 8) and monosac-
charide composition (galactose or fucose) as inducers of the
sperm acrosome reaction. We aimed to establish the structure
versus biological activity of the echinoderm polysaccharides,
including structural features at a conformational level. The
sperm from G. crenularis react to the homologous sulfated
B-galactan but not to the sulfated a-galactan from E. lucunter.
The species specificity was confirmed as E. lucunter sperm
react to the homologous sulfated a-galactan and also to a 2-sul-
fated a-fucan but not to the sulfated B-galactan from G. crenu-
laris. In a similar way, sperm from S. franciscanus react equally
to 2-sulfated a-fucan and a-galactan (6).
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MD and NMR data of ], ,; and '/ ;, strongly indicated that
a- and B-isomers of sulfated galactan and fucan exhibit distinct
conformational preferences. In particular, the preponderant
conformer population experimented by the active sulfated
a-galactan or a-fucan (®/¥ = — 102°/131°) is not observed
among populations of the B-form, despite its much more flex-
ible structure in solution. Thus, the anomeric configuration of
the glycosidic linkage rather than monosaccharide composition
(galactose or fucose) is the main structural requirement to
induce the acrosome reaction in G. crenularis, E. lucunter, and
possibly in S. franciscanus sperm. Our hypothesis is that sul-
fated B-galactan from G. crenularis, besides being a more flex-
ible structure compared with the a-polysaccharides, cannot
assume the precise conformation necessary for recognition by
the E. lucunter and S. franciscanus sperm. In an opposite way,
the conformers found in sulfated a-galactan are not recognized
by G. crenularis sperm. In conclusion, our results extend the
observation about the structural stringency of the sea urchin
polysaccharides as inducers of the sperm acrosome reaction to
a conformational level.
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4.3 Trabalho Il

Considerando os trabalhos anteriores fo grupo, no estudo da conformacao de
glicosaminoglicanos e polissacarideos sulfatados, o presente trabalho tem por
objetivo avaliar o emprego desta metodologia, baseada no campo de forca
GROMOS96 43a1 adicionado por cargas atdmicas de Léwdin na base HF/6-31G**,
em reproduzir o perfil conformacional de carboidratos ligados a proteinas
previamente estudadas por RMN e descrever a influéncia da parte sacaridica sobre
a parte protéica de glicoproteinas, validando, assim, o emprego desta metodologia
no estudo destas macromoléculas biolégicas.

Os resultados obtidos indicam que a metodologia empregada é capaz de
reproduzir diferentes aspectos conformacionais de glicoproteinas de acordo com
dados experimentais prévios: (1) a conformacdo de N- e O-ligacdes glicosidicas,
formadas entre aminoacidos e monossacarideos; (2) a conformagcdo da parte
sacaridica de glicoproteinas, de maneira que mais de 95% das geometrias
determinadas por RMN para as ligacbes glicosidicas que compbe tais
oligossacarideos mostraram-se de acordo com os dados de DM; (3) os efeitos da
glicosilacao sobre a estrutura e conformacao da parte protéica de glicoproteinas,
conferindo estabilidade conformacional e influenciando propriedades relacionadas a
funcdo dessas moléculas. Tais resultados confirmam a capacidade das simulacées
de DM, utilizando parametros do campo de forca GROMOS96 e cargas atdmicas de
Léwdin na base HF/6-31G**, em descrever a conformagdo de glicoproteinas,
contribuindo assim na ampliacao do numero de protocolos disponiveis para o estudo
de carboidratos biolégicos e no volume de trabalhos abordando estas biomoléculas

através de técnicas de modelagem molecular.

GROMOS96 43a1 performance on the characterization of
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Considering the small number of papers assessing the conformational profile of glycoproteins through
molecular dynamics (MD) simulations, the current work reports on a systematic analysis of the perfor-
mance of the GROMOS96 43a1 force field and Lowdin HF/6-31G-*-derived atomic charges in the confor-
mational description of glycoproteins. The results substantiate the accuracy of the computational
representation of glycoprotein conformational ensembles in aqueous solution based on their agreement
to available experimental information, supporting further contributions of computational techniques,
mainly MD, in future studies on the characterization of glycoprotein structure and function.

@© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Glycoproteins and glycopeptides are known to play important
roles in many biological events, such as cell adhesion, cell-cell com-
munication, immune response, intracellular targeting, and protease
resistance."* These glycans can be located at various positions of
the protein surface, depending on specific consensus sequences,
and are linked only through specific amino acid residues. The link-
ages most frequently found in nature are the N-glycosidic linkages,
involving mainly asparagine (Asn) and N-acetyl-b-glucosamine
(GlcNACc) residues, and the O-glycosidic linkages, mostly including
serine (Ser) or threonine (Thr) and, for instance, o-galactose (Gal),
N-acetyl-p-galactosamine (GalAc), -fucose (Fuc), or p-mannose
(Man) residues. Structurally, these carbohydrate moieties impact
several physicochemical properties of proteins, including hydration
and polarity, frequently participating in its folding and conforma-
tional stabilization.!”

The comprehension of the three-dimensional structure and the
dynamical properties of both protein and carbohydrate moieties of
glycoproteins is a requirement for a better understanding of the
molecular basis of their interaction with each other, with the sur-
rounding environment, and with their molecular targets. In this
context, several experimental methods have been applied to study
glycosylated proteins and glycans, such as X-ray crystallography
and NMR spectroscopy. Concerning the former technique, the con-

* Corresponding author. Tel.: +55 51 3308 7770; fax: +55 51 3308 7309.
E-mail address: hverli@cbiot.ufrgs.br (H. Verli).

0008-6215/% - see front matter @ 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carres.2008,12,025

formational flexibility of the glycan at the protein surface usually
prevents such molecules from being crystallized,** but when crys-
tals are available, the electron density is affected by the high ther-
mal motion of the glycan moiety, compromising the accuracy of
the geometry beyond the rigid core region of N-glycans.> NMR
methods provide the solution ensemble of conformations in a set
of average three-dimensional models, but an unambiguous deter-
mination of the complete conformational space of glycoproteins
is hampered because only from one to three contacts across a given
glycosidic linkage are usually detected.®

Considering the difficulties associated with the experimental
determination of glycoproteins structure and conformation, MD
simulations have been used to clarify the dynamic aspects of mac-
romolecules. In particular, such simulations support the study of
these molecules mimicking their natural environment and de-
scribe their conformational properties with a reasonable level of
accuracy. On the other hand, only a small number of studies have
assessed the profile of glycoproteins and glycopeptides through
MD simulations, employing different set of parameters for their
glycan parts, such as AMBER, CHARMm, and CVFF.”~? In compari-
son to such parameters, our group has been working on MD con-
formational representation of carbohydrates, polysaccharides,
and glycosaminoglycans'®'? based on the GROMOS96 43a1 force
field,'* enhanced by Lowdin HF/6-31G-derived atomic
charges.'®'? This approach supports the adequate description of
such molecules in aqueous solutions.

Therefore, the current work intends to evaluate the capability of
the GROMOS96 43a1 force field and Léowdin HF/6-31G-derived
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atomic charges, and to represent adequately the conformational
ensemble of glycoproteins through MD simulations in aqueous
solutions. The results of these simulations were compared to
experimental data detailing the geometry of the glycosidic linkages
between two monosaccharides and between a monosaccharide
and an amino acid. Additionally, the effects of glycosylation upon
the protein moiety of the glycoproteins were also assessed. Based
on the data, the employed methodology may be expected to
further contribute to structural and functional studies of glycocon-
jugates through reliable and accessible methodology.

2. Experimental
2.1. Computational methods

2.1.1. Nomenclature and software

The nomenclature recommendations and symbols as proposed
by IUPAC'® were used. The relative orientation of a pair of contig-
uous carbohydrate residues is described, for different types of link-
ages, by two or three torsional angles at the glycosidic linkage. For
a (1-X) linkage, where ‘X' is ‘2, ‘3", '4’ or ‘6’ for the (1-2), (1-3),
(1—4) or (1-6) linkages, respectively, the ¢ and i/ are defined as
shown below:

¢ = 05—-C1-0X—-CX (1)
Y = C1-0X-CX-C(X-1) (2)

For a (1—6) linkage, the o is defined as shown below:

« = 06—-C6—-C5—-C4 (3)

The manipulation of structures was performed with MOLDEN'® and
VMD,"” the secondary structure content analyses were performed
with PROCHECK,'® and all the MD calculations and remaining anal-
yses were performed using GROMACS simulation suite'? and GRO-
MOS96 force field,'* with all saccharide topologies generated with
PRODRG.?®

2.1.2. Topology construction

The oligosaccharide fragments present in the glycoproteins un-
der the PDB codes 1CDR,?' 1CDS,*' 1GYA**> 1HD4,** and 1FF7%4
(Fig. 1) were described in GROMOS96 43a1 force field through
PRODRG server-derived topologies,>® which were further refined
by atomic charges, as described previously.'®'? Briefly, each mono-
saccharide was submitted to HF/6-31G-- energy minimization,
followed by Hessian matrix analyses to characterize them unequiv-
ocally as true minima at the potential energy surface. The residues
were divided in charge groups, while improper dihedrals were in-
cluded as necessary to preserve the hexopyranose conformation
of each monosaccharide in accordance with its expected form in
aqueous solution: *C, for p-GlcNAc, 1C4 for 1-Fuc, 4C, for p-Man,
and “C, for p-Gal. Additionally, proper dihedrals, as described in
GROMOS96 43a1 force field for glucose, were also included in the
PRODRG obtained topologies in order to support stable simulations.
Concerning the N- and O-linkages between the carbohydrate and
amino acid residues, the atomic charges were calculated for the
Asn-carbohydrate (GlcNAc C; =0.110, Asn N;= —0.265, and Asn
Hws = 0.155) or Ser-carbohydrate (Fuc C, = 0.150, Ser O, = —0.320,

A) EGF-like domain of human fVIl (PDB ID 1FFT7)

a-Fuc-(1—0)-Ser60

B) Human complement regulatory protein CD59 (PDBE ID 1CDR)

B-GlcNAc-(1—4)-5-GlcNAc-(1—N)-Asn18
6

1
a-Fuc

C) Adhesion domain of human CD2 (PDB ID 1GYA)

a-Man
1

3
a-Man-(1-2)-a-Man-(1-6)-a-Man
1

v

6

B-Man-(1—4)-f-GIcNAc-(1—4)-3-GlcNAc-(1—N)-Asn65
3

1
a-Man-(1—-2)-a-Man

D) Human chorionic gonadotropin (PDB ID 1HD4)

B-Gal-(1—4)-B-GlcNAc-(1—2)-a-Man
1

-

3

B-Man-(1—4)-B-GlcNAc-(1—4)-3-GlcNAc-(1—N)-Asn78
6

-

1
B-Gal-(1—4)--GlcNAc-(1—-2)-a-Man

Figure 1. Schematics of the studied glycans and the corresponding glycosylated amino acids in the studied proteins.
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and Ser C=0.170) connection charge groups. Such an approach,
based on parameters derived from minimum energy conforma-
tions, has been successfully applied in previous work in carbohy-
drate modeling,'0-132526

2.1.3. MD simulations

The structures of glycoproteins, as obtained from NMR data,
were retrieved from the PDB, including the human complement
regulatory protein CD59 (CD59), in its non-glycosylated (PDB ID
1CDQ) and glycosylated (PDB codes 1CDR and 1CDS) forms,?! the
o-subunit of the human chorionic gonadotropin (2-hCG), in
both non-glycosylated (PDB ID 1DZ7)*7 and glycosylated (PDB ID
1HD4) structures,”® the first epidermal growth factor-like (EGF-
like) domain of the human blood coagulation fVII in its non-glycos-
ylated (PDB ID 1F7E) and glycosylated (PDB ID 1FF7) forms,** and
the adhesion domain of human CD2 (hsCD2,gs5) in its glycosylated
(PDB ID 1GYA)*? and non-glycosylated (PDB ID 1CDB)?® forms, in a
total of five glycosylated (Fig. 1) and four non-glycosylated pro-
teins. These structures were solvated in a rectangular box using
periodic boundary conditions and SPC water model.”? Amino acids
ionization was automatically adjusted to the plasma pH, with his-
tidines being non-ionized and at the N.—H tautomeric form. Coun-
terions (Na* and CI-) were added to neutralize the systems,
whenever needed. The employed MD protocol was based on previ-
ous studies, as described.'®'? The Lincs method®*® was applied to
constrain covalent bond lengths, allowing an integration step of
2 fs after an initial energy minimization using Steepest Descent
algorithm. Electrostatic interactions were calculated with Particle
Mesh Ewald method.?’ Temperature and pressure were kept con-
stant by coupling glycoproteins, ions, and solvent to external tem-
perature and pressure baths with coupling constants of t = 0.1 and
0.5 ps,*? respectively. The dielectric constant was treated as £ =1,
and the reference temperature was adjusted to 310 K. The systems
were slowly heated from 50 to 310K, in steps of 5 ps, each one
increasing the reference temperature by 50 K. Each simulation
was extended to 50 ns, without any restraint, while a reference va-
lue of 3.5 A between heavy atoms was considered for a hydrogen
bond and a cutoff angle of 30° was used between hydrogen-do-
nor-acceptor.'? As the NMR selected structures include several
models in the same PDB file, a total of eight glycoproteins (one
model for 1CDS and 1FF7, and two models for 1CDR, 1GYA, and
1HD4), plus four non-glycosylated counter-parts were simulated
to achieve a broader conformational description through MD. De-
tails of the simulated models are included in Table 1. Additional
simulations of the non-glycosylated proteins were performed with
OPLS-AA force field in order to check the pattern of secondary
structure as observed in GROMOS96 MD.

3. Results and discussion
3.1. Simulation systems

The analysis of GROMOS96 43a1 force field performance on gly-
coproteins conformational description was based on the MD simu-
lation of four different proteins: (1) the EGF-like domain of human
fVIl; (2) the human complement regulatory protein CD59; (3) the
adhesion domain of human CD2; and (4) the a-subunit of the hu-
man chorionic gonadotrophin. These proteins were simulated in
both glycosylated and non-glycosylated forms, taking their NMR-
derived model as the starting geometry. Among these molecules,
three have N-linked glycans and one has an O-linked glycan. These
systems were analyzed taking the NMR-obtained ensemble from
each macromolecule as reference, to supply the information of
GROMOS96 43a1l force field performance on the description of gly-
can-protein linkage of different glycosidic linkages composing the

glycan structures, and the influence of glycosylation on the protein
moiety of each molecule.

Actually, conformational data derived from single crystals of
glycoconjugates should be considered carefully since the crystal
environment may supply distorted hexopyranose rings and/or be
submitted to packing effects, which are also known to occur for
other classes of molecules, such as DNA®? and proteins.*** In con-
trast, although NMR techniques are not considered to provide an
unambiguous determination of the complete conformational space
of glycans,? it does provide solution conformations for the studied
glycans which, in a set of average three-dimensional structures,
could provide a realistic sample of glycans-composing disaccharide
conformations and, consequently, a better reference for the exper-
imental support of MD in solutions.

3.2. N- and O-glycosidic linkage geometry

One of the main features determining the orientation of carbo-
hydrates attached to proteins lies in its linkage to specific amino
acid residues, such as asparagine and serine/threonine. The N-gly-
cosidic linkages have been extensively studied by both NMR and X-
ray methods, while a lower amount of experimental data is avail-
able for the O-glycosidic linkages, probably due to the increased
flexibility and versatility of these linkages, involving distinct amino
acid and monosaccharide residues. Therefore, the performed simu-
lations of glycoproteins were initially analyzed by considering the
connection between carbohydrates and proteins, using a set of
experimental data as reference, as shown in Table 1 for average
geometries and in Figure 2 for the respective conformational
behavior of each linkage.

As can be observed, previous analysis of X-ray data indicates
that the ¢n.c. dihedral angle presents higher flexibility compared
to the yy.¢, dihedral angle, with most X-ray structures presenting
the ¢n.c. with a 80° amplitude (between —140° and —60°) and ).
cL with a 40° amplitude (between 160° and —160°).%% Additional
data, based on ~500 crystal structures obtained from the PDB, indi-
cate a lower flexibility, in which the GlcNAc-(1—N)-Asn linkage
exhibits an average ¢n.c. geometry at ~—100° and iy at
~180°.*” One of the most recent papers upon such linkages, com-
bining X-ray crystallography and both HF and B3LYP with the 6-
31+G* basis set, on models and analogs of GlcNAc-(1—N)-Asn,*®
also observed similar geometries for such dihedral angles. This
large amplitude of the ¢y, also suggests the occurrence of multi-
ple conformer populations co-existing in solution and being sus-
tained depending on the crystallographic environment, as indeed
observed in MD (Fig. 2A).

Hence, all glycoproteins presented equivalent conformational
patterns around the GlcNAc-(1—N)-Asn linkage during the per-
formed simulations, in a behavior apparently independent on the
surrounding protein scaffold (Fig. 2A and Supplementary data).
The curve representing such conformational patterns include
about 81% of the NMR experimental geometries of ¢y.cp, as well
as 99% in iy (in a total of 226 geometries for each dihedral an-
gle),?'-2339-92 indicating a good reliability of the simulations to
predict the dynamics of N-linked glycans.

The geometry of O-glycosidic linkages was also evaluated and
compared to three NMR studies, containing a fucose residue linked
to two amino acid residues, Ser®* or Thr,** as well as an additional
structure presenting a 3-O-methyl-mannose residue linked to
Thr.* It may be observed that the ¢o.c; and o, dihedral angles
of these linkages adopt similar geometries regardless of whether
Ser and Thr is the involved amino acid residue (Table 1). Different
from N-glycosidic linkages, no major flexibility differences could
be observed when comparing ¢p.c. and 1fg.c. dihedral angles. In
addition, the ¢g.¢. presented two major MD conformations, which
are both found in NMR data, around —70° (in 1URK and 1FF7 PDB
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Table 1
Comparison of the dihedral angles around N- and O-glycosidic linkages, including X-ray, NMR, and MD simulations data

N-glycosidic linkage

O-glycosidic linkage

o} NH, CH; OH
CH,0H “ =
05 : 05
Cy OH CB
N gt R CH % g
il C1—Nbs Cp * oH,C1—Of Ca 0
0 cz’ 0 54 H
2 v o c2 & Ser
NHAG OH bz
leNAe . Y Fuc — O oy
CleNAC gL =05-CI-Ng-Cy A" d0.GL = 05-C1-07-Cp
YygL™= Cl -T\’Fx-(‘y-(.‘[i YergL = C1-0y-C ﬁ-(,(l
Glycosidic linkage Structures Dihedral angle (°)
PN-GL YincL Po-GL YocL
GIcNAc-(1—N)-Asn X-ray® —60 to =140 160 to =160 - -
X-ray” 99421 177 £12 - -
NMR® -91 £ 45 1807 - —
NMR—1CDRY —-77+45 1800 - -
MD—1CDR® -121+£29 -179+14 - -
MD—1CDRY —-126+28 179113 - —
NMR—1CDS? -63+44 180£0 - -
MD-—1CDS*" -119 £ 30 -177 14 — —
NMR—1GYA? -99+15 179+2 - -
MD—1GYA™ —-121+28 17813 - -
MD—1GYA" -116£29 -174 14 - —
NMR—1HD4¢ —86 £ 50 1776 - —
MD—1HD4" -120 + 30 -174+ 14 - -
MD—1HD4" -116 £ 30 -178+12 - —
Fuc-(1—0)-Ser NMR—1FF7¢ — - -67+10 178+ 10
MD—1FF7" - - -110+£29 178 £22
Fuc-(1-+0)-Thr NMR—1URK? - - —104 30 -154£76
3-0-methyl-Man-(1—-0)-Thr NMR—2HGO! - - J2+3 120+ 22

" Values presented as averages + standard deviation values, obtained from all trajectory points, that is, no distinction of conformer populations was made to support a direct

comparison to experimental data.
° 50 ns MD averages.

* Data from Ref. 36.
b

Data from Ref. 37, wherein the geometry from most populous conformer is present.

© Average dihedral angle values from all models included in PDB codes: 1CDR,*' 1CDS," 1GYA” 1HD4,** 1BZB,* 1BYV,* 2FN2,"0 1E88,"" 1E9),** 2JXA,* and 2JX9.%
d Average dihedral angle values from all models included in PDB codes 1CDR and 1CDS (10), 1URK (15), 1GYA (18), 1FF7 and 2HGO (20) and 1HD4 (26).

® Using the model 1 from PDB file 1CDR as a starting structure.
" Using the model 8 from PDB file 1CDR as a starting structure.
# Using the model 1 from PDB file 1CDS as a starting structure.
" Using the model 1 from PDB file 1GYA as a starting structure.
! Using the model 12 from PDB file 1GYA as a starting structure.
J Using the model 1 from PDB file 1HD4 as a starting structure.
¥ Using the model 11 from PDB file 1HD4 as a starting structure.

! Using the model 1 from PDB file 1FF7 as a starting structure, Values of 111 + 28° were also populated in the simulation.

files) or around 70° (in 2HGO PDB file). Such a pattern is also in
good agreement with the distribution of the dihedral angles
around the Fuc-(1—0)-Ser linkage of the EGF-like domain, where
two main peaks are indeed observed around the ¢ angle
(Fig. 2B). Again, good reliability is observed for O-linked glycopro-
teins, with 97% of the experimental geometries within the distribu-
tion curve for ¢g.g. and 69% for Yo, (in a total of 45 geometries
for each dihedral angle) 244344

3.3. Dynamics of glycosidic linkages that compose the glycan
part of glycoproteins

Similar to the conformational behavior observed for the linkage
between monosaccharides and amino acids, a given disaccharide
showed mostly equivalent conformational profiles, with a minor
influence of the protein scaffold on glycan conformational prefer-
ence (Fig. 3 and Supplementary data). As observed, most of the
experimental conformations, defined by NMR data, are within
the distribution curves obtained from the MD simulations, indicat-

ing an adequate reproduction of the glycan conformational ensem-
ble. In addition, considering that NMR methods provide average
three-dimensional models, giving rise to ensemble-average prop-
erties instead of single solution conformations,” it is feasible to ob-
serve NMR geometries between main conformational states/peaks.
Such characteristics also correlate to the observation of some
geometries not included in the main regions of MD distribution
curves, as it may not represent distinct conformers but may repre-
sent average ones.

Although the correct reproduction of the oligosaccharide geom-
etry is important, the flexibility associated with disaccharides ex-
posed to different environments must also be taken into account.
In this context, it is proposed that the number of possible confor-
mations for the dihedral angles of a given disaccharide, when com-
prising a glycan moiety of a glycoprotein, is considerably reduced
at its core compared to the distal ends.® This appears to be caused
by the conformational restriction promoted by the surrounding
carbohydrate residues, although its geometry is similar to the
one present in the free carbohydrate.? In accordance with such a
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(A) N-glycosidic linkage ?
#
&
? 2
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& W ] = * , N
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(B) O-glycosidic linkage ﬂ
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Angle (degrees)

Figure 2. Distribution of the ¢ (black) and ¥ (gray) dihedral angles associated with
N- and O-glycosidic linkages in 50 ns MD simulations of the studied glycoproteins.
Experimental geometries, as obtained from NMR data, are indicated by asterisks (*).

model, we were able to observe differences in the conformational

behavior of the same disaccharide, B-GlcNAc-(1—4)-GlcNAc, in

(A) GlcNAc-(B1—4)-GleNAc

LAA

-200 -100
Angle (degrees)

(C) GleNAc-(f1—2)-Man

— 1 1 . ] . A
-300 -200 -100 0 100 200 300

Angle (degrees)
(E) Man-(a.1—3)-Man

J\..,z\

-200 -100
Angle {degrees)

(G) Fuc-(a.1—6)-GlecNAc

A NA

2200 =
Angle (degrees)

different molecular contexts (Figs. 1 and 4). In linear chains, with
little or no steric hindrance, as seen in CD59 (PDB code 1CDR,
Fig. 4A), a more flexible pattern is observed. In contrast, when
such disaccharide is the core of a more complex glycan, as seen
hsCD2,05 and «-hCG (PDB codes 1GYA and 1HD4, respectively,
Fig. 4B), additional rigidity occurs, although the main peaks are
highly similar, that is, a related set of the main conformational
states. Such profiles seem to be influenced by the solvent accessi-
bility around the disaccharides, as a higher solvent accessible
surface (SAS) is observed in more flexible glycosidic linkages (Sup-
plementary data). A similar influence of solvent exposure is ob-
served for ®-Man-(1—3)-Man depending on its localization at
the glycan structure, that is, a given disaccharide will have higher
flexibility when more exposed to solvent (Supplementary data). On
the other hand, the presence of a linked carbohydrate residue
alone does not necessarily influence the surrounding residues
accessibility to the solvent. For example, the conformational pat-
tern of the B-GlcNAc-(1—4)-GlcNAc linkage in the two CD59 PDB
structures (1CDR and 1CDS) appears to not be influenced by a fu-
cose six-linked to the GlcNAc residue (Supplementary data). This is
probably due to the high flexibility of the (1—6)-linkage, which
has less steric hindrance with the remaining glycan residues and,
consequently, less influence on the solvation of the surrounding
glycan.

(B) Man-(p1—4)-GlcNAc

A A

-'rm -100
Angle (degrees)

(D) Man-(c.1—2)-Man

AV A

-900 -100
Angle {degrees)

(F) Gal-(B1—4)-GlcNAc

" L E 3
-300 -200 -100 0 100 200 300
Angle (degrees)

(H) Man-(a.1—6)-Man

¥

-300 -200 -100 0 100 200 300
Angle (degrees)

Figure 3. Distribution of the ¢ (black), 4 (red) and  (blue) dihedral angles associated with specific disaccharides that compose the carbohydrate moieties of the studied
glycoproteins in 50 ns MD simulations. Each curve is representative for the conformational behavior of a given disaccharide through the simulated glycoproteins (see
Supplementary data). Asterisks () in the distribution curves indicate the experimental geometries, as obtained from NMR data, in a total of 836 values.
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(A) GIcNAc-(B1—4)-GIcNAc, CD59

. o, P I :_.J‘I/ -
(B) GlcNAc-(B1—4)-GlcNAc, a-hCG and hsCD2,5

f \
f \

L L i L i 1 L 1 " L -"rj. i I\ L
=240 -180 -120 -60 0 60 120 180
Angle (degrees)

Figure 4. Distribution of the ¢ (black) and 1 (gray) dihedral angles associated with
the p-GlcNAc-(1-4)-GlcNAc disaccharide behavior during 50 ns MD on different
glycoproteins: (A) Attached to CD59 (PDB ID 1CDR and 1CDS); (B) Attached to both
hsCD2,y5 (PDB ID 1GYA) and «-hCG (PDB ID 1HD4).

Among the studies upon the conformational preferences of spe-
cific glycosidic linkages, special attention should be given to the
description of the w angle preferred orientations.*® This bond is
reported to adopt three main conformational states, around 180°,
60° and —60°, which is in good agreement with the conformational
behavior observed from MD simulations. In contrast, it can be ob-
served that NMR-measured dihedrals with regard to the w angle of
both @-Fuc-(1-6)-GlcNAc and o-Man-(1-6)-Man disaccharides
adopt distinct geometries with large amplitudes (Fig. 3). These
may indeed represent average values from two or three conforma-
tional states, which are observed to occur in solution for such
disaccharides through MD.

3.4. Effect of glycosylation upon the protein moiety of
glycoproteins

Although the biological functions of glycosylation are still not
completely understood,®*® it is known that the glycan moieties
of glycoproteins are fundamental to many biological processes,
and are also involved in protein folding andjor stabilization.'? In
previous studies, MD simulations were employed to explore the
role of glycosylation on peptides and proteins, such as the C-termi-
nal region of the human prion glycoprotein,*” the MUC1 peptide,*®
and a glycopeptide derived from a hemaglutinin protein frag-
ment,*® employing the AMBER force field,” and the MHC class |
glycoprotein,®® which used CVFE.? In this context, to evaluate
simultaneously the glycan conformational description in MD, we
have also performed an analysis of the influence of glycosylation
on the dynamics and conformation of the protein moiety (Figs. 5
and 6), and these results will be discussed below. Additionally,
the non-glycosylated molecules were also simulated with the
OPLS-AA force field, with a secondary structure pattern equivalent
to that observed with GROMOS96 (Supplementary data), which
support the reliability of the obtained results.

3.4.1. EGF-like
According to experimental studies,?* fucosylation does not sig-
nificantly affect the structure of the EGF-like motif. In agreement

with such an observation, no major differences in the secondary
structure pattern between non-fucosylated and fucosylated pro-
teins could be observed in MD simulations, as for RMSD (Fig. 5E)
and radius of gyration (Fig. 51). A high RMSD value for both forms
of the EGF-like motif was observed, which appears to be due to the
high loop content of this 46 amino acids protein, mainly its C- and
N-terminal regions. On the other hand, a difference in flexibility
between glycosylated and non-glycosylated proteins is observed
around residues 56-59 (Fig. 6A and B), suggesting that the recogni-
tion of EGF-like domains by the O-fucosyltransferase may be asso-
ciated with an entropic driven process, as this region lies within a
putative consensus sequence for fucosylation in several EGF-like
domains.?

3.4.2. CD59

The soluble form of CD59 had been studied by NMR methods,
revealing a monomeric protein of 77 residues in a non-glycosylated
form or with a disaccharide or trisaccharide N-glycan attached to
Asn18.2' Such data indicated that the global conformation of the
protein backbone is essentially unchanged upon inclusion of oligo-
saccharides in the structure calculations. In accordance to these
observations, MD simulations of non-glycosylated and glycosylated
forms of CD59 showed no major differences between both forms of
the protein for RMSD (Fig. 5F) and radius of gyration (Fig. 5]). Addi-
tionally, the NMR data pointed to small changes in the mean dihe-
drals and angular parameters of the protein component upon
inclusion of carbohydrate groups, mainly around the side chain of
Asn18.2! Accordingly, the RMSF analyses of the simulated proteins
support a decreased flexibility in the region of the N-glycan attach-
ment, around Asn18 (Fig. 6C and D).

3.4.3. hSCD2|n5

Regarding hsCD2,45, no major differences could be observed be-
tween non-glycosylated and glycosylated proteins based on RMSD
and radius of gyration (Fig. 5G and K). However, an increased
RMSD occurs in both forms of the protein, probably due to high
loop content (mainly C- and N-terminal regions, Fig. 5C and G)
and to the formation of several p-strands during MD simulations,
known to exist in solution.???®' However, according to PRO-
CHECK analysis, they are present in lower amounts in the NMR
structures of both glycosylated and non-glycosylated forms
(Fig. 5N).

Additionally, the NMR data suggest that the N-linked glycan at
Asn65 is required for adhesion functions, because it stabilizes pro-
tein folding by counterbalancing an unfavorable clustering of five
positive charges centered around Lys61.>? Such an effect appears
to be observed in MD simulations, because the region around these
residues presents decreased flexibility upon glycosylation, as well
as around regions comprising residues 22-32, 49-53, 61-67, and
the N-terminal (Fig. 6E and F) domain.

Regarding CD2 function, transmembrane variants with muta-
tions in the consensus N-glycosylation sequence Asn65-Gly66-
Thr67,°>°* which prohibit the attachment of the high-mannose
N-glycan at Asn65, could be normally expressed on cell surfaces.
However, they have shown neither antibody- nor ligand-binding
activity, suggesting that the N-linked glycan on hsCD2,q5 plays
an important role in the function of this protein. In addition, the
NMR studies suggested that protein-carbohydrate interactions
may be involved in mediating the CD2 interaction with CD58
which should involve, mainly, the amino acids 32-34, 43-51 and
86-91 of hsCD2;05.°*** Accordingly, the residues around these
regions concentrate the main differences in protein flexibility upon
glycosylation (Fig. 6E and F), while participating in a series of f-
sheets folded in MD apparently promoted by the glycan presence
(Fig. 5N), suggesting a possible role of p-strand structures on
CD2-CD58 binding.
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Figure 5. Comparative analysis between the studied glycoproteins and their non-glycosylated counterparts. The superimposed NMR models and the final MD conformation
of EGF-like (A), CD59 (B), hsCD2,45 (C) and «-hCG (D) are presented together with root mean square deviation (RMSD) (E, F, G and H, respectively), in relation to the starting
NMR model, for its respective non-glycosylated (black) and glycosylated (red) forms considering all atoms and the radius of gyration (1, ], K and L, respectively). The RMSD
profile associated only with the atoms included in secondary structure elements of each molecule are shown for the non-glycosylated (green) and glycosylated (blue) forms. A
comparative PROCHECK analysis of secondary structure content, obtained from NMR and final MD conformations of non-glycosylated and glycosylated proteins, is also

shown (see Section 2 for further details).

3.44. o-hCG

The a-hCG structure has been determined through NMR meth-
ods in its glycosylated and non-glycosylated forms and deposited
under PDB codes 1HD4?* and 1DZ7,% respectively. Due to its high
loop content, increased RMSD values are observed during MD sim-
ulations for both forms of the protein (Fig. 5H). This may also be
related to the formation of a series of B-sheets in the simulations

(Fig. 5P), which is also observed in OPLS/AA simulations of the
non-glycosylated protein (Supplementary data). Additionally,
some important differences could be observed between non-gly-
cosylated and glycosylated forms of @-hCG based on RMSD
(Fig. 5H) and radius of gyration (Fig. 5L). These differences seem
to be caused by different loop flexibilities during the MD simula-
tions (Fig. 5H), but especially by the large disordered loop between
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Figure 6. Root mean square fluctuation (RMSF) for the studied proteins, as a function of both residue number and time: EGF-like, in its non-fucosylated (A) and fucosylated
(B) forms (from 0.04 to 0.24 nm); CD59, in its non-glycosylated (C) and glycosylated (D) forms (from 0.03 to 0.18 nm); hsCD2,5, in its non-glycosylated (E) and glycosylated
(F) forms (from 0.04 to 0.16 nm); and the «-hCG, in its non-glycosylated (G) and glycosylated (H) forms (from 0.05 to 0.35 nm).

residues 33-58 (Fig. 5P). This loop is known to exist in free a-hCG,
based on NMR studies,” and seems to adopt increased flexibility in
the glycosylated protein (Fig. 6G and H). Such behavior is repro-
ducible in an additional simulation, taking a different NMR model
as starting structure under the same PDB code. As a general fea-
ture, glycosylation of the hCG «-subunit at Asn78 seems to play
an important role in the stabilization of the protein?® by exerting
a protective function through shielding the protein surface from
the environment,”” including residues around 23-26 and 68-70.
Therefore, from the MD simulations, we could observe a stabiliza-
tion of such regions, especially 23-26, as observed in RMSF analy-
sis (Fig. 6G and H).

3.5. Conformation of glycoproteins and their assessment
through MD simulations

In recent years, glycobiology has become a critical facet of post-
genomic science®® as many proteins are post-translationally mod-
ified by glycosylation or co-translationally added by N-glycans in
the endoplasmic reticulum.*® Glycoslation may alter and regulate
the biological activities of such macromolecules. In this context,

several structural and functional studies on glycans alone, or on
glycopeptides or glycoproteins have been carried out, using both
experimental and theoretical methods. Concerning the use of the
latter techniques, an assortment of approaches has been employed
to model glycan structures when its three-dimensional structure is
absent or is considered inappropriate. These include energy mini-
mization of an entire oligosaccharide,*” submitting the glycan to
a simulated annealing protocol,®” or constructing the carbohydrate
moiety of glycoproteins from the disaccharide level, that is, min-
imized structures of isolated disaccharides used to assemble an oli-
gosaccharide tree. Additionally, several force field parameters have
been employed to describe and simulate carbohydrate moieties of
glycoproteins.””® However, data regarding to the geometry of gly-
cosidic linkages of such biomacromolecules are not always com-
pared to experimental data®® and, at times, are not analyzed
during the simulated time,*” that is, a proper populational ensem-
ble characterization.

In contrast to most nucleic acids and proteins, which are linear and
have a unique type of linkage, carbohydrates can be branched, linked
through one of two anomeric configurations,* and there are more
than 100 possible monomers (whereas ~10 in glycan composition),
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which may be connected by different atoms, increasing its struc-
tural diversity.”® All these properties, together with environmental
factors, such as hydration and target proteins, determine the con-
formational ensemble of oligosaccharides. They are very flexible
molecules, as their minimum-composing units, disaccharides, can
adopt a dynamic equilibrium between two or more distinct confor-
mations. All these properties are associated to the many functional
roles of carbohydrates, making them one of the most challenging
classes of molecules for conformational analysis.® Indeed, they
are considered to have several orders of magnitude higher poten-
tial information content than any other biological macromole-
cule.®® In this context, standard experimental techniques face
several challenges when employed to obtain atomic-level struc-
tural information about carbohydrates. For example, X-ray crystal-
lography may be difficult on these highly flexible systems and
NMR spectroscopy mainly provides time-averaged conformational
data.’ Therefore, molecular modeling techniques, such as MD
simulations, emerge as a promising tool for structural and confor-
mational representation of carbohydrates, as they can describe,
with a high level of accuracy in both spatial and temporal compo-
nents, their geometry, flexibility and interaction with target
proteins,0-13:50:57.6061

Several force field parameters have been modified and/or de-
signed to model and simulate carbohydrates, such as AMBER'93,”
AMBER'06,°2 CVFF,” and CHARMm.® In this context, a previous
paper pointed out that different approaches may be better for
simulating different aspects of saccharides.®* For example, the
AMBER'93 force field seemed to be better than CHARMm for
describing glycan dynamics and interactions with proteins, but less
accurate for describing glycan hydration.* This may indicate that
there is not a definitive force field for carbohydrates MD simula-
tions, whereas further improvements were achieved with AM-
BER'06. On the other hand, this is the first systematic work
assessing glycoprotein dynamics employing GROMOS96 43al
force field parameters, together with the GROMACS simulation
suite, which was shown to adequately represent the carbohydrate
(and protein) moieties, as their NMR-derived conformations were
adequately reproduced in a series of 50 ns MD simulations. As well,
the simulation time scale achieved in this work totalized 0.4 s for
glycoproteins MD simulations and 0.2 ps for their non-glycosyl-
ated counterparts.

Although the modeling and adequate reproduction of glycans
conformation are crucial for the adequate description of glycopro-
teins function, the analysis of N- and O-glycosidic linkages is
essential. This may be because this relationship determines the ori-
entation of the whole oligosaccharide relative to the protein and, in
turn, influences the functional role of this class of biomacromole-
cules, such as the exposure of the glycan chain on the cell surface.®®
Among the MD studies on glycoproteins, only a few have explored
the geometry of such linkages, including the a-GalNAc-(1-0)-Ser
motif in solution,®® and an antifreeze glycopeptide,”® both consist-
ing of O-glycosidic linkages with a carbohydrate moiety bound up
to a disaccharide. The current work analyzed and properly de-
scribed the conformations of an O-glycosidic linkage in a fucosylat-
ed glycoprotein, and the conformation of N-glycosidic linkages in
four different glycoproteins. Among the parameters studied were
its geometry and flexibility, indicating that the employed method-
ology is adequate for the reproduction of glycoprotein conforma-
tional ensembles in solution.

4. Conclusions

It is well known that glycoproteins play important roles in
many biological events and that their carbohydrate moieties may
be directly involved in such functions, including protein stabiliza-

tion, folding, and interaction with target molecules. However,
experimental methods present limitations when applied to carbo-
hydrates. For example, X-ray crystallography is difficult on these
highly flexible systems, and NMR tends to provide time-averaged
conformations. Therefore, MD simulations emerge as a promising
tool for complementing both NMR and X-ray experimental data
on glycans and glycoproteins, because it provides a reasonable
sampling of the conformational behavior of such molecules in
solution.

The employment of molecular modeling techniques may be ex-
pected to contribute significantly to the understanding of the many
events related to this class of biomacromolecules. Indeed, some
force field parameters have been designed for modeling and simu-
lating glycans, being shown to adequately represent experimental
geometries. In this context, the GROMOS96 43a1 force field, en-
hanced by Lowdin HF/6-31G**-derived atomic charges for the gly-
can moiety, adequately reproduced the conformational ensemble
of a series of glycoproteins, as well as the effect of glycosylation
over the studied proteins, when compared to NMR data.

Finally, the employed methodology appeared to reproduce ade-
quately the conformational ensemble of a series of glycoproteins
containing carbohydrate moieties that are involved in different
biological roles. Consequently, upcoming studies using MD simula-
tions upon glycoproteins may be expected to provide a significant
contribution to the investigation of their involvement in biological
events.
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4.4 Trabalho Il

Considerando a dificuldade de obtencdo da estrutura e conformacado de
glicoproteinas, juntamente com suas cadeias sacaridicas correspondentes, e
considerando a adequacdo dos procedimentos empregados pelo grupo na
reproducao do equilibrio conformacional de glicanas bioldgicas, o presente trabalho
objetivou avaliar a adequacdo do emprego de estados conformacional de
dissacarideos, obtidos através de simulagdes de DM em solugdo aquosa, como
guias para a construcdo de glicanas compondo glicoproteinas. Tal capacidade
preditiva foi analisada a partir da comparacao de dados conformacionais obtidos por
DM para tais dissacarideos com a geometria dessas ligagdes glicosidicas obtidas
por RMN.

Os resultados obtidos indicam a co-existéncia de multiplos conférmeros para os
dissacarideos estudados em solucao, especialmente para as ligacdes glicosidicas
B1—4, de acordo com dados experimentais e tedricos prévios. Estes estados
conformacionais mostraram-se equivalentes aos principais estados conformacionais
populados pelas mesmas unidades dissacaridicas quando compondo estruturas
glicoprotéicas.  Adicionalmente, a prevaléncia dos diferentes estados
conformacionais também foi bastante semelhante entre os dissacarideos isolados e
compondo glicoproteinas, sugerindo que o arcaboug¢o protéico, a0 menos nos casos
estudados, ndo parece ser capaz de induzir o aparecimento de novos estados
conformacionais. Isto sugere que a abordagem proposta pode se constituir em uma
promissora estratégia na construcdo de estruturas completas de glicoproteinas, na
auséncia de dados experimentais prévios e, assim, contribuir no entendimento do

papel destes glicoconjugados em sistemas biol6gicos.
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demonstrated that GROMOS96 43a1l force field and Léwdin HF/6-31G -derived atomic charges, ade-
quately represent a glycoprotein's conformational ensemble in aqueous solutions, taking as the starting
geometries NMR-determined structures. Based on such data, the present work intends to evaluate the use
of the main solution conformations of isolated disaccharides, to build the carbohydrate moiety of glyco-
proteins, for which no previous experimental information is available. The observed results suggested
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support the use of solution ensembles, to refine vacuum conformations of carbohydrate databases in the
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Glycosidic linkage assembling of glycoproteins 3D structures. Finally, such approach is applied to build a full glycosylated
GROMOS96 model for COX-1 and COX-2 enzymes.
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1. Introduction

Carbohydrates constitute a group of biological polymers of
enormous structural and conformational complexity, presenting
several possible monomeric units, adopting different conforma-
tional states, linked in diverse ways and presenting a variable de-
gree of branching. However, while the identification of
saccharide units being attached to proteins and their connectivity
is experimentally accessible, their 3D information is not easily ob-
tained, which increases the difficulties in elucidating carbohydrate
functions in glycoproteins.'

Oligosaccharide 3D structures and conformation are mainly
determined by their glycosidic linkage geometries, as a function
of composition, linkage type, and solvation.* As a consequence,
an approach usually employed to describe the conformational
preferences of disaccharides consists in the construction of en-
ergy contour maps.®® Based on the most stable geometries de-
scribed by such plots, it is possible to infer the structure of a
complete glycoprotein, in which the glycan moiety is built on
a previously determined 3D protein structure.

The potential contribution of such theoretic strategy may be
estimated, considering the difficulties of some time-honored

* Corresponding author. Tel.: +55 51 3308 7770; fax: +55 51 3308 7309.
E-mail address: hverli@cbiot.ufrgs.br (H. Verli).

0008-6215/% - see front matter @ 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carres.2009.12,018

methods in describing the structure of glycans and glycoproteins.
In X-ray crystallography, the oligosaccharide is usually incom-
plete, as its high flexibility may impair both the crystallization
and acquisition of electron densities.”"'" Even when these data
are obtained, X-ray structures of carbohydrates are usually of
poor quality, as demonstrated by a recent survey of PDB entries
containing oligosaccharides, which suggests that about one-third
of carbohydrate data comprise significant errors in relation to
their stereochemistry, nomenclature, and consistency with elec-
tron density maps.'*'® In NMR, one of the main challenges lies
on the difficulties in resolving NOE signals, mainly due to the
high flexibility of glycans, or to the systems size.2%'° Such flex-
ibility produces a complex conformational ensemble, with the
possibility of co-existence of a number of simultaneous conform-
ers in a solution,'*”

In this context, the current work intends to evaluate the ade-
quacy of using main solution conformations of the isolated
disaccharides, to build the carbohydrate moiety of glycoproteins,
in the absence of previous experimental information on a carbo-
hydrate’s 3D structure and conformation. Accordingly, the ob-
tained data are applied in building a complete model for COX-
1 and COX-2 enzymes, in their fully glycosylated forms. Such
strategy is expected to accurately represent glycoproteins in bio-
logical solutions, offering a refinement to the currently employed
proceedings, and so contributing in the understanding of carbo-
hydrates biological roles at the atomic level.
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2. Experimental
2.1. Computational methods

2.1.1. Nomenclature and topology

The analyzed disaccharide units represent carbohydrate moie-
ties from NMR-determined glycoproteins: the human complement
regulatory protein CD59 (PDB ID 1CDR and 1CDS),'® the adhesion
domain of human CD2 (PDB ID 1GYA)'? and the o-subunit of the
human chorionic gonadotropin (PDB ID 1HD4)?° (Fig. 1). Based
on the glycoproteins’ data, eight different disaccharides, composed
of N-acetyl-p-glucosamine (p-GlcpNAc), p-mannose (p-Manp), 1-fu-
cose (.-Fucp), and p-galactose (p-Galp), bounded by o/p(1—2),
o(1-3), B(1—-4), and =(1—-6) linkages, were evaluated.

The IUPAC nomenclature recommendations and symbols®' have
been adopted. The relative orientation of a pair of contiguous car-
bohydrate residues was described, for different types of linkages,
by two or three torsional angles at the glycosidic linkage. For a
(1—X) linkage, where X" is ‘2', ‘3", ‘4", or ‘6’ for the (1—-2), (1-3),
(1—4), or (1-6) linkages, respectively, the ¢ and 1) were defined
as shown below:

¢ = 05—C1—0X—CX'

¢ =C1-0X-CX—-C(X-1)

For a (1-6) linkage, the o was defined as
w = 06—-C6-C5-C4

Each of the disaccharide structures was built in Molden?? and
their respective topologies were obtained from the PRODRG ser-
ver.? The HF/6-31 -derived Léwdin charges were employed.***®
Improper dihedrals were included to preserve the hexopyranose
conformations in accordance with their expected form in aqueous
solution: *C; for b-GlcpNAc, 'C, for 1-Fucp, *C, for n-Manp, and *C,
for p-Galp. These topologies were employed in molecular dynamics
(MD) simulations and were analyzed using the GROMACS simula-
tion suite’® and GROMOS96 43al force field,?” as described
previously.!7:242528.29

2.1.2. Calculation of energy contours maps

The conformational description of each disaccharide was per-
formed through a calculation of relaxed contour maps around the
glycosidic linkages, rotating the torsion angles from —180° to
180° in steps of 30°, with a total of 144 conformers for each link-
age. This was performed using a 334.8 k] mol ' constant force, to
make a restriction only to the ¢ and i proper dihedrals during en-
ergy minimization, in each of the above-mentioned values, thus
allowing the search of the conformational space associated with
the disaccharide. Then, using the minimized output conformation,

(A) Human complement regulatory protein CD58 (PDB ID 1CDS)

B-0-GlcpNAc-(1—4)-5-D-GlcpNAc-(1—N)-Asn18

(B) Human complement regulatory protein CD59 (PDB ID 1CDR)

B-0-GlcpNAc-(1—4)-5-D-GlcpNAc-(1—N)-Asn18
6

T
1

a-L-Fucp

(C) Adhesion domain of human CD2 (PDB ID 1GYA)

a-D-Manp
-1
1
3
a-D-Manp-(1—2)-a-0-Manp-(1—6)-a-o-Manp
9

i
6

B-D-Manp-(1—4)-6-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn65
3

1
1

a-bD-Manp-(1—2)-a-o-Manp

(D) Human chorionic gonadotropin (PDB ID 1HD4)

B-0-Galp-(1—4)-6-b-GlcpNAc-(1—2)-a-p-Manp
:

.
3

B-p-Manp-(1—4)-3-0-GlcpNAc-(1—4)-B-0-GlcpNAc-(1—N)-Asn78
6

T
1

B-0-Galp-(1—4)-B-0-GlcpNAc-(1—2)-a-D-Manp

Figure 1. Schematics of the NMR glycan structures used to construct the simulated disaccharides.
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a series of MD simulations were performed for 20 ps at 10 K, with
an integration step of 0.5 fs to further support the search for min-
imum-energy conformations. In this process, the rotatable exocy-
clic groups were allowed to freely search for minimum-energy
orientations.??*? The relative stabilities of each conformation, ob-
tained from the 10 K MD simulations, based on GROMOS96 force
field”” and HF/6-31G  Léwdin atomic charges, were used to con-
struct relaxed energy contour plots, describing the conformation
of each glycosidic linkage, as shown in Figure 2.

2.1.3. MD simulations

The minimum-energy conformations of each of the disaccha-
rides, as obtained from their contour plots, were then used as the
starting conformations for MD simulations in an aqueous solution,
using the GROMACS simulation suite.?® Each pair of angles describ-
ing a vacuum minimum-energy conformation was used to build
the disaccharide conformers that would be further submitted to
MD simulations. The disaccharides were solvated in a triclinic
box using periodic boundary conditions and SPC water model.?'
The Lincs method®? was applied to constrain covalent bond
lengths, allowing an integration step of 2 fs, after an initial energy
minimization using Steepest Descents algorithm. Electrostatic
interactions were calculated using the Particle Mesh Ewald meth-

(B) -0-GlcpNAc-(1-2)-a-0-Manp

od.” Temperature and pressure were kept constant by coupling
disaccharides, ions, and solvent to external temperature and pres-
sure baths, with coupling constants of 7 =0.1 and 0.5 ps,** respec-
tively. The dielectric constant was treated as £=1, and the
reference temperature was adjusted to 310 K. The systems were
slowly heated from 50 to 310K, in steps of 5 ps, each one increas-
ing the reference temperature by 50 K. Each simulation was ex-
tended to 0.1 ps.

2.1.4. Glycosylated cyclooxygenase (COX) models

The murine COX-2 and ovine COX-1 were retrieved from PDB
IDs 1CVU and 1Q4G, respectively. These structures were isolated
to their monomeric forms, in which, the N-glycosylation sites
(Asn68, Asn144, and Asn410) were filled with a putative model
for their glycan moieties, represented in Figure 4, using glyco-
science modeling tools.*>=7 This model was proposed based on a
consensus between previous biochemical, crystallographic and
mass spectrometry data.*®* The composition evidenced by spec-
trometric results was compared to structures deposited in PDB
and further refined by biochemical evidence, supporting the iden-
tification of a proper anomeric state for each residue and type of
linkage for carbohydrate residues. The PDB structures were also
submitted to pdb-care software,*® in order to identify and correct

(C) a-o-Manp-(1-3)-f-0-Manp

(A) a-D-Manp-(1-2)-a-D-Manp
R e B N
\ ) g N
100 V| 100 | ™
= K !'. %‘* .-,"" % =
s oj 1 o .

\}'.

(E) p-o-Manp-(1-+4)-p-0-GlcpNAc

(F) p-o-GlcpNAc-(1-4)-3-0-GlcpNAc
‘\. ey

160 -100 50 ©0 50

-1
w,_‘_“_‘ = “_{J N
]
- 1S |
150 il s \
50 100 150 150 -100 50 0 50 100 150

w»

Figure 2. Relaxed contour plots for the studied glycosidic linkages, in which the energy maps are shown, every 10 k] mol ', from 10 to 50 k] mol ', superimposed with the
results of MD simulations in solution. Blue dots indicate the conformational behavior of disaccharide units, while red dots indicate the conformational behavior of a given

disaccharide in a whole glycoprotein environment.
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potential structural errors. These so-obtained models for glycosyl-
ated COX-1 and COX-2 had their glycosidic linkage geometries ad-
justed to the main conformations for each linkage, based on their
relative abundance in the isolated disaccharides in water, as de-
scribed in Table 1. Such models were then submitted to 50 ns
MD simulations in an aqueous solution, using the GROMACS pack-
age®® and GROMOS96 43a1 force field,”” following the simulation
proceedings described above (Section 2.1.3). As previous results
identified that detergent molecules do not appear to be essential
to stabilize the membrane-binding domain during simulations®'
and that there is no glycosylation site within this domain, then
the proteins were simulated without restraints in order to observe
the dynamics of the catalytic and EGF domains, which in turn are
glycosylated.

3. Results and discussion
3.1. Simulation systems

The strategy employed to evaluate the adequacy of using con-
formations of disaccharides, derived from MD as guiding geome-
tries, for building the glycan parts of glycoproteins without
experimental restraints from NMR, or X-ray crystallography, was
based on the following steps: (1) building of disaccharides com-
monly found in glycoproteins; (2) calculation of their vacuum con-
tour plots in order to obtain minimum-energy conformations,

which were to be further sampled in solution; (3) MD simulations
of each disaccharide’s minimum-energy conformation in aqueous
solutions, under an explicit solvent model; and (4) to compare
the obtained conformational samplings, in both vacuum and solu-
tion, to previous MD and NMR data of glycoproteins. The studied
disaccharides included: o-p-Manp-(1-2)-a-p-Manp, a-p-Manp-
(1-3)-p-o-Manp,  o-p-Manp-(1-6)-p-p-Manp,  B-p-GlcpNAc-
(1-2)-o-p-Manp, p-b-Galp-(1—4)-p-p-GlcpNAc, p-p-Manp-(1—-4)-
p-p-GlcpNAc, B-p-GlcpNAc-(1-4)-B-p-GlcpNAc, and  o-t-Fucp-
(1—6)-p-n-GlcpNAc. The so-obtained data were then applied to de-
scribe the complete glycosylated structures of COX isoforms, for
which until now, there were no 3D data to illustrate the applica-
tion of the proposed protocol.

3.2. Vacuum conformational analysis

There is a considerable amount of data on disaccharide confor-
mational preference in carbohydrate databases.** 742 The Glyco-
sciences portal***? has a large amount of data based on
MM3%*4 force field, thus offering a highly detailed representation
of carbohydrates conformational features,**4° at the least, in gas
phase.*’*8 Unfortunately, such a force field has not been as widely
used, to study biological systems, as more specifically parameter-
ized force fields, such as CHARMM, AMBER, GROMOS, and OPLS,
amongst others.*”* In this context, we proceeded to the calcula-
tion of relaxed maps for a series of eight disaccharides (Fig. 2), fre-

Table 1
Conformational preferences of disaccharides as observed from MD simulations®
Disaccharide Relative abundances (%) Angle (°)
[ W ®
s-p-Manp-(1-2)-Manp 62 80+25 ~-135+ 36 —
38 160 £ 20 -100 + 28 —
B-p-GlcpNAc-(1-2)-Manp 96 -90 %35 —-95+32 —
4 60+ 25 —100 = 24 -
a-p-Manp-(1—3)-Manp 33 80+24 —85+28 -
23 -130£18 —
44 16021 -80%21 —
p-p-Galp-(1—4)-GlcpNAc 1.5 -80%29 -50+23 —
86 12021 -
3 50 £29 —
10 ~150 %17 90+ 16 -
p-n-Manp-(1—4)-GlcpNAc 23 =70+ 30 -55+19 -
33 110+ 22 -
44 -160 %21 90+%18 —
p-p-GlcpNAc-{ 1 —+4)-GlcpNAc 56 ~-B0%24 11516 -
19 —90+28 —60+ 20 -
15 ~-100+ 18 90+ 14 -
11 -150+£17 -
at-p-Fucp-(1—+6}-GlcpNAc 14 -90%35 120+ 27 6016
16 —160 £ 32
12 160 + 34 -60%17
3 -90+ 24
17 90+23 ~180%17
38 180+ 46
a-p-Manp-{1—6)-Manp 27 8023 ~160 30 60%17
6 11029
6 150+ 18 -160 % 31
7 110+ 24
5 8022 -90+21 -70£19
6 170+ 34
1.5 150£19 -90+23
5 170 £ 30
11 8024 —-125+ 21 17519
11 -180% 24
4 90+ 21
3 15019 -125+23
6 -180% 24
1 9020

* The most abundant conformations are marked as bold and were used, as necessary, to construct the fully glycosylated COX enzymes models (see details in the text).
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quently found in glycoproteins, under GROMOS96 43a1 force field
set of parameters. The eight disaccharides analyzed provided 10
maps, including ¢-1/ and -1 plots.

Similarities between the conformational patterns of o-p-Manp-
(1-2)-o-p-Manp and o-p-Manp-(1—-3)-B-p-Manp may be ob-
served, as reported,’®~>2 with one broad minimum energy region
in both ¢ and \ dimensions (Fig. 2A and C). Likewise, the
B(1-4) linkages are presented from two to three minimum energy
regions, being in the northwest region of the plot, from p-o-Galp-
(1—-4)-p-0-GlcpNAc, p-o-Manp-(1-4)-p-p-GlcpNAc, and p-b-
GlepNAc-(1—4)-p-p-GlcpNAc, and also in the southwest quadrant
for the latter two disaccharides. While the inversion in stoichiom-
etry at carbon atoms 2 and 4 in Gal, regarding to Man, appears to
increase the rigidity of the linkage, the p(1—4) disaccharides are
globally more flexible than the o(1-2) and «(1-3) linkages, pre-
senting more than one single energy minima, in agreement with
the previous data.”*>* Additionally, the conformational restriction
promoted by the presence of N-acetyl group in position C-2, main-
taining the location of the minima, was already described.”®

Concerning the behavior of (1-6) linkages, the preference of
the w dihedrals in the region of —60°, 60°, and 180°, usually re-
ported in the literature,®*>° was observed accordingly for both
o-1-Fucp-(1-6)-p-o-GlcpNAc  and  a-p-Manp-(1-6)-p-p-Manp
disaccharides (Fig. 2H and |, respectively). Furthermore, at least
in vacuum, the steric hindrance promoted by the methyl group,
at Fuc carbon 5 and the N-acetyl group at GIcNAc carbon 2, reduced
the extension and the depth of minimum energy regions when
compared to Man-containing disaccharides. As a general feature,
all disaccharides presented well-defined minimum energy regions,
in agreement with those deposited in the Glycosciences portal,**"
37 indicating a similar conformational description of the main en-
ergy minima between MM3 and GROMOS96 43al force fields,*’
for the evaluated systems. Therefore, such results indicate that
the latter may be used in carbohydrates conformational descrip-
tion with a reasonable level of accuracy.

3.3. Solution conformational sampling

Considering that the explicit inclusion of solvent molecules is
already described as able to reveal a distinct set of conformers
when compared to calculations in its absence,’” each energy min-
ima from maps (Fig. 2) was submitted to 100 ns MD simulations in
order to obtain a description of the solvent influence over each
disaccharide (Supplementary data). In fact, such influence may
be initially observed on the use of different energy minima, as
starting geometries, for distinct sets of simulations. Independent
of the starting minima, the obtained conformational ensembles
were equivalent, suggesting a major role of solvent on a disaccha-
ride’s conformational equilibrium. Also, it indicates the capability
of the employed time scale, to effectively describe the conforma-
tional transitions, relevant to each system.

As presented in Figure 2 and Table 1, the conformational prefer-
ence of most of the simulated disaccharides remained located
around their vacuum minimum energy regions. However, upon
inclusion of a solvent, some less favorable vacuum regions were
also occupied, adjacent to minimum energy regions, as well as
some high energy regions from the vacuum map, indicating the
influence of the solvent in the stabilization of additional regions
of the energy maps. For example, the two energy minima shown
by the B-p-Galp-(1-4)-p-b-GlcpNAc disaccharide in vacuum, in-
creased to three main regions in the conformational space popu-
lated in solution (Fig. 2D and Table 1). Thus, it became more
similar to the remaining p(1—4) simulated disaccharides (Fig. 2E
and F), as expected.’®**% Similarly, the &-p-Manp-(1—6)-p-n-
Manp presents an additional stabilization of the o angle at —60°
as a consequence of solvent inclusion (Fig. 2]), acquiring a confor-

mational preference similar to that shown by o-1-Fucp-(1-6)-p-p-
GlcpNAc (Fig. 2H).

On the other hand, some minimum energy regions on the con-
tour plots were not consistently populated in solution, as could be
observed for B-p-GlcpNAc-(1-2)-a-p-Manp (Fig. 2B) and pB-p-
Manp-(1-4)-p-p-GlcpNAc (Fig. 2E). These observations indicate
that, while the vacuum conformational maps indeed generated
good starting points for the representation of carbohydrates in
solution, the conformational space described by the two strategies
is not necessarily equivalent. Most importantly, such data reinforce
the key importance in using explicit solvent effects when compu-
tationally studying biological carbohydrates and glycoconjugates.

3.4. Accuracy in disaccharide use in solution as a
conformational reference for building models of glycans in
glycoproteins

In spite of the fact that energy contour plots, in the absence of
an explicit solvent, are well described in the literature under differ-
ent force fields and usually having their minima set according to
crystallographic data, the direct association of these geometries,
to infer solution conformations and ensembles of biological carbo-
hydrates, has some important drawbacks: (1) the high amount of
errors in the PDB of carbohydrate containing structures;'*'? (2)
usually, only a few carbohydrate residues are found in glycopro-
teins crystallographic structures, close to the protein core,!”
impairing the acquiring of information about carbohydrates con-
formations in the extremity of glycans; (3) aqueous solution absent
environments tend to reveal a distinct set of conformers when
compared to solution data;*° (4) crystal packing effects promote
both glycosidic linkage conformational modifications and hexopyr-
anose ring distortions.®" In this context, additional strategies capa-
ble of supplying carbohydrate and glycoconjugate conformational
ensembles of biological significance may strongly contribute to
the understanding of the functional roles of such molecules in liv-
ing organisms.

Employing the GROMACS?® package as a fast, low cost, simula-
tion package, supporting the achievement of high conformational
samplings, we had previously demonstrated that the GROMOS96
43a1 force field,*” supplemented by Léwdin HF/6-31G -derived
atomic charges and PRODRG?? topologies, for carbohydrate resi-
dues, is capable of adequately representing glycoprotein conforma-
tional ensemble in aqueous solutions, using the NMR data'’ as a
reference ensemble. As this work employed the NMR data from
PDB as the starting geometries, its results were compared to those
obtained in the current work, where no previous experimental data
were used to set the carbohydrate simulations, in order to check
the reliability of disaccharide solution ensembles to reproduce
the conformational behavior of equivalent units in complex gly-
cans as glycoproteins.

Therefore, the conformational distribution of a set of glycosidic
linkages was compared between its isolated disaccharides and also
when within protein-bounded glycans, as shown in Figure 3. Be-
sides, each glycosidic linkage conformation, as described in the
employed NMR models from PDB, was included in the distribution
curves as asterisks, in order to offer an experimental reference of
each disaccharide conformational ensemble, in a total of 836
geometries. From these points, at least 90% were populated in each
disaccharide, indicating the high reliability in simulating disaccha-
rides to represent biological ensembles of glycoproteins as deter-
mined by NMR methods.

From all 18 dihedral angles analyzed, five presented virtually
identical behaviors between the disaccharide and the glycan forms
of the linkages, as for the ¢ angle from B-b-GlcpNAc-(1-2)-0-p-
Manp, the ¢ angle from &-p-Manp-(1-2)-a-p-Manp, the ¢ and
angles from p-p-GlcpNAc-(1—4)-p-pb-GlcpNAc, and the ¢ angle
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Figure 3. Distribution of the ¢ (green), ¥ (red), and « (blue) dihedral angles associated with the studied disaccharides in 0.1 ps MD simulation. The behavior of such
glycosidic linkages in their protein-bounded glycans is also supplied (black curves). The asterisks ( ) in the isolated disaccharides distribution curves indicate the NMR
experimental geometries. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

from o-1-Fucp-(1-6)-p-p-GlcpNAc, which suggests an absence of
influence of the entire glycoprotein scaffold on specific disaccha-
ride units, at least on the cases studied here. On the other hand,
the six angles presented, as expected, had an increased flexibility
in the isolated disaccharides when compared to the same units
in the glycoprotein structure, suggesting some degree of conforma-
tional susceptibility to the chemical neighborhood, including the i/
angle from B-b-GlcpNAc-(1-2)-a-p-Manp, the i angle from o-p-
Manp-(1-2)-a-p-Manp, the i angle from a-p-Manp-(1—3)-f-p-
Manp, the ¢ and 1 angles from p-b-Manp-(1-4)-p-p-GlcpNAc,
and the iy angle from o-.-Fucp-(1-6)-B-n-GlcpNAc. Curiously,
both angles from B-p-Galp-(1—-4)-p-b-GlcpNAc presented an in-
verse behavior, with the isolated disaccharides presenting a lower
flexibility than any of the glycans, suggesting that the glycoprotein
scaffold may be capable of shifting the conformer populations
equilibrium for some glycosidic linkages. Nevertheless, the simula-
tion of a glycoprotein, with its p-p-Galp-(1—4)-p-b-GlcpNAc, in the
main conformation obtained from the isolated disaccharides, does
offer the same conformational pattern as described by the NMR."”
This indicates the plasticity of these linkages and the capability of
MD simulations in explicit solvent, to adequately represent the ex-
pected conformational transitions of a given disaccharide unit in
two different environments. Furthermore, in most of the cases
where the glycosidic linkage geometries were not identical be-

tween the isolated disaccharide and the entire glycoproteins, there
were no formations of new conformational peaks, but a modifica-
tion in the relative abundance of the same conformational state.
The major exception was the i angle from o-p-Manp-(1—6)-p-p-
Manp, in which the main conformational state in the isolated
disaccharide resembled an average conformation between the
two conformational states observed in the same disaccharide when
inserted in a glycoprotein molecular context.

In order to illustrate the potential of using disaccharide solution
conformations as the starting geometries for building complete
glycoproteins, we employed the main conformational states de-
scribed in Figure 3 and Table 1, to build models for the complete
glycosylated COX-1 and COX-2 enzymes. In fact, there are about
30 crystallographic structures deposited in PDB for the two pro-
teins, most of it glycosylated (Supplementary data). Unfortunately,
the majority of such structures present a small number of carbohy-
drate residues, that is, half of all crystal structures has up to two
residues in each glycosylation position. Also, the structures pre-
senting higher glycosylation patterns present only three Man resi-
dues, and for a single position, mostly Asn144 (PDB IDs 1IGX, 1IGZ,
1FE2, 1DIY, 1Q4G, and 2AYL), while 5-10 Man are expected to oc-
cur in all positions.***° Most importantly, several errors have been
observed in these structures (Supplementary data), as evidenced
by pdb-care*! and based on the expected glycan structure assem-
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bled in the endoplasmic reticulum.*® In this context, and consid-
ering the great therapeutic impact of cyclooxygenase inhibitors, a
putative model was built for the glycan moiety of such enzymes
(Fig. 4, see Section 2 for details), in agreement with most of the
available experimental data on this system.***® Such a glycan
was employed to glycosylate both COX-1 and COX-2 in positions
Asn68, Asnl44, and Asn410.°® The obtained glycoproteins were
further submitted to MD simulations in order to refine the models

a-pD-Manp-(1—2)-a-dD-Manp
(A) 1

L(E)
3

and allow for carbohydrate accommodation in the presence of sol-
vent and protein scaffold. A dimeric glycosylated COX-2 is pre-
sented in Figure 5, as well as a representation of the glycan
ensemble through the simulations.

Each dihedral from glycosidic linkages was analyzed and com-
pared to the conformational pattern observed for the proper disac-
charide units (Fig. 4 for COX-2 and in Supplementary data for COX-
1). Accordingly, as a general feature and previously pointed in the
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Figure 4. Distribution of the ¢, 1, and « dihedral angles, as obtained from MD simulation, from COX-2 glycans at AsnG8 (red), Asn144 (blue), and Asn410 (green), together
with the conformational patterns associated with the respective disaccharides, isolated in water (black). The A-1 letters indicate the relation of a distribution plot to its
location on the respective disaccharide unit from the complete glycan. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Figure 5. Glycosylated structure from murine COX-2 built based on the main conformational states as presented in Figure 3 and Table 1. (A) glycosylated COX-2 dimer and
(B) superimposition of snapshots obtained from 50 ns MD of the monomeric fully glycosylated COX-2.

text, most of the linkages do not present new conformer popula-
tions, but distinct preferences over the conformations observed
in solution for disaccharide units. Nevertheless, in spite of the fact
that a given glycosidic linkage also has the same starting confor-
mation, the influence of the distinct positions in the protein se-
quence (and of the antennae themselves) over the glycans may
still be observed, originating distinct relative abundances of con-
formations, as noted in o-p-Manp-(1-2)-a-p-Manp (Fig. 4A-D).
This points to the adequacy of the employed protocol in obtaining
reliable models for glycoproteins conformational behavior in aque-
ous solutions.

4. Conclusions

The acquirement of reliable models for the 3D structure of car-
bohydrates in complex biological systems, such as glycoproteins,
represents a challenge for both experimental and theoretical meth-
ods. It is a complex picture defined by several possible monomeric
units in diverse conformational states, linked in different ways,
presenting a variable degree of branching, attached to distinct bio-
logical macromolecules and requiring the representation of both
spatial and temporal properties in order to be adequately de-
scribed in solution.

While MD simulations are progressively considered as a poten-
tial strategy to obtain a dynamic description of molecules confor-
mational behavior in environments mimicking biological
solutions and is successfully applied to the study of proteins, mem-
branes, nucleic acids, and simple carbohydrates, its use to repre-
sent glycoproteins and other biological glycoconjugates is much
less frequent, mainly due to the lack of parameterization of carbo-
hydrates in its major biological forms. In this context, our group
has been dedicated to the conformational representation of glycans
of biological significance, in its different levels of complexity, using
generally accessible and fast molecular simulation pack-
ages.17.24,25.28-30

In the current work, we demonstrated that relaxed contour
plots obtained from disaccharides employing GROMOS96 43a1l
force field*” added by Lowdin HF/6-31G  atomic charges present
similar results to those obtained from MM3 force field. What is
most important to mention is that the minimum-energy conforma-
tions obtained from such plots represent an adequate starting
point for further refinement of disaccharides conformational
behavior through MD simulations. This combination of vacuum
and explicit solution simulation was capable of offering a reliable
platform to describe the conformational ensemble of glycosidic
linkages, solely based on the carbohydrate sequence and in the ab-
sence of the previous experimental information, reproducing more
than 90% of the NMR data of complete glycoproteins. In this con-
text, such an approach may constitute a potential strategy to build

accurate models for glycoproteins, as exemplified for COX-1 and
COX-2 enzymes, capable of contributing to the understanding of
the role of biological glycoconjugates at the atomic level.
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5 Discussao Geral

5.1 Estrutura e conformacao de a- e B-galactanas

O entendimento da estrutura tridimensional e das propriedades dindmicas de
polissacarideos constitui-se em um importante pré-requisito para a compreensao
das bases moleculares do reconhecimento desses compostos por suas proteinas-
alvo (Imberty & Pérez, 2000) e, consequentemente, no entendimento de suas
funcbes biolégicas. Nesse sentido, poucas estruturas tridimensionais de
polissacarideos sulfatados, estudadas por métodos experimentais como RMN e
cristalografia de raios-X, encontram-se disponiveis, tanto livres (Mulloy et al., 1993;
Almond et al., 2006) quanto complexados a suas proteinas alvo (Faham et al., 1996;
Mikhailov et al., 1996; Mikhailov et al., 1997). Tais estruturas, embora auxiliem no
entendimento de interacbes proteina-ligante e na determinacédo do arranjo espacial
desses carboidratos, consistem em modelos tridimensionais estaticos, incapazes de
representar adequadamente as propriedades dindmicas de tais compostos. Nesse
contexto, a MM auxilia na complementacdo das informacdées contidas nessas
estruturas, descrevendo os carboidratos (e suas possiveis proteinas-alvo) como
entidades moleculares flexiveis e dindmicas, e em solugdes mimetizando ambientes
fisioldgicos.

Dessa forma, baseando-se em parametros do campo de forca GROMOS96
43a1 e em cargas atbmicas de Ldéwdin obtidas na base HF/6-31G**, estudos
envolvendo polissacarideos sulfatados como heparina (Verli & Guimaraes, 2004;
Verli & Guimaraes, 2005; Pol-Fachin & Verli, 2008), fucanas e galactanas (Becker et
al., 2007) vém sendo realizados pelo nosso grupo de pesquisa. Na presente
dissertacdo, tais protocolos foram aplicados no estudo comparativo de uma a-
galactana de Echinometra lucunter e uma B-galactana de Glyptocidaris crenularis
(Figura 12).

5.1.1 Descricao da geometria das ligagdes glicosidicas

A diversidade estrutural de carboidratos é considerada maior que a de outras
classes de polimeros, tais como acidos nucléicos e proteinas (Imberty & Pérez,
2000), uma vez que polissacarideos podem ser ramificados, compostos por mais de

cem monossacarideos conhecidos e podem ligar-se em dois estados anoméricos



62

distintos (Imberty & Pérez, 2000), através de atomos diferentes (Petrescu et al.,
2006). Termos adicionais de diversidade podem ser conferidos a carboidratos
através de modificacoes especificas, tais como sulfatacao e acetilagao (Petrescu et
al., 2006), que podem restringir ou amplificar a variabilidade conformacional de
polissacarideos (Becker et al., 2007; Pol-Fachin & Verli, 2008). Nesse sentido, a fim
de avaliar o efeito da presenca de grupamentos sulfato sobre a geometria das
ligacbes glicosidicas de a- e [-galactanas, dissacarideos sulfatados e néo-
sulfatados foram submetidos a analise conformacional de suas ligagbes glicosidicas.
Nesse contexto, a constru¢do de mapas de contorno € uma ferramenta Otil para
descrever a conformagdo das ligagbes glicosidicas de carboidratos, avaliando a
energia associada a cada conformagdo gerada pela combinacdo de diferentes
valores de ® e ¥, indicando as provaveis conformacdes mais estaveis para os

dissacarideos estudados (Becker, 2007).

Figura 12: Imagens de espécimes de (A) Echinometra lucunter e (B) Glyptocidaris

A

crenularis.

A comparacdo dos mapas de contorno das ligagbes glicosidicas de
dissacarideos sulfatados e nao-sulfatados de a-galactana indica um aumento do
numero de regides de minimo de energia na molécula ndo-sulfatada em relagéo a
sulfatada. Da mesma forma, cinco regides de minimo de energia podem ser
observadas no dissacarideo nao-sulfatado de B-galactana, enquanto apenas duas
regides podem ser observadas nos mapas de energia das ligacdes glicosidicas dos
dissacarideos sulfatados, indicando um papel dos grupamentos sulfato na promogao
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de rigidez em cadeias polissacaridicas, conforme observado em trabalhos prévios do
grupo para moléculas semelhantes (Becker et al., 2007).

Estudos baseados em mapas de contorno, embora oferecam um bom ponto de
partida para o entendimento das preferéncias conformacionais de compostos, se
baseiam em calculos realizados em condicbes de vacuo ou solvente implicito, ou
seja, sem a presenca fisica das moléculas do solvente. Na busca de modelos mais
adequados ao entendimento de fendbmenos biolégicos, uma estratégia promissora
envolve a simulagédo, por DM, de conférmeros oriundos de mapas de contorno na
presenca fisica de moléculas de solvente, ou seja, em condi¢cdes de solvente
explicito. Assim, torna-se possivel observar o papel de interagdes intermoleculares
entre soluto e solvente, principalmente ligacbes de hidrogénio, no comportamento
conformacional de biomoléculas e demais compostos de interesse. Adicionalmente,
simulacdes realizadas em temperaturas préximas a fisioldgica permitem a
observacdo de transicbes conformacionais e, potencialmente, a co-existéncia de
multiplos estados conformacionais em solucdo, produzindo, portanto, uma imagem
mais precisa do comportamento molecular em condig¢oes fisiologicas.

Nesse contexto, a adicao de solvente explicito na determinagédo conformacional
das moléculas em estudo demonstrou que as conformacgdes populadas pelos
dissacarideos sulfatados e nao-sulfatados de a-galactana em solugdo aquosa sao
as mesmas (Figura 13), ou seja, os multiplos minimos de energia observados no
mapa de contorno da molécula ndo-sulfatada convergiram para uma mesma regiao,
assim como previamente observado para ligagdes glicosidicas de heparina (Pol-
Fachin & Verli, 2008). Da mesma forma, os diversos minimos de energia observados
nos mapas de energia para os dissacarideos sulfatados e nao-sulfatados de [-
galactana convergiram para regides semelhantes em solugdo aquosa (Figura 13).
No entanto, a geometria das ligacbes glicosidicas de a- e [-galactanas sao
diferentes, especialmente no angulo W. Considerando que a atividade biolégica
desses polissacarideos € distinta, no que se refere a reagcdo acrossémica de seus
organismos, tais divergéncias conformacionais podem estar envolvidas com esse
processo, uma vez que a forma global do polissacarideo serd fundamental no
reconhecimento ligante-receptor e, assim, no desenvolvimento de uma resposta
biolégica. Pode-se observar, portanto, que a solvatacdo dessas moléculas foi

decisiva na determinacao conformacional desses dissacarideos, de maneira a
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descartar os minimos de energia que, apesar de serem estaveis no vacuo, ndo sao
prevalentes em solugdo aquosa, € indicar a provavel conformacdo dos mesmos em

seus ambientes naturais, de acordo com dados de RMN (Figura 14).

(A) a-L-Gal-(1—3)-o-L-Gal (B) o-L-Gal2S-(1—3)-a-L-Gal2S

L |

50| ‘\ ||

-150 -100 -50 0 50 100 150

(E) B-D-Gal-(1—3)-p-D-Gal2S

(D) p-D -D-Gal2S-(1—3)-p-D-Gal

Figura 13: Mapas de contorno para as ligagdes glicosidicas de a- e B-galactanas,
sulfatadas e n&o-sulfatadas, sobrepostos aos perfis conformacionais observados nas
simulacées de DM em solugdo (pontos em cinza). Os niveis de energia sao
mostrados a cada 10 kJ.mol ™, de 10 a 50 kJ.mol™.

Em suma, o refinamento dos minimos de energia, obtidos de mapas de
contorno, por simulagdes de DM em solucdo aquosa permitiu a descricdo
conformacional de dissacarideos da B-galactana de Glyptocidaris crenulatis, de
maneira a reproduzir os contatos de NOESY observados para essas moléculas, e
auxiliar na determinacao da relagdao entre a conformacao e a funcao biolégica de
polissacarideos sulfatados.
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Figura 14: Distancias entre hidrogénios vicinais entre monossacarideos, observados
através de técnicas de RMN e reproduzidos pelas simulacées de DM em solucao

aquosa para os dissacarideos de B-galactana.’

5.2 Reproducao conformacional de glicoproteinas

Os trabalhos envolvendo a descricao conformacional de glicoproteinas,
publicados até o presente momento, utilizaram os campos de forca AMBER (Renouf
& Hounsell, 1993; Woods et al., 1995; Kirschner et al., 2008), CHARMM (Ha et al.,
1988) e CVFF (Hwang et al., 1998). Apesar da grande importancia de glicoproteinas
para varios eventos biologicos (Varki, 1993; Dwek, 1996), poucos sdo os estudos
que avaliaram dinamicamente sua estrutura e conformacgdo (Tabela 3). Nesse
sentido, considerando que os parametros do campo de forca GROMOS96 43a1 se
mostraram adequados na reproducdo e predicdo da conformacdo de carboidratos
em geral (Verli & Guimaraes, 2004; Verli & Guimaraes, 2005; Becker et al., 2005;
Becker et al, 2007; Pol-Fachin & Verli, 2008), estruturas de proteinas e
glicoproteinas (Tabela 5) determinadas por RMN foram utilizadas como pontos de
partida para estudos de DM em solucdo aquosa a fim de avaliar a capacidade dos
parametros do campo de forca GROMOS96 e das cargas atdbmicas de Ldéwdin
obtidas na base HF/6-31G** em descrever, de acordo com dados experimentais, a

estrutura e conformacéao dessa classe de moléculas.

" Tendo em vista que GROMOS96 é um campo de forca do tipo “united-atom” e que, portanto, os hidrogénios
vicinais encontram-se unidos aos seus respectivos carbonos apolares, tais 4tomos foram adicionados a estruturas
de dissacarideos assumindo as conformacdes mais prevalentes em solu¢éo aquosa.
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Ao contrario dos estudos conformacionais realizados com dissacarideos, para
0os quais protocolo e metodologia ja& haviam sido estabelecidos em estudos
anteriores (Becker et al., 2007; Pol-Fachin & Verli, 2008), estudos envolvendo
glicoproteinas nao haviam sido realizados até entdo pelo grupo. Dessa forma, fez-se
necessario adicionar novos termos ao campo de forga, relacionados com a parte
sacaridica de glicoproteinas, assim como parametrizar as N- e O-ligacdes
glicosidicas, envolvendo, portanto, aminoacidos e monossacarideos.

Nesse contexto, cada monossacarideo foi descrito junto aos parametros do
campo de forca baseando-se nas topologias obtidas do servidor PRODRG
(Schittelkopf & van Aalten, 2004) e na topologia para residuos de glicose, ja
presentes no campo de forca. Adicionalmente, as cargas atdémicas de Léwdin foram
incluidas a tais parametros, tanto para os monossacarideos constituintes da parte
sacaridica de glicoproteinas (Becker, 2007), quanto para as cadeias laterais dos
aminoacidos que sofreram modificacbes poés-traducionais, ou seja, asparagina e

serina (Figura 15).

(A) N-ligacao glicosidica (B) O-ligacéo glicosidica
0 NH;
CH,OH
0.110 OH
— 6]
0 OH 1 T% 265
NHAc H 0

0.155

Figura 15: Cargas atdmicas obtidas para as ligacbes glicosidicas entre aminoacidos

€ monossacarideos.

A adequada parametrizacdo dos monossacarideos constituintes da parte
sacaridica das glicoproteinas estudadas possibilitou que as simulacbes de DM
fossem estaveis para as quatro glicoproteinas estudadas: o dominio EGF-like do
fator de coagulacao fVII (PDB ID 1FF7) (Kao et al., 1999), a proteina regulatéria do
sistema complemento (PDB ID 1CDR) (Fletcher et al., 1994), o dominio de adesao
do CD2 (PDB ID 1GYA) (Wyss et al., 1995) e a subunidade a da gonadotrofina
coribnica (PDB ID 1HD4) (Erbel et al., 2000), todas humanas. Os resultados obtidos
mostraram-se de acordo com dados conformacionais de RMN prévios, tendo sido
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avaliadas 836 geometrias de ® — WY — w para dissacarideos e 271 geometrias de
ligacdes glicosidicas entre aminoacidos e monossacarideos.

Sabe-se que a parte sacaridica de uma glicoproteina pode influenciar diversas
propriedades da cadeia polipeptidica a que esta ligada (Tabela 1). Nesse sentido, a
correta descricdo conformacional desses oligossacarideos € essencial no
entendimento dos efeitos da glicosilacdo sobre essas moléculas, tais como na
determinacdo da orientagcdo da cadeia polissacaridica sobre a proteina (Ali et al.,
2008). Dessa forma, o perfil conformacional da parte protéica das glicoproteinas
estudadas foi comparado ao das suas isoformas nao-glicosiladas, por meio de
variaveis que incluem o conteudo de estrutura secundaria e a flexibilidade de regides
especificas dessas moléculas, a fim de avaliar o efeito da glicosilacdo sobre a parte
protéica das glicoproteinas estudadas.

Através das simulacbes por DM, foi possivel observar que os oligossacarideos
ligados ao dominio EGF-like do fator de coagulacao fVII, a proteina regulatéria do
sistema complemento e a subunidade a da gonadotrofina coribnica promoveram
uma estabilizagcdo conformacional em regides de alca proximas ao sitio de
glicosilacdo ou em regides espacialmente adjacentes da glicana. Nesse sentido, em
um estudo prévio utilizando simulagées de DM do fator da coagulagéo VII completo
(Perera et al., 2002), utilizando parametros do campo de forca AMBER — GLYCAM,
efeitos semelhantes da glicosilagdo sobre o dominio EGF-/ike foram observados.
Adicionalmente, o oligossacarideo do tipo oligomanose ligado ao dominio de adesao
do CD2 humano influenciou a flexibilidade de uma série de alcas relacionadas a
interacdo dessa proteina com sua proteina alvo, CD58, indicando que a glicosilagao,
nesse caso, pode estar envolvida com a fungao da glicoproteina.

Dessa forma, baseando-se em dados estruturais e bioquimicos prévios, foi
possivel observar que a metodologia empregada se mostrou capaz de descrever a
influéncia da glicosilacao sobre a parte protéica de quatro glicoproteinas diferentes.
Esses efeitos foram observados independentemente do tipo de glicosilacdo (N- ou
O-) e da estrutura do oligossacarideo (desde um unico monossacarideo O-ligado até
nonassacarideos N-ligados do tipo oligomanose ou complexo).

5.3 Previsao conformacional de oligossacarideos

Em decorréncia da dificuldade de determinacao experimental da geometria e
conformacéo de ligagdes glicosidicas, a principal fonte de informacdes estruturais



68

sobre estes sistemas sdo calculos de modelagem molecular, muitos dos quais
disponiveis na internet. Estas informacoes, presentes em bancos de dados como o
GLYCOSCIENCES (http://www.glycosciences.de/) (Lutteke et al., 2006), baseiam-se

em geometrias obtidas para dissacarideos em mapas de contorno, gerados em

condicdes de vacuo. Tais estruturas sdo comumente utilizadas na inferéncia sobre a
estrutura de oligossacarideos, como, por exemplo, na construcdo da parte
sacaridica de glicoproteinas, a fim de gerar um modelo capaz de auxiliar no
entendimento dos processos biol6gicos em que essas moléculas estao envolvidas
(Dwek, 1996).

O campo de forca MM3 (Allinger et al., 1989; Allinger et al., 1990), utilizado na
obtencdo desses mapas, embora seja reconhecido por gerar uma representacéao
altamente confidvel de aspectos conformacionais de carboidratos (Pérez et al., 1998;
Hemmingsen et al., 2004), ndo possui ampla aplicabilidade a outras classes de
moléculas, como proteinas (MacKerell et al., 1998). Nesse sentido, tendo em vista a
adequacao do protocolo baseado nos parametros do campo de forca GROMOS96,
descrito anteriormente, na reproducdo de dados experimentais obtidos por RMN
para ambas as porcdes glicidica e protéica de glicoproteinas, nos voltamos para a
busca de estratégias capazes de descrever a estrutura tridimensional dessas
moléculas, com destaque para suas cadeias sacaridicas, na auséncia de
informacdes experimentais prévias. A estratégia empregada buscou avaliar se
conformacdes obtidas para dissacarideos, simulados por DM em solugédo aquosa, se
constituiriam em bons pontos de partida para a construcao de glicanas complexas e
glicoproteinas. Tal procedimento considera que o arcabouco protéico nao seria
capaz de promover grandes alteragdes conformacionais na parte sacaridica de
glicoproteinas.

Os dissacarideos avaliados estdo contidos nas por¢des sacaridicas de trés
glicoproteinas humanas que tiveram sua estrutura determinada por técnicas de
RMN: a proteina regulatéria do sistema complemento (PDB ID 1CDR) (Fletcher et
al., 1994), o dominio de adesao do CD2 (PDB ID 1GYA) (Wyss et al., 1995) e a
subunidade a da gonadotrofina coriénica (PDB ID 1HD4) (Erbel et al, 2000). No
total, oito dissacarideos foram avaliados, incluindo trés contendo ligacoes
glicosidicas f1—4, dois a1—6, um a1—2, um a1—3 e um B1—2, que compreendem
grande parte das estruturas encontradas em partes sacaridicas N-ligadas a
glicoproteinas (do tipo complexo, oligomanose ou hibrido).
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Os mapas de contorno obtidos para ligagdes glicosidicas p1—4 avaliadas
apresentam ampla analogia entre si, incluindo conformag¢des de maximo e minimo
de energia localizadas em regides similares nos mapas de energia. Da mesma
forma, os dissacarideos Man-(a1—2)-Man e Man-(a1—3)-Man demonstram essa
mesma semelhanca, tal como previamente descrito (Ress & Scott, 1971;
Sathyanarayana & Rao, 1972; Bluhm et al., 1982; Sathyanarayana & Stevens,
1983). Adicionalmente, de maneira geral, é possivel observar que os dissacarideos
contendo ligagdes a apresentam um Unico minimo de energia principal, enquanto
que os dissacarideos que contem ligacdes B podem conter dois ou mais minimos de
energia estaveis, o que esta de acordo com dados prévios (Lipkind et al., 1984;
Lipkind et al., 1985).

Os mapas de contorno presentes no portal GLYCOSCIENCES (Lutteke et al.,
2006) possuem definicbes de RMN para os diedros ®, W e w (Tabela 5), ou seja,
contendo atomos de hidrogénios vicinais definidos explicitamente. No entanto, o
GROMOS96 é um campo de forca do tipo “united-atom”, em que os atomos de
hidrogénio encontram-se unidos aos carbonos apolares a que estariam ligados.
Dessa forma, os diedros @, W e w foram definidos de acordo com definicbes de
cristalografia (Tabela 7) para a construcdo de mapas de contorno utilizando

parametros do GROMOS96, utilizando, dessa maneira, apenas atomos pesados.

Tabela 7: Definicdes de RMN e de cristalografia para os diedros componentes de
ligacOes glicosidicas de dissacarideos.

Definicao
Diedro Ligagdes 1—-2, 1-3 e 142 Ligacdo 1—6
RMN® Cristalografia® RMN® Cristalografia®
O] H1-C1-01-CX 05-C1-01-CX H1-C1-01-C6 0O5-C1-01-C6
W C1-01-CX-HX C1-01-CX-C(X-1) C1-01-C6-C5 C1-01-C6-C5
w - - 0O1-C6-C5-H5 O0O1-C6-C5-C4

? Nas definicoes, X pode ser 2, 3 ou 4, dependendo da ligagao glicosidica;
® A conversdo entre geometrias dessas duas definicdes pode ser realizada no portal
“Torsion Angle Converter for Pyranoses”: http://www.dkfz-heidelberg.de/spec/ppc/.

Através da conversao de geometrias obtidas na definicao de cristalografia para
a definicao de RMN, é possivel observar que os minimos de energia dos mapas de
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contorno gerados, utilizando pardmetros do campo de forca GROMOS96, mostram-
se de acordo com aqueles observados em mapas de energia presentes no portal
GLYCOSCIENCES, construidos utilizando o campo de forca MM3 (Allinger et al.,
1989; Allinger et al., 1990). Esses parametros sdo reconhecidos por gerar uma
representacdo altamente confidvel de aspectos conformacionais de carboidratos
(Pérez et al., 1998; Hemmingsen et al., 2004), embora a confiabilidade desse campo
de forca se dé em condicoes de vacuo (MacKerell, 2004), tendo em vista que os
resultados obtidos em estudos avaliando a sua capacidade quando utilizados junto a
solvente explicito sdo menos satisfatérios quando comparados a outros campos de
forca, tais como CHARMM (MacKerell, 2004). Da mesma forma, os parametros MM3
para proteinas parecem nao descrever essa classe de moléculas de maneira
adequada (MacKerell et al., 1998), o que dificulta a utilizacdo dos dados presentes
nos mapas de contorno construidos para dissacarideos na descricdo conformacional
dindmica de glicoproteinas.

A utilizacdo de solvente explicito em simulacbes de DM permite uma
amostragem conformacional que, potencialmente, maximiza as conformagdes
biologicamente relevantes de biomoléculas, ou seja, destaca um dado conjunto de
conférmeros ao invés de outros, mesmo que todos sejam considerados
energicamente equivalentes por calculos realizados na auséncia de solvatacao
(Yoneda et al., 2006). No contexto de dissacarideos, a utilizacdo de solvente
explicito pode auxiliar na determinacdo da geometria observada para essas
moléculas em seu ambiente natural, ao invés das varias conformagcdes observadas
em mapas de contorno para cada ligacao glicosidica.

Nesse sentido, assim como observado para os mapas de contorno, as ligacdes
glicosidicas B1—4 apresentaram perfil conformacional semelhante entre si, da
mesma forma que os dissacarideos Man-(a1—2)-Man e Man-(a1—3)-Man.
Adicionalmente, como previamente estabelecido (Shefter & Trueblood, 1965), o
angulo w apresentou, nos dissacarideos contendo ligagdes glicosidicas al1—6, trés
conformacdes possiveis, localizadas, aproximadamente, nas geometrias 602, -180° e
-60°. Nesse sentido, foi possivel observar que, tanto para Man-(a1—6)-Man quanto
para Fuc-(a1—6)-GlcNAc, dois desses conférmeros, -60° e -180°, apresentam um
equilibrio dindmico, ou seja, convergem entre si mutuamente, enquanto que o
conférmero de geometria 60° possui um tempo de meia vida maior (Figura 16). Esse

comportamento ja foi observado em um estudo anterior utilizando outro campo de
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forca para carboidratos, AMBER — GLYCAM, na qual a definicdo aplicada para esse
diedro, embora também compreendendo apenas atomos pesados, foi diferente da
aplicada neste trabalho, que utilizou pardmetros do GROMOS96 (Kirschner &
Woods, 2001). Em decorréncia desse estudo, em que a orientacdo do angulo w foi
estudada sem substituintes ligados, uma adequada determinagcédo conformacional e
populacional desse diedro nao foi reproduzida pelos perfis de energia obtidos em
fase gasosa, mas somente quando moléculas de agua foram explicitamente
incluidas nos calculos, de maneira que as preferéncias conformacionais do angulo w

foram atribuidas, portanto, a efeitos de solvatagao.

180 180
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120 120
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Figura 16: Flutuacao do angulo w nos dissacarideos (A) Fuc-(a1—6)-GIcNAc e (B)
Man-(a1—6)-Man.

5.3.1 Predicdo da conformacdo de glicanas a partir de seus dissacarideos

constituintes

A excecdo dos angulos ® de Man-(B1—4)-GIcNAc e Man-(a1—3)-Man e ¥ de
Man-(B1—4)-GIcNAc que, na simulacao dos dissacarideos isolados em solugéo, nao
tiveram sua geometria mais prevalente de acordo com os dados de RMN e com as
simulacdes das glicoproteinas inteiras, todos os demais diedros se mostraram
semelhantes nas trés metodologias avaliadas. Mesmo nos trés &angulos
supracitados, a conformacéo, nos dissacarideos livres, que se encontra de acordo
com a observada pelas técnicas de RMN e pelas simulacbes de DM das
glicoproteinas, e que estdo de fato descritas na Tabela 8, é apenas ~10% menos
prevalente que a geometria do conférmero principal. Nesse sentido, os resultados
obtidos demonstram que a metodologia empregada para simulagdes de DM das

glicoproteinas foi capaz de reproduzir o perfil conformacional das ligagdes
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glicosidicas da parte sacaridica dessas moléculas, da mesma forma que a geometria
dos dissacarideos, livres em solucado, seria capaz de prever a conformacao desses
oligossacarideos.

Tabela 8: Comparacéao da geometria dos angulos ® e W, obtidas por DM e RMN, de

ligacdes glicosidicas que compde a parte sacaridica de glicoproteinas

Ligagéo Glicosidica Angulo RMN? Dissacarideos®  Glicoproteinas®
) -79£19 -80 + 24 -82 +27
GlcNAc-(B1—4)-GIcNAc
Y 133+ 16 115+ 16 108 £ 29
0 -95 + 23 -70 £ 30 -95 + 30
Man-(B1—4)-GIcNAc
Y 126 £ 15 110 £ 22 118 + 21
) 94 + 36 80 £24 128 + 36
Man-(a1—3)-Man
¥ -93 £ 39 -85 £ 28 -83 + 21
® 103 £ 49 80 +23 124 + 37
Man-(a1—6)-Man
b -168 = 54 -160 = 30 -156 + 59
® -60 + 13 -90 + 35 -90 + 22
GlcNAc-(B1—2)-Man
b -109 = 20 -95 + 32 -86 + 29
® -104 £ 57 -80 + 29 -114 £ 44
Gal-(B1—4)-GlcNAc
Y 113 +£25 120 + 21 100 + 30
® 107 £ 28 80 +25 116 + 39
Man-(a1—2)-Man
b -110 £ 27 -135 + 36 -99 + 35
® -98 + 37 -90 + 35 -109 £ 22
Fuc-(a1—6)-GIcNAc
Y -165 £ 47 180 £ 46 169 £ 65

 Dados expressos em média + desvio padrédo de todos os valores de RMN medidos;
® Picos conformacionais que representam as geometrias de partida para futuros estudos de
DM;

¢ Picos conformacionais principais, obtidos de dissacarideos compondo glicoproteinas;

Em resumo, o comportamento conformacional observado para os
dissacarideos estudados através das simulacées de DM em solugdo aquosa se
mostrou de acordo com dados experimentais, da mesma forma que com os perfis
obtidos para essas ligagdes glicosidicas em simulacées de DM das glicoproteinas
completas.  Adicionalmente, a auséncia de estruturas determinadas
experimentalmente para serem utilizadas como geometria de partida para essas

simulagdes ndo se mostrou como um fator limitante, uma vez que os minimos de
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energia provenientes dos mapas de contorno dos oito dissacarideos estudados
foram utilizados como estruturas de entrada. Dessa forma, a capacidade da
metodologia em reproduzir o perfil conformacional de dissacarideos qualifica-a para
prever a geometria de ligacbes glicosidicas para os quais ndo ha conhecimento
prévio, assim como para serem utilizados na construcdo da parte sacaridica de

glicoproteinas.

5.4 Implicacées para a caracterizacao conformacional de glicoproteinas e
polissacarideos

A partir dos resultados obtidos, pode-se destacar a participacao de ferramentas
de MM, marcadamente a DM utilizando parametros do campo de forca GROMOS96
e cargas atomicas de Léwdin, no estudo conformacional de glicoproteinas e
carboidratos em geral, permitindo a caracterizacdo dessas moléculas em seu
ambiente natural (Verli & Guimaraes, 2004), complementando técnicas
experimentais ou prevendo propriedades até entdo desconhecidas.

A descricao conformacional de dissacarideos, utilizando a metodologia de
construgcdo de mapas de contorno e subsequente refinamento dos minimos de
energia em solucdo aquosa, se mostrou de acordo com dados experimentais obtidos
em solugéo (ou seja, através de RMN), possibilitando, inclusive, inferir propriedades
funcionais sobre oligossacarideos, mesmo na auséncia de conhecimento
conformacional prévio.

Sabe-se das dificuldades em se obter a estrutura de carboidratos por métodos
de cristalografia de raios-X, por ocasido da elevada flexilidade de oligossacarideos
em geral, bem como por RMN, que sugerem apenas um ou uma série de modelos
conformacionais que representam propriedades conformacionais médias dessas
moléculas. Nesse contexto, as geometrias mais prevalentes, extraidas do perfil
conformacional em solucao de dissacarideos, podem ser utilizadas na construcao de
partes sacaridicas de glicoproteinas, tanto N- quanto O-ligadas, assim como na
montagem de outros polissacarideos de interesse bioldgico, modelos, esses, que
servirdo de estruturas de entrada para novos estudos de MM.

Dessa forma, a metodologia de DM empregada, que utiliza programas
gratuitos, e implementados com algoritmos de simulacao rapidos, pode contribuir no
entendimento dos diversos processos bioldégicos em que glicoproteinas e
polissacarideos estejam envolvidos.
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6 Conclusoes

A partir dos objetivos tracados, o presente trabalho permitiu:

Construcao de uma hipbtese capaz de explicar o comportamento
conformacional e biolégico de a- e [-galactanas, baseada em uma
série de mapas de contorno e simulagdes de DM,;

Reproducédo, em mais de 95%, do comportamento conformacional da
parte sacaridica de glicoproteinas em solucdo aquosa, em comparacao
a dados experimentais de RMN, validando o protocolo empregado para
descricao de carboidratos por MM;

Identificagcdo do potencial relacionado ao refinamento de minimos de
energia obtidos por mapas de contorno em solu¢cdo aquosa por DM
como uma estratégia capaz de agregar qualidade a descricao
conformacional de carboidratos, mais préxima do que deve ser
esperado em solugdes bioldgicas;

Consolidacao da metodologia de construgcdo de mapas de contorno e
refinamento dos minimos de energia obtidos por DM em solucao
agquosa como um procedimento adequado para estudos
conformacionais de carboidratos em geral;

Proposicao do emprego de estados conformacionais de dissacarideos
em solucdo como blocos para a construcdo de glicanas complexas
ligadas a glicoproteinas.

Globalmente, os resultados obtidos confirmam o potencial de ferramentas de

MM no estudo de sistemas biolégicos, especialmente na reproducao e predicao de

propriedades conformacionais de oligossacarideos, correlacionando-se com dados

experimentais prévios.
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7 Perspectivas

Considerando-se os procedimentos de simulacdo propostos e validados no

presente trabalho, especialmente os relacionados ao estudo de glicoproteinas, as

seguintes perspectivas podem ser tracadas:

Avaliar o efeito da glicosilacdo na dindmica de glicoproteinas
relacionadas a cascata de coagulacdo sanguinea, tais como
antitrombina, trombina e fator Xa;

Construcao de mapas de contorno e caracterizacdo conformacional de
dissacarideos componentes da heparina, de maneira a utilizar as
geometrias mais prevalentes observadas em solucdo aquosa para
essas ligacoes glicosidicas na construcao dos diversos polissacarideos
que compbe este medicamento;

Caracterizacao da interacao de um heparinéide com glicoproteinas da
cascata de coagulagdo sanguinea, destacadamente o complexo
ternario formado por antitrombina, heparina e trombina/fXa.
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9 Anexos

Durante a realizacdo desta dissertacao, alguns projetos iniciados durante meu
periodo como aluno de Iniciacao Cientifica foram concluidos, da mesma forma que
uma colaboracao adicional foi realizada com o grupo do Prof. Eliezer J. Barreiro
(Laboratério de Avaliagéo e Sintese de Substancias Bioativas - LASSBio, Faculdade
de Farmacia - UFRJ). Destes resultados, surgiram trabalhos ja publicados ou

submetidos, incluidos a seguir.
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9.1 Trabalho |

Carbohyadr. Res., 2008, 343, 1435-1445

Depiction of the forces participating in the 2-O-sulfo-a-L-iduronic
acid conformational preference in heparin sequences in aqueous

solutions

Laercio Pol-Fachin, Hugo Verli

RESUMO

2-O-Sulfo-a-L-iduronic acid (IdoA2S) is one of the main components of heparin,
an anticoagulant and antithrombotic polysaccharide able to potentiate the inhibitory
effect of antithrombin over plasma serine proteases. This monosaccharide unit
adopts an equilibrium between chair ('C4) and skew-boat (?Sp) forms as a function of
heparin sequence size and composition. Although the prevalence of the 'C,4 chair
conformation in monosaccharides is understood, the reasons for the increase in 2So
contribution in the whole polysaccharide chain are still uncertain. In this context, 0.2
us molecular dynamics simulations of I1doA2S-containing oligosaccharides indicated
that stabilization due to intramolecular hydrogen bonds around IdoA2S is highly
correlated (p < 0.001) with the expected conformational equilibrium for this residue in
solution. This behavior explains the known effect of different heparin compositions, at
the monosaccharide level, on IdoA2S conformation in biological solutions.
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9.2 Trabalho Il

J. Mol. Graph. Model., 2009, 28, 446-454

Characterization of the conformational ensemble from bioactive N-

acylhydrazone derivatives

Laercio Pol-Fachin, Carlos Alberto Manssour Fraga, Eliezer J. Barreiro, Hugo Verli

RESUMO

The search for bioactive conformations from prototypes is mostly referenced on
crystallographic ligand-receptor complexes, in which the molecule conformation is
already caged inside its binding site. However, the complexation process is a
thermodynamic event depending on both complexed and uncomplexed states. As
ligand affinity originates from such equilibrium, the development of novel
computational models capable of supplying data on ligand dynamics in biological
solutions is potentially applicable in more efficient methods for prediction of
compounds binding and affinity. In this context, the current work employs a series of
molecular dynamics simulations on three N-acylhydrazone derivatives, already
shown to present promising cardioinotropic and vasodilatory activities, in order to
obtain a precise characterization of each compound conformational ensemble in
aqueous solutions, instead of a single minimum energy conformation. Consequently,
we were able to observe the influence of each functional group of the studied
molecules on the conformation of the entire compounds and thus on the exposure of
functional groups that might potentially bind to target receptors. Additionally, the
differences between the molecules conformational behavior were characterized,
supporting a spatial and temporal image of each ligand, which may be potentially
correlated to their biological activities. So in the context of conformational selection,
such strategy may represent a useful methodology to contribute in the choice of
ligands conformations for both QSAR and docking calculations.
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9.3 Cargas atémicas de Léwdin

As cargas atomicas parciais de Léwdin sdo divididas em grupamentos, ou
grupos de carga, para que possam ser aplicadas para diferentes residuos de
carboidratos e, potencialmente, em outros campos de forga.

Grupamento Estrutura 2D Estrutura 3D e cargas
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Grupamento Estrutura 2D Estrutura 3D e cargas
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Grupamento Estrutura 2D Estrutura 3D e cargas
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9.4 Topologias de monossacarideos para GROMOS96 43at

Esses arquivos contém os parametros de ligacao, angulo de ligacao e diedros
para as moléculas em estudo. No caso especifico do campo de forca GROMOS96
43a1, utilizando o pacote GROMACS, essas topologias, juntamente com outras que
descrevem outras classes de biomoléculas, fazem parte de um arquivo com
extensdo “rtp”, localizado em uma pasta de topologias compartilhadas do programa.

Abaixo, seguem as topologias para alguns dos monossacarideos constituintes
das glicoproteinas estudadas, assim como parametros para os aminoacidos a que

esses oligossacarideos se ligam.

B-GlcNAc-(1—N)-Asn

[ ASN2 ]
[ atons ] N CA C ga_12
N N - 0. 28000 0 CA C +N ga_18
H H 0. 28000 0 CA C (0] ga_29
CA CH1L 0. 00000 1 o] C +N ga_32
CB CH2 0. 00000 1 CA C 0] ga_29
CG C 0. 38000 2 o] C +N ga_32
oDl (0] - 0. 38000 2 N CA CB ga_12
ND2 NT - 0. 26500 3 C CA CB ga_12
HD2 H 0. 15500 3 CA CB CG ga_14
C C 0. 380 4 CcB CG OD1 ga_29
(0] (@) - 0. 380 4 CcB CG ND2 ga_18
[ bonds ] oD1 CG ND2 ga_32
N H gb_2 CG ND2 HD2 ga_22
N CA gb_20 [ inpropers ]
CA C gb_26 ;o al aj ak al gronos type
C (0] gb 4 N -C CA H g1
C +N gb_9 C CA +N 0] gi_1
CA CB gb_26 CA N C CB gi_2
CB CG gb_26 CG OD1 ND2 CB gi_1
CG O0Ob1 gb 4 [ dihedrals ]
CG ND2 gb_ 8 ;o al aj ak al gronos type
ND2 HD2 gb_2 -CA -C N CA gd_4
[ angles ] -C N CA C gd_19
;o al aj ak gronos type N CA C +N gd_20
-C N H ga_31 N CA CB CG gd_17
H N CA ga_17 CA CB CG ND2 gd_20
-C N CA ga_30 CB CG ND2 HD2 gd_4



[ NAGL ]
[ atons ]
C8 CH3
Cr C
or O
N2 N
H22 H
c2 CH
Cl CH
(03} A
Cs CHL
C6  CH2
o6 QA
c4 CH
(07} A
C3 CHL
a3 A
H32 H
[ bonds ]
c 7
cr o
(074 N2
N2 H22
N2 2
2 a
c2 a
CIL &
B &
c  C6
G A
6 &6
a4 o
4 a
3 +C1
G B
3  H32
[ angles ]
;o al aj
c 7
c 7
or cCr
(074 N2
Cr N2
H22 N2
N2 2
N2 2
CIL @
2 a
CTL &

880882QQRRRQ

1
COOOLO0O0O0O000000000O
N
SN

«Q
| o
N
(o2}

gb_19
gb_25
gb_25
gb_19
gb_19
gb_25
gb_19
gb_19
gb_1

ak

B-GlcNAc-(1—4)-B-GlcNAc-(1—N)-Asn

N

o

o
GQUOOARADRMWWNNPFPOOOOOO

gronos type
ga_29
ga_18
ga_32
ga_31
ga_30
ga_24
ga_12
ga_12
ga_7
ga_8
ga_9

2 RRRRRa08A23I BRR0RRARR98S

BRERNRABLREIZLBCRIBIVAIRIVBYE

BRRYBRRIRLIRKAK

3

_5
o
o
D
=
()

QRRB8RFFQARE

aj

QQ

c1

BRRAZRBARBIRBRIZRIANRY

89R083828RR9

[a—

hedral s ]

8022288392

RICBIRRBIRIIRRBRERFIECAEE =

ga_8
ga_8
ga_7
ga_8
ga_8
ga_7
ga_8
ga_9
ga_7
ga_8
ga_8
ga_1

CERQAR2RFEANRS KRRRRRARAER

RRYFFRRBIRRBAIR

1

gronos type
gi_1
gi_1
gi 2
gi 2
gi _2
gi _2
gi _7
gi 8
g9

gronos type
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[ NAR ]
[ atons ]
C8 CH3
Cr C
or O
N2 N
H22 H
c2 CH
Cl CH
(03} A
Cs CHL
C6  CH2
o6 QA
H63 H
4 CH
(07} A
C3 CHL
a3 A
H32 H
[ bonds ]
c 7
cr o
Cr N2
N2 H22
N2 2
2 a
c2 a
CTL &
B &S
c 6
G A
6 &6
06 H63
4 o
> +Cl
4 a
G B
3  H32
[ angles ]
ai aj
c 7
c 7
o cr
Cr N2
(074 N2
H22 N2
N2 2
N2 2
CIL @
2 a
CL &
-4
-4
B &S
& &

Re2RRAQ02RQREREQ

B-Man-(1—4)-B8-GlcNAc-(1—4)-3-GlcNAc

COOLOOOO0O0O0O000000 0
N
SN

gb_19
gb_19
gb_25
gb_19
gb 1

ak

N
o
o
QOO BRADWWWNNRPFPOOOOOO

gronos type
ga_29
ga_18
ga_32
ga_31
ga_30
ga_24
ga_12
ga_12
ga_7
ga_8
ga_9
ga_8
ga_8
ga_8
ga_8

6 G5
G C6
6 &6
G <«
G <«
a4 o
o <A
2 a
2 a
4 a
cG3 B
i mpr opers
aj
-
c8

>
(1)
o
=

BRRERAABALERIFRYZIRFRLARKAZAQQIZ2QARBRRSAQ

RRRRRARRFR8RSBRRR8RRRARRRARRL2RARRRAREANL

23920832299

Z&
0082388835982

2}

RECSIRRBIRRRIRZRIAACBRBLRRIZCLBERE*

ga_7
ga_8
ga_1
ga_8
ga_7
ga_9
ga_8
ga_7
ga_8
ga_8
ga_1

CERQARRBBRRRFFANE RRRRRRARAAE

RRAIFRRBRARBIAA

1

1

gronos type
gi _2
gi_1
g1
gi 2
gi _2
gi _2
gi _2
gi 7
gi 8
g _9

gronos type
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a-Man-(1—6)-B-Man-(1—4)-3-GlcNAc

3

T

1

a-Man
[ BVAL ]
[ atons ]

C6  CH2 0. 36300 0 cs <4 a3 ga_7
o6 QA - 0. 53500 0 cs 4 o ga_8
Cs CHL 0. 24200 1 3 A o ga_8
(03} A -0. 24200 1 4 o4 H2 ga_11
Cl CH 0. 25400 2 s C6 06 ga_8
c2 CH 0. 16000 3 C6 O +C1 ga_9
(07 QA - 0. 40000 3 [ inpropers ]

H22 H 0. 24000 3 ;al aj ak al gronos type
C3 CHL 0. 14200 4 cTL -o4 03 2 gi_2
a3 A - 0. 39600 4 c5 C6 (o7} (03 gi_2
c4 CH 0. 16000 5 c2 c3 o2 Cl gi_2
(o7} A - 0. 40000 5 C3 4 a3 c2 gi_2

H42 H 0. 24000 5 4 (o7} c5 c3 gi_2

[ bonds ] (03] c2 07! c1 gi _7
c6 G5 gb_25 c5 c2 c3 Cl gi_8
& & gb_19 c5 c2 c3 03] gi_9
(63) (07! gb_25 [ dihedrals ]

(03] C1 gb_19 ;al aj ak al gronos type
CIL @ gb_25 c2 C1 03 c5 gd_14
2 o@x gb_19 C3 c2 Cl (03 gd_7
c2 a gb_25 C1 c2 o2 H22 gd_12
2 H22 gb_1 c4 c3 c2 Cl gd_17
G B gb_19 (07} (o7} c3 2 gd_7
a3 A gb_25 c5 (o7} o7} H42 gd_12
a4 o gb_19 c2 c3 (o7} c5 gd_17
4 H42 gb_1 C1 (03] c5 4 gd_14
6 &6 gb_19 -4 - Cl c2 gd_14
> +C1 gb_19 -4 C1 c2 c3 gd_17

[ angles ] -4 C1 (07 C3 gd_7

;al aj ak gronos type -4 C1 (07 07 gd_8
6 GG ga_8 (03] c5 4 c3 gd_7
(6] C5 (07! ga_7 (6] C5 (07! C3 gd_17
&6 & A ga_8 C6 c5 (o7} o7} gd_7
(03] (03] Cc1 ga_9 c5 C6 6 +C1 gd_14
B Cl @ ga_8 (03} C1 c2 02 gd_8
CTI &2 ga_8 2 c2 c3 c4 gd_7

-4 Cc1 & ga_8 2 c2 c3 a3 gd_8

-4 Cl 2 ga_8 Cl c2 c3 o¢} gd_7
CL &2 & ga_7 a3 c3 (o7} c5 gd_7
@ &2 a ga_8 a3 c3 (o7} o7} gd_8
c2 @@ H22 ga_11 (03] c5 4 o’} gd_8
2 G o ga_8 c4 c5 C6 o6 gd_7
2 aQ o ga_7 4 c5 C6 06 gd_17
B &3 <4 ga_8 (03} c5 C6 06 gd_8
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a-Man-(1—6)-a-Man-(1—6)-3-Man

3

T

1

a-Man
[ MAN1 ]
[ atons ]

C6  CH2 0. 36300 0 cs <4 a3 ga_7
o6 QA - 0. 53500 0 cs 4 o ga_8
Cs CHL 0. 24200 1 3 A o ga_8
(03} A -0. 24200 1 4 o4 H2 ga_11
Cl CH 0.17200 2 s C6 06 ga_8
c2 CH 0. 16000 3 C6 O +C1 ga_9
(07 QA - 0. 40000 3 [ inpropers ]

H22 H 0. 24000 3 ;al aj ak al gronos type
C3 CHL 0. 14200 4 CIL -G c2 (03 gi_2
a3 A - 0. 39600 4 c5 C6 (o7} (03 gi_2
c4 CH 0. 16000 5 c2 c3 o2 Cl gi_2
(o7} A - 0. 40000 5 C3 4 a3 c2 gi_2

H42 H 0. 24000 5 4 (o7} c5 c3 gi_2

[ bonds ] (03] c2 07! c1 gi _7
c6 G5 gb_25 c5 c2 c3 Cl gi_8
& & gb_19 c5 c2 c3 03] gi_9
(63) (07! gb_25 [ dihedrals ]

(03] C1 gb_19 ;al aj ak al gronos type
CIL @ gb_25 c2 C1 03 c5 gd_14
2 o@x gb_19 C3 c2 Cl (03 gd_7
c2 a gb_25 C1 c2 o2 H22 gd_12
2 H22 gb_1 c4 c3 c2 Cl gd_17
G B gb_19 (07} (o7} c3 2 gd_7
a3 A gb_25 c5 (o7} o7} H42 gd_12
a4 o gb_19 c2 c3 (o7} c5 gd_17
4 H42 gb_1 C1 (03] c5 4 gd_14
6 &6 gb_19 -C6 -06 Cl c2 gd_14
> +C1 gb_19 - 06 C1 c2 c3 gd_17

[ angles ] -6 C1 (07 C3 gd_7

;al aj ak gronos type -6 C1 (07 07 gd_8
6 GG ga_8 (03] c5 4 c3 gd_7
(6] C5 (07! ga_7 (6] C5 (07! C3 gd_17
&6 & A ga_8 C6 c5 (o7} o7} gd_7
(03] (03] Cc1 ga_9 c5 C6 6 +C1 gd_14
B Cl @ ga_8 (03} C1 c2 02 gd_8
CTI &2 ga_8 2 c2 c3 c4 gd_7

-6 Cl & ga_8 2 c2 c3 a3 gd_8

-6 Cl @ ga_8 Cl c2 c3 o¢} gd_7
CL &2 & ga_7 a3 c3 (o7} c5 gd_7
@ &2 a ga_8 a3 c3 (o7} o7} gd_8
c2 @@ H22 ga_11 (03] c5 4 o’} gd_8
2 G o ga_8 c4 c5 C6 o6 gd_7
2 aQ o ga_7 4 c5 C6 06 gd_17
B &3 <4 ga_8 (03} c5 C6 06 gd_8
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a-Man-(1—2)-a-Man-(1—6)-a-Man

0. 16000 0 C3 OB H32 ga_11
- 0. 40000 0 c5 <4 a3 ga_7
0. 24000 0 G A o ga_8
0. 24200 1 a3 A o ga_8
-0. 24200 1 4 o4 H2 ga_11
0.17200 2 s C 06 ga_8
0. 14200 3 6 O H63 ga_11
- 0. 39600 3 [ inpropers ]
0. 16000 4 ;al aj ak al gronos type
- 0. 40000 4 CIL -G c2 03 gi_2
0. 24000 4 c5 C6 (o7} 03] gi_2
0. 16000 5 c2 c3 o2 Cl gi_2
- 0. 40000 5 C3 (o7} o¢} c2 gi_2
0. 24000 5 4 o7} c5 c3 gi_2
c5 c2 (o7} Cl gi_7
gb_25 c5 c2 c3 Cl gi_8
gb_19 c5 c2 c3 03] gi_9
gb_25 [ dihedrals ]
gb_19 ai aj ak al gronos type
gb_25 c2 C1 03} c5 gd_14
gb_19 C3 c2 C1 (03] gd 7
gb_19 (07} C3 2 C1 gd_17
gb_25 c2 c3 o¢} H32 gd_12
gb_19 (07} (o7} c3 2 gd_7
gb_25 c5 (o7} o7} H42 gd_12
gb 1 c2 C3 (07! C5 gd_17
gb_19 Cc1 (03] C5 (07! gd_14
gb_1 (03} c5 (o7} c3 gd_7
gb_19 -C6 -06 Cl c2 gd_14
gb_1 - 06 C1 c2 c3 gd_17
- 06 C1 c2 c3 gd_7
ak gronos type -6 C1 2 @ gd 8
ga_8 (6] C5 07! c3 gd_17
ga_7 (6] C5 07! A gd_7
ga_8 (03] Cc1 (07 07 gd_8
ga_9 (07 c2 C3 (07! gd 7
ga_8 (07 c2 C3 3 gd 8
ga_8 c3 c2 (07 +C1 gd_14
ga_7 c1 (07 C3 a3 gd_7
ga_8 3 C3 07! c5 gd_7
ga_8 3 C3 (07! 07! gd 8
ga_8 (03] C5 (07! 07! gd 8
ga_9 4 C5 C6 6 gd_7
ga_8 4 C5 C6 6 gd_17
ga_7 (03] C5 C6 6 gd_8
ga_8 (03) C6 (03] H63 gd_12
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a-Man-(7—2)-a-Man

MANS ]
atons ] 3 C3 07! ga_8
C6  CH2 0. 16000 0 C3 OB H32 ga_11
o6 A - 0. 40000 0 c5 <4 a3 ga_7

H63 H 0. 24000 0 G A o ga_8
Cs CHL 0. 24200 1 a3 A o ga_8
(03} A -0. 24200 1 4 o4 H2 ga_11
Cl CH 0. 25400 2 s C 06 ga_8
c2 CH 0. 16000 3 6 O H63 ga_11
(07 QA - 0. 40000 3 [ inpropers ]

H22 H 0. 24000 3 ;al aj ak al gronos type
C3 CHL 0. 16000 4 CTL - c2 03 gi_2
a3 QA - 0. 40000 4 c5 C6 (o7} 03] gi_2

H32 H 0. 24000 4 c2 c3 o2 Cl gi_2
4 CH 0. 16000 5 C3 (o7} o¢} c2 gi_2
(07} A - 0. 40000 5 4 o7} c5 c3 gi_2

H42 H 0. 24000 5 c5 c2 (o7} Cl gi_7
bonds ] (63) c2 C3 C1 g _8
6 G5 gb_25 c5 c2 c3 03] gi_9
(03] (03] gb_19 [ dihedrals ]

(03] (0] gb_25 ai aj ak al gronos type
&G Cl gb_19 c2 C1 03} c5 gd_14
CIL & gb_25 C3 c2 Cl 03] gd_7
c2 @ gb_19 C1 c2 o2 H22 gd_12
c2 a gb_25 4 c3 c2 Cl gd_17
2 H22 gb_1 c2 c3 o¢} H32 gd_12
3 B gb_19 (07} (o7} c3 2 gd_7
G < gb_25 c5 4 o’} H42 gd_12
3  H32 gb_1 c2 c3 (o7} c5 gd_17
a4 o gb_19 Cl (03 c5 c4 gd_14
4 H42 gb_1 (03} c5 (o7} c3 gd_7
6 &6 gb_19 C6 c5 (o7} c3 gd_17
06 H63 gb_1 C6 Cc5 (o7} 4 gd_7
angl es | (03] C1 2 @ gd 8
ai aj ak gronos type (07 c2 c3 A gd_7
6 C O ga_8 (02 c2 c3 o¢} gd_8
6 GG 4 ga_7 -2 - Cl c2 gd_14
B & <A ga_8 -2 C1 c2 c3 gd_17
G & «a ga_9 -2 C1 c2 c3 gd_7
B Cl @ ga_8 - C1 c2 02 gd_8
CIL &2 ga_8 Cl c2 c3 o¢} gd_7
CL &2 & ga_7 a3 c3 (o7} c5 gd_7
@2 &2 a ga_8 a3 c3 (o7} 4 gd_8
@2 C & ga_8 (03] c5 (o7} 4 gd_8
2 C1 @ ga_8 4 c5 C6 06 gd_7
c2 @@ H22 ga_11 4 c5 C6 06 gd_17
2 G o ga_8 (03} c5 C6 06 gd_8
2 Qg o ga_7 c5 C6 o6 H63 gd_12
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B-GlcNAc-(1—2)-a-Man-(1—6)-3-Man

0. 16000 0 cs <4 a3 ga_7
- 0. 40000 0 c 4 o ga_8
0. 24000 0 3 A o ga_8
0. 24200 1 4 o4 H2 ga_11
-0. 24200 1 s C 06 ga_8
0.17200 2 6 O He63 ga_11
0. 14200 3 c2 @2 +C1 ga_9
- 0. 39600 3 [ inpropers ]
0. 16000 4 ;al aj ak al gronos type
- 0. 40000 4 CIL -G c2 03 gi_2
0. 24000 4 c5 C6 (o7} 03] gi_2
0. 16000 5 c2 c3 o2 Cl gi_2
- 0. 40000 5 C3 (o7} o¢} c2 gi_2
0. 24000 5 4 o7} c5 c3 gi_2
c5 c2 (o7} Cl gi_7
gb_25 c5 c2 c3 Cl gi_8
gb_19 c5 c2 c3 03] gi_9
gb_25 [ dihedrals ]
gb_19 ;al aj ak al gronos type
gb_25 c2 C1 03} c5 gd_14
gb_19 C3 c2 C1 (03] gd 7
gb_25 (07} C3 2 C1 gd_17
gb_19 (07} (o7} c3 2 gd_7
gb_1 c5 (o7} o7} H42 gd_12
gb_25 c2 c3 (o7} c5 gd_17
gb_19 Cc1 (03] C5 (07! gd_14
gb 1 - C6 -6 C1 2 gd_14
gb_19 - 06 C1 c2 c3 gd_17
gb_1 - 06 C1 c2 c3 gd_7
gb_19 - 06 C1 c2 02 gd_8
(03] Cc5 (o7} c3 gd_7
ak gronos type C6 C5 (07! C3 gd_17
ga_8 (6] C5 07! A gd_7
ga_7 c3 c2 (07 +C1 gd_14
ga_8 (03] Cc1 (07 07 gd_8
ga_9 (07 c2 C3 (07! gd 7
ga_8 (07 c2 C3 3 gd 8
ga_8 c1 (07 C3 a3 gd_7
ga_8 c2 c3 o¢} H32 gd_12
ga_8 3 C3 07! c5 gd_7
ga_7 3 C3 (07! 07! gd 8
ga_8 (03] C5 (07! 07! gd 8
ga_8 4 C5 C6 6 gd_7
ga_11 4 c5 C6 06 gd_17
ga_7 (03] C5 C6 6 gd_8
ga_8 (03) C6 (03] H63 gd_12



[ NA® ]
[ atons ]
C8 CH3
Cr C
or O
N2 N
H22 H
c2 CH
Cl CH
(03} A
Cs CHL
C6  CH2
o6 QA
H63 H
4 CH
(07} A
C3 CHL
a3 A
H32 H
[ bonds ]
c 7
cr o
Cr N2
N2 H22
N2 2
2 a
c2 a
CTL &
B &S
c 6
G A
6 &6
06 H63
4 o
> +Cl
4 a
G B
3  H32
[ angles ]
ai aj
c 7
c 7
o cr
Cr N2
(074 N2
H22 N2
N2 2
N2 2
CIL @
2 a
CL &
-2
-2
B &S
& &

Re2RRAQ02RQREREQ

COOLOOOO0O0O0O000000 0
N
SN

gb_19
gb_19
gb_25
gb_19
gb 1

ak

B-Gal-(1—4)B-GlcNAc-(1—2)-a-Man

N
o
o
QOO BRADWWWNNRPFPOOOOOO

gronos type
ga_29
ga_18
ga_32
ga_31
ga_30
ga_24
ga_12
ga_12
ga_7
ga_8
ga_9
ga_8
ga_8
ga_8
ga_8

6 G5
G C6
6 &6
G <«
G <«
a4 o
o <A
2 a
2 a
4 a
cG3 B
i mpr opers
aj
-2
c8

>
(1)
o
=

BRRERABALERIFRYZIRFLRLALRRIZLAQA=Z2QARBRRKAQ

RRRRRARRFR8RSBRR08RRRANRRABIZ2RARRRAREANL

23920832299

Z&
0082388835982

2}

RECSIRRBIRRRIRZRIAACBRBLRRIZCLBERE*

ga_7
ga_8
ga_1
ga_8
ga_7
ga_9
ga_8
ga_7
ga_8
ga_8
ga_1

CERQARRBBRRRFFANE RRRRRRARAAE

RRAIFRRBRARBIAA

1

1

gronos type
gi _2
gi_1
g1
gi 2
gi _2
gi _2
gi _2
gi 7
gi 8
g _9

gronos type

112
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B-Gal-(1—4)3-GlcNAc

[ GAL1 ]
[ atons ] 3 C3 07! ga_8
C6  CH2 0. 16000 0 C3 OB H32 ga_11
o6 A - 0. 40000 0 c5 <4 a3 ga_7

H63 H 0. 24000 0 G A o ga_8
Cs CHL 0. 24200 1 a3 A o ga_8
(03} A -0. 24200 1 4 o4 H2 ga_11
Cl CH 0. 25400 2 s C 06 ga_8
c2 CH 0. 16000 3 6 O H63 ga_11
(07 QA - 0. 40000 3 [ inpropers ]

H22 H 0. 24000 3 ;al aj ak al gronos type
C3 CHL 0. 16000 4 cTL -o4 03} 2 gi_2
a3 QA - 0. 40000 4 c5 C6 (o7} 03] gi_2

H32 H 0. 24000 4 c2 c3 Cl 2 gi_2
4 CH 0. 16000 5 C3 (o7} o¢} c2 gi_2
(07} A - 0. 40000 5 4 o7} c3 c5 gi_2

H42 H 0. 24000 5 c5 c2 (o7} Cl gi_7

[ bonds ] (63) c2 C3 C1 g _8
6 G5 gb_25 c5 c2 c3 03] gi_9
(03] (03] gb_19 [ dihedrals ]

(03] (0] gb_25 ai aj ak al gronos type
&G Cl gb_19 c2 C1 03} c5 gd_14
CIL & gb_25 C3 c2 Cl 03] gd_7
c2 @ gb_19 C1 c2 o2 H22 gd_12
c2 a gb_25 4 c3 c2 Cl gd_17
2 H22 gb_1 c2 c3 o¢} H32 gd_12
3 B gb_19 (07} (o7} c3 2 gd_7
G < gb_25 c5 4 o’} H42 gd_12
3  H32 gb_1 c2 c3 (o7} c5 gd_17
a4 o gb_19 Cl (03 c5 c4 gd_14
4 H42 gb_1 (03} c5 (o7} c3 gd_7
6 &6 gb_19 C6 c5 (o7} c3 gd_17
06 H63 gb_1 C6 Cc5 (o7} 4 gd_7
[ angles ] (03] C1 2 @ gd 8
;al aj ak gronos type (07 c2 c3 A gd_7
6 C O ga_8 (02 c2 c3 o¢} gd_8
6 GG 4 ga_7 -4 -4 Cl c2 gd_14
B & <A ga_8 -4 C1 c2 c3 gd_17
G & «a ga_9 -4 C1 c2 c3 gd_7
B Cl @ ga_8 -4 C1 c2 02 gd_8
CIL &2 ga_8 Cl c2 c3 o¢} gd_7
CL &2 & ga_7 a3 c3 (o7} c5 gd_7
@2 &2 a ga_8 a3 c3 (o7} 4 gd_8

-4 Cc1 & ga_8 (03] c5 (o7} 4 gd_8

-4 C1 &2 ga_8 4 c5 C6 06 gd_7
c2 @@ H22 ga_11 4 c5 C6 06 gd_17
2 G o ga_8 (03} c5 C6 06 gd_8
2 Qg o ga_7 c5 C6 o6 H63 gd_12



[ SER ]
[ atons ]
N N
H H
CA CHL
CB CH2
oG oA
C C
(0] (@)
[ bonds ]
N H
N CA
CA C
C (0]
C +N
CA CB
CB oG
[ angles ]
;o ai aj
-C N
H N

- 0. 28000
0. 28000
0. 00000
0. 17000

- 0. 32000

0. 380
- 0. 380

WWMNNPFP, OO

gb_2
gb_20
gb_26

ak gronos type
H ga_31
ga_17

Fuc-(1—0)-Ser

.[

-C N
N CA
CA C
CA C
o] C
N CA
C CA
CA CB
i mpropers |
ai aj
N -C
C CA
CA N
[ dihedrals ]
ai aj
-CA -C
-C N
N CA
N CA

ga_30
ga_12
ga_18
ga_29
ga_32
ga_12
ga_12
ga_12

al

H
O
CB

al
CA
C
+N
oG

gronos type
g1
g1
gi_2

gronos type
gd 4
gd_19
gd_20
gd_17

114



115

Fuc-(1—0)-Ser

[ Fucz ]
[ atons ]
c6 CH3 0. 00000 0 c2 GG o ga_8
cs CH 0. 24200 1 2 Qg o« ga_7
(03} A -0. 24200 1 B &3 4 ga_8
Cl CH 0. 15000 2 C3 @B H32 ga_11
c2 CH 0. 16000 3 G A a3 ga_7
2 QA - 0. 40000 3 cc 4 o ga_8

H22 H 0. 24000 3 a3 a4 o ga_8
C3 CHL 0. 16000 4 4 o4 H2 ga_11
3 QA - 0. 40000 4 [ inpropers ]

H32 H 0. 24000 4 ;ai aj ak al gronos type
c4 CH 0. 16000 5 c5 C6 03] 4 gi_2
(o7} A - 0. 40000 5 c2 C1 c3 o2 gi_2

H42 H 0. 24000 5 C3 c2 o¢} 4 gi_2

[ bonds ] 4 07! c5 C3 gi _2
6 G5 gb_25 c5 c2 (o7} Cl gi_4
e & gb_19 c5 c2 c3 Cl gi_5
G <A gb_25 c5 c2 c3 03] gi _6
(03] C1 gb_19 [ dihedrals ]
c1 c2 gb_25 ai aj ak al gronos type
2 ox gb_19 07} (o7} c5 C6 gd_7
c2 a gb_25 c2 C1 03] c5 gd_14
@2 H22 gb_1 C3 c2 Cl 03] gd_7
3 B gb_19 Cl c2 02 H22 gd_12
a3 A gb_25 4 c3 c2 Cl gd_17
3  H32 gb_1 c2 c3 o¢} H32 gd_12
4 o gb_19 (o7} 4 c3 c2 gd_7
4 H42 gb_1 c5 4 4 H42 gd_12

[ angles ] c2 C3 07! C5 gd_17

;al aj ak gronos type c1 (03] c5 A gd_14
6 C O ga_8 (03} c5 (o7} c3 gd_7
C6 C5 (07! ga_7 C6 C5 (07! C3 gd_17
B & <A ga_8 (03] C1 c2 o2 gd_8
G & ga_9 (0 c2 3 4 gd_7
B Cl ga_8 (0 c2 3 o¢} gd_8
CTL &2 ga_8 Cl c2 3 o¢} gd_7
c1 c2 C3 ga_7 3 C3 (07! C5 gd 7
@2 &2 a ga_8 a3 c3 (o7} 4 gd_8
c2 @@ H22 ga_11 (03} c5 (o7} o7} gd_8
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