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RESUMO

O conhecimento da glicobiologia estrutural se mantém como a parte menos
explorada do estudo de estrutras tridimensionais. Considerando que a glicosilacéao
pode estar envolvida em processos biolégicos como crescimento celular e
inflamac@o o descrever das bases moleculares da interacdo proteina-carboidrato
pode auxiliar na compreensao destes eventos. Neste sentido considerando o
pequeno numero de trabalhos avaliando o perfil conformacional de glicoproteinas
por simulacdo de dinamica molecular e RMN este trabalho demonstrou que o campo
de forca GROMOS43al é capaz de representar adequadamente um conjunto de
glicoproteinas tendo como conformacéo inicial as estrutras determinadas por RMN.
O proximo desafio foi simular dissacarideos isolados em solu¢édo e comparar o seu
perfil aos estudos anteriores, 0 que demonstrou que o conjunto de conformacdes de
cada dissacarideo representa as conformacdes obtidas em ambos os métodos. Para
validar o uso de conformacdes de dissacarideos como unidades de construcdo de
glicanas em glicoproteinas foi descrita a forma glicosilada das enzimas Cox-1 e
Cox-2, que ndo possuiam a estrutura da glicosilacdo, e as conformacbes das
glicanas nestas simulacdes foram similares as dos dissacarideos, comprovando que
as conformacdes de dissacarideos podem ser extrapolaveis para constru¢do de
glicoproteinas. Finalmente foi construida a forma glicosilada da AGP humana, uma
proteina que possui diferencas funcionais associadas ao perfil das glicanas ligadas.
Sabe-se que em casos de resposta inflamatéria a concentracdo plasmatica da AGP
pode ser aumentada em até cinco vezes a concentracdo normal e durante este
aumento ha uma diferenca no namero de ramificacdes das glicanas e presenca de
residuos de fucose. Foram simuladas trés estrutras AGP, sem glicosilagdo e
glicosilada com a presenca e auséncia de fucoses,. A flexibilidade da estrutura néo
glicosilada é muito maior que das glicoproteinas, mostrando o papel estrutural da
glicosilacdo. Adicionalmente foi estudada a interagcdo que a AGP com selectinas,
proteinas envolvidas nos processos inflamatérios, fornecendo dados preeliminares

do papel molecular da interacdo AGP-selectina.
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ABSTRACT

The knowning of strucutural glycobiology still the less explored area in
threedimensional structures. Considering the envolviment of glycosylation in
biological process such cellular grown and inflammation describe the molecular basis
interactions of protein-carbohidrate may facilitate understanding of these events. In
this way considering the small number of works evaluated the conformational profile
of glycoproteins by molecular dynamics simulations and NMR this work demonstrate
that the GROMOS96 43al force field adequately represent a glycoprotein’s
conformational ensemble taking as the starting geometries, the NMR determined
structures. The next step is simulate isolated disaccharides in solution and compare
these proflite with previous work, which demonstrate that the conformational
ensamble of disaccharides represents the conformations obtain in both methods. To
validate the use of disaccharides conformations such construct units of glycans in
glycoproteins, the glycosylated form of Cox-1 and Cox-2 with no previous structure
were simulated, and the conformations of glycans were similar to disaccharides,
proving that disaccharides conformations can be extrapolated to construct
glycoproteins. Finaly it was construct the glycosylated form of human AGP, a protein
with functional differentces associated to glycan linked profile. In cases of
inflammatory response the the plasma concentration can rise up to fivefold and in
this case the glycans differ in the branching and presence of fucose residues. Three
structures of AGP were construct, unglycosylated and glycosylated with and without
fucoses. The structural flexibility of unglycosylated form was higher than the
glycosylated forms, demonstrated the structural role of glycans. Additionally it was
study the interaction of AGP with selectins, proteins envolved in inflammatory

process, supply preliminary data to molecular role of AGP-selectin interaction.
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1 Introducéo

1.1 Glicosilagéo de proteinas

Glicoproteinas sédo biomoléculas envolvidas em uma grande variedade de
processos biologicos, incluindo fertilizacdo, defesa imunologica, replicacdo viral,
infeccbes parasitarias, crescimento celular, adeséo celular, degradacdo de coagulos
e inflamacao, dentre outros (Dwek, 1996). S&o constituidas por uma parte protéica
ligada a uma porcao sacaridica, as quais se associam no ambiente celular em um
processo denominado glicosilacdo. Este processo pode ocorrer tanto pds- como co-
traducionalmente em todos os organismos conhecidos, sendo controlada por fatores
diversos dependentes tanto do tipo celular envolvido como da espécie em questao
(Spiro, 2002).

A adicdo de carboidratos a estrutura protéica envolve uma grande diversidade
de possiveis monossacarideos ligados a diversos residuos de aminoéacidos. As
conexdes mais comumente encontradas em glicoproteinas incluem a N-glicosilacao
e a O-glicosilacao, identificadas em eucariotos, arqueas e eubactérias (Spiro, 2002;
Schmidt et al., 2003; Abu-Qarn et al., 2008), embora sistemas como a C-
glicosilacdo, fosfoglicosilacdo e glipiacdo tenham sido descritos. Ao todo, até o
momento foram identificados cinco tipos de glicosilacdo, envolvendo treze
monossacarideos e oito residuos de aminoacidos diferentes (Dell e Moris, 2001,
Spiro, 2002; Pol-Fachin & Verli, 2011). Adicionalmente, mesmo para uma dada
proteina a glicosilacdo é um tipo de modificacdo na estrutura peptidica altamente
variavel, uma vez que uma mesma proteina pode apresentar diferentes tipos de
glicosilacdo (Medvedova & Farkas, 2004).

A sintese de oligossacarideos na N-glicosilacdo corresponde ao tipo de
conexao proteina-carboidrato mais amplamente estudado, tendo parte de suas vias
biossintéticas e etapas envolvidas ja caracterizadas (Helenius & Aebi, 2001).
Envolve dois possiveis residuos de aminoacidos, Asn (mais comum) e Arg.
Particularmente no caso do residuo Asn, a glicosilacdo é determinada por uma

sequéncia consenso de quatro residuos de aminoéacidos, a saber (Marshall, 1972):
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N {P} S/T {P}

e Na primeira posi¢cdo um residuo de Asn;
¢ Na segunda posicao qualquer aminoacido que néo Pro;
e Naterceira posicdo um residuo de Ser ou Thr;

e Na quarta posi¢ao qualquer aminoacido que néo Pro.

Em linhas gerais, 0 processo de N-glicosilagdo pode ser descrito por uma série
de dez passos (Figura 1) (Helenius & Aebi, 2001):

a. Na face citosdlica da membrana do reticulo endoplasmatico (RE) é
sintetizado um heptassacarideo (composto por dois residuos de GIcNAc e cinco

de Man), conectado a uma molécula de dolicol fosfato;

b. Este sistema heptassacarideo-dolicol é translocado para o limen do
RE;
C. O heptassacarideo inicial sofre a adicdo de mais sete residuos de

monossacarideos, incluindo Man e Gilc;

d. O oligossacarideo entdo formado € transferido para a cadeia

polipeptidica nascente, de forma co-traducional, ou ainda de forma p0s-

traducional;

elf. A glicoproteina entdo recém formada sofre ciclos de adicdo e remocéao
de residuos de Glc;

g. A partir da estrutura sacaridica madura, conclui-se o enovelamento

correto da estrutura protéica;

h. A glicoproteina pode ser transferida para o complexo de Golgi para

posterior processamento ou, em outros casos, ser direcionada para seu local

de acdo. Caso a mesma nado passe pelo Golgi, a estrutura sacaridica da

glicoproteina sera aquela determinada pelo sistema oligossacaridico originado

junto ao dolicol fosfato;

I. Remocédo de residuos de Man da(s) cadeia(s) de glicana(s) ligada(s) a

proteina;

J- E etapas posteriores podem envolver ciclos de adigdo de outros

residuos para formacado de diferentes estruturas oligossacaridicas, tais como

GIcNAc, Gal e NeuAc;



19

Reticulo endoplasmatico

QRIC) RO 2 8 @ OECOEC Q O
4 S50 0.0.0 o. o.o o.o.o O. 0.0
- ..:.. e ®) '/(l;)\ ) ®)
- 8 £ © (D) (E) \_/4 (G) (H)
Lamen ® - —_ O —= O g — N —

g Transferéncia
Sintese do oligossacarideo precursor da glicana para a proteina e folding protéico
Golgi
(H) (0] ) (K) L) (L) L) L)
o e o —  — — —  —

Processamento do oligossacarideo

Figura 1: Processo de biossintese de um oligossacarideo N-ligado do tipo complexo.
As formas azuis representam residuos de GIcNAc; as rosas, Man; as vermelhas,
Glc; as verdes, Gal; as cinzas, NeuAc; e as brancas, Fuc. (Helenius & Aebi, 2001,
adaptado de Pol-Fachin, 2009).

Uma vez alcancado o complexo de Golgi, a estrutura sacaridica da
glicoproteina recém sintetizada pode ser ainda convertida em diferentes tipos de
glicanas, dependendo da proteina a que esse carboidrato esta ligado e de fatores
teciduais celulares e metabdlicos, (Spiro, 2002). Estes oligossacarideos sintetizados
podem ser classificados em trés grupos principais: ) oligomanose (ou high manose),
guanto todos os residuos de carboidrato substituintes sdo Man; Il) complexo, quando
estes residuos sao de qualquer outro monossacarideo; e Ill) hibridos, quando parte
das ramificacbes mantém somente residuos de Man e parte tem inseridos outros

tipos de monossacarideos (Figura 2) (Dwek, 1996).
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Figura 2: Tipos de oligossacarideos que podem ser encontrados ligados em N-

glicosilacéo.

Resultados obtidos em modelos animais encontraram evidéncias de que 0s
tipos de oligossacarideos, ligados a uma dada proteina, podem mudar durante o
desenvolvimento do organismo, assim como tipos especificos de glicanas podem ser
expressos em diferentes estagios da diferenciacdo e até ser expressa mais de um
tipo de glicosilacdo simultameamente para a mesma proteina (Cipollo et al., 2005).
Tal miriade de padrbes de glicosilagdo sugere uma enorme plasticidade estrutural e
funcional para glicoproteinas (Fukuda, 1991; Saéz et al., 2001), o que pode estar
relacionado a sua presenca ubiqua nos organismos — estima-se que 70% das
proteinas possuam sitios para N-glicosilacdo (Varki, 2002) e que mais de 50% de
todas as proteinas na natureza sejam glicosiladas (Lutteke et al., 2006). Exemplos
da plasticidade de funcdes de glicanas a partir de mudancas na sua coOmposiGao
sacaridica podem ser encontradas em patologias como cancer (Couldrey & Green,
2000; Gunnarsson et al., 2007; Takahashi et al., 2008) e um grupo de patologias
derivadas de defeitos no processo de N-glicosilacdo, ao que se denomina sindrome
de glicoproteinas com deficiéncia de carboidratos (Jaeken & Carchon, 1993).

Em comparacdo a N-glicosilagdo, a ligacdo O-glicosidica apresenta maior
variabilidade considerando-se a elevada quantidade de aminoacidos envolvidos, i.e.
Ser, Thr, Tyr, Hyp e Hyl. Esta variedade pode estar relacionada a dificuldade
encontrada até 0 momento no estabelecimento de sequéncias consenso associadas

a O-glicosilacao (Spiro, 2002). No entanto, o desenvolvimento de bases de dados e
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algoritmos de predicdo (Gupta et al., 1999; Li et al., 2006) possibilitaram a
identificacdo de algumas propriedades das regides de O-glicosilacdo, tais como a
preferéncia por aminoacidos como Pro e aversdo por aminoacidos aromaticos nas
regides adjacentes a ligacdo proteina-carboidrato (Thanka Christlet & Veluraja,
2001).

A sintese da O-glicosilacdo € atribuida a vias diferentes entre eucariotos e
eubactérias (que ndo sdo capazes de realizar N-glicosilagdo). Em eubactérias, a
ligacdo de carboidratos a proteinas ocorreria através da transferéncia poés-
traducional de monossacarideos isolados como GalNAc, Man, Xyl e Fuc adicionadas
a aminoacidos que possuam um grupamento hidroxila livre em polipeptideos ja
enovelados (Imperiali & Hendrickson, 1995).

Tendo sido descritos apenas recentemente, e somente em eucariotos, pouca
informacao encontra-se disponivel para fosfoglicosilacdo e C-glicosilacdo. Em linhas
gerais, a fosfoglicosilacdo se caracteriza pela ligacdo de oligossacarideos a residuos
de Ser ou Thr via ligacdes fosfodiéster (Mehta et al., 1996; Haynes, 1998). Ja a C-
glicosilacdo ou C-manosilacdo € a ligacdo de um residuo de a-Man adicionado ao
grupamento indol de um Trp presente na primeira posicao da sequiéncia consenso
Trp-X1-X2-Trp/Cys. Essa ligacdo € favorecida quando X1 € um aminoécido pequeno
ou polar, como Ser, Ala, Gly ou Thr, e desfavorecida quando X1 é Phe ou Leu
(Hofsteenge et al., 1994; de Beer et al., 1995; Krieg et al., 1998; Doucey et al., 1998;
Julenius, 2007).

Por fim a glipiacéo, identificada em eucariotos e arqueas (Spiro, 2002), envolve
a ligacdo de GPI a regido C-terminal de polipeptideos visando ancorar a proteina,
glicoproteina ou proteoglicana a superficies celulares (Low, 1989; Paulick & Bertozzi,
2008).

1.2 Um caso de estudo: glicoproteina a;-acida (AGP) humana

A AGP humana é uma glicoproteina plasmatica, também conhecida como
orosomucoide, caracterizada inicialmente em 1950 como cristais isolados de uma
fracdo plasmatica (Schmid, 1950; Schmid, 1953) (Figura 3). Com relacdo as
proteinas plasmaticas, a AGP sO6 € menos abundante que a albumina. Dentre as
suas caracteristicas principais estdo ser uma proteina incomum com um ponto

isoelétrico muito baixo (entre 2,8 e 3,8) e um alto conteudo de carboidratos (cerca de
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45% de sua massa molecular), distribuidos em cinco sitios de glicosilagéo. Isto a
torna umas das glicoproteinas conhecidas com maior teor de carboidratos em
relacdo a sua massa total (Fournier et al. 2000). Embora a funcdo da AGP néo seja
completamente entendida, ela € considerada um agente antiinflamatorio e
imunomodulatério natural, e esta atividade imunomodulatéria é dependente de sua

glicosilacao (Fournier et al., 2000).

Figura 3: Cristais de AGP isolados em 1950 por Schmid.

A AGP circulante possui de 41 a 43 KDa, incluindo duas isoformas de 183
aminoacidos (apenas 22 aminoacidos diferem entre as duas variantes, ORM1 e
ORM2). A variante ORM2 é expressa pelos genes AGP-B e AGP-B’ e sua
expressdo € pelo menos cem vezes menor que o ORM1. J& a variante ORM1 é
produto do gene AGP-A, expresso principalmente em hepatdcitos e o Unico
responsavel pela resposta de fase aguda. Sua expressao € regulada por varias
citocinas pré-inflamatérias, como IL-6 e IL-12, e glicocorticoides. Entretanto, existem
relatos de sintese extra-hepatica da AGP, relacionada principalmente a respostas de
fase aguda (Fournier et al. 2000). De fato, sua concentracdo plasméatica pode estar
aumentada em até cinco vezes em processos inflamatérios (Schonfeld et al., 2008),
0 que a torna a proteina majoritaria na resposta inflamatéria de fase aguda
(Fournier, et al., 2000).

Estruturalmente, a AGP possui duas pontes dissulfeto entre os residuos Cys5-
Cys147 e Cys72-Cys165 (Schmid et al., 1974). Seu enovelamento foi proposto como
do tipo lipocalina a partir da comparacdao de sua sequéncia com outras estruturas
homoélogas ou similares e de estudos de dicroismo circular (Rojo-Rodriguez &
Hernandez-Aranha, 1993, Kodicek et al., 1995). Esta proposta foi posteriormente



23

confirmada com a determinagcdo da estrutura tridimensional da AGP humana por
cristalografia de raios-X (Schonfeld et al., 2008).

Os dados cristalogréficos indicaram que a AGP apresenta oito a-hélices e nove
fitas-p antiparalelas, fitas estas que formam a cavidade central da proteina, definindo
um barril-B. Neste barril forma-se uma cavidade envolvida na ligacédo e carreamento
de farmacos (Wassan et al., 2008) (Figura 4).

Juntamente com a albumina e lipoproteinas, a AGP é um dos mais importantes
transportadores de farmacos no plasma. Pode se ligar a uma grande variedade de
compostos, preferencialmente de natureza bésica ou neutra, dado seu baixo ponto
isoelétrico, o que faz uma contrapartida a albumina, que liga-se a compostos acidos
(Kremer, 1988). Sua importancia na ligacdo a farmacos faz da AGP uma proteina
essencial para o estudo e desenvolvimento de novos agentes candidatos a farmacos
(Fuse et al., 1999, Parikh et al., 2000).

- ®a -

Figura 4: A) Representacdo esquematica da estrutura secundaria da AGP
evidenciando o arranjo de fitas-p antiparalelas (amarelo) que caracteriza o
enovelamento do tipo lipocalina. A estrutura tridimensional da AGP em duas
representacbes com a mesma orientacdo, hélices e fitas (B) e superficie (C)
evidenciando que este arranjo de fitas forma uma cavidade central na proteina,

envolvido na ligagcédo a farmacos.

1.2.1 A estruturade glicosilacdo da AGP

Considerando-se o grande espectro de funcdes apresentado pela AGP, assim
como o fato de que quase metade de sua massa € composta por carboidratos, pode-
se considerar que a elucidacdo de sua estrutura de glicosilacdo podera oferecer
importantes contribuicdes para o entendimento de sua biologia estrutural e funcao

bioldgica. De acordo, é relatado que a adicdo de carboidratos a uma dada estrutura
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protéica é capaz de influenciar diversas de suas propriedades, tais como resisténcia
a desnaturagdo, aumento de solubilidade, prevenir agregacdo e alterar o
reconhecimento entre proteinas e de proteinas com carboidratos (Varki, 1993;
Skropeta, 2009).

Diversos estudos (Stubbs et al., 1997; Fournier et al., 2000; Sei et al., 2002;
Nakano et al.,, 2003; Nagy et al., 2004), principalmente aqueles empregando
espectrometria de massas, vém se dedicando a identificar as glicanas mais
comumente ligadas na AGP. Assim, algumas caracteristicas foram associadas aos
oligossacarideos de posi¢cdes especificas desta glicoproteina (Treuheit et al., 1992;
Fournier et al., 2000):

e O sitio de glicosilacdo no residuo Asnl5 nunca carrega um
oligossacarideo tetra-ramificado e geralmente carrega um
oligossacarideo tri-ramificado;

e O sitio de glicosilacao no residuo Asn38 nunca carrega oligossacarideos
com fucose, e geralmente carrega oligossacarideos bi-ramificados;

e O sitio de glicosilacdo no residuo Asn75 nunca carrega um
oligossacarideo bi-ramificado;

e Os sitios de glicosilacdo nos residuos Asn54, Asn75 e Asn85
apresentam geralmente oligossacarideos tetra-ramificados;

A despeito destes trabalhos, a estrutura de glicosilacdo exata da AGP,
incluindo a abundancia relativa do tipo de glicosilacdo associado a cada posi¢cao de
N-glicosilacdo na AGP, ainda nado foi relatada. Contudo, dados anteriores
apresentam o0s oligossacarideos mais abundantemente ligados a AGP (Figura 5).
Entretanto as ligacdes dos NeuAc com as Gal, que sdo os residuos mais
comumente encontrados nas terminacdes das glicanas associadas a AGP, néo
puderam ser identificados (Fournier et al., 2000; Sei et al., 2002).

A determinacdo da estrutura sacaridica da AGP encontra ainda dificuldades
adicionais. Processos inflamatérios ndo somente podem interferir no nivel de
expressdo da AGP como também na sua composi¢cdo. Grupos de pesquisa vém
demonstrando que durante o choque séptico o grau de ramificacdo e o conteudo de
residuos de fucose sdo aumentados (Graaf, et al., 1993; Linden et al., 1996;
Olewicz-Gawlik et al. 2007; Levander, et al., 2009).



I

GalB1-4GIcNAcg1-2Ma na1-6

/Man,61-4GIcNAc,81-4GIcNAc
Galp1-4GlcNAcg1-2Mana1-3

I

Galg1-4GlcNAcg1-2Mana1-6
/Man,81-4GIcNAcB1-4GIcNAc
Galg1-4GlcNAcg1-2Mana1-3

Galg1-4GIcNAcg1-

I

Galﬁ1-4GIcNAc,81-2Mancx1-6\
Mang1-4GlcNAcg1-4GlcNAc

25

IV

Galp31-4GicNAcg1-4

Galp1-4GlcNAcg1-2Mana1-6_
Mang1-4GlcNAcR1-4GIcNAC
Galg1-4GlcNAcg1-2Mana1-3”

Galg1-4GIcNAcg1-4

\'

Galp1-4GIcNAcBt-4

GaIB1-4GIcNAcB1-2Manal1-6\
/Man,81-4GIcNAc,81-4GIcNAc
GaIB1-4GIcNAc,B1-2plIa nal-3

GaIBT-4/GIcNAc,81-4
Fucg1l-3

Galg1-4GlcNAcg1-2Mang1-3”
Galﬁ1-4/GlcNAc,81-
Fucwp1-3 VI
(Galg1-4GIcNAcg1- 3)Gal,g1-4G|cNAc31-§
Galp1-4GIcNAcg1-2Mana 1-6_
Galm-4G|cNAcB1-21/V|ana1-3/
Galg1-4GIcNAc1-4

Mang1-4GlcNAcs1-4GIcNAc

Figura 5: Oligossacarideos mais abundantes encontrados ligados AGP. Adaptado de
Sei et al., 2002.

Esta adicdo de residuos de fucose tem uma importante implicacdo funcional.
Ao ser adicionado as arvores de carboidratos da AGP, em posicdes especificas,
este residuo origina um epitopo tetrassacaridico denominado Sialil Lewis x (SLeX)
(Fournier, et al., 2000) (Figura 6).

Este grupamento é relatado na literatura como envolvido em processos de
reconhecimento de uma classe de lectinas com funcdo imunomodulatéria, as
selectinas (Foxall, et al., 1992; Laski, 1992; Somers et al., 2000). Selectinas sdo uma
familia de glicoproteinas de superficie celular responséaveis por eventos de adeséo
no reconhecimento de leucécitos em sitios de inflamacdo e a migracéo destes para
o tecido linfatico. Existem trés tipos de selectinas, a E-selectina e a P-selectina sédo
induzidas na superficie do endotélio vascular como resposta ao estimulo
inflamatorio, mas com diferentes relacbes de expressao cinética. A L-selectina &
expressa constitutivamente nos leucocitos com a funcdo de amplificar o processo
inflamatoério promovendo interagBes entre leucécitos ou entre leucocitos e endotélio

(Kansas, 1996; Vestweber & Blanks, 1999; Somers et al., 2000).
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O SLeX é o principal ligante fisiolégico das moléculas de células de adeséo
como a E-selectina e a P-selectina, envolvidas na adeséo de neutrofilos, mondcitos,
ou células T em repouso, ou ainda plaquetas durante a inflamacao (Lasky, 1992).

Desta forma, a insercao de residuos de fucose nas glicanas da AGP, dando
origem ao grupamento SLeX durante o processo inflamatorio torna possivel a
ligacdo da AGP tanto a E-selectina como com a P-selectina endoteliais, competindo
com os leucocitos que expressam naturalmente o ligante das selectinas, o SLeX
(Fournier et al., 2000). Consequentemente, esta ligacdo pode representar um
mecanismo de inibicdo do extravasamento leucocitario no tecido inflamado uma vez
gue a AGP bloquearia a ligacdo da selectina com o leucdcito (Fournier et al., 2000).

Conforme dados anteriores, 0 SLeX esthd presente apenas nos
oligossacarideos tri ou tetra ramificados da AGP (Fournier et al., 2000) e somente
nas posi¢cées Asn54, Asn75 e Asn85, o que justifica também o aumento do grau de
ramificacdo em casos de choque séptico. Neste contexto, trabalhos posteriores
relacionam o aumento das ramificacdes e formacdo de SLeX na AGP a casos de
cancer e outras doengas que possuam reacdes de fase aguda (Fournier et al., 2000,
Gunnarsson et al., 2007). Como exemplo, pode-se mencionar o estudo de Imre e
colaboradores onde o perfil de glicosilacdo da AGP de pacientes saudaveis é
claramente diferenciado de pacientes com cancer (Imre et al., 2008)

aFuc-(1-3)-pGIcNAc-(4—1)-pGal-(3—2)-aNeuAc

Figura 6: Tetrassacarideo do tipo SLeX. Este fragmento sacaridico € encontrado
frequentemente ligado a oligossacaridicos da AGP mas somente nas posicdes
Asn54, Asn75 e Asn85 e principalmente em casos de aumento da concentracéo de
AGP plasmética em inflamacdes, respostas agudas.

1.3 Estrutura e conformacéo de proteinas

O conhecimento de estruturas tridimensionais de proteinas tem um papel
extremamente importante dentro da biologia molecular. O papel de destaque dos
esforcos de caracterizacdo da estrutura tridimensional de proteinas pode ser
evidenciado no numero crescente de estruturas depositadas no PDB (Tabela 1)
(Berman et al.,, 2000). Neste processo, dois métodos apresentam importancia e

papel destacados: a cristalografia de raios X e a RMN.
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Tabela 1: Dados de Estruturas depositadas no PDB?

Método Acidos Complexos
_ Proteinas _ Outros Total

experimental nucleicos  Prot/AcNuc
Raio X 57073 1252 2736 17 61078
RMN 7599 933 167 7 8706
Microscopia

. 233 22 85 0 340
eletronica
Hibrido 26 1 1 1 29
Outro 129 4 4 13 150
Total 65060 2212 2993 38 70303

®De acordo com «http://www.pdb.org/pdb/statistics/holdings.do» em 7JAN2011.

Conforme pode ser observado na Tabela 1, a cristalografia de raios X constitui-
se na principal fonte de novas estruturas de proteinas. Esta é a principal técnica
para a obtencdo de estruturas tridimensionais de proteinas e, em linhas gerais, esta
baseada na obtencao de cristais regulares que ao serem submetidos a uma fonte de
raios X produzindo perfis de dispersdo diferente em cada parte do cristal. Esta
amplitude de radiacéo dispersa por um ponto € proporcional a densidade eletrénica
neste ponto (Leach, 2001). A cristalizacdo de proteinas, entretanto, € um processo
lento, complexo e, algumas vezes, impossivel de realizar-se. As dificuldades
abrangem tanto o processo de producdo e purificacdo da proteina de interesse
guanto a inducdo da cristalizacdo e o transporte dos cristais (Branden & Tooze,
1999).

Entretanto pela necessidade de obtencdo de cristais, as condicOes
empregadas na tentativa de sua obtencdo costumam envolver ambientes de
hipersaturacédo, onde as unidades proteicas ficam demasiadamente proximas umas
das outras, ocasionando contatos nao biologicos que podem, em algumas situacoes,
modificar a conformacédo da proteina (Carugo & Argos, 1997; Eval et al., 2005). As
regibes mais suscetiveis a essas alteragdes sédo, geralmente as, areas da superficie
da proteina, como alcas, por apresentarem maior flexibilidade e menor ancoramento
a outros elementos de estrutura secundaria (Copié et al., 1998; Andrec et al., 2007).

Em contrapartida, a resolucdo da estrutura tridimensional de proteinas através

da técnica de RMN baseia-se na resolucdo de sinais de NOESY de &tomos



28

(geralmente hidrogénios) que estdo proximos no espaco mas que podem estar
separados por muitas ligacbes quimicas (Leach, 2001). Em proteinas devido a
guantidade de atomos envolvidos a técnica se torna complexa, sendo aplicada
geralmente a proteinas com aproximadamente 35 KDa, entretanto fato das proteinas
estarem em solucéo e a possibilidade de produzir diversas conformacdes para uma
mesma solucdo torna a técnica adequada para descrever sistemas em solugcéo
(Branden & Tooze, 1999).

A obtencéo de dados pela técnica de RMN em solucéo traz algumas vantagens
em relacdo a cristalografia como, por exemplo, a possibilidade de se empregar
condicdbes com concentracbes de proteina mais proximas daquelas observadas
fisiologicamente evitando, assim, efeitos conformacionais devido ao empacotamento
cristalino, assim como a obtencdo de uma variedade de conformacdes e ndo uma
estrutura média das conformacdes (Branden & Tooze, 1999). Entretanto estudos de
cristalografia onde mais de um modelo cristalografico é resolvido para uma mesma
estrutura podem auxiliar no entendimento de propriedades dinamicas de proteinas

em regides de alta flexibilidade (Navarro, et al., 2007).

1.4 Estrutura e conformacéao de carboidratos

Carboidratos sdo moléculas biolégicas compostas principalmente por carbono,
oxigénio e hidrogénio abundantes na natureza. Eles podem ser encontradas em
varios componentes da dieta animal, em materiais estruturais de plantas (celulose) e
em peptideoglicanos de bactérias, além de fungbes bioldgicas como sinais de
reconhecimento de superficie celular para anticorpos, hormdnios, toxinas entre
outros (Rao, et al., 1998).

A unidade bésica de uma molécula de carboidrato é conhecida como
monossacarideo, representada pela férmula geral C,H,,O,. Sendo o numero de
carbonos variavel entre trés unidades (treoses) até seis unidades (hexoses). Uma
das caracteristicas marcantes de carboidratos € a presenca de centros quirais nos
carbonos, fazendo que os mesmos tenham tanto isbmeros como enantibmeros. Em
solucéo, carboidratos com mais de quatro carbonos geralmente estdo na forma
ciclica, que cria mais um carbono quiral na posicdo um da molécula sacaridica,

conhecido como carbono anomérico (Rao, et al., 1998).
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Dentre o0s carboidratos mais abundantes encontrados temos o0s
monossacarideos ciclicos de pentoses (furanoses) e hexoses (piranoses) que, assim
como aminoacidos e acidos nucléicos, sdo unidades de formacdo de cadeias, os
polissacarideos. Entretanto na formacdo de cadeias oligossacaridicas carboidratos
se diferenciam de outras classes de macromoléculas por duas importantes
caracteristicas: 1) eles podem ser altamente ramificados, e Il) suas unidades
anomeéricas podem se ligar umas as outras de diferentes formas. Estas
caracteristicas dao aos carboidratos uma grande variedade de estruturas possiveis,
0 que aumenta muito a complexidade do estudo conformacional e estrutural destas
moléculas (Varki, 1993; Dwek, 1996). A ligacdo de carboidratos a proteinas pode
acontecer com oito aminoéacidos diferentes e treze diferentes tipos de dissacarideos,
0 que devido ao carbono anomérico onde é feita a ligacdo produz 31 combinacdes
diferentes sé de ligacdo de carboidratos a proteinas (Spiro, 2002). Além disso
aminoacidos a acidos nucléicos se ligam somente de uma forma uns aos outros
enquanto carboidratos podem estar ligados em quatro carbonos diferentes (1—2, 3,
4 ou 6) (Spiro, 2002).

A conformacdo de carboidratos € usualmente descrita de acordo com as
recomendacdes da IUPAC (IUPAC-IUB, 1980; IUPAC-IUB, 1983), segundo as quais
0 arranjo espacial dos atomos de um monossacarideo piranosidico, em sua forma
ciclica, € determinado por uma letra mailuscula, 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 ‘C; e 'C,
(Figura 7A e 7B). Adicionalmente, monossacarideos podem assumir os estados
configuracionais dextrégiro (D-) ou levogiro (L-), que diferenciam-se pela organizacao
espacial de seus substituintes (Figura 7C e 7D), e podem ser encontrados, ainda,
nos estados anoméricos a e B, no que tange a posicdo axial ou equatorial de seu

substituinte na posicao C1 (Figura 7D e 7E).
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(A) p- n-gllcose, (B) a-L- gllcose, 'C,

(C) B-L-glicose (D) B-p-glicose (E) a-D-glicose
CH,OH CH,0H

o o) 0
O Ch,0H OH
H OH
on N o) OH
OH OH OH

Figura 7. Variantes conformacionais e configuracionais associados a
monossacarideos: conformacdes do anel piranosidico (A e B), estados levégiro (C)
ou dextrégiro (D) e estado anomérico a ou B (D e E). Nessas representacoes, a

glicose é usada como modelo.

Como resultado das propriedades tanto das unidades monossacaridicas
gquanto das suas interconexfes, carboidratos se apresentam como moléculas
extremamente flexiveis, com multiplos estados conformacionais simultaneamente
co-existindo em solucdo (Spiro, 2002). Isto gera uma série de implicacbes para
estudos buscando sua determinacdo estrutural, particularmente aqueles em nivel
atomistico. De fato, sdo bastante raras as estruturas tridimensionais de
glicoproteinas depositadas no PDB, sejam elas obtidas por métodos de RMN
(Tabela 2) ou cristalografia de raios X.

Por exemplo, no que concerne a metodologia de cristalografia de raios X, esta
flexibilidade pode resultar em dificuldades na obtencdo tanto de cristais quanto de
densidades eletronicas adequadas ao redor das estruturas sacaridicas
comprometendo, assim, a determinacédo adequada de sua estrutura e conformagao
(Petrescu et al., 1999). Dessa forma, ndo sao incomuns erros na determinacéo do
estado anomérico ou a obtencdo conformagbes distorcidas para 0s
monossacarideos estudados (Lutteke et al., 2004), ou ainda na orientacdo relativa
de dois residuos unidos através de uma ligacdo glicosidica (Lutteke, 2009). A
dimensdo deste problema pode ser evidenciada em um estudo sugerindo que

aproximadamente um terco das estruturas depositadas no PDB contendo
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carboidratos apresenta erros importantes com relacdo a estrutura glicidica (Crispin
et al., 2007; Berman et al., 2007).

Tabela 2: Estruturas tridimensionais de glicoproteinas e polissacarideos

determinados por RMN.

Moléculas Numero de Cddigo

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

Dominio de adeséo — CD2 9 1GYA

Calcitonina 8 1BZB

Gliprot. N-ligada de C. jejuni 7 2K33

Dominio extracelular — CD152 4 1AH1

CD59 3 1CDR

Fator de crescimento epidermal 2 2RQZ

Glicoproteina . .

Conotoxina — Conus textile 2 IWCT

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 , Heparina 12 LAPN
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; Slynko et al., 2009; Fletcher et al., 1994;
Hosoguchi et al., 2010; 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;

® Nimero de monossacarideos unidos em um Unico oligossacarideo.

‘Revisado em 15JAN2011.

Em se tratando da técnica de RMN, o desafio se concentra em resolver os

sinais de NOE tanto devido a flexibilidade dos glicideos, produzindo mais sinais de
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NOE intra-residuo do que inter-residuo. A flexibilidade das glicanas ainda produz
mais um problema na determinacdo do RMN: a obtencdo do sinal de NOE é
realizada numa escala de tempo entre 50 ms e 1s 0 que, pra sistemas mais rigidos
como proteinas, ndo produz maiores interferéncias. Entretanto, para sistemas muito
flexiveis como carboidratos, € produzido um conjunto de dados complexo onde as
conformacdes encontradas podem tanto representar uma populacdo real de
conférmeros como descrever algumas conformacdes médias durante o tempo de
medida que ndo correspondem a conformacdes existentes em solu¢do (Cumming &
Carver, 1987; Woods, 1998; Wormald et al., 2002). Porém, mesmo diante de
algumas dificuldades, esta é a técnica preferencial para a determinacdo de
estruturas de glicoproteinas por determinar um conjunto de estruturas com
diferentes conférmeros, que € o que melhor representa os carboidratos (Woods,
1998;).

Desta forma, o estudo da estrutura e da conformacgéo de carboidratos pode se
beneficiar enormemente com o emprego de técnicas complementares, capazes de
auxiliar no entendimento da relacdo entre a dinamica e a funcéo biol6gica destas
moléculas. No contexto da presente Tese, uma area que vem oferecendo importante
contribuicdes pode ser encontrada nas técnicas de modelagem molecular, como
simulacdes por DM (Dwek, 1996; Woods, 1998; Perez & Mulloy, 2005), como sera

visto a sequir.

1.5 Caracterizagdo conformacional de biomoléculas através de
DM

Historicamente, o uso da DM como um procedimento baseado na computacéo
do movimento de atomos em uma molécula remonta da década de 1950 (Margin &
Elliot, 2010). Especificamente para o uso em sistemas biolégicos, a DM comecou a
ser utilizada em 1977 (McCammon et al., 1977), com o estudo de um sistema
protéico envolvendo o inibidor de tripsina pancreética bovina (TFPI). Atualmente, é
uma ferramenta amplamente difundida, empregada na investigagcao da estrutura e
dindmica de biomoléculas em geral. O emprego de simulacdes de DM abrange
desde a caracterizagcdo da interacdo de compostos as suas proteinas-alvo,

desnaturacdo e enovelamento protéicos (Ponder & Case, 2003), até o estudo de
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exopolissacarideos bacterianos (Castro et al., 2009) e do movimento de tRNAs no
ribossomo (Sanbonmatsu et al., 2005).

Basicamente, a DM resolve as equacfes do movimento de Newton em funcgéo

do tempo:

d’r, _F

dr o m,
, sendo dri(t)/dt* a aceleracdo de uma particula i, m; sua massa e F; a forca sobre
este atomo em um determinado instante t. Quando esta equacado é resolvida para
uma sucessao de instantes t, sobre todos os atomos do sistema, gera uma trajetoria
de movimento das moléculas em estudo, em nivel atomistico, como funcéo do
tempo (Leach, 2001).

A integracao dos componentes é realizada de forma que uma forca F; acarreta
uma aceleracdo sobre um determinado atomo i e, em conseqiéncia, causa uma
mudanca de sua posicdo num intervalo de tempo A4t relativo a aceleragédo. Esta
equacdao, entretanto, ndo é capaz de determinar a magnitude e a direcdo da forca F;
sobre os &tomos do sistema, nem sua relacdo com as caracteristicas quimicas de
cada molécula em estudo (Leach, 2001).

O calculo destes parametros é feito em funcdo de mudancas nas energias
potencial e cinética (V) entre a posicdo atual e a posicdo seguinte (a que
representard o proximo passo da simulacdo, e assim sucessivamente) sobre cada
atomo separadamente, a partir de suas coordenadas atdmicas (de r; a r,), sendo
entdo descrita por, desta forma a equacao anterior pode ser reescrita como:
—V(r.1)

o

1

E,:

Esta equacéo ir4 representar uma superficie de energia potencial relacionada a
cada tipo de molécula, sendo descrita pelo denominado Campo de Forga (V)
(Schlick, 2006).

O campo de forca pode ser definido como um conjunto de funcgbes e
parametrizacdes usadas em calculos de mecéanica molecular (de Sant’Anna, 2002),
incluindo, no caso do campo de forca GROMOS96 43al (van Gunsteren et al.,
1996), empregado na presente Tese. Entdo o campo de forca em questdo seré
definido pelos seguintes somatorios:

Termos de estiramento de ligagéo quimica (b):
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> 1/2Ki[b—bo]

ligagao
Somando-se a este temos os termos de estiramento dos angulos de ligagao de
valéncia (0):

D 112K,[0—6,T

angulo
Termos quiralidade ou de definicdo de deformacao de atomos em um plano ou

estereoquimica (diedros improéprios) (&):

DK [E-&F

diedros
improprios

E finalmente o termo para tor¢do dos angulos de diedros proprios (3):

> K, [1+cos(np—0)]

diedros

Além destas temos os termos de interagdes intermoleculares, que sédo termos

nao ligados como interacdes coulémicas e interacdes de van deer Waals:

DUCE) /1P = Coli )18 +qq, 1475,6,7,)]

parei, )

A soma destes fatores corresponde ao termos do campo de forca (V).

Diversos campos de forca estdo disponiveis para simulacdes de DM, tendo
sido 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, existe uma caréncia de parametros especificos para outras
classes de biomoléculas, tais como acidos nucléicos, lipidios, compostos sintéticos
e, especificamente no ambito da presente Tese, carboidratos (Pérez et al., 1998).
Neste caso, a presenca de diversos grupos altamente polares, a elevada
flexibilidade das ligacdes glicosidicas e as diferencas nas propriedades eletronicas
que podem ocorrer durante modificagbes conformacionais dificultam a
parametrizacdo de campos de forca para estes compostos (Pérez et al., 1998).

Um dos maiores desafios associados a caracterizacdo conformacional de
carboidratos, tanto do ponto de vista experimental quanto teorico, envolve a ligagcao

glicosidica, ponto de conexédo entre duas unidades monossacaridicas extremamente
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flexivel (Woods, 1998). Enquanto alguns campos de forca colocaram parametros
adicionais para descrever glicideos, outros buscaram aumentar sua acuracia se
dedicando especificamente para descrever carboidratos e, por conseguinte,
limitando sua habilidade em descrever os outros tipos de moléculas, como peptideos
e proteinas em glicopeptideos e glicoproteinas, respectivamente (Rutherford et al.,
1993).

Dentre os campos de forca utilizados para determinacdo da conformacgédo de
carboidratos existe um tipo que considera apenas as interacfes de van der Waals,
com excecao apenas ao angulo. Este modelo, conhecido como campo de forca de
esfera rigida exo-anomérica (HSEA) (Bock, 1983; Thogersen et al., 1982), obteve
modelos para monossacarideos e dissacarideos compativeis com resultados de
RMN (Thogersen et al., 1982; Lemieux & Bock, 1983), embora ignore
completamente os efeitos eletrostaticos, como as ligacdes de hidrogénio e
interacdes dipolares (Woods, 1998).

Outra classe de campos de forca aplicados a glicanas sdo os campos de forca
usualmente aplicados para a simulacdo de proteinas, onde a energia potencial é
expressa como somatério das componentes de ligacdo, angulos, diedros e
interacdes ndo-ligadas. A partir da inclusdo de parametros especificos para
carboidratos, os campos de forca AMBER (Case et al., 2005), CHARMm (MacKerell
et al., 1998), GROMOS (van Gunsteren et al., 1996), CVFF (Kitson & Hagler, 1988)
e TRIPOS (Clark et al., 1989) também foram empregados com sucesso para a
modelagem deste tipo de biomoléculas (Woods, 1998). Entretanto de uma maneira
geral, estudos comparando alguns dos principais campos de forca para carboidratos
atualmente 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).

Considerado uma excec¢do entre os campos de for¢ca para carboidratos, os
campos MM2 (Allinger, 1977) e MM3 (Allinger et al., 1989) tém sido utilizados para o
estudo das conformacOes de mono e dissacarideos. Sdo campos de forgca com
maior complexidade matematica, o que permite uma melhor avaliacdo do geometria
dos carboidratos em relagdo aos campos de for¢ga acima citados. Entretanto, estes

campos possuem uma limitacdo em tratar de simula¢cdes em ambiente aquoso com
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qualquer modelo de agua disponivel, tendo seu uso limitado a estudo de fase
gasosa e minimizagao de energia (Woods, 1998).

Neste contexto os mapas de contorno produzidos nos campo de forca MM2/3
sao referéncia em se tratando de conformacOes de dissacarideos. O portal
GLYCOSCIENCES.de (Lutteke et al., 2006) possui um banco de dados com
diversos mapas de contorno para dissacarideos produzidos nestes campos de forca,
assim como para outros campos de forca, chegando a em torno de 3000 mapas,
entretanto a grande maioria destes mapas € de dissacarideos idénticos e
geralmente gerados nos campos de forca MM2/3.

Nesse sentido, o Grupo de Bioinformatica Estrutural vem se dedicando ao uso
e desenvolvimento de estratégias de modelagem molecular Gteis na descricdo e
caracterizacdo de carboidratos e glicoconjugados em geral. Esse empenho centra-
se no emprego do campo de forca GROMOS96 43al (van Gunsteren et al., 1996),
um campo de forca do tipo atomo unido que, por conseguinte, reduz o custo
computacional associado aos calculos, dentro da plataforma GROMACS (van der
Spoel et al., 2005). Este pacote de programas € conhecido na literatura como um
dos mais rapidos, se ndo o mais rapido, dedicado a realizacdo de simulacbes de
DM. Esta associacdo de campo de forca e programa ageis nos permite obter
resultados robustos para grandes sistemas moleculares em um tempo reduzido e
empregando computadores de baixo custo.

Contudo, embora diversos avancos tenham sido realizados na parametrizacao
de carboidratos para o GROMOS96 (van Gunsteren et al., 1996), alguns
substituintes diferentes de hidroxilas ainda ndo possuem parametros no campo de
forca. Desta forma, o grupo de pesquisas empregou um esquema de cargas
alternativo para a descricdo conformacional de carboidratos complexos como
glicosaminoglicanos (Verli & Guimaréaes, 2004; Becker et al., 2005), possibilitando a
reproducdo conformacional de moléculas como a heparina (Verli & Guimarées,
2004). Nestes estudos criaram-se as condigBes necessarias para a descricdo do
complexo entre um pentassacarideo sintético, derivado de heparina, e antitrombina
(Verli & Guimardes, 2005), da mesma forma que a realizacdo de estudos
envolvendo a identificacdo 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
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conformacdo de a-fucanas e a-galactanas (Becker et al., 2007) e de uma -
galactana sulfatada (Castro et al., 2009), originados de ouricos-do-mar .

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 niumero 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 VII (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).

Tabela 3: Estudos envolvendo DM de glicoproteinas

Glicoproteina / glicopeptideo® Glicosilagao Campo de Forga
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 O- AMBER - GLYCAM
fVII da coagulacdo humana O- AMBER - GLYCAM
Glicopeptideo derivado de hemaglutinina N- AMBER - GLYCAM
Glicopeptideo derivado de mucina humana O- AMBER - GLYCAM
Varias N- e O- GROMACS -

GROMOS43al
oy acetilcolina nicotinica N- 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
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et al.,, 2002; Perera et al., 2002; Bosques et al., 2004; Rubinsten et al., 2004; Pol-
Fachin, et al., 2009; Dimitropoulos et al., 2011.

Por fim, mesmo que os campos de forca sejam capazes de descrever
adequadamente a conformacédo de glicoproteinas, a aplicacdo das ferramentas de
modelagem molecular de forma mais ampla no estudo da relagéo entre a estrutura e
conformacao de glicoproteinas as suas respectivas funcdes bioldgicas envolve um
problema adicional: como as estruturas tridimensionais destas moléculas serao
obtidas? Para a parte protéica, as fontes de informacgéo sdo diversas, incluindo-se a
cristalografia de raios-X, RMN ou mesmo modelagem comparativa. Contudo, as
principais fontes de informacé&o estrutural para carboidratos ndo possuem resolucéo
atomistica. Isto cria uma demanda e, a0 mesmo tempo, uma oportunidade: o
desenvolvimento de estratégias confiaveis para a obtencdo de modelos
tridimensionais de alta qualidade para carboidratos, capazes de representarem seus
estados conformacionais majoritarios em solucdes biolégicas e servirem como ponto
de partida para simulacbes de DM, pode gerar um importante impacto no

conhecimento da biologia estrutural de glicoproteinas.



39

2 Objetivos

A partir do exposto, a presente Tese tem como objetivo geral contribuir na

obtencdo e validacdo de métodos computacionais capazes de auxiliar na

caracterizacdo da biologia estrutural de carboidratos, glicoconjugados e,

principalmente, glicoproteinas. Para tanto, as seguintes metas foram identificadas:

Caracterizacdo da acuracia dos parametros empregados pelo Grupo de
Bioinformética Estrutural na reproducéo da conformacéo de glicoproteinas
previamente descritas por RMN;
Avaliar a possibilidade do emprego do perfil conformacional de
dissacarideos isolados em solucdo como referéncia geométrica para a
construcdo de glicanas complexas ligadas a proteinas. Esta hipotese
parte do pressuposto de que o arcabouco protéico ndo provocaria
maiores mudancgas conformacionais na estrutura sacaridica, hipotese esta
gue sera verificada;
Aplicar esta metodologia no estudo da AGP, escolhida como caso de
estudo. Esta parte da Tese inclui, ainda, as seguintes etapas:
o Obtencdo de um modelo completo para a AGP, em nivel
atomistico, incluindo diferentes glicoformas;
o Caracterizagdo, em nivel atdbmico, do complexo formado pela AGP
e a P-selectina, proposto como potencialmente envolvido em

eventos imunomodulatoérios.
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3 Metodologia

3.1 Programas utilizados
Diversas metodologias de modelagem molecular foram utilizadas no presente
trabalho, incluindo MM, DM e estudos de docking. Os protocolos referentes a cada
um destes métodos estao descritos em detalhes a seguir. Mas, de forma global, os
programas utilizados incluem:
e Ferramentas de visualizacdo de moléculas: VMD v1.8.6 (Humphrey et
al., 1996), PyMol v1.3 e MOLDEN (Schaftenaar & Noordik, 2000);
e Construcdo de mapas de contorno e simulacbes de DM: pacote
GROMACS v3.3.3 (van der Spoel et al., 2005);
e Geracdo de topologias para carboidratos: PRODRG Beta v2.5
(Schuettelkopf & van Aalten, 2004);

e Calculos de docking molecular: AutoDock 3.0 (Moris et al., 1998).

3.2 Sistemas simulados

Dentre os sistemas simulados para os dissacarideos e para as glicoproteinas
foram 25 sistemas (Tabela 4). Para os minimos de energia foram simulados mais de
uma conformacdo dependendo dos resultados dos mapas de contorno. Para as
simulacdes de glicoproteinas a partir de dados de RMN mais de uma estrutura foi

simulada no caso de conformacdes de glicanas muito diferentes.

3.3 Nomenclatura e definicdes

Todos os dissacarideos envolvidos nesta tese utilizaram nomes e simbologia
conforme as recomendacdes da IUPAC (IJUPAC, 1996). Tanto a numeracdo dos
residuos como a definicdo da ligacdo entre duas unidades de monossacarideos
(ponte glicosidica) seguiram as mesmas normas.

A orientacdo relativa de um par de monossacarideos ligados foi definida por
dois ou trés diedros, onde uma ligagédo do tipo (1—»X) onde X pode ser 2, 3,4 0u 6 é
definida para o par de diedros ¢ e y torsionais desta ligacdo como:

¢ =05 C; Oy Cy

y =Cq Oy Cyx Cy
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Tabela 4: Dissacarideos e glicoproteinas estudados

Sistema Estruturas Tempo total de

simuladas cada simulacdo
a-D-Man-(1—2)-a-D-Man 2 0.1 us
B-D-GIcNAc-(1—2)-a-D-Man 2 0.1 us
a-L-Fuc-(1—3)-B-D-GIcNAC 2 0.1 us
a-D-Man-(1—3)-a-D-Man 2 0.1 us
B-D-Gal-(1—4)-B-D-GIcNAC 2 0.1 us
B-D-Man-(1—4)-B-D-GIcNAc 2 0.1 us
B-D-GIcNAc-(1—4)-B-D-GIcNAC 4 0.1 us
B-D-GIcNAc-(1—4)-B-a-D-Man 1 0.1 us
a-L-Fuc-(1—6)-B-D-GIcNAC 3 0.1 us
a-D-Man-(1—6)-a-D-Man 2 0.1 us
a-D-NeuAc-(2—3)-B-p-Gal 3 0.1 us
Dominio EGF-like ndo glicosilado — PDB 1F7E 1 0.05 ps
CD59 néo glicosilado — PDB 1CDQ 1 0.05 ps

Dominio de adesdo CD2 néo glicosilado — PDB

1CDB 1 0.05 us
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 adeséo CD2 glicosilado — PDB 1GYA 2 0.1 us
a-hCG glicosilada — PDB 1HD4 2 0.1 us
COX-1 glicosilada 1 0.05 us
COX-2 glicosilada 1 0.05 us
AGP néo glicosilada — PDB 3BX6 1 0.1 us
AGP glicosilagdo com fucoses 1 0.1 us
AGP glicosilagéo sem fucoses 1 0.1 s
AGP — P-selectina — ligacdo via Asn54 1 0.05 s
AGP — P-selectina — ligag&o via Asn75 1 0.05 ps

Para ligacdes do tipo (1—»6) ha ainda uma definicdo adicional do angulo @,

devido a ponte glicosidica desta ligagdo ser mais longa que as demais:
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w = 06’ C5' C5’ C4’

3.4 Construcéao de topologias

As topologias das glicanas utilizadas neste trabalho foram obtidas a partir da
ferramenta de construcdo de topologias PRODRG (Schuettelkopf & van Aalten,
2004). O PRODRG é um servidor que funciona na rede mundial de computadores,
gerando um arquivo de topologia para os sistemas de interesse a partir de um
arquivo PDB gque contenha sua estrutura. Alem dos parametros obtidos no servidor
as cargas atbmicas foram substituidas por cargas calculadas por métodos ab initio
(Verli & Guimaraes, 2004; Becker et al.,, 2005), e também a adicdo de diedros
impréprios (Tabela 6), necessarios para preservar os estados conformacionais (*C
ou 'C,) dos monossacarideos. Uma tentativa de simulacdo sem os diedros
improprios revelou uma distorcdo em varios anéis de monossacarideos, sendo entéao
decidido manter os mesmos. As topologias de cada monossacarideo empregado,
estdo disponiveis no final desta Tese (anexos 8.2 e 8.3).

Tabela 5: Definicdo dos diedros improprios utilizados para definir a conformacéo dos

monossacarideos contidos nos sistemas simulados.

Sequéncia de atomos Angulos (em graus)
definindo o diedro® “Cy 1Cs
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.
bAdaptado de Verli, 2005.
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3.5 Construcéao de mapas de contorno relaxado

A partir da construcdo das topologias de cada monossacarideo, as preferéncias
conformacionais de dissacarideos foram avaliadas através de mapas de contorno,
analogos aos mapas de Ramachandran. Ao todo, durante a presente Tese, foram
estudados 11 dissacarideos, resultando em 13 mapas de contorno (para as ligacdes
16 sdo gerados dois mapas por dissacarideo), a saber: (Tabela 4).

Dessa forma, no caso de ligagcdes 1—2, 1—-3 e 1—4, os angulos ¢ e y foram
rotados de -180° a 150°, em passos de 30° gerando um total de 144 conférmeros
para cada dissacarideo. No caso de ligagdes 1—6, como a ligagdo glicosidica é
composta por trés diedros: ¢, v e @, foram gerados 144 conférmeros para cada par
de angulos, ou seja, 144 para o par ¢ versus y e 144 para o par y versus . Para
todos esses tipos de ligacdo, cada um destes conférmeros € entdo minimizado
utilizando-se restricdes (diedros improprios) somente para os diedros da ligacédo
glicosidica em estudo. Em outras palavras, o par de diedros sendo avaliado é
mantido preso em cada uma das 144 combinacdes avaliadas, enquanto o restante
da molécula encontra-se livre para ter sua energia minimizada. O protocolo utilizado
para a minimizacéo de cada conférmero envolve o emprego do algoritmo de steep e,
a partir do minimo de energia assim obtido, uma simulacdo de DM com duracédo de
20 ps a temperatura de 10K e tempo de integracdo de 0,5 fs para reforcar a busca
pelo arranjo mais estavel da conformacéo 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, que ira definir a

estabilidade relativa a conformacéo mais estavel de todas (Figura 8).

3.6 Construcéao da estrutura glicosidica

As estruturas glicosidicas utilizadas nas simulacdes da AGP glicosiladas foram
construidas no site GLYCOSCIENCES.de (Lutteke et al., 2006) a partir da
ferramenta GlyProt. A estrutura glicosilada foi montada a partir da submissédo a
ferramenta da estrutura cristalografica da AGP (3BX6.pdb). O GlyProt identifica os
possiveis sitios de N-glicosilacdo (no caso, cinco sitios). A partir de outra ferramenta
podem ser submetidos a sequéncia de e mediante a submissdo a ferramenta da
sequéncia (em formato de texto) a ser acrescida em cada sitio € montada a estrutura

glicosilada que é devolvida como um arquivo de formato .pdb.
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a-NeuAc-(2—6)-B-Gal-(1—4)--GlcNAc-(1—2)-a-Man
1
1
6
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Figura 8: Esquema de como sao feitas as simulacbes dos dissacarideos.
Inicialmente se simula o dissacarideo no vacuo com as restricdes nos angulos ¢ e v,
apo0s segue-se outra simulacdo do mesmo dissacarideo em solucdo (Adaptado de

Pol-Fachin & Verli, 2011).

3.7 Simulagbes de DM

3.7.1 Protocolo de simulacéo

Todas as simulacbes deste trabalho foram rodadas no pacote GROMACS v.
3.3.3 (van der Spoel et al., 2005) com a campo de forca modoficado do
GROMOS43al .O protocolo geral de simulacdo foi baseado em procedimentos
previamente descritos (de Groot & Grubmdller, 2001). Todas as simulacdes foram
realizadas a temperatura fisiologica (310K), com duracgéo variavel, de acordo com o

sistema em estudo (de 50 a 100 ns) (Tabela 4). Cada molécula (proteina,



45

glicoproteina ou dissacarideo) foi solvatada numa caixa triclinica utilizando
condicdes periddicas de contorno, empregando o modelo de agua SPC (Berendsen
et al.,, 1987). Contra-ions (cloreto ou sédio) 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 ligacGes covalentes de forma a
permitir um passo de integracdo de 2 fs, enquanto as interagdes eletrostéaticas 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, Tt = 0,1 ps e t = 0,5 ps (Berendsen et al.,
1984). A constante dielétrica do meio foi tratada como ¢ = 1.

Como protocolo para a simulacéo foi feita uma termalizacdo do sistema com o
aguecimento gradativo do sistema, visando uniformizar as energias contidas na
estrutura cristalografica ou de RMN e, desta forma, evitar deformacbes nas
moléculas em estudo. Nesta etapa, apds 1 ps de restricdo de posicdo a 50K, cada
sistema foi aquecido lentamente de 50 K a 300 K, de maneira que, no primeiro
passo de 9 ps foi aquecido um incremento de 50 K, posteriormente, em cada um dos
cinco passos de 5 ps, ha o aumento da temperatura em 50 K (Figura 9). Apo6s a
termalizacdo do sistema, a simulacdo prossegue na temperatura de equilibrio de 310
K, pelo tempo estipulado.

T S0 K 100 K 150K 200K 250K 300K

0 100 200 300 400 500
Tempo (ps)
Figura 9: Esquema das etapas que compfe as simulacbes de DM a 310K, com
énfase na termalizacdo. De 0 ps a 35 ps, uma série de sete etapas, a primeira de 1
ps, a segunda de 9 ps e, apds, cinco etapas de 5 ps cada. No procedimento,

aquece-se lentamente o sistema em incrementos de 50 K. Apos 35 ps, o0 sistema
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esta a 300 K e serd levado a 310 K no inicio da DM, se mantendo nesta temperatura
pelo resto da simulacdo (Adaptado de Verli, 2005).

3.7.2 Validacao das simulagdes de DM

A confiabilidade das predicbes baseadas em célculos 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 em
estudo (van Gunsteren & Mark, 1998). De modo geral, o teste final do modelo tedrico
produzido reside na sua comparagcdo com propriedades experimentais, ou seja, a
precisdo do método € julgada a partir da observacdo ou constatacdo, nas
simulacdes realizadas, de quao precisas sdo 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, conformac¢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.

3.8 Validacdo do uso dados conformacionais de dissacarideos

na construcao de glicanas complexas

A partir dos dados obtidos nas simulacdes de dissacarideos em solucdo onde
os conférmeros mais estaveis foram identificados e dos dados de simulacdo e RMN
de glicoproteinas que continham estes dissacarideos observamos que € possivel
reproduzir a conformacdo dos dissacarideos componentes de glicoproteinas em
simulagBes com apenas estes dissacarideos em solucdo (Fernandes et al., 2010).
Desta forma na construgédo da glicosilagdo da AGP utilizamos as conformacgdes
majoritarias de cada dissacarideo simulado como conformacao inicial das glicanas
componentes da AGP. Para tanto foi montado um protocolo onde a glicoproteina foi
minimizada mantendo a proteina sob restricbes em todos os atomos (constante de

forca 1000 kJmol™) e procedendo um relaxamento na estrutura glicosidica.
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Inicialmente foram acrescentados a topologia os diedros impréprios com 0s
valores de ¢ e y de acordo com os resultados das conformacdes majoritarias dos
dissacarideos com uma constante de forca de 334,8 kJmol™ de restricdo para estes
diedros. Foi feita uma minimizacdo de energia no vacuo com gradiente steep de
10000 passos nestas condicdes. ApoOs outro passo de relaxamento foi submetido ao
sistema onde a constante de forca foi diminuida a 84,7 kJmol* rodando outra
minimizacdo nas mesmas condicfes anteriores. Apos as restrices aos diedros ¢ e
v sdo retiradas e a simulacdo segue o mesmo roteiro das simulacdes anteriores
(item 3.7).

3.9 Céalculos de docking molecular

Os calculos de docking foram utilizados para a busca de coordenadas passiveis
de formar um complexo entre as moléculas de AGP e P-selectina a partir da
sequéncia de glicosilacdo de SLeX. Partindo da estrutura cristalografica 1G1S da P-
selectina com SLeX foram montadas as conformacgdes iniciais onde a AGP, e mais
especificamente o SLeX contido na AGP, mantém uma conformacdo semelhante a
encontrada no cristal da P-selectina. A AGP foi tratada como um ligante rigido para
os calculos de docking, que foram feitos apenas para os glicideos ligados aos
residuos Asn54 e Asn75.

O AutoGrid foi utilizado para a geracdo dos mapas de grid de 0,375 A com
78x78x92 pontos de grid para a molécula de P-selectina. Foi utilizado o algoritmo de
simulated annealing com os parametros padrdo seguidos de cem rodadas de
docking. Os resultados sdo expressos em uma funcdo de hierarquizacdo que
classifica os resultados obtidos de acordo com a melhor energia de interacéo

intermolecular e posicdes similares.
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4 Resultados

4.1 Preambulo

Os resultados obtidos serdo apresentados a seguir na forma dos trabalhos
publicados e submetido durante a realizacdo da presente Tese. Estes trabalhos

estdo citados abaixo, assim como uma breve descri¢do sobre cada um.

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

Este artigo avalia a adequagdo do campo de forca GROMOS96 43al,

adicionado por cargas atbmicas de Loéwdin, na descricdo conformacional de
glicoproteinas utilizando simulacées de DM, tendo como base a comparacdo com

dados experimentais de RMN.

e Claudia Lemelle Fernandes, Liana Guimardes Sachett, Laércio Pol-
Fachin, Hugo Verlii GROMOS96 43al performance in predicting
oligosaccharides conformational ensemble within glycoproteins. Carbohydr.
Res., 2010, 345; 663-671.

Este trabalho analisa a adequacdo do uso de conformacfes obtidas por
simulacbes de DM para dissacarideos em solucdo aquosa como pontos de partida
para a construcao da estrutura de glicanas componentes de glicoproteinas. Estes
resultados sdo comparados com dados de RMN e DM previamente descritos e, por
fim, é acrescentado um caso de estudo onde a glicosilacdo é construida a partir da

técnica preconizada.

e Claudia Lemelle Fernandes, Hugo Verli: Structural glycobiology of human
az-acid glycoprotein and its implication for drug and P-selectin binding. Em
preparacao.

Este trabalho compfe um caso de estudo de uma glicoproteina altamente

glicosilada, onde é analisado o efeito tanto da presenca da glicosilagdo quanto da
mudanca no padréo de glicosilagdo sobre a dindmica da proteina. E adicionalmente

€ estudado um caso de interacdo da AGP glicosilada com a P-selectina, esta



49

interagdo é relaciona a eventos imunomodulatérios que existem entre a P-selectina e
a epitopo especifico da glicosilacdo da AGP.
Este manuscrito estd sendo preparado para a submissdo a revista

Biochemistry.

4.2 Trabalho |

Considerando os trabalhos anteriores do 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 43al, adicionado por cargas atbmicas de Léwdin na base HF/6-31G**,
em reproduzir o perfil conformacional de carboidratos ligados a proteinas
previamente estudadas por RMN validando, assim, o emprego destes parametros no
estudo de glicoproteinas.

Os resultados obtidos indicam que a metodologia empregada € capaz de
reproduzir diferentes aspectos conformacionais de glicoproteinas, de acordo com
dados experimentais prévios: (1) a conformacdo de N- e O-ligacbes glicosidicas,
formadas entre aminoacidos e monossacarideos; (2) a conformacdo da parte
sacaridica de glicoproteinas, de maneira que mais de 95% das geometrias
determinadas por RMN para as ligagcdes glicosidicas que compfe tais
oligossacarideos mostraram-se de acordo com os dados de DM; (3) os efeitos da
glicosilacdo sobre a estrutura e conformacdo da parte protéica de glicoproteinas,
conferindo estabilidade conformacional e influenciando propriedades relacionadas a

funcdo dessas moléculas.

GROMOS96 43al performance on the characterization of
glycoprotein conformational ensembles through molecular

dynamics simulations

Laércio Pol-Fachin, Claudia Lemelle Fernandes, Hugo Verli

Carbohydrate Research, 2009, 344; 491-500
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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-p-glucosamine
(GlcNAC) residues, and the O-glycosidic linkages, mostly including
serine (Ser) or threonine (Thr) and, for instance, p-galactose (Gal),
N-acetyl-p-galactosamine (GalAc), L-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-

¥ Correspbnding 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 43al force field and Lowdin 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  are defined as
shown below:

¢ = 05—C1—0X—CX (1)
¥ = 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%*
(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 (GIcNAc C;=0.110, Asn N;= —0.265, and Asn
Hys = 0.155) or Ser-carbohydrate (Fuc C; = 0.150, Ser Oy = —0.320,

A) EGF-like domain of human fVII (PDB ID 1FF7)

a-Fuc-(1—0)-Ser60

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

B-GlcNAc-(1—4)-B-GlcNAc-(1—N)-Asn18
6

1
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

A
6

B-Man-(1—+4)-B-GlcNAc-(1—4)-B-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

v

3

B-Man-(1—4)-B-GIcNAc-(1—4)-B-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 C3=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.'0-13:2526

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 (o-hCG), in
both non-glycosylated (PDB ID 1DZ7)*” 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,¢s) 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 Cl”) 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 7 =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
fVII; (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 43a1 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 Y/n.g. dihedral angle, with most X-ray structures presenting
the ¢n.cL with a 80° amplitude (between —140° and —60°) and /.
oL with a 40° amplitude (between 160° and —160°).3% Additional
data, based on ~500 crystal structures obtained from the PDB, indi-
cate a lower flexibility, in which the GIcNAc-(1—-N)-Asn linkage
exhibits an average ¢n.g. geometry at ~—100° and Yy at
~180°.37 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 GIcNAc-(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 GIcNAc-(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.c1, as well
as 99% in Yn.c. (in a total of 226 geometries for each dihedral an-
gle),?1-2339-42 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 1., 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 ¢o.c. and Yo.c. dihedral angles. In
addition, the ¢o.c. presented two major MD conformations, which
are both found in NMR data, around —70° (in 1TURK 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

0 NH, CH, OH
CH,0H “ = |
05 05
%, A & CHy N\ P
OH /C1—N8 Cp OHIC1_07 Ca 0
| H
(0] C,2 ! 5 0 Cc2 ﬁH Ser
NHAG OH e
AN A = . Fuc e 1 N
OleNAC gy =05-CI-Ng-Cy A" 900G = 05-C1-07-Cp
WL = C1-N3-Cy-Cp Vo.gr, = C1-0y-CB-Ca
Glycosidic linkage Structures Dihedral angle (°)"
(ON-GL I//N-cL Po-GL Yo-cL

GIcNAc-(1-N)-Asn X-ray* —60 to -140 160 to -160 — —

X-ray® —99+21 177 £12 — —

NMR® ~-91+45 1807 = =

NMR—1CDR? —77+45 1800 = =

MD—1CDR®" ~121%29 -179+ 14 = =

MD—1CDR" ~126+28 179+ 13 — =

NMR—1CDS¢ —63+44 1800 = =

MD—1CDS®" -119+30 17714 = =

NMR—1GYA? -99+15 179 +2 = =

MD—1GYA™ —121+28 178 +13 - -

MD—1GYA™ -116£29 -174+ 14 = =

NMR—1HD4¢ ~-86+50 177+6 = .

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 178422
Fuc-(1-0)-Thr NMR—1URK? = = —~104£30 ~154+76
3-0-methyl-Man-(1—0)-Thr NMR—2HGO¢ — = 7243 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.

o

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.
Using the model 1 from PDB file 1HD4 as a starting structure.
Using the model 11 from PDB file 1HD4 as a starting structure.

- e TR s

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 ¢o.c. 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 ¢o.g. and 69% for .. (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-

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,?? 1HD4,2® 1BZB,*® 1BYV,? 2FN2,%° 1E88,*' 1E9),%* 2JXA,*? and 2JX9.%?
Average dihedral angle values from all models included in PDB codes 1CDR and 1CDS (10), TURK (15), 1GYA (18), 1FF7 and 2HGO (20) and 1HD4 (26).

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

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

-240 -120 0 120 240
Angle (degrees)

(B) O-glycosidic linkage

240 120 0 20 240
Angle (degrees)

Figure 2. Distribution of the ¢ (black) and v (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-GIcNAc-(1—-4)-GIcNAc, in

(A) GlcNAc-(p1—4)-GlcNAc

CNAA

-100
Angle (degrees)

(C) GleNAc-(B1—2)-Man

1 I3 L 1 L 1 L 1 1
-300 -200 -100 0 100 200 300
Angle (degrees)

(E) Man-(a.1—3)-Man

JX.A

-200 -100
Angle (degrees)

(G) Fuc-(a.1—6)-GlcNAc

A NN

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
hsCD219s and a-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 o-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 GIcNAc 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-(1—4)-GlcNAc

A A

-100
Angle (degrees)

(D) Man-(a.1—2)-Man

A,V

-100
Angle (degrees)

(F) Gal-(B1—4)-GlcNAc

M

-100
Angle (degrees)

(H) Man-(a.1—6)-Man

Ang]e (degrees)

Figure 3. Distribution of the ¢ (black), s (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) GlcNAc-(B1—4)-GIcNAc, CD59

FR—

(B) GIcNAc-(p1—4)-GlcNAc, a-hCG and hsCD2,45

( \

\
\
1 s . 1 ! 1]. 1, PO

240 180 120 60 0 60 20 180
Angle (degrees)

Figure 4. Distribution of the ¢ (black) and v (gray) dihedral angles associated with
the B-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
hsCD245 (PDB ID 1GYA) and o-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 ® 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 « angle of
both o-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 and/or 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 I
glycoprotein,®® which used CVFF.? 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. 5I). 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. hSCDZ]os

Regarding hsCD2,gs, 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.?2 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,¢s5 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;0s5.°>°* 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 B-
sheets folded in MD apparently promoted by the glycan presence
(Fig. 5N), suggesting a possible role of B-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, 5 (C) and o-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 (I, ], 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%3 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 p-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 o-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,¢s, in its non-glycosylated (E) and glycosylated
(F) forms (from 0.04 to 0.16 nm); and the a-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 o-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.'o" 3,50,57,60,61

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 ps 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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Table S1. NMR measured dihedral angle values for the glycan part of CD59 in the 10

models of PDB ID 1CDS.

Dihedral angle (°)

PDB ID 1CDS GIcNAc(B1—4)GIcNAc
¢ v
Model 1 -119 -63
Model 2 -41 124
Model 3 -92 94
Model 4 -54 105
Model 5 -52 112
Model 6 -40 123
Model 7 -101 114
Model 8 -99 -70
Model 9 -70 -54
Model 10 -85 118
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Table S2. NMR measured dihedral angle values for the glycan part of CD59 in the 10
models of PDB ID 1CDR.

Dihedral angle (°)

PDB ID 1CDR GIcNAc(B1—4)GIcNAc Fuc(a1—6)GIcNAc

¢ v ¢ v ©
Model 1 -20 132 -125 162 -100
Model 2 -106 102 -104 -113 -171
Model 3 -74 -64 -102 -170 169
Model 4 =77 114 -57 -176 96
Model 5 -88 126 -47 -113 90
Model 6 -129 76 -158 119 108
Model 7 -90 -60 -130 -175 92
Model 8 -100 -69 -54 -116 94
Model 9 -56 120 -85 138 180
Model 10 -39 133 -115 -125 -83
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4.3 Trabalho Il

Considerando a dificuldade de caracterizacdo da estrutura e conformacgéo de
glicoproteinas, juntamente com suas cadeias sacaridicas correspondentes, e
considerando a adequacdo dos procedimentos empregados pelo grupo na
reproducédo do equilibrio conformacional de glicanas biolégicas, o presente trabalho
objetivou avaliar a adequacdo do emprego de estados conformacional de
dissacarideos, obtidos através de simulacées de DM em solugcdo aquosa, como
guias para a construcdo de glicanas compondo glicoproteinas. Tal capacidade
preditiva foi analisada a partir da comparacéo de dados conformacionais obtidos por
DM para tais dissacarideos com a geometria dessas ligacGes glicosidicas obtidas
por RMN.

Os resultados obtidos indicam a co-existéncia de multiplos conférmeros para os
dissacarideos estudados em solugéo, especialmente para as ligacdes glicosidicas
B1—4, de acordo com dados experimentais e teoricos prévios. Estes estados
conformacionais mostraram-se semelhantes aos principais estados conformacionais
populados pelas mesmas unidades dissacaridicas quando compondo estruturas
glicoprotéicas. Tal observacdo sugere que o arcabouco protéico, a0 menos nos
casos estudados, parece nao ser capaz de induzir o aparecimento de novos estados
conformacionais na parte sacaridica. Por fim, modelos atomisticos para as
estruturas glicosiladas completas das enzimas PGHS-1 e PGHS-2, até entdo
ausentes, foram obtidos como aplicacdo da metodologia apresentada. Assim, 0s
dados obtidos sugerem que a abordagem proposta pode se constituir em uma
promissora estratégia na construcao de estruturas completas de glicoproteinas, na
auséncia de dados experimentais prévios e, assim, contribuir no entendimento do

papel destes glicoconjugados em sistemas bioldgicos.
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In previous work [Pol-Fachin, L.; Fernandes, C. L.; Verli, H.; Carbohydr. Res. 2009, 344, 491-500], we had
demonstrated that GROMOS96 43a1 force field and Lowdin 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
that the entire glycoprotein scaffold appears unable to promote major modifications in the conforma-
tional behavior of glycosidic linkages. Additionally, when compared to energy contour plots, the results
support the use of solution ensembles, to refine vacuum conformations of carbohydrate databases in the

Keywords:
Glycoproteins
Molecular dynamics
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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.

© 2009 Elsevier Ltd. All rights reserved.

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.>?'° 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), L-fu-
cose (.-Fucp), and p-galactose (p-Galp), bounded by o/p(1-2),
a(1-3), B(1—-4), and o(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 iy were defined
as shown below:

¢ = 05—C1-0X—CX

¥ = C1—0X—CX—C(X - 1)

For a (1-6) linkage, the » was defined as
o = 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.?4?°
Improper dihedrals were included to preserve the hexopyranose
conformations in accordance with their expected form in aqueous
solution: “C; for p-GlcpNAc, 'C, for L-Fucp, #C, for p-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.‘724'25'28'29

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 y/ 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 CD59 (PDB ID 1CDS)

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

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

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

T
1

a-.-Fucp

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

a-bD-Manp
1
l
3
a-D-Manp-(1—2)-a-b-Manp-(1—6)-a-b-Manp
1

i
6

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

-
1

a-b-Manp-(1—2)-a-D-Manp

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

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

i’
3

B-b-Manp-(1—4)--b-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn78
6

1
1

B-b-Galp-(1—4)-B-b-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.>®3° The relative stabilities of each conformation, ob-
tained from the 10 K MD simulations, based on GROMOS96 force
field®” and HF/6-31G** Lowdin 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-

(A) a-b-Manp-(1-2)-a-D-Manp

(B) B-D-GlepNAc-(1-2)-a-D-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 =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.>>=37 This model was proposed based on a
consensus between previous biochemical, crystallographic and
mass spectrometry data.>®3° 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
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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, o-p-Manp-
(1-3)-p-o-Manp,  ao-p-Manp-(1-6)-p-p-Manp,  B-p-GlcpNAc-
(1-2)-0-p-Manp, B-p-Galp-(1—4)-B-p-GlcpNAc, B-p-Manp-(1-4)-
B-p-GlcpNAc, B-pb-GlcpNAc-(1-4)-B-p-GlcpNAc, and  a-L-Fucp-
(1-6)-B-p-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.>>7? The Glyco-
sciences portal®>>” has a large amount of data based on
MM34# force field, thus offering a highly detailed representation
of carbohydrates conformational features,**® at the least, in gas
phase.*’® 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 (°)
¢ (// (@]
o-p-Manp-(1-2)-Manp 62 8025 -135%36 -
38 160 +20 ~100+28 —
B-p-GlcpNAc-(1-2)-Manp 96 -90*35 —95+32 —
4 60 + 25 —100+24 -
o-p-Manp-(1-3)-Manp 33 80+24 —85+28 -
23 -130+18 -
44 160 £ 21 -80%21 -
p-p-Galp-(1—-4)-GlcpNAc 1.5 -80%29 -50+23 —
86 12021 -
3 50 +29 -
10 -150+17 90+ 16 —
B-p-Manp-(1-4)-GlcpNAc 23 —-70+30 -55+19 -
33 110+ 22 -
44 -160 * 21 90+18 —
B-p-GlcpNAc-(1-4)-GlepNAc 56 -80%24 11516 —
19 -90+28 -60+20 -
15 -100+18 90+ 14 —
11 -150+17 —
o-p-Fucp-(1-6)-GlcpNAc 14 -90*35 120+ 27 60+ 16
16 —160 +32
12 160 + 34 -60+17
3 -90+24
17 90+23 -180*17
38 180 £ 46
o-p-Manp-(1-6)-Manp 27 80+23 -160 £ 30 60+17
6 110+ 29
6 150+ 18 —160 £ 31
7 110+24
5 80+22 -90+21 -70+19
6 170+ 34
15 150+19 -90+23
5 170+ 30
11 80+24 -125+21 175+ 19
11 —180+24
4 90+21
3 150+ 19 -125+23
6 —180+24
1 90+20

2 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 ¢-y and w-y plots.

Similarities between the conformational patterns of o-p-Manp-
(1-2)-0-p-Manp and o-p-Manp-(1-3)-B-p-Manp may be ob-
served, as reported,®®->? with one broad minimum energy region
in both ¢ and iy 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 B-p-Galp-
(1-4)-p-p-GlcpNAc, B-p-Manp-(1-4)-p-b-GlcpNAc, and B-p-
GlcpNAc-(1-4)-B-b-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 B(1—4) disaccharides are
globally more flexible than the o(1—-2) and o(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 o 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)-B-p-GlcpNAc  and  o-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-b-Galp-(1-4)-B-p-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 B(1—4) simulated disaccharides (Fig. 2E
and F), as expected.?65455 Similarly, the o-p-Manp-(1-6)-p-n-
Manp presents an additional stabilization of the ® angle at —60°
as a consequence of solvent inclusion (Fig. 2]), acquiring a confor-

mational preference similar to that shown by a-L-Fucp-(1-6)--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)-o-p-Manp (Fig. 2B) and B-p-
Manp-(1-4)-B-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-p-GlcpNAc-(1-2)-0-p-
Manp, the ¢ angle from o-p-Manp-(1-2)-a-p-Manp, the ¢ and
angles from B-p-GlcpNAc-(1-4)-B-p-GlcpNAc, and the ¢ angle
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Figure 3. Distribution of the ¢ (green), y (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-L-Fucp-(1-6)-B-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 s
angle from B-p-GlcpNAc-(1-2)-a-p-Manp, the / angle from o-p-
Manp-(1-2)-a-p-Manp, the i/ angle from o-p-Manp-(1-3)-B-b-
Manp, the ¢ and ¥ angles from B-b-Manp-(1-4)-p-p-GlcpNAc,
and the y angle from o-L-Fucp-(1-6)-B-p-GlcpNAc. Curiously,
both angles from B-p-Galp-(1-4)-B-p-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)-B-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 a-p-Manp-(1-6)-B-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, 11GZ,
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, Asn144, and Asn410.°> The obtained glycoproteins were
further submitted to MD simulations in order to refine the models

a-D-Manp-(1—2)-a-D-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 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'l7.24.25,28—30

In the current work, we demonstrated that relaxed contour
plots obtained from disaccharides employing GROMO0S96 43al
force field?” added by Léwdin 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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Table S1: Minimum energy geometries for dihedral angles ¢, v and w, as obtained
from relaxed contour plots for a series of disaccharides, refined through 100 ns MD in
explicit solvent. Each disaccharide in each pair of dihedrals was submitted to a
separate simulation, in a total of 21 simulations (2,100 ns).

Disaccharides Simulation ¢ 7 )

A -60 -150 -
B-D-GlcpNAc-(1—2)-a-D-Manp B 60 90 -
A -180 -90 -
a-D-Manp-(1—2)-a-D-Manp B 60 -150 -
C 90 -60 -
A -180 -90 -
a-D-Manp-(1—3)-B-D-Manp B 60 -120 -
C 120 90 -
A -120 90 -
B-D-Galp-(1—4)-B-D-GlcpNAc B 60 120 -
A -150 90 -
B-D-Manp-(1—4)-B-D-GlcpNAc B 60 -60 -
A -150 90 -
B -90 -60 -
B-D-GlcpNAc-(1—4)-B-D-GlcpNAc C 60 150 -
D 60 150 -

A -150 -150 -60

a-L-Fucp-(1—6)-B-D-GlcpNAc B 90 30 -180
C -90 150 60
A 60 150 60
a-D-Manp-(1—6)-B-D-Manp B 90 -120 -180
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Figure S1: Fluctuation and distribution of ¢ (black) and w (red) dihedral angles from
disaccharide B-D-GlcpNAc-(1—2)-a-D-Manp in the MD simulations. Letters (A) and
(B) correspond to initial conformations as shown in Table S1.
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Figure S2: Fluctuation and distribution of ¢ (black) and w (red) dihedral angles from
in the disaccharide a-D-Manp-(1—2)-a-D-Manp in MD simulations. Letters (A), (B)
and (C) correspond to initial conformations as shown in Table S1.
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a-D-Manp-(1-3)--D-Manp
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Figure S3: Fluctuation and distribution of ¢ (black) and w (red) dihedral angles from
in the disaccharide a-D-Manp-(1—3)-a-D-Manp in MD simulations. Letters (A), (B)
and (C) correspond to initial conformations as shown in Table S1.
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B-D-Galp-(1—4)-B-D-GlcpNAC
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Figure S4: Fluctuation and distribution of ¢ (black) and w (red) dihedral angles from
in the disaccharide B-D-Galp-(1—4)-3-D-GlcpNAc in MD simulations. Letters (A) and
(B) correspond to initial conformations as shown in Table S1.
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B-D-Manp-(1—4)-3-D-GlcpNAc
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Figure S5: Fluctuation and distribution of ¢ (black) and w (red) dihedral angles from
in the disaccharide B-D-Manp-(1—4)--D-GlcpNAc in MD simulations. Letters (A) and
(B) correspond to initial conformations as shown in Table S1.
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Figure S6: Fluctuation and distribution of ¢ (black) and w (red) dihedral angles from
in the disaccharide B-D-GlcpNAc-(1—4)-B-D-GlcpNAc in MD simulations. Letters (A),
(B), (C) and (D) correspond to initial conformations as shown in Table S1.



83

a-L-Fucp-(1-6)-B-D-GlcpNAC
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Figure S7: Fluctuation and distribution of ¢ (black), v (red) and o (green) dihedral
angles from in the disaccharide a-L-Fucp-(1—6)-B-D-GlcpNAc in MD simulations.
Letters (A), (B) and (C) correspond to initial conformations as shown in Table S1.
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a-D-Manp-(1-6)-p-D-Manp
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Figure S8: Fluctuation and distribution of ¢ (black), v (red) and o (green) dihedral
angles from in the disaccharide o-D-Manp-(1—6)-B-D-Manp in MD simulations.

Letters (A) and (B) correspond to initial conformations as shown in Table S1



Table S2. Glycosylation structures obtained from crystallographic structures
available for COX-1. Pdb-care errors found in carbohydrates are shown as red.

PDB Glycosylation

1PRH No glycosylation structure

35A

1EQG No glycosylation structure

26A

1EQH No glycosylation structure

2.7A

1IHTS No glycosylation structure

27A

1HT8 No glycosylation structure

2,7A

1PGG B-D-GlcpNAc-(1—N)-Asn68
45A B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn144

B-D-GlcpNAc-(1—N)-Asn410

B-D-GlcpNAc-(1—N)-Asn68

1PGF
45A B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn144
' B-D-GlcpNAc-(1—N)-Asn410
1PGE B-D-GlcpNAc-(1—N)-Asn68
35 A B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn144
' B-D-GlcpNAc-(1—N)-Asn410
1PTH B-D-GlcpNAc-(1—N)-Asn68
34 A B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn144
' B-D-GlcpNAc-(1—N)-Asn410
20YE B-D-GlcpNAc-(1—4)-p-D-GlcpNAc-(1—N)-Asn68
28 A B-D-Manp-(1—3)-B-D-Manp-(1—6)-3-D-Manp-(1—4)-B-D-GlcpNAc-(1—4)-3-D-GlcpNAc-(1—N)-Asn144
' B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn410
20YU B-D-GlcpNAc-(1—4)-p-D-GlcpNAc-(1—N)-Asn68
27 A B-D-Manp-(1—4)-B-D-GlcpNAc-(1—4)-3-D-GlcpNAc-(1—N)-Asn144
' B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn410
11GX a-D-GlcpNAc-(1—4)-p-D-GlcpNAc-(1—N)-Asn68
31A a-D-Manp-(1—3)--D-Manp-(1—6)--D-Manp- (1—4)-B-D-GlcpNAc-(1—4)--D-GlcpNAc-(1—N)-Asn144
' B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn410
1162 a-D-GlcpNAc-(1—4)-p-D-GlcpNAc-(1—N)-Asn68
29 A a-D-Manp-(1—3)--D-Manp-(1—6)-B-D-Manp- (1—4)-B-D-GlcpNAc-(1—4)-p-D-GlcpNAc-(1—N)-Asn144
' B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn410
1FE2 o-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn68
30A -D-Manp-(1—3)-B-D-Manp-(1—6)-B-D-Manp-(1—4)-B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn410
’ B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn410
1DIY o-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn68
30A a-D-Manp-(1—3)--D-Manp-(1—6)-B-D-Manp-(1—4)-B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn144
' B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn410
1CQE B-D-GlcpNAc-(1—4)-p-D-GlcpNAc-(1—N)-Asn68
31A B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn144
' B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn410
o-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn68
a-D-Manp-(1—6)-a-D-Manp-(1—6)--D-Manp-(1—4)-a-D-GlcpNAc-(1—4)--D-GlcpNAc-(1—N)-Asn144
104G -D-Manp-(1—6)-B-D-Manp-(1—4)--D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn410

20A

a-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn68
B-D-Manp-(1—6)-p-D-Manp-(1—6)-p-D-Manp-(1—4)-a-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn144



B-D-Manp-(1—6)-B-D-Manp-(1—4)-B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn410

a-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn68
B-D-Manp-(1—6)-3-D-Manp-(1—6)--D-Manp—(1—4)-a-D-GlcpNAc -(1—4)--D-GlcpNAc-(1—N)-
Asnl44

86

2AYL -D-Manp-(1—6)-p-D-Manp-(1—4)-B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn410

20A a-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn68

-D-Manp-(1—6)--D-Manp-(1—6)-p-D-Manp—(1—4)-a-D-GlcpNAc -(1—4)-p-D-GlcpNAc-(1—N)-

Asnl44

-D-Manp-(1—6)-B-D-Manp-(1—4)--D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn410

1U67 0-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn68

31A -D-Manp-(1—6)-p-D-Manp-(1—4)-B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn410

' o-D-GlcpNAc-(1—4)-3-D-GlcpNAc-(1—N)-Asn410

1EBV B-D-GlcpNAc-(1—N)-Asn68

32 A B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn144

' B-D-GlcpNAc-(1—N)-Asn410
Table S3. Glycosylation structures obtained from crystallographic structures

available for COX-2.

PDB Glycosylation
1PXX B-D-GlcpNAc-(1—N)-Asn68
29 A B-D-GlcpNAc -(1—4)-B-D-GlcpNAc -(1—4)-pB-D-GlcpNAc -(1—N)Asn144
. B-D-GlcpNAc-(1—N)-Asn410
1CVU B-D-GlcpNAc-(1—4)-3-D-GlcpNAc-(1—N)-Asn68
24 A a-D-Manp-(1—6)-a-D-Manp-(1—4)-B-D-GlcpNAc -(1—4)-3-D-GlcpNAc -(1—N)Asn144
' B-D-GlcpNAc-(1—N)-Asn410
1DDX B-D-GlcpNAc-(1—4)-B-D-GlcpNAc-(1—N)-Asn68
30A B-D-GlcpNAc-(1—N)-Asn144
' B-D-GlcpNAc-(1—N)-Asn410
1CX2 B-D-GlcpNAc-(1—N)-Asn68
30A B-D-GlcpNAc-(1—N)-Asn144
' B-D-GlcpNAc-(1—N)-Asn410
3PGH B-D-GlcpNAc-(1—N)-Asn68
o5 A B-D-GlcpNAc-(1—N)-Asn144
. B-D-GlcpNAc-(1—N)-Asn410
4COX B-D-GlcpNAc-(1—N)-Asn68
29 A B-D-GlcpNAc-(1—N)-Asn144
' B-D-GlcpNAc-(1—N)-Asn410
5COX B-D-GlcpNAc-(1—N)-Asn68
30A B-D-GlcpNAc-(1—N)-Asn144
' B-D-GlcpNAc-(1—N)-Asn410
6COX B-D-GlcpNAc-(1—N)-Asn68
28 A B-D-GlcpNAc-(1—N)-Asn144

B-D-GlcpNAc-(1—N)-Asn410
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Figure S9: Distribution of the ¢, v and @ dihedral angles, as obtained from MD
simulation, from COX-1 glycans at Asn68 (red), Asn144 (blue) and Asn410 (green),
together with the conformational patterns associated to the respective disaccharides,
isolated in water (black). The A-l letters indicate the relation of a distribution plot to its
location on the respective disaccharide unit from the complete glycan.
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4.4 Trabalho Il

A partir das técnicas de simulagédo de glicoproteinas desenvolvidas nos dois
trabalhos anteriores o presente trabalho tem por objetivo analisar o efeito da
glicosilacdo na estrutura AGP humana. Foram realizadas trés simulacoes: i. AGP
nao glicosilada; ii. AGP glicosilada com fucoses e iii. AGP glicosilada sem fucoses. A
simulagdo da AGP sem glicosilagdo monstrou uma grande flexibilidade em relagéo
as formas glicosiladas, demonstrando o papel estrutral da glicosilagdo na estrutura
da proteina. Entretanto nenhum efeito estrutral pode ser relacionado com a presenca
das fucoses na simulacdo, sendo necessario um aumento do tempo da simulagéo
para melhor compreender estes eventos.

Como a AGP possui uma cavidade carreadora de farmacos, esta também foi
analisada para verificar o efeito da glicosilacdo sobre ela. Observou-se que a
presenca das glicanas ajudam na manutencdo desta, pois na simulacdo sem
glicosilacdo a cavidade praticamente desapareceu, enquanto nas formas
glicosiladas a cavidade ndo s6 se manteve como é capaz de comportar farmacos
gue sao carreados pela AGP.

Adicionalmente foi estudada a interacdo do tetrassacarideo SLeX, presente
nas simula¢gdes com fucoses, com a P-selectina, proteina que se liga a AGP durante
a resposta inflamatéria. Dos trés SLeX presentes na AGP apenas dois tem
condicBes de ligar a P-selectina e o resultado da simulacdo produziu um encaixe
compativel com a interacdo entre as proteinas. Nota-se um melhor encaixe entre 0s
dois SLeX esdados e isso se deve aos outros glicideos presentes na vizinhanca da
ligacdo. Entretanto mais estudos sobre esta interacdo sdo necessarios para
entender sua base molecular.

Este manuscrito esta formatado para ser submetido a revista Biochemistry.
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Abstract

Human oy-acid glycoprotein (AGP) is an abundant human plasma glycoprotein, N-
glycosylated at residues 15, 38, 54, 75, and 85. While it plays important roles on drug
pharmacokinetics, it is also reported to rise up to fivefold in certain inflammatory events. In
these processes, the glycan chains attached to Asn54, Asn75 and Asn85 may become
fucosylated, originating a sialyl-Lewis X epitope, which in turn binds proteins of the selectin
family and, consequently, plays an important role on immunomodulatory processes. While the
X-ray structure of unglycosylated AGP was reported, the absence of the glycan chains impairs
the obtaining of further insights into its structural biology and, ultimately, into its biological
function. In this context, the current work intends to obtain further insights into AGP
structural glycobiology and function by building a structural model of its fully glycosylated
form, taking into account the different glycoforms observed in biological aqueous solutions.
Accordingly, the obtained data points to the absence of a major influence of glycosylation on
AGP’s secondary structure, in good agreement with its crystallographic structure. However,
the glycan chains seems able to interfere with the protein dynamics, mainly at the AGP
ligand-binding site, pointing to implications of the AGP carbohydrate moiety on its
complexation to drugs and bioactive compounds. Finally, the influence of fucosylation on
AGP structure and binding to selectins is explored, indicating that selectin may bind to glycan
chains linked to Asn54 and Asn75, and this binding seem to involve others glycans like
Asnl5. Our data provides insights into the participation of carbohydrates on the AGP
inflammatory role.

Keywords: AGP, molecular dynamics, glycoproteins, structural glycobiology.
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1. Introduction

The alpha-1 acid glycoprotein (AGP), or orosomucoid, is an abundant human plasma
glycoprotein, first described in 1950 (/, 2), but with its exact biological role still unclear.
Several potential physiological activities were described to this protein, such as drug-binding
functions (3), inflammatory and immunomodulatory effects (4). The AGP is mainly secreted
by hepatocytes, and its expression is regulated by several pro-inflammatory cytokines. An
important aspect of AGP is that its concentration may rise up to fivefold in inflammatory
events, making this protein one of the major members of the acute-phase protein family (4).

AGP has a lipocalin fold (5) with an extraordinary N-linked carbohydrate content (ca.
45% w/w), becoming one of the most glycosylated known proteins (4). Such glycan chains
are attached to asparagine residues at positions 15, 38, 54, 75, and 85, each one with a wide
variety of possible carbohydrate compositions and degrees of branching (4, 6-8). Such
variation on AGP carbohydrate composition has been associated to distinct physiological and
cellular events (4). In chronic inflammatory conditions as septic shock (9) and rheumatoid
arthritis (/0) the degree of branching and fucosylation increases in glycan chains attached to
Asn54, Asn75 and Asn85. As a result, the a-NeuAc-(2—3)-B-Gal-(1>4)-B-GlcNAc-(1-3)-
a-Fuc epitope, called sialyl-Lewis X (SLe"), is formed, suggesting the participation of AGP
in several physiological events, such as inflammation and cell migration (9, 7/, 12). For
example, SLe" is the binding epitope for the cell adhesion molecules E- and P-selectins,
involved in the inflammatory-dependent adhesion of neutrophils, monocytes or platelets. (/3)
Moreover, in tumor metastasis the increased expression of AGP with SLe* facilitates the
binding to endothelial cells via selectins and these contribute to tumor-cell migration to
distant tissues and promote metastasis (/4). Thus the increase in fucosylation and the
consequent biosynthesis of the SLe* epitope on AGP glycans may represent a mechanism for

feedback inhibition of granulocyte extravasation in cases of inflammation (4).
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Additionally. AGP and serum albumin are the two major proteins responsible for drug
binding in humans. Understanding the binding mechanism of these proteins is therefore
important when proposing new drug candidates (/5). The physical-chemical properties of
AGP favor the binding to basic or neutral compounds of endogenous and exogenous origins,
such as tamoxifen, propranolol, heparin, serotonin, platelet activating factor (PAF),
melatonin, histamine, and endogenous steroids (cortisol) (4). Structurally the AGP crystal
without glycosylation has a pocket with 9-12 A in diameter and exhibits two positively-
charged residues, Arg68 and Arg90 (5), but offers no information about glycan influence on
the pocket.

In this context, the current work intends to contribute in the characterization of the
AGP structural glycobiology. Accordingly, atomic level models were obtained, including the
AGP complete glycosylation pattern, as observed in humans, as well as some of its distinct
glycoforms and the SLe™ epitope. Upon refinement of these models by molecular dynamics
(MD) simulations, the obtained data offer new insights into AGP role on inflammatory
processes and interaction with P-selectin, as well as into its carbohydrates on the AGP

binding to drugs and other bioactive compounds.

2. Computational Methods
2.1. Glycan nomenclature

The IUPAC nomenclature recommendations and symbols (/6) have been adopted. The
relative orientation of a pair of contiguous carbohydrate residues was described, for different
types of linkages, by two or three torsional angles at the glycosidic linkage. A (1—X) linkage,
where ‘X’ is 2°, ‘3°, ‘4’ or ‘6’, respectively, the f'and y were defined as shown below (in the
NeuAc case the linkage was (2—X) and X were ‘3° or ‘6°):

f=05-C1-OX-CX’
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y=Cl-OX-CX-C(X - 1)

For a (1—6) linkage, the w was defined as:

w = 06-C6—C5-C4

2.2. Construction of glycan chains

2.2.1. Carbohydrate trees building and modeling

The five glycans that bind to AGP were selected according to previous works (6-8)
with a preference to glycans that binds to SLe* (Figure 1A). Based on previous studies (17,
18), the oligosaccharides were analyzed by their disaccharide moieties, composed of N-
acetyl-D-glucosamine (GIcNAc), D-mannose (Man), L-fucose (Fuc), D-galactose (Gal) a-D-
neuraminic acid (NeuAc) and the major conformational population of f and y angles of these
pairs were used to refine the initial structure of glycosylation.

The human AGP were retrieved from PDB ID 3KQO (5). The N-glycosylation
structures (obtained as described above) were linked to their sites (AsnlS, Asn38, Asn54,
Asn75 and Asn85). In order to understand the effect of fucosylation on the AGP-glycan
structure, three systems were constructed, one with AGP without glycosylation, one with the
glycosylation described (Figure 1A) and one with a glycosylation equivalent to the latter but
without the three fucose residues of glycans Asn54, Asn75 and Asn85 (Figure 1A). All
disaccharides that compose glycan trees were simulated in a previous work (/8) and the
topology and charge information were added to the Gromos 43al force field (/9) according to
previous results (20, 21).

2.2.2. Glycoprotein modeling

The glycoprotein structures were constructed in the Glycoscience portal (22) using the
GlyProt modeling tool. These initial 3D models had their glycosidic linkage geometries
adjusted to the respective disaccharide major conformational state in solution, obtained from

MD simulations, as previously reported (/7, 18) to build a initial model for MD simulations.
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2.3. Molecular dynamics simulations
2.3.1. AGP molecular dynamics

The three systems were submitted for MD simulations under explicit aqueous solution
using the GROMACS simulation suite (/9). The protein and glycoproteins were solvated in
triclinic boxes using periodic boundary conditions and the SPC water model (23). The Lincs
method (24) 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 method (25). Temperature and
pressure were kept constant by coupling disaccharides, ions, and solvent to external
temperature and pressure baths, with coupling constants of t = 0.1 and 0.5 ps, (26)
respectively. The dielectric constant was treated as e = 1, and the reference temperature was
adjusted to 310 K. The systems were slowly heated from 50 to 310 K, in steps of 5 ps, each
one increasing the reference temperature by 50 K. Each simulation was extended to 0.1 ms.

The characterization of AGP structural glycobiology employed MD simulations of
three molecular systems: 1) unglycosylated AGP; 2) fucosylated AGP; 3) glycosylated, non-
fucosylated, AGP. The two glycosylation forms were identical except by the three fucoses
that form the SLe™ in the Asn54, Asn75 and Asn85 glycosylation positions (Figure 1A). These
systems were analyzed taking the crystal structure (5) as reference, as well the disaccharide
linkages conformational ensemble in solution (/8), in order to characterize the mutual
influence between carbohydrate and protein moieties.
2.3.2. AGP-P-Selectin complex molecular dynamics

To construct the AGP-P-selectin complex the structures employed were the
crystallographic model of P-selectin complexed with SLe™ under PDB ID 1G1S (27) were the
disaccharides angles measure and compare with the angles find in SLe® AGP simulation. The

AGP SLe* models that satisfied the conformational angles were chosen to a geometrical
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docking between SLe* from P-selectin crystal and AGP simulated. During the simulation
only the glycan bond to Asn54 and Asn75 were able to connect to P-selectin due to Asn85 the
SLe* portion present a core position in the glycoprotein, then the models construct were to P-
selectin bond through Asn54 and Asn75. The simulations use the same protocol to other
simulation (2.3.1) during 50 ns to evaluate the energy and interactions between glycoprotein
and P-selectin.
2.4. Cavities measurements

The AGP cavity was measured during the simulation using the dxTuber program (28).
To evaluate the behavior of cavity during the simulation, 2000 frames (1 nanosecond) were
collected from each interval of 10 nanoseconds, totalizing eleven measures for each
simulation. For the cavity volume measurements with dxTuber (28) dx files from the
trajectory were obtained with VMD program (29), with the VolMap tool. The protocol
employed for dxTuber was its default settings: 3D scanning with a protein density threshold
of 0.005 protein atoms/A’, solvent density threshold of 0.01 atoms/A* and minimum diameter
of 1 A.

To compare the cavity volume found during the trajectory, two drugs that bind to AGP
had their volume measured with the Chimera program (30), aiming to compare these

measurements with the cavity volume from the trajectory results.

3. Results and discussion
3.1. Carbohydrate dynamics

The glycan chains were built following a proceeding previously described (17, 18),
including the use of the main conformational states of disaccharidic units as starting

geometries, further refined through MD simulations. Such proceeding was shown as able to
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properly reproduce the glycan chains conformational space as determined by NMR
techniques, as observed in previous works (17, 18).

Using such approach, the AGP glycan chains were built, and the observed
conformational behavior characterized (Figure S3 to S5). As a general feature, the glycosydic
linkages on AGP populates the main conformational states of the respective disaccharidic unit
isolated in solution, as observed for the most linkages. In some cases, however, the minor
conformational state of the isolated disaccharide or a conformation different from the one
found in disaccharides was the preferred conformation adopted in glycans attached on AGP.
Linkages in disagreement with disaccharide simulations were only fifteen (11%), nine from
the system without fucose and six from the system with fucose. These differences were
observed in specific linkages. In the system with fucose the differences were mainly in the
Asn85 glycan. This glycan presents differences in linkages B-GIcNAc-(1—2)-B-Man, B-
GIcNAc-(1—-4)-B-Man, B-Gal-(1-4)-B-GIcNAc and a-NeuAc-(2—3)-B-Gal. Upon close
inspection, some particularities of these linkages became clear: the neuraminic acid involved
was the component of the SLe™ portion, and further analysis of this linkage revealed that SLe™
was unable to bind to selectin (Section 3.4). A different conformation was also observed when
comparing this glycan to the other fucosylated trees. The glycan branch composed by SLe*
was turned to the protein, and form approximately three H-bonds per frame with AGP
(2.9£1.4 per frame). This behavior is different from Asn54 and Asn75-bound glycans in
which the SLe* turned itself to the surrounding solvent, not interacting with the protein. Other
observed differences in disaccharides concern the Asn85 glycan are possibly related to the
observed variations in the glycan-protein interactions. The other differences in the system
with fucose were found in glycan Asn38, linkage B-GlcNAc-(1—4)-f-Man, and glycan
Asnl5, linkage a-NeuAc-(2—3)-B-Gal. These are the smallest glycans on the protein, and

possibly the most rigid as well.
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In the systems without fucose the main differences were found in a specific linkage, 3-
Gal-(1—>4)-B-GlcNAc (six differences), two branches of Asnl5 and Asn85 glycans and one
each in Asn54 and Asn75 glycans. The linkage B-GIcNAc-(1—4)-B-GIcNAc presented
differences in Asnl5 and Asn54 glycans. The a-Man-(1—3)--Man linkage in Asn54 glycan
presented a different conformation. These differences, mostly in b-1—-4 linkages, have their
main conformations located in regions of minor conformational states. According to previous
works (31, 32), GIcNAc b-1—4 linkages have two or three energy minima.

In total we simulated 133 disaccharides in glycoproteins and 89% of them presented
results in accordance with the disaccharides’ major conformational states in solution (17, 18).
Still, the conformational behavior is in good agreement with the geometries expected to occur
for each linkage, confirming the quality of the simulations.

In general the flexibility of the carbohydrates in the diantennary glycan linked in the
position 38 present the minor flexibility (Figure S6) and these findings agree with previous
works (5) that related such position to the entrance of the AGP binding cavity. This position
has some restraints, and the glycan linked to Asn38 have to be a diantennary tree with no
neuraminic acid linked (4). Concerning the flexibility of the glycan during the simulation,
only in Asn85 was observed a different behavior for the systems with and without fucoses
(Figure S6). The fucose system presented a major flexibility than the no-fucose system. In the
latter system, the portion SLe* that was exposed to the protein surface moved to the core,
establishing interactions with the surrounding amino acids (see section 3.4 to further details).
3.2. Glycan chain role on protein moiety dynamics

The MD simulation of AGP under both glycosylated and non-glycosylated states
supported the obtaining of insights into the influence of the carbohydrate residues on AGP
peptidic segment conformation and dynamics. Accordingly, the obtained data indicates a

lowering in the amino acids flexibility upon glycosylation of AGP (Figure 2). Such effect
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appears to occur mainly at turns and coils (Figure 2-D), whereas some lesser influence was
also observed on the protein secondary structure (Figure 2-C). While such influence of glycan
chains in glycoproteins was previously observed by our previous works (/7, 18) and others
(33), it was also suggested previously for AGP based circular dichoism (34). The minor
differences in the secondary structure observed in the MD could be an effect of the
insufficient time of simulation to describe the unfolding effects. However the analysis of the
secondary structure at the final point of all three simulations compare to the crystal structure
in general they maintain the same scaffold of crystal (Figure 1-D and Figure S1).

At the residue level, the RMSF analysis demonstrates a region with a major flexibility
in the unglycosylated system around the residue 150 (Figure 2-B). This region corresponds to
a great loop between two helices in the C-terminus at the surface of the protein. In the
glycosylated systems, due to glycosylation trees, this region was no longer exposed to the
surrounding solvent and the glycan trees possibly obstruct the loop movements, decreasing its
flexibility. Regarding the two glycosylated simulations, both present a similar behavior at the
residue level.

3.3. Drug binding site dynamics

AGP and albumin are the most important drug carriers in plasma (35) with the
difference that albumin prefers acid molecules while AGP binds preferentially basic and
neutral molecules, such as warfarin (36) and imatinib (37). This preference is explained by the
presence of neuraminic acids in the surface of the glycoprotein. Thus AGP is an important
glycoprotein in studies of pharmacokinetics and efficacy of many therapeutic compounds and
consequently in the design of better drug models (35, 38, 39).

In order to identify the ligands’ mode of binding to AGP, previous docking studies
with diazepam and progesterone were performed aiming to understand their transport (3).

These studies did not include the glycan portion of the glycoprotein, which is essential for this
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binding. Therefore, in our studies the AGP cavity was empty but we tried to identify the
influence of glycosylation on the recognition of AGP ligands, and the processes involved in
the cavity structural maintenance. Volumes of diazepam and progesterone were measured in
UCSF Chimera program (30), measuring 245.8 A” and 307.4 A® respectively. These measures
aid the evaluation of cavity volume and the protein viability of carrying a ligand.

Initially all cavities have a volume compatible with the crystal structure and during the
initial part of simulations the behavior was similar in all conditions. In the process of
simulation the cavity measurements indicate that the unglycosylated AGP presents cavity
loss, possibly due to the presence of solvent and absence of glycosylation. This indicates that
glycosylation contributes primarily to the maintenance of the cavity. Both glycoprotein
simulations present a cavity during the entire simulation time and with volumes in agreement
with the ligands tested in previous studies (5). Moreover, the glycosylation make up a border
surrounding the cavity, increasing its volume. The glycosylation also promotes a charged
environment, adequate to bind basic ligands. These effects were more cleary observed in the
system with fucose.

Analyzing the role of fucoses in the maintenance of cavity, no important structural
differences were found in simulations with or without fucoses concerning these residues. This
suggests that the role of fucose in the AGP structure may be related to molecular recognition

events, principally in the surface of the glycoprotein.

3.4. Structural implications for the potential participation of AGP on inflammatory
processes

Lectin was glycoproteins with anti-inflammatory activity and present in acute fase
process (40). These class of molecules include the selectin, a type of lectin responsible to

recognize the glycan SLe". The binding of AGP to selectin block this glycoprotein to bind in
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leucocites and can be responsible to modulating extravasation into inflamed tissues (4). The
structure of P-selectin was solved attached to SLe* (27) suggest the conformation of SLe*
necessary to binding to P-selectin. In the crystal (PDB ID 1G1S) exist two molecules of SLe*
binding to P-selectin in presence of ion calcium. This ion provide a hexa coordination of P-
selectin and the fucose to binding the SLe”. The measure of the ¢ and y disaccharide dihedral
angles of SLe", we find ¢=-75 and y=-100 to a-Fuc-(1—-3)-B-GlcNAc; ¢;=-70, ¢,=-80 and
y=140 to B-Gal-(1—>4)-B-GlcNAc; ¢=60 and y;=-110, y,=-120 to a-NeuAc-(2—3)-B-Gal.

In the simulations the measurement of these disaccharides were performed on SLe™ in
order to compare and evaluate the possibility of SLe* from AGP binding to P-selectin (Figure
5). The results obtained for three SLe* portions were in accordance with P-selectin from
crystallography for glycans bound to Asn54 and Asn75. In the case of Asn85, the ¢ angle of
B-Gal-(1—>4)-B-GlcNAc linkages and the ¢ and y angles of a-NeuAc-(2—3)-f-Gal have
different conformations from those observed in P-selectin-SLe* binding (PDB ID 1G1S). In
order to observe the binding of P-selectin to AGP, the choice of SLe" in the same orientation
of the crystallographic molecule aided in the process of conformational selection (47). This
approach took advantage of the functional selectivity of P-selectin binding to SLe* from the
AGP glycan.

The search for SLe* conformations that were similar to those found in the P-selectin
crystal resulted in some conformations compatible with binding in all glycan positions during
the simulation. However, in the case of Asn85 glycan, the disaccharide angles differ in most
of the frames. Moreover, when we observe the structural position of SLe* in the Asn85
glycan tree, the localization of SLe™ was not able to bind to P-selectin due to the orientation of
SLe" that was hidden in relation to the surface of AGP. This indicated that the P-selectin and
SLe* connection would make the molecules of AGP and P-selectin overlap. To confirm the

proximity of AGP and SLe", the interactions between Asn85 SLe* portion and AGP protein
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portion were measured by computing H-bonds during the entire simulations. These measures
indicated that each simulation frame had 2.9+1.4 bonds.

Taking this observation into account, the SLe* present in position Asn54 and Asn75
glycans with conformational orientation similar to the crystallographic model was docked to
P-selectin in presence of calcium ion. In both positions the results fit the SLe™ present in the
glycan of AGP molecule in the binding of P-selectin with distance among calcium ion, fucose
and P-selectin favorable to coordination, demonstrating the potential to form these complex
(Figure. 5).

The interaction of P-selectin and SLe* was based on crystallographic data (27), by
overlapping of SLe* portion in crystallographic model and MD simulation o and calcium
coordination.. For each SLe" in glycan Asn54 and Asn75 we constructed one initial model for
AGP-P-selectin (Figure 5). The P-selectin-AGP overlap hindered the modeling of the Asn85
glycan.

The MD simulation of both models demonstrated an interaction between AGP and P-
selectin. The energy between the specific binding glycan and P-selectin was measured during
the simulation in order to verify if the molecules were bonded (Figure 6). To analyze the total
energy between glycan and P-selectin, measurements were performed from 10 ns of
simulation onwards, in order to obtain results after system equilibration. The energy in the
complex bond by Asn54 glycan were more stable than the one formed by Asn75 glycan, with
energy of -526 + 69 kJ/mol for the former and -472 £+ 108 kJ/mol for the latter.

P-selectin forms a complex with AGP by binding specifically to a glycan composed by
the SLe® portion. These complexes, however, demonstrate differences regarding the
participation of the other glycans in the process. In order to understand these processes, the
formation of H-bonds between P-selectin and all glycans was measured. In the complex

formed by P-seletin and AGP binding to Asn54 glycan this glycan forms 7.9 £ 2.6 H-bonds
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per frame and specifically 4.7 + 1.6 of these H-bonds involve the SLe* portion. Analyzing the
other glycans we identified that Asnl5 interacted with P-selectin forming 6.3 + 2.5 H-bonds
per frame. These bonds seem to stabilize the interaction of the complex.

The complex formed by P-selectin and Asn75-bound glycan formed 6.4 + 2.9 H-bonds
and 2.1 + 1.6 with the SLe" portion. Regarding other glycans that interact with this complex
only the one bound to Asn38 showed significant interactions, with 1.8 + 1.4 H-bonds per
frame. The differences in the mode of binding observed for the two complexes may explain
the energetic differences in the complex formed by Asn54-bound glycan when compared to
the one formed with the Asn75-bound glycan. The glycan from Asn54 may owe its enhanced
stability to its interaction with the Asnl5-bound glycan. The Asn38-bound glycan has only
minor interactions in the complex formed by Asn75-bound glycan.

These MD simulations experiments provided a basis for the molecular recognizing of
AGP by P-selectin. The simulations of AGP and P-selectin binding to either Asn54 or Asn75
glycans were performed and the interaction energy between the AGP glycan and P-selectin
were measured. These energy measurements indicated that both molecules interact during the
analyzed period for both interaction cases. Moreover, the interaction with Asn54-bound
glycan is more stable than the one with Asn75-bound glycan, mainly due to stabilization

involving the glycan bound to Asnl5-glycan.

4. Conclusions

In this work we were able to obtain models of AGP in two glycosylated forms
employing its crystallographic structure and the sequences of glycosylation of the five
glycosylation sites obtain from mass spectroscopy. Most important, such models accounts for

dynamical features of AGP in aqueous solution as derived from MD simulations.
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Accordingly, the protein dynamics demonstrated a major flexibility of the
unglycosylated structure when compared to its glycosylated forms, pointing to a
glycosylation-induced stabilization of the protein.

The different glycosylation forms do not interfere with the flexibility of glycans in
general. The principal influence of glycosylation was related to cavity preservation. Therefore
to better understand the role of fucosylation in the flexibility simulations a large time scale
would be necessary.

The binding of AGP to P-selectin was shown to be possible in the positions Asn54
Asn75 and these findings suggest that AGP has conformational requirements to recognize P-
selectin in inflammatory events due to the possibility to coordinate calcium ion between
fucose and P-selectin. However the position Asn85 are not able to dock to P-selectin due to de
SLe" in this position being in the core of the glycoprotein and the disaccharide dihedrals are in
disagreement with crystallographic data for P-selectin. The MD initial models are in
accordance with P-selectin crystal distances for P-selectin and SLe* (27), with this interaction
depend ending on fucose and calcium ion. In this work was observed the interaction of AGP
and P-selectin through the different glycan trees bound to Asn54 and Asn75. It is known that
P-selectin interacts with different SLe*-containing glycosylation trees (4). During the
simulation time both the studied glycan trees were able to keep the proteins bound.
Considering the overwhelming variation observed for AGP glycoforms, it is interesting to
point out the importance of the glycan structures surrounding the SLe*-containing tree, since
these non-binding glycans seem to take part in the complex scenario of AGP-P-selectin

interaction, as observed in the present work.
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Captions to figures:

Figure 1: (A) Schematic representation of human AGP glycosylation. The saccharides
involved were b-N-acetyl-D-glucosamine (GIcNAc), a/b-D-mannose (Man), a-L-fucose (Fuc),
b-D-galactose (Gal) and a-N-acetylneuraminic acid (NeuAc). Snapshots of MD simulations
for human AGP glycosylation structures (B) with fucoses and (C) without fucoses and (D) fit
of final dynamics structures unglycosylated (green), with fucoses (blue) and without fucoses
(red).

Figure 2: All-atoms protein RMSD (A) and all-atoms protein RMSF (B), RMSD of secondary
structure (C) and turns and coils (D).

Figure 3: AGP volume cavities found by dxTuber, demonstrating the loss of cavity in the
unglycosylated form and the volume of glycosylated-form cavity, which is compatible with
the binding of AGP ligands as previously studied (5), namely diazepam (245.8 A’) and
progesterone (307.4 Ad).

Figure 4: Analysis of the relative abundance of the bioactive conformation of SLe™ in the
simulation, as defined in its crystallographic complex with P-selectin (PDB ID 1GIS). The
disaccharide dihedrals that are present in the crystal are represented on each fucosylated AGP
glycan tree (dotted line in the graphics). The disaccharides that compose each SLe* are
colored as black when attached to Asn54, as red when attached to Asn75, and as green when
attached to Asn85.

Figure 5: Representation of AGP-P-selectin complex formed in presence of calcium (blue). P-
selectin was linked to Asn54-bound glycan (green) and Asn75-bound glycan (brown). The
AGP proteins in both complexes were fit and the other glycan trees not involved in the initial
interactions were hidden to facilitate visualization of the complexes.

Figure 6: Total energy between the P-selectin and the glycan that comprises the SLe™.
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Figure S1: Secondary structure contends of crystal structure of AGP (3KQO) and the

simulated systems.
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Figure S2: Glycosylation pattern of AGP. Letters up to glycosylation correspond to the
dihedrals analyzed in figures S3 to S5 to systems with and without fucose.
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Figure S3: AGP with fucose distribution of the f, y dihedral angles from glycans at Asnl5
(blue), Asn38 (orange), Asn54 (black), Asn75 (red) and Asn85 (green). The coloured curve
(brown) indicates the most prevalent conformation of disaccharides in solution.
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curve (brown) indicates the most prevalent conformation of disaccharides in solution.
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Asnl5 (blue), Asn54 (black), Asn75 (red) and Asn85 (green). The coloured curve (brown)

indicates the most prevalent conformation of disaccharides in solution.
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5 Conclusoes

A partir dos objetivos tracados, o presente trabalho permitiu:

Reproducdo, em mais de 95%, do comportamento conformacional da
parte sacaridica de glicoproteinas e dissacarideos em solugcéo aquosa,
em comparacgédo a dados experimentais de RMN, validando o protocolo
empregado para descricdo de carboidratos por MM;

Utilizacao do refinamento de minimos de energia obtidos por mapas de
contorno em solu¢do aquosa por DM como uma estratégia capaz de
agregar qualidade a descricdo conformacional de carboidratos, mais
préxima do que deve ser esperado em solucdes bioldgicas e utilizando
o campo de forca GROMOS96 43al;

Proposicdo do emprego de estados conformacionais de dissacarideos
como uma metodologia onde os dissacarideos funcionam como blocos
para a construcdo de glicanas complexas ligadas a glicoproteinas;
Utilizacdo da metodologia acima para construcdo de glicoproteinas
sem estrutura tridimensional glicidica identificada;

Entendimento do papel de glicosilacdo na estrutura da AGP e as
implicacbes que a glicosilacdo tem sobre o sitio de ligacdo da proteina.
A partir da glicosilacdo da AGP foi possivel a caracterizacdo do
complexo AGP - P-selectina, propondo uma forma de ligacdo entre as
duas moléculas e algumas bases moleculares dessa ligacdo a duas

arvores glicidicas diferentes.

De forma geral, os resultados obtidos confirmam o potencial de ferramentas de

MM no estudo de sistemas bioldgicos, especialmente na reproducéo e predigdo de

propriedades conformacionais de oligossacarideos, correlacionando-se com dados

experimentais prévios e possibilitando a construcdo de estruturas glicosiladas de

proteinas a partir da estrutura protéica e da sequéncia de glicosilacéo.
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7 Anexos

Durante a realizacdo desta tese, alguns outros projetos foram elaborados em
forma de colaboragcbes com o grupo da professora Marcia Margis-Pinheiro ou
orientacdo de iniciacdo cientifica. Destes resultados, surgiram dois trabalhos um
aceito (Trabalho I) e outro submetido (Trabalho Il), as capas destes trabalhos estao

incluidas a seguir.



7.1 Trabalho |
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APX-R is a new heme-containing protein functionally
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7.2 Trabalho Il

Elsevier Editorial System(tm) for Journal of Structural Biology
Manuseript Drafi

Manuscript Mumber-
Title: Structural and conformational characterization of hnman prothrombin

Eeyrwords: Comparative Modeling; Molecular Dymamies; Docking; Coarse-Grained; Coagulation
Caseade; Prothrombin.

Correspanding Author- Dr. Hugo Verki, Ph.D.
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thrombin, is the key enzyme for converting soluble fibrinogen into insoluble fibrin monomers which, in
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to control the hemorrhagic processes, While thrombin has several erystallographic structures
deposited on PDEB, prothrombin three-dimensional structure is until mow absent, impairing the design
of new factor Xa inhibitors hased on the enzyme-substrate recognition. In this comtesxt, the oarrent
work employs comparative modelling technigues, docking calculations and moelecular dynamics
simulations in order to obtain a theoretical model of the complete human prothrombin, capable to
suppert the structural interpretation of its biclogical roles at the atornie level and 5o be potentially
employed in further efforts for the desipning of new antithrombotic apents. While comparative
mideling technigues support the building of models for prothrombin between residues 44-187 and
207-622, there is no structural reference for connecting these segments. 50 models of these regions
were built and submitted to docking caloulations using Autodock, HEX and ZDOCK and subsequenty
refined under coarse-grained molecular dynamices simulations within GROMACE. Accordingly, the so
obtained data suggest the presence of hinge movements betwesn prothrombin demains within
microsecond time scale and, consequently, the co- exdstence of multiple conformational states in
biclogical selutions. Swch flexibility is related to hinge motions betwesen its domains, which may
explain the diffimulties in obtaining its erystallographic struchire.
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7.3 Cargas atdbmicas de Lowdin
As cargas atdmicas parciais de Lowdin séo divididas em grupamentos, ou
grupos de carga, para ser aplicadas para diferentes residuos de carboidratos
visando simulacées em diferentes campos de forgca. As cargas a seguir calculadas

(Becker et al., 2007) foram utilizadas nos dissacarideos estudados.
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Grupamento Estrutura 2D Estrutura 3D e cargas
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8 Apéndices
8.1 Mapas de dissacarideos utilizados nas simulacfes da AGP

Estes mapas de contorno foram utilizados para calcular as conformacdes mais
estaveis dos dissacarideos que fazem parte da AGP. Ao fundo (cinza) temos 0s

resultados de minimo de energia para a simulacdo destes dissacarideos em

solucéo.
B-GlcNAc-(1-2)-a-Man a-Man-(1->3)-B-Man
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8.2 Topologias de monossacarideos para GROMOS96 43al

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

Abaixo, seguem as topologias para 0s monossacarideos constituintes da
glicoproteina  AGP, assim como parametros para 0s aminoacidos a que 0S
oligossacarideos se ligam.

B-GIcNAc-(1—N)-Asn

[ ASN2 ]

[ atoms ] N CA C ga 12
N N -0.28000 0 CA C +N ga 18
H H 0.28000 0 CA C ¢} ga_ 29
CA CH1 0.00000 1 ¢} C +N ga_ 32
CB CH2 0.00000 1 CA C ¢} ga_ 29
CG C 0.38000 2 ¢} C +N ga_ 32

OD1 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 CB CG OD1 ga_ 29
0 0 -0.380 4 CB CG  ND2 ga 18

[ bonds 1] OD1 CG ND2 ga 32
N H gb 2 CG ND2 HD2 ga 22
N CA gb 20 [ impropers ]
CA C gb 26 ; oai aj ak al gromos type
C 0 gb 4 N -C CA H gi 1
C +N gb 9 C CcA +N o gi 1
CA CB gb 26 CA N C CB gi 2
CB CG gb 26 CG ODl  ND2 CB gi 1
CG OoD1 gb 4 [ dihedrals ]
CG ND2 gb 8 ; ai aj ak al gromos type

ND2  HD2 gb 2 -CA -C N CA gd 4

[ angles ] -C N CA C gd 19

; ail aj ak gromos 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



[

NAG1 ]

[ atoms ]
C8 CH3
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o7 0
N2 N

H22 H
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Cl CH1
05 OA
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N2 H22
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C2 C3
Cl 05
05 C5
C5 Cc6
C5 C4
Cc6 06
c4 04
c4 C3
04 +C1
C3 03
03 H32

[ angles ]
ai aj
C8 c7
C8 c7
o7 c7
c7 N2
c7 N2

H22 N2
N2 C2
N2 C2
Cl C2
C2 Cl
Cl 05

07
N2
N2
H22
C2
C2
Cl
C3
C3
05
C5

0.07
0.27
-0.40
-0.23
0.20
0.09
0.11
-0.24
0.24
0.36
-0.53
0.14
-0.39
0.16
-0.40
0.24
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gb 4
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gb 25
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Co6 C5
C5 Cé6
C5 c4
C5 c4
04 c4
c4 04
C2 C3
Cc2 C3
Cc4 C3
C3 03
impropers ]
ai aj
c7 C8
N2 c7
C2 N2
C5 05
c4 C5
C3 03
C5 C2
C5 C2
C5 C2
dihedrals
ai aj
C8 c7
C3 C2
05 Cl
03 C3
C2 Cl
c4 C5
06 C6
C3 c4
03 C3
C2 C3
C3 c4
C2 C3
Cé6 C5
Cé6 C5
N2 C2
Cl C2
03 C3
05 C5
c4 C5
c4 C5
05 Cl
Cl C2
C2 C3

C3
C6
C3
c2
c4
C3
C3

ak
N2
N2
C2
C2
05
05
C5
C5
C4
03
04
Cc4
Cc4
Cc4
C3
C3
Cc4
Cc4
Cco
Cco
C2
C3
Cc4

ga 8
ga 8
ga_7
ga_ 8
ga_8
ga_ 7
ga 8
ga 9
ga_ 7
ga_ 8
ga 8
ga 1

al
N2
C2
Cl
c4
04
c4
Cl
Cl
05

al
C2
Cc7
N2
N2
C5
Cl
05
05
C5
H32
+C1
C5
C3
04
Cc4
03
04
04
06
06
C3
Cc4
04

1

gromos type
gi 1
gi 1l
gi 2
gi 2
gi 2
gi 2
gi 7
gi 8
gi 9

gromos type
gd 4
gd 14
gd 8
gd 8
gd 14
gd 14
gd 8
gd 7
gd 7
gd 12
gd 14
gd 17
gd 17
gd_7
gd_7
gd_7
gd 8
gd_ 8
gd_7
gd 17
gd_7
gd 17
gd_7
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[

NAG2 ]

[ atoms ]
C8 CH3
c7 C
o7 0
N2 N

H22 H
C2 CH1
Cl CH1
05 OA
C5 CH1
Cco CH2
06 OA

H63 H
C4 CH1
04 OA
C3 CH1
03 OA

H32 H

[ bonds ]
C8 c7
c7 o7
c7 N2
N2 H22
N2 C2
C2 Cl
C2 C3
C1l 05
05 C5
C5 Cc6
C5 C4
Cco 06
06 H63
C4 04
04 +C1
C4 C3
C3 03
03 H32

[ angles ]
ai aj
C8 Cc7
C8 c7
o7 c7
Cc7 N2
Cc7 N2

H22 N2
N2 Cc2
N2 Cc2
Cl C2
C2 C1l
C1l 05

-04 Cl

-04 Cl
05 C5
05 C5

07
N2
N2
H22
C2
C2
Cl
C3
C3
05
C5
05
C2
Co
c4

B-Man-(1—4)-B-GIcNAc-(1—4)-B-GlcNAc

0.07
0.27
-0.40
-0.23
0.20
0.09
0.25
-0.24
0.24
0.16
-0.40
0.24
0.14
-0.39
0.16
-0.40
0.24

gb 26
gb 4

gb 10
gb 2

gb 20
gb 25
gb 25
gb 19
gb 19
gb 25
gb 25
gb 19
gb 1

gb 19
gb 19
gb 25
gb 19
gb 1

ak

000
100
500
100
100
400
400
200
200
000
000
000
200
600
000
000
000

OO O DWW WwNDNE OO OO oo

gromos 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

c4
06
H63
04
C3
+C1
C3
c4
03
03
H32

ak
05
07
H22
C3
C6
C3
C2
c4
C3
C3
]
ak
N2
N2
C2
C2
05
05
Cl
C2
C2
C2
C5
C5
c4
03
04
C6
c4
c4
c4
C3
C3
c4
c4
Cco
C6
C2
C3

C6 C5
C5 Co6
Cé 06
C5 c4
C5 c4
c4 04
04 c4
C2 C3
Cc2 C3
Cc4 C3
C3 03
impropers ]
ai aj
C1l -04
c7 C8
N2 c7
C2 N2
C5 05
c4 C5
C3 03
C5 C2
C5 C2
C5 C2
dihedrals
ai aj
C8 c7
C3 C2
05 Cl
03 C3
C2 Cl
c4 C5
-C4 -04
-04 Cl
-04 Cl
-04 Cl
06 C6
C3 c4
03 C3
C2 C3
C3 c4
H63 06
C2 C3
Cé6 C5
Cé6 C5
N2 C2
Cl C2
03 C3
05 C5
c4 C5
c4 C5
05 C1l
Cl C2
C2 C3

c4

ga_ 7
ga_8
ga_ 1
ga_8
ga_ 7
ga 9
ga_ 8
ga_ 7
ga_ 8
ga 8
ga 1

al
C2
N2
C2
Cc1l
c4
04
Cc4
Cl
Cc1l
05

al
C2
c7
N2
N2
C5
Cl
C2
C3
C3
02
05
05
C5
H32
+C1
C5
C5
C3
04
c4
03
04
04
06
06
C3
c4
04

1

1

gromos
gi 2
gi 1l
gi 1l
gi 2
gi 2
gi 2
gi 2
gi 7
gi 8
gi 9

gromos
gd 4
gd 14
gd 8
gd 8
gd 14
gd 14
gd 14
gd 17
gd 7
gd 8
gd 8
gd_7
gd_7
gd 12
gd 14
gd 12
gd 17
gd 17
gd_7
gd_7
gd_7
gd_ 8
gd_ 8
gd_7
gd 17
gd_7
gd 17
gd_ 7

type

type
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[

1

’

BMA1l ]

[ atoms ]
Cco CH2
06 OA

C5

1
05 OA
Cl CH1
C2 CH1
02 OA

H22 H
C3 CH1
03 OA
Cc4 CH1
04 OA

H42 H

[ bonds ]
Cco C5
C5 05
C5 Cc4
05 Cl
Cl C2
C2 02
C2 C3
02 H22
C3 03
C3 c4
c4 04
04 H42

.1.1.1.1
06 +C1

[ angles ]
ai aj
C6 C5
C6 C5
05 C5
C5 05
05 Cl
Cl C2

-04 Cl

-04 Cl
Cl C2
02 C2
C2 02
C2 C3
C2 C3
03 C3

a-Man-(1—6)-B-Man-(1—4)-B-GIcNAc

0.36300 0
-0.53500 0

CH1

-0
0

gb

gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_

Co

gb_

ak
05
Cc4
Cc4
C1l
C2
02
05
Cc2
C3
C3
H22
03
Cc4
Cc4

.24
.25
.16
.40
.24
.14
.39
.16
.40
.24

25
19
25
19
25
19
25
1

19
25
19
1

0.24200

200
400
000
000
000
200
600
000
000
000

OOt oD W wwN

06 gb 19

19

gromos type
ga_ 8
ga_ 7
ga_ 8
ga_ 9
ga_8
ga_ 8
ga_ 8
ga_ 8
ga 7
ga_8
ga 11
ga_ 8
ga_ 7
ga_8

3

t
1

a-Man

[

’

[

’

C3
04
04
H42
06
+C1

]

C5 c4
C5 c4
C3 c4
c4 04
C5 C6
C6 06
impropers ]
ai aj
C1l -04
C5 C6
C2 C3
C3 c4
c4 04
C5 C2
C5 C2
C5 C2
dihedrals
ai aj
C2 Cl
C3 C2
Cl C2
c4 C3
04 c4
C5 c4
C2 C3
Cl 05
-C4 -04
-04 Cl
-04 Cl
-04 Cl
05 C5
Cé6 C5
Cé6 C5
C5 Cé6
05 Cl
02 C2
02 C2
Cl C2
03 C3
03 C3
05 C5
c4 C5
c4 C5
05 C5

ak
05
Cc4
02
03
C5
c4
C3
C3

ak
05
Cl
02
C2
C3
04
Cc4
C5
Cl
C2
C2
C2
Cc4
C4
Cc4
06
C2
C3
C3
C3
C4
Cc4
Cc4
Cco
Cco
Cco

ga_ 7
ga_ 8
ga_8
ga_ 1
ga 8
ga 9

al
C2
05
Cl
C2
C3
Cc1l
Cl
05

al
C5
05
H22
Cl
C2
H42
C5
Cc4
C2
C3
C3
02
C3
C3
04
+C1
02
Cc4
03
03
C5
04
04
06
06
06

1

gromos type
gi 2
gi 2
gi 2
gi 2
gi 2
gi 7
gi 8
gi 9

gromos type
gd 14
gd_7
gd 12
gd 17
gd 7
gd 12
gd 17
gd 14
gd 14
gd 17
gd 7
gd 8
gd_7
gd 17
gd_7
gd 14
gd 8
gd_7
gd_ 8
gd_7
gd_7
gd 8
gd 8
gd_7
gd 17
gd_ 8
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[

’

[

[

[

MAN1 ]
atoms ]
Cco CH2
06 OA

H63 H
C5 CH1
05 OA
Cl CH1
C2 CH1
02 OA
C3 CH1
03 OA

H32 H
c4 CH1
04 OA

H42 H
bonds ]
Cco C5
C5 05
C5 c4
05 Cl
Cl C2
C2 02
C2 C3
C3 03
03 H32
C3 Cc4
c4 04
04 H42
Cco 06
06 H63
02 +C1
angles ]
ai aj
Cco C5
Cco C5
05 C5
C5 05
05 Cl
Cl C2

-06 Cl

-06 Cl
Cl C2
02 C2
C2 C3
C3 03
C2 C3
03 C3
C5 c4

05
Cc4
Cc4
C1l
C2
02
05
C2
C3
C3
03
H32
Cc4
c4
C3

gb

gb_
gb_
gb_
gb_
gb_
gb_
gb_

gb

gb_
gb_

gb

gb_
gb_
gb_

ak

.16
.40
.24
.24
.24
.17
.14
.39
.16
.40
.24
.16
.40
.24

25
19
25
19
25
19
25
19
1

25
19
1

19
1

19

S-GlcNAc-(1—2)-a-Man-(1—6)--Man

000
000
000
200
200
200
200
600
000
000
000
000
000
000

O oo s DdWWNEREREROOO

gromos type
ga 8
ga 7
ga 8
ga 9
ga_ 8
ga_8
ga_8
ga_8
ga_ 7
ga_ 8
ga_8
ga 11
ga 7
ga_ 8
ga_ 7

[

’

[

’

C5 c4
C3 c4
c4 04
C5 Co6
Co6 06
C2 02
impropers
ai aj
C1 -06
C5 Co6
C2 C3
C3 c4
c4 04
C5 c2
C5 c2
C5 C2
dihedrals
ai aj
c2 C1
C3 c2
c4 C3
04 c4
C5 c4
C2 C3
Cl 05
-C6 -06
-06 Cl
-06 Cl
-06 Cl
05 C5
C6 C5
C6 C5
C3 C2
05 Cl
02 C2
02 C2
Cl C2
C2 C3
03 C3
03 C3
05 C5
c4 C5
c4 C5
05 C5
C5 C6

04
04
H42
06
H63
+C1
]

]

ak
C2
c4
02
03
C5
c4
C3
C3

ak
05
Cc1l
C2
C3
04
C4
C5
Cl
C2
C2
C2
C4
Cc4
Cc4
02
C2
C3
C3
C3
03
Cc4
Cc4
Cc4
Cc6
Cco
Cco
06

ga 8

ga 8

ga 11

ga_ 8

ga 11

ga 9

al gromos type
05 gi 2
05 gi 2
Cl gi 2
Cc2 gi 2
C3 gi 2
C1 gi 7
C1 gi 8
05 gi 9
al gromos type
C5 gd 14
05 gd 7
Cl gd 17
Cc2 gd 7
H42 gd 12
C5 gd 17
c4 gd 14
C2 gd 14
C3 gd 17
C3 gd 7
02 gd 8
C3 gd 7
C3 gd 17
04 gd 7
+C1 gd 14
02 gd 8
c4 gd 7
03 gd 8
03 gd 7
H32 gd 12
C5 gd_7
04 gd_ 8
04 gd 8
06 gd 7
06 gd 17
06 gd_ 8
H63 gd 12
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[

’

[

[

[

MANS5 ]
atoms ]
C6 CH2
06 OA

H63 H
C5 CH1
05 OA
Cl CH1
C2 CH1
02 OA
C3 CH1
03 OA

H32 H
c4 CH1
04 OA
bonds ]
]9 C5
C5 05
C5 c4
05 Cl
Cl C2
C2 02
C2 C3
C3 03
03 H32
C3 c4
Cc4 04
Cco 06
06 H63
02 +C1
angles ]
ai aj
Cco C5
Cc6 C5
05 C5
C5 05
05 Cl
Cl C2

-06 Cl

-06 Cl
Cl C2
02 C2
C2 C3
C3 03
C2 C3
03 C3

05
c4
c4
Cl
Cc2
02
05
C2
C3
C3
03
H32
c4
c4

gb

gb_
gb_
gb_
gb_
gb_
gb_
gb_

gb

gb
gb_
gb_

gb

gb

ak

.16
.40
.24
.24
.24
.17
.14
.39
.16
.40
.24
.14
.39

25
19
25
19
25
19
25
19
1

25
19
19
1

19

[-GIcNAc-(1—2)-a-Man-(1—6)--Man

000
000
000
200
200
200
200
600
000
000
000
200
600

OO D WwNhERE P OOOo

gromos type
ga 8
ga_ 7
ga_ 8
ga_ 9
ga_8
ga_8
ga_ 8
ga_ 8
ga_ 7
ga_8
ga_8
ga 11
ga_ 7
ga_ 8

4

1
1

F-GIcNAc

[

’

[

’

C5 c4
C5 c4
C3 c4
C5 C6
Co6 06
c2 02
impropers
ai aj
Cl -06
C5 Co6
c2 C3
C3 c4
c4 04
C5 c2
C5 c2
C5 c2
dihedrals
ai aj
C2 Cc1
C3 c2
c4 C3
04 c4
C2 C3
Cl 05
-C6 -06
-06 C1
-06 C1
-06 C1
05 C5
Cé6 C5
Cé6 C5
C3 c2
05 Cc1
02 c2
02 Cc2
Cl Cc2
C2 C3
03 C3
03 C3
05 C5
c4 C5
c4 C5
05 C5
C5 C6

C3
04
04
06
H63
+C1

]

]

ak
C2
Cc4
02
03
C5
c4
C3
C3

ak
05
Cl
C2
C3
c4
C5
Cl
C2
C2
C2
c4
c4
c4
02
C2
C3
C3
C3
03
c4
c4
c4
Cco6
C6
C6
06

ga_ 7
ga 8
ga 8
ga 8
ga_ 1
ga_9

al
05
05
Cl
C2
C3
Cl
Cl
05

al
C5
05
Cl
C2
C5
c4
C2
C3
C3
02
C3
C3
04
+C1
02
c4
03
03
H32
C5
04
04
06
06
06
H63

1

gromos type
gi 2
gi 2
gi 2
gi 2
gi 2
gi 7
gi 8
gi 9

gromos type
gd 14
gd 7
gd 17
gd_7
gd 17
gd 14
gd 14
gd 17
gd_7
gd 8
gd_7
gd 17
gd 7
gd 14
gd 8
gd_7
gd_ 8
gd_7
gd 12
gd_7
gd 8
gd_ 8
gd_7
gd 17
gd 8
gd 12
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[

[

[

MANS ]
atoms ]
Cco CH2
06 OA

H63 H
C5 CH1
05 OA
Cl CH1
C2 CH1
02 OA
C3 CH1
03 OA

H32 H
c4 CH1
04 OA

H42 H
bonds ]
Cco C5
C5 05
C5 c4
05 Cl
Cl C2
C2 02
02 +C1
C2 C3
C3 03
C3 Cc4
03 H32
c4 04
04 H42
Cco 06
06 H63
angles ]
ai aj
Cco C5
Cco C5
05 C5
C5 05
05 Cl
Cl C2
Cl C2
02 C2
C2 02
C2 C3
C2 C3

05
Cc4
Cc4
C1l
C2
02
C3
C3
+C1
03
Cc4

[-GlcNAc-(1—2)-a-Man-(1—3)--Man

0.16000
-0.40000
0.24000
0.24200
-0.24200
0.25400
0.14200
-0.39600
0.16000
-0.40000
0.24000
0.16000
-0.40000
0.24000

O oo s DdWWNEREREROOO

gb 25
gb 19
gb 25
gb 19
gb 25
gb 19
gb 19
gb 25
gb 19
gb 25
gb 1

gb 19
gb 1

gb 19
gb 1

ak gromos type
ga 8
ga 7
ga 8
ga 9
ga_ 8
ga_8
ga 7
ga_8
ga_ 9
ga_ 8
ga 7

03 C3
C3 03
C5 c4
C5 c4
C3 c4
c4 04
C5 C6
Co6 06
impropers
ai aj
C5 C6
C2 C3
C3 c4
c4 04
C5 C2
C5 C2
C5 C2
dihedrals
ai aj
C2 C1l
C3 C2
c4 C3
C2 C3
04 c4
C2 C3
Cl 05
05 C5
Cé6 C5
Cé6 C5
C3 c4
05 Cl
02 C2
02 C2
C3 C2
Cl C2
03 C3
03 C3
05 C5
c4 C5
c4 C5
05 C5
C5 Cco

c4

H32
C3
04
04

H42
06

H63
]

]

ak
Cc4
02
03
C5
c4
C3
C3

ak
05
Cl
C2
03
C3
C4
C5
Cc4
C4
C4
04
C2
C3
C3
02
C3
Cc4
Cc4
Cc4
Cco
Cco
Cc6
06

ga 8

ga 11

ga_7

ga_ 8

ga_8

ga 11

ga 8

ga 11

al gromos type
05 gi 2
Cl gi 2
c2 gi 2
C3 gi 2
C1 gi 7
C1l gi 8
05 gi 9
al gromos type
C5 gd 14
05 gd_7
Cl gd 17
H32 gd 12
Cc2 gd 7
C5 gd 17
Cc4 gd 14
c3 gd 7
C3 gd 17
04 gd 7
H42 gd 12
02 gd 8
Cc4 gd 7
03 gd 8
+C1 gd 14
03 gd 7
C5 gd_7
04 gd 8
04 gd_ 8
06 gd_7
06 gd 17
06 gd 8
H63 gd 12
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[
[

[

MAN7 ]
atoms ]
Cco CH2
06 OA

H63 H
C5 CH1
05 OA
Cl CH1
C2 CH1
02 OA
C3 CH1
03 OA

H32 H
c4 CH1
04 OA
bonds ]
Cco C5
C5 05
C5 C4
05 C1l
C1l C2
C2 02
02 +C1
C2 C3
C3 03
C3 C4
03 H32
Cc4 04
Co 06
06 H63
angles ]
ai aj
C6 C5
Cco C5
05 C5
C5 05
05 Cl
Cl Cc2
C1l C2
02 C2
C2 02
Cc2 C3
Cc2 C3

05
c4
c4
Cl
C2
02
C3
C3
+C1
03
Cc4

0.16
-0.40
0.24
0.24
-0.24
0.25
0.14
-0.39
0.16
-0.40
0.24
0.14
-0.39

gb 25
gb 19
gb 25
gb 19
gb 25
gb 19
gb 19
gb 25
gb 19
gb 25
gb 1

gb 19
gb 19
gb 1

ak

[-GlcNAc-(1—2)-a-Man-(1— 3)-B-Man

000
000
000
200
200
400
200
600
000
000
000
200
600

OO D W wWwNhDEkE P OOO

gromos type
ga_ 8
ga 7
ga_8
ga_ 9
ga_ 8
ga_ 8
ga 7
ga_8
ga_ 9
ga_ 8
ga_ 7

c4
H32
C3
04
04
06
H63

]

4
T
1
S-GIcNAC
03 C3
C3 03
C5 c4
C5 c4
C3 c4
C5 C6
Cé 06
[ impropers ]
; ail aj
C5 C6
Cc2 C3
C3 c4
c4 04
C5 C2
C5 Cc2
C5 Cc2
[ dihedrals
;oai aj
c2 C1l
C3 C2
c4 C3
c2 C3
04 c4
c2 C3
C1 05
05 C5
Cé6 C5
Cé6 C5
05 C1l
02 Cc2
02 C2
C3 C2
Cl C2
03 C3
03 C3
05 C5
c4 C5
c4 C5
05 C5
C5 C6

ak
Cc4
02
03
C5
c4
C3
C3

ak
05
Cl
C2
03
C3
C4
C5
Cc4
C4
C4
C2
C3
C3
02
C3
Cc4
Cc4
Cc4
Cco
Cco
Cco
06

ga 8

ga 11

ga_ 7

ga_8

ga 8

ga 8

ga 11

al gromos type
05 gi 2
Cl gi 2
c2 gi 2
C3 gi 2
C1 gi 7
C1l gi 8
05 gi 9
al gromos type
C5 gd 14
05 gd_7
C1l gd 17
H32 gd 12
Cc2 gd 7
C5 gd 17
c4 gd 14
C3 gd 7
C3 gd 17
04 gd 7
02 gd 8
c4 gd 7
03 gd 8
+C1 gd 14
03 gd_7
C5 gd_7
04 gd 8
04 gd 8
06 gd_7
06 gd 17
06 gd_ 8
H63 gd 12

155



[

NAGY ]

[ atoms ]
C8 CH3
c7 C
o7 0
N2 N

H22 H
C2 CH1
Cl CH1
05 OA
C5 CH1
Cco CH2
06 OA

H63 H
c4 CH1
04 OA
C3 CH1
03 OA

H32 H

[ bonds ]
C8 c7
c7 o7
c7 N2
N2 H22
N2 C2
C2 Cl
C2 C3
Cl 05
05 C5
C5 Cco
C5 c4
Cco 06
06 H63
C4 04
04 +C1
c4 C3
C3 03
03 H32

[ angles ]
ai aj
C8 c7
C8 c7
o7 c7
c7 N2
c7 N2

H22 N2
N2 C2
N2 C2
Cl C2
C2 Cl
Cl 05

-02 Cl

-02 Cl
05 C5
05 C5

o7
N2
N2
H22
C2
C2
Cl
C3
C3
05
C5
05
C2
Co
c4

0.07
0.27
-0.40
-0.23
0.20
0.09
0.25
-0.24
0.24
0.16
-0.40
0.24
0.14
-0.39
0.16
-0.40
0.24

gb 26
gb 4

gb 10
gb 2

gb 20
gb 25
gb 25
gb 19
gb 19
gb 25
gb 25
gb 19
gb 1

gb 19
gb 19
gb 25
gb 19
gb 1

ak

[-Gal-(1—4)-B-GlIcNAc-(1—2)-a-Man

000
100
500
100
100
400
400
200
200
000
000
000
200
600
000
000
000

OO DdWwwwhNhNDE O OO OoOOoOo

gromos 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

c4
06
H63
04
C3
+C1
C3
c4
03
03
H32

ak
05
07
H22
C3
Cco6
C3
C2
c4
C3
C3
]
ak
N2
N2
C2
C2
05
05
Cl
C2
C2
C2
C5
C5
c4
03
04
Cco6
c4
c4
c4
C3
C3
c4
c4
C6
Cc6
C2
C3

Cco C5
C5 Cco
Co6 06
C5 c4
C5 Cc4
c4 04
04 c4
C2 C3
C2 C3
c4 C3
C3 03
impropers ]
ai aj
Cl -02
c7 C8
N2 C7
C2 N2
C5 05
c4 C5
C3 03
C5 C2
C5 C2
C5 C2
dihedrals
ai aj
Cc8 C7
C3 C2
05 Cl
03 C3
C2 Cl
c4 C5
-C2 -02
-02 Cl
-02 Cl
-02 Cl
06 Cé6
C3 Cc4
03 C3
C2 C3
C3 c4
H63 06
C2 C3
Cco C5
Cco C5
N2 C2
Cl C2
03 C3
05 C5
c4 C5
c4 C5
05 Cl
Cl C2
C2 C3

c4

ga_ 7
ga_ 8
ga_ 1
ga 8
ga_ 7
ga_ 9
ga_ 8
ga_ 7
ga 8
ga 8
ga_ 1

al
C2
N2
C2
Cl
c4
04
c4
Cl
Cl
05

al
C2
c7
N2
N2
C5
Cl
C2
C3
C3
02
05
05
C5
H32
+C1
C5
C5
C3
04
c4
03
04
04
06
06
C3
c4
04

1

1

gromos
gi 2
gi 1l
gi 1
gi 2
gi 2
gi 2
gi 2
gi 7
gi 8
gi 9

gromos
gd 4
gd 14
gd 8
gd 8
gd 14
gd 14
gd 14
gd 17
gd_7
gd 8
gd_ 8
gd_7
gd_7
gd 12
gd 14
gd 12
gd 17
gd 17
gd_7
gd_7
gd_7
gd_ 8
gd 8
gd_7
gd_ 17
gd_7
gd 17
gd_7

type

type
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[

NAG7 ]

[ atoms ]
C8 CH3
c7 C
o7 0
N2 N

H22 H
C2 CH1
Cl CH1
05 OA
C5 CH1
Cc6 CH2
06 OA

H63 H
c4 CH1
04 OA
C3 CH1
03 OA

H32 H

[ bonds ]
Cc8 c7
Cc7 o7
Cc7 N2
N2 H22
N2 C2
C2 Cl
C2 C3
Cl 05
05 C5
C5 Cco
C5 c4
Cc6 06
06 H63
C4 04
04 +C1
c4 C3
C3 03
03 H32

[ angles ]
ai aj
C8 c7
C8 c7
o7 c7
c7 N2
c7 N2

H22 N2
N2 C2
N2 C2
Cl C2
C2 Cl
Cl 05

o7
N2
N2
H22
C2
C2
Ccl
C3
C3
05
C5

0.07
0.27
-0.40
-0.23
0.20
0.09
0.25
-0.24
0.24
0.16
-0.40
0.24
0.14
-0.39
0.16
-0.40
0.24

gb 26
gb 4

gb 10
gb 2

gb 20
gb 25
gb 25
gb 19
gb 19
gb 25
gb 25
gb 19
gb 1

gb 19
gb 19
gb 25
gb 19
gb 1

ak

[-Gal-(1—4)-B-GlIcNAc-(1—4)-a-Man

000
100
500
100
100
400
400
200
200
000
000
000
200
600
000
000
000

OO DdWwwwNhNDNE OO OO OoOOo

gromos type

ga 29
ga 18
ga_ 32
ga_ 31
ga_ 30
ga_ 24
ga 12
ga 12
ga 7

ga_ 8

ga_ 9

05 C5
05 C5
Co C5
C5 Cco
C6 06
C5 c4
C5 c4
c4 04
04 c4
C2 C3
c2 C3
c4 C3
C3 03
impropers
ai aj
Cc7 C8
N2 Cc7
c2 N2
C5 05
c4 C5
C3 03
C5 c2
C5 c2
C5 c2
dihedrals
ai aj
Cc8 Cc7
C3 c2
05 Cl
03 C3
C2 C1
c4 C5
06 Co6
C3 c4
03 C3
C2 C3
C3 c4
H63 06
C2 C3
Cco C5
C6 C5
N2 Cc2
Cl Cc2
03 C3
05 C5
c4 C5
c4 C5
05 Cl
Cl c2
C2 C3

Cé
c4
c4
06
H63
04
C3
+C1
C3
c4
03
03
H32

]

ak
o7

H22

]

C3
Coé
C3
c2
c4
C3
C3

ak
N2
N2
C2
C2
05
05
C5
C5
Cc4
03
04
Cco
Cc4
Cc4
C4
C3
C3
Cc4
Cc4
Cco
Cco
C2
C3
Cc4

ga_ 8
ga_8
ga_ 7
ga 8
ga 1
ga_8
ga_ 7
ga_ 9
ga 8
ga_ 7
ga_8
ga_8
ga_ 1

al
N2
C2
Cl
c4
04
Cc4
Cl
Cl
05

al
C2
Cc7
N2
N2
C5
Cl
05
05
C5
H32
+C1
C5
C5
C3
04
C4
03
04
04
06
06
C3
Cc4
04

1

1

gromos type
gi 1
gi 1
gi 2
gi 2
gi 2
gi 2
gi 7
gi 8
gi 9

gromos type
gd 4
gd 14
gd 8
gd 8
gd 14
gd 14
gd 8
gd_7
gd_7
gd 12
gd 14
gd 12
gd 17
gd 17
gd_7
gd_7
gd_7
gd 8
gd 8
gd_7
gd 17
gd_7
gd 17
gd_7
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[
[

[

NAGS8 ]
atoms ]
C8 CH3
c7 C
o7 0
N2 N

H22 H
C2 CH1
Cl CH1
05 OA
C5 CH1
Cco CH2
06 OA

H63 H
C4 CH1
04 OA
C3 CH1
03 OA
bonds ]
C8 c7
c7 o7
c7 N2
N2 H22
N2 C2
C2 Cl
C2 C3
Cl 05
05 C5
C5 Cco
C5 C4
Cc6 06
06 H63
c4 04
04 +C1
C4 C3
C3 03
angles ]
ai aj
C8 c7
C8 c7
o7 c7
c7 N2
c7 N2

H22 N2
N2 C2
N2 C2
Cl C2
C2 Cl
Cl 05
05 C5

o7
N2
N2
H22
C2
C2
Cl
C3
C3
05
C5
Co

0.07
0.27
0.40
0.23
0.20
0.09
0.25
0.24
0.24
0.16
0.40
0.24
0.14
0.39
0.14
0.39

gb 26
gb 4

gb 10
gb 2

gb 20
gb 25
gb 25
gb 19
gb 19
gb 25
gb 25
gb 19
gb 1

gb 19
gb 19
gb 25
gb_19

ak

[-Gal-(7—4)-B-GIcNAc-(1—4)-a-Man

000
100
500
100
100
400
400
200
200
000
000
000
200
600
200
600

GO d D> wWWwWwNDNRPEPE OO OO oo

gromos 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

3
T
1
a-Fuc
05 C5
C6 C5
C5 Cé6
Cé 06
C5 Cc4
C5 c4
Cc4 04
04 c4
C2 C3
Cc2 C3
c4 C3
[ impropers
; ai aj
c7 C8
N2 c7
Cc2 N2
C5 05
c4 C5
C3 03
C5 Cc2
C5 Cc2
C5 Cc2
[ dihedrals
;oai aj
C8 c7
C3 C2
05 Cl
03 C3
C2 C1l
c4 C5
06 C6
C3 c4
03 C3
C3 Cc4
H63 06
C2 C3
C6 C5
Cé6 C5
N2 C2
Cl C2
03 C3
05 C5
c4 C5
c4 C5
05 Cl
Cl C2
C2 C3

c4
c4
06

H63
04
C3

+C1
C3
c4
03
03
]

H

]

ak
o7
22
C3
Cco
C3
C2
Cc4
C3
C3

ak
N2
N2
C2
C2
05
05
C5
C5
C4
04
Cc6
Cc4
Cc4
Cc4
C3
C3
Cc4
Cc4
Cco
Cco
C2
C3
c4

ga 8

ga_ 7

ga_ 8

ga 11

ga 8

ga_ 7

ga 9

ga_8

ga_ 7

ga 8

ga 8

al gromos type
N2 gi 1
Cc2 gi 1l
Cl gi 2
Cc4 gi 2
04 gi 2
c4 gi 2
C1l gi 7
C1l gi 8
05 gi 9
al gromos type
C2 gd 4
C7 gd 14
N2 gd 8
N2 gd 8
C5 gd 14
Cl gd 14
05 gd 8
05 gd_7
C5 gd 7
+C1 gd 14
C5 gd 12
C5 gd 17
C3 gd 17
04 gd_7
Cc4 gd_7
03 gd 7
04 gd 8
04 gd 8
06 gd_7
06 gd 17
c3 gd 7
C4 gd 17
04 gd_7
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[

’

GAL1 ]

[ atoms ]
Cco CH2
06 OA

H63 H
C5 CH1
05 OA
Cl CH1
C2 CH1
02 OA

H22 H
C3 CH1
03 OA

H32 H
C4 CH1
04 OA

H42 H

[ bonds ]
Cc6 C5
C5 05
C5 C4
05 Cl
Cl C2
C2 02
C2 C3
02 H22
C3 03
C3 c4
03 H32
C4 04
04 H42
Cco 06
06 H63

[ angles ]
ai aj
Cc6 C5
Cco C5
05 C5
C5 05
05 Cl
Cl C2
Cl C2
02 C2

-04 Cl

-04 Cl
C2 02
C2 C3
C2 C3

05
c4
c4
Cl
C2
02
C3
C3
05
C2
H22
03
c4

gb

gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_

ak

.16000
.40000
.24000
.24200
.24200
.25400
.16000
.40000
.24000
.16000
.40000
.24000
.16000
.40000
.24000

B-Gal-(1—4)-B-GlcNAC

GO o s b DdWwwwdNhEkr P OoOoOo

25
19
25
19
25
19
25
1

19
25
1

19
1

19
1

gromos type
ga 8
ga_ 7
ga 8
ga_ 9
ga_8
ga_8
ga_ 7
ga_ 8
ga_8
ga_8
ga 11
ga_ 8
ga_ 7

[

’

[

’

03 C3
C3 03
C5 c4
C5 c4
C3 c4
Cc4 04
C5 Cco
Co6 06
impropers
ai aj
Cl -04
C5
C2 C3
C3 c4
c4 04
C5 c2
C5 c2
C5 C2
dihedrals
ai aj
C2 Cl
C3 C2
C1l C2
c4 C3
C2 C3
04 c4
C5 c4
C2 C3
Cl 05
05 C5
Co C5
Co C5
05 C1
02 c2
02 c2
-C4 -04
-04 Cl
-04 C1l
-04 C1l
Cl Cc2
03 C3
03 C3
05 C5
c4 C5
c4 C5
05 C5
C5 Cco

c4
H32
C3
04
04
H42
06
H63
]
ak
05
Cco
Cl
03
C3
c4
C3
C3
]
ak
05
Cl
02
C2
03
C3
04
c4
C5
c4
c4
c4
C2
C3
C3
Cl
C2
C2
C2
C3
c4
c4
c4
Cco
Cco
C6
06

ga 8
ga 11
ga_7
ga_ 8
ga_8
ga 11
ga 8
ga 11
al gromos type
c2 gi 2
c4 05 gi 2
02 gi 2
c2 gi 2
C5 gi 2
C1l gi 7
C1l gi 8
05 gi 9

al gromos type

C5
05
H22
Cl
H32
C2
H42
C5
c4
C3
C3
04
02
c4
03
C2
C3
C3
02
03
C5
04
04
06
06
06
H63

gd 14
gd_7
gd 12
gd 17
gd 12
gd_7
gd 12
gd 17
gd 14
gd 7
gd 17
gd_7
gd 8
gd 7
gd 8
gd 14
gd 17
gd_7
gd_ 8
gd_7
gd_7
gd 8
gd_ 8
gd_7
gd 17
gd 8
gd 12
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[

’

[

[

[

GAL3 ]
atoms ]
Cco CH2
06 OA
C5 CH1
05 OA
Cl CH1
C2 CH1
02 OA

H22 H
C3 CH1
03 OA

H32 H
c4 CH1
04 OA

H42 H
bonds ]
Cco C5
C5 05
C5 c4
05 Cl
Cl C2
C2 02
C2 C3
02 H22
C3 03
C3 Cc4
03 H32
c4 04
04 H42
Cco 06
06 +C2
angles ]
ai aj
Cco C5
Cco C5
05 C5
C5 05
05 Cl
Cl C2
Cl C2
02 C2

-04 Cl

-04 Cl
C2 02
C2 C3
C2 C3
03 C3

05
Cc4
Cc4
C1l
C2
02
C3
C3
05
C2
H22
03
Cc4
c4

gb

gb_
gb_
gb_
gb_
gb_
gb_

gb

gb_
gb_
gb_
gb_

gb

gb_
gb_

ak

.36
.53
.24
.24
.25
.16
.40
.24
.16
.40
.24
.16
.40
.24

25
19
25
19
25
19
25
1

19
25
1

19
1

19
19

aNeuAc-(2—-3)-B-Gal-(1—4)-B-GIcNAc

300
500
200
200
400
000
000
000
000
000
000
000
000
000

O oo s DdWWWwWNDRE P OO

gromos type
ga 8
ga 7
ga 8
ga 9
ga_ 8
ga_8
ga 7
ga_8
ga_ 8
ga_ 8
ga 11
ga_8
ga 7
ga_ 8

[

’

[

’

C3 03
C5 c4
C5 c4
C3 c4
c4 04
C5 Co6
C6 06
impropers
ai aj
C1 -04
C5 Co6
C2 C3
C3 c4
c4 04
C5 c2
C5 c2
C5 C2
dihedrals
ai aj
c2 C1
C3 c2
Cl C2
c4 C3
C2 C3
04 c4
C5 c4
C2 C3
Cl 05
05 C5
Cé6 C5
Cé6 C5
05 Cl
02 C2
02 C2
-C4 -04
-04 Cl
-04 Cl
-04 Cl
Cl C2
03 C3
03 C3
05 C5
c4 C5
c4 C5
05 C5
C5 C6

H32
Cc3
04
04

H42
06

+C2
]

]

ak
05
c4
Cl
03
C3
c4
C3
C3

ak
05
Cc1l
02
C2
03
C3
04
Cc4
C5
C4
C4
C4
C2
C3
C3
Cl
C2
C2
C2
C3
Cc4
Cc4
Cc4
Cc6
Cco
Cco
06

ga 11

ga_ 7

ga 8

ga_8

ga 11

ga_8

ga 9

al gromos type
C2 gi 2
05 gi 2
02 gi 2
C2 gi 2
C5 gi 2
C1 gi 7
C1 gi 8
05 gi 9
al gromos type
C5 gd 14
05 gd 7
H22 gd 12
C1l gd 17
H32 gd 12
C2 gd 7
H42 gd 12
C5 gd 17
c4 gd 14
C3 gd 7
C3 gd 17
04 gd 7
02 gd 8
c4 gd 7
03 gd 8
Cc2 gd 14
C3 gd 17
C3 gd 7
02 gd 8
03 gd_7
C5 gd_7
04 gd_ 8
04 gd 8
06 gd 7
06 gd 17
06 gd_ 8
+C2 gd 14
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[

[

[

FUC1 ]
atoms ]
Cco CH3
C5 CH1
05 OA
Cl CH1
C2 CH1
02 OA

H22 H
C3 CH1
03 OA

H32 H
C4 CH1
04 OA

H42 H
bonds ]
C6 C5
C5 05
C5 Cc4
05 Cl
Cl C2
C2 02
C2 C3
02 H22
C3 03
C3 C4
03 H32
Cc4 04
04 H42
angles ]
ai aj
Cc6 C5
Cco C5
05 C5
C5 05
05 Cl
Cl C2
C1l C2
02 Cc2
C2 02

05
c4
c4
Cl
c2
02
C3
C3
H22

0.00
0.24
-0.24
0.25
0.16
-0.40
0.24
0.16
-0.40
0.24
0.16
-0.40
0.24

gb 25
gb 19
gb 25
gb 19
gb 25
gb 19
gb 25
gb 1

gb 19
gb 25
gb 1

gb 19
gb 1

ak

a-Fuc-(1—3)-B-GlcNAC

000
200
200
400
000
000
000
000
000
000
000
000
000

oo s DWW wNhE PO

gromos type
ga 8
ga_ 7
ga 8
ga 9
ga 8
ga 8
ga_ 7
ga_ 8
ga_ 48

C2 C3
c2 C3
03 C3
C3 03
C5 c4
C5 c4
C3 c4
c4 04
impropers
ai aj
C5 Co6
C2 Cl
C3 C2
c4 04
C5 C2
C5 C2
C5 c2
dihedrals
ai aj
04 c4
C2 C1l
C3 C2
C1 c2
c4 C3
c2 C3
04 c4
C5 c4
c2 C3
C1 05
05 C5
Co6 C5
05 Cl
02 c2
02 c2
C1 c2
03 C3
03 C3
05 C5

03
c4
c4

H32
C3
04
04

H42
]

]

ak
05
C3
03
C5
c4
C3
C3

ak
C5
05
Cl
02
C2
03
C3
04
Cc4
C5
C4
C4
C2
C3
C3
C3
C4
Cc4
Cc4

ga_8
ga_ 7
ga 8
ga_ 1
ga_ 7
ga_8
ga 8
ga 1

al
c4
02
Cc4
C3
Cc1l
Cc1l
05

al
c6
C5
05
H22
Cl
H32
C2
H42
C5
C4
C3
C3
02
Cc4
03
03
C5
04
04

1

1

gromos type
gi 2
gi 2
gi 2
gi 2
gi 4
gi 5
gi 6

gromos type
gd_7
gd 14
gd_7
gd 12
gd 17
gd 12
gd 7
gd 12
gd 17
gd 14
gd 7
gd 17
gd 8
gd_7
gd 8
gd 7
gd 7
gd 8
gd 8
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[

[

[

SIALl ]
atoms ]
Cl1 CH3
C10 C
010 0
N5 N
H52 H
C5 CH1
Cc4 CH1
04 OA
H42 H
C3 CH1
C2 CH1
Cl C
0lB OM
OlA OM
06 OA
Cco CH1
c7 CH1
o7 OA
H73 H
C8 CH1
08 OA
H83 H
C9 CH2
09 OA
HO93 H
bonds ]
Cl10 cC11
Cl10 010
C10 N5
N5 H52
C5 N5
C5 c4
C5 Cc6
C4 04
C4 C3
04 H42
C2 C3
C2 Cl
C2 06
Cl O1B
cl OlAa
C6 06
Cco c7
c7 o7
c7 C8
07 H73
C8 08
C8 Cc9
08 H83
Cc9 09
09 H93
angles ]
ai aj
-03 C2
-03 C2
-03 C2

[eNeoNoNolololNolNoNolNolNolNo]

gb

gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_
gb_

ak

.07000
.27100
.40500
.23100
.20100
.09400
.16000
.40000
.24000
.00000
.25400
.17200
-0.
.58600
.24200
.24200
.16000
.40000
.24000
.16000
.40000
.24000
.16000
.40000
.24000

a-NeuAc-(23)-p-Gal

58600

oo JJdJJooouuodbdbdDdWNRERERERREPOOOOOO

26
4

10
2

20
25
25
19
25
1

25
25
19
19
19
19
25
19
25
1

19
25
1

19
1

gromos type
ga_8
ga_8
ga_ 8

010
N5
N5

H52
C5
C5
c4
Coé
Cé
04
C3
C3

H42
c2
Cl
06

06
O1lB
ola
ola

Coé

06

c7

c7

07

Cc8

Cc8
H73

08

Cc9

C9
H83

09
HO3

o]
H

0

]

cl1l C10
cl1 c1o0
010 C10
C10 N5
C10 N5
H52 N5
N5 C5
N5 C5
c4 C5
C5 c4
C5 c4
04 Cc4
c4 04
c4 C3
C3 C2
C3 C2
Cl c2
C2 C1l
C2 C1l
01B C1l
C2 06
C5 Co6
C5 Co6
06 Co6
Cé6 Cc7
Cco c7
o7 c7
C7 o7
C7 C8
C7 C8
08 Cc8
Cc8 08
Cc8 C9
C9 09
impropers ]
ai aj
C10 Cl1l
N5 C10
C5 N5
c4 C5
C2 C3
C2 -03
Cl Cc2
Ccé C7
C7 Cé6
C8 c7
Cé6 C3
Cé6 C3
Cé6 C3
dihedrals
ai aj
-C3 -03
-03 C2
-03 C2
-03 C2
Cl1 C10

ak
10
52
c4
C3
Cl
06
1B
06
o7
08
C5
c4
c4

ak
C2
C3
C3
C3
N5

ga_ 29
ga 18
ga 32
ga 31
ga_ 30
ga_ 24
ga 12
ga 12
ga_ 7
ga_8
ga_ 7
ga 8
ga 11
ga_ 7
ga_ 7
ga_8

ga 8
ga_8
ga_8
ga_37
ga 9
ga 8
ga 7
ga 8
ga 8
ga_ 7
ga 8
ga 11
ga 8
ga 7
ga 8
ga 11
ga 8
ga 11

al gromos type

N5
C5
Co6
04
06
Cl
Ola
C5
c8
C9
C2
Cc2
06

al gromos type

C3
c4
c4
03
C5

gi 1
gi 1l
gi 2
gi 2
gi 2
gi 2
gi 1l
gi 2
gi 2
gi 2
gi 4
gi 5
gi 6

gd 14
gd 17
gd_7
gd_8
gd 4
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Co
C3
Cc7
C5
C2
06
C3
C3
C3
C3
C2
06
Cc7
06
03
03
C2
04
04
06
Cc7
Cc8
o7
o7
o7
Co
C9
08
08
Cc7
09
09
Cc8

C5
c4
Cé
c4
C3
C2
C2
C2
C2
c4
06
Co
Cé6
C2
C3
C3
C3
c4
c4
Co6
Co
Cc7
Cc7
Cc7
Cc7
Cc7
Cc8
Cc8
Cc8
Cc8
C9
C9
C9

N5
C5
C5
04
c4
C3
Cl
Cl
06
C5
Co
C5
C5
C3
c4
c4
c4
C5
C5
C5
06
Co
Cé6
Cc8
Co6
o7
Cc7
Cc7
Cc7
08
Cc8
Cc8
09

C10
N5
N5

H42
C5
c4

ola

O1lB
Cé6
Cé
C5
c4
c4
03
C5
04
04
Co6
N5
N5
C2
C5
C5
C9
06

H73
Co
Co6
o7

H83
08
Cc7

HO3

gd 14
gd 8
gd_8
gd 12
gd 17
gd_7
gd 20
gd 20
gd 14
gd 17
gd 14
gd 7
gd 17
gd_8
gd_7
gd 8
gd 7
gd_ 7
gd_8
gd_8
gd 14
gd 17
gd_7
gd_7
gd_8
gd 12
gd 17
gd_7
gd 8
gd 12
gd 8
gd_7
gd 12
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8.3 Tabelas de parametros de ligacdo, angulos e diedros

proprios e improéprios para GROMOS96 43al

Esses arquivos contém os parametros utilizados em cada ligacdo, angulo de

ligacdo e diedros descritos nas topologias citadas anteriormente no campo de forca
GROMOS96 43a1, utilizando o pacote GROMACS durante as simulagdes realizadas

no decorrer destes trabalhos.

; GROMOS bond-stretching parameters

’

; ICB(H) [N] CB[N] BOI[N]

’

#define gb 1 0.1000 1.5700e+07
; H - OA 750

#define gb 2 0.1000 1.8700e+07
; H - N (all) 895

#define gb 3 0.1090 1.2300e+07
; HC - C 700

#define gb 4 0.1230 1.6600e+07
; C -0 1200

#define gb 5 0.1250 1.3400e+07
; C - OM 1000

#define gb 6 0.1320 1.2000e+07
; CRL - NR (6-ring) 1000

#define gb 7 0.1330 8.8700e+06
; H - S 750

#define gb 8 0.1330 1.0600e+07
; C - NT, NL 900

#define gb 9 0.1330 1.1800e+07
; C, CRl - N, NR, CRl, C (peptide,
#define gb 10 0.1340 1.0500e+07

5-ring)

1000



; ¢ - N, NzZ, NE 900

#define gb 11 0.1340 1.1700e+07
; C - NR (no H) (6-ring) 1000
#define gb 12 0.1360 1.0200e+07
; C - OA 900

#define gb 13 0.1380 1.1000e+07
; C - NR (heme) 1000

#define gb 14 0.1390 8.6600e+06
; CH2 - C, CRl (6-ring) 800
#define gb 15 0.1390 1.0800e+07
; C, CRl - CH2, C, CRl (6-ring)
#define gb 16 0.1400 8.5400e+06
; C, CRl, CH2 - NR (6-ring) 800
#define gb 17 0.1430 8.1800e+06
; CHn - OA 800

#define gb 18 0.1430 9.2100e+06
; CHn - OM 900

#define gb 19 0.1435 6.1000e+06
; CHn - OA (sugar) 600

#define gb_ 20 0.1470 8.7100e+06
; CHh - N, NT, NL, NZ, NE 300
#define gb 21 0.1480 5.7300e+06
; CHn - NR (5-ring) 600

#define gb 22 0.1480 7.6400e+06
; CHn - NR (6-ring) 800

#define gb 23 0.1480 8.6000e+06

; 0, OM - P 900

’

1000
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#define gb 24 0.1500 8.
; O - S 900

#define gb 25 0.1520 5.
; CHn - CHn (sugar) 600
#define gb 26 0.1530 7.
; C, CHn - C, CHn 800

’

#define gb 27

; OA - P 600

’

#define gb 28

; OA - ST 600

’

#define gb 29

; CH3 - S 900

’

#define gb 30

; CH2 - S 900

’

#define gb 31

; CH1 - ST 600

’

#define gb 32

; NR - FE 120

’

#define gb 33

;S - S 1000

#define gb 34

; NR (heme) -
#define gb 35

; HWat - OWat
#define gb 36

; HChl - CChl
#define gb 37

; CChl - CLChl

.1610 4.
.1630 4.
.1780 5.
.1830 5.
.1870 3.
.1980 O.
.2040 5.
.2000 O.
120
.1000 2.
1110
.1100 1
700
.1758 8.
1200

3700e+06

4300e+06

1500e+06

8400e+06

7200e+06

9400e+06

6200e+06

5900e+06

6400e+06

0300e+06

6280e+06

3200e+07

.2100e+07

1200e+06
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’

#define gb 38 0.1530 8.0400e+06
; ODmso - SDmso 900
#define gb 39 0.1950 4.9500e+06
; SDmso - CDmso 900
#define gb 40 0.1760 8.1000e+06
; CCl4 - CLC1l4 1200
#define gb 41 0.163299 8.7100e+06
; HWat - HWat 1110
#define gb 42 0.233839 2.6800e+06
; HChl - CLChl 700
#define gb 43 0.290283 2.9800e+06
; CLChl - CLChl 1200
#define gb 44 0.280412 2.3900e+06
; ODmso - CDmso 900
#define gb_ 45 0.292993 2.1900e+06
; CDmso - CDmso 900
#define gb 46 0.198842 3.9700e+06
; HMet - CMet 750
#define gb 47 0.287407 3.0400e+06
; CLCl4 - CLC1l4 1200
#define gb 48 0.1440 8.0400e+06

; GAGs - SULFATO - SDSMO e ODMSO
#define gb 49 0.1560 6.1000e+06
; GAGs - SULFATO - SDSMO e OA

#define gb 50 0.1630 2.2932e+06
; GAGs - SULFATO - SDSMO e N

#define gb 52 0.2540 0.6280e+06
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; NR () - CA-coor 120

; Table 2.5.3.1.

; GROMOS bond-angle bending parameters
;7 ICT(H)[N] CTI[N] (TO[NT)

#define ga 1 90.00 420.00

; NR(heme) - FE - ©NR(heme) 100
#define ga 2 96.00 405.00

; H - S - CH2 95

#define ga_ 3 100.00 475.00

; CH2 - S - CH3 110

#define ga 4 103.00 420.00

; OA - P - OA 95

#define ga 5 104.00 490.00

; CH2 - S - S 110

#define ga 6 108.00 465.00

; NR, C, CR1(5-ring) 100

#define ga 7 109.50 285.00

; CHn - CHn - CHn, NR(6-ring) (sugar) 60
#define ga_ 8 109.50 320.00

; CHn, OA - CHn - OA, NR(ring) (sugar)
#define ga 9 109.50 380.00

; H- NL, NT - H, CHn - OA - CHn(sugar)
#define ga 10 109.50 425.00

; H - NL - C, CHn H - NT -
#define ga 11 109.50 450.00

; X - o0a, SI - X 95

’

68

80

CHn 90
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#define ga 12

; CHn,C - CHn

#define ga 13
; OM - P -
#define ga 14
; CHn - CHn

’

109.50
- C, CHn

109.60
OA 95

111.00
- C, CHn,

#define ga 15 113.00
; CHnh - CH2 - S 11
#define ga 16 115.00
; NR (heme) - FE - NR 10
#define ga 17 115.00
; H - N - CHn 90
#define ga 18 115.00
; CHn, C - C - OA, N,

#define ga 19 116.00
; H - NE - CH2 90
#define ga 20 116.00
; CH2 - N - CH1 12
#define ga 21 117.00
; CH3 - N C, CHin - C
#define ga 22 120.00
; H - NT, NZ, NE - C

#define ga 23 120.00
; H - NT, NZ - H 80
#define ga 24 120.00

; H - N - CH3,
#define ga 25
; P, SI - OA

H, HC - 6-r

120.00

- CHn, P

520.00
, OA, OM, N, NE

450.00

530.00

OA, NR, NT, NL

545.00
0

50.00

460.00

610.00

NT, NL 120

465.00

620.00

0

635.00
- OM 120

390.00
70

445.00

505.00

ing, H - NT - CHn

530.00
95

110

110

90
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#define ga 26 120.00
; N, C, CRlL (6-ring, no H)
#define ga 27 120.00
; N2z - C - Nz, NE 120
#define ga 28 120.00
; OM - P - OM 140
#define ga 29 121.00
; O - C - CHn, C
#define ga 30 122.00
; CH1, CH2 - N - C 120
#define ga 31 123.00
; H - N -C¢C 70

#define ga 32 124.00
; O - C - OA, N, NT, NL
#define ga 33 125.00
; FE - NR - CR1 (5-ring)
#define ga 34 125.00
HE 120

#define ga 35 126.00
; H, HC - 5-ring 90
#define ga 36 126.00
; X(noH) - 5-ring 100
#define ga 37 126.00
; OM - C - OM 120

#define ga 38 132.00
; 5, 6 ring connnection 100
#define ga 39 155.00

C

560.00

100

670.00

780.00

685.00

CH3 - N - CHn 120

700.00

415.00

730.00

NE - CH2 120

375.00

60

750.00

575.00

640.00

770.00

760.00

2215.00
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; SI - OA - SI 95

#define ga 40 109.50 434.
; HWat - OWat - Hwat 92

#define ga 41 107.57 484 .
; HChl - CChl - CLChl 105

#define ga 42 111.30 632.
; CLChl - CChl - CLChl 131
#define ga 43 97.40 469.
; CDmso - SDmso - CDmso 110
#define ga 44 106.75 503.
; CDmso - SDmso - ODmso 110
#define ga 45 108.53 443,
; HMet - OMet - CMet 95

#define ga 46 109.50 618.
; CLCl14 - CCl4 - CLCl4 131
#define ga 47 104.00 444,
; angulo prodrg

; Table 2.5.4.1

; GROMOS improper (harmonic)

; ICQ(H) [N] CQI[N]
#define gi 1
; planar groups 40

#define gi 2

(QO[N])

0.0 167.42

35.26439 334.84

; tetrahedral centres 80

’

#define gi 3

0.0 669.69

; heme iron 160

’

#define gi 4

-2.2 334.84

00

00

00

00

00

00

00

44

dihedral angle parameters

309

617

235

617
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; DIH1 1C4 160
#define gi 5 -27.0
; DIH2 1C4 160
#define gi 6 1.4
; DIH3 1C4 160
#define gi 7 2.2
; DIH1 4C1 160
#define gi_8 27.0
; DIH2 4C1 160
#define gi 9 -1.4
; DIH3 4C1 160
#define gi_ 10 0.0
; diedro improprio - prodrg
#define gi 11 24.5
; DIH1 2SO 160
#define gi 12 43.0
; DIH2_ 2S0 160
#define gi 13 31.0
; DIH3 2SO0 160
#define gi 14 -10.3
; DIH1 1T2-furanose
#define gi 15 -42.0
; DIHZ 1T2-furanose
#define gi 16 11.6
; DIH3 1T2-furanose
#define gi 17 54.3

; DIH4 1T2-furanose

’

334.

334.

334.

334.

334.

209.

334.

334.

334.

334.

334.

334.

334.

84617

84617

84617

84617

84617

30000

84617

84617

84617

84617

84617

84617

84617
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334.

334.

334.

334.

5.

7.

#define gi 18 30.0

; DIH1 4T3-furanose

#define gi 19 37.8

; DIH2 4T3-furanose

#define gi 20 25.7

; DIH3 4T3-furanose

#define gi 21 -12.0

; DIH4 4T3-furanose

; Table 2.5.5.1

; GROMOS (trigonometric)
; ICP(H) [N] CP[N] PD[N] NP[N]
#define gd 1 180.000

; -C-C- 1.4

#define gd 2 180.000

; —C-OA- (at ring) 1.

#define gd 3 180.000
; —-C-OA- (carboxyl)
#define gd 4 180.000
; -C-N, NT, NE, NZ,NR-
#define gd 5 180.000
; -C-CR1- (6-ring)
#define gd 6 0.000
; —CH1 (sugar)-NR (base) -
#define gd 7 0.000
; O-CH1-CHn-no O
#define gd 8 0.000
; O-CH1-CHn-0 0.5

’

4.

0.

16.

33.

41.

0.4

2.

84617

84617

84617

84617

dihedral torsional angle parameters

86

11

18

09
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#define gd 9 0.000
; —OA-P- 0.75
#define gd 10 0.000
; —-S-S- 4.0

#define gd 11 0.000
; —OA-P- 0.25
#define gd 12 0.000
; —CHn-OA (no sugar) - 0.3
#define gd 13 0.000
; —CH2-S- 0.7
#define gd 14 0.000

; -C,CHn,SI-NT,NL,OA (sugar) -

#define gd 15
; HC-C-S-
#define gd 16
; HC-C-C-
#define gd 17
; —CHn,SI-CHn-
#define gd 18
; —NR-FE-
#define gd 19
; —CHn-N, NE-

#define gd 20

0.000

0.000

0.000

0.000

180.000

0.24

0.000

; -CHn-C,NR (ring), CRI1-

#define gd 21
; —CHn-NT-

’

; get the constraint distances for dummy atom constructions

0.000
0.9

16.7

0.

3.77

9

.24
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#include "ff dum.itp"

[ constrainttypes

]

; now the constraints for the rigid NH3 groups

MNH3 cC 2
MNH3 CH1 2
MNH3 CH2 2
MNH3 MNH3 2

; and the angle-constraints for OH and SH groups in proteins:

CH2 H 2
CH1 H 2
C H 2
P H 2

DC_MNC1

DC_MNC2

DC_MNC2

DC_MNMN

DC_CO

DC_CO

DC_CO

DC_PO

; bond-, angle- and dihedraltypes for specbonds:

[ bondtypes ]

S S 2 gb 33

NR FE 2 gb 32

; cystine - heme link (is CR1-S, use CH2-S):
S CR1 2 gb 30

[ angletypes |

CH1 CH2 S 2 ga_ 15

CHZ S S 2 ga 5

CR1 NR FE 2 ga 33

NR FE NR 2  ga 16

; cystine - heme link

CH2 S CR1

2

; cystine - heme link

S CR1 C
S CR1 CH2
[ dihedraltypes ]
S S 1
NR FE 1
CH2 S 1

2
2

(is CH2-S-CR1, use CH2-S-CH2):

ga_ 3

(is S-CR1-C/CH2,
ga_ 15
ga_ 15

gd_10
gd 18
gd 13

; cystine - heme link

gd 13

CR1 S 1

(is CH2-S-CR1-C,

use CHn-CH2-S) :

use -CH2-S-):
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