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RESUMO

A heparina foi isolada no inicio do século XX e permanece, até os dias atuais,
como um dos mais importantes e eficientes agentes terapéuticos de acao
antitrombdtica. Sua atividade anticoagulante deve-se a ativagdo da antitrombina
(AT), uma serpina responsavel pela inibicdo fisiolégica de serino-proteinases
plasmaticas, tais como flla e fXa.

Os esforcos no sentido da elucidacao dos aspectos estruturais e dinamicos
associados ao reconhecimento molecular da heparina pela AT, em nivel atémico,
vém encontrando diversas dificuldades, principalmente associadas aos compostos
sacaridicos. Em decorréncia de sua elevada polaridade e flexibilidade,
glicosaminoglicanos como a heparina sao dificeis de estudar e modelar. Soma-se a
isto o fato de que os residuos de iduronato presentes na heparina (IdoA) apresentam
um incomum equilibrio conformacional entre estados de cadeira ('C4) e bote-torcido
(®So), sendo esta Ultima estrutura postulada como a possivel conformagao bioativa.

Sendo assim, este trabalho apresenta um estudo de modelagem molecular do
perfil conformacional da heparina, tanto em solucdo quanto complexada a AT,
utilizando célculos ab initio e simulagdes de dindmica molecular (DM).

Em decorréncia da auséncia de parametros capazes de descrever
polissacarideos nos campos de forca atualmente disponiveis, cargas atémicas foram
geradas, utilizando-se os esquemas de Mulliken, Léwdin e cargas ajustadas ao
Potencial Eletrostatico, através de calculos quantum-mecanicos na base 6-31G™ e
testadas na simulagdo de DM da heparina. Diversas condigbes de simulagéo, tais
como modelos de agua, concentracdes de sais e as conformacdes 'C4 e 2Sp do
IdoA, foram avaliadas de forma a identificar as melhores condi¢des para a descrigao
conformacional da heparina em solugéo. O protocolo de DM obtido foi entao utilizado
no estudo do complexo AT-heparina.

Os resultados obtidos estdo de acordo com os dados experimentais atualmente
disponiveis acerca da conformacdo da heparina e da contribuicdo energética de
cada residuo de aminoacido da AT para a formagéo do complexo com a heparina. A
partir dos calculos ab initio realizados, foi proposto um refinamento na estrutura da
heparina determinada por RMN, enquanto que as simulacées de DM permitiram re-
interpretar aspectos da estrutura tridimensional da AT determinada por cristalografia
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de raios-X. Adicionalmente, os dados obtidos sugerem que ndo ha requerimento
conformacional para a interacdo do IdoA com a AT.

Globalmente, os dados indicam que simulacbes de DM podem ser utilizadas
para representar adequadamente a conformacdo da heparina, assim como para
caracterizar e quantificar suas interacées com a AT. Assim sendo, propomos 0 uUso
de simulacées de DM do complexo entre a AT e a heparina, ou entre a AT e
compostos derivados da heparina, como uma ferramenta Gtil no processo de

desenvolvimento de novos agentes antitromboticos e anticoagulantes.
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ABSTRACT

Heparin was isolated in the beginning of the XX century and until today remains
as one of the most important and efficient antithrombotic therapeutic agents. lIts
anticoagulant activity is due to antithrombin (AT) activation, a serpin responsible for
the physiological inhibition of plasma serine proteinases like flla and fXa.

Efforts to elucidate the heparin recognition by AT at atomic level have faced
difficulties in structure determination and dynamics, mostly due to the carbohydrate
moiety. Due to its highly polar functionality and flexibility sulfated glycosaminoglycans
like heparin are difficult to study and model. In addition, heparin iduronate residues
(IdoA) present an unusual equilibrium between chair ('C4) and skew-boat (*So)
forms, being the last one hypothesized as the bioactive conformation.

In this context we present here a molecular modeling study of heparin
conformational profile, both in aqueous solution and in complex with AT, using ab
initio and molecular dynamics (MD) calculations.

Due to lack in force field parameterization for polysaccharides, different atomic
charges schemes (e.g. Mulliken, Léwdin, and Electrostatic Potential Derived
Charges) were obtained from quantum-mechanical calculations, at the 6-31G”™ level,
and tested in heparin MD simulation. Different simulations conditions, e.g. water
models, salt concentration, and the 'C, and ?So IdoA conformations were also tested
to verify the best conditions to describe heparin conformation in solution. Using the
obtained protocol, MD simulations were used to study the AT-heparin interaction.

The obtained results are in agreement with the available experimental data, i.e.
heparin NMR conformation and specific contributions of AT amino acid residues to
the complex formation. Based on ab initio calculations, refinements in the heparin
NMR structure were proposed, while the MD simulations supported re-interpretations
of AT crystal structure. Also, the obtained data suggest that there is no
conformational requirement to the IdoA interaction with AT.

Altogether the results show that MD simulations can be used to correctly
represent heparin conformation, as well as to characterize and quantify its interaction
with AT. Thus, MD simulation of heparin (and heparin-derived)-AT interactions is
proposed here as a powerful tool to assist and support drug design of new
antithrombotic agents.
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1 Introducao

1.1 A hemostasia e a cascata de coagulacao

A iniciacdo da coagulagdo ocorre normalmente como uma resposta a
perturbagbes no endotélio vascular, tais como injurias mecéanicas ou estimulos proé-
inflamatérios. Particularmente no caso de um dano fisico no vaso, tem-se como
consequéncia a exposicao de elementos teciduais no sub-endotélio, induzindo a
ativacdo e o acumulo de plaguetas no local do dano, denominado tampao
plaquetario (Jenny e Mann, 1998).

A partir da iniciacdo da coagulagcédo, a propagacao deste processo se dara
como um resultado de complexos enzimaticos pro-coagulantes estruturados em
elementos da matriz sub-endotelial e na membrana de plaguetas (Jenny e Mann,
1998). Estes complexos incluem como elementos serino-proteinases (fXlla, fXla,
fIXa, fXa, fVlla, trombina), co-fatores protéicos nao-enzimaticos (fator tecidual, fVllia,
fVa, flll), ions calcio e superficies de membrana celular.

A primeira etapa da coagulacdo ocorre a partir da interacdo do fator Vlla
plasmatico com o fator tecidual (FT, Figura 1), uma proteina integral de membrana
exposta como conseqliéncia de danos vasculares agudos (Nakagaki et al., 1991). O
FT ndo é normalmente expresso na superficie de células vasculares, mas
constitutivamente expresso na superficie de células extravasculares e, desta forma,
exposta ao fluxo sanguineo somente como resultado de dano ao endotélio (Drake et
al., 1989). O fator Vlla € uma enzima que circula livremente no plasma em pequenas
quantidades (Morrissey et al., 1993), suficientes para iniciar a coagulagdo: sua
atividade catalitica na forma livre é muito pequena, tornando-se pronunciada
somente em complexo com o FT. Além destas duas proteinas, um cofator ndo-
protéico requerido nesta e em outras etapas da coagulacdo, constitui-se em
superficies fosfolipidicas (FL, ver adiante), oriundas principalmente das plaguetas do
tampéao plaquetario. A aceleracao da cascata ira requerer quantidades crescentes de
fVlla, geradas a partir de alcas de regulacdo envolvendo outros fatores da
coagulacao, como flla e fXa (Butenas e Mann, 1996).



IX X

Complexo Tenase
Intrinseco

Villa

‘ Complexo Protrombinase

FL@?@M&@ME?
v “LiiaRE <«
IXaeoooeeeccced ca? ca®?
Villa ngmmmm protrombina
v pagggagayt
<1 Xa eeeeeccccccced
VIII va Xl
-
\

Mrinogénio ——>Bolern > ot
Figura 1: Representacdo esquematica da cascata de coagulacado. Os percussores
inativos estao apresentados em letras pretas (protrombina, V, VII, VIII, IX, X e XIlII),
enquanto as proteinas ativas estao apresentadas em vermelho (trombina, Va, Vlla,
Vllla, IXa, Xa e Xllla). As setas em vermelho apresentam alcas de retro-alimentacao
positiva da trombina, enquanto as alcas pretas, verdes e azuis representam vias de

ativacao de fatores da coagulacao.

A atividade catalitica do complexo fVlla-FT-FL, denominado Complexo Tenase
Extrinseco, é observada sobre os fatores IX e X, gerando flXa e fXa. O fator 1Xa, por
sua vez, também é responsavel pela ativacao de fator X a Xa, na presenca de FL e
do cofator protéico ndo-enzimatico fVllla, formando o denominado Complexo Tenase
Intrinseco. O fator Xa formado tanto pela acdo do complexo tenase intrinseco quanto
do tenase extrinseco tem como fung&o a conversdo de protrombina em trombina na
presenca dos co-fatores FL e fVa, sendo denominado Complexo Protrombinase

(Figura 1, Jenny e Mann, 1998).



A importancia da presenga de superficie fosfolipidicas na ativacdo dos fatores
da coagulacao esta diretamente relacionada a estrutura dos mesmos. Os fatores VII,
IX, X e a protrombina sdo zimogénios dependentes de vitamina K, caracterizados
pela presenca de um dominio N-terminal, denominado Gla, contendo de 10 a 12
residuos y-carboxiglutamato. Estes residuos sdo gerados por modificacdo poés-
translacional utilizando a vitamina K como cofator, e sdo 0s responsaveis pelo
acoplamento dos fatores da coagulagéao as superficies fosfolipidicas (Kalafatis ef al.,
1994).

O principal resultado da propagacao da coagulacao através das atividades de
complexos envolvendo enzimas, co-fatores protéicos e superficies fosfolipidicas é a
ativagdo de protrombina gerando trombina (Figura 1). Esta enzima tem diversos
papéis na coagulacdo, dentre os quais podemos citar a conversao de fibrinogénio
em uma matriz insolivel de fibrina e a ativacdo de diversas alcas de retro-
alimentacao positiva, incluindo a ativagao dos fatores VII, VIIl e V, além de ativar o
fator Xlll, responsavel pela estabilizacdo do coagulo de fibrina através de uma
atividade transglutaminase (Jenny e Mann, 1998).

O controle e a regulacdo da coagulacdo em humanos envolve trés principais
moduladores fisiolégicos: proteina C, TFPI (tissue factor pathway inhibitor, inibidor
da via do fator tecidual) e antitrombina (AT).

A via da proteina C é responsavel pela inativagdo dos complexos
protrombinase e tenase intrinseco através da inativacao de seus respectivos co-
fatores, os fatores Va e Vllla (Eaton et al., 1986 e Guinto & Esmon, 1984). A
extensdo do papel anticoagulante desta via é diretamente e paradoxalmente
relacionada a geragdo de trombina e da atividade protrombindsica, ambas com
papel pro-coagulante (Kalafatis et al.,, 1994). A formacédo de um complexo entre a
trombina e seu cofator anticoagulante, a trombomodulina, modifica a reatividade da
trombina de forma que esta enzima ndo mais apresenta um papel pré-coagulante,
mas sim, anticoagulante ao ativar proteina C (Esmon, 1989).

O TFPI é um membro da familia Kunitz de inibidores enzimaticos (Wun et al.,
1988) capaz de inibir reversivelmente fator Xa livre no plasma, embora nao
apresente atividade inibitéria sobre outras serino-proteinases em concentracdes
plasmaticas normais (Broze, 1987). O principal papel do TFPI é o bloqueio da
atividade do complexo tenase extrinseco ao se ligar ndo-covalentemente ao sitio

ativo do fator Xa, inibindo-o (Broze et al., 1988). Este complexo, por sua vez, é



capaz de inibir reversivelmente o complexo FT-fator Vlla através da formacao de um
complexo envolvendo as quatro proteinas (Jenny e Mann, 1998).

AT é um membro das serpinas (serpin, SERine Proteinase INhibitor), uma
familia de inibidores enzimaticos (Potempa et al., 1994), capaz de inibir a maior
parte das serino-proteinases da coagulacdo, embora seu papel fisiolégico
provavelmente envolva somente o fator Xa e a trombina (Olson et al., 1997). AT,
receptor-alvo responsavel pelo uso clinico da heparina como agente anticoagulante,
€ um dos alvos a ser abordado na presente tese e, portanto, sera descrita em

maiores detalhes a seguir.

1.2 Estrutura de serpinas

As serpinas constituem-se numa superfamilia de proteinas cuja caracteristica
principal € a presenca de uma regido central, comum entre seus membros,
consistindo de 8 a 9 a-hélices e 3 grupos de folhas-B (Figura 2). No caso especifico
da AT humana, a estrutura secundaria inicia-se com uma alg¢a na porgao N-terminal,
do aminoacido Asp6 ao Thr44. Nesta alca, a regido entre as posicdes 28 e 37 nao
esta resolvida, i.e. ndo € observada, nas estruturas cristalograficas da AT e de
diversas outras serpinas (Whisstock et al, 1998). Isto ocorre provavelmente em
funcao de sua elevada flexibilidade. Esta alga N-terminal é seguida por uma série de
hélices e folhas-f (Jin et al. 1997 e Whisstock et al. 2000), incluindo:

> Hélice A, de Asn45 a Ser69;
Hélice B, de Ser79 a Ala94;
Hélice C, de Cys95 a Phe106;
Hélice D, de GIn118 a Lys136;
Hélice E, de Asn155 a Tyr166;
Hélice F, de Asn178 a Thr194;
Hélice G, de Ser291 a Leu299;
Hélice H, de Thr300 a Glu310;
Hélice |, de Leu331 a Met338;
Folhas-f A: Lys139 — Asp149, GIn171 — Leu173, Leu213 — Lys222,
Phe323 — Ser330 e Asp366 — Val375;
» Folhas-B B: lle76 — Leu78, Met251 — Arg262, GIn268 — Pro273, lle279 —
Leu285, Phe408 — Glu414 e lle420 — Val426;

vV V. V V V V V V V



> Folhas-p C: Arg235 — Tyr240, Ser246 — Met251, Glu312 — Pro321 e
Val400 — Lys403.

Figura 2: Visdo da frente a das “costas” de uma serpina tipica, ilustrando as
caracteristicas estruturais desta classe de proteinas, tais como uma alca reativa
(RCL), folhas-B A, B e C (em vermelho, azul e verde, respectivamente) e a-hélices,
apresentadas de A a H (Gettins, 2002a).

Embora as serpinas tenham sido originalmente identificadas como inibidoras
de serino-proteinases, diversas proteinas foram caracterizadas como serpinas sem
apresentarem atividade inibitoria, e.g. a ovalbumina, uma proteina abundante no ovo
de aves sem atividade inibidora de proteases (Wright, 1984). Dentre os processos
bioldgicos nos quais as serpinas estdo envolvidas incluem-se a coagulacao
sanguinea, fibrindlise, morte celular programada, angiogénese, desenvolvimento e
inflamacao (Gettins, 2000; Gettins, 2002a; Huntington et al., 2000; Simonovic et al.,
2001). Isto ocorre em decorréncia da elevada similaridade no padrdo de
enovelamento destas proteinas (ilustrado na Figura 2), mesmo em proteinas com
baixa homologia entre suas seqliéncias primarias (<30%) (Gettins, 2002a).

Ainda assim, uma das caracteristicas mais marcantes desta familia de
proteinas esté justamente no seu mecanismo de inibicdo de proteases, ilustrado na
Figura 3. As serpinas inibitorias sdo substratos suicidas, ligando-se irreversivelmente

as suas proteases-alvo. O motivo responsavel por esta atividade é denominado alca



central reativa (ACR ou RCL, da expressao em inglés reactive center loop), regiao
das serpinas que apresenta uma ligacao peptidica entre os residuos P1 e P1’,
utilizando a notacado de Berger e Schechter (Schechter & Berger, 1967), que sera
hidrolisada pela protease-alvo. Na AT, a alca reativa corresponde a seqiéncia
delimitada pelos residuos Asn376 e Arg393, i.e. P17 e P1, respectivamente. A base
da ACR (P14 e P15), na proximidade da folha-B A, € denominada regido da
dobradica da ACR (hinge region), e tem sido proposta como importante regido na
modulacao das propriedades inibitérias de serpinas (Gettins, 2002b, ver adiante).

Uma vez clivado, a ACR move-se de um pélo ao outro da serpina, inserindo-se
na folha- A e prendendo a protease contra a estrutura da serpina (Figura 3)
(Huntington et al., 2000 e Gettins, 2002b). Neste processo, a estrutura tridimensional
da protease é distorcida, incluindo-se a orientacao da triade catalitica, justificando a
incapacidade da enzima de desfazer o intermediério acila, formado com a ACR, e o
aumento da susceptibilidade a protedlise por parte da enzima, facilitando sua
depuracao (Huntington et al., 2000). Um dos fatores estabilizadores que guiam este
processo de inibicao é justamente a insercdo da ACR na folha- A. Esta regido de
estrutura secundaria apresenta, antes da insercao, dois conjuntos de segmentos
anti-paralelos e dois conjuntos paralelos (Figura 3). Apés a insercéao, transforma-se
numa unica folha-f anti-paralela, acarretando num efeito estabilizador do complexo
serpina-proteinase (Figura 3) (Gettins, 2002a). No total, o translocamento da
protease de um poélo ao outro da serpina envolve mudancgas conformacionais de até
65A (Loebermann et al., 1984).
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Figura 3: Representacdo esquematica da estruturas envolvidas na formagdo do

complexo serpina-proteinase. A) complexo no momento da clivagem da alga reativa
e antes da insercdo da ACR (em azul); B-D) translocacdo da serino-proteinase
(verde) de um pdlo ao outro da serpina, com a consequente insercdo da ACR nas
folhas-B A (vermelho); E) complexo final, no qual a proteinase se encontra distorcida
em funcdo da sua compressao contra a base da estrutura da serpina e, desta forma,
completamente inativada (Gettins, 2002b).

1.3 O uso da heparina e de heparinas de baixo peso molecular na terapéutica

A heparina foi identificada e isolada em 1916, a partir de uma preparacao de
figado de caes (Nader et al., 2001), sendo utilizada clinicamente ha mais de 40 anos
como agente anticoagulante e antitrombético (Jaques, 1979). E um polissacarideo
polissulfatado, composto por unidades hexassacaridicas contendo acido idurénico 2-
sulfatado (IdoA), glicosamina 2,6-dissulfatada (GlcN) e acido glicurbnico nao
sulfatado (GlIcA) (Figura 4, Silva & Dietrich, 1975), embora pequenas variagdes
sejam observadas em heparinas obtidas de diferentes fontes animais (Nader et al.,
2001). Comercialmente, a heparina € obtida a partir da mucosa intestinal ou
pulmonar de bois, caracterizando-a como uma mistura heterogénea de
polissacarideos de diferentes tamanhos e pesos moleculares. O peso molecular de
suas cadeias varia de 5 kDa a 30 kDa, com um peso molecular médio de 15 kDa
referente a aproximadamente 30 unidades monossacaridicas (Figura 5) (Hirsh et al.,
1998).
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Figura 4: Representacdo de um hexassacarideo de heparina (1), composto por
residuos de acidos urbnicos, idurbnico e glicurénico, e glicosamina (Nader et al.,
2001).
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Figura 5: Representacdo esquematica da distribuicao de peso molecular da heparina

nao fracionada e da heparina de baixo peso molecular. Adaptada de Boneu, 2000.

A atividade anticoagulante da heparina deve-se a sua capacidade em potenciar
a acao inibitéria da AT sobre as serino-proteinases da cascata de coagulacao (e.g.
trombina e fator Xa), formando com estas proteinas com complexo ternario. Este
processo, no caso da trombina, é dependente do tamanho da cadeia polissacaridica
da heparina: uma cadeia de 18 unidades monossacaridicas (~5,4 kDa) € a menor
estrutura capaz de induzir inibicdo de trombina (Danielsson et al., 1986). Em
contrapartida, a inibicdo de fator Xa ndo depende do tamanho da cadeia

polissacaridica, de forma que pequenos oligossacarideos (e.g. pentassacarideos de



~1,7 kDa) possuem capacidade de induzir inativacdo desta enzima (Choay et al.,
1983). Ambos mecanismos seréo discutidos mais detalhadamente adiante no texto.

Tendo-se em vista que a heparina € composta em sua quase totalidade de
cadeias apresentando peso molecular maior que 5,0 kDa, sua atividade inibitoria é
observada igualmente sobre trombina e fator Xa, de forma que a relagdo de
atividades anti-fXa/antitrombina (ou anti-fXa/anti-flla) torna-se igual a 1 (Boneu,
2000).

Na busca por agentes anticoagulantes mais eficazes e seguros, na década de
1980 iniciou-se o0 uso terapéutico das denominadas heparinas de baixo-peso
molecular (HBPM, Tabela 1), compostos obtidos através da fragmentagcéao
fracionada da heparina convencional (Nader et al., 2001). Diversos métodos sao
utilizados de forma a fragmentar a heparina, gerando estruturas distintas entre si
tanto na forma dos residuos terminais gerados como no tamanho da cadeia:
despolimerizagdo por acido nitroso, degradacao enzimatica ou benzilacao seguida
por hidrélise alcalina, dentre outros processos (Boneu, 2000 e Nader et al., 2001).
Dependendo do método de preparacdo, a massa molecular média e a curva de
distribuicdo de massas moleculares (Figura 5) podem ser ligeiramente diferentes
para cada HBPM, resultando em uma propor¢ao distinta de cadeias polissacaridicas
com massa molecular acima de 5,4 kDa. Este aspecto € um dos principais fatores
associados as diferentes relacdes de atividade anti-fXa/anti-flla de cada preparacao
de HBPM, as quais podem variar de 1,5-2,5, para a tinzaparina, até 3,3-5,3, para a

enoxaparina e a reviparina (Tabela 1, Boneu, 2000).
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Tabela 1: Heparinas de baixo-peso molecular (HBPM) comerciais, métodos de
obtencédo, pesos moleculares médios e relacao de atividades anti-fXa/anti-flla
(Fareed et al., 1998; Boneu, 2000).

Método de HBPM Peso molecular Anti-fXa / Nome
obtencéo médio (kDa) anti-flla comercial
.. _ Dalteparina 6,0 1,9-3,2 Fragmin?
Despolimerizagao _ .
. , Nadroparina 4,3 2,5-4 Fraxiparin
com &cido nitroso o
Reviparina 3,9 3,6-6,1 Clivarin®
Heparinase Tinzaparina 6,5 1,5-2,5 Logiparin®
Benzilagdo / Enoxaparina 4,5 3,3-5,3 Clexane®
hidrélise alcalina
Ardeparina 5,3 2 Normiflo’
Certoparina 3,8 1,5-2,5 Sandoparin®

& Pharmacia/Upjohn (Estocolmo, Suécia);
® Sanofi (Paris, Franca);

¢ Knoll AG (Ludwigshafen, Alemanha);

4 Novo (Copenhagen, Dinamarca);

® Rhone Poulenc (Paris, Franca);

nyeth Ayerst (Filadélfia, EUA);

9 Novartis (Nurenberg, Alemanha).

Esta heterogeneidade no tamanho das cadeias e, em consequiéncia, nas
relacbes de atividades anfi-fXa/anti-flla implica em consequéncias praticas na
atividade anticoagulante das HBPM, de forma que cada formulacdo comercial de
HBPM deve ser considerada como um composto especifico, apresentando
propriedades farmacodinamicas e farmacocinéticas préprias e especificas (Fareed et
al.,, 1998 e Boneu, 2000). Como destacado acima (item 1.1, Figura 1), a trombina
gerada na cascata de coagulacdo apresenta propriedades funcionais além da
hidrélise de fibrinogénio, tais como a ativacao dos co-fatores Vlll e V e a ativacao do
zimogénio fator Xlll. Desta forma, a inibicdo dos primeiros tracos de trombina
gerados pela cascata € capaz de abolir a ativagdo dos co-fatores e a consequiente
formacao de fatores Va e Vllla (Ofosu et al., 1986 e Ofosu et al., 1989), essenciais

para a formagao dos complexos tenase intrinseco e protrombinase (Figura 1). Como
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as HBPM apresentam baixa atividade inibitéria de trombina em decorréncia do
reduzido tamanho de suas cadeias polissacaridicas (Figura 5), ndo possuem
capacidade de inibir tais alcas de retroalimentacao (Figura 1), permitindo a formacéao
dos fatores Va e Vllla por quantidades-trago de trombina. Farmacologicamente esta
diferenca entre a heparina convencional, nao-fracionada, e as HBPM ¢é uma
significativa diferenca na poténcia da atividade anticoagulante dos dois agentes,
sendo a heparina ndo-fracionada um agente significativamente mais anticoagulante
(Boneu, 2000).

A associacao da relacdo de atividades anti-fXa/anti-flla com o tamanho médio
de cada HBPM pode ser observada na Figura 6. A observagao dos dados referentes
a reviparina, enoxaparina, dalteparina e tinzaparina demonstra claramente a
presenca de uma relacdo direta entre massa molecular e atividade inibitéria da
trombina, de forma que quanto maior a massa molecular média maior a atividade
inibitdéria desta enzima (e menor a relacao anfi-fXa/anti-flla). O mesmo é observado
para nardoparina e ardeparina. Isto esta plenamente de acordo com a dependéncia
de cadeias de elevada massa molecular (longas cadeias polissacaridicas) para a
inibicdo de trombina, como descrito anteriormente. Contudo, a observacao
cuidadosa do grafico apresentado na Figura 6 sugere que o tamanho da cadeia
polissacaridica ndo é o unico fator responsavel pela inibicao relativa de trombina e
fator Xa. Por exemplo, enquanto reviparina e certoparina apresentam praticamente o
mesmo peso molecular (~3,8 kDa), a ultima € praticamente duas vezes mais
eficiente na inibicdo de trombina (Tabela 1 e Figura 6). A andlise destes dados
demonstra que diversos aspectos associados as razdes moleculares para os efeitos
biol6gicos das HBPM permanecem desconhecidos.
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Figura 6: Grafico apresentando a relagdo entre as atividades anti-fXa e anti-flla de

HBPM e seus respectivos pesos moleculares. As linhas azuis demonstram o aspecto

linear de tal relacdo (Dados obtidos de Boneu, 2000).

A heterogeneidade das HBPM se aplica ndo somente a inibicdo de trombina e

fator Xa na presenca de AT. Devido as suas propriedades estruturais, a heparina e

outros derivados heparindides sdo capazes de se ligar a um enorme numero de

proteinas, ndo necessariamente relacionados a coagulagdo (Mulloy & Linhardt,

2001). Assim sendo, outras acbes ja foram descritas para estes agentes

anticoagulantes (Fareed et al., 1998) e, desta forma, sdo susceptiveis a diferencas

na composi¢ado quimica e peso molecular/tamanho das moléculas envolvidas

(Hansen e Sandset, 1998). Dentre estas a¢des podemos citar:

Inducéo da liberacéao de TFPI;

Interagdo com o cofator Il da heparina;

Inibicdo das acdes pro-coagulantes de leucécitos;

Inducéo de fibrindlise;

Ligacéo a diversas proteinas;

Modulagao do endotélio vascular, mediada ou néo por receptor.
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Estes aspectos, contudo, fogem ao escopo da presente Tese e ndo serao
discutidos.

Embora menos potentes, as HBPM sao mais efetivas e mais seguras que a
heparina convencional na profilaxia em pacientes com elevado risco de trombose
(Geerts et al., 2001). De fato, o desenvolvimento das HBPM, com suas vantagens
sobre a heparina convencional, possibilitou a difusdo do tratamento e profilaxia de
diversas desordens tromboembélicas, tais como o tromboembolismo venoso (TEV)'.
Em linhas gerais, as vantagens associadas ao uso terapéutico de HBPM em relacao
a heparina incluem (Ageno & Turpie, 2003; Jay & Geerts, 2003):

e Eficacia equivalente (dependendo da aplicacao clinica pode apresentar
maior eficacia que heparina e varfarina, como em cirurgias ortopédicas);

e Maior seguranca (menor risco de hemorragia);

e Menor risco de desenvolvimento de trombocitopenia induzida por
heparina;

e Maior praticidade (somente uma administragdo diéria, ao invés de duas
ou trés para a heparina);

e Menor custo do tratamento (sem necessidade de internagédo hospitalar e
monitoragdo continuada do paciente).

Contudo, a heterogeneidade das condicdes médicas e a auséncia de grandes
ensaios clinicos metodologicamente rigorosos limitam as conclusées definitivas
acerca da profilaxia a coagulopatias (Ageno & Turpie, 2003). Por exemplo, estudos
demonstram que tanto a heparina convencional quanto HBPM apresentam eficacia
similar na prevencao de acidentes trombéticos (no caso da TEV, em torno de 50%
em relacdo ao placebo ou a auséncia de tratamento), embora as HBPM mantenham

'O tromboembolismo venoso (TEV) é uma importante causa de morbidade e mortalidade. Dados referentes aos
Estados Unidos indicam que aproximadamente 200.000 pacientes morrem anualmente tendo como causa direta
ou contribuinte embolismo pulmonar (Alpert & Dalen, 1994). O embolismo pulmonar é responsavel por 10% do
total de mortes em pacientes hospitalizados (Sandler & Martin, 1989) e, a cada ano, sdo diagnosticados cerca de
170.000 novos episédios e 90.000 casos recorrentes de TEV (Anderson et al., 1991). Contudo, as reais taxas de
incidéncia, prevaléncia e mortalidade de TEV estdo provavelmente subestimadas, uma vez que a doenga
freqiientemente ndo apresenta manifesta¢des clinicas (Anderson et al., 1991). Como fatores de risco para o TEV
incluem-se tanto caracteristicas individuais (e.g. idade maior que 40 anos, obesidade, imobilidade por mais de 4
anos, terapia com altas doses de estrogé€nio e trombofilia) quanto doengas ou procedimentos cirtirgicos (e.g.
trauma, tumores malignos, faléncia cardiaca, infarto recente do miocdrdio, infeccdo e sindrome nefrdtica)
(Thomboembolic Risk Factors Consensus Group, 1992).
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reducao em torno de 50% no risco de hemorragias (Mismetti et al., 2000) sendo,
portanto, farmacos significativamente mais seguros. Assim sendo, podem ser citadas
como problematicas associadas ao uso das HBPM:
e Necessidade de serem testadas individualmente para cada indicagcéao
clinica;
e Dificuldades na determinacao das doses 6timas;
e Duragéo ideal do tratamento desconhecida;

e Origem animal.

1.4 Aspectos moleculares da modulacao da antitrombina (AT) pela heparina

A atividade anticoagulante da AT é devida principalmente a sua capacidade de
inibir trombina e fator Xa, com constantes de velocidade de 8,9 x 10°M's" e 2,5 x
10> M s, respectivamente, considerando-se somente o sistema bi-molecular
serpina-protease. Com a inclusao de heparina e a formagdo do complexo ternario
AT-protease-heparina (Figura 7) (Li et al., 2004), contudo, pode-se observar uma
potencializacao de 3 a 4 ordens de grandeza na eficiéncia deste processo inibitorio,
alcancando constantes de velocidade de 3,7 x 10’ M s e 1,3 x 10° M s para
trombina e fator Xa, respectivamente (Craig ef al., 1989 e Olson et al., 1991). Esta
enorme potencializagdo na atividade anticoagulante da AT est4 relacionada ao fato
de que este inibidor circula no plasma em uma conformagé&o inativa (Huntington et
al., 1996), requerendo a ligagdo de um glicosaminoglicano polissulfatado como co-
fator fisioldgico (heparan sulfato) ou terapéutico (heparina) para inibicao eficiente de

suas proteinas-alvo.
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Heparina

\’\J‘ Antitrombina
Figura 7: Representacdo da estrutura cristalografica do complexo entre a
antitrombina, a trombina e a heparina, cédigo PDB 1TB6 (Li et al., 2004).

Com relacao as razdes moleculares para as propriedades anticoagulantes da
heparina, a estrutura do complexo ternario AT-trombina-heparina, apresentada na
Figura 7, ilustra o denominado Mecanismo de “Ponte”. Segundo este mecanismo, a
potencializagdo pelo polissacarideo da atividade inibitéria da AT sobre suas
proteases-alvo pelo polissacarideo é devida a uma coneccgéao fisica entre as duas
proteinas, determinada principalmente por interacdes ibnicas entre grupos sulfato da
heparina e residuos de aminoacidos carregados positivamente na AT e na protease.
Contudo, este ndo é o Unico mecanismo pelo qual a heparina modula a atividade da
AT.

O outro modelo de interacdo segundo o qual a heparina é capaz de modular a
atividade da AT constitui-se num mecanismo baseado na inducdo de mudancas
conformacionais (Figura 8), caracterizando um processo do tipo encaixe induzido
(Verli & Barreiro, 2005). Este efeito foi observado inicialmente através da
comparacao da estrutura cristalografica da AT livre (Carrel et al, 1994) com a
estrutura da AT complexada a um composto sintético (Jin et al., 1997), derivado da

heparina, denominado pentassacarideo sintético (Figura 8A).
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CH,0SOH COOH CH,OS0H OSOH
o 0 0 o) fe)
COOH
OMe OMe O A\os0.H OMe \\osoH
.0 o] o _/ OMe
HC OSOH Olle OSO.H OSOH OSO.H
D E F G H

Figura 8: A) estrutura do pentassacarideo sintético (4); B) estrutura cristalografica da
AT em sua forma livre, ndo complexada (cédigo PDB 1ANT, Carrel et al., 1994); C)
estrutura cristalografica da AT em sua forma complexada ao pentassacarideo
sintético (codigo PDB 1AZX, Jin et al, 1997). Os circulos coloridos indicam as
regides nas quais se concentram as principais mudancas conformacionais induzidas
na AT pelo pentassacarideo, como a mudancga na flexibilidade de alcas e folhas-B3

(circulo vermelho) e a formacao de a-hélice (circulo verde) (Verli & Barreiro, 2005).

As mudancas conformacionais induzidas na AT pelo pentassacarideo sintético
incluem: 1) formagé&o de duas voltas adicionais na regido C-terminal da hélice D
(Figura 8C, circulo verde); 2) contragdo da folha-p A; 3) expulsdo da regido da
dobradica da ACR (P14 e P15); 4) aumento na flexibilidade da ACR; 5)
transformacao da folha- A de 4 para 5 fitas, anti-paralelas (Jin et al., 1997, Gettins,

2002a), aléem de formagbes de voltas adicionais na hélice A (Jin et al., 1997).
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Contudo, o0 mecanismo pelo qual a complexacdo da heparina a AT € transmitido a
ACR ainda nao esta completamente resolvido (Gettins, 2002b). Ambos mecanismos
de potencializacdo da atividade inibitéria da AT, o mecanismo de ponte e 0
mecanismo baseado em mudancas conformacionais, estdo ilustrados
esquematicamente na Figura 9.

Mecanismo de "Ponte" Mecanismo Baseado em
Mudanca Conformacional

— —
Y Y
—— ——
—— —
— 93538 = 23058
B3 g
Antitrombina ) Antitrombina
Trombina
—_—
_>2 X - —
= e
93 = Y fXa
1233 S
G a5
OO0
heparina pentassacarideo
" ;3 :z sintético
S
3%%
Sl
—
e
—
2} §}§§ complexo covalente

serpina-protease

Figura 9: Representacado esquematica da inibicdo de flla e fXa na presenca de AT e
heparina. Dois tipos distintos de mecanismos estao ilustrados, sendo um mecanismo
envolvendo a simples ligacao da serpina a protease pela heparina (denominado de
ponte), e um mecanismo baseado na inducdo de mudancga conformacional na AT
pela heparina. Ambos 0s mecanismos resultam em potenciagdo da atividade
anticoagulante da AT, embora diferentes proteases apresentem diferentes

sensibilidades a cada um destes mecanismos.

Com relacdo ao mecanismo de molde na inibicdo de serino-proteinases pela
AT (Figura 7) a conexao das duas proteinas pela heparina dependera,
principalmente, do tamanho da cadeia polissacaridica. Dados prévios demonstram
que um minimo de 18 unidades monossacaridicas (~5,4 kDa) é necessario para
ativar a inibicdo de trombina pela AT (Figura 5 e Figura 9) (Danielsson et al., 1986),

requisito estrutural ndo compartilhado para a inibicao de fator Xa. De fato, o requisito
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estrutural minimo necessario a inibicdo de fator Xa na presenga de AT é uma
seqUéncia pentassacaridica (Choay et al,, 1983). Em outras palavras, a trombina
nao parece ser sensivel as mudancas conformacionais induzidas na AT pela
heparina, dependendo somente do tamanho deste polissacarideo para ser inibida.
Em contrapartida, o fator Xa é sensivel a ambos os mecanismos, destacadamente a
mudanca conformacional da AT. Deste modo, o uso de pequenas moléculas,
capazes de induzir modificagdes na conformacado da AT sem conectar a serpina a
proteinase, possibilita uma promissora estratégia terapéutica de planejamento
racional de inibidores seletivos de fator Xa, baseados no mecanismo de agdo da
heparina. Um exemplo de sucesso neste campo € o denominado pentassacarideo

sintético, comercializado pelo nome fondaparinux (Arixtra™) pela Sanofi.

1.5 Nomenclatura de conformacodes de carboidratos

A conformacdo de carboidratos € usualmente descrita de acordo com as
Recomendagdes da IUPAC (IUPAC-IUB, 1980). Segundo estas recomendagodes, a
conformacdo, ie. o0 arranjo espacial aproximado dos atomos, de um
monossacarideo em sua forma ciclica por uma letra maiuscula, em italico,
designando a forma do anel, e por numeros, responsaveis pela distincao das
possiveis variantes conformacionais para uma mesma forma. As letras utilizadas na
descricao das formas de monossacarideos sao:

a) Anéis de 5 membros:
e FE, utilizada para a conformacéao envelope;
e T, utilizada para a conformacao torcida (twist).
b) Anéis de 6 membros:
e (, utilizada para a conformacéao de cadeira;
e B, utilizada para a conformacgao de bote;
e S, utilizada para a conformacéo de bote-torcido (skew-boatl);
e H, utilizada para a conformagéo de meia-cadeira (half-chair);

e [, utilizada para a conformacgéo de envelope.

A distincdo dos possiveis variantes de uma mesma forma de anel é realizada
através da identificacdo dos 4 atomos que formam um plano. O atomo localizado
acima deste plano terd seu niumero sobrescrito antes da letra mailscula, enquanto

que o atomo que estiver localizado abaixo do plano tera seu numero subscrito apds
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a letra maiuscula. Heteroatomos (e.g. O, S) sao indicados pelos seus simbolos
subscrito ou sobrescritos (Tabela 2). Por exemplo, a conformacdo ?Sp do residuo
IdoA corresponde a uma forma de bote torcido, com o atomo numero 2 acima do
plano do anel, e o atomo de oxigénio abaixo deste plano. E importante destacar,
contudo, que em funcdo da numeragado utilizada para o anel os numerais seréao
também diferentes. Utilizando como exemplo a conformacéo 2So, esta nomenclatura
€ obtida através da notacdo IUPAC, onde o atomo numero 1 corresponde ao
carbono anomérico. Em outros trabalhos, contudo, o numero 1 é atribuido ao
heteroatomo do sistema, de forma que 2So se torna 3S; ou mesmo °Ty, se a
nomenclatura de anéis de 5 membros for estendida para anéis de 6 membros
(Cremer & Szabo, 1995). De fato, segundo as recomendacées da IUPAC (IUPAC-
IUB, 1980) a nomenclatura conformacao torcida (twist) € utilizada somente para
anéis de 5 atomos, enquanto que a nomenclatura bote-torcido (skew-boat) é
utilizada para anéis de 6 atomos.
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Tabela 2: Nomenclatura de conformacdes adotadas por monossacarideos (hexoses)

utilizando como modelo o acido idurénico.

3
COy  0s0,-

Formas de Nomenclatura “Puckering Coordinates”
Monossacarideos IUPAC 0 )
cadeira ;C4 0 0
Ci 180° 0°
(),SB 900 Oo
Bi 4 90° 60°
B:s 90° 120°
bote
Bso 90° 180°
B 90° 240°
2°g 90° 300°
’S; 90° 30°
°S; 90° 90°
bote-torcido 2So 90° 150°
(skew-boat) 'Ss 90° 210°
'Ss 90° 270°
°S, 90° 330°

Os anéis de 6 membros podem apresentar diversas dezenas de possiveis
conformagbées (Cremer & Szabo, 1995), sendo descritas em um globo
conformacional tridimensional (Tabela 2 e Figura 10). De forma a facilitar a definicao
inequivoca destas conformacbes e suas variagbes, uma nomenclatura
complementar foi proposta em 1975 por Cremer e Pople, denominada de Ring
Puckering Coordinates (Cremer & Pople, 1975). Esta nomenclatura considera o
desvio da planaridade (amplitude, 6) e a distorcdo dos anéis (angulo de fase, ¢),
permitindo a descricdo de todos os tipos possiveis de conformacdes de anéis
(Cremer & Szabo, 1995).
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Figura 10: Globo conformacional do ciclo hexano (adaptado de Cremer & Szabo,
1995). As duas possiveis formas de cadeira estdo marcadas em vermelho, enquanto
trés formas de bote torcido estao apresentadas em vede.

1.5.1 Importancia da conformacao do residuo IdoA na atividade da
heparina

A importancia de aspectos conformacionais na atividade da heparina e seus
derivados néo se restringe a seu receptor-alvo, a AT. Os residuos de IdoA (Figura 4)
apresentam uma elevada mobilidade, conferindo a molécula de heparina aspectos
conformacionais proprios (Danielsson et al., 1986). Tais residuos adotam um
equilibrio conformacional entre estados de cadeira ('C4) e bote-torcido (°So, Figura
11) (Ferro et al., 1990) sem, contudo, causar dobras na cadeia polissacaridica
(Danielsson et al., 1986). De fato, é relatado que glicosaminoglicanos contendo
residuos mais rigidos de acidos urdnicos apresentam menor atividade antitrombética
(Mikhailov et al., 1996), 0 que sugere que estas caracteristicas conformacionais do

IdoA contribuem para as propriedades anticoagulantes da heparina.
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4C, 1C,

HO OH L

0S0,-
\ oH/

-0,C

HO OH

ZSO
Figura 11: Perfil conformacional do residuo IdoA em solucdo aquosa, em equilibrio

entre as conformacdes 2So (bote-torcido), 'C4 (cadeira) e *Cy (cadeira), sendo a

conformacéo 2Sg predominante em solugao.

A preferéncia do residuo de IdoA em permanecer numa forma de bote-torcido
ja foi descrita tanto para moléculas de heparinas livres em solucdo (Cros et al.,
1997) quanto para heparinéides complexados a AT (Jin et al., 1997), demonstrando
que a forma 2So é reconhecida pela proteina-alvo. Tal singularidade conformacional
€, provavelmente, devida a interacdo com o solvente. De fato, a correta reproducéo
da distribuicao de conférmeros de diedros exociclicos de carboidratos apresentando
ligagbes (1—6), utilizando simulacdes de dindmica molecular (ver adiante), somente
foi conseguida através da inclusdo explicita de moléculas de &agua®, as quais
parecem romper interacées por ligacdo de hidrogénio intramoleculares (Kirschner &
Woods, 2001). Especificamente com relagdo a conformacao do anel, estudos
sugerem que a conformacao de agucares em solucao aquosa é determinada através
da interferéncia da estrutura do solvente circundante (Uedaira et al., 2001):

% A representacio do solvente em simulagdes de DM (ver adiante) pode ser realizada tanto de forma explicita
quanto implicita. A primeira se refere a presenca fisica das moléculas de solvente propriamente ditas no sistema
em estudo. Contudo, esta abordagem implica em enorme custo computacional, de forma que o solvente chega a
representar mais de 70% de todo o tempo de mdquina de uma simulagdo. Desta forma, métodos foram propostos
de forma a representar, implicitamente, o efeito do solvente e, em conseqii€éncia, permitir uma drastica redugao
do custo computacional (e.g. COSMO, ver metodologia). Considerando-se que um dos efeitos ocasionados pelos
solventes é a modulacdo das interacdes eletrostdticas, a representacdo implicita de seus efeitos é usualmente
alcangada através da modulagdo da constante dielétrica do meio (Leach, 2001).
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conformacdes nas quais 0s grupos substituintes se encontram na posi¢do equatorial
seriam mais estaveis, uma vez que induziriam menor modificagdo na estrutura do
solvente circundante. De forma oposta, conformacbées em que 0s grupos
substituintes estejam na posicao axial seriam menos estaveis por induzirem uma
maior modificacdo na estrutura do solvente circundante. Neste contexto, a
observacédo dos substituintes do residuo IdoA (Figura 11) realmente sugere que o0s
grupamentos exociclicos estdo mais proximos da posicao equatorial na conformacéao
de bote-torcido do que nas conformagbes de cadeira, justificando o perfil
conformacional identificado em solucao para este residuo.

E importante destacar que os atributos moleculares necessarios para as
propriedades anticoagulantes de polissacarideos, mediadas pela AT, ainda nao
estdo completamente elucidadas. Por exemplo, as galactanas e fucanas, compostos
baseados em unidades repetitivas (1—3) ligadas (Figura 12), apresentam unidades
sacaridicas ndo relacionadas a composicao da heparina (Figura 4). Contudo, ainda
assim apresentam significativas propriedades anticoagulantes envolvendo serpinas
plasmaticas (Pereira et al., 2002).

Galactana (2) Fucana (3)
Eron O H, °J o
OH OH
O ¢}
0S0;- ]
B\ X £ O © 0s0,
3
OH OH
O o - o}
H,OH S &, 2 0s0,
OH OH
o 0
o —o 0s0 o]
CH,0H E H, 2 S
& OH
o o
o} 0305 .
CH,OH ? CH, 5%
o OH
0
O —o : o)
CH,OH SO L, e SO,
OH OH
e
--0 0s0,- --0 SO;,-

Figura 12: Representacédo de hexassacarideos de galactana (2) e fucana (3) (Pereira
et al., 2002).
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1.6 Desenvolvimento de inibidores sintéticos de fator Xa

Um dos aspectos que mais dificultam o estudo molecular da heparina é
justamente o fato de que sua obtencao se da a partir de tecidos animais, originando
uma preparacao heterogénea composta por polissacarideos de 5 a 30 kDa (Hirsh et
al.,, 1998). Desta forma, um dos primeiros passos no sentido de se esclarecer a
relacdo entre a estrutura quimica da heparina e suas propriedades fisiologicas foi a
sintese quimica de um pentassacarideo de heparina (5) (Petitou et al., 1986 e
Tabela 3), proposto como a seqiéncia minima capaz de se ligar a AT e, como
consequéncia, apresentar propriedades anticoagulantes, marcadamente a inibicao
de fator Xa (Choay et al, 1981a). Esta molécula difere da estrutura padrdo da
heparina (1) somente pela adicao de um grupo sulfato na posi¢dao 3 do residuo F de
glicosamina (cédigo de letras proposto por Choay et al., 1981b) (Figura 13).

A partir de sua sintese, o composto (5) foi submetido a uma série de
modificacoes sintéticas de forma a explorar o papel de diferentes grupamentos
quimicos na sua atividade anticoagulante (Figura 13). A primeira destas
modificacbes correspondeu a troca da hidroxila anomérica (posicdo 1 da
glicosamina, residuo H) por uma metoxila, gerando o composto (6). Esta modificacao
permitiu a duplicacdo do rendimento da reacdo, protegendo a molécula de reacdes
intramoleculares com grupos amino observadas previamente na ultima etapa da
sintese de (5) (Petitou et al., 1987). A avaliagcdo da sua atividade antifator Xa in vitro,
assim como de sua atividade antitromboética em modelos animais, permitiu observar
que esta modificacdo néo alterou o perfil de atividade deste composto (van Boeckel
et al., 1988 e Tabela 3).
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CH,080,Na COONa CH,0SO,Na CH,0S0,Na
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CH, oso H COOH CH, oso H
0
o COOH
0SO,H OH (7)
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j (Petitou et al., 1991)

CH, OSO H COOH CH,0SO,H CH,0SO,H

: ' :: ’ N :: o
0SO,H COOH O AosoH (8)

NHSO, H NHSO, H oso H < 0s0,H>

j (Jaurandet al., 1992)

(Basten et al., 1992a)

(Basten et al., 1992b)

CH, OSO H COOH CH, oso H 0s0, H
COOH
OSO,H 0SO,H
0s0, H 080, H 0SOH OSO_H

Figura 13: Esquema apresentando as etapas do planejamento do pentassacarideo
sintético (4). As setas em azul, marrom e vermelho destacam as principais
modificacoes realizadas sobre (5): metilacdo da hidroxila anomérica, adi¢cdo de

grupo sulfato e substituigdo da sulfonamida por sulfato.



Tabela 3: Atividade anticoagulante®

de derivados sintéticos da heparina (4-8)

Composto Atividade (U/mg)
4° 1323
5° 590
6° 740
7° 1270
g° 1300

2 Atividade amidolitica em plasma utilizando o substrato
cromogénico S2222 (Teien et al., 1976);

® Dados obtidos de Basten et al., 1992b;

° Dados obtidos de van Boeckel et al., 1988;

4 Dados obtidos de Petitou et al., 1991.

As etapas seguintes de modificagdes estruturais, baseadas em
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(6),

localizaram-se na glicosamina H. A reacdo de sintese de (5) descrita (Petitou et al.,

1986) utilizava grupos protetores distintos para inserir, nas posicoes adequadas,

grupos sulfato e sulfonamida. Este acréscimo de complexidade ndo é desejavel no

contexto do desenvolvimento de um protétipo de farmaco, onde grandes

quantidades da molécula em estudo serdo necessarias. Sendo assim, os autores

decidiram pela substituicao do residuo glicosamina N-sulfato-6-O-sulfato (posicéo H)

pelo residuo glicose 2,3,6-tri-O-sulfato (Petitou et al, 1991), baseando-se nas

seguintes premissas:

a) Trabalhos prévios indicaram altas densidades de carga negativa nesta

regiao da molécula serial requeridas para a atividade biolégica (Petitou

et al., 1988);

b) A sintese do residuo sulfatado na posicdo 3 seria em principio mais

simples do que a sintese do residuo nao sulfatado nesta posicao;

c) O composto (7) ja havia sido descrito por outro grupo (van Boeckel et al.,

1988), demonstrando potente atividade antifator Xa.

Como resultado o composto (7), tri-sulfatado no residuo H, apresentou um

aumento expressivo na sua atividade inibidora de fator Xa (van Boeckel et al., 1988
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e Tabela 3), corroborando a hipétese de que o aumento na densidade de carga
negativa nesta regido da molécula contribuiria para a atividade bioldgica destes
derivados sintéticos (Petitou et al., 1988). Da mesma forma, a substituicdo do grupo
sulfonamida pelo grupo sulfato ndo acarretou mudancgas na atividade (Petitou et al.,
1991 e Tabela 3), sugerindo que ambos 0s grupos podem ser intercambiaveis na
estrutura de heparindides sintéticos sem prejuizo para as propriedades
anticoagulantes dos compostos (i.e. bioisosterismo). Ao mesmo tempo, as
modificacdes sintéticas realizadas nos compostos (7-8) induziram um deslocamento
no equilibrio conformacional do residuo IdoA. Trabalhos anteriores demonstraram a
preferéncia conformacional do residuo IdoA pela conformagdo 2So em mono- e
oligossacarideos de heparina (Ferro et al., 1986), indicando que 94% dos residuos
em solugdo estariam na forma de bote-torcido (So), enquanto a forma de cadeira
estaria presente nos 6% restantes. Enquanto 60% do IdoA esta na forma 2Sp no
composto (6), nos compostos (7-8) esta populagéao € deslocada para perto de 100%
(van Boeckel et al., 1988), sugerindo que as mudancas realizadas de (5) a (8) nao
modificaram as propriedades conformacionais e biolégicas dos ligantes (Tabela 3).

Ha época destes estudos ja se postulava que a conformacao de bote-torcido
seria importante para as propriedades anticoagulantes da heparina, como um
requerimento estrutural necessario a complementaridade com seu receptor-alvo, a
AT. Em conseqgliéncia, seria também uma propriedade desejada nos derivados
sintéticos da heparina de forma a melhor reproduzir as propriedades farmacologicas
deste anticoagulante de origem animal. Contudo, a confirmacéao cristalografica de
que esta conformacéo estaria de fato presente no complexo com a AT somente
surgiu 10 anos mais tarde (Jin et al., 1997).

Baseando-se nos resultados positivos obtidos com a sintese de (6) e (8), as
etapas finais do desenvolvimento do composto (4) envolveram a substituicdo
progressiva dos grupos hidroxila por grupos metoxila e dos grupos sulfonamida por
grupos sulfato, descrita em uma série de 3 trabalhos (Jaurand et al., 1992, Basten et
al., 1992a; Basten et al., 1992b). A molécula final (4) apresenta potente atividade
anticoagulante (Tabela 3) Kd = 48+11nM (Herbert et al., 1998), mantém a presenca
da conformacdo 2Sp como mais populosa para o IdoA e sugere que 0s grupos
hidroxila da heparina ndo estdo envolvidos em interacbes importantes com a
proteina-alvo. Ao contrario, a forma do esqueleto sacaridico teria o papel de
posicionar os grupos sulfato e carboxilato em posicdes que permitissem interacdes
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otimizadas com a proteina-alvo (Basten et al., 1992b). Curiosamente, em outros
polissacarideos anticoagulantes, e.g. galactana e fucana (Figura 12), a presencga de
grupos hidroxila é fundamental para a atividade anticoagulante mediada pela AT
(Pereira et al., 2002).

O desenvolvimento clinico do pentassacarideo sintético (4), denominado
fondaparinux (Arixtra™), foi gerenciado pela empresa Sanofi-Synthélabo, tendo sido
aprovado para comercializacao nos EUA pelo FDA (Food and Drug Administration)
em 2002 (Cheng, 2002). Contudo, embora este farmaco represente um significativo
avanco em relagdo a alguns aspectos do tratamento convencional de
hipercoagulopatias, algumas lacunas importantes permanecem em aberto no
tratamento utilizando o fondaparinux (Walenga et al., 2003), o que reforca a
necessidade do desenvolvimento de novos agentes anticoagulantes, mais eficientes
e com menos efeitos colaterais:

a) Vantagens:

» Origem sintética;

Sem particulas virais ou outros contaminantes animais;
Estrutura molecular definida, pura e homogénea;
Meia-vida relativamente elevada;
Alta biodisponibilidade;
Relacao dose-efeito previsivel;
N&o interage com PF4;
Nao apresenta relacdo-cruzada com o anticorpo anti-heparina;

YV V. V V V V V V

Até o momento ndo demonstrou capacidade de induzir
trombocitopenia.

b) Desvantagens:

Risco de hemorragias maior que o predito em modelos animais;
Interagdes farmacologicas;

Acumulo do farmaco em pacientes com disfuncéao renal;

Meia-vida elevada;

Auséncia de inibicdo de trombina;

Preco;

Sem antidoto contra hemorragia;

YV V. V V V V V V

Auséncia de inducgao da liberacao de TFPI;
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» Ensaios tradicionais para monitoramento da heparina ndo podem ser
utilizados

Neste contexto, o desenvolvimento de compostos nao-poliméricos e nao-
sacaridicos, capazes de potencializar a agao inibitéria da AT sobre fator Xa (Figura
14, Gunnarsson & Desai, 2002) ilustra a potencialidade no desenvolvimento de
novos agentes anticoagulantes, ndo-relacionados estruturalmente a heparina, mas

capazes de produzir seus efeitos na hemostasia.

CH,0S0,Na COONa CH,0SO,Na CH,0S0Na
5 o) o 0 0 o)
. 1 a COONa
OH » OH O \OSONa OH O AoH S C)
o} ¢] o]

3 NHSO,Na OH NHSO,Na 0SO,Na NHSO,H
glicosamina  acido glicurénico glicosamina  acido idurdnico  glicosamina
D E F G H

CH,0S0,Na COONa CH,0SO,Na
0 0
OH OH O\ \osoH ©)
0 o] OMe
NHSO,Na OH NHSO,Na
D E F

0SO,Na
(10)
NaO,SO o]
0SO,Na

OSO,Na

Figura 14: Estrutura dos oligossacarideos ativadores de AT, (5) e (9), e do composto
nao sacaridico (10). Os grupos marcados com elipses verdes no composto (9)
representam os farmacéforos (i.e. grupos mais importantes para a interacao
farmaco-receptor) utilizados para o planejamento de (10) (Gunnarsson & Desai,
2002).

1.7 A dinamica molecular (DM) como ferramenta computacional para o
estudo das propriedades de biomoléculas

O uso de simulagdes de dinamica molecular (DM) para descrever sistemas
protéicos iniciou-se ha aproximadamente 25 anos, estando hoje amplamente
difundido como uma ferramenta para investigar a estrutura e dinamica de

biomoléculas (macro ou micromoléculas), desde estudos de ligacdo de compostos
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as suas proteinas-alvo e mecanismos de reacdo até a desnaturagdo e o re-
enovelamento (re-folding) de proteinas (Ponder & Case, 2003).

A DM caracteriza-se pela integracao da equacdo do movimento de Newton (1),
sendo d’ri(t)/df a aceleracdo, m;a massa e F; a forca sobre o 4tomo i (Leach, 2001).
Esta integracdo sera realizada sobre todos os atomos do sistema, de forma que a
forca F; acarretara numa aceleragcdo sobre o atomo i e, em conseqiéncia, na
mudanca de sua posi¢cao num intervalo de tempo At relativo a aceleracao.

2

Desta forma, se uma sucessao de intervalos A4t for avaliada em sucesséo, ter-
se-4 como resultado de um célculo de dindmica molecular uma sucessao de
coordenadas tridimensionais para um dado conjunto de atomos, as quais podem
representar tanto a difusdo de gases quanto as mudangas na conformacédo de
biomoléculas em solucdo aquosa. Estes intervalos de tempo At sdo denominados
tempo de integracdo, e geralmente correspondem a pequenos passos que podem
variar de 1 a 10 fs (Leach, 2001). O papel do tempo de integracdo pode ser ilustrado
na Figura 15, onde trés simulacbes de um mesmo sistema sdo representadas,
modificando-se somente o tempo de integracédo (4t). Valores de At muito pequenos
(Figura 15A) produzem uma reduzida descricdo conformacional do sistema,
enquanto que valores muito grandes para At produzem instabilidades na simulacéo
(Figura 15B). Valores intermediarios, geralmente de 2fs, permitem uma descrigcao
eficiente do sistema em estudo (Figura 15C).
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Figura 15: Representacdo do efeito de diferentes tempos de integracdo nas
simulacbes de dindmica molecular. A) pequena descricdo das propriedades do
sistema em funcado de tempo de integracdo muito reduzido; B) instabilidades na
simulacdo como fruto de tempos de integracdo muito elevados; C) descricao
adequada e estavel das propriedades moleculares de interesse a partir de valores
corretos para o tempo de integracao. Adaptado de Leach, 2001.

A partir da equacao 1, contudo, ndo é possivel a determinacao da intensidade
e direcdo da forca F; sobre os atomos do sistema e da sua dependéncia nas
caracteristicas quimicas de cada molécula em estudo. Desta forma, a solugdo da
equacgao 2 faz parte do calculo de dindmica molecular, representando a forgca F;
como uma funcao da energia potencial do sistema V e das coordenadas atémicas r;
(Leach, 2001). Esta superficie de energia potencial representa a energia de cada
molécula, sendo descrita pelo denominado Campo de Forcga.
-V (r,...r))

o (2)

O campo de forca pode ser definido como um conjunto de funcdes e

E:

parametrizagdes usadas em calculos de mecanica molecular (de Sant’/Anna, 2002).
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Estas funcbes (Figura 16) definem as energias de estiramento de ligacdo e de
distorcdo de angulo de ligacao (tanto de valéncia quanto de diedro) de uma
molécula, quando comparadas com a sua conformacdo nao tencionada (aquela
caracterizada pelos valores-padrao de comprimentos e de angulos de ligacao).
Alguns campos de forca podem conter termos de interacdo entre atomos nao
ligados, de efeitos eletrostaticos, de ligagdo de hidrogénio e de outros efeitos

estruturais.

E= Y K0-n) (111mp- Owlh =— On@

ligagao

+ > K, (0-6,)

angulo

+Z Ay’ _ ij " 49,4,
12 6 )
L fé 67!-[

v L% i

» Interacoes elefrostaticas

» Interacdes de van der Waals

Figura 16: Funcdes de energia que compde campos de forca. De cima para baixo
estdo representadas as equacbes que descrevem o estiramento de ligacdes
quimicas, angulos de ligacdo e interacbes intermoleculares (van der Waals e

eletrostaticas/Coulémbicas).

Diversos campos de forca estdo disponiveis, alguns implementados em
programas homdnimos, para simulagdes de DM envolvendo, principalmente,
proteinas. Dentre estes alguns dos principais incluem: CVFF (Kitson & Hagler,
1988), DISCOVER (Maple et al., 1998), ENCAD (Dagget & Levitt, 1993 e Levitt et al.,
1995), GROMOS87 (van Gunsteren & Berendsen, 1987), GROMOS96 (Scott ef al.,
1999), MM3 (Lii et al, 1991), MM4 (Langley & Allinger, 2002), MMFF (Halgren,
1996a,b,c,d,e), TRIPOS (Clark et al., 1989), OPLS (Jorgensen & Swenson, 1985),
CHARMM (Brooks et al., 1983) e Amber ff94 (Cornell et al.,1995). O campo de forca
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GROMACS, incluido no pacote homoénimo, é derivado diretamente do GROMOS87
(van der Spoel et al., 2002). Varios destes campos de forgca apresentam diversas
variagcbes e/ou modificacoes, tendo sido apresentadas somente as referéncias
principais de cada um. Uma revisdo recente abordando em detalhes alguns destes
campos de forca pode ser encontrada em Ponder e Case, 2003.

Os dados podem ser obtidos de uma simulacdo de DM usualmente sao
apresentados através da média da trajetéria, que por sua vez precisa ser longa o
suficiente para produzir uma amostragem representativa do estado do sistema
molecular em estudo (van Gunsteren & Berendsen, 1990). As propriedades deste
sistema molecular sdo definidas, portanto, como médias desta amostragem no
espaco conformacional simulado.

A confiabilidade das predicdes em dinamica molecular depende, basicamente,
de dois fatores: acuracia do campo de forca utilizado e busca do espaco
conformacional realizada durante a simulacéo suficientemente ampla para descrever
as conformacgdes do sistema (van Gunsteren & Mark, 1998). De modo geral, o teste
final do modelo tedrico produzido reside na sua comparacdo com propriedades
experimentais traduzindo, por exemplo, a afinidade receptor-ligante (van Gunsteren
& Berendsen, 1990). Em outras palavras, a acuracia do método ¢é julgada a partir da
observacdo ou constatacdo, nas simulagdes realizadas, de quéo precisas sao
reproduzidas quantidades conhecidas (Karplus & Petsko, 1990).

O uso de campos de forca de mecanica molecular para descrever a estrutura
tridimensional de carboidratos apresenta uma série de dificuldades em funcéo,
principalmente, da auséncia de parametros para esta classe de substancias. A
presenca de diversos grupos altamente polares, flexibilidade e as diferencas nas
propriedades eletrénicas que podem ocorrer durante modificagdes conformacionais
e configuracionais, tais como efeitos anomérico, exo-anomeérico e gauche dificultam
a parametrizacao de campos de forca para estes compostos, tornando-os dificeis de
modelar (Pérez et al., 1998).

A partir dos dados apresentados na Tabela 2 e na Figura 10 pode-se identificar
parte da multiplicidade de conformagbes de anéis de 6 membros, além da
semelhanca estrutural entre as mesmas. Em fungdo desta variabilidade
conformacional, a determinacdo de cada uma das conformacdes adotadas por
carboidratos € tarefa bastante complexa e influenciada pela metodologia de estudo
escolhida, e.g. constantes de acoplamento ou deslocamentos quimicos (Tvaroska et
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al., 1989) oriundos de experimentos de RMN ou estudos de mecéanica molecular
(Mikhailov et al., 1997). O uso de dados de RMN normalmente apresenta problemas
associados a baixa precisdo (Mikhailov et al., 1997), usualmente limitada entre 2 e 3
A para a determinacdo de estruturas 3D (Markley et al, 2003), enquanto que
diversas das conformagcdes observadas na Figura 10 apresentam diferengas
menores que 1 A (ver adiante). Em contrapartida, o uso de ferramentas de
modelagem molecular para a obtencdo de geometrias, obtidas através de calculos
de energia por mecanica molecular, deve ser analisado cuidadosamente. Estas
energias dependem da parametrizagao do campo de for¢a, que pode nao apresentar
funcdes adequadas para a descricdo das conformacdes em estudo e, em
consequéncia, produzira conformacodes incorretas (Mikhailov et al., 1997). Métodos
hibridos, como calculos de minimizacdo de energia utilizando restricoes de
distancias intramoleculares/conformacionais obtidas a partir de experimentos de
RMN, também né&o estéo livre de problemas, tendo sido reportado que este tipo de
abordagem pode resultar em “conférmeros virtuais” (Cumming & Carver, 1987),
conformagdes moleculares que nao estdo no minimo global de energia.

Particularmente no contexto da simulacdo de heparinas, podem ser
exemplificadas as propriedades conformacionais do residuo de acido idurénico, o
qual apresenta interconversao espontanea da conformagéo 'C,4 (cadeira) do anel de
6 membros para a conformagao 2So (skew-boat, Ferro et al., 1986), de forma que a
maior simulacao realizada de compostos heparindides até 0 momento corresponde a
600ps de um hexassacarideo em aproximadamente 600 moléculas de agua
(Mikhailov et al., 1997).
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2 Obijetivos

Desta forma, o presente trabalho se insere no contexto do estudo das razdes
moleculares para os diferentes comportamentos das HBPMs frente aos complexos
AT-flla e AT-fXa. Tendo-se em vista a caréncia de informacdes estruturais e
dindmicas acerca da interacdo entre glicosaminoglicanos com proteinas da cascata
de coagulacédo, o objetivo da presente tese € o estudo do reconhecimento molecular
da heparina pela AT através de simula¢des de dindmica molecular. A partir desta
orientacdo geral, as seguintes metas foram estabelecidas, baseadas principalmente
em simulacées de DM em solugédo aquosa:

> Viabilizar a descricdo computacional das propriedades conformacionais
da heparina;

» Analise do comportamento conformacional da AT;

A\

Analise do comportamento conformacional do complexo AT-heparina;
> ldentificacdo e quantificacdo das interacées-chave no complexo AT-
heparina;

» Andlise, em nivel atbmico, do processo de ativagao da AT pela heparina.

A execucdo das metas estabelecidas reforgcara o uso da DM como ferramenta
agil no estudo de polissacarideos, seja em solucdo seja complexados a suas
proteinas-alvo, e para o detalhamento do mecanismo de ag¢do da heparina e seus
derivados em nivel molecular. Auxiliara, portanto, na identificagdo dos requisitos
conformacionais e estruturais minimos, necessarios a novos compostos bioativos,

candidatos a agentes anticoagulantes e antitrombéticos.
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3 Metodologia

3.1 Programas utilizados

Diversas metodologias de modelagem molecular foram utilizadas no presente
trabalho, incluindo MM, DM, modelagem por homologia, métodos semi-empiricos e
métodos ab initio. Os protocolos referentes a cada um destes métodos estédo
descritos em detalhes adiante.

Os programas utilizados no presente trabalho incluem:

> Ferramentas de visualizagdo de moléculas: VMD (Humphrey et al.,
1996), MolMol (Koradi et al., 1996) e Molden (Schaftenaar, 1997);

> Programas para calculo semi-empirico: MOPAC 6.00 (Stewart, 1990) e
BioMedCAChe 5.0 (Fuijitsu, 2001);

> Programa para célculo ab initio. GAMESS (Schmidt et al., 1993);

> Programa para simulacées de dindmica molecular: GROMACS
(Berendsen et al., 1995; van der Spoel et al., 2002);

> Programa para geragdo de topologias: PRODRG (van Aalten et al.,
1996);

> Programa para manipulacdo e mutacado das sequéncias polipeptidicas:
Swiss-PDB Viewer (Guex & Peitsch, 1997)

> Programa para analise de interagdes intermoleculares: LIGPLOT
(Wallace et al., 1995);

> Programas para analise de estrutura secundaria DSSP (Kabsch &
Sander, 1983) e PROCHECK (Laskowski et al., 1993).

3.2 Calculos utilizando métodos semi-empiricos

A estratégia geral de minimizacdo de energia utilizando métodos semi-
empiricos foi descrita previamente (Pecanha et al., 2002). Os calculos utilizaram os
métodos semi-empiricos AM1 e PM5 (uma evolugdo do método PM3), tanto na fase
gasosa quanto em modelos implicitos de solvente. Cada geometria foi submetida a
minimizacao de energia até que a norma do gradiente fosse igual ou inferior a 0,001.
Em seguida estas conformagdes foram submetidas a analise da matriz Hessiana de
forma a caracteriza-las como minimos de energia verdadeiros da superficie de

energia potencial molecular.
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Utilizamos como modelo de solvente implicito o método COSMO (conductor-
like screening model). Este método representa o solvente através de sua constante
dielétrica, definindo um meio dielétrico ao redor da molécula em estudo distinto do
vacuo (que, por definicdo, apresenta constante dielétrica e=1). Assim sendo, a
permissividade relativa do metanol foi utilizada, e o modelo incorporou 30 segmentos
por atomo, ajustando os parametros NPPA e NSPA para, respectivamente, 1082 e
42.

3.3 Calculos utilizando métodos ab initio

O uso de métodos semi-empiricos para descrever as propriedades eletrbnicas
de compostos contendo grupamentos hipervalentes (e.g. sulfato e fosfato) é
desaconselhavel pela participacdo, em tais grupos, do orbital d (hibridizagdo sp®d?).
Isto se justifica pela auséncia de parametros para descrever as propriedades
associadas a tais orbitais por parte dos métodos semi-empiricos convencionais
(Clare e Supuran, 1998). Considerando-se que a heparina € um glicosaminoglicano
polissulfatado, tornou-se necessario o uso de métodos complementares capazes de
descrever as propriedades de tais compostos. Desta forma, os métodos ab initio
foram escolhidos.

Tendo-se em vista o elevado custo computacional associado aos métodos ab
initio, houve a necessidade de reduzir a estrutura da heparina a suas unidades
formadoras, i.e. &cido idurénico (IdoA), acido glicurénico (GlcA) e glicosamina (GIcN)
(Figura 17). Cada um destes residuos foi entdo construido utilizando o programa
Molden (Schaftenaar, 1997), em suas formas carregadas, e posteriormente
submetidos a minimizacdo de energia utilizando a base 3-21G do programa
GAMESS (Schmidt et al,, 1993). As conformagdes de minimo de energia obtidas
foram entdo utilizadas para célculos single point na base 6-31G ", de forma a gerar
cargas atomicas pelas abordagens de Mulliken e Léwdin. A ligacdo glicosidica foi
estudada através da simulacao de um dissacarideo nao sulfatado, tendo-se em vista
que o numero de elétrons associado ao grupo sulfato acrescenta consideravel custo
computacional aos calculos ab initio e, ao mesmo tempo, tem pouca influéncia nas

propriedades eletrénicas da ligacao glicosidica.
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Figura 17: Estrutura do &cido idurdnico, acido glicurdnico e glicosamina, unidades

sacaridicas que compde a heparina.

3.4 Simulacées de DM

3.4.1 Protocolo de simulacao

O protocolo geral de simulacdo foi previamente descrito (de Groot &
Grubmiuiller, 2001). Todas as simulacbées foram realizadas a temperatura ambiente
(298K), terao duracao variavel de acordo com o sistema em estudo (de 2,0 a 8,0 ns).
Cada molécula (proteina ou polissacarideo) foi solvatada numa caixa retangular
utilizando condigdes periddicas de contorno e os modelos de dgua SPC (Berendsen
et al., 1981) e SPC/E (Berendsen et al., 1987). Contra-ions (cloreto ou sédio) foram
adicionados de forma a neutralizar as cargas dos sistemas.

Cada conjunto de soluto (proteina, polissacarideo ou ambos, complexados) +
agua + ions foi entdo submetido a minimizacdo de energia por aproximadamente
10.000 passos utilizando o algoritmo Steepest Descents. A estrutura minimizada
obtida foi entdo utilizada como ponto de partida para simulacées de DM. Os métodos
Lincs e Settle (Hess et al., 1997; Miyamoto et al., 1992) foram aplicados na restricao
de ligacGes covalentes de forma a permitir um passo de integracdo de 2fs, enquanto
as interacdes eletrostaticas foram calculadas utilizando o método Particle-Mesh
Ewald (PME, Darden et al., 1993)**. A temperatura e a pressdo do sistema foram
mantidas constantes através do acoplamento da proteina, carboidrato, ions e
solvente a banhos externos de temperatura e pressao, utilizando constantes de
acoplamento de, respectivamente, t = 0,1 ps e t = 0,5 ps (Berendsen et al., 1984). A

constante dielétrica do meio foi tratada como € = 1.

? Métodos alternativos para o célculo das interagdes ndo-ligadas, tais como o Reaction Field (Campo de reacio),
foram também testados. Contudo, foi identificada uma elevada sensibilidade deste método as propriedades
eletrostiticas do sistema: a presenca de nimero elevado de cargas induzia o aparecimento de artefatos e
instabilidades nas simulagdes realizadas. Tendo em vista que a heparina é um polissacarideo polissulfatado,
mantivemos o método PME em todas as simula¢des realizadas.

* rlist = rcoulomb = rvdw = 0,9 A
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A primeira etapa de uma simulagdo de dinamica molecular envolve o
aquecimento gradativo do sistema, sendo por isso denominada termalizacdo. Esta
etapa tem por objetivo uniformizar as energias contidas na estrutura cristalografica e,
desta forma, evitar deformacdo na proteina. Cada sistema foi entdo aquecido
lentamente de 50K a 310K, em passos durando 5ps. Cada passo aumenta a
temperatura em 50K, totalizando 6 passos em 30ps (Figura 18). Ap6s a termalizacao
do sistema, a simulagédo prossegue na temperatura de equilibrio desejada, i.e. 310K,

pelo tempo estipulado (de 2,0ns a 8,0ns).
50K 100K 150K 200K 250K
——

——
0 10 1|5 2|0 25 30

termalizagdo I

! -
- 1 1 T I —>>
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Figura 18: Esquema das etapas que compde as simulacdes de DM a 310K. De Ops
a 30ps, uma série de etapas, de 5ps cada, aquece lentamente o sistema em
incrementos de 50K. Apds 30ps, o sistema esta a 310K e se mantém nesta

temperatura pelo resto da simulacéo.

3.4.2 Construcao de topologias

O campo de forca GROMACS apresenta um conjunto de parametros
aplicaveis a um pequeno numero de moléculas e estruturas quimicas,
principalmente aminodacidos, ions, agua e alguns lipideos. Com relacao a agucares,
estdo incluidos pardmetros somente para poucos monossacarideos simples, tais
como glicose e galactose. De fato, a parametrizacdo de campos de forca de
mecanica molecular para simulagbes carboidrato e, principalmente, de
polissacarideos e um desafio em grande parte ainda ndao superado (Pérez et al.,
1998). Desta forma, no sentido de viabilizar a simulacdo da heparina e compostos
similares foi utilizada uma ferramenta de construgdo de topologias denominada
PRODRG (van Aalten et al., 1996). A topologia € um arquivo contendo todos os
parametros que descrevem as propriedades atbmicas de uma determinada estrutura

quimica, complementando os parametros ja inclusos no programa em uso, i.e.
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descricao da forca e tipo de cada ligacdo quimica, angulo e diedro, assim como 0s
parametros de van der Waals e cargas atémicas.

O PRODRG ¢ um servidor que funciona na World Wide Web®, exigindo
somente o arquivo PDB com a estrutura da molécula de interesse. Gera como saida,
dentre outros arquivos, um arquivo com a estrutura do composto no formato
GROMACS, assim como o arquivo denominado de topologia, incluindo os
parametros moleculares nao-inclusos no campo de forca supracitados.

Infelizmente, esta ferramenta on-line gera somente um conjunto de
parametros iniciais, que necessitam de alguns refinamentos. Um dos refinamentos
realizados refere-se a correcdo do comprimento da ligacao S-N presente no residuo
GIcN para o valor descrito previamente por RMN (Mulloy et al., 1993). Outros
refinamentos utilizados incluem o célculo das cargas atbmicas (descrito no item 3.3)
e o controle da conformacao apresentada pelo residuo IdoA (descrito no item 3.4.3).

3.4.3 Uso de diedros improprios para fixar as conformagées do residuo |doA

Como descrito anteriormente (Figura 11), o residuo IdoA apresenta um
incomum comportamento conformacional em solugdo, alternando entre as
conformacdes %S, (bote torcido), 'C4 (cadeira) e “C; (cadeira). Considerando-se que
a descricao e tal equilibrio através de campos de forca de mecénica molecular é
extremamente dificil, além de uma escala de tempo muitas vezes superior as
possibilitadas pelos computadores disponiveis atualmente, ao invés de tentar
descrever o equilibrio de tais conformacbes em solugcdo decidimos por uma
abordagem alternativa, na qual cada conformacdo poderia ser descrita
independentemente, de forma rigida. Assim, cada estagio deste equilibrio seria
observado individualmente.

Para tal foi utilizado o artificio denominado diedro imprdprio. Ao contrario do
diedro proprio, no qual 4 atomos estdo conectados em uma sequéncia linear
permitindo a rotacdo ao redor de um eixo, no diedro impréprio os atomos estao
conectados de forma a impedir que a&tomos modifiquem sua orientagdo no espaco,
i.e. grupos planares se mantenham planares e centros quirais ndo invertam sua

quiralidade (Figura 19) (van der Spoel et al., 2001).

> http://davapc].bioch.dundee.ac.uk/ programs/prodrg/prodrg.htm
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1

Diedro Proprio Diedro Imprdprio
(1-2-3-4) (1-2-3-4)
Figura 19: Esquema demonstrando a definicado dos diedros proprios e impréprios.
Embora a ordem dos atomos (numeracédo) possa ser a mesma, sua localizacao
relativa no espaco ndo o é, ou seja, nos diedros proprios os 4 atomos estao

conectados em série, um apds o outro, o0 que nao ocorre no diedro imprdprio.

Desta forma, os estados conformacionais do residuo IdoA (*Sp e 'C4) foram
definidos pela adicao de diedros improprios nos respectivos arquivos de topologia de
cada conférmero. Isto foi feito de forma que através da mudanca do angulo de
diedro no arquivo de topologia fosse possivel alterar a conformagcdo do &acido
idurénico (Tabela 4), permitindo um controle bastante agil das caracteristicas deste

sacarideo.

Tabela 4: Definicdo dos diedros improprios utilizados para definir a conformacéo do

residuo IdoA.

Sequéncia de atomos Angulos (em graus)
definindo o diedro 3, 'Ca4
5-2-4-1 30,5 2,0
5-2-3-1 45,0 -23,0

5-2-3-6 30,5 2,0
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3.4.4 Validagdo das simulagbes de DM

A validacdo dos resultados obtidos das simulagcdes de DM foi realizada
através da comparacdo com resultados experimentais prévios, e.g. estrutura
cristalografica, estrutura de RMN, dados de mutagénese e fluorescéncia, assim
como da observacao da estabilidade dos sistemas estudados, seja pela manutencao

da estrutura secundaria, energia, densidade e volume.
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4 Resultados

4.1 Preambulo

Os resultados obtidos serdo apresentados a seguir na forma dos trabalhos
publicados durante a realizagdo da presente Tese. Estes trabalhos estao citados

abaixo, assim como uma breve descricdo sobre cada um.

» Carmen L. Cardoso, Dulce Helena S. Silva, Daniela M. Tomazela, Hugo
Verli, Maria Claudia M. Young, Maysa Furlan, Marcos N. Eberlin, Vanderlan
da Silva Bolzani: Turbinatine, a Potential Key Intermediate in the
Biosynthesis of Corynanthean-Type Indole Alkaloids. J. Nat. Prod., 2003,
66; 1017-1021.

Este trabalho apresenta a aplicacdo de ferramentas de modelagem molecular

no estudo conformacional da turbinatina, um alcaléide inddlico isolado a partir de
folhas da Chimarris turbinata.

» Hugo Verli, Jorge A. Guimardes: Molecular dynamics simulation of a
decasaccharide fragment of heparin in aqueous solution. Carbohydr. Res.,
2004, 339; 281-290.
Este trabalho apresenta a descricdo do perfil conformacional de um
decassacarideo de heparina utilizando simulagdes de DM, aplicando-se um campo
de forca nao-parametrizado para carboidratos (GROMACS).

» Camila F. Becker, Jorge A. Guimaraes, Hugo Verli: Molecular dynamics
and atomic charges calculations in the study of heparin conformation in
aqueous solution. Carbohydr. Res., 2005, in press.

Como uma continuacdo do trabalho anterior, este artigo apresenta a

comparacdo do uso de diferentes esquemas de carga na simulagao por DM da
heparina, assim como refinamentos da conformacéo de RMN do residuo IdoA.

» Hugo Verli, Jorge A. Guimaraes: Insights into the induced fit mechanism in
Antithrombin-heparin interaction using molecular dynamics simulations. J.
Mol. Graph. Mod., 2005, submetido.
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Por fim, este trabalho apresenta o estudo por DM do complexo formado pela
AT e pelo pentassacarideo sintético, utilizado como modelo para estudo da
heparina.

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

Este trabalho descreve o isolamento e caracterizacdo de um novo glico-
alcaldide indolico monoterpénico, a turbinatina, a partir de folhas da Chimarris
turbinata, arvore encontrada na América Central, ilhas do Caribe e floresta
Amazénica. Através de analises de RMN 1D e 2D, a estrutura da turbinatina pode
ser inequivocamente identificada. Contudo, foram observadas constantes de
acoplamento an6malas entre os atomos de hidrogénio nas posicoes 20 e 21,
sugerindo que regides da molécula estavam submetidas a condicoes de
impedimento estérico e tor¢gdo conformacional. Neste contexto, foram realizados
estudos de modelagem molecular da turbinatina de forma a elucidar as razdes
moleculares para tal comportamento.

Os resultados obtidos com os métodos semi-empiricos AM1 e PM5 permitiram
a identificacdo de uma conformacdo de minimo de energia, aproximadamente 5
kcal/mol mais estavel que as demais conformacoes identificadas para a turbinatina.
Esta conformacdo apresenta uma torcdo em sua estrutura, a qual estd de acordo
com as elevadas constantes de acoplamento entre H-20 e H21. Tais resultados
demonstram a capacidade da modelagem molecular em reproduzir, explicar e prever
propriedades moleculares determinadas por métodos experimentais classicos, tais

como a ressonancia magnética nuclear.

Turbinatine, a Potential Key Intermediate in the Biosynthesis of
Corynanthean-Type Indole Alkaloids

Carmen L. Cardoso, Dulce Helena S. Silva, Daniela M. Tomazela, Hugo Verli,
Maria Claudia M. Young, Maysa Furlan, Marcos N. Eberlin, Vanderlan da Silva

Bolzani

Journal of Natural Products, 2003, 66; 1017-1021
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Corynanthean-Type Indole Alkaloids
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Maria Claudia Marx Young,! Maysa Furlan,’ Marcos Nogueira Eberlin,* and Vanderlan da Silva Bolzani*!
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Extraction of the leaves of Chimarrhis turbinata has led to the isolation of turbinatine (1), a new
corynanthean-type indole alkaloid, besides four known indole alkaloids, strictosidine, bot-carboxystric-
tosidine, vallesiachotamine, and isovallesiachotamine. The structural determination of 1 was based on
1D and 2D spectroscopic data. An evaluation of the DNA-damaging activities of the isolates was performed
by means of a bicassay using mutant strains of Saccharemyces cerevisiae, which indicated these compounds

were weakly active.

Chimarrhis turbinata (DC.) Prodr. (Rubiaceae) belongs
to the subfamily Cinchonoideae and the tribe Condami-
nae.!? This tree is distributed from Central America and
the Caribbean Islands through tropical South America,
especially in the Amazon region. Its light and resistant
wood is used for making tools, including pawls, which is
the reason for its popular name “pau-de-remo” in the
Amazon.? The present work describes the first study on a
plant in the genus Chimarrhis, which has resulted in the
isolation and characterization of a new indole monoterpe-
noid glucoalkaloid, turbinatine (1), along with the known
compounds strictosidine, So-carboxystrictosidine, vallesia-
chotamine, and isovallesiachotamine. In addition, the
potential chemotaxonomic significance of these alkaloids
and evidence for turbinatine (1) as a key intermediate in
the biosynthesis of corynanthean-type alkaloids are briefly
discussed.

Five indole alkaloids were isolated from extracts of
Chimarrhis turbinata leaves by liquid—liquid partition
followed by Sephadex LH-20 and reversed-phase HPLC.
The identification of the known alkaloids was based on
their spectroscopic data, mainly 1D NMR, and comparison
with literature data,? with the known compounds identified
as strictosidine,®® 5-carboxystrictosidine,” vallesiachota-

*To whom correspondence should be addressed. Tel: 55{16)2016650.
Fax: 55(16)2227932. E-mail: bolzaniv@ig.unesp.br.

FInstituto de Quimica, Universidade Estadual Paulista, UNESP.

¥ Instituto de Quimica, Universidade Estadual de Campinas, UNICAMP.

§ Centro de Biotecnologia, Universidade Federal do Rio Grande do Sul,
UFRGS.

1 Seqdo de Fisiologia e Biogquimica de Plantas. Instituto de Botanica.

10.1021/np020547m CCC: $25.00

mine,® and isovallesiachotamine,® respectively. Turbinatine
(1) was obtained as a stable yellow powder. The molecular
formula Cg7HgyN2Og for 1 was assigned from the molecular
ion at m'z [M + 2]* 5323070 in the HREISMS, in
combination with its '*C NMR data. The **C NMR spectral
data of compound 1 (Table 1) showed signals at & 108.5,
111.7, 118.6, 120.0, 122.8, 127.2, 138.0, and 138.6, typical
of a 2,3-disubstituted-indole system, which were assigned
to C-7, C-12, C-9, C-10, C-11, C-8, C-2, and C-13, respec-
tively. The signals at 6 52.6, 48.5, and 23.8 were attributed
to C-3, C-5, and C-6, respectively, of a strictosidine-type
compound. These assignments were based on comparison
with literature data*® as well as with the standard
compound strictosidine, also isolated during this work.
Signals at & 34.4, 32.4, 45.0, and 97.0 were assigned to
C-14, C-15, C-20, and C-21, respectively, of the D ring. The
1*C NMR spectrum also showed signals for a glucosyl
moiety, which appeared at 6 T1.3, 74.2, 77.5, and 78.0.
Signals were also observed for the hydroxymethine carbons
C-4", C-2', C-3', and C-5, respectively, and at & 62.6 for
the hydroxymethylene C-6" and at 4 100.0 for the anomeric
C-1". The remaining signals of the !*C NMR spectrum were
assigned to the seco-iridoid moiety of the alkaloid which
comprised a terminal olefinic system attached to C-20 with
signals at 6 119.2 (C-18) and 134.8 (C-19) and a f-hydroxy-
o f-unsaturated carbomethoxy system attached to C-15 of
the D ring. The signals in the latter unit appeared at &
52.3, 108.1, 156.5, and 171.1 and were assigned to CH30O,
C-ot, C-f, and the carbonyl, respectively. The 'H NMR
spectrum showed two doublets at 6 7.47 and 4 7.29 and
two doublets of doublets at & 7.03 and 7.11, attributed to
the aromatic hydrogens H-9, H-12, H-10, and H-11, re-
spectively. Correlations observed in the HOMOCOSY,
NOESY, and TOCSY NMR spectra (Table 1) confirmed the
structure of the indole moiety of compound 1. The HOMO-
COSY and TOCSY spectra also showed correlations of
signals at d 5.25, 5.37, and 5.85, which were then assigned
to H-18., H-18an., and H-19, respectively, on the basis of
their chemical shifts and coupling constants (Table 1).
Further analysis of the HOMOCOSY spectrum showed
correlations of H-19 to the signal at é 2.77 (H-20) and
correlations of the latter to the signal at 6 3.10 (H-15) and
to the doublet at & 5.90, which was assigned to the

2 2003 American Chemical Society and American Society of Pharmacognosy
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Table 1. 'H and *C NMR Spectral Data for Turbinatine (1j#°

position &y (mult., J(Hz)) é¢ (mult) HMBC MNOESY
2 1380s
3 4.60 brd (12.0) 52.6d H-14a
5 342 m 485t H-6
3.90 m H-6: H-5
6 3.00bre(12.2) 2381t H-5a, H-5b
3.26m
i 108.5 s
8 127.2s  H-10
9 7.47d (8.0) 118.6d H-10
10 7.03 dd (8.0, 8.0) 1200d H-12 H-9: H-11
11 7.11dd (8.0, 8.0) 122.8d H-12; H-10
12 7.209.d (8.0) 111.7d H-11
13 1386s H-9
14, 2.40 br ddd (13.0, 344t H-15; H-14,
11.5)
14,4 2.20 br dd (4.0, H-3; H-144
11.5)
15 3.10 br ddd (4.0, 324d H-17 H-14,,: H-20
4.0, 13.0)
16 108.1s  H-17
17 T.80s 156.5d
18,4 5.25d (10.5) 119.2 ¢ H-18ans
18ans 537 d (18.0) H-18.s
19 5.85 ddd (7.5; 1324.8d H-18:s:
10.5; 180] H-18trans
20 2.77 br ddd (4.0, 45.0d H-15: H-21
7.5, 0.5)
21 590d (9.5) 97.0d H-20
22 171.1s  H-1T;
Me(-22
OCHs 3.79s 52.34q
1 480 brd (8.0 100.0d
2 3.25dd (9.0, T4.2d
14.5)
3 3.40m 77.5d H-6%
4’ 3.65m 71.3d
5 3.30m T8.0d
6" 3.67dd (7.0, 11.8) 626t H-3" H-6'b
4.01dd (2.0, 11.8) H-6%a

a IH NMR assignments are based on 2D 'H NMR and HMQC
correlations. ? Internal standard: TMS. © Measured in CD;0D at
500 MHz for 'H and 125 MHz for 13C, respectively.

aminohydroxymethine H-21 signal. Subsequent correla-
tions of H-15 to signals at é 2.20 and 2.40 (H-14.; and
H-14.) and of H-14 to the broad doublet at & 4.60 (H-3),
as well as the correlations between signals at 6 3.26 (H-6)
and 3.00 (H-6), led to the complete assignment of the
aglycon aliphatic hydrogens of turbinatine (1). The TOCSY
spectrum gave additional support to these assignments by
showing correlations of signals of H-3, H-14, H-15, H-20,
H-21, H-19, and H-18, and TOCSY-1D experiments allowed
the assignments of the sugar moiety hydrogens (Table 1).
The HMBC spectrum of 1 showed correlations from C-22
(6 171.1) to the methoxyl group (¢ 3.79) and to H-17 (5
7.80). Additionally, correlations of C-15 (4 32.4) and C-16
(6 108.1) to H-17 confirmed the presence of the §-hydroxy-
o S-unsaturated caboxymethoxy system, as well as its
attachment to C-15. The relative configurations of the
asymmetric centers C-3, C-15, C-20, and C-21 were estab-
lished by coupling constant measurements and NOESY
experiments as well as through comparison with '*C NMR
data of model compounds.®1?

Corynanthean-type indole alkaloids may be classified
into the normal, pseudo, allo, or epiallo series depending
on their C-3, C-15, and C-20 stereochemistry. The detailed
analysis of coupling constants of H-3 with H-14.,; H-14..
with H-15; H-15 with H-20; and H-20 with H-21 signals
(Jg_l.;ax = 13.0 Hz; J14a015 = 13.0 Hz; J15.2D = 4.0 Hz; Jgglzl
= 9.5 Hz) for compound 1 suggested a stereochemical
arrangement in which H-20 is cis to both H-15 and H-21,
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and H-3 is trans to H-14,, and cis to H-15. These observa-
tions defined the allo configuration of the stereacenters C-3,
C-15, and C-20. Additional information on the relative
stereochemistry at the asymmetric centers of 1 was ob-
tained through analysis of the NOESY spectrum. In this
spectrum, interactions observed between H-3 and H-14,,
as well as of H-15 with H-14.5 and H-20 confirmed that
the orientations of these hydrogens are all in the same
plane. These findings corroborated the positions of H-3,
H-15, and H-20 as ¢, ¢, and o, indicative of an allo
configuration for compound 1. The 9.5 Hz value measured
for the coupling constant (J) between H-21 and H-20 is
anomalous for this configuration, and the only explanation
to support this constant value is a twist-boat conformation
adopted by the D ring. Further analysis from a Karplus
curve by H-20 and H-21 revealed a near 0° angle for these
hydrogens (28" caled by molecular modeling, Table Z),
predicting a large value for the coupling constant. This is
a plausible hypothesis due to the sterecelectronic effects
from the nitrogen and the glucose at C-21 and the mini-
mization of steric hindrance effects assumed by this
conformation. This observation was confirmed by NOESY
interactions. From these experiments a correlation between
Hz-18 (6 5.25 and 5.37) and H-1" (6 4.76) established a
p-stereochemistry for the substituents at C-19 and C-21.
In addition, a strong interaction of H-21 with H-20 con-
firmed the orientation of these hydrogens in the same face
and corroborated the j-glycosidic linkage at C-21. An
extensive analysis of the *C NMR data of the corynanthean-
type alkaloids, especially for C-3, C-5, and C-6, has also
been used for definition of their stereochemistry and
inclusion in the normal, pseudo, allo, or epiallo series.®
Analysis of the '*C NMR data for C-3, C-5, and C-6 (4 52.6,
48.5, and 23.8, respectively) and comparison with model
compounds!® strongly supported the alio configuration for
turbinatine (1), if we consider the y-effect of the glucosyl
moiety at C-21 on C-3 and C-5, whose signals were shifted
upfield (Ad ~5 ppm).

To elucidate the anomalous values of the Jeoupling and
the strong NOE effects between H-20 and H-21, compound
1 was subjected to theoretical study using semiempirical
PM5 and AM1 methods at the SCF-MO level in the gas
and solvent phases, with full geometry optimization,!” as
described previously.'® A conformational analysis of 1 was
performed with the BioMedCAChe 5.0 program.'® From
this analysis, three minimal energy conformations were
obtained,?® namely, la, 1b, and 1c, and the heats of
formation for each conformation are summarized in Table
2. Differences in conformational energy (Table 2} are due
mainly to the conformations adopted by ring D, e.g., chair
(1b) or twist-boat (la and 1c)., and by N-4, i.e., the lone
pair above or below the ring D plane due to pyramidal
inversion. Variations in conformations of groups attached
at C-15, C-20, and C-21 are limited because of steric
hindrance. With the exception of calculations made with
the AM1 Hamiltonian in vacuum, all the methods used
showed correlated values reinforcing both the reliability
of the results and the importance of simulating solvent
effects in solute conformation and stability. The conforma-
tion 1a is the most stable by ~5 keal/mol, with the closure
of the dihedral angle H-21—-C-21—C-20—H-20 being about
287 (Figure 2). This approximation of H-21 and H-20 to a
plane and the torsion of ring D (consequences of compound
1 stabilization) are in agreement with the high J-coupling
constant actually observed.

Strictosidine can be enzymatically transformed to give
a variety of indole alkaloids. Such reactions usually involve
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Table 2. Heats of Formation (kcal/mol) for the Conformations Obtained from Conformational Analysis Using the AM1 and PM5

Semiemplrical Methods

heats of formation?

AM1 PM5

conformation vacuuim methanol® vacuuim methanol?
1a -321.0 (42.5°) —343.6 (38.8") —336.6 (28.3°) —364.7 (28.7%)
1b -319.5 (51.5°) —3415 (47.39) —330.2 (49.0°) ~359.4 (48.0°)
lc -321.1 (59.7°) -339.4 (55.1%) -329.3 (63.1°) ~358.6 (63.4°)

a In parentheses are the values for the dihedral angle formed by H-21-C-21-C-20—H-20. & The COSMO solvation model was used as

described previously.!8

Ilit‘ii/{:n/

Qo OH

Figure 1. Selected HMBC (C — H) and NOESY (H += H) correlations
for turbinatine (1).

Figure 2. Structure of conformation la. With the exception of
hydrogen atoms attached to carbon atoms C-3. C-15, C-20, and C-21
the nonpolar hydrogen atoms were omitted in order to clarify the
image.

the initial deglucosylation by the specific strictosidine
f-glucosidase to give a highly unstable hemiketal aglycon
(2), which has its secologanin ring then opened to afford
the reactive dialdehyde 3!!12 (Scheme 1). The proposed
biogenetic pathway for corynanthean-type alkaloids re-
quires the subsequent rotation of the C-15—C-20 bond
followed by the nucleophilic attack of N-4 on the aldehydic
C-21, leading to intermediate 4. This carbinolamine has
been proposed as a putative intermediate in the biosyn-
thesis of several corynanthean-type indole alkaloids, among
these being 4.21-dehydrogeissoschizine and cathenamine.!516
Despite the large number of known indole alkaloids, the
detection or isolation of carbinolamine 4 has not yet been

reported probably due to its high unstability and rapid
dehydration to the iminium aldehyde 4,21-dehydrocorynan-
theine (5). Subsequent reduction steps could lead to cath-
enamine (6) and further to corynantheine, through dehy-
dration followed by reduction steps, as well as to other
corynanthean-type alkaloids.'* 18 Alternatively, stabiliza-
tion of carbinolamine 4 could be achieved through HO-21
glucosylation, leading to turbinatine (1). Therefore, the
isolation of turbinatine (1) from the leaves of Chimarrhis
turbinata may represent additional support for a biogenetic
proposal for corynanthean-type alkaloids in which carbinol-
amine 4 could be involved.

Recent taxonomic studies on Rubiaceae?! have included
a series of other distinctive characters such as placentation,
fruit and seed morphology, anatomy, and their combina-
tions and tendencies, leading to its organization into four
subfamilies: Ixoroideae, Cinchonoideae, Antirheroideae,
and Rubioideae. The definitions of these subfamilies and
the limits of some tribes remain problematic, mostly due
to the lack of merphoanatomical characters of many taxa
and detailed chemical studies. The presence of indole
alkaloids in Chimarrhis emphasizes the importance of
chemotaxonomic data to help better understand the mor-
phoanatomical classification of this complex plant family.

Although the initial crude extract from C. furbinata
showed weak DNA-damaging activity,?? to the best of our
knowledge none of the known indole alkaloids isolated have
been reported to show any effect on DNA. Compound 1 and
the five known compounds isolated exhibited weak but
selective activity with [Cyz values around =250 and 100
ug/mL or higher, in the mutant yeast strains RS 188N
(RADT) and RS 322YK (rad 52Y), respectively.

Experimental Section

General Experimental Procedures. Optical rotation
measurements were conducted on a Perkin-Elmer 241 pola-
rimeter using a quartz cuvette (length 1 cm). IR spectra were
measured on a Perkin-Elmer 1600 or Nicolet EMACT-40 FTIR
spectrophotometer. NMR spectra were recorded on a Bruker
AC 200, a Varian INOVA 300, or a Varian INOVA 500 NMR
spectrometer operating at 200, 300, and 500 MHz for ‘H,
respectively, and at 50, 75, and 125 MHz for 13C, respectively.
TMS was used as Internal standard. Mass spectra were
recorded at high resolution on a Micromass Q-TOF spectrom-
eter. For chromatographic procedures, silica gel PF254, silica
gel (230—400 mesh or 60—230 mesh) (Merck), Sephadex LH-
20 (Pharmacia Biotech), and Amberlite resin XAD-16 (Sigma)
were used. HPLC separations were performed on a Waters
Prep LC 4000 System, and Cjg Luna (Phenomenex) columns
and precolumns were used. All solvents (Merck or Mallinck-
rodt) were of analytical or HPLC grade. The theoretical study
was done using the semiempirical PM5 and AM1 methods on
SCF-MO-MOPAC-2000 and BioMedCAChe software.

Plant Material. Chimarrhis turbinata was collected in
Reserva do Viro, Belém, PA, Brazil, in October 1996 and
identified by Dr. Marina Thereza V. do A. Campes. A voucher
specimen is deposited in the Herbarium of the Botanic Garden,
Sao Paulo, and catalogued as Lopes-51.
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Scheme 1. Bingenetic Proposal for Corynanthean-Type Indole Alkaloids!s-16

strictosidine

B glucosidase

H —
_.-0Gle

strictosidine

Extraction and Isolation. Dried and powdered leaves of
C. turbinata (1.0 kg) were extracted with CHCl;—MeOH and
EtOH, successively, and afforded extracts A and B, respec-
tively, after solvent evaporation under reduced pressure.
Extract B was dissolved in MeOH—H:0 (8:2) and partitioned
with hexane. The hydro alcoholic fraction was partially
evaporated to MeOH—H:0 (6:4) and then partitioned succes-
sively with CHzClz, EtOAc, and n-BuOH. The n-BuOH fraction
(0.5 g, after solvent evaporation) was dissolved into MeOH (5
mL) and submitted to gel filtration over Sephadex LH-20
eluted with MeOH. The subfractions obtained were compared
by TLC analysis and pooled into fractions A—H. Fractions B
(27 mg), C (34 mg), and D (39 mg) were purified by HPLC
(Phenomenex Cg, 25.0 % 21.2 em, 10 gm; eluent: MeCN—Hz0
(1:4); 12 mL/min; UV detection at 237 nm) and afforded
compound 1 (7 mg) (retention time 28.7 min). Extract A was
submitted to the same partition procedures, and the resulting
-BuOH fraction (1.53 g) was chromatographed by column
chromatography over silica gel [CHCl3—MeOH—HRO (70:28:
2) and CHCla—MeOH—H:0 (65:30:5)], affording 29 subfrac-
tions, which were pooled into five fractions (A'—E’) after
comparison by TLC analysis. Gel filtration over Sephadex LH-
20 of fraction B’ (209 mg) led to the purification of strictosidine
(79 mg) and a mixture of vallesiachotamine (6 mg) and
isovallesiachotamine (60 mg). The separation of this mixture
was subsequently undertaken by passage over Sephadex LH-
20 and afforded pure vallesiachotamine (6 mg) and a further
mixture of vallesiachotamine and isovallesiachotamine (24
mg). Gel filtration over Sephadex LH-20 of fraction D (160 mg)
led to the purification of So-carboxystrictosidine (39 mg).

Bioassay. Identical to those reported in ref 22,

Turbinatine (1): amorphous vellow powder; [a]*'p —8.5°
(c 0.04, MeOH); UV (MeOH) dpay 235 nm (e 5875); [R (KBr)
3496 (OH), 3370 (NH), 1710 (C=0) cm™%; 'H and *C NMR
(see Table 1); HRESIMS m'z 532.3070 [M + 2|* (caled for
CaHayN20Og, 532.2409).

Strictosidine: colorless crystals; mp 161-165 °C; [u]?'p
—7.27° (¢ 0.04, MeOH): UV (MeOH) Apax 241 nm (e 6025) and

474 nm (e 11 800); IR (KBr) 3450 (OH), 1720 (C=0) cm™; the
'H and '*C NMR and EIMS were comparahle with literature
values.5#

Sa-Carboxystrictosidine: amorphous vellow powder; [o]27n
—9.8° (¢ 0.053, MeOH); UV (MeOH) Apay 240 nm (¢ 4528) and
450 nm (e 8490); IR (KBr) 3400 (OH), 1734 (C=0), 1650 (C=
O) em™; the 'H and '*C NMR and EIMS were comparahle with
literature valies.”

Vallesiachotamine: colorless crystals: mp 249—251 °C;
(]2 +204° (¢ 0.01, CHCly): UV (MeOH) Apax 222 nm (e
22 200), 285 sh (¢ 28 500), 291 nm (¢ 29 100); IR (KBr) 3260
(N—H), 1680 (C=0), 1660 {C=0) cm™!; the 'H and *C NMR
and EIMS were comparahle with literature values ®

Isovallesiachotamine: amorphous vellow powder: [a]®p
—54° (¢ 0.06, CHCIL.); UV, IR, and EIMS were the same as
observed for vallesiachotamine; the 'H and "*C NMR data were
comparahle with literature values.®
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4.3 Trabalho Il

O uso de métodos de modelagem molecular para o estudo de
glicosaminoglicanos sulfatados, tais como a heparina, apresenta um elevado nivel
de complexidade e dificuldade, tendo-se em vista propriedades como a elevada
polaridade, flexibilidade e mudancgas conformacionais/configuracionais, intrinsecas a
esta classe de biomoléculas. Como conseqliéncia direta de tais caracteristicas, nao
existem até o presente momento campos de forca de mecanica molecular
parametrizados especificamente para polissacarideos, assim como sao raras as
simulacdées de DM para tais compostos face aos trabalhos com proteinas.

Neste contexto, o presente trabalho apresenta a primeira simulacdo de
dindmica molecular da heparina na escala de nanosegundo. Para tal, foi necessaria
a parametrizagcao do campo de forca GROMACS com cargas atdbmicas de ab initio
(HF 6-31G"). Este campo de forca, baseado no GROMOS87, apresenta parametros
somente para monossacarideos simples, como glicose e galactose. Mesmo assim, o
protocolo proposto permitiu descricdo adequada da conformacédo da heparina em
solucdo, tomando como referéncia uma estrutura deste composto previamente
determinada por RMN. Ao mesmo tempo, o procedimento apresentado permite o
controle da conformacao do residuo IdoA, possibilitando a observacado dos efeitos
associados a sua torcdo, tais como a mudanca na geometria das ligacdes
glicosidicas da heparina. Estas simulagbes, de reduzido custo computacional e de
simples execuc¢ao, baseado em ferramentas disponiveis gratuitamente, demonstram
que a DM pode ser utilizada na determinagcdo tanto da conformacdo de
glicosaminoglicanos complexos, quanto dos aspectos moleculares da interacao

entre polissacarideos e suas proteinas-alvo.
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heparin in aqueous solution

Hugo Verli, Jorge A. Guimaraes
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Abstract—Molecular dyvnamics (MD) simulations on heparin—water-sodium svstems were carried out in order to establish a sim-
ulation protocol able to represent hepann solution conformation under physiological conditions. Atomic charges sutable for
heparin oligosacchandes were obtained from ab mmtio quantum-mechanmical computations, at the 6-31G" level. The GrROMACS
forcefield, the SPC, and SPC/E water models were employed. Also heparin was simulated with IdoA residues in 'Cy or 1S, con-
formational states. The results of the performed MD simulations are in agreement with the available experimental data, suggesting
that this approach can be applied for the study of heparin interactions with 1ts target proteins and thus play a role i the devel-

opment of new antithrombotic agents.
© 2003 Elsevier Ltd. All rights reserved.

Keywords: Heparin; Molecular dynamics; Polysaccharide; Structure; GROMACS

1. Introduction

Heparin was identified and then isolated in 1916 from a
preparation of dog liver, being the first compound used
clinically as anticoagulant and antithrombotic agent." It
is mainly composed of hexasaccharide units containing
iduronic acid (IdoA) 2-sulfate, glucosamine (GleN) 2,6-
disulfate, and non-sulfated glucuronic acid (GlcA).?
although small variations occur among heparins from
different sources.! This polysaccharide is capable of
forming a ternary complex with antithrombin III and
different serine proteases of the blood clotting cascade.’
Once complexed, heparin potentiate antithrombin inhi-
bitory activity over serine proteases of the coagulation
cascade.

The heparin conformational profile presents an un-
usual mobility due to the presence of IdoA residues.*
The internal iduronate residues can adopt an equilib-

¥ Corresponding author. Tel: +55-51-3316-6062; fax: +55-51-3316-
7309; e-mail: guimarf@dna.chiot.ufrgs.br

O008-6215/% - see front matter @ 2003 Elsevier Lid. All rights reserved.

doi:10.1016/).carres. 2003.09.026

rium between a chair 'C, and skew-boat 25, forms®

without causing the whole polysaccharide chain to
bend.* This flexibility within IdoA residues is proposed
to contribute to the unique heparin binding properties
as compared to the lower antithrombotic activity of
glycosaminoglycans presenting more rigid uronate resi-
dues.®

Efforts to elucidate the three-dimensional structure
and the dynamic properties of oligosaccharides is a
prerequisite for a better understanding of the molecular
basis of their recognition by protein targets, which
represents the main challenges for structural glycobio-
logy.” Experimental methods such as NMR spectros-
copy and X-ray crystallography have a long history of
application to carbohydrates. However, these methods
generally result in a single three-dimensional model for
the oligosaccharide, which may fail to adequately de-
scribe its dynamic properties. So these time-honored
methods can be complemented with molecular modeling
techniques such as molecular dynamics (MD) simula-
tions. This methodology allows the simulation of car-
bohydrates in their natural environment, solvated with
counterions or complexed with target proteins.
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Unfortunately, sulfated glycosaminoglycans like
heparin and similar carbohydrates are thought to be
difficult to model because of their highly polar func-
tionality, their flexibility, and conformational/configu-
rational changes, for example, anomeric, exo-anomeric,
and gauche effects.” Several contributions have been
made to set up some relevant parameterizations that
would account for these specific features of carbohy-
drate moieties. However, the only agreement concerning
these contributions appears to be restricted to the disac-
charide level. and contributed only with individual
answers to the problem.®

In this work we have studied the conformational
profile of a decasaccharide fragment of heparin in
agqueous solution using molecular modeling techniques.
An MD simulation protocol was established, as well as
some simulation conditions that characterize the physio-
logical medium where heparin acts (e.g.. salt concen-
tration and explicit water representation). Qur results
indicate that heparin can be simulated using MD tech-
niques with reasonable confidence and under inexpen-
sive conditions. Indeed the polysaccharide can be
simulated with IdoA residues in either the 'Cy or S,
conformation. Thus it is possible to represent the con-
formational profile of heparin in aqueous solution,
which opens the perspective of studying the interactions
of heparins with their biological targets.

2. Experimental
2.1. Computational methods

2.1.1. Nomenclature and software. The recommendations
and symbols of nomenclature as proposed by IUPAC?
are used. The relative orientation of a pair of contiguous
sugar residues (e.g., iduronic acid, glucosamine, and/or
glucuronic acid) is described by two torsional angles at
the glycosidic linkage, denoted ¢» and . For a (1 = 4)
linkage the definitions become those shown in Egs. 1
and 2:

¢ = 0-5-C-1-0-1-C-4, (1)

Y = C-1-0-1-C-4"-C-5'. (2)

The decasaccharide topologies were generated with
the PRODRG program,' the ab initio calculations were
performed using GAMESS.!! manipulation of structures
was performed with MOLDEN program,'? and all the
MD calculations and analysis were performed using the
GROMACS simulation suite and forcefield.!*!*

2.1.2. Topology construction. The heparin fragment un-
der the 1HPN PDB code includes two NMR models of a
heparin fragment consisting of six IdoA-GleN disac-
charides.”® In one model all IdoA residues are in the 25,
conformation, and in the other model all IdoA residues
lie in the 'Cy conformation. These structures were sub-
mitted to the PRODRG site,'” and the initial geometries
and crude topologies were retrieved. We reduced the
dodecasaccharide to a decasaccharide fragment of hep-
arin composed by five disaccharide units of IdoA-GlcN
(Fig. 1). The PrRODRG topology was modified to include
some refinements such as the reference value for the S-N
bond in the sulfonamide groups in residues B, D, F, H. J
(Fig. 1), and the atomic charges.

The two conformational states (25, and 'C,) were
defined by addition of improper dihedral angles (l.e., a
torsion angle in which the four atoms are not bonded in
sequence) in the respective topology files. This torsion
angle is meant to keep planar groups in a plane or to
prevent molecules from flipping over to their mirror
images." In our case the improper dihedral angles were
intended to constrain the two conformational states of
[doA because of difficulties of the performed simula-
tions in reproducing the transitions between the *Sy and
'C, structures. Two topology files were used, one for the
2§, conformational state of the IdoA residues and one
for the 'C, conformational state of the IdoA residue.
The reference angle for the added improper dihedral
angles was the only difference between them.

2.1.3. Atomic charge calculation. The atomic charges
were generated using the sulfated sugars GleA, IdoA,
and GleN as molecular probes. The sulfate and car-
boxylate groups were kept in the negatively charged
forms. In addition. we used a disacchande structure
without sulfate groups to obtain atomic charges for the
glycosidic linkage. These four structures were submitted

Figure 1. The decasaccharide A-J fragment of heparin. This structure comprehends five disaccharide repeating units of the GleN and IdoA residues.

The dihedral angles ¢ and W are indicated.
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Figure 2. Schematic representation of the atomic charges calculated
for heparin uronic acids and glucosamine residues. The charges are
presented within each charge group of a disaccharide unit.

to full-geometry optimization using ab initio quantum-
mechanical computations at the 3-21G level with
GAMEsS.'' Hessian matrix analyses were employed to
unequivocally characterize the optimized structures as
true minima on the potential energy surface. These
minimal energy conformations were submitted to single-
point ab mitio calculations at the 6-31G** level to cal-
culate the Lowdin atomic charges.

In order to make the calculated atomic charges easily
applicable to different sugar residues and forcefields, the
uronic acids and glucosamine residues were divided in
charge groups (Fig. 2). Another advantage of this ap-
proach is that each charge group in each sugar residue

along the polysaccharide chain is identical, and so are
their interactions with the same molecule. The charges
of these groups were averaged over both the uronic acid
and glucosamine structures. The disaccharide structure
was used only to calculate the charges of the glycosidic
linkage.

2.1.4. Molecular dynamics calculations. The decasac-
charide structure obtained from NMR data'® (PDB
entry 1HPN) was the starting point for all simulations
performed. This structure was solvated in a rectangular
box using periodic boundary conditions and SPC'® or
SPC/E" water models. The solvation procedure was
done by varying the box size in a manner such that we
could control the sodium concentration (~0, ~145, and
~404mM). The sodium 1ons were added as counterions
following two approaches, one by the Genion Program
of the GRoMAcCs simulation suite, and other by chang-
ing manually the water molecule closest to each nega-
tively charged group. The total system size comprised
18.561 atoms for runs 1, 2, 4, 5. 6, and 7, and 6963
atoms for run 3, respectively (the parameters of runs 1-6
are depicted in Table 1). The MD protocol used has
already been described.'® Briefly, the Lincs and Settle
methods'®2!" were applied to constrain covalent bond
lengths, allowing an integration time step of 2 fs after an
initial energy minimization using the Steepest Descents
algorithm. FElectrostatic interactions were calculated
with Particle-Mesh Ewald method.?*> Temperature and
pressure were kept constant separately by coupling the
carbohydrate, ions. and solvent to external temperature
and pressure baths with coupling constants of r = 0.1 ps
and 1= 0.5ps.'”” respectively. The dielectric constant
was treated as ¢ = 1, and the reference temperature was
adjusted to 310 K. The simulation lengths were 3 ns for
each of the conditions studied. The system was heated
slowly from 50 to 310K, in steps of 5ps, each one
increasing the reference temperature by 50K. The

Table 1. Average dihedral angles and NMR reference values for 253 MD simulations varying the water model (SPC and SPC/E) and the Na*

insertion methodology

Drihedral angle® Average® dihedral (°)

285 NMR*® Steepest Run #
Drescents
eeents gpe SPCIE
lc,e zd,e 3\'1,]' 4c,e Sd,e 6_1_:
[doA =GN ¢ =554 =600 =77.9+10.8 =774+11.2 =779+106 =775+ 106 =750+ 10.7 8224131
ldoA = GleN i -1074 -102.8 11934113 11884115 =1192+104 =1188+104 ~lle6tli0ae =121.7+12.2
GleN — ldoA ¢ 108.6 1003 9284153 94.1+12.7 95 8+157 96.6+139 Q6.6+ 141 884+134
GleN = IdoA W ~157.5 —1532 ~1304+163 12764138 =1259+167 =1254+156 =1250+151 =1338+15.0

*See Experimental section for details.
PData obtained from PDB code |HPN, Ref. 15
“MNa't inserted using Genion module of GROMACS.

“Nat inserted manually at each negative charged group of heparin (see Experimental section for details).
“Box size adjusted to give [Na®]= ~145mM (see Experimental section for details).
"Box size adjusted to give [Na®]=~404 mM (see Experimental section for details).

ENo Na' inserted.
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Table 2. Average MD dihedral angles and NMR reference values for 'y and *8; conformations

Dihedral angle® Average* dihedral ()

28y Steepest 25y NMRP Run 5 (25;) 1, Steepest 1€, NMRF Run 7('Cy)
Descents Descents
ldoA =GN ¢ =60.0 =554 =75.0£10.7 =788 =77.1 =1240+ 183
IdoA = GleN =102.8 =107.4 =116.6+10.06 =116.1 =110.1 =144.5+ 114
GleN — ldoA ¢ 100.3 108.6 9n.6214.1 758 78.7 8951119
GleN — IdoA -153.2 -157.5 ~125.0+15.1 -1418 -149.9 1413+ 11.0

*See Experimental section for details.
"Data obtained from PDB code 1HPN, Ref. 15.

thermalization, together with the first nanosecond, was
considered as equilibration, and all analyses were per-
formed over the remaining part of the trajectory. The
final structure obtained in run 5 was further minimized
with Steepest Descents using the ' Cy improper dihedral
angles for the IdoA residues in the topology file, giving
the ' Cy-minimized structure presented in Table 2. This
structure was used as input for run 7. Data concerning
the decasaccharide structure, for example, glycosidic
linkage and intramolecular hydrogen bonds, were ob-
tained by averaging over four or five values for the same
linkage located in five different positions in the deca-
saccharide. The average of these property values indi-
cates not only deviations within a single linkage but also
contributions from different positions in the polysac-
charide, as reported before.”® It should be noted that
when a hydrogen bond occurs between a donor and
multiple acceptors, for example, carboxylate and sulfate
groups, only the lowest distance of two or three possi-
bilities was retrieved at each frame of MD. As a result
we have an average distance representative of multiple
interactions. A reference value of 3.5A between heavy
atoms was considered for a hydrogen bond** and a
cutoff angle of 60° between donor-hydrogen-acceptor.'*

3. Results and discussion
3.1. Atomic charges

Despite the lack of carbohydrate parameterization for
polysulfated sugars as heparin, we decided to generate
charges applicable to heparin uronic acids (glucuronic
and iduronic acids) and glucosamine residues. Previous
workers have attempted to develop parameters for sul-
fated monosaccharide salts.*® Considering that it was
based on Allinger's MM2 forcefield and that no para-
meter for the glycosidic linkage was presented, we con-
clude that there is a need to develop atomic charges
suitable to be used in heparin MD simulation with the
GrRoOMACS forcefield. The atomic charges at the Hartree
Fock HF/6-31G** level were chosen for this purpose.
Instead of the usual Mulliken population analysis, we
adopted the Lowdin atomic charges due to the tendency

of Mulliken analysis to put all of the charge on the
oxygen atom.” Electrostatic potential (ESP) based
charges were reported as more accurate than Mulliken
charges even for high-level ab initio theory.”’” However,
due to differences in electrostatic properties along the
heparin structure, the use of ESP-based charges would
give different atomic charges for the atoms located in the
middle from those located at the extremes of the struc-
ture. Figure 2 shows the charges obtained for the di-
saccharide units of the heparin decasaccharide fragment.

3.2. Simulation conditions

Some simulation conditions capable of modifying the
heparin dynamics and conformation in the MD trajec-
tory, that is, the sodium insertion methodology, the
sodium concentration, and the chosen water model were
initially evaluated. These simulations were carried out
using only the S, conformer of iduronic acid in heparin
(runs 1-6), and the best conditions identified were fur-
ther applied to the ' C; conformer (run 7, see Experi-
mental section for details and Table 1 for definitions of
runs).

To neutralize the simulated system (water plus the
decasaccharide), 20 Na' 1ons were added. We use two
procedures to add sodium ions to the decasaccharide
solution: the Genion Program of the GRoMAcS simula-
tion suite (runs 1 and 4) and the manual insertion of
sodium at each negatively charged group (runs 2, 3, 5,
and 7—e.g., carboxylate and sulfate groups). The Genion
Program replaces solvent molecules by monoatomic ions
based on the most favorable electrostatic site. However,
we noticed that for the simulated system the sodium ions
were mainly placed at the corners of the box, therefore
distant from the decasaccharide molecule. Considering
that this distribution of sodium ions could create some
instability in the simulation, we decided to locate the ions
close to each charged group, as already reported.> The
decasaccharide was also simulated under different so-
dium concentrations (~0, ~145, and ~404 mM) and two
water models (SPC and SPC/E).

The analysis of the MD simulation of the decasac-
charide was based on the glycosidic linkage conforma-
tional profile over the MD trajectory. The ¢, and i,
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angles were averaged during the last 2 ns of MD simu-
lation and over the decasaccharide chain. We also used
the values of the ¢» and y angles obtained by the Steepest
Descents minimization of the system comprising water,
ions, and the decasaccharide itself in order to discern the
quality of the generated topology. The average dihedral
angles from the MD simulations of runs 1-6. from
NMR data and from the Steepest Descents minimiza-
tion are presented in Table 1. It should be noted that no
end effects were observed in the polysaccharide chain,
Le., greater conformational flexibility of the terminal
glycosidic linkages is indicated. Only small variations
were noted, which were always smaller than the stan-
dard deviation of the angles. So there is no loss of in-
formation about the chain position on the linkage
fluctuations as the data are presented here.

Comparing the average angles shown in Table 1, we
observe that most angle variations are smaller than the
standard deviation (~13%). Moreover run 5 conditions
present the closest values to the NMR experimental
data. These conditions (a manually replacement of water
by sodium ions and the SPC/E water model, with IdoA
residues in the 2S5, conformation) were thus used in a
decasaccharide structure with all IdoA residues in a 'C,
conformation (Table 2, run 7).

A problem frequently found in molecular modeling
studies is the choice of the atomic charges for the sys-
tem. The reliability of the atomic charges becomes more
difficult to achieve when the molecules presents hyper-
valent groups, for example. sulfonamide and sulfate.
The atomic charges for these groups are predicted by
semi-empirical methods to be very high as a conse-
quence of the non-association of d orbitals with the
sulfur atom.?” This problem can be increased in poly-
sulfated compounds such as heparin, creating an
abnormally strong electrostatic field around the carbo-
hydrate molecule. Actually initial simulation condi-
tions swere tested using semi-empirical atomic charges,
but as great distortions of the decasaccharide structure
were observed (data not shown), we avoided this
methodology.

In order to test the reliability of the calculated heparin
residue charges (Fig. 2), we compared them to the atomic
charges described previously by Ferro and co-workers.*
From this comparison a correlation between the two sets
of charges can be made, albeit with some important
differences. A two-fold variation was observed in carbon,
hydrogen. and nitrogen atoms of sulfonamide group.
This discrepancy seems to be due to the 6-31G* Lowdin
atomic charges used in the present work (compared to
the 6-31+G*" level with the post-SCF Meller-Plesset
electronic correlation treatment at the second order) and
the use of molecular probes to calculate the charges. The
work of Ferro used a methyl-O-sulfate, while we used the
entire sulfated monosaccharide (except for calculation of
the atomic charges of the glycosidic linkage, when a di-

saccharide probe was used—see Experimental section for
details). Another relevant difference observed m com-
parison with the work of Ferro and co-workers is related
to the oxygen charges of the sulfate group. Distinctly
from those authors. we made the atomic charges of these
oxygen atoms uniform. We choose this based on the
difficulty in differentiate the hydrogen bond formed by
each sulfate oxygen atom in solution as well as the effect
of the entire polysaccharide chain on these charges. So
we attempted not to create abnormal interactions using
different charges on each oxygen atom of the sulfate
groups that could modify the 3D structure of heparin as
well as modify the interaction profile of heparin with
target proteins.

The charges thus obtained were also compared to
those described in the GRoMAcs forcefield for galactose
and glucose. An important difference was noted in the
hydroxyl group where the oxygen atoms have a charge
of —0.548¢ and the hydrogen atoms have a charge of
0.398 ¢ (contrasting with the charges of -0.400¢ and
0.240 e, respectively, described in the present work). We
thus also tested these charges in MD simulations.
However, the reproduction of the heparin NMR struc-
ture was not so good (data not shown) as that obtained
with the charges presented as in Figure 2, which rein-
forces the fitness of the approach presented here.

Together with the atomic charges from heparin, the
amount and initial positions of sodium ions are impor-
tant properties to the heparin tri-dimensional structure
and dynamics due to their interaction with the charged
groups of heparin. The lack as well as the location of
sodium in unfavorable regions could give rise to strong
electrostatic interactions not found under the natural
heparin solution conditions. In fact it has been reported
that the interactions between the polysaccharide chain
and water molecules determine carbohydrate structure
and functionality.*® being furthermore influenced by the
water model used. In this context the simulation of the
decasaccharide at different sodium concentrations may
give insights into the influence of this ion in heparin
conformation.

Concerning the sodium placement approach, differ-
ences were not observed between the MDs of decasac-
charides in runs 1 and 2 (Table 1). These two simulation
conditions used the SPC water model. but the picture is
very similar considering runs 4 and 5 that used the SPC/
E water model. Also the comparison between runs 2 and
5 show that the system simulated with the SPC/E water
model tends to better represent the heparin conforma-
tional profile when compared with the system simulated
with the SPC water model., with the exception of the
GleN — IdoA o angle (see further). Globally, run 5
presented the best conditions found for MD simulation
of heparin.

Together with the localization of ions prior to MD,
the performed simulations also give insights about the
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influence of sodium concentration on the theoretical
studies of heparin. The comparison between runs 2 and
3. with a four-fold variation in sodium concentration
(Table 1) shows no significant modification in the dy-
namics profile of the glycosidic linkage, suggesting that
is possible to simulate heparin with a lower amount of
water and a greatly reduced computational cost. In the
case of runs 2 and 3, there was a three-fold reduction in
water amount and an increase in speed of calculation by
almost a factor of four. Considering the great amount of
water necessary to solvate the sodium salt of heparin
under physiological conditions (~145mM), the use of
hypertonic solutions can be a good alternative to reduce
the computational cost of heparin simulation without
great loss in precision of the results. However, the above
results could give the impression that the presence of
sodium ions do not make any difference in the confor-
mational profile of the heparin fragment simulated. As
can be seen (Table 1. run 6). when the simulation was
made in absence of sodium ions but with the same
amount of water used for the runs at physiological
concentration of the ion (runs 1, 2, 4, and 5), a consid-
erable distortion of the glycosidic bond geometry was
observed. These data thus indicate the relevance of po-
sitive 1ons in the MD description of the heparin con-
formational profile.

Considering that the overall conformation of oligo-
saccharides can be essentially determined by the torsion
angles of the glycosidic linkage, we also analyzed the
time-dependent fluctuations of such angles. The values
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of dihedral angles ¢, and , are presented in Figure 3
over the 3-ns trajectory of run 5. All the angles show a
stable conformational behavior around the average an-
gles presented in Table 1, indicating that the system is
quite equilibrated. These data can also suggest a good
conformational sampling of the performed simulations.
However, a considerable difference in the representation
of heparin dynamics in solution was observed over the
different types of heparin glycosidic linkages (Fig. 3).
The IdoA — GleN angles are closer to the NMR refer-
ence values and also present less fluctuation over the
MD when compared to the GleN — IdoA angles. This
profile appears to be due to intramolecular hydrogen
bonds between the sulfonamide group of the GleN res-
idue and the hydroxyl group of the IdoA residue. The
hydrogen bond between these two groups (interaction C
of Table 3) presents a deviation of about 1 A from the
NMR data, giving a weaker intramolecular interaction
and thus increasing the flexibility of the dihedral angle.

It is also possible that the GleN — IdoA angle be
more flexible than the IdoA — GleN angle as an intrinsic
property of heparin. In agreement with this observation
and reinforcing the MD representation of heparin con-
formation in solution is the fact that the experimental
value of the IdoA — GleN i angle is also represented
during the MD trajectory. This dynamic look in the
conformational behavior of heparin observed here has
been lost in the one-structure NMR heparin under PDB-
ID 1HPN and in forcefield adjustments of the polysac-
charide structure to fit the NOESY data, thus indicating
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Figure 3. Time dependence of the glycosidic linkage torsion angles ¢b, and v, in the decasaccharide over the 3ns of run 5. The curves were smoothed

in 100 ps windows for the sake of clarity.
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Table 3. Average MD intramolecular hydrogen bond distance and NMR reference values for ' Cy and 28, conformations

Hydrogen bond® Average* distance (A)

25, NMRE Run 5 (28, e, NMRE Run 7 (1Cy)
A 34 1.8 34 50
B 37 3.5 30 36
C 2.8 3.7 A1 50

*See Experimental section for details.
Data obtained from PDB code 1HPN, Ref. 15,

MD as an adequate and complementary procedure for
one-structure NMR studies.

The application of the MD conditions of run 5 (IdoA
residues in the S, conformation) to simulate a deca-
saccharide with TdoA residues in a ' €y form gives rise to
intriguing aspects of the representation of heparin con-
formation by MD. While in the 25, form of IdoA resi-
dues the error in glycosidic linkage compared to NMR
values ranged from ~10° (IdoA —GleN W and
GleN — IdoA ¢) to ~20” (IdoA — GleN ¢) and ~30°
(GlcN — IdoA ) in the 'Cy form of IdoA residues the
error ranged from ~35° (GleN—IdoA ) to ~10°
(GleN —= IdoA ¢), ~30° (IdoA — GleN ), and ~50°
(IdoA — GleN ¢), indicating that the skew-boat con-
formation is better described by MD techniques than the
chair conformation in the heparin IdoA residues. Also
the dihedral angle that is better described in the 'C,
conformation of the IdoA residues is the worst in the 25,
conformation (GleN — IdoA ).

The analysis of the intramolecular hydrogen bonds of
the decasaccharide suggest that an interaction between a
hydroxyl group of the IdoA residue and the sulfonamide
group of the GleN (interaction C, Table 3) residue can
be essential for the geometry of GleN — [doA i angle.
In run 5 (IdoA residues in a 2S5, form) a deviation of
0.9 A in this interaction from the NMR structure implies
the existence of a weaker interaction between the two
residues, thus producing the distortion of the angle. In
run 7, however, this interaction is not important for the
heparin conformation since the distance Cis already too
far from a hydrogen bond reference value in the NMR
structure with the IdoA residues in a 'Cy form. This
explains why the GleN — IdoA W angle is better de-
scribed when the IdoA residues lie in a chair confor-
mation compared to the skew-boat conformation. Also
these results indicate that the change in IdoA confor-
mation alters significantly the hydrogen-bond network

within heparin and can have important implications in
the interaction of the polysaccharide with its target
proteins.

As shown in Table 2, there is a greater deviation
of angle IdoA —GleN v (and maybe of angle
IdoA — GleN ¢) in run 7 as compared to run 5. This
find is probably due to a hydrogen bond between the
hydroxyl group of the GleN residue and the carboxylate
group of the IdoA residue (interaction A, Table 3) ob-
served in the NMR structure but not reproduced in the
MD simulations for a decasaccharide with IdoA resi-
dues in a ' Cy conformation. In fact the MD was capable
of representing this hydrogen bond only with IdoA
residues in the 25, form (3.8 A inthe 25, form vs 5.0 A in
the '€ form), justifying the deviations from the NMR
data. Also these changes in heparin structures are not a
consequence of simple polysaccharide denaturation
since the length of the decasaccharide is almost the same
in both runs 5 and 7 (39.9 and 38.8 A, respectively,
compared to the experimental value of 38.4 A). These
results indicate clearly that the MD simulations per-
formed better with IdoA residues in the 25, conforma-
tion than in the 'Cy conformation. Even with these
limitations and with the differences obtained between
the simulated heparin systems and the NMR reference
value, the overall geometry of the molecule was main-
tained in MD simulations as shown in Figure 4.

The preference of IdoA residues to stay in a skew-
boat form to the detriment of a chair form has been
described in solution® and when interacting with anti-
thrombin.® This is in agreement with the preference of
sugars to keep their hydroxyl groups in equatorial ori-
entation due to the interference with the surrounding
solvent: equatorial groups would be more stable (less
interference) than axial groups (more interference).’’ So
the mutual conformational influence between sugars and
solvent reinforce the relevance of the solvent model to
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Figure 4. All atom superimposition of minimized decasaccharide (lght gray), and run 5 (dark gray).

the overall dynamics of the polysaccharide, ring con-
formation, and glycosidic linkage. In agreement with
this assumption is the low value of the stretching con-
stant associated with a glycosidic linkage in available
forcefields (~3.8kJ), in a way that the interactions with
solvent will give enough energy to modify the glycosidic
linkage geometries over the polysaccharide chain. Also
our simulations indicate that the interaction energy be-
tween decasaccharide and solvent is about 550k] more
intense when IdoA residues lie in the >S, conformation
(=6601.7kJ/mol) than in the 'C, conformation
(—=6056.9 kJ/mol).

In order to verify the reliability of the performed MD
simulation we have compared the data obtained with
other works reported by MD, NMR, and crystallo-
graphic studies of heparin.®"?*3 These comparisons
are represented in Table 4.

As we can see in Table 4, there is a great variability in
geometry through the previously determined heparin
structures. For example, heparin tetrasaccharide in so-
lution® has a variation in its glycosidic linkages relative
to crystal structure™ of ~20° (GleN — IdoA ¢) to ~50°
(GleN — IdoA ). This variation could be due to both
the packing effects in the crystal or to conformational
modification of heparin induced by FGEFb. However
the heparin hexasaccharide has a variation of ~20°
(IdoA — GleN ¢y and GleN —=IdoA ¢) to 35°
(IdoA — GleN ¢) from MD data relative to the NMR
structure.” In this case we have no interaction with

other proteins capable of conformational induction.
One possibility is the limitation of the forcefield used in
the MD simulations. However, the comparison between
MD results of the hexasaccharide and the decasaccha-
ride (run 5) shows a remarkable similarity around the
IdoA — GleN dihedral angle (Table 4). Considering that
the hexasaccharide simulation used the AMBER force-
field with Homans® additions for saccharides.” and in
the decasaccharide simulation we used the GROMACS
forcefield," a GromMoss7-based forcefield, which are
two basis sets with great differences.® we can reduce the
relevance of the forcefield in the differences between the
NMR and MD data.** Another possibility, also appli-
cable to the differences between the 25, NMR structure
and run 5, lies in the refinement of the heparin structure.
In this process there is a loss of dynamic information
about the glycosidic linkage (e.g.. the Mulloy heparin
structure shows only two conformations, one with IdoA
in the 2S5y conformation and the other in the 'C; con-
formation) that appears with more detail in molecular
dynamics calculations.**

The differences in dihedral angle average values for
the glycosidic linkages presented in Table 4 for both
theoretical and experimental data can also be analyzed
in the polysaccharide hydration context. The carbohy-
drate’s polar functionality creates a hydrogen-bond
network that affects the surrounding water and, in re-
turn, the water affects the structure of the sugar. For
oligosaccharides containing glycosidic linkages at the

Table 4. Average MD dihedral angles and NMR, crystallographic, and solution reference values for 25, conformations

Dvihedral angle Average dihedral (%)

28 NMR*® Run 5* Tetrasaccharide Hexasaccharide®
Solution® Crystal NMR MD
ldoA = GleN ¢ =554 =750 =72 =78.8 =40 =75
IdoA —=GleN W =107.4 =116.5 =102 =107.1 =99 =121
GleN = ldoA ¢ 108.6 96.6 74 94.5 73 Al
GleN = IdoA -157.5 =125.0 =75 ~120.8 82 -83

“PDIB code 1HPM, Ref. 15.

b The present work (see Table 2).
“Ref. 6.

YPDB code 1BFB, Ref. 32
“Ref. 23,
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6-position, the correct experimental rotamer distribu-
tion about the wm-angle is obtained only with the inclu-
sion of explicit water molecules in the MD simulation.*
Once heparin has highly charged characteristics, its in-
teraction with the surrounding water should be stronger
than the interactions of other non-sulfated carbohy-
drates. Considering the effectiveness of this strong in-
teraction, it 1s reasonable to hypothesize that the mutual
influence between the heparin and solvent will also be
strengthened. It remains however to be determined in
which degree the water models that are so-far available
for MD are able and appropriate to better describe this
process. It should be noted that while the IdoA residues
were fixed in the ' ¢y and 25, forms, we have not used
any kind of positional restraints in the rest of the hep-
arin structure, neither in minimization nor in the MD
simulation. This is an advantage compared to previous
studies in which the use of restraints was necessary to
avoid distortion of polysaccharide structure during
equilibration.” Also the absence of consensus in the
heparin structure and dynamics highlights the MD
simulations presented in the present work. The varia-
tions between run 5 and the NMR structure of heparin
containing the %S, conformation of IdoA residue® are
equivalent to the variations between the hexasaccharide
structure obtained by NMR and MD simulations® (i.c.,
357 in the IdoA — GleN ¢ angle) and even a half value
of the variations between tetrasaccharide crystal’® and
its solution structure® (i.e., ~60° in the GleN — IdoA W
angle). So we believe that the approach presented can be
a useful tool in heparin study with a accuracy relative to
experimental data and at least comparable with previ-
ously related proceedings with a lower computational
cost. Moreover, it uses a distinct forcefield parameteri-
zation that can contribute with new answers to carbo-
hydrate simulation and study.

4. Conclusions

The lack of structural information concerning the in-
trinsic conformational flexibility of heparin as well as
about the interaction of heparin with its target proteins
is partially due to experimental difficulties with this
complex polysaccharide. These difficulties were also
found with theoretical approaches like MD simulations.
Many efforts have been made in order to overcome these
obstacles. and the major MD simulation of heparin
before the present study was made with a hexasaccha-
ride during 2ns.”

Here we present a conformational study of a heparin
decasaccharide using MD simulation. This simulation
was stable during the performed 3 ns with ~6000 water
molecules, characterizing a system with a physiological
sodium concentration. Atomic charges suitable for MD
calculations of sulfated sugars were parameterized using

Lowdin population analysis and compared with previ-
ously related atomic charge schemes for sulfated and
non-sulfated carbohydrates. The performed simulations
were carried out with heparin presenting IdoA in either
the 25y or 'Cy conformations. The conformational be-
havior of the glycosidic linkage is in agreement with the
available NMR experimental data, as well as previous
crystallographic and MD data. We believe that this
protocol can be useful in future studies, overcoming the
difficulties in determining the interaction sites of heparin
and other glycosaminoglycans of different sizes and
sugar compositions with their target proteins. The
rationalization and molecular modeling of heparin
interactions with its binding proteins can be an impor-
tant tool for the development of new antithrombotic
agents and also for monitoring the distinct activity pro-
files of heparins of different origins, including their low-
molecular-weight components and other derivatives.
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4.4 Trabalho Il

O trabalho anterior baseou-se em cargas atémicas de ab initio utilizando o
esquema da Léwdin para a parametrizagcdo de campos de forca, abordagem esta
ainda nao descrita na literatura. Em contraposicdo, os esquemas de carga
usualmente utilizados para este fim incluem Mulliken e cargas ajustadas ao potencial
eletrostéatico (ESP).

Assim sendo, cargas de Mulliken, Léwdin e cargas ESP foram obtidas por
métodos ab initio (HF 6-31G**), e utilizadas na simulacao da heparina. Os resultados
obtidos demonstram que as cargas de Loéwdin e de ESP produzem resultados
similares e melhores que Mulliken na reproducdo da estrutura e conformacao da
heparina. Léwdin, contudo, apresenta vantagens tais como o reduzido custo
computacional e a pequena dependéncia da conformag¢ao molecular.

Concomitantemente, o estudo de ab initio (HF 3-21G) do residuo |doA
demonstrou que a conformacgdo deste residuo, 2Sp, pode na verdade ser a
conformagcéo °S;. Esta mudanca conformacional, menor que 1 A e portanto de dificil
determinacao experimental, implicou na correcao em 30° da estrutura da heparina
descrita por DM, além da modificagcdo em ~200kJ/mol na interagcdo da heparina com
0 meio circundante. Tal energia é significativa no contexto da interacdo ligante-
receptor (e.g. equivale aproximadamente a uma ponte salina), demonstrando a
importdncia dos resultados obtidos para o desenho de novos agentes
antitrombéticos e a importancia da modelagem molecular no refinamento de dados

experimentais.

Molecular dynamics and atomic charges calculations
in the study of heparin conformation
in aqueous solution
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Abstract—HF/6-31G** and molecular dynamics (MD) simulations were used to evaluate the performance of different atomic charge
basis sets (Le., Mulliken, Lowdin, and Electrostatic Potential Derived Charges—ESP) m heparin simulations. HF/3-21G calcula-
tions were also used to study the NMR conformation of the IdoA residue. The results thus obtained indicated that ESP and Lowdin
charges gave the better results in heparin simulations, followed by Mulliken charges, and that the minimum-energy conformation of
IdoA can be different from that observed by NMR spectroscopy by less than 1 A. However, it was found that this small conforma-
tional modification 1s capable of inducing a change of almost 200 kl/mol in the interactions of heparin with the surrounding envi-
ronment, which is a meaningful amount of energy in the context of ligand-receptor interactions. This information can be potentially

of great relevance in the design of hepann-denived antithrombotic compounds.

© 2005 Elsevier Ltd. All nghts reserved.

Keywords: Heparin; Molecular dynamics; Polysaccharide structure; GroMacs; Lowdin charges; NMR refinement

1. Introduction

Heparin was first identified and isolated from a prepara-
tion of dog liver in 1916, and it constitutes the first com-
pound that was clinically used as an anticoagulant and
antithrombotic agent. It is still today recognized as a
powerful therapeutic drug and is currently in clinical
use.! Heparin is a sulfated copolymer composed of
disaccharide units containing (1—4)-linked residues of
uronic acids (2-sulfated o-L-iduronic acid, I[doA. or
non-sulfated [(-p-glucuronic acid, GleA) and glucos-
amine (GleN) 2,6-disulfate.'? The combination of disac-
charide units form a hexasaccharide repeating unit,
which is the most common chemical structure usually
reported:3 AUA28(1—4)-0-D-GleNp-868(1 —4)-y-L-1do-
Ap-25(1—4)-u-D-GlcNp-S6S-0-L-1doAp-28(1 —4)-u-D-
GleNp-565. When bound to antithrombin ITI (AT), this

*Corresponding author. Tel: +55 51 3316 7770; fax: +355 51 3316
7309; e-mail: hverlif@cbiot.ufrgs. br

0008-6215/% - see front matter @ 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/.carres. 2005.03.018

polysaccharide accelerates the inhibition of thrombin, as
well as of other serine proteases of the blood clotting
cascade. This occurs when these molecules are bound
in a ternary complex were heparin induces conforma-
tional changes in AT, thus inducing its best fit to the tar-
get protease, which increases several folds the affinity
constants for the binding of the two proteins.”

The first conformational studies on heparin oligosac-
charides highlighted several difficulties that are specific
to heparin fragments: (a) compared to other pyranose
sugars the iduronate ring displays great flexibility and
can adopt a variety of conformations viz., ‘o, 1c,,
and 25'0, (b) parameterization for the O- and N-sulfo
groups is not readily available in most force fields, and
(c) the polyanionic character of the decasaccharide re-
quires special consideration for solvent or counter-ion
effects.” Considering that these polysaccharides have
important biological activities due to their ability for
complexation with target biomolecules, studies of the
interaction of glycosaminoglycans (GAGs) with pro-
teins 1s a challenging task because of the poor surface
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complementarity, the high charge density of the binding
areas, and the highly flexible nature of the poly-
saccharide.®

Experimental data for the heparin structure present
a great variance in the glycosidic linkage geometries
(i.e., ¢» and i angles). because there is no homogeneity
between different sources of data. Our previous work’
compared different sources of heparin structures ob-
tained by NMR spectroscopy, molecular dynamics
(MD), and X-ray crystal methods.*'" The variations
among these data can exceed 50° for the GlcN—IdoA
i angle. However, using MD simulations we were able
to represent the heparin structure in agueous solution
with a maximum deviation of 30” from the reference
data that was used.®

The deviations observed in our previous work of hep-
arin simulation’ as compared to NMR solution conform-
ation, appear to be derived from intramolecular
interactions. It seems that the atomic charges of the
interacting groups may have implications in the
improvement of the description of the heparin structure.
Thus there is a lack of comparative studies between dif-
ferent atomic charge basis sets to MD calculations.
While ESP charges have performed well in simulations
of carbohydrate structures in solution,'” these present
a conformationally dependent behavior.'* At the same
time Mulliken population analyses are known to be
generally poor for reproducing intermolecular interac-
tion energies.”” On the other hand, very little informa-
tion regarding the use of Léwdin atomic charges is
available.

In this work we evaluated and compared different
methodologies to calculate atomic charges (ie., Low-
din, Mulliken, and electrostatic potential derived
charges—ESP charges) for the reproduction of heparin
conformation in aqueous solution. A refinement for
representing the solution conformation of heparin®
based on ab initio and MD calculations is proposed.
These improvements based on computational methods
can be useful in supporting the design of new anti-
thrombotic agents based on heparin structure-derived
compounds.

2. Experimental
2.1. Computational methods

2.1.1. Nomenclature and software. Recommendations
and nomenclature symbols proposed by TUPAC'* were
used. The relative orientation of a pair of contiguous
sugar residues (e.g., iduronic acid, glucosamine, and/or
glucuronic acid) is described by two torsional angles
at the glycosidic linkage. denoted ¢ and . For a
(1 —4)linkage the definitions are those shown in Egs.
1 and 2,

¢ =0-5C1-0-1 C4 (1)

¥ = C-1-0-1-C-4'C-5' (2)

The decasaccharide topologies were generated with
the PRODRG program,'” and the ab initio calculations
were performed using GAMEss.'® Manipulation of struc-
tures was performed with the MOLDEN program.'” and
all MD calculations and analysis were performed using
the GrRoMAcs simulation suite and force field.'™"”

2.1.2. Topology construction. The building of a heparin
decasaccharide (Fig. 1) structure has already been de-
scribed.” Briefly the heparin fragment was retrieved
from protein data bank under code 1HPN.® This
dodecasaccharide was reduced to a decasaccharide
structure and then submitted to the PRODRG server.'”
The resultant topology was further submitted to refine-
ments, for example, atomic charges and improper dihe-
drals in order to define the conformational state of IdoA
residue (" Cy or IS'O}.?

2.1.3. Atomic charge calculations. The calculation of
atomic charges suitable to heparin MD simulations
has been previously described.” Briefly the monosaccha-
ride residues GlcA, IdoA, and GleN, in their negatively
charged forms, were submitted to full geometry optimi-
zation using ab initio quantum-mechanical computa-
tions at the 3-21G level with camess.'® The
conformations of IdoA and GlcN residues that were
used were obtained directly from the 1HPN PDB file,
including the endocyclic and exocyelic dihedral conform-
ations, thus reproducing the solution conformation eval-
uated by NMR methods.® These minimal energy
conformations were submitted to single-point ab initio
calculations at the 6-31G** level in order to obtain the
Léwdin, Mulliken. and electrostatic potential (ESP) de-
rived charges. Hessian matrix analyses were employed to
unequivocally characterize the conformations thus ob-
tained as true minima potential energy surfaces.

2.1.4. Molecular dynamics calculations. The dodecasac-
charide conformation determined by NMR methods®
(PDB entry IHPN) was the starting point for all MD
simulations performed. This structure, reduced to a
decasaccharide fragment of heparin, was solvated in a
rectangular box using periodic boundary conditions
and the SPC/E*" water model, and 20 Na* ions were
added in order to neutralize the simulated system (water
plus the decasaccharide). The box size was adjusted to
give a physiological sodium concentration, that is,
~145.0 mM. Sodium ions were added as counter-ions
by manually changing the water molecule closest to each
negatively charged group. The total system size com-
prised ~18.500 atoms for all MD simulations (runs 1,
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Figure. 1. Decasaccharide A—J fragment of heparin. This structure shows five disaccharide repeating units of GleN and IdoA residues. The dihedral

angles ¢ and o are indicated.

2, 3, and 4). These systems were submitted to a steepest
descent minimization and MD simulations for 3 ns,
applying the Particle-Mesh Ewald method,*' at 310 K.
The system was heated slowly from 50 to 310 K., in steps
of 5 ps, each one increasing the reference temperature by
50 K. The thermalization, together with the first nano-
second. was considered as equilibration, and all analyses
were performed over the remaining part of the trajec-
tory. Data concerning the decasaccharide structure, for
example, that of the glycosidic linkage and intramolecu-
lar hydrogen bonds, were obtained by averaging over
four or five values for the same linkage located in five
different positions in the decasaccharide. The average
of these property values indicates not only deviations
within a single linkage, but also contributions from dif-
ferent positions in the polysaccharide, as reported be-
fore.!! It should be noted that when a hydrogen bond
occurs between a donor and multiple acceptors, for
example, carboxylate and sulfate groups, only the lowest
distance of two or three possibilities was retrieved at
cach frame of MD. As a result we have an average dis-
tance representative of multiple interactions. A reference
value of 3.5 A between heavy atoms was considered for
a hydrogen bond,”* and a cutoff an%le of 60° was used
between donor-hydrogen acceptor.’

3. Results and discussion
3.1. Atomic charges

We have previously determined a protocol to reproduce
at a reasonable level of accuracy the heparin conforma-
tion in explicit aqueous solution using a non-carbohy-
drate force field.” More recently we applied such
parameters in the study of the heparin-AT complex,
being able to observe to some extent the conformational
modifications induced in AT by heparin and to correctly
predict the interaction energy in such a complex in an
8.0 ns simulation (Verli and Guimardes, manuscript in
preparation).

In these studies, we have used atomic charges for hepa-
rin residues derived from a Léwdin population analysis.”
In fact, this choice was motivated due to the tendency of
Mulliken analysis to place all the charge on the oxygen

atom.” However, studies describing the influence of
distinct atomic charge schemes in polysulfated polysac-
charide dynamics are, to our knowledge, so far missing.

In order to fulfill this lack of information, regarding
the choice of methods to parameterize carbohydrate-
based force fields, we proceeded to the evaluation of
both Léwdin and Mulliken population analysis and
electrostatic potential derived charges (ESP)in the repre-
sentation of heparin conformation in solution using
molecular dynamics simulations. The calculated values
of such atomic charges are presented in Table 1.

The data presented in Table 1 indicate that Mulliken
analysis presents the greatest modular charge for 14
atoms in a total of 19, including oxygen atoms from sul-
fate and hydroxyl groups (Table 1), inducing an increase
in the dipole of chemical bonds. The consequence of
such a profile would be an increase in the electrostatic
interactions within the molecule and with the surround-
ing environment. Regarding the comparison between
Léwdin and ESP charges, these values are more similar
between one another than with Mulliken charges. Fur-
thermore, important charge differences can be observed
in Table 1. For instance, the sulfate group i1s more
charged in Lowdin charges than in ESP charges, while
the carboxyl and hydroxyl groups are more charged in
the ESP scheme than in the Lowdin scheme. In the sul-
fonamide group the charges are almost identical.

The unique characteristics observed in each group of
atomic charges can be related to a previous works of
Pérez et al., where several different parameterizations
of force fields applied to carbohydrate simulation were
compared.” In fact, it is possible that the accuracy of
the data obtained from MD simulations using the
above-mentioned charges depends on the system under
study. We then decided to focus the application of these
charges in heparin simulation in water, using the MD
protocol previously described by our group,® and in
the identification of which charges give better results
describing such a system.

3.2. Conformation of ldoA
The internal iduronate residues can adopt an equili-

brium between chair ]C4 and skew-boat ISQ f'::rrrm;,25
as this flexibility is proposed to contribute to the unique
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Table 1. Schematic representation of the atomic charges calculated for heparin uronic acids and glucosamine residues®

H

~

Atoms Atomic charges”
Léwdin® Mulliken ESP charges
Sulfate a (0) —0.774 —=0.799 —0.672
b (S) 1.612 1.783 1.307
c (0 —0.515 —0.763 —0.431
d(C) 0.225 0.377 0.140
Hydroxyl e (C) 0.160 0.356 0.331
S0y —0.400 —0.759 —0.735
g (H) 0.240 0.403 0.404
Ether h(C) 0.242 0.420 0.253
i10) —0.242 —0.420 —0.253
Carboxyl J1C) 0.172 0.650 0.862
k(O) —(.586 —0.825 —0.931
Glycosidic linkage HC) 0.254 0.565 0.285
m () —0.396 —(.785 —0.397
n(C) 0.142 0.220 0.112
Sulfonamide o (C) 0.095 0.131 0.095
p(C) —0.476 —.807 —0.476
g (H}) 0.192 0.175 0.192
7 (S) 1.553 1.790 1.553
(O —.788 —0.763 —0.788

*The charges are presented for each atom (designed from a to ), within each charge group of a disaccharide unit, using Mulliken, Lowdin, and ESP

schemes.
b The largest modular values are presented in boldface type.
“Data obtained from Ref. 7.

heparin-binding properties as compared to the lower
antithrombotic activity of glycosaminoglycans present-
ing more rigid uronate residues.” In this context, the
observation of IdoA minimization by an ab initio 3-
21G basis set prior to the HF/6-31G** (see methods
for details), starting from the NMR obtained conforma-
tion, reveals some important features (Table 2).

As indicated in Table 2, the minimum-energy conform-
ation of IdoA (conformation B) obtained by the HF/3-
21G basis set unexpectedly showed a reorientation of
some atoms during minimization, modifying the IdoA
ring conformation related to the NMR conformation
(conformation A, Table 2). While the interatomic dis-
tances within the residue did not change to a great extent
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Table 2. Conformational modification of IdoA monomer during 3-21G minimization®

Conformation A

Conformation 8

#=918° 8=88.1°
#:=145° ¢:=87.1°
Conformation Dhistances [A}
H-1-H-2 H-1-H-3 H-1-H-4 0-1-0-4 H-1-H-5 H-2-H-4 H-3-H-4 H-4-H-5
Al 308 2.86 4.62 3.58 3.03 307 2.40
B* 300 2.88 393 3.74 364 264 2.47
Difference” 0.08 —0.02 .69 —0.16 —0.61 0.43 —0.07

*The Cremer-Pople puckering parameters # and ¢ relative to conformations A and B are presented, as well as the distances between the atoms
connected to positions-1 and <4 of the ring. Atoms are shown as follows: hydrogen in white, oxygen in black, sulfur in dark gray and carbon in light

gray.
b Conformation obtained from NMR data, Ref. 8.

“Conformation obtained after minimization using the 3-21G ab initio method.
I'he distance in conformation A subtracted from the distance in conformation B. Negative values correspond to distances that increases in
conformation B, whereas positive values correspond to distances that decreases in conformation B.

(i.e., <1.0 .Emj, the greatest changes are located between
the atoms connected to positions-1 and -4 of the saccha-
ride residue (~0.7 A), which are the positions responsi-
ble for the 1 —4 glycosidic linkages of heparin (Table 2).

The mmportance of such apparently small conforma-
tional modifications can be highlighted looking at the
internal dihedral angles of IdoA (Table 3). Some angles
presented structural torsions of about ~60°, a modifica-
tion capable of reorienting the saccharide side chains,
for example, the sulfate and hydroxyl groups, and con-
sequently modifying both intramolecular hydrogen
bonds and the interactions with the surrounding med-
ium, which has previously been suggested to contribute
to the global heparin conformation.’

In order to study saccharide ring conformations the
Cremer Pople representation®® was also considered,
where the general definition of the ring puckering coor-
dinates involves the calculation of phase angles ¢, and
. According to this representation, the ¢- and  angles
were evaluated for both conformations A and B and are
presented in Table 2.

Table 3. Internal dibhedral angles of IdoA and its variation from the
NMR-determined conformation (conformation A) and the HF/3-21G
minimized structure (conformation By

Dihedral angle Conformation A Conformation B

C-1-C-2-C-3-C4 —5723 —30.25
C-2-C-3-C-4-C-5 2196 —30.43
C-3-C-4-C-5-0-6 3888 .12
C-4-C-5-0-6-C-1 =72.10 —25.16
C-5-0-6-C-1-C-2 3444 —3295
0-6-C-1-C-2-C-3 29.74 64.33

*The structures of conformations A and B are presented in Table 2

The phase angles obtained for conformation A,
¢ =145° and 0=191.9°, describes the S, geometry
(¢ = 150% and ¢ = 90°), as previously desc:rih-:d,B while
the phase angles of conformation B, ¢,=87.1° and
1 = 89.1°, represents another conformer of the boat
skew boat pseudorotational family,”” matching to the
55'] conformation (¢ = 90° and ¢ = 90°). In fact, initial
research on the [doA conformation had pointed to other
possible conformations for this residue.”®* although
NMR studies remforced the 25'0 conformation.” Such
rationalization, based on the observed vicinal coupling
constants, employed the empirical generalization of the
Karplus equation proposed by Haasnoot et al.*® This
equation relates the vicinal coupling constants to the
torsional angle between the coupling protons and ac-
counts for the effects of electronegativity and the relative
position of substituents attached to the H-C-C-H frag-
ment. The application of such a relation requires that
the H-C-C-H torsional angles be computed for geomet-
rical models of each conformer, Ll‘sLlclH\ provided by
molecular-mechanics calculations,” and this is the point
where the results here presented differ from previous
data regarding IdoA conformation. The lack of electron
representation in force field calculations, together with
the problems in adequately describing the properties of
hypervalent groups (e.g.. sulfonamide and sulfate),” re-
move important factors in conformational stabilization.
As a consequence of the consideration of such stereo-
electronic effects in ab initio calculations, one can expect
that the energy map for the equatorial pseudorotational
path of IdoA would be considerably diﬁ'erent from
previous data based on force field calculations.” and
so would the relative stability of each conformation.
In doing so, the use of those minimum-energy
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conformations evaluated by quantum-mechanical meth-
ods in the rationalization of vicinal coupling constants is
a necessary development.

In the context of the real importance of such conform-
ational modification to heparin structure and conforma-
tion, it should be noted that experimental approaches
based on the measurement of NMR coupling con-
stants®> or chemical shifts™ usually lack precision'!
(NMR -based 3D structure determunation has a resolu-
tion limitation of about 2-3 .3\34}, whereas angles de-
rived theoretically that have been obtained from
molecular mechanics energy caleulations must be viewed
with caution owing to their force-field dependence.'’
Moreover, the use of experimentally determined
restraints during energy minimization can result in the
formation of *virtual conf‘orn1ers',35 molecular conform-
ations that are not at the global energy minimum. So
next in the text we evaluate the effect of the atomic
charge schemes (Lowdin, Mulliken, and ESP charges)
and the two observed conformations of the [doA resi-
dues (conformations A and B) in heparin dynamics
using MD simulations.

3.3. MD simulations and IdoA conformations evaluation

Using the protocols previously described by our group
in evaluating heparin conformation under the *S, and
'€, conformations of IdoA.” we performed an MD sim-
ulation of a heparin decasaccharide considering the two
accessed conformations of IdoA (conformations A and
B). as well as the Lowdin, Mulliken, and ESP charges.
The heparin conformation so obtained, described by
its glycosidic linkages, is described in Table 4.

Related to the evaluation of distinct atomic charge
schemes, the MD simulations indicate that the Léwdin
and ESP charges give similar results in the description
of heparin conformations (runs 2 and 4). The Mulliken
basis set (run 3), however, presents a different behavior,
showing a deviation of almost 15° in the [doA—GIleN ¢
angle related to the Lowdin and ESP charges (Table 4).

Related to the evaluation of distinct conformations of
IdoA. the simulation of heparin with the conformation

A (run 1) produces an average geometry for the
GleN—IdoA v angle that deviates ~30° from the
NMR reference conformation, as previously described.”
A correct description of this dihedral angle was achieved
only by the substitution of the experimental conforma-
tion (conformation A) by the HF/3-21G conformation
(conformation B) of the IdoA residue, as the difference
between the conformations A and B is smaller than
1 A (Table 2). In fact. a so small conformational modi-
fication in IdoA being capable of generating such a
meaningful effect in the heparin conformation must be
carefully observed with regard to both the molecular
simulation and biological activity aspects. It is impor-
tant to note that run 2 (with [do A residues in the conform-
ation B) is generated from the last structure obtained in
run 1 (with [doA residues in the conformation A), which
was submitted to energy minimization in order to mod-
ify the IdoA conformation. In the same way. by taking
the last structure of run 2 and changing its IdoA residues
to the NMR conformation A, the dihedral angles ob-
tained in a 3.0 ns MD simulation are equal to the values
of run 1, which confirms the reproducibility and revers-
ibility of this process, and thus the reliability of the data
so obtained.

As we previously suggested, the intramolecular hydro-
gen bonds may be the main forces responsible for, and
allowing an accurate reproduction of heparin conforma-
tional structure by MD methods.” Thus, in order to elu-
cidate the origins of such conformational modification
we performed an analysis of such interactions in the
MD simulations (Table 5).

Our previous results suggested that the correct repre-
sentation of the heparin structure under different con-
formations of IdoA (ie. 25'0 and ]C4] has a large
contribution from the intramolecular hydrogen bonds.”
For example, a hydrogen bond between the carboxyl
group from IdoA and the hydroxyl group of GleN could
be the main factor in determining the NMR conforma-
tion of the GleN—IdoA W angle. This conclusion was
based in the observation of the distance representing
such interactions in run 1, which was about 1 A larger
than the distance described in the 3D structure of

Table 4. Average dihedral angles and NMR reference values for the *Sy conformation of IdoA MD simulations using different atomic charge basis
sets ( Lowdin, Mulliken, and ESP charges) and the conformations A and B of the ldoA residue

Dihedral angle 185y NMR® Average dihedral (%)
Fun #
Léwdin Mulliken ESP
1 r 3 4

ldoA—GleN i — 55 =75+11 —75+ 15 =90+ 14 =77+ 15
ldoA—GlcN —-107 —117+11 —121 + 11 —127+11 —118+ 10
GlN—=ldoA ¢ 109 Q7T+ 14 89+ 13 93+ 15 88+12
GleN—=IdoA —1458 —125+ 15 151+ 15 —145+ 13 —145+ 15

“Data obtained from PDB code 1HPN, Ref. 8.

b Simulation performed with IdoA residues in conformation A (Table 2).
“Simulation performed with IdoA residues in conformation B (Table 2).
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Table 5. Average MD intramolecular hydrogen bond distances and NMR reference values in heparin
.
Coo- "\
O 9.
O Ny
- 050,-
—c :
Hydrogen bond Distance (A)
Sy NMR* Run #
Lawdin Mulliken ESP
& 3" 3 4¢
A 34 38205 42405 4.0+ 04 42404
B 2.8 317406 48+08 S.0+08 52+£09

*Data obtained from PDB code 1HPN, Ref. 8

b Simulation performed with IdoA residues in conformation A (Table 2).

“Simulation performed with IdoA residues in conformation B (Table

heparins (see Table 5). In other words, the increase in
the distance between the carboxyl and hydroxyl groups
would induce a weaker interaction and thus an exten-
sion of the glycosidic linkage at this point. However,
looking at the data presented in Table 5, the distance rel-
ative to this interaction in run 2 that correctly predicts
the geometry of the GlcN—IdoA  angle, i1s 2 A larger
than that from the NMR reference. This is an intriguing
feature, suggesting that intramolecular hydrogen bonds
may not be the only factors in determining heparin
three-dimensional dynamics in solution. So we move in
the direction of studying the intermolecular interactions,
that is, the interaction of heparin with its counter ions
and water. These interactions were analyzed by means
of the average interaction energy and are described in
Table 6.

In agreement with the idea of additional forces in the
determination of heparin structure in solution, the
observation of the atomic charges of the carboxyl group
described by Léwdin and ESP charges basis sets indi-
cates a 2-fold difference. In spite of this fact, such a modi-
fication in the electrostatic properties of the carboxyl
group 1s not capable of modifying the intramolecular
interactions nor the heparin conformation, since Low-
din (run 2) and ESP charges (run 4) generate the same
heparin geometry. However, this difference is capable
of inducing an increase of almost 7074 in the interactions

2).

with the sodium ions on the system (Table 6). while the
interaction with water does not present a change of the
same magnitude.

As an example of the influence of the interaction en-
ergy between heparin and the surrounding medium it
is the geometry of the IdoA—GIeN ¢ angle with Mul-
liken charges compared to Léwdin and ESP charges.
The Mulliken method produces strong negative charges
on the oxygen atoms of the sulfate and sulfonamide
groups (Table 1). These negative charges increase the
interaction energy of the heparin decasaccharide with
sodium ions by almost 150% related to Léwdin atomic
charges, which is correlated with the increase in the
[doA—GleN ¢ angle. It must be noted, however, that
the influence of atomic charge is not linear, and the sys-
tem is flexible enough to accommodate its electrostatic
properties to some extent without compromising the
global structure of the molecule of the decasaccharide
under study. Above such limits (those for heparin ap-
pear to be determined by the ESP adjusted charges),
conformational modifications in the solute structure
can be observed. as is being observed with Mulliken
charges.

The data presented in Table 6 highlight the pitfalls in
choosing atomic charge basis sets to parameterize
molecular mechanics force fields in molecules presenting
hypervalent groups. While the different charge schemes

Table 6. Average interaction energy between the heparin decasaccharide and sodium ions or solvent molecules®

Molecules interacting

Interaction energy (kl/mol)

Run #

Léwdin

Mulliken ESP

1* *

3 [ 4._'

Heparin-Na' —63295 + 256.65
Heparin-water —6456.19 £ 284.82

—BR3T0 + 149.62
—6279.39 £ 196.72

—2074.32 + 19588 —1400.37 £ 289.23
—06009.12 £ 214.35 —6373.51 £ 255.72

*Data obtained from PDB code 1HPN, Ref. &

b Simulation performed with IdoA residues in conformation A (Table 2).

“ Simulation performed with ldoA residues in conformation B (Table

2).



70

1506 C. F. Becker et al | Carbohydrate Research 340 {2005 ) 14991507

can give similar descriptions of the three-dimensional
structure of the molecule under study (Table 4), it can
be observed at the same time differences in the interac-
tion energy with the swrounding medium up to
1000 kJl/mol (Table 6).

The interaction energy between the heparin decasac-
charide and the surrounding medium (Table 6) presents
high variations, mainly as a consequence of the molecu-
lar diffusion in the system. At the same time, the stan-
dard deviation 1s considerably constant within the
same atomic charge basis set, indicating an intrinsic
property, dependent on the non-bonded parameters of
the system. By comparing the results of runs | and 2
(Table 6), it can be noted that the change in IdoA con-
formation decreases in about ~200 kJ/mol the interac-
tion energy between heparin and sodium ions, with a
concomitant increase in the interaction with water
(Table 6).

Apparently, the conformational modification of IdoA
is capable of exposing its charged groups, that is, carb-
oxylate and sulfate, increasing its interaction with the
counter ions of the surrounding medium. While this
modification 1s small when expressed in interatomic dis-
tances (<1 .5\, Table 2), it is more meaningful when ex-
pressed in torsion angles of the IdoA ring (~60°
Table 3), suggesting the reorientation of the saccharide
side chains. The intensification in intermolecular interac-
tions due to the IdoA change in the HF/3-21G conform-
ation has the consequence of modifying the geometry of
the glycosidic linkage, mainly the GleN—IdoA  angle,
allowing a correction in the description of the represen-
tation of the heparin structure.

It is somewhat surprising that small structural modifi-
cations in the IdoA conformation, even smaller than
I A, induce a ~200 kJ/mol change in the intermolecular
interactions within the simulated systems, indicating a
unique sensitivity of these polysulfated molecules to
small conformational modifications. An energy contri-
bution of such magnitude to the ligand-receptor com-
plex is, with no doubt, of great biological importance.
For instance, this value corresponds to approximately
one-third of the total energy interaction between the
synthetic pentasaccharide and AT, estimated previously
by MD simulations (Verli and Guimardes, manuscript
in preparation).

4. Conclusions

The use of NMR experiments for conformational stud-
les of oligosaccharides differs significantly from that of
proteins, in part because distance geometry calcula-
tions for such molecules are complicated due to their
flexible nature.”® In this context, computational meth-
ods, mainly molecular mechanics and molecular
dynamics, are required as additional aids to comple-

ment the experimental data.*® However, there is still
no molecular mechanics force field parameterization
capable of adequately reproducing all polysaccharide
conformational features, that is, high polar functional-
ity, flexibility, and conformational/configurational
changes, like the anomeric, exo-anomeric, and gauche
effects.® In this context, the data presented here sup-
port the indication and use of molecular modeling
techniques to refine experimental data, including ab
initio calculations, thus improving their capabilities to
describe biological and chemical phenomena by com-
putational methods.

Here we present a molecular modeling study compar-
ing different atomic charge basis sets, that is, Lowdin,
Mulliken, and ESP charges, in heparin simulation using
MD in order to determine the best parameters to de-
scribe the solution properties of such a polysaccharide.
Based on MD simulations of heparin in aqueous solu-
tion, the use of Léwdin atomic charges appears to be
an adequate choice for parameterization of molecular
mechanics force fields, with similar results when com-
pared to ESP atomic charges, without a conformation-
ally dependent behavior.

Moreover, in the energy minimization process of
heparin residues, we observed a conformational modi-
fication in the IdoA residue. This new conformation.
corresponding to a S, form, was then inserted into
MD simulations of heparin and was shown to be
responsible for a 25° correction in the heparin
GleN—IdoA 1 angle description compared to the
use of the NMR conformation in heparin MD, even
based on an ab initio calculation without considering
the solvent effect. Since the accuracy of a method
can be judged by how well it reproduces known
quantities,”™* we propose this new conformation as
an alternative in refining the NMR heparin conforma-
tion data presented previously by Mulloy et alF,
corresponding to a small torsion in the IdoA residues
that induced changes in the distances within the
residue atoms in less than 1 A. These small changes
were, however, able to change the interaction energy
of heparin with the swrrounding medium by about
~200 kJ/mol, thus indicating an unusual sensitivity of
polysulfated carbohydrate polymers to small confor-
mational modifications.

Throughout the fine tunings of polysaccharide struc-
tures as presented here for elucidation of molecular as-
pects of heparin interaction with its target proteins, we
were able to find that small structural modifications
even smaller than 1 A can produce a large energy contri-
bution to the system, thus affecting ligand-receptor
complexes. so with a significant biological importance.
It is concluded that the more frequent use of molecular
modeling methodologies for GAGs and heparin-derived
compounds can potentially contribute to the design of
new antithrombotic agents.
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4.5 Trabalho IV

Nos dois trabalhos anteriores foi possivel demonstrar que a DM é capaz de
reproduzir 0 comportamento conformacional da heparina em solucdo aquosa,
proxima de condi¢des fisioldégicas. Desta forma, foram criadas as condicdes
necessarias a simulagao por DM do complexo heparina-AT, de forma a observar os
detalhes dindmicos deste reconhecimento molecular.

Assim sendo, o presente trabalho descreve o complexo formado pela AT com o
pentassacarideo sintético, utilizando simulagées de DM. Os resultados obtidos, em
comparacdo com a simulacdao de cada molécula livre em solucdo, permitiram a
observagdo de um mecanismo do tipo encaixe-induzido na formagao do complexo.

Simultaneamente, foi observada a exposicao do residuo P1 (Arg393) durante a
DM, enquanto que a conformacao cristalografica apresenta este residuo escondido
do solvente. Estes resultados sugerem que a orientacao cristalografica é devida a
efeitos de empacotamento, ao mesmo tempo em que explicam a especificidade do
reconhecimento serpina-protease.

O efeito da conformagéo do residuo IdoA, 2Sp ou 'Cy4, na interacdo com a AT
foi também avaliado, sugerindo que este ndo € um requerimento necessario a
interacdo com a AT. Estes dados demonstram a capacidade da DM assistir ao
desenvolvimento de novos agentes antitrombéticos, baseados no mecanismo de
acao da heparina, ao permitirem a caracterizacdo e quantificacao das interacdes e

eventos-chave para formacao do complexo ligante-AT.
Insights into the induced fit mechanism in Antithrombin-heparin
interaction using using molecular dynamics simulations
Hugo Verli, Jorge A. Guimaraes

J. Mol. Graph. Mod., 2005, 24; 203-212
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Abstract

Heparin was isolated in the beginning of the 20th century and until today remains as one of the most important drugs able to interfere with
the haemostatic process. Due to the side effects produced by heparin therapy, new promising drugs have been developed, as the synthetic
pentasaccharide (synthetically derived from the sequence GleN-GleA-GleN-IdoA-GleN). The anticoagulant activity of this compound is
based on potentiation of antithrombin {AT) inhibitory activity upon serine proteinases of clotting cascade, a mechanism based on the
conformational modification of AT. In this context, we present here a molecular dynamics (MD) study of the interaction between the synthetic
pentasaccharide and AT. The obtained data correctly predicted an induced fit mechanism in AT—pentasaccharide interaction, showing a
solvent-exposed P1 residue instead of a hided conformation. Also, the specific contribution of important amino acid residues to the overall
process was also characterized, both in 28, and 'C; conformations of IdoA residue, suggesting that there is no conformational requirement to
the interaction of this residue with AT. Altogether, the results show that MD simulations could be used to characterize and quantify the
interaction of synthetic compounds with AT, predicting its specific capacity to induce conformational changes in AT structure. Thus, MD
simulations of heparin (and heparin-derived)—AT interactions are proposed here as a powerful tool to assist and support drug design of new

antithrombotic agents.
) 2005 Elsevier Inc. All rights reserved.

Keywaords: Carbohydrate; Molecular dynamics; Serpin; Antithrombin; Synthetic pentasaccharde; Heparing Induced fil

1. Introduction

Heparin was identified and then isolated in 1916 from a
preparation of dog liver, being the first compound used
clinically as anticoagulant and antithrombotic agent [1]. It is
mainly composed of hexasaccharide units containing iduronic
acid (IdoA) 2-sulfate, glucosamine (GleN) 2,6-disulfate, and
non-sulfated glucuronic acid (GlcA) [2], whereas small
variations may occur among heparins from different sources
[1]. Until today, heparin remains as one of the most important
and efficient antithrombotic therapeutic agents because of its
ability to interfere with the haemostatic process. Most
recently, new promising drugs, as the synthetic pentasacchar-
ide (Fig. 1), has been approved for clinical use [3].

* Corresponding author Tel.: 455 51 3316 6068; fax: +55 51 3316 7309,
E-mail address: guimar@ chiot.ufrgs br (JA. Guimaries).

1093-3263/% — see front matter @ 2005 Elsevier Inc. All nghts reserved.
doi: 10.10164.jmgm. 2005.07.002

The anticoagulant activity of heparin and other nega-
tively charged glycosaminoglycans is due to the activation
of a plasma protein called antithrombin (AT). This protein
belongs to the serpin (serine proteinase inhibitors) protein
family and is responsible for the inhibition of physiologi-
cally active plasma serine proteinases like flla and tXa. The
activation of AT by heparin is due to two main mechanistic
components: (1) a bridging interaction through which the
linear heparin molecule binds simultaneously to both AT and
proteinase: and (2) a conformational change-based mechan-
ism in which the heparin binding induces AT conformational
changes, increasing its reactivity towards the target
proteinase [4].

The reactive bond that interacts with the active site of
target proteinases lies on a loop denoted as reactive center
loop (RCL), which comprises in AT structure the sequence
between residues Asn376 and Arg393, ie. P17 and PI,
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Fig. 1. Structure of the synthetic pentasacchande compounds *Serand 2 ('Cy). Conceming the nomenclature used for cach carbohydrate residue, see Section 2.

respectively, using the notation of Schechter and Berger [5].
In the native conformation, the RCL lies outside the tertiary
core of the serpin main structure, i.e. in a solvent-exposed
environment. However, in crystallographic structures this
region is often involved in protein—protein contacts [6-8],
already reported as a necessary event in order to support the
observation of RCL coordinates in the final three-dimen-
sional structure [9].

Efforts to elucidate the heparin recognition by AT-
proteinase complex at the atomic level have faced
difficulties in structure determination and dynamics regard-
ing the participation of polysaccharides in general [10]. Just
recently a work of Li et al. [11] presented the crystal-
lographic structure of the complex between heparin, AT and
thrombin. In this context, we have previously presented a
reliable molecular dynamics (MD) protocol to simulate
heparin in physiological conditions, e.g. salt concentration
and explicit water representation [12]. The use of this MD
methodology allowed simulation of carbohydrates in their
natural environment, describing its dynamic properties with
a reasonable level of accuracy.

The aim of this work is to evaluate the dynamics of AT-
heparin complex, using the synthetic pentasaccharide (com-
pound 1, Fig. 1) as a model. We also studied the influence of
IdoA conformational equilibrium in heparin recognition. To
this purpose, 8.0 ns MD simulation of both unbound AT and
AT bounded tocompound 1 hasbeen performed. The results of
these simulations are compared to crystallographic and muta-
genesis data, conceming the AT-heparin system, to validate
the obtained data. Finally, a MD-based scheme for heparin
conformational modulation of AT is proposed, in which the
IdoA conformation is not a requirement to formation of the
Al'-heparin complex. Also, several of the AT conformational
modifications induced by heparin were well predicted, as the
side chain conformation of Arg393 (P1) being solvent-
exposed instead of solvent hided, apparently due to crystal-
lographic contacts. This is, to our knowledge, the first report
describing such mechanisms using MD simulations.

2. Methods
2.1, Nomenclature and software

The recommendations and symbols of nomenclature as
proposed by IUPAC [13] were used. The relative orientation

of a pair of contiguous sugar residues (e.g. iduronic acid,
glucosamine and/or glucuronic acid) is described by two
torsional angles at the glycosidic linkage, denoted ¢ and .
Fora (1 — 4) linkage the definitions become those shown in
Egs. (1) and (2):

¢= 05-Cl1-01-C4 (1)

Y= C1-01-C4' —C5' (2)

The topologies of compounds 1 and 2 were generated with
the PRODRG program [14], manipulation of structures was
performed with MOLDEN [15], VMD [16], and MolMol
[17] programs, the homology modeling was performed with
the Swiss-PDB Viewer [18]. and all the MD calculations and
analysis were performed using the GROMACS simulation
suite and force field [19.20].

Due to structural similarities between the synthetic
pentasaccharide and heparin, the residues D, E, F, G, and
H were named according to the heparin residues GlcN,
GleA, GleN, IdoA, and GleN, respectively. This nomen-
clature was chosen in order to facilitate further structure—
activity relationships. The main differences between the
residues of the synthetic polysaccharide and the natural
polysaccharide are the methoxylation of hydroxyl groups
and the substitution of sulfonamide groups by sulfate
groups.

2.2, Topology construction

The topologies for compounds 1 and 2 were built as
previously described [12]. The pentasaccharide structure in
1E03 PDB code, presenting its ldoA residue in a S,
conformation, was submitted to the PRODRG site [14], and
the initial geometry and topologies were retrieved,
corresponding to compound 1.

The two conformational states of IdoA residue (isn and
'C,) were defined by the addition of improper dihedral
angles in the respective topology files. These angles intend
to fix the IdoA geometry in chair or skew-boat
conformations, so the same topology obtained for
compound 1 could be used for compound 2 just by
changing the improper dihedral values (for details see
[12]). The atomic charges were obtained from a previous
work of our group [12].
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2.3, Structure refinement and molecular simulations

The AT-pentasaccharide complex was retrieved from
PDB under code 1E03 [21]. The gap between positions 28
and 37 was fulfilled by means of homology modeling using
the Swiss-Pdb Viewer program [18]. Based on this
structure the unbound AT and the complexes formed
between AT and compounds 1 and 2 were built, comprising
three systems simulated for 8.0 ns each one. In addition, the
two compounds were isolated from AT comprising two
systems simulated for 2.0 ns each one. These structures
were solvated in a rectangular box using periodic boundary
conditions and SPC/E water model [22]. Counter ions
(Na') were added to neutralize the system. The MD
protocol employed was based on previous MD studies [23],
as described [12,24]. The Lincs and Settle methods [25,26]
were applied to constrain covalent bond lengths, allowing
an integration step of 2fs after an initial energy minimiza-
tion using Steepest Descents algorithm. Electrostatic
interactions were calculated with Particle Mesh Ewald
method [27]. Temperature and pressure were kept constant
separately by coupling the protein, carbohydrate, ions, and
solvent to external temperature and pressure baths with
coupling constants of T = 0.1 and 0.5 ps [28], respectively.
The dielectric constant was treated as £=1, and the
reference temperature was adjusted to 310 K. The systems
were heated slowly from 50 to 310 K, in steps of 5 ps, each
one increasing the reference temperature by 50 K. To
determine if a hydrogen bond exists, a geometrical criterion
was used, i.e. » < (.35 nm (donor-acceptor distance) and
@ > 120° (donor-hydrogen-acceptor angle) [20]. Data
concerning the structure of compounds 1 and 2 (i.e.

glycosidic linkage) and interaction energies were obtained
by averaging the property over the entire simulation (8.0 ns
for the complex simulations and 2.0 ns for the uncom-
plexed ligands).

3. Results and discussion
3.1, Sinudation systems

Three simulations, each one 8.0 ns long, were performed
including the unbound AT and the complexes of AT with
compounds 1 and 2 (Fig. 1). Compound 1 corresponds to the
synthetic pentasaccharide in its crystallographic conforma-
tion, with the ldoA residue in a ZSn twist-boat conformation
while compound 2, with the same pentasaccharide
structure, had its IdoA residue changed to a ]C4 chair
conformation (see Section 2 for details). The AT structure in
its inhibitory form was retrieved from PDB code 1E03. The
simulation systems comprised about 47,000 atoms, includ-
ing counter ions and solvent molecules. Simulations of
20ns were also performed including only solvent,
compound 1 or compound 2, and counter ions, without
the AT molecule.

3.2, Simudation stability

To monitor the progress of the performed simulations we
evaluated the root mean square deviation (RMSD) of the
simulated complexes from the crystallographic structure as a
function of time. As can be observed in Fig. 2, all
simulations were stable during the performed time scale,
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Fig. 2. All-atom RMSD from crystal structure and radius of gyration for unbound AT (red) and AT-compound 1 complex (black). (a) RMSD for bounded AT,
for unbounded AT and for compound 1 (blue); (b) RMSD for the RCL sequence (comprising residues Asn376-Arg393, ie. P17-P1); (¢) RMSD for the loop-

comprising residues Lys28-Glu37; and (d) radius of gyraton.
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with an average RMSD for the entire protein of about 0.3 nm
for both complexed and uncomplexed AT. However, the
unbound AT (red curve in Fig. 2a) presents a higher RMSD
when compared to AT-compound 1 complex (black curve in
Fig. 2a) for almost all the simulation time. This profile is
probably due to the starting structure used in the simulations,
i.e. the crystallographic complex between Al and compound
1 (1ED3). Instead of using an unbound form of AT to
simulate its free state, we decided to use the 1E03 structure,
with the removal of compound 1. Doing so, we could
observe the behavior of the conformational modifications
induced in AT by compound 1 in its absence and in the
presence of water. Therefore, in absence of compound 1 the
forces that induce and stabilize these conformational
changes are removed, so creating instabilities in AT solution
simulations. Also a low RMSD value can be observed for
compound 1 when complexed to AT (blue curve in Fig. 2a),
as a possible consequence of the high affinity of polysulfated
polysaccharides, such as compound 1, showing to be able to
make specific complexes with AT

The RMSD of the loop between positions 28 and 37 is
presented in Fig. 2c. It seems that the high flexibility that this
loop presents is indicative of its absence in serpin crystal
structures, i.e. the diversity of conformations in solution
could be kept in the crystal, creating a region of the
crystalline cell with poor organization (see further).

As observed for the loop 28-37, the RCL also shows high
flexibility (Fig. 2b). In this case, a slope can be clearly
identified in the first 2.5 ns for unbounded AT (red curve in
Fig. 2b) and in the first 2.0 ns for AT complexed with
compound 1 (black curve in Fig. 2b). After this initial slope a
stable profile is observed, with no clear distinction between
the complexed and uncomplexed forms of AT. These slopes
are highly correlated with the decreasing of radius of

Unbound AT
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gyration in the beginning of simulation (Fig. 2d), suggesting
that a possible compacting process of the protein moiety is
part of AT equilibration in solution.

3.3, Structural fluctuations of antithrombin

In order to assess the relative mobility of different regions
of AT we analyzed the root mean square fluctuations (RMSF)
as a function of residue number and time (Fig. 3) for unbound
ATl and AT—compound 1 complex. The analysis of the RMSF
variation as a function of time, instead of a total average
analysis, indicated some important features. As seenin Fig. 2,
the equilibration of the simulated systems is markedly distinct
over different regions of AT. The regions defined by the RCL
and by the N-terminal loop, comprised by residues Lys28 and
Glu37, present the slowest equilibration of the entire protein.
While the RCL keeps a high flexibility over the entire
trajectory, the loop 28-37 accommodates in solution after 2 ns
or 3 ns, depending on the AT complexation state. Therefore,
this equilibration period of 2-3 ns represents the searching of
the loop for its solution conformation. However, it is
interesting to observe that the loop 28-37 presents a lower
flexibility in the complexed AT compared to the unbound AT.
At the same time the RCL flexibility is greater in the
complexed form of AT than in the free protein. While these
differences could be associated to the degree of conforma-
tional sampling of the MD instead of a solution behavior, they
are observed in more than 4.0 ns (the second half of the
simulation), indicating the consistence ofthe simulation data.
In this context, we consider the possibility that the mentioned
RMSF profile is due to compound 1 effects over AT: (1)
stabilizing the sequence comprised between Lys28 and
Glu37; and (2) increasing the flexibility of the RCL. In other
words, the conformational modifications expected to be
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Fig. 3. RMSF as a function of both residue number and time for unbound AT and AT-compound 1 complex. The regions corresponding to the loop-comprising

residues Lys28-GIud7 (Gap), D-helix and the reactive center loop (RCL) are also presented.
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induced in AT by compound 1, which results in the profound
potentiating etfect of its inhibitory activity, could be observed
and predicted by MD simulations.

34 Structural fluctuations of the polvsaccharide moiety

In order to test the AT capabilities to induce conforma-
tional modifications in heparin, as previously suggested
[29], we performed MD simulations of compounds 1 and 2
in solution, in absence of the protein moiety.

The structure and flexibility of the simulated carbohy-
drates were evaluated on the basis of the glycosidic linkage
variation over the MD trajectory, as already reported [12].
The average dihedral angles of the glycosidic linkage for
compounds 1 and 2 in solution or complexed with AT are
presented in Table 1. For comparison, the reference values
for ¢ and  dihedral angles as obtained by NMR [30] and
crystallography [21] studies were also presented.

With respect to the pentasaccharide simulations, it must
be observed that, so far, there is no three-dimensional
structure determined by experimental methods evidencing
the solution geometry of GleN — GlcA and GleA — GleN
dihedral angles inside heparin or even any other poly-
saccharide molecule. The heparin structure previously
reported concerns to a dodecasaccharide [30] composed
exclusively by GleN and IdoA residues, without GlcA. The
only reference available to the heparin GleN — GleA and
GlcA — GleN  dihedral angles is the crystallographic
complex between compound 1 and AT [21]. This structure,
however, may not correctly represent the heparin solution
structure  for two major reasons: (1) the synthetic
pentasaccharide could have suffered conformational mod-
ifications as consequence of an induced fit mechanism: and
{2) the synthetic pentasaccharide presents several structural
modifications regarded to heparin, e.g. the substitution of
hydroxyl by methoxyl groups and the substitution of
sulfonamide by sulfate groups (Fig. 1). Even considering

that these chemical modifications did not impair the
anticoagulant activity of the compounds, such substitutions
are possibly inducing conformational modifications in the
pentasaccharide compared to heparin.

As shown in Table 1, the MD simulations of compounds 1
and 2 in solution and complexed with AT were well
correlated with the reference values obtained from NMR
[30] and X-ray crystallography (Table 1) [21]. However, the
dynamics of some of the glycosidic linkages have
considerable differences between free and complexed
compounds, suggesting that heparin-derived saccharides
displaying anticoagulant activity interacts with AT by means
of an induced fit mechanism. For instance with both
compounds 1 and 2, the GleN — IdoA ¢ angle change about
307 when complexed with AT. Significant alterations in the
ligand-protein complex can be also observed for other
angles: GleN — GleA ¢ (~20° for compound 1) and
GleN — ldoA y (~207 for compounds 1 and 2). It should be
noted that the conformation of IdoA appears not to interfere
with the ligand conformational change once interacting with
the target protein, since both compounds 1 and 2 can achieve
the same bounded conformation.

These data may indicate that the overall geometry of the
polysaccharide, as well as the IdoA geometry, is not a
necessary prerequisite for Al activation, being the crystal-
lization of its “S, form in the AT—pentasaccharide complex
|21] due to a larger population of the skew-boat conforma-
tion over the chair conformation instead of the preference of
AT to select such a conformation. In this way, the ligand
plasticity seems to play a crucial role in inducing the
required AT conformation in order to allow the protein to
exert its potent anticlotting activity.

3.5. Ligand-receptor recognition

An understanding of those chemical forces which can
drive the binding of heparin-derived compounds to AT could

Tahle 1
Glyeosidic linkage average of dihedral angles observed upon MD simulation of compounds 1 and 2 alone or complexed with AT
Dihedral angles® NMR < NMRP 1E03¢ Average dihedral (%*"

18 28 1" 2"
GleN — GleA (¢ 96.9 89.5 85.8 77.9 71.3
GleN — GleA () —153.7 —-129.9 —135.6 —149.2 —149.4
GleA — GleN (@) —12.5 —835.1 —H§7.3 —53.9 —87.7
GleA — GleN () —116.8 —131.4 —128.9 —120.3 —117.2
GleN — IdoA (d) 108.6 T8.T 45.7 859.6 89.6 594 48.2
GleN — IdoA (W) —157.5 —1499 —151.1 —126.9 —130.5 —14.4 —149.2
ldoA — GleN (g0 —554 —717.1 —78.1 -71.7 —76.8 —h3.3 -72.1
ldoA — GIeN (yr) -1074 —110.1 —-92.9 —116.5 —118.2 —108.8 —105.3

* See Section 2 for details.

® Data obtained from PDB code THPN [30].

IdoA residues in Sy conformation.

IdoA residues in 'Cy conformation.

Data obtained from PDB code 1EOQ3 [21].

Standard deviation is approximately £157 for all values.
Molecules in solution.

Complex with AT.

[
d
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Table 2
Interaction energy analysis between AT and the simulated polysaccharides

AT mesidues™

Average interaction energy (kl/mol)

Compound ] Compound 2

Lysl1 —101.5 £ 358 —029+ 314
Argl3 —T779+419 —102.7 £ 30.1
Thra4 =434 = 106 =523+ 153
Asnds —1085 £ 139 —117.3 £ 121
Argdt —195+9.8 —37.7+£1234
Argd7 =1475+ 122 —144.1 £ 109
Glull3 —455 8.3 —466 £ 7.8

Lys114 2116 £ 9.8 —2253£ 119
Lys125 =274 239 —63.5 £ 4.2
Argl29 —252 208 —43.0 £ 10.2
Argl32 —31+£7.2 83117
Lys133 —0.1 04 —E£ 11

Lys136 0.0+ 0.0 0.0 £+ 0.0

Total —9657 £ 725 —11240x614

* The selected amino acids correspond Lo approximately 809 of the total
interaction energy between the simulated compounds and AT

aid in the design of new antithrombotic compounds based on
the conformation-induced mechanism of AT activation. In
this context we evaluated the main interactions contributing
to compound 1-AT complex. As shown in Table 2 some of
these interactions ranged from —100 to —200 kl/mol,
approximately, confirming the recognized predominance of
electrostatic contributions to the heparin-AT interaction. In
general these high energy electrostatic interactions include
several hydrogen bonds with different acceptors. For
example, Arg47 makes hydrogen bonds with two distinct
oxygen atoms from 2-O-sulfate group from residue H
(GlcN), while performing a hydrogen bond with the
carboxylate group of residue G (IdoA, Fig. 4). In the same
way, Lys114 also performs several interactions, in a total of
five hydrogen bonds with different acceptor atoms of
compound 1 (Fig. 4). Altogether compound 1 performs an
average of 15.9 & 2.7 hydrogen bonds over the 8.0 ns of

D E F

simulation. As this value is an average, it hides values
ranging from 7 to 30 hydrogen bonds as the interactions
between ligand and receptor fluctuate. This complex mosaic
of intermolecular interactions can be simplified by means of
interaction energy analysis, indicating the relative contribu-
tion of each residue as shown in Table 2. Such kind of
information has important implications in the structure-
based design of new antithrombotic compounds, indicating
the particular contribution of each amino acid residue of AT
and its possible relation to conformational modification of
the interacting polysaccharide.

This is, to our knowledge, the first attempt to
quantitatively determine the contribution of each one of
the AT amino acid residues in their interactions with heparin-
derived compounds. Our results are plentifully supported by
other works reporting qualitative data on this subject,
including X-ray crystallography [21] and mutagenesis
studies [32-36]. Since the accuracy of a method can be
judged by how well it reproduces known quantities [37,38],
the obtained energies for the interactions between AT and
compound | corroborates the validity of the performed
simulations in describe the AT-heparin system.

3.6. Reactive center loop dvnamics

The structures of both I- and L-AT (i.e. inhibitory and
latent AT, respectively) co-crystallize as a dimmer in which
the I-AT RCL is partially inserted in the structure of L-AT
[21.39]. This alignment appears to be held by a series of
clectrostatic interactions and hydrophobic contacts, includ-
ing residues Glu237-Tyr240, Met251, Tyr260, Leu270,
Leu285, Leu316-Val317, His319, Pro321, and Arg406 from
L-AT and Glu255, Met315, and Thr386-Arg399 from [-AT,
thus comprising almost all the RCL [21]. In this restrained
conformation of RCL the P1 residue remains hided from
solvent. This seems to represent a particular structural form
since in other serpin crystal structures the P1 residue lies in a

Fig. 4. Ligplot cartoon illustrating compound 1 binding to AT [31].
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solvent-exposed manner [40]. What is not clear is whether
the interaction with the latent molecule forces the RCL of
the active molecule into this conformation or whether its
preference for this conformation in solution allows it to co-
crystallize with a latent partner [4]. Anyway the orientation
of the RCL inserted into the L-AT implies that the side chain
of P11is in an internal orientation that does not allow the full
match with the complementary conformation of the active
site of target proteases.

In the MD simulations of the present work the I-AT was
isolated from the L-AT, so the network of interactions
constraining the RCL in the crystallographic structure was
eliminated. Instead of the crystallographic interactions new
contacts were created upon the addition of solvent, inducing
conformational modifications in AT, as indicated by the
time-dependent RMSD variation (Fig. 2), the RMSF (Fig. 3)
and a visual examination of the simulations for the RCL and
the loop-comprising residues Lys28 to Glu37. These
motions could be highlighted in Fig. 5a, where the thickness
of the sausage plot indicates the extent of protein chain
motion. The highest mobility found in loops 28-37 and 376
393 should have important functional implications since the

(Arg393)

{a)

Pl
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first loop is adjacent to the heparin binding site and the last
comprise the recognition sequence for clotting proteases. In
fact, a closer look to P1 residue (Fig. 5b) shows a rotation of
this residue of almost 90° in reference to crystal structure
with consequent exposure of its side chain to solution and to
the target proteases, bringing the RCL backbone closer to
the AT body and so the radius of gyration reduction in the
beginning of the simulations (Fig. 2d). A similar reorienta-
tion of P1 was observed in unbound AT and AT complexed to
compound 2, indicating that instead of the crystallographic
conformation of the RCL be due to its preference in solution
it appears to be induced by the interactions with the AT latent
molecule in the crystal. Also, it seems that the solvent
exposure of Arg393 allows better recognition of AT by target
proteinases, an assumption supported by previous works
suggesting that (1) the P1 side chain is likely to be solvent
accessible [41]; and (2) the natural state of the RCL is
disordered, switching between a variety of conformers,
readily accessible for insertion into the active site of a target
protease [9].

Not only the change in P1 orientation was observed in the
MD simulations, but important modifications in AT

Arg393 erystal conformation

Arg3v3 MD conformation
(b)

Trp307 m free AT

Trp307 in
() AT-compound 1 complex

Fig. 5. (a) Sausage plotof AT complexed with compound 1 (omitted in order to clarify the picture). Coils are colored in gray, B-sheets are colored in cyvan and o~
helices are colored in red; (b) Arg393 in crystal (blue) and MD {green) conformations; and (c) Trp307 in free AT (orange) and in AT—compound | complex

(green). The figure was prepared by using MolMol [17].



80

210 H. Verli, JA. Guimardes /Journal of Molecular Graphics and Modelling 24 (20035) 203-212

secondary structure were also observed. As previously
reported [42,43], the addition of increasing concentrations of
heparin to an AT solution induces a progressive increase in
its tryptophan fluorescence emission. In agreement with
these data, the observation of the Trp307 conformation in the
performed simulations indicates a reorientation of its side
chain due to formation of AT-compound 1 complex
(Fig. 5c). Such tryptophan residue presents an average
interaction energy with its surrounding hydrophobic pocket
(i.e. Val263, Val269, Ile284, Val295, Leu299, Val303,
Leu304, and Leu308)of —91.1 4+ 17.3 kJ/mol when in a free
form. Due to complexation with compound 1, this
interaction energy increases in almost 30 kl/mol, to
—61.7 £ 6.5kl/mol, indicating an exposition of Trp307 to
solvent and so a change in fluorescence emission. No
changes in Trp225 were observed in the performed
calculations.

Analysis of the secondary structure of protein using the
program DSSP [44] indicated that the D-helix (residues
Glnl18 to Lysl36) decrease its size in MD simulations of
unbound AT, but did not in AT complexed to compound 1.
Besides the modifications found in the secondary structure
of the protein, the PROCHECK program [45] indicated a
remarkable quality of the performed simulations, where all
the performed checks were found inside the reference values
(results not shown).

It was previously proposed that heparin binding causes
extension of helix D, which is connected to 3-sheet A by a
short linker, and that such helix extension causes contraction
of B-sheet A and expulsion of the hinge residues P14 and
P15 [46]. This process would change the flexibility and
conformation of the RCL, which could explain the activation
of AT by conformational modifications induced by heparin
[47]. So we used other methods in order to confirm the
unfolding of this AT-helix in the absence of the synthetic
pentasaccharide. In this context the pseudo dihedral angle £

(the torsion angle between planes defined by four
consecutive a-carbon atoms) provides a simplified backbone
representation and continues to give information about
secondary-structure elements. It could be seen in the plot
helical and sheet like regions [48]. The «-helices for
instance are marked by a £ = 45°. The analysis of the £ angle
is in agreement with the DSSP and PROCHECK analyses,
with a reduction in the w-helices character over the first
2.5 ns of simulation (Fig. 6a). Also the ellipticity [49] of the
residues His120 to Alal34 (Fig. 6b) indicates progressive
lost of the helix character after the residue Argl29. This
residue appears to be an inflexion point in the D-helix, the
place where it abruptly lost more than 60% of the helix
character (Fig. 6b). This is supported by previous data
indicating an important role of Argl29 to the induced fit
mechanism of heparin activation of AT [36]. This residue
performs electrostatic interactions with compounds 1 and 2
and its importance in an induced fit mechanism of AT
activation mediated by heparin has been previously
suggested [36]. Therefore, the partial unfolding of D-helix,
induced by the absence of compound 1 (Fig. 6b), indicates
that MD simulations are able to correctly predict the
stabilizing effect of heparin over AT D-helix.

Globally, the performed MD simulations make possible a
dynamic and temporal connection and interpretation of
several experimental data at a molecular level, starting from
the polysaccharide-AT complex, with a quantitative
description of the relevant interaction for such complex,
passing through the induction of D-helix extension and the
conformational modification of the carbohydrate moiety, to
the increase in RCL flexibility, with emphasis on the
structural analysis of the P1 residue exposure. Such profile,
observed in solution for P1 conformation, can be considered
an altemnative view for AT structure in its biological
environment when compared to the crystal orientation
observed for this residue.

Pseudodihedral £
5% | pentasaccharide bound AT

unbound AT

&0

pentasacchande bound AT

unbound Al

Ellipticity
| | i 1 I ]

0 1 2 3 4 5 & 7
(a) Time (ns)

a
B 120 122 124 126 128 130 132 134

Residue

Fig. 6. (a) Pseudo dihedral £ (i.e. the dibedral formed by 4 consecutive oe-carbon atoms Co, Coy . Cog | 5, and Corg, 5) as a function of time for helix D
(residues His 120-Alal 34) of unbound AT (dark grey) and AT-compound 1 complex (black) [40]; and (b) the ellipticity at 222 nm [49] (percent of time in which
the residue presents a helix character) as a function of residue number of unbound AT (dark grey) and AT-compound bound complex (black).
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4. Conclusions

The current knowledge concerning antithrombin inhibi-
tory activity and its modulation by heparin has been
expanded in the last years by several studies. While these
works traced a picture of heparin—Al complex based mainly
on rigid X-ray crystallographic structure, mutagenesis and
fluorescence studies, the connection of these qualitative
information with the solution dynamics of ligand-AT
interaction is almost absent, with a minor participation of
molecular modeling and MD techniques.

In this context, the present work is the first to describe in
the nanosecond time scale the interaction of a heparin
analogue with AT using MD simulations. Several detailed
conformational changes associated with this process were
observed as: (a) formation of additional turns in D-helix in
presence of heparin; (b) exposition of Pl to solvent; (c)
transmission of conformational changes from D-helix
clongation to RCL; and (d) increase in RCL flexibility in
the presence of the synthetic pentasaccharide regarded to
unbound AT (i.e. AT activation). In addition, the relative
contribution of each amino acid residue could be estimated,
with a high agreement with previously related mutagenesis
and crystallographic data. Our data also suggest that there is
no conformational requirement of ldoA to interact with AT,
since both skew-boat and chair conformations contribute
with similar enthalpy upon its interaction with the target
protein.

Together, these data can contribute in the determination
of the main requirements for anticoagulant polysaccharides
modulating clotting serpins and so to assist in the
development of new antithrombotic agents.
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5 Discussao Geral

5.1 Validacao de simulacoes de DM

A modelagem molecular vem sem mostrando através dos anos como uma
importante ferramenta no estudo da interacéo entre ligantes e receptores. Exemplos
de planejamento de farmacos utilizando técnicas de modelagem molecular, tais
como no desenvolvimento dos inibidores de protease de HIV indinavir e nelfinavir,
vém comprovando o potencial destas metodologias no desenvolvimento de novas
substancias bioativas (Verli & Barreiro, 2005). A determinacédo de estruturas 3D de
biomoléculas por RMN e o refinamento de estruturas cristalograficas obtidas por
raios-X sao, também, areas que se beneficiam diretamente da modelagem
molecular, particularmente de simulacdes de DM (Karplus & Petsko, 1990).

Em geral, a validacdo de modelos obtidos por métodos de modelagem
molecular reside, principalmente, na comparacdo dos resultados gerados a
propriedades experimentais conhecidas (van Gunsteren & Berendsen, 1990). Neste
contexto, a continua aplicagdo da modelagem molecular na elucidacdo de
propriedades moleculares conhecidas constitui-se num importante fator a
acrescentar confiabilidade e visibilidade a tais métodos e, assim, em consolidar seu
uso como método de previsao do comportamento de sistemas moleculares.

O uso de métodos semi-empiricos no estudo da conformacao da turbinatina
contribuiu na elucidacao de valores de constantes de acoplamento anormais e fortes
efeitos NOE observados entre os atomos de hidrogénio nas posicdes 20 e 21,
demonstrando que o conférmero de minimo de energia por tais métodos apresenta o
anel D em conformacgao torcida. Tal torcdo, capaz de aproximar o diedro definido
pelos atomos H-21-C-21-C-20-H-20 de um plano, claramente justifica os dados
experimentais obtidos por RMN. A consisténcia de tal previsdo é devida: 1) a
reprodutibilidade dos dados obtidos utilizando diferentes métodos semi-empiricos,
i.,e. AM1 e PM5, 2) ao tamanho da diferenca de energia entre as conformacgdes, de
até 5 kcal/mol, e 3) a consideracao do solvente (metanol) no qual os espectros de
RMN foram gerados. Em suma, tais resultados exemplificam a potencialidade do uso
da modelagem molecular na elucidacdo das razées moleculares para propriedades

experimentais previamente determinadas. Mais do que isto demonstram que, na
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auséncia do conhecimento prévio de tais propriedades, possibilitariam suas

previsoes.

5.2 Parametrizacdo de simulacées de DM para carboidratos

5.2.1 Parametros gerais para simulacédo da heparina

A aplicagdo de métodos computacionais no desenvolvimento de novos agentes
anticoagulantes, baseados na estrutura e/ou mecanismo de acdo da heparina,
esbarra na dificuldade destes métodos em descrever glicosaminoglicanos
polissulfatados. Isto se deve ao fato de que a compreensao da estrutura 3D e das
propriedades dinamicas de oligossacarideos constitui-se em um importante pré-
requisito para a compreensdo das bases moleculares do reconhecimento destes
compostos por suas proteinas-alvo (Imberty & Pérez, 2000).

E importante considerar que os problemas associados & descrigcao da estrutura
3D e conformacgédo de polissacarideos nao se restringem somente a modelagem
molecular. No contexto da heparina, as informacdes de sua estrutura se restringem
até o momento a uma estrutura cristalografica (Faham et al., 1996) e trés estruturas
obtidas por RMN (Mulloy et al., 1993, Mikhailov et al., 1996 e Mikhailov et al., 1997).
Contudo, o uso de métodos de cristalografia e RMN, aplicados a carboidratos,
geralmente resultam em um Unico modelo 3D, o qual é incapaz de representar
adequadamente as propriedades dinamicas de tais compostos. Desta forma, a
modelagem molecular permite complementar as informacdes obtidas por estes
métodos experimentais, descrevendo os carboidratos em seus ambientes naturais,
solvatados, com contra-ions e/ou interagindo com suas proteinas-alvo.

A simulacdo por DM de um fragmento da heparina foi previamente relatada
(Mikhailov et al., 1997). Neste trabalho, um hexassacarideo foi solvatado com ~600
moléculas de agua e simulado por 600ps. Segundo o protocolo de simulagao
utilizado, foram necessarias restricoes no inicio da simulagédo, de forma a impedir a
distorcao do polissacarideo. Tanto estas instabilidades quanto os resultados obtidos
podem estar sendo influenciados pelo tamanho do sistema, muito reduzido. De fato,
€ sabido que o uso de poucas moléculas de solvente é capaz de induzir artefatos em
simulagbes de DM (Leach, 2001). Estes aspectos nos levaram a tentar outra
estratégia na simulacédo de DM da heparina, utilizando o pacote GROMACS.
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A escolha do GROMACS, como ferramenta de simulacdo de DM, foi motivada
por dois principais motivos: 1) este pacote possui uma implementacdo dos
algoritmos de DM extremamente rapida, e 2) ser um programa gratuito, além de ser
de facil manipulagdo. E importante ter em mente que a velocidade do programa é
um fator crucial, pois permite tanto o uso de computadores mais baratos, i.e. de
menor capacidade, quanto a simulacdo de sistemas moleculares maiores, reduzindo
duplamente o custo computacional. Isto sera fundamental na simulagédo do complexo
binario heparina-AT e, possivelmente, do complexo ternario protease-heparina-AT.

Infelizmente, a escolha do pacote GROMACS criou um problema. Os campos
de forca incluidos neste programa nao apresentam parametros para simulacoes de
carboidratos, sendo focados principalmente em proteinas, acidos nucléicos, lipideos
e solventes mais comuns. Assim sendo, tornou-se premente a necessidade de
calcular parametros minimos, capazes de permitir ao GROMACS a representacao
adequada da estrutura da heparina em solucdo. Estes parametros incluem tanto
termos do campo de forga associados a interacdes nao-ligadas (cargas atémicas e
parametros de van der Waals) quanto interacées ligadas (constantes de ligacao,
angulo e diedro) (Figura 16). A solugdo encontrada foi uma abordagem hibrida, na
qual alguns parametros seriam gerados a partir de uma ferramenta automatica do
GROMACS, denominada PRODRG (van Aalten et al., 1996), e outros (cargas
atdbmicas) seriam obtidos através de calculos ab initio.

A prépria obtencdo de cargas atbmicas é uma tarefa complexa, tendo-se em
vista o enorme numero de abordagens disponiveis e a dependéncia dos dados
obtidos nos conjuntos de métodos escolhidos. Com relacédo ao estudo da heparina, a
presenca de grupos sulfato e sulfonamida automaticamente impediu o uso de
métodos semi-empiricos, uma vez que estes nao apresentam parametros para
orbitais d, presentes na hibridagdo do atomo de enxofre nos grupamentos sulfato e
sulfonamida (sp®d®) (Stewart, 1999), de forma que foram escolhidos os métodos ab
initio para a geragao das cargas atdbmicas. Em fung&o do custo computacional, o
protocolo utilizado constituiu-se numa minimizacao utilizando a base 3-21G e em um
célculo de single point utilizando a base 6-31G .

Os célculos ab initio, utilizando o pacote GAMESS, oferecem dois tipos de
cargas atdbmicas: as cargas baseadas na analise de Mulliken e as cargas baseadas
na analise de Lowdin. A abordagem de Mulliken, em certos sistemas, € capaz de

atribuir a orbitais um numero negativo de elétrons ou de mais de 2 elétrons, em uma
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clara contradicdo ao principio da exclusdao de Pauli (Leach, 2001). A consequéncia
pratica disto é a obtencdo de cargas atdmicas menores que -1 para atomos de
oxigénio. Isto aumenta o dipolo das ligagdes quimicas e intensifica as propriedades
eletrostaticas do sistema, introduzindo artefatos na simulagdo de DM®. Assim sendo,
o0 esquema de cargas escolhido para esta primeira tentativa em descrever a
heparina por DM foi o de Léwdin, uma vez que ndo apresenta as deficiéncias do
esquema de Mulliken.

As cargas atébmicas obtidas foram entdo aplicadas a um decassacarideo de
heparina, gerado a partir de um dodecassacarideo determinado por RMN (Mulloy et
al., 1993, PDB ID 1HPN). A reducao de 12 para 10 unidades sacaridicas deveu-se a
limitagbes do programa PRODRG em lidar com moléculas maiores. Mesmo com
esta reducdo, o aumento dos seis residuos simulados previamente (Mikhailov et al.,
1997) para os dez que utilizamos permitiu a reducdo da distorcdo das ligacoes
glicosidicas como conseqiéncia da maior flexibilidade das extremidades da
molécula ao oferecer uma maior regido central de ancoragem conformacional.
Juntamente com este aumento no tamanho do polissacarideo, o tamanho da
camada de solvatacao foi significativamente elevado, passando de ~600 para ~6000
moléculas de agua, enquanto que o tempo de simulacéo subiu de 600ps para 3,0ns,
completamente estavel durante toda a trajetéria. Mais importante, a simulacao
apresentou significativa semelhanca com a estrutura de partida, obtida por RMN.
Estes dados nos permitiram, em grande medida, superar ao menos em parte as
dificuldades em simular polissacarideos por DM e, assim, testar uma série de fatores
capazes de influenciar a conformagao da heparina em solucéo.

O primeiro destes fatores avaliado foi a concentragdo de ions no sistema,
controlada através do tamanho da camada de solvatacao (i.e. do tamanho da caixa).
Este parametro, dentro dos limites avaliados (~145mM a ~404mM), ndo demonstrou
influéncia sobre a simulagédo, embora apresente uma reducao de quase 1/3 no custo
computacional. Isto sugere que o aumento na amostragem, por DM, de sistemas
polissacaridicos pode ser alcangada com a reducao na camada de solvatacao, com
conseqiente aumento na concentragdao de ions sem, contudo, comprometer a

qualidade da simulacao.

® Experiéncias iniciais utilizando cargas de Mulliken oriundas de calculos semi-empiricos introduziram
instabilidades nas simula¢des de DM, provocando grandes distorcdes da estrutura da heparina e terminando com
a explosdo do sistema.
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5.2.2 Descrigédo do perfil conformacional do IdoA

O segundo fator avaliado foi a capacidade da simulacdo em descrever as
mudancas na geometria da heparina associadas a transicdo do residuo IdoA da
forma ?Sp para a 'C4 e vice-versa. Contudo, embora a DM tenha sido sensivel a
mudanca conformacional deste residuo, com a modificacdo da geometria das
ligacdes glicosidicas, os valores obtidos para a conformacdo 'C4 foram piores do
que para a conformagdo 2Sp, tomando-se como base a estrutura de referéncia
(Mulloy et al., 1993, PDB ID 1HPN). Isto foi associado a dificuldades da DM em
descrever interagcdes intramoleculares importantes, como a interacdo entre a
hidroxila da glicosamina e o carboxilato do acido idurénico. De qualquer forma, os
dados obtidos, principalmente referentes & conformacdo °Sp, reproduzem
satisfatoriamente os dados de referéncia, principalmente a luz da heterogeneidade
das demais fontes de informacdo acerca da geometria da heparina (Mulloy et al.,
1993, Faham et al., 1996, Mikhailov et al., 1996 e Mikhailov et al., 1997), as quais
apresentam variagcoes que alcancam 60°.

Um dado interessante se refere a energia de interacdo dos decassacarideos
simulados com o solvente. De acordo com trabalhos anteriores, propondo que a
conformacao de carboidratos em solugédo sera a que menos interferir na estrutura do
solvente circundante (Uedaira et al, 2001), foi observado que a heparina
apresentando o residuo IdoA na forma 2Sq interage em torno de 550kJ/mol mais
intensamente com o solvente em comparacao a heparina apresentando o residuo
ldoA na forma 'C, sugerindo, portanto, explicacdes para as razdes moleculares da
preferéncia conformacional deste residuo em solugéo.

Com relacdo somente a forma ?Sp do residuo IdoA, a minimizacdo da
geometria de RMN para este residuo através de célculos HF 3-21G demonstrou
aspectos inesperados com relacdo a conhecida mobilidade deste monossacarideo
(Ferro et al., 1990 e Mulloy & Forster, 2000). Foi observada uma pequena torcdo na
geometria do anel, menor que 1A. Contudo, esta torcdo implicou na mudanga em até
60° dos diedros endociclicos, principalmente nas posi¢cdes 1 e 4, as quais estao
envolvidas na formacéo da ligacao glicosidica da heparina (1—4). Quando incluida
nas simulagbes de DM, esta nova conformacdo do residuo IdoA acarretou na
corregcao da geometria do angulo GlcN—IdoA y, de -125° para -1519, de acordo com

a estrutura de referéncia da heparina, -158°. Esta correcdo na geometria da
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heparina, ao contrario das expectativas iniciais, ndo esta relacionada a interacdes
intramoleculares, mas sim a interagdes intermoleculares, envolvendo principalmente
ions presentes na solugdo. Com a mudanga conformacional do residuo IdoA, ocorre
uma maior exposicao de seus grupos carboxilato e sulfato ao meio, implicando na
intensificacdo da interagdo com os contra-ions Na* em aproximadamente 200kJ/mol.
A consequéncia deste aumento na interagdo entre soluto e solvente seria a
reacomodacdao da geometria da ligacao glicosidica, equiparando os valores
experimentalmente obtidos para a estrutura da heparina. Tal resultado nos fez
considerar que, possivelmente, a geometria do residuo IdoA estivesse distorcida na
estrutura de RMN. De fato, a resolu¢do maxima alcangcada para a determinacéo de
estruturas 3D por este método esta em torno de 2 a 3A (Markley et al., 2003), além
das modificagcbes estruturais observadas na minimizacao por ab initio, menores que
1A,

Esta mudanca conformacional, avaliada sob o prisma da nomenclatura de
Cremer e Pople, significa uma alteragdo da conformagdo 2Sp para a conformacio
°S;, outro membro da familia de pseudorotdmeros bote — bote-torcido (Cremer &
Szabo, 1995). A razao para tal mudanca, provavelmente, deve-se justamente ao uso
de métodos ab initio, em contraposicao aos trabalhos originais utilizando métodos de
mecanica molecular.

Os estudos iniciais abordando as diferentes populacées de conférmeros do
residuo IdoA utilizaram, principalmente, constantes de acoplamento vicinais
empregando uma generalizacdo da equacao de Karplus (Haasnoot et al., 1980). Tal
procedimento se baseia numa geometria dos angulos de tor¢ao previamente obtida,
geralmente, através de mecéanica molecular. Além das dificuldades de parametrizar
tais métodos para mudancas conformacionais sutis, a mecanica molecular é incapaz
de descrever efeitos estreoeletronicos, os quais podem ter importante papel na
estabilizacao relativa de cada conformacéao. Tais efeitos, adequadamente expressos
nos métodos ab initio, poderiam em muito contribuir na racionalizacao de constantes

de acoplamento vicinais obtidas por experimentos de RMN.

5.2.3 Comparacgao de diferentes esquemas de carga na simulacao por DM da
heparina

Além da concentracdo de ions e da influéncia do perfil conformacional do
residuo IdoA, tornou-se necessario comparar o efeito de diferentes tipos de carga na
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reproducao do perfil conformacional da heparina. Este aspecto se destaca,
principalmente, em funcdo da caréncia de trabalhos apresentando o efeito de
diferentes esquemas de carga na parametrizagao de campos de forca de mecanica
molecular.

Assim sendo, os esquemas de Léwdin, Mulliken e as cargas ajustadas ao
potencial eletrostatico foram utilizados no calculo de cargas atébmicas para a
simulagédo da heparina e derivados. Destas, as cargas de Mulliken apresentaram os
maiores valores modulares destes trés conjuntos de dados, incluindo-se os atomos
de oxigénio da hidroxila, sulfato e sulfonamida. Este aumento modular implica na
intensificacdo das interacdes eletrostaticas realizadas pela molécula, seja com o
meio circundante, seja com o receptor-alvo. De fato, a energia de interacdo do
decassacarideo de heparina com os ions Na* do sistema simulado mais do que
dobraram nestas cargas, em relacdo as cargas de Loéwdin (de -883,79 para -
2074,32). A conseqliéncia deste efeito parece ser a distor¢cdo do angulo IdoA— GicN
¢, que muda de -75° no esquema de Léwdin para -90° no esquema de Mulliken.
Embora no limite do desvio padrdo observado para esta variavel, fica clara a
tendéncia de mudanca na geometria da ligacdo glicosidica. Mas muito mais
importante do que esta mudanca é o significado do aumento da energia de interacao
no contexto do estudo de complexos ligante-receptor. Enquanto parametros de
carga diferentes sdo capazes de produzir geometrias semelhantes, sdao também
capazes de ocasionarem diferencas nas energias de interacdo com o0 meio
circundante, seja solvente seja um receptor, da ordem de 1000 kd/mol, o que
certamente influenciara as propriedades obtidas na trajetéria de DM,
sobrevalorizando o componente eletrostatico envolvido.

Efeitos semelhantes foram observados na comparacdo entre as cargas
ajustadas ao ESP e as cargas de Lowdin. As cargas obtidas a partir do potencial
eletrostatico molecular sdo amplamente utilizadas na parametrizacdo de campos de
forca, e sdo reconhecidamente melhores do que as cargas de Mulliken na descricao
das propriedades moleculares (Clare & Supuran, 1998). Contudo, sdo altamente
dependentes da conformacdo molecular, o que pode tornar necessario o uso de
diferentes conformacdes da molécula a ser parametrizada, gerando no final uma
média das cargas obtidas para cada conformacdo. Soma-se a isto o maior custo
computacional associado a sua obtengéao.
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Os valores das cargas obtidos para Léwdin e ESP foram, de fato, muito
similares. As Unicas diferengas significativas envolvem o grupo carboxilato e o &tomo
de hidrogénio da hidroxila, maiores em mddulo no conjunto ajustado ao ESP. Estas
diferencas nao foram capazes de modificar a estrutura global da heparina,
diferentemente do que ocorreu com as cargas de Mulliken. Mas, de forma analoga,
influenciaram na interagdo com os ions do sistema, representando um aumento de
quase 50% em relacdo ao esquema de Léwdin (-1400,37 e -883,79,
respectivamente). Novamente, merece destaque a possivel influéncia de tal
modulacao nas propriedades eletrostaticas na interacao de ligantes com receptores
de interesse bioldgico.

Os dados obtidos com diferentes cargas atdbmicas também evidenciam uma
elevada capacidade de sistemas moleculares, principalmente polissacarideos
complexos, em acomodarem diferentes parametros na descricdo de suas estruturas
sem induzirem, contudo, induzirem uma significativa modificagdo das mesmas. Com
relacdo a parametrizacdo de campos de forca de mecanica molecular, o uso de
esquemas de Loéwdin surge como promissora alternativa, apresentando resultados
semelhantes aos descritos pelas cargas ajustadas ao ESP, mas sem demonstrar
tanta dependéncia na conformagéo molecular e com um menor custo computacional

associado.

5.3 Estudo por DM do complexo heparina-AT

Uma vez tendo sido demonstrada a bem sucedida aplicagdo da DM na
descricdo da estrutura e conformagdo da heparina em solucdo aquosa (Verli &
Guimaraes, 2004 e Becker, Guimaraes & Verli, 2005), o interesse do trabalho foi
focado no estudo de complexos envolvendo a heparina e seus derivados,
marcadamente o complexo com a AT. Embora a heparina apresente diversas
proteinas-alvo (Mulloy & Linhardt, 2001), a AT é a unica proteina da cascata de
coagulacio co-cristalizada a um analogo de heparina (Jin et al., 1997)’, além de ser
a responsavel pela inibicdo de trombina e fator Xa mediada por polissacarideos.
Tendo-se em vista a caréncia de estudos de DM envolvendo polissacarideos e seus

" No decorrer da presente tese foi publicada a estrutura cristalografica de um complexo terndrio, envolvendo a
protease-alvo, a AT e um heparindide, ilustrando o mecanismo de molde na a¢do da heparina (Figura 8, cédigo
PDB 1TB6, Li et al., 2004).
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complexos, a reproducdo deste complexo cristalografico é, também, uma forma de
validar os protocolos e condigdes de simulacao desenvolvidas pelo grupo.

A estratégia escolhida nestas simulacées envolveu, inicialmente, a simulacao
do complexo cristalografico pentassacarideo sintético — AT, acrescido de agua e
ions. Seguindo-se a esta simulagdo, os componentes do complexo (carboidrato e
proteina) foram simulados isoladamente de forma a avaliar como a formagéo da
estrutura bi-molecular seria capaz de modificar a estrutura e a conformacao de cada
um dos participantes, i.e. a ocorréncia do encaixe induzido. Foi também avaliada a
influéncia do perfil conformacional do residuo IdoA de forma a testar hipdteses
prévias acerca do papel desta conformacao na interacdo com a AT (Mikhailov et al.,
1996).

5.3.1 Dinémica da alca Lys28-Glu37 e do RCL

A observacdao da flutuagcdo dos residuos de aminoacidos da AT (RMSF)
demonstrou que as duas regides da proteina com maior flexibilidade eram as alcas
compreendidas pelos residuos Lys28 a Glu37 e Asn376 a Arg393 (RCL). Ambas as
regides sao expostas ao solvente, o que justifica esta elevada flexibilidade. A alca N-
terminal corresponde a uma regido normalmente nao observada em estruturas
cristalograficas de serpinas (Whisstock et al.,, 1998) tendo sido, portanto, modelada.
Neste caso especifico, a alta flexibilidade representa mais a demora na regiao
modelada em se equilibrar na simulacado do que necessariamente um estado de alta
mobilidade em solucdo, uma vez que apbés o0s 3 primeiros nanosegundos a
flexibilidade desta regiao torna-se semelhante ao resto da proteina.

Embora este perfil de equilibragdo até os primeiros 3ns da simulagdo também
seja observado para o RCL, ao contrario da algca 28-37, a regido compreendida entre
as posicdes 376 e 393 mantém alta mobilidade durante toda a simulagéo, sugerindo
que a alca reativa é a regiao de maior flexibilidade da AT. Este dado esta de acordo
com sua funcdo como inibidor, na qual a Arg393 agiria como uma “isca”, exposta
como substrato suicida as proteases-alvo.
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Tanto com relacdo a alga 28-37 quando a algca 376-393, a presenca do
pentassacarideo acarreta no aumento da flexibilidade e/ou no tempo de equilibracao
da proteina, efeito este também observado em outras regides da AT, marcadamente
a sua porcdo N-terminal. Isto é possivelmente decorrente de interagdes
eletrostaticas entre o pentassacarideo e a AT, permitindo a estabilizagdo direta da
proteina. Contudo, embora seja imediata a compreensao deste efeito em regides
préximas ao sitio de ligacdo do pentassacarideo, como a por¢cao N-terminal e a alca
28-37 (mesmo que a mesma nao apareca no cristal, sugerindo que nao interage
diretamente com o ligante), o efeito do pentassacarideo na dinamica do RCL é sob
certo aspecto surpreendente em funcao da distancia entre os dois grupos. Embora
este efeito seja devido ao tamanho da amostragem conformacional possibilitada pela
DM realizada, € tentador crer que 0 que esta sendo observado € precisamente o
efeito da ativagdo conformacional da AT. Contudo, andlises mais especificas
precisam ser realizadas de forma a balizar esta possibilidade.

O aspecto mais importante observado durante as simulacbes realizadas,
referente ao RCL, se refere a orientacdo do residuo P1 durante as simulagdes. De
fato, enquanto que na estrutura cristalografica a cadeia lateral da Arg393 esta
voltada para o corpo da serpina, durante a DM este residuo voltou-se e expds-se
francamente para o solvente. Tal comportamento é suportado, principalmente, por
trabalhos anteriores sugerindo que o residuo P1 encontra-se exposto ao solvente
(Futamura et al., 2001). De fato, a orientagao cristalografica do residuo responsavel
pela atividade inibitéria da AT, a Arg393, nao explica a especificidade do
reconhecimento das serino-proteinases-alvo, o que foi possibilitado pelos resultados
apresentados.

E importante observar que a conformacao de todo o RCL é mantida, no cristal,
por uma série de interacdes por ligacao de hidrogénio e pontes salinas entre duas
moléculas de AT compondo a unidade cristalina. O isolamento de uma destas
moléculas, e a consequente substituicdo destas interacbes entre proteinas por
interacdes com a agua deve ser 0 maior responsavel pela reorientacdo da Arg393.

5.3.2 Interacao pentassacarideo-AT

Considerando-se que o entendimento das forcas envolvidas no complexo
ligante-receptor podem auxiliar diretamente no desenvolvimento de novos

compostos bioativos, indicando potenciais sitios de interacdo, a contribuicdo
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especifica de cada residuo de aminoacido para o complexo pentassacarideo
sintético-AT foi calculada. Tal contribuicdo havia sido estimada até entdo somente
em bases qualitativas (Jin et al., 1997; Kridel & Knauer, 1997; Arocas et al., 1999;
Desai et al., 2000; Arocas et al., 2001; Schedin-Weiss et al., 2002).

Os dados obtidos confirmam a ja esperada contribuicdo predominante de
forcas eletrostaticas no complexo heparina-AT, marcadamente por fortes ligacdes de
hidrogénio e pontes salinas, alcangando cerca de 200 kd/mol, como na interacdo
com a Lys114. Um aspecto interessante, complementar a estrutura cristalografica
descrita para o complexo simulado (Jin et al, 1997), é o dinamismo de tais
interacdes. Grandes flutuacbes podem ser vistas no decorrer da simulacdo, com
ligacbes de hidrogénio sendo feitas e desfeitas, ou com a mudanga no atomo
aceptor da ligacao. Este mosaico de interacdes, de dificil analise segundo distancias
médias de interacdo, € em grande medida simplificado através das médias das
energias de interacdo, demonstrando os residuos-chave para a formacdo do
complexo.

Ao mesmo tempo, enquanto que trabalhos prévios sugeriram que o equilibrio
conformacional do residuo IdoA contribuiria para as propriedades anticoagulantes
observadas para a heparina, comparativamente a outros glicosaminoglicanos
apresentando residuos de acidos urdnicos mais rigidos (Mikhailov et al., 1996), os
dados obtidos sugerem que a mudanca da conformacdo 2S, para a 'C, em nada
prejudica a ligacdo da heparina a AT. Ao contrario, considerando-se que a forma de
cadeira interage menos eficientemente com o solvente do que a forma de bote-
torcido (Verli & Guimaraes, 2004), seria de esperar que a geometria 'C, da heparina
apresentasse maior afinidade pelo receptor-alvo por apresentar menor energia de
dessolvatacdo. Provavelmente, a observacdo da forma 2Sy no cristal deve-se a
presencga, quase exclusiva, desta conformacdo em solucdo (van Boeckel et al.,
1988). Este indicio esta diretamente relacionado a determinacdo dos requisitos
geométricos minimos para a modulacdo da atividade da AT por derivados da
heparina.

5.3.8 Encaixe-induzido no complexo heparina-AT

Trabalhos anteriores demonstraram que a ligacao da heparina a AT acarreta a
extensdo da hélice D, ou seja, induz a formacao de voltas adicionais na regidao C-
terminal desta hélice a partir de uma pequena alga, responsavel pela conexao da
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hélice D a folha-f A. Esta extensdo acarretaria na contragdo da folha-f A,
culminando na expulsao dos residuos P14 e P15 (Figura 2, van Boeckel et al.,
1994). Este processo acarretaria 0 aumento da flexibilidade do RCL, o que implicaria
na ativacdo da AT pela heparina (Olson et al, 1992). Como apresentado
anteriormente, as simulagdes de DM nos permitiram observar mudangcas nas
propriedades conformacionais do RCL, de forma que buscamos avaliar se, durante
as simulagdes, também ocorreram alteragdes conformacionais na hélice D, como
consequéncia da presenca ou auséncia do pentassacarideo.

De acordo com o protocolo de simulagcdo utilizado, a estrutura da AT livre
simulada é a mesma estrutura presente no complexo com o pentassacarideo,
somente sem a presenca deste ligante. Tal abordagem nos permitiria observar quais
caracteristicas conformacionais da serpina eram induzidas e mantidas pelo ligante, e
quais eram intrinsecas a proteina. Neste sentido, a simulacado da forma livre da AT
demonstrou o des-enovelamento das Ultimas voltas da hélice D, criadas pela
presenca do pentassacarideo sintético, demonstrando a capacidade da DM em
descrever o efeito estabilizador da heparina sobre a estrutura secundaria da AT.
Além do efeito global sobre a hélice, a DM também demonstrou corretamente o
papel de residuos especificos na modulacao conformacional da hélice D, tais como
a Arg129 (Desai et al., 2000).

No contexto de um processo do tipo encaixe-induzido, ndo somente a proteina
esta sujeita a sofrer mudangas conformacionais, mas também o ligante (Verli &
Barreiro, 2005), conforme ja postulado para o complexo heparina-AT (Hricovini et al.,
2001). De acordo com estes dados, a observacdo do perfil conformacional do
pentassacarideo sintético, livre da AT, nas simulagdes de DM demonstra que a
formacao do complexo é capaz de torcer alguns angulos da ligacao glicosidica em
até 30° Tal mudanca conformacional € observada tanto para o pentassacarideo
apresentando o residuo de IdoA na conformagdo 'C, quanto na 2So, novamente
indicando que a AT nao distingue as duas geometrias. Sugere, contudo, que a
plasticidade do ligante pode ser um fator importante para a complexacao e ativacao
da AT, faciltando sua acomodacdo ao sitio de ligagdo e, em conseqiéncia,

maximizando as interacées com o receptor-alvo.



95

5.4 Implicacoes para o desenvolvimento racional de novos agentes
anticoagulantes, baseados no mecanismo de acao da heparina

A partir dos resultados obtidos, pode-se contextualizar a participacdo de
ferramentas de modelagem molecular, marcadamente a DM, no planejamento
racional de novos agentes anticoagulantes baseados no mecanismo de acdo da
heparina. Este processo, esquematizado na Figura 20, pode ser resumido nas
seguintes etapas:

1) Selecao de oligossacarideos e/ou compostos estruturalmente promissores,
tais como produtos naturais analogos ao composto (10), Figura 14, na modulacao da
AT;

2) Verificagdo e comprovacao de que as propriedades anticoagulantes destes
compostos sdo mediadas pela AT;

3) Uma vez confirmada a AT como provavel alvo molecular dos compostos
selecionados, segue-se ao estudo computacional dos compostos, tanto em suas
formas isoladas, quanto em complexo com a AT. Esta etapa possibilitara tanto a
identificacdo das interacdes intermoleculares envolvidas no complexo, quanto a
avaliagdo da capacidade de cada composto em induzir modificacdo conformacional
da AT, a luz dos dados previamente obtidos para o complexo heparina-AT;

4) Planejamento de derivados sintéticos, de forma a potencializar as interacoes
com a AT, a capacidade de ativar esta serpina e a reduzir os custos de
dessolvatacao;

5) Sintese dos derivados propostos;

6) Avaliacdo das propriedades anticoagulantes dos derivados propostos. Neste
momento o ciclo pode ser reiniciado inUmeras vezes, até que seja obtido um ou mais

compostos/padroes moleculares com propriedades anticoagulantes satisfatorias.



96

Conceito biolégico

v v

Oligossacarideos Produtos naturais,
de heparina me too
cristalografia Enstios c )
de proteinas, biolégicos omposto lider
RMN
modelagem

Sintese
molecular

\ Planejamento /
de séries de
compostos
Figura 20: Esquema representando um processo de desenvolvimento de novos

compostos bioativos, envolvendo a participacdo de métodos de modelagem

molecular.

Em linhas gerais, espera-se que a DM seja capaz de agilizar o planejamento de
novos compostos anticoagulantes, ao permitir a identificacdo e quantificacdo dos
principais residuos de aminoacidos envolvidos no reconhecimento molecular, assim

como o papel dos mesmos na ativacao da AT.
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6 Conclusoes

A partir dos objetivos tracados, o presente trabalho permitiu:

» Obtencdo de cargas atébmicas para simulacdo de DM da heparina e
outros polissacarideos polissulfatados, capazes de reproduzirem
adequadamente os dados experimentais disponiveis;

» Proposicao das cargas de Léwdin como alternativas a parametrizacao
de campos de forca de mecéanica molecular;

» Reproducado do comportamento conformacional da heparina em solucéao
aquosa, considerando tanto a conformagao S quanto a 'C4 do residuo
IdoA;

» Proposicéo de refinamento da conformacéo reconhecida para o residuo
ldoA, passando de ?Sg para °S;

» Re-interpretacdo da orientacao cristalografica do residuo P1, o qual
estaria exposto ao solvente, em oposicao as estruturas 3D atualmente
disponiveis para a AT;

» Andlise quantitativa da contribuicao de cada residuo de aminoacido para
a energia de interagdo heparina-AT;

» Re-interpretacdo do papel da conformagdo do residuo IdoA para o
reconhecimento molecular da heparina pela AT, sendo aparentemente
irrelevante neste processo;

» Reproducao, por DM, do encaixe induzido na formagdo do complexo AT-
heparina.

Globalmente, os resultados obtidos confirmam o potencial de ferramentas de
modelagem molecular no estudo de sistemas biol6gicos, conectando informacdes
previamente obtidas por métodos experimentais, oferecendo explicagdes
moleculares para tais informacdes e sugerindo novas propriedades a serem

confirmadas posteriormente por outras metodologias.
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7 Perspectivas

Considerando-se os procedimentos de simulacdo propostos e validados no
presente trabalho, assim como as informacdes obtidas acerca da heparina e de sua
proteina-alvo, a AT, as seguintes perspectivas podem ser tragadas:

» Estudo estrutural e conformacional de polissacarideos polissulfatados,
nao relacionados estruturalmente a heparina, tais como galactanas e
fucanas;

» Inicio de um projeto de planejamento racional de novos agentes
anticoagulantes sintéticos, ndo-relacionados estruturalmente a heparina,
mas capazes de ativar conformacionalmente a AT;

» Considerando-se que a AT é uma glicoproteina, avaliar o efeito da
glicosilacdo na dindmica da proteina e na formacdo do complexo
heparina-AT, em face tanto do papel fisiolégico da parte sacaridica da
AT quanto da auséncia de simulagbes de DM considerando

glicoproteinas.
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8 Glossario®

Analise Populacional de Mulliken: a analise populacional de Mulliken é um método

para distribuir os elétrons em atomos com a finalidade de gerar cargas atbmicas
parciais. Os resultados sao fortemente dependentes do conjunto de bases usado.

Analise populacional de Mulliken: Um esquema de particdo, baseado no uso das

matrizes de densidade e de recobrimento, para distribuir os elétrons de uma entidade
molecular de algum modo fracionario entre suas varias partes (atomos, ligagoes,
orbitais). Como em outros esquemas usados para distribuir a densidade eletrénica em
moléculas, a analise populacional de Mulliken é arbitraria e fortemente dependente do
conjunto de bases empregado. Contudo, a comparacao de andlises populacionais para
uma série de moléculas é Util para uma descricdo quantitativa das interagdes

intramoleculares, de reatividade quimica e de regularidades estruturais.

Arquivo PDB: um arquivo PDB (do inglés Protein Data Bank, Banco de Dados de
Proteinas) € um arquivo ASCII (do inglés American Symbolic Code for Information
Interexchange = text, Codigo Simbdlico Americano para Troca de Informacgéo) usado
para armazenar as coordenadas atébmicas de uma molécula, geralmente uma
proteina ou acido nucléico (veja PDB).

Calculos ab initio: Calculos ab initio sdo célculos mecanico-quanticos que usam

equacobes exatas, sem aproximagdes, que envolvem a populagao eletronica total da

molécula.

Métodos mecéanico-quanticos ab initio (sinbnimo com métodos mecanico-quanticos nao

empiricos): meétodos de calculos mecéanico-quanticos independentes de qualquer
experimento que ndo seja a determinacao de constantes fundamentais. Os métodos sao
baseados no uso da equagéo de Schrdédinger completa para tratar todos os elétrons de
um sistema quimico. Na pratica, aproximacdes sado necessarias para restringir a

complexidade da fungéo de onda eletrénica e tornar seu calculo possivel.

Calculos AM1: Calculos AM1 sao calculos semi-empiricos de orbital molecular

desenvolvidos na Universidade de Austin no Texas (AM1 = Austin Model 1, Modelo
Austin 1). Estes calculos envolvem os elétrons de valéncia dos atomos da molécula.

Calculos Mecanico-quéanticos: Calculos mecanico-quanticos sado calculos de

propriedades moleculares baseados na equacao de Schrddinger que levam em
conta as interagdes entre os elétrons em uma molécula.

Calculos PM3: PM3 (do inglés Parametric Method 3) € um programa de calculo

semi-empirico de orbital molecular largamente usado (veja Métodos semi-empiricos).

8 Definicdes obtidas de de Sant’ Anna, 2002 e van der Spoel et al., 2002.
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Campo de Forca: € um conjunto de fungdes e parametrizacdes usadas em célculos

de mecéanica molecular. Estas fungbes definem as energias de estiramento de
ligacédo e de distorcao de angulo de ligacao (tanto de valéncia quanto diedro) de uma
molécula, quando comparadas com a sua conformacdo nao tensionada (aquela
caracterizada pelos valores padrdes de comprimentos e de angulos de ligagéo).
Alguns campos de forca podem conter termos de interagcdo entre atomos néao
ligados, de efeitos eletrostaticos, de ligacdo de hidrogénio e de outros efeitos
estruturais.

Campo e Potencial Eletrostaticos: O campo e o potencial eletrostaticos sao

propriedades de uma molécula que surgem da interagdo entre uma sonda
carregada, tal como uma carga pontual unitaria positiva representando um proéton, e
a molécula alvo. Este campo e o potencial sdo usados em estudos de relagdes
quantitativas estrutura-atividade tridimensionais (3D-QSAR) e para comparar ou
estimar a semelhanca de um conjunto de moléculas.

Dinamica Molecular: é um procedimento de simulacdo que consiste na computagao

do movimento dos atomos em uma molécula ou de atomos individuais ou moléculas
em sélidos, liquidos e gases, de acordo com as leis de movimento de Newton. As
forcas que agem nos atomos, necessarias para simular seus movimentos, sao
calculadas usando campos de forca de mecanica molecular.

Mecénica Molecular: é o calculo das caracteristicas geométricas e de energia de

entidades moleculares baseado em fungdes de potencial empiricas, cuja forma é
tomada da mecanica classica. O método pressupde que as funcbes de potencial
possam ser transferidas dentro de um conjunto de moléculas semelhantes. Uma
suposicao € feita sobre os comprimentos e angulos “naturais” de ligacéo, cujos
desvios resultam em tenséo de ligacao e tensao angular, respectivamente. As forcas
de Van der Waals e eletrostaticas também sao levadas em conta.

Métodos Semi-Empiricos: Métodos semi-empiricos sao calculos de orbital

molecular que usam varios graus de aproximacao e que usam apenas elétrons de

valéncia.

Métodos mecénico-quanticos semi-empiricos: Os métodos que usam parametros

derivados de dados experimentais para simplificar os célculos computacionais. A
simplificagdo pode ocorrer em varios niveis: simplificacdo do Hamiltoniano (por exemplo,
como no método de Hiickel estendido), avaliagdo aproximada de certas integrais

moleculares (veja, por exemplo, recobrimento diferencial zero), simplificacdo da funcao
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de onda (por exemplo, o uso da aproximacao do elétron p como no método Pariser-Parr-
Pople).
Minimizacdao de Energia: € um procedimento matematico para localizar as

conformacdes estaveis (minimos de energia) de uma molécula, determinadas por
calculos de mecéanica molecular ou mecanico-quanticos.

Modelagem Molecular: é a investigacdo das estruturas e das propriedades

moleculares usando a quimica computacional e as técnicas de visualizacao grafica
visando fornecer uma representacdo tridimensional, sob um conjunto de
circunstancias.

Protein _Data Bank (PDB). ¢ um banco de dados de proteinas mantido no

Laboratério Nacional Brookhaven, Upton, New York, que contém estruturas de raios-
X de dezenas de milhares de proteinas.

Planejamento de Farmacos: inclui ndo somente o planejamento do ligante, mas

também a farmacocinética e a toxidez, que estao na maior parte das vezes além das
possibilidades do planejamento auxiliado pela estrutura ou por computador. O termo
planejamento de farmacos € mais freqlentemente usado do que o termo correto
“Planejamento de Ligantes”.

Planejamento_de Ligantes: é o planejamento de ligantes que usa informacodes

estruturais sobre o alvo ao qual os ligantes devem se ligar, freqientemente tentando
maximizar a energia de interacao.

Planejamento Baseado em Estrutura (Structure-Based Design): € uma estratégia

para novas entidades quimicas baseadas na estrutura tridimensional (3D) de um
alvo obtido de estudos de raios-X ou de ressondncia magnética nuclear ou de
modelos de homologia de proteinas.

Quimica Computacional: é uma disciplina que usa métodos matematicos para o

célculo de propriedades moleculares e para a simulacdo do comportamento
molecular. Também inclui, por exemplo, o planejamento de sinteses, a pesquisa de
bancos de dados e a manipulacao de bibliotecas combinatoriais.

Receptor: é uma proteina ou um complexo de proteinas localizado no interior ou na
superficie de uma célula, que reconhece especificamente e interage com um
composto que atua como um mensageiro molecular (neurotransmissor, hormonio,
farmaco, etc). Em um sentido mais amplo, o termo receptor é freqlientemente usado

como sindnimo para qualquer sitio especifico de ligacdo de farmacos (em oposicéao



102

a nao especifico, como a ligacao as proteinas do plasma), também incluindo acidos
nucléicos, tais como o DNA.

Termos de Energia Nao-Ligados: sdo funcdes de energia potencial que descrevem

interacdes de Van der Waals, eletrostaticas e de ligacao hidrogénio em um campo
de forca.
Topologia Molecular: Topologia molecular é a descricdo do modo pelo qual os

atomos estao ligados em uma molécula. Em diversos programas de dindmica
molecular constitui-se em um arquivo que descreve em quais atomos ou
combinacdes de atomos as diversas contribuicées de um campo de forca irdo atuar.
Apresenta atributos constantes para cada atomo, como quais atomos existem em
uma molécula, as caracteristicas destes atomos (e.g. um oxigénio carbonilico é
diferente de um oxigénio em um grupamento éter ou hidroxila), como cargas

atébmicas, termos ligados e ndo-ligados.
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10 Anexos

Durante a realizacdo desta tese tive a oportunidade de realizar colaboracdes
com os grupos do Prof. Eliezer J. Barreiro (Laboratério de Avaliacdo e Sintese de
Substéancias Bioativas - LASSBIio, Faculdade de Farmacia - UFRJ) e do Prof. Amilcar
Tanuri (Laboratorio de Virologia Molecular, Departamento de Genética — UFRJ),
além de orientar a aluna de iniciacdo cientifica Camila F. Becker, Faculdade de
Farmacia - UFRGS. Destas colaboracdes surgiram alguns trabalhos ja publicados,

submetidos ou em faze de finalizagéo.

10.1 Trabalho |

Quim. Nova, 2005, 28, 95-102

Um Paradigma da Quimica Medicinal:
a Flexibilidade dos Ligantes e Receptores

Hugo Verli, Eliezer J. Barreiro

RESUMO

In general, molecular modeling techniques applied in medicinal chemistry have
been static and drug based. However the active site geometry and the intrinsic
flexibility of both receptor and ligand are fundamental properties for molecular
recognition and drug action. As a consequence, the use of dynamic models to
describe the ligand-receptor complex is becoming a more common procedure. In this
work we discuss the relevance of considering the receptor structure in medicinal

chemistry studies as well as the flexibility of the ligand-receptor complex.



120

10.2 Trabalho Il

J. Pharm. Sci., 2004, 23, 363-369

New Optimized Piperamide Analogues with Potent in vivo
Hypotensive Properties

Carolina de Mattos Duarte, Hugo Verli, Jodo Xavier de Araudjo-Junior, Isac Almeida

de Medeiros, Carlos Alberto Manssour Fraga, Eliezer J. Barreiro

RESUMO

We describe herein the structural optimization of new piperamide analogues,
designed from two natural prototypes, piperine 1 and piperdardine 2, obtained from
Piper tuberculatum Jacq. (Piperaceae). Molecular modeling studies using
semiempirical AM1 method were made in order to establish rational modifications to
optimize them by molecular simplification. The targeted compounds were obtained
using benzaldehyde (12) and para-anisaldehyde (13) as starting materials. '"H-NMR
spectra showed that the target compounds were diastereoselectively obtained as the
(E)-isomer, the same geometry of the natural prototypes. The new synthetic amides
presented significant hypotensive effects in cardiovascular essays using in vivo
methodologies. Compound 11 (N-[5-(4’-methoxyphenyl)-2(E)-
pentenoyl]thiomorpholine) showed a potency >10,000 times greater than its
prototype 5, evidencing an optimization of the molecular architecture for this class of
hypotensive drug candidates.
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10.3 Trabalho Il

J. Inf. Diseases, 2005, 191, 1961-1970.

Subtype-dependent resistance to protease inhibitors by the Human
Immunodeficiency Virus type 1 (HIV-1) protease L89M
polymorphism

Alexandre Calazans, Rodrigo Brindeiro, Patricia Brindeiro, Hugo Verli, Luis Felipe
M. Gonzalez, Jorge A. Guimaraes, Ricardo Sobhie Diaz, Octavio C. Antunes, Amilcar

Tanuri

RESUMO

HIV-1 protease mutations rendering resistance to protease inhibitors (Pls) are
phenotypically characterized mainly for subtype B viruses. In this work, we describe
the role of HIV-1 protease L89M substitution from subtype F -recognized as a
molecular signature of many non-B HIV-1 subtypes- for the viral resistance to six Pls
(SQV, IDV, RTV, NFV, APV and LPV). This Leu to Met polymorphism is the same of
its neighbor amino acid (aa.) 90, conferring primary resistance to Saquinavir (SQV)
and Nelfinavir (NFV). Site-directed mutageneses were performed over plasmid-
cloned drug susceptible protease genes of subtype B and F (Bwt and Fwt), to
respectively create and reverse the M polymorphism of aa. 89; as well for the
creation of L90OM mutation. All the constructs were phenotyped in quadruplicates for
Pl susceptibility by MT-4 cell -MTT based cell viability assay. Their replicative
capacity were also accessed by replicative competition assay (fithess assay). The
L89M mutation conferred 4.5-, 2-, 6-, 4.7-, 4.5- and 3.4-fold increases in ECs, for IDV,
SQV, NFV, RTV, APV and LPV respectively, on Fwt 89M 90L virus; comparable to
the fold resistance values obtained with Bwt 89L 90M virus. Surprisingly, Bwt 89M
90L clone behaved phenotypically similar to the susceptible Bwt 89L 90L virus for the
latter four Pls. The Fwt 89M 90L also showed a replicative fitness comparable to the
Pl-susceptible Bwt 89L 90L and were more fit than its counterpart Bwt 89M 90L.
Computational molecular dynamics analysis of F and B subtype proteases have
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pointed significant differences between them for the hydrogen bond between the
catalytic residue Asp25 and the hydroxyl group of Nelfinavir, besides differences in
the PI positioning under the protease cleft. The L89M mutation impacts phenotypic
resistance to SQV, NFV, RTV, APV and LPV differently for F and B clade viruses.
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10.4 Trabalho IV

J. Mol. Graph. Mod., 2005, em preparacao

Differences Between Crystal and Solution 3D Structures of HIV p17:

a Molecular Dynamics Study

Hugo Verli, Alexandre Calazans, Rodrigo Brindeiro, Amilcar Tanuri, Jorge A.

Guimaraes

RESUMO

The matrix protein p17 (MA) is a product of proteolytic cleavage of the gag gene
encoded polyprotein and is formed when HIV particles undergo the process of
maturation. The MA protein is associated with the inner surface of the viral
membrane and determines the overall shape of the virion. Previous studies have
shown the existence of trimers of MA in solution and in the crystalline state. However,
important structural differences could be observed in the p17 structure determined by
NMR and crystallographic methods, as the C-terminal helix partial unfolding in
solution structure. Since this helix is responsible for the anchoring of several HIV
particle proteins, the understanding of its structural properties is a necessary
upcoming in order to elucidade the molecular details of HIV maturarion. In this
context we use molecular dynamics (MD) simulations to describe the p17 solution
structure, using both the NMR and crystallography determined structures as starting
points for the simulations. The 10.0ns MD trajectories obtained indicates a partial
unfondilg of the C-terminal helix when the crystallographic structure is simulated in
solution conditions, while the NMR structure is quite stable. These results suggest
that the p17 folding can be influenced by crystal packing. As a consequence, the p17
function should be observed at the atomic level considering the existence of a C-
terminal loop, instead of a rigid helix, a feature that accommodates more flexible and

inducible interactions, as well as macromolecular assemblings.
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10.5 Trabalho V

Carbohyadr. Res., 2005, em preparacao

Molecular Dynamics Simulation Galactan and Fucan in Aqueous
Solution

Camila F. Becker, Paulo A. S. Mourao, Jorge A. Guimaréaes, Hugo Verli

RESUMO

Molecular dynamics (MD) simulations on galactan and fucan decasaccharides
were carried out, using explicit water models, in order to propose the 3D structure of
each molecule in solution. The effect of both 'C, and “Cy chair forms on the
polysaccharide conformation were evaluated. The glycosidic linkage energy map for
sulfated and non-sulfated saccharides, the ligand-solvent interactions, and the global
structure of each compound are related to its anticoagulant activities and compared

to heparin properties.
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