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RESUMO

Esta tese tem como foco o estudo estrutural de uma lectina presente em 

sementes da espécie vegetal Lotus tetragonolobus (LTA). Inicialmente a LTA, 

previamente purificada, foi cristalizada. Os cristais foram obtidos a uma 

temperatura constante de 20ºC, durante 30 dias, utilizando a técnica de 

cristalização por difusão de vapor. Dois conjuntos de dados foram coletados a 

2.00 e 2.35 Å de resolução, através da fonte de Raios X do Laboratório 

Nacional de Luz Síncrotron (Campinas – Brasil). Os cristais são monoclínicos e 

apresentam simetria do tipo P21, com parâmetros de cela de a=68.89, b=65.83 

e c=102.53 Å. A substituição molecular foi feita utilizando-se o monômero da 

lectina presente na espécie Arachis Hypogae (Peanut). O homotetrâmero, 

produto da substituição, foi utilizado como ponto de partida para o refinamento 

cristalográfico. Diversos ciclos de refinamento por satisfação das restrições 

parciais foram feitos até a conversão total para valores satisfatórios de Rfree e 

Rfactor. A análise da estrutura revelou que a LTA possui uma forma tetramérica 

não identificada dentre outras lectinas de leguminosas. Sua estrutura é 

composta por dois dímeros, um deles semelhante ao dímero GS4 presente na 

lectina de Griffonia simplicifolia e outro que é único, caracterizado por ser um 

dímero do tipo LTA-dímero. Diversos fatores são responsáveis pela forma de 

tetramerização diferenciada da LTA, dentre os quais podemos destacar a 

influência da glicosilação no resíduo ASN4. Para investigarmos a estrutura da 

LTA em meio aquoso foi utilizada a técnica de espalhamento de Raios X a 

baixo ângulo (SAXS), que mostrou que a LTA possui a mesma forma 

tetramérica em solução da que foi observada no retículo cristalino. Nossas 
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investigações mostram que a disposição espacial dos sítios de ligação a L-

fucose no tetrâmero da LTA são fundamentais para que tal proteína possa 

interagir através de ligações cruzadas em 2 dimensões com oligossacarídeos 

divalentes. 
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ABSTRACT

The lectin, LTA, an agglutinin found in Lotus tetragonolobus seeds have been 

crystalized. Crystals grew at a temperature of 20º C during a month and were 

obtained using the vapor diffusion method. Two data sets were collected at 2.00 

and 2.35 Å resolution using a sincrotron radiation source at Laboratório 

Nacional de Luz Síncrotron (Campinas – Brasil). The LTA crystals are 

monoclinic belonging to the P21 space group with a=68.89, b=65.83 and 

c=102.53 Å. The Molecular replacement was performed using the Arachis

Hypogae lectin monomer (Peanut) that yielded an homotetramer which was 

used to initiate the crystallographic refinement. Several steps of restrained 

refinement were performed to obtain the best values for Rfree and Rfactor. 

Structural analysis of the LTA showed that its tetramer adopts a new structural 

oligomerization in contrast of that observed for others legume lectins. Its 

structure contains two GS4-like dimers disposed in an unusual dimer-interface, 

named as LTA-dimer. Several properties are involved in the new mode of 

tetramerization adopted for LTA, which includes the glycosilation at ASN4. The 

LTA tetramer investigation at aqueous solution was perfomed by Small Angle X-

Ray Scattering (SAXS), showing that LTA behaves as a tetramer in solution 

which corroborates with the crystalline structure. Our investigations suggest that 

the L-fucose binding sites of LTA are disposed in a conformation that permits to 

perform two dimensional type-2 cross-linking interaction with divalent L-fucosyl-

oligosaccharides. 
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5. INTRODUÇÃO

5.1 Histórico
O primeiro relato sobre lectinas remonta do século XIX. Stillmark 

(1888) publicou sua dissertação relatando diversos fenômenos bioquímicos 

observados a partir de experimentos utilizando extratos da planta Ricinus

communis. Inicialmente ele observou que extratos de sementes da mamona 

(Ricinus communis) e de quatro outros vegetais pertencentes à família 

Euphorbiaceae eram capazes de aglutinar hemácias de diversos animais 

(STILLMARK, 1888). Esse fenômeno, pouco conhecido na época, ocorreu 

devido à presença da molécula “Ricina” nestes extratos vegetais descritos 

acima. Trata-se da descoberta da capacidade que essa molécula tem de se 

ligar através de ligações cruzadas com receptores de membranas das células 

vermelhas, formando, aglomerados de hemácias. Esse fenômeno, denominado 

de hemaglutinação, despertou interesse na época, pois a formação destes 

coágulos eram perfeitamente visíveis, estáveis, bem avermelhados e surgiram 

em um curto período de tempo. 

Atualmente a Ricina é conhecida por ser uma molécula composta por 

três domínios. Dois deles assemelham-se por serem homólogos e 

estruturalmente semelhantes e ambos possuem a capacidade de se ligar a D-

galactose de uma forma reversível, ou seja, não provocam nenhum tipo de 

alteração conformacional na estrutura dos carboidratos relacionados com a D-

galactose. Por outro lado, o terceiro domínio, mais conhecido como domínio 

enzimático da Ricina (RIP – Ribossome Inactivate Protein), consiste em uma 

cadeia do tipo a/ß, ligada covalentemente aos outros dois domínios já 

descritos, que possui atividade distinta de reconhecimento aos açúcares, ou 

seja, desempenha uma atividade enzimática a qual está relacionada com a 
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inativação de síntese protéica nos ribossomos (RUTENBER et al., 1991)(Figura 

01).  

 

 

 

 

Embora Stillmark (1888), em um primeiro momento, não tenha 

definido precisamente o fenômeno da aglutinação, deu os primeiros passos 

para novas pesquisas relacionadas com a investigação de extratos de diversos 

tecidos de vegetais. Em um segundo momento, novas pesquisas revelaram 

que extratos de outras espécies vegetais apresentaram a mesma capacidade 

de aglutinação observada no experimento com a Ricina. Tratava-se de 

proteínas tóxicas provenientes de extratos de Croton tiglium (Crotina), Abrus

precatorius (Abrina) e de Robinia pseudoacacia (Robina) que foram 

identificadas, isoladas e apresentavam a mesma capacidade de aglutinação de 

células vermelhas do sangue. Inicialmente, acreditava-se que tais proteínas 

tinham como principal característica bioquímica a propriedade de serem 

Figura 01. Ilustração da Ricina, toxina presente em sementes da espécie Ricinus

communis. Em cinza, dois domínios homólogos de reconhecimento a D-galactose e em 

laranja domínio do tipo a/ß com atividade distinta de reconhecimento a carboidratos. Código 

PDB: 1ABR 
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tóxicas. O que ainda não se tinha observado é que estas proteínas, além de 

serem capazes de inativar a síntese protéica no ribossomo de uma 

determinada célula, eram capazes também de se ligar reversivelmente a algum 

tipo de receptor presente em células, sugerindo que a aglutinação era mediada 

por ligações fracas como ligações de hidrogênio e forças de Van der Waals. 

No início do século XX, a idéia de que as aglutininas vegetais até 

então descobertas eram proteínas que desempenhavam apenas atividade 

tóxica passou a ter uma concepção diferenciada. De acordo com as atividades 

biológicas desempenhadas por novas aglutininas isoladas de sementes de 

Pisum sativum, Phaseolus vulgaris, Lens culinaris e Vicia sativa, observou-se 

que estas não apresentavam atividade tóxica, entretanto ainda continuava a 

ser constatado que as mesmas aglutinavam eritrócitos de uma forma 

semelhante ao que fora visto nas Ricinas por Stillmark no século XIX. 

Consequentemente, um novo entendimento surgiu: embora a toxicidade de 

aglutininas vegetais esteja mais relacionada com fenômenos considerados 

como exceções, a capacidade de se ligar a receptores específicos presentes 

em membranas celulares é considerado uma regra geral. Portanto, lectinas 

sempre se ligam a carboidratos, porém, algumas podem apresentar atividades 

biológicas além da ação de reconhecimento de açucares.  

Diversos outros experimentos utilizando outras lectinas revelaram 

que, realmente, esta classe de proteínas necessita se ligar a receptores 

presentes em membranas de células para realizarem o fenômeno da 

aglutinação. Entretanto, ainda não se tinha conhecimento detalhado acerca dos 

tipos de receptores. A dúvida se estendia também para o fato de cada lectina 

em questão possuir um tipo de receptor específico (VAN DAMME et al., 1998). 
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Os primeiros experimentos de aglutinação foram feitos com células 

sanguíneas do sistema ABO humano. Constatou-se que algumas aglutininas 

tinham preferência para reconhecer determinados tipos de hemácias em 

relação a outras, e, extraordinariamente algumas também eram capazes de 

aglutinar mais de um tipo de células ABO. A partir dessas observações, 

algumas destas proteínas foram categorizadas de acordo com a afinidade por 

grupos sanguíneos específicos. Consequentemente, com a descoberta de que 

as aglutininas são proteínas que podem ser distinguidas em relação à afinidade 

por células sanguíneas do sistema ABO, surgiu uma nova denominação para 

as aglutininas, ou seja, a partir destes resultados preliminares, as aglutininas 

passaram a ser chamadas de lectinas, cujo termo vem do latim “legere” e tem 

como significado “selecionar” (VAN DAMME et al., 1998). 

Após os experimentos de Stillmark (1888), Summer & Howell (1936) 

demonstraram que, além da propriedade de aglutinar células, como eritrócitos 

e alguns tipos de leveduras, a ConcanavalinaA (ConA) - lectina presente em 

extratos de sementes de Canavalia ensiformis - também era capaz de 

precipitar moléculas de glicogênio e que esta aglutinação era inibida na 

presença de sacarose. De acordo com essa constatação, foi observado que a 

ConA interagia com o glicogênio, mas que essa interação, reversível, era 

revertida na presença de um açúcar menos complexo. Em outras palavras, foi 

possível entender que a aglutinação se dava a partir de uma reação reversível 

entre a ConA e carboidratos presentes na superfície dos eritrócitos. Tais 

resultados foram a primeira indicação experimental de que a ligação a 

carboidratos era a principal mediação no processo de aglutinação e que a 
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inibição provocada pela sacarose mostrou que tal interação era reversível 

(SUMMER & HOWELL, 1936). 

O processo de identificação do carboidrato presente em membranas 

de células foi fundamental para o uso de lectinas na tipagem sanguínea, como 

também para a determinação de constituintes glicosilados nos diversos tecidos. 

Essa especificidade sanguínea observada pelas lectinas foi fundamental para 

se estabelecer as bases químicas da especificidade dos grupos sanguíneos do 

sistema ABO humano. Em 1952, Watkins & Morgan mostraram que a atividade 

hemaglutinante específica por eritrócitos humanos do tipo A, causada por 

extratos de Phaseolus limenis, foi inibida por N-acetil-galactosamina. Além 

disso, eles observaram que extratos de Lotus tetragonolobus, específicos por 

eritrócitos do grupo O, tiveram esta capacidade hemaglutinante inibida por α-L-

fucose (WATKINS & MORGAN, 1952). 

Atualmente as lectinas são consideradas um grande grupo de 

proteínas que possuem afinidade por carboidratos e que estão amplamente 

distribuídas na natureza, sendo encontradas em plantas, animais e organismos 

primitivos (LIS & SHARON, 1998). São utilizadas como ferramentas de 

investigação da arquitetura e dinâmica molecular de carboidratos presentes na 

superfície celular durante a divisão, diferenciação e processos malignos, assim 

como para o isolamento e caracterização de glicoconjugados (SHARON & LIS, 

1993, 1995). A atividade biológica das lectinas está estreitamente relacionada 

com a afinidade por carboidratos. O mecanismo de reconhecimento de 

açúcares pelas lectinas é desenvolvido independentemente em diversos 

sistemas biológicos. Muitas lectinas desempenham diversas atividades 

biológicas como comunicação celular, defesa, fertilização, desenvolvimento, 
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infecção parasitária, metástases tumorais e inflamação (GABIUS & GABIUS, 

1997).  

Mesmo com a elucidação de inúmeros questionamentos a respeito 

da interação carboidratos-lectinas, ainda permanecem mistérios em biologia 

celular a respeito do entendimento de como as células sinalizam-se entre si ou 

com outros tecidos e de como ocorrem as respostas a estímulos de diferentes 

meios celulares com extrema precisão. Tais fenômenos estão relacionados 

com a decifração de glicocódigos encontrados nas mais diversas organelas, e 

isso garante que o estudo das lectinas passou a ter grande repercussão devido 

a estas proteínas constituírem desse sistema químico-fisiológico ainda pouco 

conhecido. 
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5.2 Definições, Classificação e Considerações Gerais

5.2.1 Principais definições e considerações gerais

Estudos preliminares apontaram que as lectinas poderiam ser 

definidas como proteínas ou glicoproteínas de origem não imune, que 

possuíam capacidade de se ligar a carboidratos, aglutinar células e precipitar 

glicoconjugados (GOLDSTEIN et al., 1980). Tal pressuposição originou-se 

devido à capacidade das lectinas de aglutinar células, podendo essa atividade 

ser interrompida/inibida na presença de açúcares simples (monossacarídeos). 

Entretanto, essa definição era pouco abrangente. Diversas outras proteínas, 

que não eram capazes de aglutinar células, foram posteriormente reconhecidas 

como lectinas. 

Novas evidências a respeito do fenômeno da aglutinação mostraram 

que apenas algumas lectinas eram capazes de aglutinar células. Para ocorrer a 

aglutinação de células é necessário que exista pelo menos mais de um sítio de 

ligação a açúcar por cada estrutura quaternária, em uma determinada lectina. 

Em outras palavras, caso exista apenas um sítio de ligação ao carboidrato 

haverá interação com moléculas de açúcar através desse único sítio, mas, o 

fato de ocorrer apenas uma interação impede a aglutinação, pois não ocorrem 

ligações cruzadas e contínuas entre uma determinada lectina e receptores 

glicosilados de membranas celulares, ou seja, não há formação de uma malha 

estrutural mediada por glicanos e lectinas. 

Por outro lado, já era de conhecimento de alguns pesquisadores que 

o reconhecimento a carboidratos era um fenômeno químico reversível, e que, 

não provocava nenhum tipo de mudança conformacional nos açúcares. Tais 

descobertas fizeram com que alguns pesquisadores da época classificassem 
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erroneamente as lectinas como proteínas distintas de enzimas, visto que, em 

relação a sua função de reconhecimento a carboidratos, não desempenhavam 

nenhum tipo de atividade enzimática que pudesse causar qualquer modificação 

estrutural na conformação nativa dos carboidratos.  

Entretanto, Kocourek e Horejsi (1983) propuseram que algumas 

toxinas, também capazes de aglutinar células, deveriam ser consideradas 

como lectinas. No entanto, além de muitas dessas proteínas possuírem a 

capacidade de aglutinar células, desempenhavam ao mesmo tempo uma outra 

função, podendo ser tóxica ou enzimática. Porém, o que ainda não estava bem 

elucidado era o fato de que ambas as atividades eram promovidas por 

domínios protéicos distintos, pertencentes a uma mesma molécula. Ou seja, 

enquanto parte da proteína era capaz de fazer o reconhecimento do açúcar, 

ocasionando a aglutinação, a outra possuía a capacidade de desempenhar 

atividades distintas da ação de reconhecimento à açúcar (KOCOUREK & 

HOREJSI, 1983).  

A constatação de que as lectinas tinham como atividade padrão a de 

interagir de uma forma reversível com carboidratos, além de poderem 

desempenhar outras funções distintas, levou alguns pesquisadores a definirem 

que lectinas eram proteínas que possuíam pelo menos um sítio de ligação a 

carboidratos e que se ligavam reversivelmente a mono ou oligosacarídeos 

(PEUMANS & VAN DAMME, 1995b).  

De acordo com as proposições de Goldstein (1980), Kocourek e 

Horejsi (1983) e Peumans e Van Damme (1995), uma determinada proteína de 

só poderá ser caracterizada como lectina após serem atendidas três 

características fundamentais (RUDIGER & GABIUS, 2001): 
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i) São proteínas ou glicoproteínas que se ligam a algum tipo de 

carboidrato; ou seja, podem ser proteínas que exercem mais de 

uma função, mas que uma destas seja de reconhecimento à 

açúcar.  

ii) Não são de origem imune; 

iii) Não modificam bioquimicamente os carboidratos aos quais se 

ligam, ou seja, interagem de uma forma reversível. 

5.2.2 Classificação das lectinas

5.2.2.1 Quanto aos aspectos estruturais

As três características fundamentais descritas anteriormente são 

suficientes para que uma ampla diversidade de proteínas sejam caracterizadas 

como pertencentes à classe de lectinas, incluindo diversos tipos de toxinas e 

proteínas de membrana. Embora essas características sejam úteis para se 

classificar tais proteínas de uma forma generalizada, algumas subdivisões 

foram criadas baseadas em aspectos estruturais. Van Damme (1998) e 

colaboradores classificaram as lectinas em quatro grupos principais: 

a) Merolectinas: trata-se de proteínas compostas de somente um sítio de 

ligação a carboidrato. São proteínas monoméricas, e devido ao fato de 

possuírem um único sítio de ligação ao açúcar por estrutura, não apresentam 

atividade hemaglutinante ou capacidade de precipitar glicoconjugados. São 

consideradas, estruturalmente, as mais simples. Um exemplo comum de uma 

merolectina é a heveína, lectina presente no látex da seringueira, Hevea

brasiliensis (Figura 02). 
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b) Hololectinas: possuem dois ou mais domínios idênticos ou homólogos de 

reconhecimento a carboidratos. Neste caso são geralmente prote ínas 

oligoméricas e a principal característica deste grupo é que possuem a 

capacidade de aglutinar células e precipitar gliconjugados.  Apresentam-se, 

normalmente como dímeros ou tetrâmeros e, geralmente, têm a capacidade de 

precipitar glicoconjugados e de aglutinar células. Uma grande quantidade de 

lectinas presentes em plantas é classificada como hololectinas, as quais 

diferem entre si pelas diferenças estruturais apresentadas em suas formas 

diméricas e/ou tetraméricas. A maior parte das lectinas de leguminosas são 

classificadas por serem hololectinas, dentre as quais podemos citar as lectinas 

de Canavalia brasiliensis (ConBr),  Artocarpus integrifolia (Jacalina) e Griffonia

simplicifolia (Figura 03). 

Figura 02. Representação esquemática de uma merolectina. Proteína monomérica com um 

único sítio ativo (VAN DAMME et al, 1998). A figura ilustra a estrutura da heveína, lectina da 

espécie Hevea brasiliensis. Estrutura determinada através de Ressonância Magnética 

Nuclear (ANDERSEN et al, 1993). Código PDB: 1MMC 

Merolectina
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Figura 03. Representação de uma hololectina com quatro sítios ativos iguais/homólogos (VAN 

DAMME et al, 1998). A figura ilustra a estrutura da PNA, lectina da espécie Arachis Hypogaea 

na sua forma tetramérica com quatro monômeros idênticos de ligação a carboidratos 

(RAVISHANKAR et al., 2001). Código PDB: 1CQ9 

c) Quimerolectinas: constituem em lectinas que possuem pelo menos um 

único sítio de ligação a carboidratos, e que junto a este, possui um outro 

domínio que exerce uma função distinta de reconhecimento a açúcar. Neste 

grupo geralmente são encontrados proteínas com dupla função, mas que são 

complementares entre si, como por exemplo, proteínas relacionadas com 

invasividade celular, as quais utilizam o domínio de reconhecimento a açúcar 

como ponto para ancoragem e, subsequentemente, agem com o outro domínio 

para efetivar a entrada ou até mesmo a destruição de membranas. 

Dependendo da quantidade de sítios de ligações a carboidrato, as 

quimerolectinas podem se comportar como merolectinas ou hololectinas. No 

caso das RIPs do tipo 2, estas apresentam mais de um domínio de ligação a 

carboidrato comportando-se, também, como hololectinas, como veremos a 

seguir na figura 04. 
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d) Superlectinas: as superlectinas são classificadas como proteínas que 

possuem pelo menos dois sítios de ligação a carboidratos, assim como as 

hololectinas, porém com especificidade a açúcares distintos. São menos 

encontradas do que as hololectinas, porém novas estruturas para esse grupo 

de lectinas vêm sendo resolvidas, como, por exemplo, a estrutura da banana-

lectin que possui dois sítios distintos de reconhecimento a laminaribiose e Xyl-

beta1,3-Man-alpha-O-Methyl em domínios distintos (figura 05) (MEAGHER et

al., 2005).  

Figura 04. Representação de uma quimeroletina com um sítio de ligação a carboidrato e 

um outro domínio que possui uma função não lectínica (VAN DAMME et al, 1998). A figura 

4 ilustra a estrutura da ricina, lectina da espécie Ricinus communis, com dois domínios 

homólogos de ligação a carboidrato e um outro domínio com função enzimática 

(RUTEMBER et al, 1991). Código PDB: 1ABR 
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Figura 05. Ilustra o modelo esquemático de uma superlectina com dois domínios diferentes 

com afinidade por carboidratos distintos (VAN DAMME et al, 1998). A estrutura em amarelo 

representa a lectina da espécie Musa acuminata que possui dois domínios que reconhecem 

carboidratos distintos (MEAGHER et al., 2005). Código PDB: 1X1V 

 

Inicialmente essa classificação foi feita, em quatro grupos, 

abrangendo significativamente inúmeras proteínas vegetais. Entretanto 

algumas lectinas de plantas, hoje descobertas e estruturalmente resolvidas, 

não se enquadram especificamente em nenhuma destas classificações. Como 

exemplo podemos citar a lectina, recém descoberta, presente na semente de 

Parkia platycephala, homóloga a família das hidrolases. Tal lectina possui um 

domínio com capacidade de reagir enzimaticamente com o polissacarídeo 

composto de monômeros de N-acetyl-D-glucosamina (quitina) e, ao mesmo 

tempo, dentro deste mesmo domínio, possui um outro sítio de reconhecimento 

a carboidrato (figura 05) (CAVADA et al., 2006). 
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5.2.3 Classificação em famílias evolutivamente relacionadas. Ênfase em 

lectinas de leguminosas.

O avanço da biologia estrutural em conjunto com modernas técnicas de 

DNA recombinante deu um salto significativo na elucidação das mais diversas 

moléculas presentes em estruturas dos sistemas biológicos. Atualmente , cerca 

de mais de 300 estruturas de lectinas de vegetais encontram-se depositadas 

no Protein Data Bank (BERMAN et al., 2000). Destas, além de uma grande 

maioria possuir um detalhamento estrutural a nível atômico (acima de 2,0 Å de 

resolução), muitas já possuem seus sítios de reconhecimento a carboidratos 

bem estabelecidos. 

De acordo com o exposto no item anterior, do total de lectinas estudadas, 

várias apresentam semelhanças quanto a aspectos estruturais. Outras 

características como seqüência primária, reconhecimento a açúcares e até 

Figura 06. Lectina presente na espécie Parkia platicephala. Proteína do tipo Tim-Barril. 

Desempenha duas funções distintas. Possui um sítio de ligação a carboidrato (função lectínica) e 

um outro sítio enzimático de quebra de polímeros de quitina (função enzimática) (CAVADA et al., 

2006). Código PDB: 2GSJ 
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mesmo quanto a função desempenhada já são bem conhecidas e estudadas. 

Interessa-nos observar que tais semelhanças ou discrepâncias são puramente 

reflexos do processo evolutivo que ocorre em relação a esta classe de 

proteínas. Isso ocorre de uma forma em que é possível classificar lectinas não 

somente quanto aos aspectos estruturais vistos anteriormente, mas como 

também em famílias que estejam evolutivamente relacionadas, ou seja, que 

não apenas possuam estruturas quaternárias semelhantes, mas que 

compartilham outras características que possam estar diretamente 

relacionadas com a função desempenhada por cada uma delas. 

Dentre as famílias evolutivamente relatadas de lectinas de plantas 

podemos destacar: 

a) Lectinas de monocotiledôneas do tipo manose;

b) Lectinas específicas a quitina e homólogas a heveína;

c) Lectinas homólogas a Jacalina

d) Lectinas homólogas ao tipo RIP-2 (Ricina)

e) Lectinas de leguminosas;

f) Lectinas da família das Amarantaceae

g) Lectinas de floema de Curcubitaceae

Essa classificação, feita em 1998, não é exaustiva, pois novas classificações 

surgem no decorrer das descobertas.  

Inclusive, outras lectinas estão classificadas em grupos diversos como: 

Apiaceae, Araucariaceae, Celastraceae, Euphorbiaceae, Gramineae, Labiatae, 

Solanaceae, etc (VAN DAMME et al.,1998).  
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5.2.3.1 Considerações gerais e exemplos de estruturas resolvidas de

plantas

a) Lectinas de monocotiledônes do tipo manose 

Essas lectinas referem-se às proteínas que são estritamente 

reconhecedoras de manose, e que são encontradas em monocotiledôneas. 

Foram classificadas, até então, seis diferentes famílias de plantas: Alliaceae, 

Amaryllidaceae, Araceae, Bromeliaceae, Liliaceae e Orchidaceae. Exemplares 

com estruturas resolvidas estão representados na figura 07. 

 

Lectina manose específica presente no 
bulbo da espécie Scilla campanulata.
PDBs: 1B2P e 1DLP (WOOD et al., 1999) 
(WRIGHT et al., 2000). Encontra-se 
resolvida na forma nativa e em complexos 
com os açucares:  
a) D-manose 
b) Man(1-6)man 
c) Man1-6(man)1-3man 

 

 

Lectina manose específica presente na 
espécie Narcissus pseudonarcisus PDB: 
1NPL (SAUERBOM et al., 1999). 
Encontra-se complexada com o açucar:  
a) Man(1-3)man. 

 

 

 

Lectina manose específica presente em 
na espécie Allium sativum. PDBs: 1BWU e 
1KJ1 (RAMACHANDRAIAH et al., 2002) 
(CHANDRA et al., 1999). Encontra-se 
complexada com o açucar: 
a) D-manose. 
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Lectina manose específica presente na 
espécie Gastrodia elata. PDBs: 1XD5 e 
1XD6 (LIU et al., 2005). Encontra-se 
resolvida apenas na forma nativa.

Lectina manose específica presente na 

espécie Galantus nivalis. PDBs: 1MSA, 

1NIV e 1JPC (WRIGHT & HESTER, 1996) 

(HESTER & WRIGHT, 1996) (HESTER et

al., 1995). Encontra-se resolvida na forma 

nativa e complexada com os açucares:  

a) D-manose-metil 
b) Man(1-3)man-metil 
c) Man1-6(man)1-3man-metil

b) Lectinas especiíficas a quitina e homólogas a heveína (Domínio

heveínico)

São constituídas por lectinas que se ligam à quitina, que, por 

definição, compreendem todas as proteínas de plantas que possuem pelo 

menos um domínio semelhante a Heveína. A Heveína é isolada do látex da 

seringueira (Hevea brasiliensis) (RAIKHEL et al., 1993; VAN DAMME et al., 

1998) com uma seqüência de 43 resíduos de aminoácidos que reconhece 

quitina e é o protótipo de proteínas dessa classe. Lectinas que se ligam à 

Figura 07. Representação em forma de ribbon das lectinas de monocotiledônias específicas a 

manose. As estruturas foram resolvi das e complexadas apenas com açúcares constituídos por 

manose. São estruturas ricas em folhas betas interconectadas por loops. 
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quitina e não possuem o domínio de Heveína são classificadas em outras 

famílias de lectinas. A aglutinina de gérmen de trigo (WGA) é a principal 

representante dessa classe, é composta de duas subunidades de 18 kDa 

consistindo de quatro domínios de Heveína estruturalmente semelhantes. 

(RAIKHEL et al., 1993). Separados por uma curta α-hélice de cinco resíduos, 

cada domínio de Heveína é destituído de estruturas secundárias regulares e, 

portanto consiste principalmente de estrutura em espiral (“coil’’) e curva 

(“turns”). Estes domínios de Heveína da WGA contêm quatro pontes dissulfeto 

que estabilizam a estrutura funcional da proteína.  Os quatro sítios de ligação a 

carboidrato para GlcNAc (ou Neu5Ac) são localizados na interface entre suas 

subunidades (WRIGHT, 1977). Os exemplares com estruturas resolvidas estão 

representados na figura 08. 

 

Lectina similar a heveína presente na 
espécie Amaranthus caudatus. PDB: 
1MMC. (MARTINS et al., 1996). Encontra-
se resolvida apenas na forma nativa. 

 

Heveína, lectina presente na espécie 

Hevea brasiliensis. PDB: 1HEV. 

(ANDERSEN et al., 1993).Encontra-se 

resolvida na forma nativa e em complexos 

com os açucares:  

a) Chitobiose 
b) Chitotriose 
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Lectina presente na espécie Phytolacca
americana. PDBs: 1ULN, 1UHA, 1ULK e 
(FUJII et al., 2004) (HAYASHIDA et al., 
2003). Encontra-se resolvida na forma 
nativa e em complexos com o açucar: 
a) Chitotriose 

Lectina presente na espécie Urtica dioica.
PDBs: 1EHD, 1EHH, 1EIS, 1ENM, 1EN2 e 
1IQB. (HARATA & MURAKI, 2000) (SAUL 
et al., 2000) (HARATA et al., 2001). 
Encontra-se resolvida na forma nativa e 
em complexos com os açucares:  
a) Tri-N-acetylchitotriose 
b) N-acetylchitotriose  
c)  N-acetylchitotetraose 

WGA. PDBs: 1WGC, 2CWG, 9WGA, 
2WGC, (WRIGHT & JAEGER, 1993) 
(WRIGHT, 1990) (HARATA et al., 1995). 
Encontra-se resolvida na forma nativa e 
em complexos com os açucares:  
a) Sialyllactose 
b) Sialoglycopeptide 
c) N-acetyl-D-neuraminic acid 
d) Chitobiose 
e) ßGlcNAc(1-4)GlcNAc 
f) ßGlcNAc(1-6)Gal 
g) ßGlcNAc(1-6) ßGal(1-4)Glc 

c) Lectinas homólogas a jacalina (lectinas do tipo Prisma-ß)

A família de lectinas relacionadas à jacalina compreende todas as 

lectinas de plantas que estão relacionadas estruturalmente à aglutininas 

presente nas sementes de Artocarpus integrifolia (Jaca). Basicamente, a 

família da jacalina compreende dois subgrupos específicos: i) que reconhecem 

Figura 08. Representação em ribbon de lectinas com domínios homólogos ao da 

Heveína (Hevea brasiliensis). Estruturas ricas em regiões de loops, estabilizados 

principalmente por pontes de dissulfeto. 
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galactose e ii) que reconhecem manose. Esse primeiro grupo possui uma alta 

afinidade pelo antígeno-T [Gal β(1,3)GalNAc] (Sastry et al., 1986) (SARKAR et

al., 1981).  

Em relação as lectinas específicas por manose relacionadas a 

jacalina, estas foram identificadas em muitas espécies em grupos 

taxonomicamente diferentes. O primeiro membro desta subfamília de lectinas 

relacionadas a jacalina foi isolada de Calystegia sepium  (erva daninha: visgo) 

(VAN DAMME et al.,1996e), posteriormente outras lectinas semelhantes foram 

descobertas nas sementes de Helianthus tuberosus (VAN DAMME et al.,1999), 

Musa acuminata (PEUMANS et al.,2000) e de arroz (ZHANG et al., 2000). 

Sabe-se, até então, que as lectinas relacionadas a jacalina , que se ligam a 

manose, possuem duas ou quatro subunidades não glicosiladas de 

aproximadamente 150 resíduos de aminoácidos. Exemplares com estruturas 

resolvidas estão representados na figura 09. 

 

Lectina presente na espécie Artocarpus
integrifolia, Artocarpus hirsuta, Maclura
pomífera, Morus nigra. Todas homólogas 
a jacalina. PDBs: 1J4S, 1J4T, 1J4U, (RAO 
et al., 2004)(PRATAP et al., 2002) 
(JEYAPRAKASH et al., 2004) (LEE et al., 
1998)(RABIJIN et al., 2005) (SASTRY et
al., 1986). Encontra-se resolvida na forma 
nativa e em complexos com os açucares:  
a) N-acetylalanine, Metil-manoside,  

Man1-6man1-3, Man1-6(Man1-
3)Man1-6(aMan1-3)Man), Metil-
Galactose. 

b) Antígeno-T, Porfirina, D-galactose, D-
methyl-N-acetylgalactosamine 

c) ßGal(13)aGalNAc-O-Me, 
ßGalNAc(13)aGal-O-Me, Mellibiose 
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Lectina presente na espécie Musa
acuminata. PDBs: 2BMY, 2BMZ, 2BNO e 
1X1V (MEAGHER et al., 2005) 
(MCLUSKEY et al., 2005) (SINGH et al., 
2005). Encontra-se resolvida na forma 
nativa e em complexos com os açucares:  
a) ßXyl(1-3)aMan-O-Me 
b) Laminaribiose 
c) Metil-manoside 

 
Lectina presente na espécie Calystegia
sepium. PDB: 1OUW (BOURNE et al., 
2004). Encontra-se resolvida apenas na 
forma nativa.

Lectina presente na espécie Helianthus
tuberosus. PDB: 1C3K (BOURNE et al., 
1999)Encontra-se resolvida na forma 
nativa e em complexos com os açucares:  
a) Man1-3man 
b) Man1-2man 

Lectina presente na espécie parkia
platicephala. PDBs: 1GZR, 1GZS 
(GALLEGO DEL SOL et al., 
2005)Encontra-se resolvida na forma 
nativa e em complexos com o açucar:  
a) Manose 

Figura 09. Representação em ribbon de lectinas com domínios homólogos ao da 

jacalina. Estruturas ricas em regiões de folhas betas interconectadas por loops. São 

pobres em pontes de dissulfeto e podem ter afinidade por oligossacarídeos ricos em D-

galactose e D-manose. 
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d) Lectinas homólogas ao tipo RIP-2 (Ricina)

As RIPs tipo 2 constituem uma típica família de quimerolectinas 

constituída de uma proteína constituída por dois domínios interconectados pela 

extremidade N-terminal da cadeia A (domínio enzimático) com o C-terminal da 

cadeia B (domínio lectínico) (BARBIERI et al., 1993). O termo “proteína que 

inativa ribossomos” (RIP) refere-se à capacidade destas de inativarem 

cataliticamente os ribossomos, que ocorre através da remoção enzimática de 

um resíduo de adenina especifico em um loop altamente conservado (A4324 

do rRNA em rato) na grande  subunidade do RNA ribossomal 28S.  

As RIPs foram identificadas em espécies de várias famílias de 

plantas, como por exemplo, as de Euphorbiaceae (Ricinus comunis, Cróton

sp.), Leguminosae (Abrus precatorius), Viscaceae (Viscum album e

Phoradendron californicum), Passifloraceae (Adenia digitata e A.volkensii),

Ranunculaceae (Eranthis hyemalis), Lauraceae (Cinnamonum camphora),

Sambucaceae (Sambucus sp.), Curcubitaceae (Mormodica charantia), e 

Iridaceae (Íris sp.) (VAN DAMME et al.,1998). 

A atividade e especificidade de ligação a carboidrato das RIPs são 

estabelecidas somente por sítios de ligação a carboidratos situados na cadeia 

B. Estudos de especificidade indicaram que a maioria das RIPs são 

efetivamente inibidas por Galactose ou GalNAc ou por ambos. Todavia os 

inibidores mais potentes que quaisquer outros monossacarídeos são os 

dissacarídeos ou oligossacarídeos ricos em galactose. A lectina de Abrus

pulchelus possui especificidade por galactose, mas apresenta uma maior 

afinidade para seqüências de lactose [β-D-Gal-(1,4)-D-Glc], N-acetillactosamina 

[β-D-Gal-(1,4)-D-GlcNAc] e lacto-N-biose [β-D-Gal-(1,3)-D-GlcNAc]. Depois que 
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se constatou que a ricina e outras RIPs interagiam fortemente com 

oligossacarídeos carregados por galactosídeos terminais, a ocorrência de sítios 

estendidos de ligação a carboidratos tornou-se bastante provável de existir em 

outras lectinas. Os exemplares com estruturas resolvidas estão representados 

na figura 10. 

 

Proteína homólogas a Ricina. Presente 
nas espécies Abrus precatorius, Ricinus
communis, Viscum album, Sambucus
ebulus,  PDBs: 1ABR, 2AMZ, 2AAI, 1RZO, 
1HWO, (BAGARIA et al., 2006) (TAHIROV 
et al., 1995) (RUTENBER et al., 
1991)(PASCAL et al., 2001). Encontra-se 
resolvida na forma nativa e em complexos 
com os açucares:  
a) Gal-1β3-GalNAc-aO-benzyl 
b) Lactose 
c) Galactose 
d) Pteroic acid  
e) 2-amino-4-isopropyl-pteridine-6-

carboxyl acid 
 

 

Lectina presente na espécies Amaranthus
caudatus  PDBs: 1JLX, 1JLY (TRANSUE 
et al., 1997).Encontra-se resolvida na 
forma nativa e em complexos com o 
açícar:  
a) Gal-1β,3-GalNAc-aO-benzyl

 
 

e) Lectinas de Leguminosas
Dentre as classificações em 
família evolutivamente 
relacionadas, as lectinas mais 
bem estudadas pertencem ao 
grupo das leguminosas.  
 
 

e) Lectinas de Leguminosas

Dentre as classificações em família evolutivamente relacionadas, as 

lectinas mais bem estudadas pertencem ao grupo das leguminosas. Inúmeras 

Figura 10. Representação em ribbon de lectinas com domínios homólogos ao Ricina. 

São, geralmente, quimerolectinas com estruturas ricas em regiões de folhas betas e alfa 

hélices. Podem ser dotadas de domínios distintos, que se ligam reversivelmente a 

carboidratos e que também possuem atividade enzimática. 
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estruturas deste grupo foram obtidas nos mais diversos grupos de pesquisa, 

que conseguiram ao longo de três décadas, estabelecer padrões estruturais 

que definem com precisão quais características são comuns para todos 

exemplares até então investigados. Hoje, estas proteínas são utilizadas como 

excelentes modelos, para comparação e estudos estruturais de diversas outras 

proteínas presentes nos mais diversos organismos. Normalmente são 

proteínas/glicoproteínas que possuem cerca de 220 a 250 resíduos de 

aminoácidos e são extremamente semelhantes quanto aos aspectos 

estruturais. Apresentam entre si o mesmo tipo de enovelamento em relação a 

seus monômeros. Esses monômeros são compostos quase que 

exclusivamente por fitas-beta antiparalelas (cerca de 60%) arranjadas em duas 

ou mais folhas beta interconectadas por loops, mais conhecido como 

enovelamento do tipo “β-sanduíche”. Cada monômero geralmente possui dois 

ou mais sítios de ligação a íons como também podem ser dotados de um ou 

mais sítios de ligação a carboidratos.  

O sítio de ligação a íons é amplamente conservado nestas proteínas. Vale 

destacar que a atividade de reconhecimento a açúcar depende da presença do 

íon cálcio e de um outro íon, geralmente relatado como sendo o manganês. 

Esses metais se localizam a uma distância de aproximadamente  4,5 Å e ambos 

são coordenados por cadeias laterais de quatro aminoácidos e duas moléculas 

de água. O reconhecimento das lectinas de leguminosas por íons é reversível e 

a remoção desses metais resulta em importantes mudanças conformacionais. 

Com a falta dos íons cálcio e manganês, o peptídeo, Ala207-Asp208 (neste 

caso tomando como exemplo a ConA), que para participar efetivamente do 

reconhecimento ao seu carboidrato específico necessita estar na conformação 
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trans, passa a assumir uma conformação do tipo cis, ou seja, as lectinas de 

leguminosas podem assumir duas conformações quanto a presença dos íons 

cálcio e manganês. Na presença destes assumem a conformação “locked” e na 

ausência “unlocked”. Portanto, a conformação mais favorável do sítio de 

ligação a carboidratos das lectinas de leguminosas ocorre exclusivamente na 

presença dos íons cálcio e manganês. A figura 11 ilustra a estrutura da ConA 

nas formas “locked” e “unlocked” (BOUCKAERT et al., 1995). 

 
 
 

 

 

 

Figura 11. Superposição das estruturas resolvidas da lectina de Canavalia ensiformis (ConA) 

na presença e ausência dos íons cálcio e manganês. Em vermelho, conformação “locked”, com 

o aspártico 208 voltado para o sítio de ligação à açúcar. Em verde, estrutura resolvida na 

ausência dos íons cálcio e manganês. Conformação “unlocked”, com o aspártico 208 

posicionado para o lado oposto ao sítio de ligação ao açúcar (BOUCKAERT et al., 1995).   
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Entretanto muitas lectinas de leguminosas possuem glicanos do tipo 

“N” em suas estruturas nativas, podendo ser glicosiladas em um ou mais de um 

ponto. O interessante é que as lectinas de leguminosas apresentam-se, 

estruturalmente, formando dímeros ou tetrâmeros que podem ser glicosilados 

ou não, existindo, com isto, a possibilidade de combinação de várias formas 

tridimensionais, como ilustrado na figura 12 (VAN DAMME et al., 1998).   

Muitas lectinas são expressas nas formas glicosiladas e não 

glicosiladas. É o caso da lectina de Vatairea macrocarpa que apresenta 

cadeias ativas com um único ponto de glicosilação e com dois pontos de 

glicosilação, além de fragmentos, também ativos com frações glicosilados e 

não glicosiladas (CALVETE et al., 1998). Algumas variações também são 

encontradas nas lectinas de sementes de Phaseolus vulgaris, Griffonia

simplicifolia e Vicia villosa (VAN DAMME et al., 1998). Alguns pesquisadores 

citam que a glicosilação pode ser uma estratégia celular para que novas 

estruturas tridimensionais surjam devido a impedimento espacial causado pela 

presença do glicano (SHAANAN et al., 1991). Outros relatam que a glicosilação 

em lectinas pode estar envolvida em outras funções celulares, que como 

conseqüência levam ao enovelamento diferenciado (TURTON et al., 2004).  

Investigações mais recentes afirmam que a glicosilação em lectinas 

de leguminosas não exerce nenhum tipo de efeito no arranjo oligomérico das 

mesmas. É o caso, por exemplo, da glicolectina presente em sementes de 

Erythrina cristagalli, que de acordo com sua estrutura nativa e recombinante, 

não apresentou nenhuma novidade quanto a sua forma de tetramerização, 

confirmando que a presença do N-glicano, ligado covalentemente na Asn-17, 

não influencia o modo de oligomerização da mesma (TURTON et al., 2004). 
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Conforme descrito anteriormente, a conservação estrutural das lectinas de 

leguminosas mostra que realmente essas proteínas estão evolutivamente 

relacionadas, podendo ser relatadas como proteínas homólogas que surgiram 

a partir de um único ancestral comum. Contudo, a principal distinção entre as 

lectinas, pertencentes à classe das leguminosas, está relacionado à afinidade 

por açúcares. Inicialmente alguns pesquisadores acreditavam que essas 

proteínas tinham afinidades apenas por monossacarídeo e que este, por sua 

vez, era o principal mediador de toda a interação lectina-açúcar. Todavia, 

novos experimentos apontaram que conforme houvessem mudanças nas 

cadeias subseqüentes dos glicanos, diferentes valores para Ka foram 

observados nos complexos lectina-açucares. Isso indica que apesar de 

diferentes lectinas se ligarem especificamente a um único tipo de açúcar, como 

por exemplo a LTA por L-fucose, não quer dizer que uma cadeia mais 

complexa composta de diversos açúcares contendo L-fucose não possa 

também interagir em sítios estendidos, adjacentes ao sítio primário da LTA. 

Isso foi interessante no sentido de se entender que algumas lectinas possuem 

especificidades diferentes em relação a diferentes glicanos e isso pode ser 

obviamente extrapolado para se entender o porquê que uma única lectina pode 

apresentar diferenças em suas atividades biológicas quando utilizadas em 

diferentes meios celulares (DAM & BREWER, 2002).  

 
 

5.2.3.1.1 Classificação das lectinas de leguminosas quanto a afinidade por 

monossacarídeos

As lectinas de leguminosas possuem capacidade de interagir com 

açúcares simples e complexos (DAM & BREWER, 2002). Essa interação, 

conforme sucintamente comentado anteriormente, depende, exclusivamente, 
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de um sítio de ligação primário a carboidratos presente na superfície molecular 

das mesmas. Esse sítio, comumente chamado de primário, interage 

diretamente com um único açúcar simples, daí sua denominação. 

Diversos grupos de lectinas foram descritos quanto à especificidade 

por monossacarídeos, entre eles as lectinas do tipo manose/glicose, D-

galactose, N-acetylglicosamina, N-acetylgalactosamina, L-fucose, ácido N-

acetyl-neuramínico, etc. Entretanto, a maioria das lectinas, que compartilham 

entre si a característica de reconhecerem primariamente o mesmo tipo de 

monossacarídeo, diferem entre si em relação a afinidades por 

oligossacarídeos. Em outras palavras, isso quer dizer que a interação com 

monossacarídeos é bem menos complexa do que por polissacarídeos.  

O sítio de ligação a carboidratos das lectinas de leguminosas 

consiste em uma região na superfície da molécula composto por quatro loops 

que proporcionam a formação de uma cavidade na superfície da mesma. 

Nestes loops encontram-se três resíduos altamente conservados, Asp, Asn e 

Gly/Arg, os quais são responsáveis pela formação de quatro ligações de 

hidrogênio com as hidroxilas dos carbonos três e quatro presentes nos 

monossacarídeos como manose ou glicose. A estabilização dos 

monossacarídeos ocorre também através de interações hidrofóbicas com os 

resíduos de aminoácido como Phe, Tyr, Trp ou Leu. O interessante é que as 

variações evolutivas observadas nas lectinas de leguminosas ocorrem 

especificamente no sítio de ligação a carboidratos e na maneira como essas 

proteínas formam oligômeros. Em outras palavras, se existirem variações no 

sítio primário de ligação haverá provavelmente mudança na especificidade da 

lectinas pelo seu respectivo monossacarídeo. Por outro lado, caso essas 
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variações sejam observadas na forma de oligomerização haverá mudanças na 

forma em como essas proteínas interagem com oligossacarídeos complexos 

presentes em membranas celulares. Ou seja, lectinas contendo a mesma 

especificidade por monossacarídeos podem desempenhar atividades 

biológicas distintas e vice-versa. 

Como exemplo podemos citar as lectinas ConA e PNA, que possuem 

idênticos sítios de ligação aos metais cálcio e manganês, porém apresentam 

cerca de 50% de diferenças em relação aos resíduos responsáveis pela 

estabilização reversível dos carboidratos. Tais considerações apontam para 

que a conservação do sítio de ligação a metais seja extremamente essencial 

para que haja uma correta estabilização do glicano, visto que esse sítio é 

sempre conservado. Entretanto, o sítio de ligação ao açúcar, propriamente dito, 

sofre pequenas variações de acordo com as espécies e estas, por sua vez, são 

responsáveis pelas diferenças nas atividades biológicas apresentas por 

diversas lectinas em experimentos biológicos (SANZ-APARICIO et al., 1997 e 

BANERJEE et al., 1996). 
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5.2.3.2 Estrutura quaternária e as variações dímero-dímero de 

lectinas de leguminosas

As lectinas de leguminosas são similares entre si quando comparadas em 

relação às suas estruturas primárias e terciárias, porém diferem 

extraordinariamente quanto à estrutura quaternária (BRINDA et al., 2005). 

Essas moléculas raramente ocorrem na forma monomérica, sendo mais 

comum encontrá-las nas formas dimérica e tetramérica, onde os tetrâmeros 

são formados a partir de arranjos espaciais entre dímeros. Cada interação 

dimérica distinta gera uma forma tetramérica específica.  

Conforme comentado anteriormente, as variações observadas quanto as 

diferenças de atividade biológica apresentadas pelas lectinas de leguminosas 

podem estar relacionadas às mudanças nas formas oligoméricas em que se 

encontram. Cada estrutura quaternária de uma lectina de leguminosa interage 

de uma forma específica com um determinado tipo de oligossacarídeo, ou seja, 

muitos fenômenos biológicos são desencadeados a partir de interações 

cruzadas com receptores celulares glicosilados, o que nem sempre ocorre da 

mesma maneira para lectinas distintas. 

As interações entre lectinas de leguminosas e receptores celulares 

glicosilados podem ocorrer de diversas formas. Basicamente três tipos de 

interações (ligações cruzadas) foram identificados:  

i) cross-linking em uma dimensão, que ocorre normalmente em lectinas 

diméricas, 

ii) cross-linking em duas dimensões, que pode ser visto em homolectinas 

tetraméricas e planares, e 
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iii) cross-linking em três dimensões que são geralmente formadas por 

lectinas tetraméricas não planares (Figura 13). 

Embora existam poucos relatos a respeito de informações estruturais de 

“cross-linking” entre lectinas de leguminosas e receptores glicosilados, estudos 

a  partir de Microscopia Eletrônica identificaram diferenças observadas nas 

ligações cruzadas formadas pelas lectinas de Lotus tetragonolobus (LTA) e 

Canavalia ensiformis (ConA) na presença de diversos oligossacarídeos 

(CHENG et al., 1998). Essas lectinas são capazes de formar ligações cruzadas 

em duas e três dimensões com glicanos divalentes, respectivamente, porém 

ainda não se sabe como esse fenômeno ocorre no meio vivo celular. Acredita-

se que essas interações cruzadas assumem formas complexas, longas e 

periódicas, que podem ser até mesmo consideradas como estruturas super-

quaternárias. 
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Atualmente o que se tem visto em relação ao uso de lectinas com 

glicoconjugados é que as interações tornam-se mais complexas na medida em 

que o tamanho do açúcar aumenta. Isso se deve ao fato de que a interação 

entre lectinas e glicoconjugados ocorre de uma forma não tão simples. Alguns 

carboidratos divalentes são capazes de se ligar a duas moléculas de lectinas, 

portanto se uma lectina assume uma forma oligomérica como um dímero ou 

tetrâmero haverá a formação de ligações cruzadas, que por sua vez surgem de 

acordo com o tamanho de cada receptor glicídico e a forma estrutural em que 

encontra a lectina (Figura 14). 

 

 

 

 

 

 

 

 

 

Figura 13. Representação esquemática de cross-linking entre lectinas nas três 

dimensões. a) Cross-linking em uma dimensão. Lectinas diméricas. Cada 

circunferência representa um monômero com um único sítio de ligação ligado a um 

carboidrato divalente. b) Lectinas tetraméricas com sítios de ligação dispostos no 

mesmo plano. Formação de cross-linking em duas dimensões. c) Lectinas tetraméricas 

com sítios de ligação dispostos em dois ou mais planos. Formação de cross-linking em 

três dimensões. 
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Por outro lado, conforme comentado anteriormente, as lectinas de 

leguminosas podem ocorrer nas formas monoméricas, diméricas e 

tetramêricas. Atualmente nove tipos de estruturas quaternárias foram relatadas 

para as lectinas de leguminosas, que compreendem o monômero identificado 

na espécie Phaseolus vulgaris, quatro estruturas diméricas e quatro estruturas 

tetraméricas. O interessante é que os monômeros presentes nessas estruturas 

diméricas são extremamente semelhantes ao monômero da lectina de 

Phaseolus vulgaris e os tetrâmeros são combinações dessas estruturas 

diméricas. Sugere-se, portanto, que as lectinas são moléculas que 

desempenham funções correlacionadas, produto de um processo evolutivo em 

Figura 14. Representação em duas vistas do cross-linking formado entre sacarídeos 

divalentes e a lectina de soja (Laurence et al., 1997). 
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que mutações em suas estruturas primárias refletiram na maneira em como 

essas proteínas se arranjam espacialmente. 

Estudos a partir de técnicas computacionais são utilizados na tentativa de 

identificar através da estrutura primária quais mutações estão envolvidas no 

processo de oligomerização destas proteínas, dado que são extremamente 

semelhantes. No entanto, tais esforços são apenas suficientes para se 

determinar o grau de oligomerização das mesmas, ou seja, pode-se inferir, a 

partir de algumas sequências primárias, que determinadas lectinas são 

diméricas ou tetraméricas, porém a forma em como ocorre o arranjo espacial 

desses dímeros ou tetrâmeros é visto apenas por técnicas experimentais 

(BRINDA et al., 2004). 

As estruturas quaternárias observadas na figura 15 foram 

evidenciadas através da cristalografia de proteínas. Como anteriormente 

mencionado, todas estas são muito semelhantes em relação a suas estruturas 

primárias, porém apresentam formas de oligomerização distintas, o que como 

conseqüência reflete na atividade biológica desempenhada pelas mesmas. 

Entretanto, essas diferenças, produto de um processo evolutivo, além de 

estarem relacionadas com variações na estrutura primária conforme 

comentado anteriormente, podem também sofrer influência de acordo com o 

“padrão de glicosilação” apresentado pelas mesmas. 

Em relação à estrutura primária, alguns resíduos de aminoácidos, 

que se posicionam em regiões de interface entre as cadeias, podem sofrer 

mutações, ocasionando leves distorções espaciais entre dois dímeros. No 

entanto, para o caso da presença de glicanos, sabe-se que estes são 

introduzidos covalentemente em resíduos de Serina/Treonina (O-glicanos) ou 
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de Asparagina (N-glicanos) através de mudanças pós-traducionais. 

Normalmente, o que se tem observado é que a maioria das lectinas de 

leguminosas possui um padrão específico de glicosilação, contudo, a maneira 

como ocorrem essas mudanças pode também influenciar na forma em como os 

monômeros destas proteínas se interagem para formar estruturas quaternárias 

distintas.  

Glicanos do tipo “N” são comumente encontrados nas superfícies das 

lectinas de leguminosas. São moléculas estruturadas a partir de ligações 

glicosídicas de monosacarídeos como GlicNac, Fucose, Manose, Xylose, etc. 

O padrão de glicosilação é dependende da posição das asparaginas, porém a 

composição destes glicanos ainda é considerado um mistério, pois diversas 

lectinas, mesmo muito semelhantes, podem apresentar glicanos que possuem 

desde 200Da até 1500Da. O interessante é que tetrâmeros distintos podem 

ocorrer de acordo com o padrão de glicosilação das lectinas, como por 

exemplo, a EcorL, que apresenta um tetrâmero distinto dos demais observados 

devido a presença de um heptasacarideo do tipo N. (SHAANAN et al., 1991). 

Conclui-se, portanto que, o modo de tetramerização das lectinas de 

leguminosas, está intimamente relacionado a um processo evolutivo referente a 

mutações pontuais nas estruturas primárias das mesmas. No entanto não se 

pode descartar que diferenças nos padrões de glicosilação destas lectinas 

contribuem também para tal processo. Pesquisadores afirmam que o padrão de 

glicosilação pode, realmente, influenciar estereoquimicamente na maneira em 

como essas proteínas oligomerizam, porém caso isto seja uma afirmação 

verdadeira, torna-se difícil compreender se a célula utilizou sua capacidade de 

glicosilar para realmente formar novas estruturas quaternárias, ou se estas 
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estruturas quaternárias surgem por consequência da presença destes glicanos 

que foram incorporados para realizarem uma outra função. 

  

a) Monômero da lectina de sementes de 
Phaseolus vulgaris  (Arcelina – 5); 

b) Dímero canônico tipo-2 (lectinas da sub 
tribo Diocleinae); 

 
 

c) Dímero da lectina de sementes de  Erythrina
coralodendron (EcorL); 

d) Dímero da lectina de sementes de Griffonia
simplicifolia (GS4-dímero); 

  

e) Dímero da lectina presente em sementes de 
Dolichus biflorus (DB58); 

f) Tetrâmero da Lectina de Dolichus biflorus 
lectin (DB58); 

  

g) Tetrâmero da lectina de Canavalia ensiformis

(ConA);

h) Tetrâmero da lectina presente na espécie 
Arachis hypogaea  (Peanut); 
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i) Tetrâmero da lectina de Griffonia simplicifolia

(GS1);

 

Figura 15. Exemplificação dos nove tipos de estrutura quaternária encontradas em 

lectinas de leguminosas. 
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5.3 Glicobiologia

A sequência de genes e proteínas depositadas cresce de uma forma 

significativamente superior a de estruturas de carboidratos. Isso não ocorre 

devido ao fato de haver mais empenho na elucidação daquelas do que destas, 

mas devido ao fato de que a determinação de estruturas de açúcares 

complexos tem apresentado muitos desafios. Uma das dificuldades está no fato 

destes açucares formarem complexos com outras moléculas e possuírem 

variações estruturais resultantes de suas vias biossintéticas. Essa carência 

reflete exclusivamente no fato de que a falta de informações 

estruturais/biológicas de estruturas de carboidratos é uma pedra no caminho 

para quando se quer conseguir entender fenômenos biológicos como interação 

proteína-carboidratos, ou até mesmo proteínas-glicoproteínas e proteínas-

glicolipídeos (HASHIMOTO & KEGG, 2006). 

Os carboidratos são moléculas com alto potencial para formar 

estruturas complexas, pois um único dissacarídeo pode formar bem mais 

estruturas distintas do que um dipeptídeo. Isso ocorre devido à diversidade e 

graus de liberdade das ligações glicosídicas. Por exemplo, enquanto dois 

aminoácidos podem formar um dipeptídeo a partir de uma única possível 

ligação peptídica, duas hexoses podem se conectar através de 04 dos seus 

carbonos hidroxilados. Essa vasta combinação é um dos fatores em que 

explica o porquê que as interações moleculares baseadas no reconhecimento 

entre estruturas complexas e carboidratos é uma das maiores formas de 

comunicação intra- e inter-celular concorrendo para a propagação de diversos 

processo biológicos relevantes. 



50

Diversos processos bioquímicos que ocorrem nas comunicações 

celulares mediadas por carboidratos ainda hoje permanecem sem explicações 

convincentes. No entanto, esforços no sentido de elucidar tais fenômenos 

surgiram com o uso de lectinas vegetais, que são proteínas que possuem a 

capacidade de se ligar reversivelmente a carboidratos, ou seja, decifram 

glicocódigos presentes em diversos tipos de estruturas celulares. A 

investigação dessas proteínas e seu papel no reconhecimento de células, 

assim como a aplicação dessas proteínas para o estudo de carboidratos em 

solução e na superfície de células, está proporcionando contribuições 

importantes para o avanço da glicobiologia. O desenvolvimento desse último 

campo tem um impacto profundo na pesquisa de lectinas, de tal forma que 

essas duas áreas avançam lado a lado (DWEK, 1996). 
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6.0 CAPÍTULO 1

 

6.1 A Lectina de sementes de Lotus tetragonolobus 

A espécie Lotus tetragonolobus pertence à Família das Leguminosae-

Papilionoideae e tribo Loteae. O gênero Lotus possui mais de 100 tipos plantas 

catalogadas, dentre as quais são bastante estudadas as espécies Lotus

corniculatos e Lotus japonicus. Esta última já possui seis cromossomos 

sequenciados e disponíveis na base de dados “http://www.kazusa.or.jp/lotus/”.  

A espécie Lotus. tetragonolobus ou Tetragonolobus purpurea é considerada 

por ser uma planta medicinal. É comumente encontrada no continente europeu 

e também pode ser vulgarmente chamada por “Asparagus Peã” ou “Winged

Pea” (Figura 16). 
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O primeiro relato sobre uma aglutinina presente na espécie Lotus

tetragonolobus remota do ano de 1963: “Research on phytoagglutinin from the 

seeds of L. and some other plants”. Trata-se de um trabalho publicado na 

Polônia por Sagan e colaboradores (SAGAN et al., 1963). Posteriormente, 

Yariv e colaboradores, (1967), descreveram, pela primeira vez, através do 

artigo “Isolation of an L-fucose binding protein from Lotus tetragonolobus seed”,

informações sobre o isolamento de aglutininas presente nas sementes da 

mesma (YARIV  et al., 1967) e que a  espécie L. tetragonolobus expressava uma 

proteína que tinha capacidade de aglutinar eritrócitos. Entretanto, um ano mais 

tarde, em 1968, foi descoberto que existiam pelo menos três isoformas de 

aglutinina presentes nas suas sementes (KALB, 1968). 

O uso da lectina de Lotus tetragonolobus (LTA), como ferramenta 

bioquímica, se deu na década de 70. Estudos da sua especificidade sanguínea 

no sistema ABO humano (PEREIRA e KABAT, 1974), de caracterização de 

antígenos da saliva humana através da precipitação (NAPIER et al., 1974) e no 

isolamento de leucócitos polimorfonucleares humanos (VAN & TUNG, 1977) 

foram algumas das aplicações biológicas que proporcionaram um superficial 

entendimento de que a LTA era específica para alguns tipos de receptores 

presentes em determinadas membranas celulares. Na realidade já se tinha 

conhecimento de que a especificidade da LTA ocorria por L-fucose, mas ainda 

não estava elucidado que essa interação se dava de uma maneira bem mais 

complexa, ou seja, através de oligossacarídeos constituídos por L-fucose. 

Posteriormente, nos anos 80, inúmeras aplicações biológicas foram 

desenvolvidas com a LTA. Sua capacidade de reconhecimento a carboidratos 

Figura 16. Fotografia da espécie Lotus tetragonolobus (Papilionoideae; Loteae; Lotus). 

“http://hortiplex.gardenweb.com/plants/p1/gw1024138.html” 
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ricos em L-fucose era uma característica que a distinguia de outras lectinas, 

estudadas na época, como a Concanavalina A (específica por manose/glicose). 

Dentre os principais trabalhos a respeito da utilização da LTA, com base em 

sua especificidade por oligossacarídeos L-fucosídicos, podemos destacar os 

estudos a partir de células malignas com o propósito de se identificar antígenos 

anômalos presentes nas membranas de células cancerígenas (RAEDLER et

al., 1983) (KOCH et al., 1983) (HOLTHOFER et al., 1983) (WALKER, 1984) 

(ULRICH et al., 1985) (DAVIDSSON et al., 1987) (GRIFFITHS & 

STEPHERSON, 1988) (RAJU & LEE, 1988) (FINNE et al., 1989) (IMURA et al., 

2004) (TURNER et al., 1995). Essas investigações foram direcionadas devido 

ao fato de que oligossacarídeos fucosilados são amplamente encontrados em 

células durante o processo de diferenciação ou estágios de metástase, comuns 

em diversos tipos de carcinomas, como neuroblastomas ou adenocarcinomas 

(THOMAS & SUROLIA, 2000). 

No entanto, o entendimento da LTA como apenas uma lectina que se liga 

a fucose é insuficiente para que se possa explicar os inúmeros fenômenos 

biológicos que a mesma desempenha. O reconhecimento  da LTA por L-fucose 

já está bem elucidado apenas em termos de testes simples por inibição, porém 

a maneira que como ocorrem estas interações com oligossacarídeos 

complexos ainda dá os primeiros passos. Alguns estudos com Microscopia 

Eletrônica e Ressonância Plasmônica de Superfície mostraram que a LTA têm 

capacidade de reconhecer antígenos fucosilados do tipo Lewisx e 

oligossacarídeos divalentes como difucosyllacto-N-neohexa-ose – FucOcta, 

porém nenhuma informação estrutural a respeito dessas interações têm sido 

relatadas (STAUDACHE et al., 1999) (CHENG et al., 1998). 
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Dentre todos os trabalhos produzidos até então, o que mais explora 

convincentemente a forma de reconhecimento de oligossacarídeos complexos 

pela LTA foi relatado por Cheng e colaboradores (CHENG et al., 1998). A LTA 

foi utilizada para precipitar Fuc-Octa (difucosyllacto-N-neohexaose – FucOcta) 

(Figura 17). Esse precipitado, quando analisado por Difração de Raios X e 

Microscopia Eletrônica revelou que havia um padrão de simetria entre o açúcar 

e a lectina, ou seja, durante o processo de aglutinação ocorreu a formação de 

ligações cruzadas a uma razão de 2:1 (duas moléculas do açúcar divalente  

para uma de LTA). Essas ligações, de natureza  reversível, ocorrem entre o 

açúcar e a estrutura tetramérica da LTA, que possui 04 sítios de ligação à 

carboidratos homólogos, em um cross-linking do tipo-2 (bidimensional) 

(CHENG et al., 1998). 

 

 

 

 

Ultimamente, a LTA continua sendo uma molécula extremamente utilizada 

para diversas aplicações biológicas (MANSOUR et al., 2005) (MONTISCI et al., 

2001), mas até então não se sabe como a LTA encontra-se na sua forma 

tetramérica, ou seja, como seus dímeros de dímeros estão arranjados 

Figura 17. Representação molecular do difucosyllacto-N-neohexaose – FucOcta. 

Oligossacarídeo biantenário e divalente. Interage com a LTA na razão de 2:1 (CHENG et

al., 1998).
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espacialmente e como o seu sítio de ligação a L-fucose está estruturado. Essas 

informações são cruciais para se entender como se dá o processo de 

reconhecimento de oligossacarídeos pela LTA, característica fundamental para 

que se entenda o mecanismo de todas as atividades biológicas 

desempenhadas pela mesma. Além do que, outras informações estruturais 

mais complexas ainda não são conhecidas como por exemplo a maneira como 

ocorre o fenômeno de cross-linking em duas dimensões entre a LTA e 

oligossarídeos biantenários apresentado anteriormente por Cheng e 

colaboradores (CHENG et al., 1998).’ 

 

 
 
 
 
 

 

 

 

 



56

7.0 OBJETIVOS

Objetivos gerais

Esta tese tem como objetivo principal o estudo estrutural de uma lectina 

presente em sementes da espécie Lotus tetragonolobus, específica a L-fucose, 

de modo a aumentar o entendimento da relação estrutura-função biológica que 

a mesma desempenha. 

 

 

Objetivos específicos

a) Cristalizar na forma nativa a LTA através da técnica de difusão de vapor; 

b) Coletar dados de difração de raios X de monocristais da LTA; 

c) Resolver a estrutura tridimensional por substituição molecular; 

d) Fazer análises estruturais da estrutura da lectina refinada e correlacionar 

com atividades biológicas conhecidas. 
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Crystallization and preliminary X-ray diffraction
analysis of an anti-H(O) lectin from Lotus
tetragonolobus seeds

The seed lectin from Lotus tetragonolobus (LTA) has been crystallized. The best 

crystals grew over several days and were obtained using the vapour-diffusion 

method at a constant temperature of 293 K. A complete structural data set was 

collected at 2.00 Å resolution using a synchrotron-radiation source. LTA crystals 

were found to be monoclinic, belonging to space group P21, with unit-cell 
˚parameters a = 68.89, b = 65.83, c = 102.53 A, � = � = 90, � = 92�. Molecular 

replacement yielded a solution with a correlation coefficient and R factor of 34.4 

and 51.6%, respectively. Preliminary analysis of the molecular-replacement 

solution indicates a new quaternary association in the LTA structure. 

Crystallographic refinement is under way. 

1. Introduction

The legume lectins are a large group of homologous carbohydrate-

binding proteins of non-immune origin that are found mainly in the 

seeds of most leguminous plants. These lectins act by deciphering 

specific glycocodes encoded in the structure of glycans. The inter-

action between lectins and carbohydrates plays a biological role in 

cellular processes such as cell communication, host defence, fertil-

ization, development, parasitic infection, tumour metastasis and plant 

defence against herbivores and pathogens (Vijayan & Chandra, 1999; 

Gallego del Sol et al., 2005). Lectins are ubiquitous in animals, plants 

and microorganisms. Over 250 three-dimensional structures of lectins 

from diverse sources are available and legume lectins represent a 

significant proportion of these proteins. Lectins share a common 

structural fold but they differ in their carbohydrate specificities. An 

outstanding feature of the group of legume lectins is that although all 

the monomers have similar tertiary structures, they show different 

modes of quaternary association (Brinda et al., 2004). This structural 

feature deserves more in-depth investigation in order to identify 

possible structural aspects that may dictate the determinants of the 

quaternary association of legume lectins. 

Bianchet and coworkers characterized fucose-binding lectins as 

proteins that bind fucose and share a specific sequence motif whose 

function is associated with immune recognition in vertebrates and 

invertebrates (Bianchet et al., 2002). Fucose-binding lectins are 

widespread among microorganisms, animals and plants, including 

Pseudomonas aeruginosa lectin (PA-IIL), Anguilla anguilla agglu-

tinin (AAA), Morone saxatilis agglutinin (MsaFBP32), Dicentrarchus 

labrax agglutinin, Chromobacterium violaceum lectin (CV-IIL), 

Ralstonia solanacearum lectin (RS-IIL), Ulex europaeus agglutinin 

(UEA-I) and Lotus tetragonolobus agglutinin (LTA) (Bianchet et al., 

2002; Mitchell et al., 2005; Vandonselaar & Delbaere, 1994; Konami et 

al., 1990; Zinger-Yosovich et al., 2006; Odom & Vasta, 2006; Cam-

marata et al., 2001). 

Fucose-binding lectins have been widely studied because the 

molecular-recognition properties of glycoproteins and glycolipids 

containing l-fucose are often characterized in terms of their inter-

actions with fucolectins. Moreover, there have been several reports 

that l-fucosyl oligosaccharides are found in most common human 

cancers, particularly in adenocarcinomas and neuroblastomas. 

Several pieces of evidence suggest that fucosyl oligosaccharides are 

important cell-surface recognition determinants (Hakomori, 1984; 

Santer et al., 1983; Cheng et al., 1998). 
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LTA and UEA-I are two homologous fucolectins from the Legu-

minosae family. Although they possess the same primary specificity 

for fucose, they display considerable diversity in their carbohydrate 

binding to fucosylated oligosaccharides. UEA-I recognizes the 

H-type 2 determinant [�-l-Fuc(1!2)�-d-Gal(1!4)�-d-GlcNAc] 

but not the Lea and Lex determinants. However, LTA recognizes Lex 

and other different divalent l-fucosyl carbohydrates (Cheng et al., 

1998). Despite their similarity and apparently conserved sequences 

(41% amino-acid identity), the above lectins possess different 

biological activities. Furthermore, a previous study of LTA and other 

legume lectins with unknown structures have shown that the LTA 

structure should have a quaternary association type that differs from 

those of known legume lectins (Brinda et al., 2004). Thus, structural 

studies of LTA will help us to understand its binding to carbohydrates, 

which is directly responsible for its biological activity, and to elucidate 

its quaternary association. 

LTA is a member of the legume family (Leguminosae, Papilio-

noideae, Loteae) of lectins, which have been widely used to explore 

the properties of membranes from both normal and transformed cells 

(Shirahama et al., 1993; Mansour et al., 2005). The primary structure 

of LTA has been previously determined and is a glycoprotein 

containing 240 amino-acid residues with a molecular weight of 

26 273.17 Da. Furthermore, the affinity of LTA for l-fucosyl oligo-

saccharides has been investigated by nuclear magnetic resonance and 

electron microscopy (Cheng et al., 1998; Haselhorst et al., 2001). In 

order to establish the crystal structure of this new member of the 

fucose-binding lectins, we carried out a crystallization study and 

preliminary X-ray diffraction analysis of LTA, a fucolectin from 

Lotus tetragonolobus seeds, with the aim of solving its native 

quaternary structure (Pereira & Kabat, 1974a,b; Konami et al., 1990). 

2. Material and methods

2.1. LTA crystallization, data collection and processing

LTA was purchased from Sigma–Aldrich (USA). The purified 

lectin was dissolved completely at a concentration of 5.0 mg ml�1 in 

20 mM Tris–HCl pH 7.6 containing 1 mM CaCl2 and MnCl2. For  

hanging-drop crystallization trials, the sample was submitted to 

various crystallization conditions using Crystal Screens I and II and 

SaltRx, Index and PEG/Ion screens (Hampton Research, Riverside, 

CA, USA). The drops were composed of equal volumes (1 ml) of 

protein solution and reservoir solution and were equilibrated against 

500 ml reservoir solution. Crystals were grown in Linbro plates at 

293 K by the vapour-diffusion method (Jancarik & Kim, 1991). 

˚X-ray diffraction data were collected at a wavelength of 1.47 A

using a synchrotron-radiation source (MX1 station, Laborató rio 

Nacional de Luz Sı́ncrotron, Campinas, Brazil) and a CCD detector 

(MAR Research). Data were collected from the LTA crystal at 100 K 

and to avoid freezing crystals were soaked in a cryoprotectant solu-

tion containing 75% mother liquor and 25% glycerol. Using an 

oscillation range of 1.5� and an exposure time of 90 s per frame, 150 

images were collected to a maximum resolution of 2.0 Å . Data were 

processed, indexed and integrated using MOSFLM and scaled using 

SCALA (Collaborative Computational Project, Number 4, 1994; 

Leslie, 1992). 

2.2. Molecular replacement

The molecular-replacement method was used to determine the 

crystal structure of LTA using MOLREP (Collaborative Computa-

tional Project, Number 4, 1994). Rotation and translation functions 

were obtained using the peanut lectin monomer coordinates (PDB 

code 1cr7; Ravishankar et al., 2001) as a search model. Three space 

groups were tested (P2, P21 and C2) and the best solution for each 

model was chosen based on the magnitude of the correlation coef-

ficient and the R factor. 

3. Results and discussion

3.1. Optimization of LTA crystals

LTA has previously been purified and its primary sequence 

determined. The lectin was shown to be a glycolectin and its 

haemagglutinating activity was found to be inhibited by the presence 

of l-fucose (Konami et al., 1990). 

Small irregular crystals of LTA appeared in 0.1 M trisodium citrate 

pH 5.6 containing 20% 2-propanol and 20% PEG 4000 after a week 

(Hampton Research Crystal Screen II, condition No. 40). These 

crystals were not suitable for X-ray diffraction experiments. 

However, several optimization steps were performed, changing the 

pH and precipitant concentration. The LTA crystals grew over 

several days in 0.1 M trisodium citrate pH 5.6 containing 8% 

2-propanol and 16% PEG 4000 to maximum dimensions of 0.1 � 0.2 

� 0.4 mm (Fig. 1). 

3.2. Data collection and processing

LTA crystals diffracted to a maximum resolution of 2.0 Å using a 

synchrotron-radiation source (LNLS, Campinas, Brazil). The com-

plete data set (150 frames) was indexed, integrated and scaled in the 
˚resolution range 40.42–2.0 A. LTA crystals were monoclinic, 

Figure 1
(a) Crystals from 0.1 M trisodium citrate pH 5.6 containing 20% 2-propanol and 20% PEG 4000. (b) Optimized LTA crystal suitable for X-ray diffraction experiments. 
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Table 1
Data-collection statistics.

Values in parentheses are for the highest resolution shell (2.11–2.00 Å). 

Wavelength (Å) 1.47 
Space group P21 

˚Unit-cell parameters (A, �) a = 68.89, b = 65.83, c = 102.53, 
� = � = 90, � = 92  

Resolution range (Å) 40.42–2.00 (2.11–2.00) 
Unique reflections 61847 (8835) 
Completeness (%) 99.4 (97.9) 
I/�(I) 10.8 (2.6) h i

Rsym (%) 9.5 (45.9)
Asymmetric unit content One tetramer (960 residues)

belonging to the P21 space group, with unit-cell parameters a = 68.89, 
˚b = 65.83, c = 102.53 A, �= � = 90, �= 92�. The volume of the unit cell 

˚ ˚ 3was 464 772.31 A3, with a VM value of 2.2 A Da�1 (Matthews, 1968). 

THe LTA crystal contained one tetramer per asymmetric unit. A 

summary of data-collection statistics is given in Table 1. 

3.3. Molecular replacement

Sequence-alignment analysis was performed using the BLASTP 

software at the National Center of Biotechnology Information to 

compare the LTA primary sequence with those deposited in the PDB 

(Altschul et al., 1990). 

Molecular replacement was performed using the MOLREP soft-

ware (Vagin & Teplyakov, 1997). The best result was obtained using 

the peanut lectin monomer. We found four monomers per asym-

metric unit in the LTA crystal structure. The rotation and translation 

functions yielded a planar homotetramer with a correlation coeffi-

cient and R factor of 34.4 and 51.6%, respectively (Fig. 2). The model 

produced was then submitted to initial crystallographic refinement 

using REFMAC5 (Collaborative Computational Project, Number 4, 

1994). The first initial step of refinement was performed using rigid-

Figure 2
Molecular-replacement homotetramer solution for the LTA crystal using the 
peanut lectin monomer as a model. 

body followed by restrained refinement (maximum-likelihood 

method), resulting in a model with an R factor of 29.4% and an Rfree 

of 35.4%. Complete refinement of the LTA structure is in progress. 

The crystallographic packing of the LTA structure is shown in 

Fig. 2. Preliminary comparison of the LTA tetramer structure with the 

quaternary association of other legume lectins indicates that is has a 

different quaternary association. As described previously, the peanut 

lectin consists of a homotetramer composed of two different dimers. 

Its tetramer is made up of a canonical dimer and an unusual dimer 

interface, leading to an open quaternary structure. The canonical 

dimer is found in several legume lectins, as described for ConA, 

which is a homotetramer composed of two canonical dimers linked 

via a specific dimer–dimer interface. Normally, legume lectin tetra-

mers are essentially dimers of dimers and the different modes of 

tetramerization are a consequence of the diverse combination of 

dimeric interfaces seen in these quaternary structures. Our present 

work shows that the preliminary initial model of LTA is a tetramer 

composed of two back-to-back interconnected dimers (non-cano-

nical), yielding a planar homotetramer. Although GS4, a lectin from 

Griffonia simplicifolia, possesses the same type of dimer–dimer 

interface as LTA, its tetramers are significantly different. The 

molecular-replacement solution leads to acceptable crystal packing, 

but further refinement results will clarify the particular structural 

properties of LTA. 
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Abstract

Lotus tetragonolobus lectin (LTA) is a fucose-specific legume lectin. Although several studies report a diverse combination of biolog-
ical activities for LTA, little is known about the mechanisms involved in L-fucosyl oligosaccharide recognition. The crystal structure
of LTA at 2.0 Å resolution reveals a different legume lectin tetramer. Its structure consists of a homotetramer composed of two
back-to-back GS4-like dimers arranged in a new mode, resulting in a novel tetramer. The LTA N-linked carbohydrate at Asn4 and
the unusual LTA dimer–dimer interaction are related to its particular mode of tetramerization. In addition, we used small angle
X-ray scattering to investigate the quaternary structure of LTA in solution and to compare it to the crystalline structure. Although
the crystal structure of LTA has revealed a conserved metal-binding site, its L-fucose-binding site presents some punctual differences.
Our investigation of the new tetramer of LTA and its fucose-binding site is essential for further studies related to cross-linking between
LTA and complex divalent L-fucosyl carbohydrates.
� 2007 Elsevier Inc. All rights reserved.

Keywords: Lotus tetragonolobus lectin (LTA); Crystal structure; L-Fucosyl

1. Introduction

Plant lectins are a group of proteins of non-immune ori-
gin that recognize and bind to carbohydrates without mod-
ifying them. It comprises a heterogeneous class of
(glyco)proteins that play a range of crucial roles in many
cell–cell recognition events such as host defense, fertiliza-
tion, development, parasitic infection, tumor metastasis
and plant defense against parasites. Although they encom-
pass different members that are similar in their primary and
tertiary structures, several differences have been reported
with regard to their mode of quaternary association
(Brinda et al., 2005). In general, legume lectins are essen-

tially dimers of dimers, and the different modes of tetra-
merization are a consequence of a diverse combination of
dimeric interfaces seen in these quaternary structures
(Moreno et al., 2006; Delatorre et al., 2007). Additionally,
the mode of tetramerization of legume lectins is closely
related to their affinity for complex oligosaccharides. Dif-
ferences in the carbohydrate cross-linking properties of
some lectins in cellular recognition and signal transduction
processes are reflected in biological properties (Dam et al.,
2005). Thus, a detailed understanding of biological interac-
tion mechanisms between lectins and complex carbohy-
drates is a key feature for establishing the chemical basis
of important logical recognition functions performed by
plant lectins.

Legume lectins are known to exist mainly as homodi-
mers and homotetramers. They show considerable differ-
ences in their quaternary associations and modes of
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monomer organizations in the dimeric/tetrameric assem-
blage. Most structural studies of Leguminosae lectins have
involved members of Papilionoideae subfamily, where the
majority is composed of three sets of b-sheets intercon-
nected by loops, commonly designated as ‘‘jelly roll’’ or
‘‘b-sandwich motif’’. In general, the term legume lectin
refers exclusively to lectins from the Leguminosae family,
but some of them are not considered to belong to the
legume lectin class. For example, some chitinases and the
ricin-like lectins (Riccinus communis lectin and Abrus preca-

torius lectin) are classified as chitin-binding and type-2 RIP
lectins, respectively (Van Damme et al., 1998) .

On the basis of their overall quaternary structure,
legume lectins from the Papilionoideae subfamily have
been classified into nine types, which are composed of
seven different dimeric interfaces. The seven different
dimeric types include the canonical dimer type-II (Conca-
navalin A, from Canavalia ensiformis) and its non-canoni-
cal interface, the Dolichos biflorus seed lectin, EcorL
(Erythrina corallodendron lectin), GS-I and GS-IV (Griffo-
nia simplicifolia lectins 1 and 2, respectively) and the unu-
sual interface of PNA (Chandra et al., 2001; Loris et al.,
1998; Brinda et al., 2005) .

Phytoagglutinins from Lotus tetragonolobus seeds were
first investigated in 1963 (Sagan et al., 1963). Further
studies revealed the existence of three fucolectins present
in the seeds of L. tetragonolobus and provided biochemi-
cal and sugar specificity characterization (Yariv et al.,
1967; Kalb, 1968). To date, the primary structure of only
one isolectin from L. tetragonolobus seeds (LTA) has been
determined, showing that LTA was composed of about
240 amino acids with a molecular mass of 26273.17 Da
(Konami et al., 1990). Furthermore, LTA was shown to
be specific for L-fucose and also for mono- and bianten-
nary oligosaccharides containing L-fucosyl residues.
Results from NMR and Surface Plasmon Resonance indi-
cate that LTA recognizes diverse L-fucosyl oligosaccha-
rides including the LeX antigenic determinant and its
divalent form (difucosyllacto-N-neohexaose—Fuc-octa).
Interestingly, fucosylated sugars are widely distributed in
nature, from plant to man, and play a variety of roles
in biology, particularly in recognition processes. Several
studies have reported that L-fucosyl oligosaccharides are
often expressed on cells during differentiation or meta-
static stages; also they have been correlated with meta-
static potential in some types of tumors, particularly in
neuroblastomas and adenocarcinomas (Kalb, 1968;
Staudacher et al., 1999).

In addition, due to its particular biological property of
recognizing L-fucosyl oligosaccharides present in glyco-
protein and glycolipid receptors on cells, LTA has been
used as a tool in various biochemical studies: (i) in the
characterization of antigens and insect cells (Thomas
and Surolia, 2000; Napier et al., 1974; Butters and
Hughes, 1978) (ii) in examinations of surface saccharide
composition in different cells (Mayliepfenninger and
Jamieson, 1979; Gurd, 1979) and mainly (iii) in lectin his-

tochemistry of malignant cells for the purpose of investi-
gating anomalous membrane oligosaccharides and
differentiating carcinomas (Raedler et al., 1983; Koch
et al., 1983; Miettinen et al., 1983; Walker, 1984; Ulrich
et al., 1985; Davidsson et al., 1987; Griffiths and Stephen-
son, 1988; Raju and Lee, 1988; Finne et al., 1989; Imura
et al., 2004; Turner et al., 1995).

A striking feature is that although LTA has been exten-
sively used in various experiments as an L-fucose-binding
lectin, its affinity for complex L-fucosyl oligosaccharides
is not well understood. Previous results revealed that the
affinity for various L-fucosyl oligosaccharides is predomi-
nantly related to the LTA fucose-binding pocket. Conse-
quently, some of these results also showed that binding
affinity decreased with increasing complexity of these sac-
charides (Haselhorst et al., 2001), which suggests that no
extended binding site was present for LTA, in contrary
to what was described earlier for other lectins (Moothoo
and Naismith, 1998). Moreover, Electron Microscopy
and X-ray diffraction studies suggested that LTA, when
cross-linked with Fuc-octa, is arranged in a tetramer form
(Cheng et al., 1998), but there has been no other experi-
mental elucidation of its mode of oligomerization. Brinda
and co-workers investigated LTA by computational meth-
ods with the aim of finding a relationship between its pri-
mary sequence and the nature of its quaternary
association, but their data showed only that the LTA oligo-
mer was likely different from the other known legume lec-
tins (Brinda et al., 2004).

In a previous article, we reported on the crystallization
and preliminary X-ray analysis of LTA in the native form
(Moreno et al., 2006). In the present study, we have inves-
tigated the quaternary structure and oligomerization state
of LTA using a combination of Protein Crystallography
and small angle X-ray scattering (SAXS) techniques. Our
investigation shows that this homotetrameric lectin adopts
a novel quaternary structure resulting from the assembly of
two GS4-related dimers through a newly described inter-
face. In addition, our data provide new insights into the
structural basis for the recognition on L-fucosyl saccha-
rides, lectin molecular evolution and diverse biological
applications of LTA.

2. Results and discussion

2.1. Overall crystallographic structure of LTA

LTA consists of a homotetramer composed of two dif-
ferent dimer–dimer interfaces as shown in Fig. 1. Each
monomer consists of a standard legume-like lectin (‘‘jelly
roll motif’’) complexed with calcium and manganese, as
previously established for several legume lectins (Van
Damme et al., 1998). Each monomer is composed of 234
residues and presents a glycosylation located at Asn4.
The statistics of refinement data are presented in Table 1
and the pdb entry is 2EIG. Although legume lectin tetra-
mers exist mainly as homotetramers with an internal
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hydrophobic cavity as described for the lectins from the
Diocleinae subtribe (ConA-like lectins), D. biflorus, G. Sim-

plicifolia and peanut seeds, the LTA tetramer showed a dif-
ferent internal cavity resultant from its particular mode of
tetramerization.

Several steps of molecular refinement were performed to
obtain the LTA tetramer at 2.0 Å resolution. The 2Fo � Fc

final density map contoured at 1r showed that a few resi-
dues were not well fitted in the electron density map when
using the LTA primary sequence previously established.
Consequently, with the aim of solving the complete LTA
structure, we used our electron density map to decipher
the missing residues.

The LTA structure contains a covalently bound glycan
at Asn4 which corroborates preliminary results of Konami
and co-workers (Konami et al., 1990). The first carbohy-
drate position (GlcNac) was fitted correctly in three of
the four monomers. Residual and poor densities were
found surrounding the first Asn4 N-linked glycan residue,
but there were no sufficient data to correctly model the
remaining sugar residues.

2.2. Ion-binding sites

The carbohydrate-binding activity of legume lectins
depends on the presence of calcium and a transition metal
ion, usually manganese. Each LTA monomer contains two
binding sites for calcium and manganese as described for
several other legume lectins. These ions are coordinated
directly by Glu118, His135, Asp120, His122, Asn124 and
Asp127 and indirectly by hydrogen bonds between residues
Ser145, Ile143, Gly100, Asp80, Trp126 and four water mol-
ecules. The LTA ion-binding site is conserved compared to
other legume lectins, with exception of residue His122,
which interacts directly with the calcium ion through the
oxygen from its backbone. This difference does not seem
to be relevant enough to consider LTA ion-binding site
as a new folding arrangement. Moreover, the structure of
LTA in the presence of Ca+2 and Mn+2 displayed the cis-
Asp80 in a ‘‘locked’’ conformational state as described
for the cis-Asp208 in concanavalin A. On the other hand,
the side chain of His122 is located at the opposite side of
the calcium ion, in the vicinity of the LTA carbohydrate-
binding site, and its position suggests that this residue plays
a significant role in the recognition of L-fucosyl residues by
LTA.

Since there was no other particular structural difference
observed in the LTA ion-binding site, it is reasonable to
conclude that only evolutionary changes in the carbohy-
drate-binding site of LTA are related to its specificity for
L-fucosyl.

2.3. Dimer–dimer interfaces

Most legume lectins, with a few exceptions, are known
to exist mainly as homodimers and homotetramers, where
these tetramers are dimers of dimers. To date, seven types
of dimer associations have been described for legume lec-
tins, including the canonical dimer and non-canonical
interface (lectins from Diocleinae subtribe), EcorL (lectins
from E. corallodendron and Psophocarpus tetragonolobus),
GS-I and GS-IV (lectin IV from G. simplicifolia), DB58
(lectin from D. biflorus) and the unusual interface of
PNA. Up to now, four models of quaternary associations
for these dimers have been reported into tetrameric struc-
tures: the ConA-type (two canonical dimers packed against
each other), the DBL-type (combination of canonical and
DB58 types), the PNA-type (combination of canonical,
GS-IV and an unusual type of interface, seen only in
PNA) and GSL (with the GS-IV type and an unusual type
of interface, seen only in G. simplicifolia type lectins)
(Fig. 3). Furthermore, sequences from the five types of
dimeric interfaces described above were investigated by
bioinformatics procedures, and the results showed that
for each type, a specific signature motif determines and dif-
ferentiates each dimerization state (Brinda et al., 2004). On
the other hand, legume lectins may exist as a monomer,
dimer or tetramer under different conditions of pH and sol-
vent; however, analysis of known dimer interfaces, using

Table 1
Statistics of data collection, refinement and quality of the structure

Overall
resolution
data set

Highest
resolution
data set

Data collection

Total number of observations 225,127 30,889
Total number of unique observations 61,847 8835
Rmerge 0.095 0.459
Highest resolution limit (Å) 2.00 2.00
Lowest resolution limit (Å) 40.42 2.11
Completeness (%) 99.4 97.9
Multiplicity 3.6 3.5
I/r(I) 10.8 2.6
Wavelength (Å) 1.431
Space group P21
Cell parameters (Å) a = 68.89, b = 65.83,

c = 102.53

Refinement

Resolution range (Å) 2.00–34.46
Rfactor (%) 18.81
Rfree (%) 25.08
Number of non-hydrogen atoms in protein

structure
7876

Number calcium ions 04
Number of manganese ions 04
Number of water molecules 597

RMS deviations from ideal values

Bond lengths (Å) 0.021
Bond angles (degrees) 2.201

Temperature factors

Average B value for main chains (Å2) 21.00
Average B values for water molecules (Å2) 27.94

Ramachandran plot

Residues in most favored regions 700 (86.6%)
Residues in additional allowed regions 90 (11.1%)
Residues in generously allowed regions 10 (1.2%)
Residues in disallowed regions 8 (1.0%)
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computational sequence investigation, is not satisfactory to
typify with a high level of certainty the real quaternary
oligomerization state of legume lectins at different chemical
environments.

Our work reports a crystallographic structure of LTA, a
homotetramer not previously described for any legume lec-
tins. Fig. 3 illustrates legume lectin tetramers, including the
new tetramer of LTA. Additionally, LTA is composed of
two dimer interfaces, a GS4-type, similar to that from
G. simplicifolia (1GSL) and an unknown interface that is
displayed in Fig. 1c. The G. simplicifolia lectin (1GSL) is
essentially a tetramer with a GS4-type dimer and an unu-
sual dimer interface. The GS4 dimer is formed by the asso-
ciation of the six-stranded b-sheets of each monomer, with
the b-strands of one sheet being perpendicular to those of
the other (Delbaere et al., 1993).

The GS4 dimers of LTA, PNA and GSL share the same
spatial configuration, but while the two first show nearly
equal angular arrangement of the monomers, they contrast
to GSL that shows a considerable difference in the angle of
association. Sequence alignment of the residues located in
the GS-IV back-to-back interface revealed high identity
between LTA and PNA; identity which was obtained in a
much less extent when comparing both of them to GSL,
as depicted in Fig. 2. This difference is likely the reason
for why this angular discrepancy appears.

Other two aspects may ascribe for aforementioned dis-
crepancy. The first one, the glycosylation at Asn4, which
is located nearby the contact interface between monomers
A and B (Fig. 1c), may influence the molecular arrange-
ment, accounting for the difference seen in GS4-like dimer
of LTA in contrast of that observed in GS4 of GSL. Sec-
ond, crystal packing may also contribute to the spatial
arrangement of LTA dimers, influencing the displacement
seen in the GS4-like dimer of LTA, since this displacement

could not be confirmed by the SAXS technique on account
of its lower resolution range.

As reported earlier, the LTA crystal structure revealed
an unknown dimer–dimer interface never described before
for legume lectins. While the LTA GS4-dimer type is an
association between b-strands of adjacent monomers, the
unknown dimer interface of LTA is stabilized by hydrogen
bonds and hydrophobic contacts present in inter-contacts
between loops of monomers A/C and B/D. Two contact
interfaces are described here for the new LTA-dimer inter-
face, and the residues involved are shown in Fig. 4.

Brinda and co-authors (2004) used lectins with unknown
three-dimensional structures until then to test the ability of
their method to predict the nature of quaternary associa-
tion in legume lectins given the sequence. LTA was one

Fig. 1. Overall crystal structure of LTA. (a) The LTA homotetramer. Four identical domains are interconnected by two dimer–dimer interfaces. (b) The
GS4-like dimer seen in LTA. Both monomers are interconnected by back-to-back interfaces as described for the lectin from G. simplicifolia. (c) The new
LTA-dimer observed in LTA tetramer configuration. Both monomers are interconnected by hydrophilic interactions at external loops and a hydrophobic
core. figures were generated by Deep View.

Fig. 2. (a) Sequence alignment of the residues located in the GS-IV back-
to-back interface LTA, PNA and GSL. The identical residues are
highlighted in light grey and the conserved residues are highlighted in
dark grey. Notice the great similarity between LTA and PNA in this
region. Three-dimensional representation of the interface region from the
GS-IV back-to-back interface for (b) LTA, (c) PNA and (d) GSL. Observe
that LTA and PNA have a nearly equal angular arrangement of the
monomers, contrasting to GSL whose angle of association is distinct from
the two other lectins.
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of the lectins used in order to do that. They concluded that
all seven types of interface types were likely to be destabi-
lized in the case of LTA. Our results prove them to be par-
tially correct, since there is indeed a novel interface type in
LTA, but there’s also an already known type which is
nearly identical to the one present in PNA.

The crystallographic refinement revealed, at initial
stages, that the loops from residues ILE104 to GLN113
and Gly86 to ASP92 were not well defined in the electronic
density map. Thus, most of the time required for converg-
ing Rfree and Rfactor was a consequence of amino acid mod-

eling at the loops from this new dimer interface. We named
this ‘‘unknown’’ dimer interface the LTA-dimer, and we
suggest here that these variations observed in LTA loop
pattern in the LTA-dimer may be strictly related to the
association of GS4-like dimers in the tetramer.

2.4. Small angle X-ray scattering and the homotetramer

structure of LTA

As described previously, legume lectins are basically
dimers of dimers and the modes of quaternary association

Fig. 3. Representation of the five types of tetramer associations among legume lectins. (a) Ribbon representation of a ConA-like lectin which is composed
of two canonical dimers interconnected by a non-canonical interface. (b) The peanut lectin showing a tetramer composed of a canonical dimer, a back-to-
back interface and an unusual type of dimer–dimer interface seen only in this case. (c) The lectin from G. simplicifolia which represents two back-to-back
dimer interfaces and an unusual dimer interface. (d) The D. biflorus lectin which is composed of a canonical dimer and two DB58 dimer–dimer interfaces.
(e) The LTA tetramer composed of two back-to-back interfaces interconnected by two particular LTA-dimer interfaces. The dimer–dimer interactions
yielded a homoplanar tetramer. Figures were generated by Pymol.

Fig. 4. The LTA-dimer interface. (a) Hydrogen bonds between loops from Asp106 to Asn112 at the surface of LTA molecule. (b) The hydrophobic
residues arranged at the center of the LTA-dimer interface. Both figures are representations of the contacts at the interface between monomers A and B.
Figures were generated by Pymol.
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is a consequence of the interactions observed between these
dimers. The crystal structure of LTA belongs to the P21
space group containing four monomers per asymmetric
unit, resulting in a regular crystallographic homotetramer
as arranged in Fig. 1. The initial crystallographic results
showing a new tetrameric form observed for LTA needed
further support. First, the differences seen in overall struc-
ture could be a consequence of crystal packing, and second,
the crystal structure of diverse proteins may assume a
structural form that is not observed in a biological aqueous
environment (Filgueira de Azevedo et al., 2003).

The LTA tetramer is a combination of two GS4-type
dimers which may assume the structural conformation seen
in G. simplicifolia lectin depending on the space group.
However, the presence of four monomers per asymmetric
unit yielded the LTA homotetramer as arranged in
Fig. 1a, and moreover, the symmetry operations for P21
space group are not sufficient to configure an LTA tetramer
similar to that observed for G. simplicifolia lectin in the
crystal packing configuration. In addition, the glycan posi-
tion at ASN4 is a new structural feature of LTA that is not
yet associated with quaternary folding. While G. simplicifo-
lia lectin possesses a non-glycosylated ASN5 placed at the
center of molecule, the ASN4 of LTA is placed at the exter-
nal face of the tetramer.

Studies of the non-glycosylated legume lectins ConA
and PNA proposed that the variability of quaternary
association in these cases is related to differences in the
amino acid sequence of these proteins, since glycans were
absent in both structures (Hardman and Ainswort, 1972;
Banerjee et al., 1996). Moreover, the crystal structure of
the glycolectin Erythrina cristagalli (N-linked at Asn17)
and its recombinant form showed that both lectins
associate into identical dimers confirming that the pres-
ence of N-linked glycan does not influence the mode of
dimerization of ECL and suggesting that intrinsic factors
to the primary structure of the lectin dictate its quater-
nary structure (Turton et al., 2004). Thus, we come to
interesting questions: were there no glycosylation at
Asn4 of LTA, would this new assembly be formed? And
what forces would allow LTA to assume this new spatial
configuration?

Preliminary analysis of LTA and GSL showed that both
are glycosylated at Asn4 and Asn18 (not at Asn5 in GSL),
respectively, and that their quaternary structures present
the N-linked glicans exposed to the surface of molecules
(Fig. 5). On the other hand, symmetry operations could
allow for LTA GS4-like dimers to assume a conformation
similar of that of GSL; but for that, its N-linked glycan at
Asn4 must be oriented toward the center of the tetramer,
which is not a common feature observed in legume lectins.
Furthermore, the position of the Asn4 glycan on the sur-
face of the LTA tetramer is also a consequence of steric
restraints, since there is no suitable chemical location to
place all glycans together at the center of the molecule,
and also because a favorable environment for N-linked car-
bohydrates is frequently found with solvent exposure.

Thus, we conclude that differences seen between the
LTA tetramer’s crystal packing and other legume lectins
are strictly related to variations seen in primary structure.
Furthermore, although we cannot conclude whether the
presence of surface-exposed N-linked glicans is a cause
for LTA new assembly, we consider it an additional evi-
dence for the existence of LTA’s novel arrangement.

Finally, to confirm our investigations on LTA quater-
nary structure, we have used the small angle X-ray scat-
tering (SAXS) technique to determine definitively how
LTA behaves in aqueous solution. Analyses of maximum
dimension (Dmax), external surface area (S) and volume of
hydration (Vh) from LTA crystal coordinates yielded
values similar to that obtained with SAXS. The values
of radii of gyration Rg = 33.2 Å, Dmax = 100 Å, S =
30 · 103 Å2 and Vh = 138 · 103 Å3, obtained from SAXS
curves, showed that LTA dimensions in aqueous solution
corroborate those calculated for the crystalline structure
(Fig. 7). Moreover, regarding qualitative information
about LTA surface contour, the q(r) plot displayed in
Fig. 6a revealed that the pattern assumed by this function
corresponds to a particle with the appearance of a lamel-
lar shape with a maximum dimension of 100 Å (Volkov
and Svergun, 2003). On the other hand, we also generated
the external envelope of LTA by the ab initio shape deter-
mination method to compare it to the crystallographic
structure and to investigate how LTA monomers are
interconnected with each other. Fig. 6 shows the tetramer
envelope of LTA which represents a laminar orthorhom-

Fig. 5. Schematic representation of dimer association between lectins
from G. simplicifolia and L. tetragonolobus. The red boxes represent a
legume lectin monomer. The black dots represent the glycosylation pattern
of each lectin and the green boxes represent the carbohydrate-binding site
of each monomer. (a) Representation of the two back-to-back dimer
interface of GSL. Both dimers are interconnected with an internal
hydrophobic cavity of approximately 25 Å. GSL is glycosylated at Asn18
and its N-linked oligosaccharides are arranged at the surface of molecule.
The carbohydrate-binding sites are at equivalent distances in the equato-
rial position of each monomer. (b) Representation of LTA tetramer which
is a molecule composed of two back-to-back dimer interfaces as arranged
in (a). The LTA tetramer is different from that observed for GSL. The
glycan at Asn4 instead of Asn18 is a particular characteristic of LTA. As a
consequence of its natural tetramerization, the LTA tetramer possesses the
carbohydrate-binding sites at positions close to each other. The ability of
LTA to recognize L-fucose and the tetramer folding are key features that
determine the model of the cross-linking complexes formed by LTA.
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bic shape similar to that observed for the LTA crystal
structure. Both GS4-like and LTA-dimers can be identi-
fied in Fig. 6a.

2.5. LTA carbohydrate-binding site and biological remarks

Crystallographic studies of various legume lectins have
revealed the structural basis for molecular recognition of
fucosyllactose, fucosylgalactose, Lewis-B and Y-human
blood group determinants (Ulex europaeus II—1QOT,
1JXN, E. cristagalli—1GZ9, G. simplicifolia—1LED,
1GSL). Although such complexes were obtained in the
presence of carbohydrates containing L-fucosyl residues
or derivatives, little is known about the L-fucose monosac-
charide primary site in any legume lectins. In addition,
structural studies also revealed that the presence of
L-fucose in these complexes cited above is not essential
for the lectin to bind the whole glycan. For example,
U. europaeus II lectin was shown to complex with fucosyl-
galactose and galactose but not with L-fucose, indicating
that fucose by itself is not essential to inhibit UEA-II.
Hence, Loris and co-workers suggested that although
UEA-II possesses a promiscuous carbohydrate-binding
site, its primary affinity is designed for both GlcNAc and
Gal, but not for L-fucose (Loris et al., 2000). Moreover,
LTA precipitating activities using L-fucosyl oligosaccha-
rides has been investigated, and only L-fucose and L-fucosyl
oligosaccharides were able to inhibit its hemagglutinating
activity. Furthermore, the formation of a unique homoge-
neous cross-linked complex precipitate between tetrameric

LTA and diverse biantennary L-fucosyl oligosaccharides
are inhibited by 0.1 M fucose38. Thus, the experimental
results described above make it clear that LTA recognizes

Fig. 7. Small angle X-ray scattering data of LTA. (a) q(r) showing the
maximum dimension of scattering to be 10 nm. (b) Curve plotting
intensity versus scattering angle used to create the low resolution model of
LTA. (c) log intensity versus log q2 plot.

Fig. 6. Small angle X-ray scattering of LTA. (a and b) The dummy atoms.
The models were generated by SUPCOMB20 using a difference of 90�. (c
and d) The LTA tetramer as a cartoon depiction with a difference of 90�.
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L-fucose at its primary site, but only superficial information
about its binding mechanism is provided.

The binding site for monosaccharides in legume lectins
is highly conserved; however, as consequence of molecular
evolution, discrete mutations, which dictate the differences
in the affinity of lectins for small carbohydrates, appear.
While some amino acid residues are extensively conserved,
some of them are found particularly in each type of lectin.
The LTA residues ASP, ASN and GLY at positions 80,
124 and 100, respectively, are also conserved in EcorL,
DB58, GSL and PNA. In LTA, these residues are structur-
ally positioned in the same spatial configuration as equiva-
lent residues of the above lectins. These amino acids are
important in sugar-binding since they play a crucial role
in stabilizing and coordinating a specific monosaccharide
inside the binding pocket through hydrogen bonds, which
are formed between their side chains and the hydroxyl
groups of carbon-3 and carbon-4. Thus, the fucose-binding
site of LTA is conserved on the face of residues Asp80,
Asn124 and Gly100.

The subsequent analysis of the structural site of LTA
aimed to investigate the non-conserved residues that are
also involved in fucose recognition. The fucose-binding
pocket of LTA is shown in Fig. 8. We placed the L-fucose
monosaccharide in the conserved orientation according to
the highly conserved monosaccharide site of other related
legume lectins. Consequently, fucose positioning regarding
the conserved monosaccharide binding turned carbon-3
and carbon-4 to equivalent positions of Asp, Asn and
Gly based on that previously established for other com-
plexes of similar lectins. This arrangement led us to inves-
tigate the role of the remaining two residues located in the
area surrounding bound L-fucose.

The monosaccharide L-fucose differs from other related
sugars due to the presence of a methyl group bound to car-
bon-5 instead of a hydroxyl. Moreover, the electron density

map of Trp209 is well defined and its side chain position is
a few angstroms apart from the CH3 group of L-fucose,
which indicates that this evolutionary punctual mutation
may be involved in the stabilization of this hydrophobic
contact. Finally, due to the particular conformation of
the LTA tetramer, the carbohydrate-binding sites are
arranged more closely than observed in other legume lec-
tins (Fig. 5b).

2.6. LTA cross-linking properties

LTA showed some specific differences in its carbohy-
drate-binding site. Besides, the particular tetramerization
model is strictly related to its ability to bind different biva-
lent carbohydrates and to form cross-linking interactions,
since the formation of highly ordered lattices depends on
the saccharide specificity and the spatial configurations of
the sugar-binding sites in the whole tetramer.

ConA dimers have been used to generate all possible ori-
entations of LTA consistent with the observed symmetry of
the cross-linking pattern lattice of this lectin in the presence
of divalent LewisX oligosaccharide. The best results were
obtained when the relative orientation of the two LTA
dimers in a tetramer were varied relative to a range of
about 20� as compared to dimmers in the ConA tetramer,
leaving them more parallel in relation one another.

The reason for why the best results were accomplished
with this kind of manipulation is related to the novel tetra-
mer structure described here for LTA. The LTA tetramer
observed in Fig. 5 shows that the fucose-binding sites are
not at equivalent distances between each other, as observed
for ConA. While the carbohydrate-binding sites of LTA
monomers A/C and B/D are at a distance of 30 Å, the dis-
tance observed for the sites between monomers A/B and C/
D are at approximately 57 Å. The positions of the four car-
bohydrate-binding sites of LTA are consequence of its
mode of tetramerization, since the monomers are in a pla-
nar view in contrast to that observed in ConA. On the
other hand, ConA-like lectins possess the four carbohy-
drate-binding sites of their tetramers at equivalent dis-
tances of approximately 60 Å, which corroborates of
distances between binding sites A/B and C/D of LTA.

Since Cheng and co-workers used two LTA-dimers sim-
ilar of that observed for ConA to build a tetramer topology
for the whole LTA and had only low resolution data avail-
able, they were not able to reach the novel tetramer struc-
ture of LTA, which successfully explains the highly
organized two-dimensional cross-linked lattice which they
proved to be dependent on the geometry and symmetry
of the binding sites of the lectin (Cheng et al., 1998).

Hence, it seems that this angular discrepancy between
the position of ConA and LTA dimers observed by Elec-
tron Microscopy are a key feature for understanding how
LTA forms a specific two-dimensional type-2 cross-linked
complex between divalent oligosaccharides, since changes
in the orientation of its dimmers corroborate our tetramer
topoloy described in Fig. 5.

Fig. 8. The carbohydrate-binding site of LTA. L-Fucose is located at the
conserved binding pocket of legume lectins. Residues Asp80, Gly100 and
Asn124 are also at the conserved positions which interact with hydroxyls
of carbon-3 and carbon-4. Trp-209 is close to the CH3 group of L-fucose
carbon-1 and Glu212 is a few angstroms from carbon-5.
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Thus, the particular quaternary structure and the new L-
fucose-binding site of LTA are key features in describing
the differences seen in biological activities already deter-
mined. The ability of LTA to form two-dimensional type-
2 organized clusters with divalent L-fucosyl oligosaccha-
rides (Bhattacharyya et al., 1990) may be related to the
functions of similar carbohydrates as putative receptors
on cell surfaces. Organized clusters mediated by cross-link-
ing complex structures occur with LTA in the presence of
diverse biantennary L-fucosyl oligosaccharides (Cheng
et al., 1998; Bhattacharyya et al., 1990). These biological
phenomena do not seem to be only a consequence of the
LTA’s affinity for L-fucose, since the evidence presented
in this paper of a new LTA tetramer provides new insights
into the understanding of how LTA is able to carry out sig-
nal transduction processes due to the ability to bind and
cross-link specific glycoproteins and glycolipid receptors.

3. Conclusions

In the present paper, we showed that the lectin from
L. tetragonolobus seeds, LTA, is a homotetramer composed
of four legume lectin domains. The new tetramer was
found under both crystalline and aqueous conditions, and
furthermore, we observed some particular molecular
features that appear to account for LTA to assume this
new spatial configuration. The spatial position of the
N-linked oligosaccharide at Asn4 and the LTA-dimer con-
tacts as arranged in Fig. 4 are key features for the under-
standing of how LTA behaves as a homotetramer with its
two GS4-like dimers arranged in an inverted position com-
pared to the tetramer described for theG. simplicifolia lectin.

The present findings also provide insights into the
molecular ability of LTA to recognize its specific monosac-
charide. Such descriptions about its carbohydrate-binding
site together with the model of tetramer oligomerization
afford a structural basis for understanding the specificity
of LTA for some complex bivalent L-fucosyl oligosaccha-
rides, since this type of interaction may account for the for-
mation of homogeneous cross-linking carbohydrate
complexes that govern diverse biological signal transduc-
tion processes. Moreover, our results present new data
for further studies about the evolution of binding sites
and molecular oligomerization of legume lectins.

4. Materials and methods

4.1. Crystallization, data collection and processing

Lotus tetragonolobus agglutinin (LTA) was purchased
from Sigma–Aldrich (USA) and was crystallized as
described elsewhere (Moreno et al., 2006). Small crystals
were submitted to X-ray diffraction at LNLS (Laboratório
Nacional deLuzSı́ncrotron,Campinas—Brazil) using a syn-
chrotron radiation source (MX1-station). X-ray diffraction
data were collected at a wavelength of 1.47 Å using a CCD
detector (Mar research). Two data sets were collected at res-

olutions of 2.0 and 2.35 Å, respectively. The images were
processed, indexed, integrated and scaled using the software
MOSFLM and SCALA (CCP4, 1994; Leslie, 1992).

4.2. Structure determination

The 2.0 Å resolution crystal data set was solved by the
molecular replacement method using MOLREP software
(Vagin and Teplyakov, 1997). We have used several legume
lectin coordinates to solve the phase problem, and the best
model was chosen based on the magnitude of the CC (cor-
relation coefficient) and Rfactor. The best model was
obtained using the peanut lectin monomer as a search
model (PDB code 1CR7—Ravishankar et al., 2001). Ini-
tially, rotation and translation functions yielded a tetramer
according to the content of the asymmetric unit (four
monomers per asymmetric unit) (Moreno et al., 2006).

The position and orientation of the four monomers
(Chains A, B, C and D), as a single rigid body entity, were
refined by 20 cycles with REFMAC (Murshudov et al.,
1996) using reflections in a resolution range of 102.5–
2.0 Å. Several steps of rebuilding, interspersed with
restrained refinement, yielded the current model at 2.0 Å
resolution. The appropriate LTA amino acids were posi-
tioned by inspection of the 2Fo � Fc and Fo � Fc maps,
and the stereochemistry was monitored frequently with
PROCHECK and PARMODEL software (Laskowski
et al., 1993; Uchoa et al., 2004). Finally, ions were arranged
in the model manually, and the water molecules were posi-
tioned after several steps of restrained refinement with
ARP/WARP and examined manually by XTALVIEW
(CCP4, 1994; McRee, 1999).

4.3. Small angle X-ray scattering data collection

The X-ray scattering data (SAXS) of LTA were
collected at LNLS (Laboratório Nacional de Luz Sı́ncro-
tron, Campinas—Brazil) using a synchrotron radiation
source at the D11A-station beam line. LTA was dissolved
in 10 mM Tris–HCl, pH 7.6, containing 18 mM CaCl2
and MnCl2 at three different concentrations of 10.0, 6.0
and 3.0 mg/mL. The samples were then submitted to
data collection at room temperature (about 24 �C) from a
distance of 831 mm to the detector. The scattering curves
were recorded at a wavelength of k = 1.48 Å and the scat-
tering intensities were obtained in the range of
0.0144 Å�1 < q < 0.3423 Å�1, where q is the scattering
vector q = 4psinh/k and 2h is the scattering angle.

The SAXS data were desmering and the distance distri-
bution function p(r) was obtained by indirect Fourier
transformation using the program GNOM (Svergun,
1992). The radii of gyration, RgðRg ¼ 2:628

ffiffiffiffiffiffiffi�a
p

), was
obtained from the slope, a, of the linear region of log I ver-
sus q2 plots using the Guinier’s Law (Guinier and Fournet,
1955).

Parameters of volume and external area of LTA were
calculated using V = 2p2I(0)/Q and S = pVlim[I(q)q4]/Q,
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respectively, for Q representing the invariant and I(0) the
result from Guinier’s Law, where e�

Rg2q2

3 ¼ 1 (Porod, 1982).
The external envelope of LTA was then generated by ab

initio shape determination method, and 20 independent ab
initio models were averaged for the purpose of improving
the quality of shape reconstruction using DAMMIM and
DAMAVER programs (Svergun, 1999). Finally, the super-
position between X-ray crystallographic data (PDB) and
dummy SAXS atom coordinates was carried out by SUP-
COMB20 (Kozin and Svergun, 2001).

4.4. Structure quality and manipulation

LTA model manipulation, analysis and the confection
of figures were executed with the aid of VMD and Deep

View (Guex and Peitsch, 1997; Humphrey et al., 1996).
The LTA structure geometry was monitored by PRO-

CHECK and Ramachandran plot. The temperature factor
analysis was performed using BAVERAGE software to
obtain graphs and data of B-factor versus residues for each
chain and water molecules (CCP4, 1994).
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Studying the interactions between lectins and sugars is important in order to

explain the differences observed in the biological activities presented by the

highly similar proteins of the Diocleinae subtribe. Here, the crystallization and

preliminary X-ray data of Canavalia gladiata lectin (CGL) and C. maritima

lectin (CML) complexed with Man(�1-2)Man(�1)OMe, Man(�1-3)Man(�1)-

OMe and Man(�1-4)Man(�1)OMe in two crystal forms [the complexes with

Man(�1-3)Man(�1)OMe and Man(�1-4)Man(�1)OMe crystallized in space

group P32 and those with Man(�1-2)Man(�1)OMe crystallized in space group

I222], which differed from those of the native proteins (P21212 for CML and

C222 for CGL), are reported. The crystal complexes of ConA-like lectins with

Man(�1-4)Man(�1)OMe are reported here for the first time.

1. Introduction

Lectins are carbohydrate-binding proteins which function as cognate

receptors for various cell-surface glycoproteins, resulting in several

important cellular-mediated events ranging from mitogenic processes

to plant defence mechanisms (Weis & Drickamer, 1996).

Plant lectins, especially those purified from species of the Legu-

minosae family, represent the best studied group of carbohydrate-

binding proteins (Van Damme et al., 1998). Legume lectins have been

used for decades as a model system for studying protein–sugar

interactions. Fundamental insights obtained from investigating these

protein model systems can often be readily applied to lectins outside

this family, such as the pharmaceutically important C-type lectins and

galectins (Hamelryck et al., 1998).

The legume lectins from the Diocleinae subtribe are highly similar

proteins that present significant differences in the potency/efficacy of

their biological activities (Delatorre et al., 2006). For instance, even

though they only differ by three amino-acid residues, Canavalia

gladiata lectin (CGL) and C. maritima lectin (CML) present different

patterns in several activities, such as in aorta-relaxation experiments

(to be published). In spite of these activities being very well docu-

mented, little is known about the receptors with which they interact

and how this happens. The crystal structures of many plant lectins

have revealed how they specifically recognize their carbohydrate

ligands (Lis & Sharon, 1998) and this may give us a direction for

elucidating their mechanism of action.

An outstanding feature of Diocleinae lectins is that although all the

monomers have similar tertiary structures, they show different modes

of quaternary association. Minor differences in the ratio between the

dimeric and tetrameric forms, together with changes in the relative

orientations of the carbohydrate-binding sites in the quaternary

structures, have been hypothesized to contribute to the differing

biological activities possessed by these lectins (Brinda et al., 2004).

Native CGL and CML have been crystallized and their structures

have been solved in space groups C222 and P21212, respectively

(Moreno et al., 2004; Gadelha et al., 2005). Both have tetramers

composed of 237 amino-acid monomers in the asymmetric unit.

Crystals of CML in complex with trehalose and maltose were

subsequently obtained under the same conditions as described for the

native protein and presented the same space group P21212 (Delatorre

et al., 2006).
# 2006 International Union of Crystallography
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We report here the crystallization and preliminary data of six

dimannoside-complexed crystals of CGL and CML in two different

space groups, including the first crystal of a ConA-like lectin with the

dimannoside Man(�1-4)Man(�1)OMe.

2. Material and methods

2.1. Crystallization

CML and CGL were purified according to the methods of Moreira

& Cavada (1984) and Ceccatto et al. (2002), respectively. Each

dimannoside [Man(�1-2)Man(�1)OMe, Man(�1-3)Man(�1)OMe

and Man(�1-4)Man(�1)OMe; purchased from Sigma–Aldrich] was

added in a 0.08 molar proportion to 10 mg ml�1 of the pure lectin

dissolved in 20 mM Tris–HCl pH 7.6 containing 5 mM CaCl2/MnCl2

and incubated for 24 h at room temperature.

Crystallization trials were performed based on two different stra-

tegies: (i) varying the ammonium sulfate concentration from 0.25 to

3.0 M combined with different buffers varying from pH 3.5 to 9.0

(strategy supplied by McPherson, 2003) and (ii) varying the sodium

formate concentration from 0.5 to 7.0 M with Tris–HCl pH 7.6. Both

strategies were carried out at 293 K using the hanging-drop vapour-

diffusion method in Linbro plates. The drops were composed of equal

volumes (2 ml) of protein solution and reservoir solution and were

equilibrated against 500 ml of the latter.

2.2. Data collection and processing

X-ray diffraction data were collected at a wavelength of 1.43 Å

using a synchrotron-radiation source (MX1 station, Laboratório

crystallization communications
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Table 1
Crystallization conditions, space groups and number of molecules per asymmetric
unit for native CGL and CML and for their complexes with Man(�1-
2)Man(�1)OMe, Man(�1-3)Man(�1)OMe and Man(�1-4)Man(�1)OMe.

Crystallization conditions
Space
group

Molecules
per ASU

Native CGL 0.1 M Tris–HCl pH 8.5,
2 M ammonium sulfate

C222 4

CGL–Man(�1-2)Man(�1)OMe 0.1 M Tris–HCl pH 8.0–9.0,
1.8–2.6 M ammonium sulfate

I222 1

CGL–Man(�1-3)Man(�1)OMe 4.5–6.5 M sodium formate P32 4
CGL–Man(�1-4)Man(�1)OMe 4.5–6.5 M sodium formate P32 4
Native CML 0.1 M Na HEPES pH 8.48,

4% PEG 400,
2M ammonium sulfate

P21212 4

CML–Man(�1-2)Man(�1)OMe 0.1 M Tris–HCl pH 8.0–9.0,
1.8–2.6 M ammonium sulfate

I222 1

CML–Man(�1-3)Man(�1)OMe 4.5–6.5 M sodium formate P32 4
CML–Man(�1-4)Man(�1)OMe 4.5–6.5 M sodium formate P32 4

Figure 1
Crystals of (a) CGL–Man(�1-2)Man(�1)OMe, (b) CML–Man(�1-2)Man(�1)OMe, (c) CGL–Man(�1-3)Man(�1)OMe, (d) CML–Man(�1-3)Man(�1)OMe, (e) CGL–
Man(�1-4)Man(�1)OMe and (f) CML–Man(�1-4)Man(�1)OMe.

86



Nacional de Luz Sı́ncrotron, Campinas, Brazil) and a CCD detector

(MAR Research) at 100 K. To avoid freezing, crystals were soaked in

a cryoprotectant solution containing between 30 and 50% glycerol in

mother liquor. Data were processed, indexed and integrated using

MOSFLM and scaled using SCALA (Collaborative Computational

Project, Number 4, 1994; Leslie, 1992).

3. Results and discussion

Crystallization conditions, space groups and the number of molecules

per asymmetric unit of the dimannoside complexes and native crys-

tals are listed in Table 1. The preliminary crystallographic data for

CGL complexes is presented in Table 2 and for CML complexes in

Table 3. The crystal complexes are depicted in Fig. 1.

Although the crystallization conditions are different for the crystal

complexes and the native proteins, the main cause of the change in

the symmetry seems to be the presence of the dimannosides. CGL

and CML complexed with Man(�1-2)Man(�1)OMe crystallized in

space group I222 with one molecule in the asymmetric unit after

72 h, while the crystals of CGL and CML complexed with

Man(�1-3)Man(�1)OMe and Man(�1-4)Man(�1)OMe belonged to

space group P32 with a tetramer in the asymmetric unit, crystallizing

after 48 h.

The importance of the dimannosides in the crystallization process

is noteworthy. Native CGL and CML crystallize under different

conditions and in different space groups: 0.1 M Tris–HCl pH 8.5,

2.0 M ammonium sulfate (C222) and 0.1 M Na HEPES pH 8.48, 4%

PEG 400, 2.0 M ammonium sulfate (P21212), respectively. In

the presence of the carbohydrates, the crystallization conditions

become the same for each sugar: for CML and CGL with

Man(�1-2)Man(�1)OMe the condition was 0.1 M Tris–HCl

pH 8.0–9.0, 1.8–2.6 M ammonium sulfate, while crystals of CML

and CGL complexed with Man(�1-3)Man(�1)OMe and

Man(�1-4)Man(�1)OMe only grew in the presence of 4.5–6.5 M

sodium formate.

It is well established that legume lectins possess three types of

hydrophobic sites based on different ligand affinities (Sharon & Lis,

1990). One of these sites is adjacent to the monosaccharide-binding

site and participates in interactions involving several hydrophobic

sugars. Bouckaert and coworkers described that the O3-linked

mannose of Man(�1-3)Man(�1)OMe and the O6-linked mannose of

Man(�1-6)Man(�1)OMe bind to the hydrophobic subsite formed by

Tyr12, Tyr100 and Leu99 (Bouckaert et al., 1999).

Investigations of the binding of Man(�1-2)Man(�1)OMe, Man(�1-

3)Man(�1)OMe and Man(�1-6)Man(�1)OMe to ConA in this same

hydrophobic subsite revealed significant differences in their affinity

(Moothoo et al., 1999). Based on this, we have crystallized CML and

CGL complexed with the dimannosides Man(�1-2)Man(�1)OMe and

Man(�1-3)Man(�1)OMe in order to compare them with the

previously reported complexes from ConA and correlate their

structure and affinity. The crystal complexes of CGL and CML in the

presence of Man(�1-4)Man(�1)OMe represent the first ConA-like

structure with this carbohydrate. The differences between the affi-

nities of these mannosides may reflect how the protein binds to

receptors related to lectin-mediated responses in plants or in other

organisms. Therefore, solving the structures of CGL and CML

complexed with dimannosides may be important to understanding

many of their biological activities. Our data may clarify the under-

standing of how the interactions between the dimannosides and the

hydrophobic subsite formed by Tyr12, Tyr100 and Leu99 occur.
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Table 3
Statistics of data collection for CML complexes.

Values in parentheses are for the highest resolution shell.

Data collection CML–Man(�1-2)Man(�1)OMe CML–Man(�1-3)Man(�1)OMe CML–Man(�1-4)Man(�1)OMe

Rmerge 5.5 (45.2) 9.1 (29.6) 9.9 (34.8)
Resolution limit (Å) 20.96–1.4 40.49–2.10 34.73–2.10
I/�(I) 15.5 (2.4) 15.8 (3.0) 15.6 (3.9)
Completeness (%) 97.9 (95.43) 98.9 (98.1) 96.5 (94.8)
Redundancy 4.0 (3.9) 4.2 (4.0) 5.2 (5.1)
Unit-cell parameters (Å) a = 63.63, b = 85.44, c = 85.71 a = 69.39, b = 69.39, c = 161.29 a = 69.47, b = 69.47, c = 161.52
Mathews coefficient (Å3 Da�1) 2.4 2.2 2.2
Solvent content (%) 48.5 43.6 43.8
Space group I222 P32 P32

Wavelength (Å) 1.431 1.431 1.431
Total No. of reflections 183774 212393 252952
Total No. of unique observations 46457 50169 49112

Table 2
Statistics of data collection for CGL complexes.

Values in parentheses are for the highest resolution shell.

Data collection CGL–Man(�1-2)Man(�1)OMe CGL–Man(�1-3)Man(�1)OMe CGL–Man(�1-4)Man(�1)OMe

Rmerge 6.1 (32.8) 8.8 (40) 6.8 (23.3)
Resolution limit (Å) 21.03–1.50 40.29–2.07 40.096–1.980
I/�(I) 7.6 (2.0) 10.7 (2.0) 8.8 (3.2)
Completeness (%) 99.9 (100.0) 91.5 (86) 99.4 (99.4)
Redundancy 19.20 2.5 10.20
Unit-cell parameters (Å) a = 63.89, b = 86.19, c = 88.73 a = 69.37, b = 69.37, c = 161.21 a = 69.01, b = 69.01, c = 160.44
Matthews coefficient (Å3 Da�1) 2.4 2.2 2.2
Solvent content (%) 48.2 43.6 42.5
Space group I222 P32 P32

Wavelength (Å) 1.431 1.431 1.431
Total No. of reflections 760001 119394 607712
Total No. of unique observations 39568 48437 59558
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The complex crystals were obtained in space groups that differed

from those of the native lectins. Since crystal packing has an influence

on the protein conformation (Kanellopoulos et al., 1996), our work

may be important in revealing interactions distinct from those in the

native structures.

This work was supported by Fundação Cearense de Apoio ao
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A chitin-binding protein named PPL-2 was purified from Parkia platycephala

seeds and crystallized. Crystals belong to the orthorhombic space group P212121,

with unit-cell parameters a = 55.19, b = 59.95, c = 76.60 Å, and grew over several

days at 293 K using the hanging-drop method. Using synchrotron radiation, a

complete structural data set was collected to 1.73 Å resolution. The preliminary

crystal structure of PPL-2, determined by molecular replacement, presents a

correlation coefficient of 0.558 and an R factor of 0.439. Crystallographic

refinement is in progress.

1. Introduction

Chitin, a natural homopolymer composed of �(1–4)-linked N-acetyl-

glucosamine (GlcNAc)n, is a major component of the exoskeleton of

fungi (comprising up to 30% of fungal cell walls) and invertebrates. It

is easily obtained from marine invertebrates, insects and algae (Patil

et al., 2000).

The complete enzymatic hydrolysis of chitin to free N-acetyl-

glucosamine residues is performed by a chitinolic system and is

known to be a continuous reaction. Different organisms produce a

wide variety of hydrolytic enzymes that exhibit different substrate

specificities. Some of them are called chitinases, which are enzymes

that catalyze the hydrolysis of chitin. These proteins are a large and

diverse group of enzymes that differ in their molecular structure,

substrate specificity and catalytic mechanism (Kasprzewska, 2003).

Specificity for chitin oligosaccharide is not a feature that is exclusive

to the chitinases. Proteins named ‘chitin-binding lectins’ or ‘hevein-

like lectins’ also possess affinity for N-acetylglucosamine residues, but

cannot catalyze the hydrolysis of chitin (Van Damme et al., 1998).

Several chitinases have been found in plants (angiosperms and

gymnosperms) and are present in diverse tissues. Most are expressed

by stress factors such as infection. Plants use chitinases as a defence

against pathogenic fungi, but the enzymes may also perform other

functions (Peumans et al., 2002). Some chitinases have industrial and

agricultural applications, such as in the biocontrol of pathogenic fungi

and insects, as a target for biopesticides and in the production of

chitooligosaccharides (Kasprzewska, 2003; Patil et al., 2000).

Plant lectins with chitinase activity are poorly described in the

literature. The acidic chitinase from Brassica juncea shows a structure

that is distinct from those observed for chitinases studied previously.

This difference is characterized by the presence of two chitin-binding

sites (Zhao & Chye, 1999), which permit this protein to agglutinate

cells and may provide an advantage over other chitinases in anti-

microbial and antifungal activity (Chye et al., 2005).

Many carbohydrate-binding proteins have been reported, in

particular those purified from plants (Moreno et al., 2004; Gadelha et

al., 2005). The majority are from the Leguminosae family and

comprise lectins and chitinases from diverse sources. Legume lectins

have been well studied as a model of carbohydrate recognition. In the

subfamily Mimosoideae, however, apart from Parkia plathycephala 2

(PPL-2), only the seed lectins from P. speciosa (Suvachittanont &

Peutpaiboon, 1992), P. javanica (Utarabhand & Akkayanont, 1995),

P. platycephala (Cavada et al., 1997) and P. discolor (Cavada et al.,

2000) have been isolated and characterized in detail. Moreover,

crystal structures are only available for P. platycephala lectin (PPL-1)
# 2005 International Union of Crystallography
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in native form (PDB code 1zgr) and in complex with 5-bromo-

4-chloro-3-indolyl-�-d-mannose (PDB code 1zgs).

Mass-spectrometric analysis indicates that the PPL-2 monomer is

not glycosylated and contains six cysteine residues that are involved

in three disulfide bonds; PPL-2 gives a main mass peak at 29 407.

Functional analysis reveals that PPL-2 recognizes carbohydrates on

red blood cells and agglutinates trypsin-treated rabbit erythrocytes

(128 haemagglutinating units per millilitre). In addition, PPL-2 can

hydrolyze �(1–4)-glycosidic linkages between 2-acetoamido-2-deoxy-

�-d-glucopyranoses present in chitin. The exact mechanism of

glycoside hydrolysis has been described by Cavada et al. (2005) and

this mechanism reveals an endochitinase activity to be associated

with PPL-2 from the elution times found for the GlcNAc, (GlcNAc)2

and (GlcNAc)3 standards. Hence, PPL-2 is the first and is a

remarkable chimerolectin from the Mimosoideae, with the dual

property of hydrolyzing chitin and binding sugar moieties on red

blood cells (Cavada et al., 2005).

In order to establish the crystal structure of this new member of the

chitin-binding proteins, this work reports the crystallization and

preliminary X-ray diffraction analysis of a hevamine-like protein

from P. platycephala seeds, named PPL-2, that has the ability to

agglutinate cells and shows inhibitory effects in the growth of

bacterial colonies and nematode-egg eclosion (Castellón, 2004;

Cavada et al., 2005).

2. Material and methods

2.1. Purification and crystallization

Soluble proteins were extracted from the seeds of P. platycephala

Benth in an extraction solution (0.1 M HCl with 0.1 M NaCl). After

centrifugation, the supernatant was neutralized with sodium hydro-

xide (NaOH) and the neutralized solution was submitted to preci-

pitation with ammonium sulfate. The fraction 0/60 was resuspended

in 0.05 M Tris–HCl buffer with 0.1 M NaCl pH 7.0 and exhaustively

dialyzed against this buffer. The protein was purified by affinity

chromatography on a Red-Sepharose CL-6B (23.0 � 2.5 cm) column

equilibrated with the same buffer; elution of the non-interacting

material took place using the equilibration buffer and the protein was

eluted with 0.05 M Tris–HCl with 3.0 M NaCl pH 7.0 and finally

dialyzed against Milli-Q water and lyophilized (Castellón, 2004;

Cavada et al., 2005).

For crystallization trials, the purified lectin was dissolved at a

concentration of 7.5 mg ml�1 in Milli-Q water. Microcrystals of

PPL-2 were grown in Linbro plates at 293 K by the vapour-diffusion/

sparse-matrix method (Jancarik & Kim, 1991) in hanging drops using

Crystal Screen from Hampton Research. The drops were composed

of equal volumes (3 ml) of protein solution and reservoir solution

[0.2 M ammonium acetate, 0.1 M trisodium citrate dehydrate pH 5.6

and 30%(w/v) polyethylene glycol 4000] and were equilibrated

against 500 ml reservoir solution. Microcrystals were seeded into a

new drop containing the same crystallization solution and an equal

protein volume.

2.2. X-ray data collection

X-ray diffraction data were collected at a wavelength of 1.4727 Å

using a synchrotron-radiation source (CPr station, Laboratorio

Nacional de Luz Sı́ncrotron, Campinas, Brazil) and a CCD detector

(MAR Research) with a crystal-to-detector distance of 70.00 mm at a

temperature of 100 K. To avoid freezing, crystals were soaked in a

cryoprotectant solution containing 75% mother liquor and 25%

glycerol. Using an oscillation range of 1.0� and an exposure time of

30 s per frame, 90 images were collected to a maximum resolution of

1.73 Å. Data were indexed, integrated and scaled using MOSFLM

and SCALA (Collaborative Computational Project, Number 4, 1994).

2.3. Molecular replacement

Sequence-alignment analysis was performed using programs that

compared the N-terminal sequence of PPL-2 with those of all the

non-redundant bank of proteins deposited in the National Center of

Biotechnology Information (NCBI). Local and multiple alignments

were carried out using BLAST (Altschul et al., 1990) and CLUS-

TALW (Thompson et al., 1994), respectively. To perform multiple

alignments, plant chitinases from Nicotiana tabacum, Phytolacca

americana, Glycine max, Zea mays, Vitis vinifera, Arabdopsis

thaliana, Vigna unguiculata and Hevea brasiliensis were used.

The molecular-replacement method was used to determine the

crystal structure of PPL-2 using the AMoRe software (Navaza, 1994).

Rotation and translation functions were performed using data in the

resolution range 15–3.0 Å. The best solution for each model was

selected based on the magnitude of the correlation coefficient and the

R factor. Four space groups were tested (P222, P21212, P2221 and

P212121) using the hevamine protein coordinates (PDB code 1hvq,

chain A; Terwisscha van Scheltinga et al., 1996).

3. Results and discussion

Microcrystals grew in a month using condition No. 9 of Crystal Screen

from Hampton Research; when submitted to the seeding experiment,

a crystal cluster was observed (Fig. 1a) after another month. The drop

was perturbed using a fine hair and after about 20 weeks suitable

crystallization communications
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Figure 1
PPL-2 crystals. (a) Crystal cluster from PPL-2 seeding. (b) Crystals of PPL-2 diffracted to 1.73 Å.
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crystals were obtained (Fig. 1b). The best crystals grew to approx-

imate dimensions of 0.3 � 0.2 � 0.3 mm.

Crystals of PPL-2 were grown by the hanging-drop vapour-

diffusion method. PPL-2 crystals belong to the orthorhombic space

group P212121, with unit-cell parameters a = 55.19, b = 59.95,

c = 76.70 Å. The volume of the unit cell is 253 757.48 Å3, which is

compatible with one monomer in the asymmetric unit, with a VM of

2.3 Å3 Da�1 (Matthews, 1968). A summary of the data-collection

statistics is given in Table 1.

Sequence-alignment analysis permitted the retrieval of a viable

search model to submit these data to molecular replacement. The

N-terminal amino-acid sequence from PPL-2 (GGIVVWGQN-

GGEGTLTSTCESGLYQIVNIAFLSQFGGGRRV) is completely

different from that found in PPL-1, a lectin isolated from seeds of

P. platycephala (SLKGMISVGPWGGSGGNYWSFKANHAITEI-

VIHVKDNIKS; Cavada et al., 1997). Based on local alignments of

PPL-2, similarity has been found with chitinases, proteins that are

reported to be related to defence mechanisms in plants. These

alignments show that PPL-2 exhibits a high sequence similarity to

type III chitinases. One of these proteins is hevamine, a chitinase and

lysozyme protein found in latex from H. brasiliensis, which has the

N-terminal sequence GGIAIYWGQNGNEGTLTQTCSTRKYSY-

VNIAFLNKFGNGQ. Acidic chitinases extracted from the leaves of

G. max (Watanabe et al., 1999), Z. mays (Didierjean et al., 1996) and

A. thaliana (Kawabe et al., 1997) also show similarity with PPL-2, as

can be observed in Fig. 2.

The N-terminal alignment of PPL-2 and several chitinases

demonstrated a degree of similarity estimated at 72% with basic

endochitinase type III from N. tabacum, 71% with chitinase-B from

Phytolacca americana, 71% with acidic chitinases from G. max and

Z. mays, 66% with the precursor of the acidic chitinase (Precursor)

from Vitis vinifera, 60% with acidic endochitinase from A. thaliana,

61% with basic endochitinase type III from Vigna unguiculata and

64% with hevamine, a chitinase/lysozyme from H. brasiliensis.

Despite the high similarity observed among all the alignments,

hevamine is the only one in which the polypeptidic fragment corre-

sponds to the N-terminal region as in PPL-2 and is thus a good search

model for molecular replacement. The best results were obtained for

space group P212121, resulting in a correlation coefficient and R factor

of 55.8 and 43.9%, respectively.

Initial crystallographic refinement was performed using rigid-body

refinement followed by the maximum-likelihood method with the

REFMAC5 software (Collaborative Computational Project, Number

4, 1994), resulting in a model with an R factor of 29.7% and an Rfree of

33.1%. Complete refinement of the structure of PPL-2 is in progress.
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Cavada, B. S., Castellón, R. E. R., Vasconcelos, G. G., Delatorre, P., Nagano,
C. S., Nascimento, K. S., Souza, E. P., Radis-Baptista, G., Leroy, Y., Toyama,
M. H., Sampaio, A. H., Pinto, V. P. T. & Debray, H. (2005). Submitted.

Cavada, B. S., Madeira, S. V. F., Calvete, J. J., Sousa, L. A. G., Bomfim, L. R.,
Dantas, A. R., Lopes, M. C., Grangeiro, T. B., Freitas, B. T., Pinto, V. P. T.,
Leite, K. B. & Ramos, M. V. (2000). Prep. Biochem. Biotech. 30, 271–280.

Cavada, B. S., Santos, C. F., Grangeiro, T. B., Silva, L. I. M. M., Campos, M. J. O.,
Sousa, F. A. M. & Calvete, J. J. (1997). Physiol. Mol. Biol. Plants, 3, 109–115.

Chye, M. L., Zhao, K. J., He, Z. M., Ramalingam, S. & Fung, K. L. (2005).
Planta, 220, 717–730.

Collaborative Computational Project, Number 4 (1994). Acta Cryst. D50, 760–
763.

Didierjean, L., Frendo, P., Nasser, W., Genot, G., Marivet, J. & Burkard, G.
(1996). Planta, 199, 1–8.

Gadelha, C. A. A., Moreno, F. B. M. B., Santi-Gadelha, T., Cajazeiras, J. B.,
Rustiguel, J. K. R., Freitas, B. T., Canduri, F., Delatorre, P. & de Azevedo,
W. F. Jr (2005). Acta Cryst. F61, 87–89.

Jancarik, J. & Kim, S.-H. (1991). J. Appl. Cryst. 24, 409–411.
Kasprzewska, A. (2003). Cell Mol. Biol. Lett. 8, 809–824.
Kawabe, A., Innan, H., Terauchi, R. & Miyashita, N. T. (1997). Mol. Biol. Evol.

14, 1303–1315.
Matthews, B. W. (1968). J. Mol. Biol. 33, 491–497.
Moreno, F. B. M. B., Delatorre, P., Freitas, B. T., Rocha, B. A. M., Souza, E. P.,
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Table 1
X-ray diffraction data collection.

Values in parentheses are for the highest resolution shell.

Wavelength (Å) 1.431
Space group P212121

Unit-cell parameters (Å) a = 55.19, b = 59.95, c = 76.70
Resolution range (Å) 32.27–1.73
Unique reflections 25945
Completeness (%) 95.5 (95.5)
hI/�(I)i 13.1 (2.4)
Rsym (%) 4.0 (22.8)
Rfull (%) 3.6 (16.3)

Figure 2
Multiple alignment of the N-terminal sequence of PPL-2 with those of plant
chitinases. GmCHI, acidic chitinase from G. max; ZmCHI, acidic chitinase from
Z. mays; Hevamina, chitinase/lysozyme from H. brasiliensis; VvCHI, precursor of
acidic chitinase from Vitis vinifera; AtCHI, acidic endochitinase from A. thaliana;
VuCHI, basic endochitinase type III from Vigna unguiculata; PaCHI, chitinase-B
from Phytolacca americana; NtCHI, basic endochitinase type III from N. tabacum.
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A lectin from Cymbosema roseum seeds (CRL) was purified, characterized and

crystallized. The best crystals grew in a month and were obtained by the vapour-

diffusion method using a precipitant solution consisting of 0.1 M Tris–HCl pH

7.8, 8%(w/v) PEG 3350 and 0.2 M proline at a constant temperature of 293 K. A

data set was collected to 1.77 Å resolution at a synchrotron-radiation source.

CRL crystals are orthorhombic, belonging to space group P212121. Crystallo-

graphic refinement and full amino-acid sequence determination are in progress.

1. Introduction

Plant lectins are a structurally heterogeneous group of carbohydrate-

binding proteins of non-immune origin that exhibit a variety of

interactions in cellular processes such as cell communication, host

defence, fertilization, parasitic infection and tumour metastasis.

These lectins are present in various organisms, animal and vegetal,

including leguminous plants. Despite the high level of conservation

exhibited in their sequences, leguminous lectins show considerable

diversity in their carbohydrate-binding properties and biological

effects (Wah et al., 2001).

The Diocleinae lectins, a well studied group of closely related

leguminous lectins, exhibit biological effects such as histamine release

from rat peritoneal mast cells (Ferreira et al., 1996) and anti-

(Assreuy et al., 1997) and pro-oedematogenic effects (Alencar et al.,

1999). Minor differences in the ratios of dimeric and tetrameric forms

in the lectins, together with differences in the relative orientations of

the carbohydrate-binding sites in the quaternary structures, have

been hypothesized to contribute to the differences in biological

activities exhibited by Diocleinae lectins (Sanz-Aparicio et al., 1997).

The species Cymbosema roseum belongs to the Diocleinae subtribe

of the Leguminosae family and is widespread throughout the

Amazonian forest (Anavilhanas archipelago, Amazonas, Brazil). This

work reports the purification, partial characterization, crystallization

and preliminary X-ray diffraction analysis of a lectin from C. roseum

(CRL).

2. Materials and methods

2.1. Purification and crystallization of C. roseum lectin (CRL)

C. roseum seeds were ground to a fine powder in a coffee mill. The

powder was stirred with 0.15 M NaCl [1:10(w:v)] at room tempera-

ture for 4 h and then centrifuged at 10 000g for 20 min at 278 K. The

resultant supernatant was applied onto a Sepharose-4B-mannose

column (0.5 � 10 cm) equilibrated with 0.15 M NaCl containing

5 mM CaCl2 and 5 mM MnCl2. After removing unbound material, the

lectin was eluted with 0.1 M glycine, 0.15 M NaCl pH 2.6. Purified

CRL was monitored by SDS–PAGE as described by Laemmli (1970)

and was used to perform further characterization. N-terminal

sequence analysis was performed using an Applied Biosystems

pulsed-liquid phase 477A protein sequencer with a 120A PTH amino-

acid analyzer, following the method described by the manufacturer.

Haemagglutinating activity and haemagglutination-inhibition

studies were carried out in micro-titration plates using a standard

procedure (Faria et al., 2004). The haemagglutinating activity of the

lectin was determined using native and enzyme-treated rabbit
# 2006 International Union of Crystallography

All rights reserved
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erythrocytes. Native cells were prepared by washing the erythrocytes

three times with 0.1 M NaCl and then resuspending them to a final

concentration of 2%(v/v) in 0.15 M NaCl. To prepare enzyme-treated

cells, washed packed erythrocytes were incubated with an equal

volume of papain or trypsin for 30 min at 310 K. Treated cells were

washed three times in 0.15 M NaCl and resuspended to a final

concentration of 2%(v/v) in 0.15 M NaCl. Haemagglutination tests

were performed on serial twofold dilutions of lectin solutions in PBS,

each dilution having a final volume of 0.2 ml. A 0.2 ml aliquot of the

2% erythrocyte suspension was added to each dilution. The plates

were gently shaken and left for 90 min at room temperature, after

which time the degree of macroscopic agglutination was recorded.

Inhibition tests were carried out using stock solutions of sugars and

glycoproteins in 0.15 M NaCl. A twofold dilution series was prepared

for each potentially inhibitory substance in 0.15 M NaCl containing

5 mM CaCl2 and 5 mM MnCl2. Each dilution had a final volume of

0.2 ml. The lectin samples were diluted in 0.15 M NaCl to give a

solution containing four units of haemagglutinating activity per

millilitre (the greatest dilution of the lectin that can agglutinate

erythrocytes, i.e. the titre, was defined as containing one haem-

agglutinating unit per millilitre). 0.2 ml aliquots of the diluted lectin

(four units) were added to each well of the diluted inhibitor series.

The plates were then left at room temperature for 1 h before 0.2 ml of

2% native or enzyme-treated rabbit erythrocytes was added to each

well. The plates were then allowed to stand at room temperature for a

further 1 h before being examined for haemagglutination. The

haemagglutination-inhibition titre was recorded as the the highest

dilution of inhibitor which inhibited the agglutination produced by

four haemagglutination units of lectin sample.

The lyophilized purified CRL was dissolved to a concentration of

12 mg ml�1 in 20 mM Tris–HCl pH 8.0 containing 0.5 mM CaCl2 and

MnCl2 and used for crystallization trials. Crystallization screening by

the hanging-drop vapour-diffusion method was performed in Linbro

plates at 293 K using Hampton Research Crystal Screens I and II,

SaltRx, Index and PEG/Ion Screens (Hampton Research, Aliso

Viejo, CA, USA). The drops were composed of equal volumes (2 ml)

of protein solution and reservoir solution and were equilibrated

against 500 ml reservoir solution. An example of a crystal of CRL is

shown in Fig. 1(a).

2.2. X-ray data collection

A crystal was transferred to a cryoprotectant solution consisting of

30% glycerol in the crystallization reservoir solution. Data were

collected at 1.42 Å wavelength at a synchrotron-radiation source

(beamline MX1, CPr station, Laboratório Nacional de Luz

Sı́ncrotron–LNLS, Campinas, Brazil) using a MAR Research CCD

imaging plate at a crystal-to-detector distance of 70 mm. A set of 100

1� oscillation images was recorded (an image is shown in Fig. 1b).

Diffraction data were indexed, integrated and scaled using MOSFLM

and SCALA (Collaborative Computational Project, Number 4, 1994).

crystallization communications
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Figure 1
(a) Crystal and (b) diffraction pattern of C. roseum lectin.

Figure 2
Affinity chromatography and SDS–PAGE of the purified C. roseum lectin (CRL).
(a) Sepharose-4B-mannose chromatography. (b) SDS–PAGE showing protein
markers (left) and a purified CRL band (right). The molecular-weight markers are
bovine serum albumin (67 kDa), chymotrypsinogen (25 kDa) and lysozyme
(14 kDa). The gel was Coomassie blue stained.
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An alignment analysis was performed with ClustalW (Thompson et

al., 1994) that compared the N-terminal sequence of CRL (which was

evidence of the success of the purification) with those of all non-

redundant proteins deposited in the National Center of Biotech-

nology Information (NCBI). Determinations of the full amino-acid

sequence and the three-dimensional structure are in progress.

3. Results and discussion

C. roseum lectin (CRL) was purified by a single step using a

Sepharose-4B-mannose affinity chromatography column (Fig. 2a).

All purification steps were monitored by haemagglutinating activity

and SDS–PAGE.

CRL showed haemagglutinating activity towards papain-treated,

trypsin-treated and untreated rabbit erythrocytes. The minimal

concentration of purified protein that agglutinated a 2% rabbit

erythrocyte suspension was <2 mg ml�1. This haemagglutinating

property is similar to those of other Diocleinae lectins. From the

inhibitory substances tested, mannose was the most potent, with a

minimum concentration of 19.5 mM. The CRL N-terminal sequence

was found to be ADTIVAVELDSYPNTDIGDPSYPH. This

sequence is very similar to those of other lectins (Table 1) from the

subtribe Diocleinae [100% identity with Dioclea lehmanni I (Perez et

al., 1990) and Canavalia brasiliensis (Moreira & Cavada, 1984); 92%

identity with D. grandiflora (Moreira et al., 1983), ConA (Hague,

1975) and Cratylia floribunda (Oliveira et al., 1991)]. The apparent

molecular weight of CRL was determined by SDS–PAGE after

heating in the presence of SDS (Fig. 2b). The lectin appears to be

composed of three polypeptide chains of approximate molecular

weights of 30, 18 and 12 kDa. This variety of molecular weights is

similar to that found for other lectins from Diocleineae species such

as Canavalia ensiformis (Hague, 1975). This latter lectin, commonly

known as concanavalin A, has been shown to initially be expressed

with an initial set of termini, which led to the supposition that the

gene product is then cleaved post-translationally to form two chains

and a second set of termini and then fused into a single chain again by

peptide-bond formation that joins the initial set of termini, a kind of

circular permutation of the sequence. In the absence of other

evidence, we suppose that the smaller chains are analogous to the two

chains of the cleaved gene product and the largest chain is analogous

to the fused final product (Cunningham et al., 1979).

Microcrystals were obtained using 0.1 M HEPES pH 7.5 containing

10%(w/v) PEG 3350 and 0.2 M proline. Improvement of this crys-

tallization condition was obtaining by increasing the pH and PEG

concentration. Suitable crystals were obtained from drops containing

0.1 M Tris–HCl pH 7.8, 8%(w/v) PEG 3350 and 0.2 M proline. CRL

crystals grew within a month to maximum dimensions of approxi-

mately 0.8 � 0.4 � 0.4 mm (Fig. 1a). The diffraction data showed the

CRL crystals to be orthorhombic, belonging to space group P212121,

with unit-cell parameters a = 67.8, b = 103.1, c = 122.1 Å. CRL crystal

data were scaled in the resolution range 34.92–1.77 Å. Statistics of the

data collection can be found in Table 2. Assuming the presence of

four molecules of 25 kDa (as is standard for Diocleinae lectins that

present an apparent weight of 30 kDa in SDS–PAGE, such as ConA

and D. lehmanni lectin I) in each monomer in the asymmetric unit,

the calculated VM was 2.1 Å3 Da�1 (Matthews, 1968), indicating a

solvent content of 41.9%. Elucidation of the complete amino-acid

sequence of CRL, now in progress, will permit the refinement of a

three-dimensional CRL structure.
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Table 1
N-terminal sequence alignment of Diocleinae lectins.

Lectin Sequence

Cymbosema roseum ADTIVAVELDSYPNTDIGDPSYPH
Dioclea lehmanni I ADTIVAVELDSYPNTDIGDPSYPH
Dioclea grandiflora ADTIVAVELNSYPNTDIGDPNYPH
Canavalia ensiformis ADTIVAVELDTYPNTDIGDPSYPH
Canavalia brasiliensis ADTIVAVELDSYPNTDIGDPSYPH
Cratylia floribunda ADTIVAVELDSYPNTDIGDPNYQH

Table 2
Summary of data-collection statistics for CRL.

Values in parentheses are for the highest resolution shell (1.87–1.77 Å).

X-ray wavelength (Å) 1.427
Space group P212121

Unit-cell parameters (Å) a = 67.82, b = 103.14, c = 122.09
Resolution limits (Å) 34.92–1.77
Asymmetric unit content 4 molecules
Total reflections measured 286361
Unique reflections measured 80568
Completeness (%) 97.00 (97.0)
Rmerge (%) 5.4 (32.5)
hI/�(I)i 7.1 (2.2)
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b Curso de Pós-graduação em Biofı́sica Molecular, Departamento de Fı́sica, Universidade Estadual Paulista Júlio de Mesquita Filho,
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c Faculdade de Biociências-PUCRS Av. Ipiranga, 6681 Porto alegre, Rio Grande do Sul, Brazil

Received 23 April 2007; received in revised form 21 June 2007; accepted 30 July 2007
Available online 16 August 2007

Abstract

Plant lectins, especially those purified from species of the Leguminosae family, represent the best studied group of carbohydrate-bind-
ing proteins. The legume lectins from Diocleinae subtribe are highly similar proteins that present significant differences in the potency/
efficacy of their biological activities. The structural studies of the interactions between lectins and sugars may clarify the origin of the
distinct biological activities observed in this high similar class of proteins. In this way, this work presents a crystallographic study of
the ConM and CGL (agglutinins from Canavalia maritima and Canavalia gladiata, respectively) in the following complexes: ConM/
CGL:Man(a1-2)Man(a1-O)Me, ConM/CGL:Man(a1-3)Man(a1-O)Me and ConM/CGL:Man(a1-4)Man(a1-O)Me, which crystallized
in different conditions and space group from the native proteins.

The structures were solved by molecular replacement, presenting satisfactory values for Rfactor and Rfree. Comparisons between
ConM, CGL and ConA (Canavalia ensiformis lectin) binding mode with the dimannosides in subject, presented different interactions
patterns, which may account for a structural explanation of the distincts biological properties observed in the lectins of Diocleinae
subtribe.
� 2007 Elsevier Inc. All rights reserved.

Keywords: Legume lectin; Dimannoside; Canavalia maritima lectin; Canavalia gladiata lectin

1. Introduction

Lectins are carbohydrate-binding proteins or glycopro-
teins of non-immune origin found in all types of living
organisms that decipher the glycocodes encoded in the

structure of glycans attached to soluble and integral cell-
membrane glycoconjugates (Gabius and Gabius, 1997).
Plant lectins are valuable tools for biochemical, analytical,
and therapeutic purposes (Lis and Sharon, 1986). Legume
lectins in particular have become a model system for pro-
tein–carbohydrate recognition because of their wide range
of specificities for monosaccharides as well as for complex
carbohydrates. Recognition between proteins and carbohy-
drates is of prime importance in many biological processes,

1047-8477/$ - see front matter � 2007 Elsevier Inc. All rights reserved.

doi:10.1016/j.jsb.2007.07.012

* Corresponding authors. Fax: +55 85 40089818.
E-mail addresses: walter.junior@pucrs.br (W.F. de Azevedo Jr.),

bscavada@ufc.br (B.S. Cavada).

www.elsevier.com/locate/yjsbi

Available online at www.sciencedirect.com

Journal of Structural Biology 160 (2007) 168–176

Journal of

Structural
Biology

98



such as viral, bacterial, mycoplasmal and parasitic infec-
tions, targeting of cells and soluble components, fertiliza-
tion, cancer metastasis and growth and differentiation
(Sharon and Lis, 1990). The specific recognition of an
(oligo)saccharide by a protein is a much more complex
problem than other biologically relevant recognition pro-
cesses such as protein–protein or protein–DNA interac-
tions (Loris et al., 2004).

The legume lectins from the Diocleinae subtribe are
highly similar proteins that exhibit different biological
activities such as human lymphocyte proliferation and
interferon c production (Barral-Netto et al., 1992), perito-
neal macrophage stimulation and inflammatory reaction
(Rodriguez et al., 1992), induction of paw edema and per-
itoneal cell immigration in rats (Bento et al., 1993), hista-
mine release from rat peritoneal mast cells (Gomes et al.,
1994, 1996), nitric oxide production (Andrade et al.,
1999) and in vivo lymphocyte activation and apoptosis
(Barbosa et al., 2001) among others.

Several factors contribute to these differences in the
activities: for example, the pH-dependent oligomerization
that some of these lectins present and the relative position
of the carbohydrate-binding site (Wah et al., 2001) as well
as minor changes in the residues located at key positions
regarding to quaternary association (Brinda et al., 2004).
The distinct biological activities presented by Canavalia

ensiformis lectin (ConA) and Canavalia brasiliensis lectin
(ConBr) have been shown to be a consequence of only
one non-conservative substitution that affects the carbohy-
drate-binding site, making it more open in ConBr than it is
in ConA (Sanz-Aparicio et al., 1997).

The structural studies of these proteins are important
not only to elucidate the molecular mechanism by which
these molecules produce their distinct biological activities,
but also to highlight several aspects of the protein–carbo-
hydrate interaction and how lectins decipher the great
informative potential encoded into the structures of
glycans.

Thus, we have determined the crystallographic structure
of six complexes: Canavalia gladiata lectin (CGL) and
Canavalia maritima lectin (ConM) with dimannosides
Man(a1-2)Man(a1-O)Me, Man(a1-3)Man(a1-O)Me and
Man(a1-4)Man(a1-O)Me, in order to improve the under-
standing of the structural basis for the affinity of lectins
for different dimannosides.

2. Materials and methods

The crystallization procedures, data collection and pro-
cessing were previously described in detail (Moreno et al.,
2006). The phase problem for all the crystal structures
was solved by the molecular replacement method using
the program MolRep (Vargin and Teplyakov, 1997) from
the CCP4 package (CCP4, 1994) (‘‘Collaborative Computa-
tional Project, number 4, 1994’’). ConM (PDB code:
2CWM) and CGL structures (PDB code: 1 WUV) were
used as the search model, with all waters removed.

The initial models were afterwards submitted to several
cycles of rigid body and restrained refinement, using the
program REFMAC5 and monitored using the Rfree and
Rfactor values (Brunger, 1992). The electron densities were
visualized through XtalView (Mcree, 1999), in which dim-
annosides were fitted and subtle adjustments in the models
were carried out, followed by restrained refinement. The
PDB entries for all the dimannosides were generated with
the program Library/Sketcher from CCP4 package.

The quality of these models was inspected by the pro-
gram PROCHECK (Laskowski et al., 1993) and the acces-
sible surface areas were calculated using the program
NACCESS (Hubbard and Thornton, 1993) with a probe
radius of 1.4 Å. Van der Walls contacts were analyzed
using the CCP4 program CONTACT with a cut-off dis-
tance of 4.5 Å. The crystallographic B-factors (overall,
main chains, side chains, waters and the sugars) as well
as the Ramachandran plot and root-mean-squares devia-
tions from ideal geometry are presented in Tables 1 and
3. The final refinement statistics for ConM and CGL com-
plexes are presented in Tables 2 and 4, respectively. All fig-
ures and superpositions were performed using the program
PyMOL (Delano, 2002).

3. Results and discussion

3.1. Overall structure

The four structures, ConM and GGL complexed with
Man(a1-3)Man(a1-O)Me (M1-3M) and Man(a1-
4)Man(a1-O)Me (M1-4M), exhibit a classic ‘‘canonical’’
tetramer (subunits A, B, C and D) in the asymmetric unit,
while the ConM and CGL complexed with Man(a1-
2)Man(a1-O)Me (M1-2M) exhibits a single monomer. As
previously observed in other legume lectins, the ConM
monomer consists of 237 amino acids folded as a b sand-

Table 1
Ramachandran plot and root-mean-square deviations from ideal geom-
etry for ConM structures

ConM:
M1-2M

ConM:
M1-3M

ConM:
0M1-4M

Residues distribution
Most favorable (%) 89.4 86.8 87.8
Allowed (%) 9.7 12.7 11.9
Additionally allowed (%) 1.0 0.4 0.4
Forbidden (%) 0 0.1 0.0

Root-mean-square deviations from ideal geometry
Bond lengths (Å) 0.02 0.01 0.021
Bond angles (�) 2.143 1.589 2.218

Mean temperature factor (B-factor)
Main chain (Å2) 13.497 21.9685 19.437
Side chain (Å2) 15.596 22.6035 20.1982
Water molecules (Å2) 20.033 24.597 23.577
Sugar atoms (Å2)a 25.392 29.86 20.542
Overall (Å2) 18.629 24.75 20.938

a In ConM:M1-4M complex, subunits C and D were not accounted for
the calculate.
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wich (Srinivas et al., 2001). The complexes do not present
significant structural differences when compared to native
protein in any parts, other than the carbohydrate-binding
region.

The carbohydrate electron densities from M1-3M and
M1-2M complexes are very well defined in all subunits,
while the ones from M1-4M complexes are well defined
in only two subunits (A and B). In the remaining subunits
from M1-4M complexes (C and D), the electron density
corresponding to the O4-linked mannose is not clear, mak-
ing impossible to model the dimannoside’s second ring. All
carbohydrate sites from the six structures are located at the
interface of crystallographic symmetric related subunits,
establishing numerous contacts with their symmetry mates,
with the exception of the C and D subunits from M1-4M
complexes, which are partially poorly defined as previously
mentioned.

Fig. 1 shows the electron densities for the three diman-
nosides after the final refinement. In the case of M1-3M
and M1-4M complexes, which crystallized as a tetramer,
the densities shown are the ones with the best definition.

3.2. M1-3M and M1-4M complexes

3.2.1. Monosaccharide-binding site (first mannose)

In all four complexes, the O1-linked mannose interacts
with the conserved monosaccharide site in a way very sim-
ilar to ConA, with very small differences regarding the dis-
tances of these interactions, which are probably due to the
crystallographic packing. This binding mode has been
already extensively studied previously (Bourne et al.,
1990, 1994,). Thus, the sugar is harbored through nine
intermolecular H bonds formed between O2, O3, O4, O5
and O6 of the saccharide and the amino acid side chains
present in the site.

3.2.2. O3 linked mannose and O4 linked mannose

It is well established that legume lectins possess three
types of hydrophobic subsites based on different ligand
affinities. One of these subsites is adjacent to the conserved
monosaccharide biding site, explaining the fact that hydro-
phobic glyco/mannosides and other monosaccharide
hydrophobic derivatives bind more strongly (10–50 times)
than their non-hydrophobic analogs (Sharon and Lis,
1990). Kanellopoulos and co-workers (1996) determined
the crystal structures for two ConA complexes: ConA/4 0-
nitrophenyl-a-D-mannopyranoside (a-PNM, PDB code:
1VAM) and ConA/4 0-nitrophenil-a-D-glucopyranoside (a-
PNG, PDB code: 1VAL), revealing that the hydrophobic
moiety of these molecules interacted with a hydrophobic
subsite formed by Tyr12, Leu99 and Tyr100. The O3 linked
and the O4 linked mannoses of our structures bind to this
same subsite, as depicted in Fig. 2. This binding involves
primarily hydrophobic and van der Waals interactions
(Table 5).

Both dimannosides, M1-3M and M1-4M, are positioned
in the subsite in a similar way, with the side chain of Leu99

Table 2
Final refinement statistics for ConM structures

Refinement ConM:
M1-2M

ConM:
M1-3M

ConM:
M1-4M

Space group I222 P32 P32
Unit-Cell

parameters (Å)
a = 63.63,
b = 85.44,
c = 85.71

a = 69.39,
b = 69.39,
c = 161.29

a = 69.47,
b = 69.47,
c = 161.52

Resolution limit (Å) 20.96 (1.4) 40.49 (2.10) 34.73 (2.10)
Rfactor 0.206 0.187 0.176
Number of reflexions

(Rfactor)
30,905 47,581 46,558

Rfree 0.229 0.255 0.239
Number of reflexions

(Rfactor)
1646 2524 2489

Number of residues per
asymmetric unit

237 948 948

Number of water
molecules

146 347 480

Table 3
Ramachandran plot and root-mean-square deviations from ideal geom-
etry for CGL structures

CGL:
M1-2M

CGL:
M1-3M

CGLM:
M1-4M

Residues distribution
Most favorable (%) 86.9 86.1 86.6
Allowed (%) 12.6 12.8 12.7
Additionally allowed (%) 0.5 0.5 0.5
Forbidden (%) 0.0 0.6 0.2

Root-mean-square deviations from ideal geometry
Bond lengths (Å) 0.011 0.021 0.019
Bond angles (�) 1.542 2.267 2.128

Mean temperature factor (B-factor)
Main chain (Å2) 11.097 22.194 18.019
Side chain (Å2) 13.171 22.946 19.231
Water molecules (Å2) 19.723 27.759 22.184
Sugar atoms (Å2)a 10.160 29.958 19.166
Overall (Å2) 12.655 24.464 19.65

a In CGL:M1-4M complex, subunits C and D were not accounted for
the calculate.

Table 4
Final refinement statistics for CGL structures

Refinement CGL:
M1-2M

CGL:
M1-3M

CGL:
M1-4M

Space group I222 P32 P32
Unit-cell parameters

(Å)
a = 63.89,
b = 86.19,
c = 88.73

a = 69.37,
b = 69.37,
c = 161.21

a = 69.01,
b = 69.01,
c = 160.44

Resolution limit (Å) 21.03 (1.50) 40.29 (2.07) 40.096 (1.980)
Rfactor 0.215 0.19 0.18
Number of reflexions

(Rfactor)
37,554 49,716 56,114

Rfree 0.232 0.244 0.236
Number of reflexions

(Rfree)
1984 2659 2983

Number of residues
per asymmetric
unit

237 948 948

Number of water
molecules

159 412 467
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stacked against one face of the ring. Despite that, M1-3M
is placed more internally, with the anomeric methyl turned
to the subsite; evidences for this are both the greater num-
ber of van der Waals interactions when compared to the
M1-4M and the presence of H bonds in such complexes.
This difference can be cleared noticed in Table 5 and in
Fig. 2.

Polar interactions, in this case occurring with participa-
tion of Tyr12, are only observed for M1-3M. In three sub-
units, there is an interaction involving the O3 linked
mannose and O1 of the sugar and in two, there’s an inter-
action involving O2; in the C subunit, both interactions
aforementioned occur simultaneously (Fig. 2). This varia-
tion is very likely a consequence of the crystallographic
packing. The crystal structures of the complexes of ConA
and a-PNG and a-PNM also show this peculiarity, once
H bonds occur between Tyr12 and Tyr100 and the O7

and O8 of the carbohydrates, but they vary in both number
and strength from subunit to subunit.

The occurrence of H bonds between Tyr12 from ConM
and disaccharides has been previously reported to the crys-
tal structures of ConM:Trehalose (PDB code: 2CY6) and
ConM:Maltose (PDB code: 2CYF) (Delatorre et al.,
2006). This work suggests that the interaction established
between the hydroxyl group from Tyr12 and the outer gly-
cose of each complex enhances the lectin ability to bind
carbohydrates.

3.3. Comparison between ConM/CGL:M1-3M and

ConA:M1-3M

Bouckaert and co-authors (1999) determined the crys-
tal structures of ConA complexed to M1-3M (PDB
code: 1QDO) and M1-6M (PDB code: 1QDC). The
O3-linked mannose from M1-3M interacts with the sub-
site formed by Tyr12, Tyr100 and Leu99, while the O6-
linked mannose from M1-6M interacts with other
subsite formed by Tyr12 and Asp16. In ConA, M1-3M
only establishes van der Waals and hydrophobic interac-
tions, while in ConM and CGL it forms two H bonds
to Tyr12. Besides that, M1-3M have more van der
Waals interactions with ConM’s and CGL’s subsite than
with ConA’s (Table 5).

The occurrence of H bonds in ConM and CGL com-
plexed with M1-3M, which are absent in ConA:M1-3M,
the greater number of van der Waals contacts and a lar-
ger contact surface area upon complexation (ConM:
282 Å2, CGL: 282 Å2, ConA: 275 Å2) should enhance
ConM’s and CGL’s affinity to this dimannoside. In the
same way, it is expected that ConM and CGL show
greater affinity for M1-3M than for M1-4M (ConM:
261 Å2, CGL: 261 Å2). Nevertheless, appearance of extra
interactions and a greater contact area do not necessarily
imply a higher affinity (Singha et al., 1996). That is the
case for the complexes ConA:M1-3M and ConA:M1-
6M, where despite M1-6M hydrogen bonds with the

Fig. 1. 2Fobs � Fcalc electron densities map from the dimannosides contoured at 1.0r obtained after the refinement. (a) Man(a1-2)Man(a1-O)Me, (b)
Man(a1-3)Man(a1-O)Me, (c) Man(a1-4)Man(a1-O)Me. Only ConM complexes are shown, CGL complexes are very similar.

Fig. 2. Superimposition of M1-3M (green) and M1-4M (yellow) in the
active site of ConM. The M1-3M more internal localization in the
hydrophobic subsite (residues in blue) is evidenced, as well as the hydrogen
bonds formed between the Tyr12-OH and O1 and O2. (For interpretation
of the references in color in this figure legend, the reader is referred to the
web version of this article.)
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hydroxyl group from Tyr12 and has greater buried sur-
face area, M1-3M interacts with a 4 times higher affinity.
Similarly, the lectin from Pterocarpus angolensis (PAL)
presents greater number of interactions to the dimanno-
sides M1-3M, M1-4M and M1-6M than to MeMan, but
its affinity is essentially equal for all four sugars (Loris
et al., 2004). Thus, to establish real affinity comparisons
for the complexes presented here, thermodynamics studies
are necessary.

As previously described for ConA, M1-3M’s and M1-
4M’s conformations are essentially equal in PAL, ConM
and CGL, despite the different residues forming the sites.
In the case of M1-3M complexes, the sugar is slightly dis-
located, which happens due to the presence of a Glu221
on PAL in the same place where there is a Leu99 on ConA,
ConM and CGL. If the M1-3M conformation in canavalia
structures was similar to the one presented on PAL, it
would cause a van der Waals clash between Leu99’s CD2
and the second’s mannose O1. This M1-3M conformation
adopted for PAL also allows for OE1 from Glu221 to
establish an H bond to the O4 from the second mannose
and possibly a polar contact to the O1 from the second
mannose.

In the case of the M1-4M complex, the tighter closed site
from PAL allows for the establishment of an H bond
between the O1 from the second mannose and the
Asp136 that occupies the position corresponding to
Asp16 from ConM, CGL and ConA. Besides, this confor-
mation is stabilized by a second H bond between O6 from
the second mannose and the NE2 from Gln22, which occu-
pies the same position as Tyr100 from ConM, CGL and
ConA.

3.4. Waters involved in carbohydrate-binding site

Previous crystallographic study performed with legume
lectins determined the occurrence of seven waters highly
conserved in all structures, independently of their homol-
ogy or carbohydrate affinity. A structural function is evi-
dent: four waters are linked with calcium and manganese
ions and one of them is located at carbohydrate-binding
site (Loris et al., 1994).

A structural water at the active site occurs in all ConA-
like structures containing at least a monosaccharide bound.
This water makes hydrogen bonds with Arg228, Asn14 and
Asp16, but not with the sugar. Bouckaert and co-workers
(1999) propose that the function of this water is helping
to increase the fit between the protein and sugar, rather
than to serve as specific hydrogen bond mediators, giving
the protein-binding surface a shape complementary to the
sugar.

In ConM/CGL:M1-2 M, ConA:M1-2M (PDB code:
1BXH) and ConA:M1-6M (PDB code: 1QDC) this water
is perfectly conserved. However, in ConM and CGL com-
plexes with M1-3M and M1-4M its location and interac-
tions patterns are different; there is an additional water
molecule making a hydrogen bond with the conserved
structural water and Asp16 (Fig. 3a). The reason for this
seems to be a difference in conformation of Asp16, which

Table 5
Van der Waals contacts of the reducing mannose of following complexes

ConM:M1-3M ConM:M1-4M ConA:M1-3M

Tyr12-CE1—O2 Tyr12-OH—C6 Tyr12 -OH —C1, C2

Tyr12-CZ—O2 Leu99-CB—O4, O2, O3 Leu99-CG —O1

Tyr12-OH—C1, C2 Leu99-CG—O2 Leu99-CD2—O4, O1

Leu99-CB—O3 Leu99-CD1—O2 Tyr100-CE2—O1

Leu99-CG—O4 Leu99-CD2—O2 Tyr100-OH—C7

Leu99-CD1—O1, O4

Tyr100-CZ—O1

Tyr100-OH—CM

Tyr100-CE2—O1

Fig. 3. (a) Representation of the structural waters (W1 and W2) in ConM:M1-3M. W1 and W2 are also present in M1-4M complexes. The interstitial
water W3 was observed only in M1-3M complexes and its interactions are expected to enhance the affinity of the protein by this dimannoside. (b) Waters
involved in the active site of ConM:M1-2M complex (also observed in CGL complex). This network of interactions formed by the interstitial waters W60
and W27, as well as by structural waters W42 and W36 should contribute to the enhanced affinity calculated for M1-2M.
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possess a ‘‘turned up’’ orientation in the complexes con-
taining this additional water.

In M1-3M structures, all the subunits possess the struc-
tural water (W1), interacting with Arg228 and Asn14 but
only indirectly with Asp16, through W2, which is present
in two monomers of ConM (A and B) and of CGL (B
and D). ConM:M1-4M complex present W1 and W2 all
monomers, with the exception of subunit C, that lacks den-
sity for W2. In CGL:M1-4M, the W1 is present in three
subunits (A, B and D) while W2 was only detected in sub-
unit A.

These differences in water arrangement among the com-
plexes can reflect an alteration in the affinity for the sugar
(Mary et al., 1995), with implications in biological and
physiological activities of the protein, or can be simply a
consequence of crystallographic packing, since Asp16 have
different conformations in the structures.

In M1-3M complexes, three monomers possess an ins-
tersticial water (W3), linking indirectly the Arg228 to O3
and O2 of the dimannoside. Its interaction with W1 char-
acterizes a small network of contacts, which must contrib-
ute for an enhanced affinity in the biding of these proteins
to M1-3M (Fig. 3a).

3.5. M1-2M(Me) complexes

3.5.1. O2 linked mannose

Unlike the M1-3M and M1-4M complexes, the second
ring, the O2 linked mannose (called here as reducing man-
nose), interacts with the monosaccharide-binding site. In
spite of minor modifications, the interaction pattern for
this interaction is compatible with the observed for all
legume lectins. The Goldstein Rules explain this alternative
recognition: the requirements for carbohydrate binding to
the monosaccharide-binding site are free equatorial hydro-
xyl groups at position 3 and 4 and a free primary alcohol
group in the 6 position (Goldstein et al., 1974). Therefore,

both sugar rings from M1-2M(Me) can be potentially rec-
ognized by the monosaccharide-binding site.

3.6. Comparison between ConM/CGL:M1-2M(Me) and

ConA:M1-2M complexes

3.6.1. M1-2M(Me) interaction manners

The ConA:M1-2M(Me) crystallographic structure
revealed two binding modes to this dimannoside (PDB
code: 1BXH). In the subunit A, the O1 linked mannose
interacts with the monosaccharide-binding site, while in
the subunit D, the O2 linked mannose interacts with this
site (reducing mannose). In the subunit B, the two distinct
overlapping modes of binding for the disaccharide are pres-
ent (Moothoo et al., 1999).

3.6.2. Subunit D from ConA:M1-2M(Me)

The interaction of ConM/CGL and M1-2M(Me) is sim-
ilar to that observed for ConA:M1-2M(Me) subunit D
(Moothoo et al., 1999), where the O1 linked mannose lies
in a polar site. In ConM, occur hydrogen bonds with
Gly98, Leu99, Ser168 and Thr226. In addition, van der
Waals interactions with Leu99 are important to stabilize
the molecule. In the Subunit D of ConA:M1-2M(Me),
the second ring is slightly rotated and there is no hydrogen
bond between Gly98-O and Leu99-N with the sugar, in
spite of them possess the same orientation (Fig. 4).

In the PAL:M1-2M structure, the dimannoside presents
the same orientation verified for the subunit D from
ConM, CGL and ConA:M1-2M(Me), although they pos-
sess only 48% of similarity. A slight rotation in the saccha-
ride occurs due the presence of a Thr226 in the Canavalia
structures, in the same region where PAL possesses
Gly104. As a consequence of this M1-2M binding mode,
these proteins belong to the select group that makes inter-
actions with the conserved stretch E and the sugar (Loris
et al., 2004).

Fig. 4. (a) Superimposition of M1-2M conformations observed in ConM/CGL and in ConA. Green: M1-2M(Me) in subunit A of ConA (PDB code:
1BXH). Red: M1-2M(Me) in the subunit of ConA (PDB code: 1BXH). Blue: M1-2M(Me) in the ConM and CGL complexes. (b) Comparison of the M1-
2M(Me) conformations in the ConM/CGL complexes and in the subunit D of ConA. Although very similar, an slight rotation allow the formation of two
hydrogen bonds (Leu99 and Gly98 with O4) in ConM/CGL complexes. (For interpretation of the references in color in this figure legend, the reader is
referred to the web version of this article.)
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3.6.3. Subunit A from ConA:M1-2M(Me)

The superimposition of ConM/CGL:M1-2M(Me) and
ConA:M1-2M(Me) shows that the ConA interaction mode
is sterically permitted in ConM, maximizing the interac-
tions between anomeric methyl group and the hydrophobic
subsite formed by Tyr12, Leu99 and Ty100, as well as C6
atom of the sugar with the protein.

The crystallographic complex obtained with the Bowrin-
gia milbraedii lectin (BMA), a protein sharing 48% of sim-
ilarity with ConA, and Man(a1-2)Man revealed an
interaction very similar to that observed for the
ConA:M1-2M(Me) subunit A. The only difference is a
hydrogen bond between O1 of the reducing mannose and
the Gln218 side chain, which should compensate the van
der Waals anomeric methyl group interactions present in
ConA (Buts et al., 2006).

3.6.4. ConA:M1-2M and waters involved in carbohydrate-

binding site

In 2001, Sanders et al. obtained the ConA:Man(a1-
2)Man complex (PDB code: 1I3H) at high resolution
(1.2 Å). In this structure, the O1 linked mannose binds to
the monosaccharide-binding site and the O2 linked man-
nose interacts to a site formed by Tyr12, Asp16 and
Arg228, constituting a distinct mode of M1-2M recogni-
tion by ConA. The high resolution of the complex allowed
the precise localization of waters involved in carbohydrate-
binding site, and of two conformations for Arg228. The
ConM:M1-2M(Me) structure also obtained in high resolu-
tion (1.4 Å) permits a detailed comparison of the net of
waters presents at the biding site.

As observed for the ConA:M1-2M complex, a net of
waters bind the sugar to ConM/CGL (Fig. 3b). The water
60 links the O2 of the O1 linked mannose with Gly224. In
the same way, the water 27 mediates the interaction
between Arg228 and the O3 of O2 linked mannose. Two
other water molecules, W36 and W42, seem to perform a
structural function, giving to the binding site a shape com-
plementary to the sugar. In addition, they also interact to
Gly224, Arg228 and Thr226. This network should result
in an enhancement in the dimannoside affinity. Contrasting
with ConA:M1-2M, the structural conserved water inter-
acts only with Asn14, Asp16 and Arg228, as conserved
for several ConA-like structures complexes with sugars.
In CGL, electron density is not observed for W27.

3.6.5. Thermodynamic aspects
ConA binds to M1-2M 3 times stronger than to M1-3M

and M1-4M and binds to M1-2M(Me) 3.4 times stronger
than to M1-2M. Sanders et al. (2001) propose that the
two binding modes of interactions observed for the com-
plex ConA:Man(a1-2)Man(a1-O)Me are responsible for
this affinity increase.

PAL and BMA present highest affinity for M1-2M, and
only one mode of interaction was verified for these struc-
tures. The CGL and ConM:M1-2M structures, although
methylated also presents only one interaction mode with

M1-2M. In this way, thermodynamics analysis for this pro-
tein and the dimannosides in subject should complement
this study and permit to elucidate which factors are impor-
tant to the interaction between ConM, CGL and ConA
with Man(a1-2)Man(a1-O)Me.

3.7. The influence of Histidine-205 in the conformation

acquired by Man(a1-2)Man(a1-O)Me when interacting

with ConA and ConM

ConA:Man(a1-2)Man(a1-O)Me structure presents one
mode of interaction in subunit A and a second mode in
subunit D, which is the only one observed in for the M1-
2M complexes reported here. Although the reason for that
remains obscure, the ConM and CGL complexes points
toward a likely responsible residue.

In ConA:M1-2M(Me) (subunit D) and ConM/
CGL:M1-2M(Me), His205 has a ‘‘turned up’’ conforma-
tion, reaching Tyr100, while in ConA:M1-2M(Me) (sub-
unit A), His205 presents a ‘‘turned down’’ conformation,
reaching Tyr12. The His205 orientation should provoke
conformational changes in the active site, favoring a deter-
mined interaction mode (Fig. 5).

Unfortunately, these residues are located at points of
crystal contacts, and the precise changes caused by
His205 cannot be defined. We proposed that the ‘‘turned
down’’ His205 conformation causes an approximation
among Tyr12, Tyr100 and Leu99 and the second mannose,
maximizing the van der Waals and hydrofobic interactions
between the anomeric methyl group and the hydrophobic
subsite, the same feature observed in ConA subunit A. In
‘‘turned up’’ His205 conformation (ConA subunit D,

Fig. 5. Superimposition of ConA subunit A (blue), ConA subunit D (red)
and ConM (gray) complexed with M1-2M(Me). A double conformation
adopted by His205 would be responsible by the two modes of interaction
observed for M1-2M(Me). When His205 is ‘‘turned down’’, it provokes an
approximation between the hydrofobic subsite (Tyr12, Leu99 and Tyr100)
and the second mannose, maximizing the van der Waals interactions of the
anomeric methyl group (C7) and the hydrofobic subsite. When His205 is
‘‘turned up’’, the more stable conformation is acquired through polar
interactions with Thr226 and Ser168. (For interpretation of the references
in color in this figure legend, the reader is referred to the web version of
this article.)
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ConM and CGL), the residues from hydrophobic subsite
do not approximate enough to the second mannose, and
the latter acquires a conformation where the four hydrogen
bonds formed with Ser168 and Thr226 must compensate
for the anomeric methyl group interactions. Therefore, a
possible double conformation for His205, as previously
identified for Arg228 in the ConA:M1-2M complex and
Thr15 in the native ConA at 1.15 Å (PDB code: 1JBC)
seems to offer a coherent explanation for the two interac-
tions modes observed in the ConA:Man(a1-2)Man(a1-
O)Me.

3.8. Interaction lectin–carbohydrate and its relationship with

biological activities

In spite of high degree of similarity (98%), ConA and
ConM present significant differences in their biological
properties. For instance, ConA and ConM promote endo-
thelium-dependent relaxant effects on aorta, however,
ConM possesses a much higher potency than ConA (3
times), resulting in a release of nitric oxide (Gadelha
et al., 2005). A recent investigation from our group
revealed that in a 125 lg/mL concentration, ConA inhib-
ited 100% the growth of Streptococcus mutansand Strepto-

coccus sanguis, while ConM was incapable of any
inhibition at the same concentration. On the other hand,
ConM at 100 lg/mL was able to inhibit significantly the
formation of biofilm from the S. mutans and S. sanguis,
while ConA was incapable of inhibition at any concentra-
tion tested (unpublished results).

Our data show that ConA and ConM have different pat-
terns of interactions with dimannosides in subject, once
these dissacharides are present in asparagine linked (N-
linked) carbohydrates which must be exposed at cell
surface receptors for lectins, these results point toward
structural insights for the distinct biological activities
verified for the two proteins.

Isothermal titration microcalorimetry studies (Dam
et al., 1998) divided Diocleinae lectins in two groups,
according to the affinity for biantennary complex oligosac-
charides and related to their histamine-releasing properties.
ConA belongs to the group with relatively high Ka and DH
values, which have strong histamine-releasing activity. On
the other hand, ConM belongs to the lower relatively Ka
and DH values group, showing little histamine-releasing
effect. Once the recognizing of the N-linked glycans is cen-
tered on the trimannoside core (Naismith and Field, 1996;
Loris et al., 1996), which possesses Mana1-3Man as a
highly specific ConA epitope, our results present a struc-
tural explanation regarding these affinity differences.

Atomic coordinates for the structures discussed in this
work were deposited in the PDB, with the following PDB
access codes:

CGL:M1-2M—2OVU ConM:M1-2M—2OW4,
CGL:M1-3M—2EF6 ConM:M1-3M—2P37,
CGL:M1-4M—2P2K ConM:M1-4M—2P34.
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Parkia platycephala lectin 2 was purified from Parkia platycephala (Legumi-

nosae, Mimosoideae) seeds by affinity chromatography and RP-HPLC.

Equilibrium sedimentation and MS showed that Parkia platycephala

lectin 2 is a nonglycosylated monomeric protein of molecular mass

29 407 ± 15 Da, which contains six cysteine residues engaged in the for-

mation of three intramolecular disulfide bonds. Parkia platycephala lectin 2

agglutinated rabbit erythrocytes, and this activity was specifically inhibited

by N-acetylglucosamine. In addition, Parkia platycephala lectin 2 hydro-

lyzed b(1–4) glycosidic bonds linking 2-acetoamido-2-deoxy-b-d-glucopyra-
nose units in chitin. The full-length amino acid sequence of Parkia

platycephala lectin 2, determined by N-terminal sequencing and cDNA clo-

ning, and its three-dimensional structure, established by X-ray crystallo-

graphy at 1.75 Å resolution, showed that Parkia platycephala lectin 2 is

homologous to endochitinases of the glycosyl hydrolase family 18, which

share the (ba)8 barrel topology harboring the catalytic residues Asp125,

Glu127, and Tyr182.

Abbreviations

CTAB, cetyl triethylammonium bromide; GlcNac, N-acetyl-D-glucosamine; GSP, gene-specific forward primer; HPAEC-PAD, high-pH anion

exchange chromatography with pulsed amperometric detection; PE, pyridylethylated; PPL1, Parkia platycephala lectin 1; PPL2, Parkia

platycephala lectin 2; PTC, phenylisothiocyanate; PTH, phenylthiohydantoin.
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Lectins comprise a heterogeneous class of (glyco)pro-

teins that possess one noncatalytic domain that binds

carbohydrates in a specific and reversible manner with-

out altering their covalent structure [1]. Lectins deci-

pher the glycocodes encoded in the structure of glycans

in processes such as cell communication, host defense,

fertilization, development, parasitic infection, tumor

metastasis, and plant defense against herbivores and

pathogens [2]. Mechanisms for sugar recognition have

evolved independently in a restricted number of protein

folds (e.g. jelly roll domain, C-type lectin fold, b-pro-
peller, b-trefoil motif, b-prism I and II domains, Ig

domains, b-sandwich, mixed ab structure, and hevein

domain) [1,3] (for a complete catalog of carbohydrate-

binding protein domains, please consult the 3D Lectin

Database at http://www.cermav.cnrs.fr/lectines). In

plants, most of the currently known lectins can be

placed in seven families of structurally and evolutionar-

ily related proteins [1]. The seed lectins of leguminous

plants constitute the largest and most thoroughly stud-

ied lectin family. These lectins have represented para-

digms for establishing the structural basis [4–9] and

thermodynamics [10–13] of selective sugar recognition.

Most studies on lectins from Leguminosae involve

members of the Papilionoideae subfamily, whereas

investigations on lectins of the other two subfamilies,

Caesalpinoideae and Mimosoideae, are scarce. Indeed,

to date, the only lectins from the Mimosoideae that

have been functionally and structurally characterized

are those from seeds of species of the genus Parkia,

including Parkia speciosa [14], Parkia javanica [15],

Parkia discolor [16] and the glucose ⁄mannose-specific

lectin from Parkia platycephala seeds [17–21]. Parkia

(Leguminosae, Mimosoideae), regarded as the most

primitive group of leguminous plants [22], is a pantropi-

cal genus of trees comprising about 30 species found in

the neotropics from Honduras to south-eastern Brazil,

West Africa, the northern part of Malaysia and the

south of Thailand. Parkia platycephala is an important

forage tree growing in parts of north-eastern Brazil.

The seed lectin from Parkia platycephala is a 47.9-kDa

single-chain nonglycosylated mosaic protein composed

of three tandemly arranged jacalin-related b-prism
domains [19,20].

The sugar-binding specificity of Parkia platycephala

lectin towards mannose, an abundant building block

of surface-exposed glycoconjugates of viruses, bacteria,

and fungi, suggests a role for the Parkia platycephala

lectin in defense against plant pathogens [1]. Moreover,

the Parkia platycephala lectin also shows sequence

similarity with stress-upregulated and pathogen-upreg-

ulated defense genes of a number of different plants,

suggesting a common ancestry for jacalin-related

lectins and inducible defense proteins [19]. In addition

to using lectins, whose precise role in plant defense

remains to be determined [23,24, and references cited],

plants defend themselves against pathogens (i.e. fungi)

secreting pathogenesis-related enzymes, such as xylan-

ases and chitinases, which degrade the pathogen’s cell

wall [25–27]. In a previous article we have reported

the presence of an endochitinase in Parkia platycephala

seeds [28]. Now, we have determined its complete

amino acid sequence by a combination of Edman deg-

radation and cDNA cloning, and report its biochemi-

cal characterization and the determination of its crystal

structure. Our results show that this protein, termed

Parkia platycephala lectin 2 (PPL2), is homologous to

endochitinases of the glycosyl hydrolase family 18 that

exhibit rabbit erythrocyte-agglutinating, N-acetylgluco-

samine-binding and chitin-hydrolyzing activities.

Results and Discusion

PPL2, a nonglycosylated and monomeric

GlcNAc-binding hemagglutinin

PPL2 was purified from Parkia platycephala seeds

by affinity chromatography on either Red-Sepharose

(Fig. 1A) or chitin-Sepharose. The protein agglutinated

trypsin-treated rabbit erythrocytes (128 hemagglutinat-

ing units mg)1), and this activity was abolished

by 19 mm N-acetyl-d-glucosamine (GlcNac). Other

sugars, such as glucose, mannose, galactose, fucose

and N-acetyl-d-galactosamine, displayed only partial

hemagglutination inhibitory activity at much higher

concentrations (> 75 mm) than GlcNac. Moreover,

the glycoproteins bovine thyroglobulin, ovine submax-

illary mucin, bovine fetuin and bovine asialofetuin

were devoid of hemagglutination inhibitory activity.

Bovine thyroglobulin contains nine complex glycosyla-

tion sites and four high-mannose oligosaccharides [29].

Ovine submaxillary mucin is a glycoprotein bearing a

high density of O-linked oligosaccharides expressing si-

alyl Tn antigens and sialyl core 3 sequences [30].

Bovine fetuin contains three N-linked glycosylation

sites occupied with trisialylated, tetrasialylated or pen-

tasialylated trianntennary structures, and three mono-

sialylated or disialylated O-linked saccharides [31–33].

We thus concluded that PPL2 represented an N-ace-

tylglucosamine-binding hemagglutinin.

The apparent molecular masses of both native

and reduced PPL2 determined by SDS ⁄PAGE were

30 kDa (Fig. 1A, insert). The molecular mass of

native PPL2, measured by MALDI-TOF MS, was

29 407 ± 15 Da (Fig. 1A). This value was not altered

upon incubation of the denatured, but nonreduced,

B. S. Cavada et al. PPL2, an endochitinase from Parkia platycephala
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protein with the alkylating reagent 4-vinylpyridine. On

the other hand, the same treatment after reduction of

the protein with dithiothreitol changed the molecular

mass of PPL2 to 30 052 ± 15 Da (Fig. 1B). The mass

increment of about 645 Da indicated that PPL2 had

incorporated six pyridylethyl groups. The combined

data clearly showed that PPL2 contained six cysteine

residues engaged in the formation of three intramolec-

ular disulfide bonds. Amino acid compositional analy-

sis of the purified protein (Table 1) was in agreement

with this conclusion.

The estimated apparent molecular mass for PPL2 on

a calibrated size-exclusion chromatographic column

was 12 kDa, indicating that the protein had an anom-

alous elution profile. Molecular mass determinations

by size-exclusion chromatography are dependent on

the hydrodynamic properties of the molecule, and, in

addition, interaction of the protein with the matrix

may also introduce large errors into the estimated

molecular mass. Thus, we carried out a more rigorous

analysis of the aggregation state of PPL2 employing

Fig. 1. Purification and molecular mass

determination of PPL2. (A) MALDI-TOF

mass determination of native PPL2 purified

by affinity chromatography as illustrated in

the insert. Insert: the fraction of a Parkia

platycephala seed homogenate precipated

with 60% saturation ammonium sulfate was

resuspended in 50 mM Tris, pH 7.0, contain-

ing 100 mM NaCl, and applied to a Red-

Sepharose column. Retained material was

eluted with 3 M NaCl. Fractions exhibiting

hemagglutinating activity (gray area) were

pooled. Right panel: SDS ⁄ PAGE of the

pooled hemagglutinin termed PPL2. Lane a,

molecular mass makers: glutamic dehydro-

genase (55.4 kDa), lactate dehydrogenase

(36.5 kDa), carbonic anhydrase (31.0 kDa),

trypsin inhibitor (21.5 kDa), lysozyme

(14.4 kDa), aprotinin (6.0 kDa). Lane b,

reduced PPL2. (B) MALDI-TOF mass deter-

mination of reduced and pyridylethylated

PPL2. Insert: apparent molecular masses of

native PPL2 determined by equilibrium sedi-

mentation analytic centrifugation in solutions

with different pH values.

Table 1. Amino acid composition [molÆ(mol protein))1] of PPL2.

Asx, aspartic acid and asparagine; Glx, glutamic acid and glutamine.

Amino acid PPL2

Asx 34

Glx 16

Gly 22

Ser 27

His 2

Arg 5

Thr 13

Ala 20

Pro 11

Tyr 9

Val 12

Met 1

Cys 6

Ile 13

Leu 23

Phe 11

Lys 9

Trp 7

Total 241
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analytic ultracentrifugation equilibrium sedimentation,

a technique that is firmly based in thermodynamics

and does not therefore rely on calibration or on mak-

ing assumptions concerning the shape of the protein.

Using this approach, the apparent molecular mass of

the PPL2 lectin in solutions with pH in the range 2.5–

8.5 was 34 ± 3 kDa (Fig. 1B, insert). This figure, in

conjunction with the MS analyses, showed that the

protein behaved as a pH-independent monomeric pro-

tein.

Carbohydrate analysis performed by GLC (data not

shown) failed to show the presence of any amino or

neutral monosaccharide, strongly indicating that PPL2

was a nonglycosylated protein.

PPL2 displays chitinase activity

Edman degradation analysis of reduced and pyridyl-

ethylated protein yielded the first 42 amino acid resi-

dues of PPL2: GGIVVYWGQNGGEGTLTSTCESGL

YQIVNIAFLSQFGGGRRP. A blast analysis (http://

www.ncbi.nlm.nih.gov/blast/) revealed extensive (up to

approximately 75%) similarity with a large number of

plant chitinase sequences deposited in the publicly

accessible protein databases, such as the basic chitinase

III from Nicotiana tabacum (P29061), an acidic chi-

tinase from Glycine max (BAA77677), chitinase b from

Phytolacca americana (Q9S9F7), chitinase from Pso-

phocarpus tetragonolobus (BAA08708), chitinases from

Vitis vinifera (CAC14014), basic chitinase from Vigna

unguiculata (Q43684), and chitinase B from leaves of

pokeweed (Q9S9F7). All of these proteins are poly

[1,4-(N-acetyl-b-d-glucosaminide)] glycanhydrolases of

the glycosyl hydrolase family 18 (EC 3.2.1.14) [34]

(http://www.sanger.ac.uk/cgi-bin/Pfam/getacc?PF00704),

whose prototype is hevamine, isolated from the rubber

tree [35,36].

The possible chitinase activity of PPL2 was investi-

gated by quantitative GC determination of the amount

of GlcNac released using chitin as substrate. PPL2

released 3 lg of GlcNacÆh)1Æ(mg protein))1. In compar-

ison, commercial Streptomyces griseus chitinase exhib-

ited an activity of 80 lg of GlcNacÆh)1Æ(mg protein))1,

and the GlcNac-specific agglutinins from wheat germ

(WGA) and Urtica dioica (UDA) did not show any

chitinase activity. Peracetylated GlcNac (retention time

33.60 min) was observed in the reaction mixtures con-

taining PPL2 or Streptomyces griseus chitinase but not

in those reaction mixtures to which WGA or UDA

were added. These results demonstrated that PPL2 was

indeed an active chitinase able to hydrolyze the b(1–4)
glycosidic bond linking the GlcNac units of chitin. In

order to determine whether PPL2 presented chitinase

activity only for the nonreducing end of chitin (exochi-

tinase activity) or also had the ability to hydrolyze

internal b(1–4) glycosidic linkages (an endochitinase

activity), 40 lL of the reaction mixture used for the

chitinase assay were analyzed by Dionex high-pH

anion exchange chromatography using a CarboPac

PA-100 column. The elution times of three major ana-

lytes present in the reaction mixture (3.93, 4.84 and

5.58 min) matched those of the standard carbohydrates

GlcNac, (GlcNac)2 and (GlcNac)3 (3.86, 4.84 and

5.58 min, respectively). This result demonstrated an

endochitinase activity for PPL2. The exact mechanism

of glycoside hydrolysis (e.g. with retention or not of

the b-anomeric configuration of the products) remains

to be established, however.

The finding that PPL2 exhibited GlcNac-dependent

hemagglutination and endochitinase activities was stri-

king but not without precedent. The acidic chitinase

BjCHI1 from Brassica juncea showed hemagglutination

ability [37]. However, BjCHI1 is a unique chitinase

with two chitin-binding domains, and both chitin-bind-

ing domains are essential for agglutination [38]. On the

other hand, PPL2 is a single-domain protein. Hence,

PPL2 may possess at least two carbohydrate-binding

sites. One of them probably corresponds to the cata-

lytic site, whereas the other one(s) remain to be char-

acterized.

Plant chitinases constitute a class of pathogenesis-

related proteins that play an important role in defense

against pathogens through degradation of chitin pre-

sent in the fungal cell wall and in insect cuticles

[37,39]. The first characterization of a chitinase in the

Mimosoideae subtribe, an antifungal chitinase from

Leucaena leucocephala has been reported only recently

[40]. This protein belongs to the class I chitinases of

the glycosyl hydrolase family 19, and is, thus, structur-

ally unrelated to PPL2.

It is noteworthy that the seeds of Parkia platycep-

hala contain two different lectins: the mannose ⁄ glu-
cose-specific PPL1 [19,21] and the GlcNac-binding

lectin with chitinase activity, PPL2, described here.

The fact that mannose is an abundant building block

of surface-exposed glycoconjugates of viruses, bacteria

and fungi supports the view that PPL, and other

mannose-recognizing lectins, play a role in plant def-

ense against pathogens [1]. Specifically, the planar

array of carbohydrate-binding sites on the rim of the

toroid-shaped structure of the Parkia platycephala

lectin dimer [21] immediately suggested a mechanism

to promote multivalent interactions leading to cross-

linking of carbohydrate ligands as part of the host

strategy against phytopredators and pathogens. The

presence of two unrelated lectins in plant seeds has
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been also reported in Canavalia ensiformis (Legumino-

sae): concanavalin A, a prototypic glucose ⁄mannose-

specific legume lectin built by the jellyroll fold [1,7],

and concanavalin B, which, although it shares about

40% sequence identity with plant chitinases belonging

to glycosyl hydrolase family 18, has not been shown

to have any chitinase activity [41]. The lack of chi-

tinase activity of concanavalin B can be explained by

differences in the loops that form the substrate-bind-

ing cleft [42].

Sequencing of cDNA and genomic DNA for PPL2

Conserved amino acid sequences from glycosyl hydrol-

ase family 18 were used to design two degenerate prim-

ers that allowed us to PCR-amplify a specific product of

approximately 500 bp (pPPL2). Its sequence was then

used to design a gene-specific forward primer (GSP-

PPL2) to extend the sequence analysis of the PPL2

cDNA by 3¢RACE. Using the GSP-PPL2 and Qo prim-

ers, the sequence was extended in the 3¢ direction by

PCR walking. From these sequences (pPPL2 and

3¢RACE), two specific primers (PPL2f and PPL2r) were

designed that amplified a fragment of 800 bp corres-

ponding to the stretch between the conserved N-ter-

minal sequence 6YWGQNGG12 and the STOP codon

(Fig. 2). Using primers designed from the cDNA

sequence, the PPL2 gene was amplified from genomic

DNA of Parkia platycephala seedlings. The size of the

amplified genomic DNA was identical to that of the

cDNA, indicating that the PPL2 gene was devoid of in-

trons, as observed for other class III chitinase genes [43].

The complete amino acid sequence of PPL2 deter-

mined by the combination of N-terminal sequencing

and cDNA cloning contains 271 amino acid residues,

including the six conserved cysteine residues of class

III chitinases, and the putative catalytic residues of

class III plant chitinases, which in PPL2 correspond to

amino acid positions 125 (Asp) and 127 (Glu). The cal-

culated isotope-averaged molecular mass of the PPL2

sequence is 29 490.1 Da, which is about 86 ± 15 Da

greater than the molecular mass determined by

MALDI-TOF MS, suggesting that the native protein

may lack the C-terminal valine residue.

Overall three-dimensional structure of PPL2

Figure 3 displays the structure of PPL2. The 2Fo ) Fc

density map contoured at 1r showed that, with the

exception of a small loop between the a4 and b5
regions corresponding to residues from Asn144 to

Lys149, the majority of the protein residues were well

Fig. 2. cDNA and amino acid sequence of

PPL2. The nucleotide and the amino acid

sequences are numbered on the right side.

The underlined nucleotide sequences corres-

pond to primers used to clone and sequence

the full-length PPL2. The underlined amino

acid sequences 6–12 and 178–185 represent

the conserved polypeptide stretches from

which degenerate primers were initially

designed. The N-terminal amino acid

sequence determined by Edman degradation

is labeled. The six conserved cysteines of

class III chitinases are shadowed, and the

conserved residues of the active site of

family 18 of glycosyl hydrolases are boxed.
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fitted. The PPL2 model has good overall stereochemis-

try (Table 2), with no amino acid residues in the

disallowed region of the Ramachandran plot. The

PPL2 structure consists of a compact (b ⁄a)8 barrel

with dimensions of approximately 50 · 40 · 25 Å,

including three disulfide bonds (Cys20–Cys67, Cys50–

Cys57 and Cys158–Cys187) and five cis peptide bonds.

Two of the cis peptide bonds of PPL2 (Gly147–Lys148

and Lys148–Lys149) are located in a region of poor

density, whereas the remaining three (Ala31–Phe32,

Phe160–Pro161 and Trp253–Asp254) are well defined

at the electron density. With the exception of four sul-

fate ions (Fig. 4), which presumably remained bound

to PPL2 throughout its purification protocol, as the

protein was precipitated by ammonium sulfate to sep-

arate it from pigments, no metal ions or ligands were

detected. Sulfate ions were assigned according to

Copley and Barton [44].

Structural comparison and analysis of conserved

motifs

The overall structural features of the PPL2 model are

conserved in other GH18 plant chitinases, i.e. hevam-

ine (Hevea brasiliensis) (PDB code 2HVM), the

Fig. 3. Crystal structure of PPL2. (A) and (B) show two views

of the (ab)8 barrel fold of PPL2. The a-helices (red) and b-strands

(yellow) are labeled from 1 to 8. Disulfide bonds are depicted in

blue. In (B), the active site cleft loops are located at the right face

of the model.

Table 2. Statistics of data collection, refinement and quality of the structure.

Overall resolution dataset Highest resolution dataset

Data collection

Total number of observations 95 262 12 669

Total number of unique observations 25 805 3521

Rmerge 0.040 0.228

Highest resolution limit (Å) 1.73 1.73

Lowest resolution limit (Å) 32.31 1.83

Completeness (%) 95.5 90.4

Multiplicity 3.7 3.6

I ⁄r (I) 13.1 2.4

Wavelength (Å) 1.431

Space group P212121

Cell parameters (Å) a ¼ 55.19, b ¼ 59.95, c ¼ 76.70

Refinement

Resolution range (Å) 1.73–32.31

Rfactor (%) 16.88

Rfree (%) 19.87

Number of nonhydrogen atoms in protein structure 2086

Number of sulfate ions 4

Number of water molecules 249

Root mean square deviations from ideal values

Bond lengths (Å) 0.012

Bond angles (degrees) 1.48

Temperature factors

Average B-value for whole protein chain (Å2) 13.26

Average B-value for sulfate ions (Å2) 41.97

Average B-values for water molecules (Å2) 24.29

Ramachandran plot

Residues in most favored regions 195 (87.8%)

Residues in additional allowed regions 26 (11.7%)

Residues in generously allowed regions 1 (0.5%)
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xylanase inhibitor XIP-I from Triticum aestivum

(1TE1), and ConB (Canavalia ensiformis) (1CNV),

with which PPL2 shares 68%, 40% and 40%

sequence similarity, respectively (Fig. 4A). The three-

dimensional structure of PPL2 can be superimposed

onto those of hevamine, XIP-I and ConB, with root

mean square deviation (r.m.s.d.) for all Ca atoms of

0.90 Å, 1.01 Å and 1.14 Å, respectively. In particular,

the two consensus motifs described for the glycosyl

hydrolase family 18, e.g. the presence of the abso-

lutely conserved strands b3 and b4 (Fig. 4A, boxed),

and the hydrogen bond network between residues

Asp120 and Gly121 and Val74 (Fig. 4A,B) [33], are

also conserved in PPL2. On the other hand, the lar-

gest structural divergence is associated with the active

site cleft loops, which comprise the residues linking

neighbor b-strands in the (ab)8 barrel. Thus, whereas

with the exception of the b6a6 loop, all the active site

cleft loops of PPL2 are highly conserved in hevamine,

and only few structural differences are evident when

comparing the b2a2 and b7a7 loops from PPL2 and

ConB, the active site cleft loops from XIP-I signifi-

cantly depart from those of PPL2.

The PPL2 chitin-binding site

X-ray studies have suggested that enzymes of the

GH18 family showing chitinase activity have conserved

Asp125, Glu127 and Tyr183 amino acids (hevamine

numbering) in their active sites. Their significance for

catalysis is not well understood, although it has been

suggested that Glu127 may act as a proton donor to

the cleavable glycosidic bond, and Asp125 and Tyr183

would contribute to the stabilization of the oxazolin-

ium intermediate [45]. In PPL2, these residues corres-

pond to Asp125, Glu127 and Tyr182 (Figs 2 and 4A).

Asp125 and Glu127 are located in the b4a4 loop, and

Tyr182 at loop b6a6. The highly conserved, function-

ally relevant, structural features that are common to

PPL2 and hevamine suggest that these two chitinases

may share essentially the same catalytic mechanism. In

addition, our data showing that PPL2 strongly binds

GlcNac would support a hypothetical mechanism by

which the lectin hydrolyzes a chitin polymer by cycles

of anchoring, cleavage and being released from a

GlcNac-binding site, and anchoring to another

GlcNac-binding site. Clearly, detailed molecular and

structural studies are required to investigate this.

Experimental procedures

Isolation of PPL2

Mature seeds from Parkia platycephala were collected in the

state of Ceará (north-eastern Brazil) and ground in a coffee

mill. The flour was defatted with n-hexane, air-dried at room

Fig. 4. Sulfate ions bound to crystallized

PPL2. (A)–(D) display details of the binding

of sulfate ions (S) 1–4 within the crystal

structure of PPL2. In each panel, the elec-

tron density assigned to the sulfate ions is

displayed in an insert. W, water molecule.
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temperature and kept dry for further use. Soluble proteins

were extracted overnight at room temperature by continuous

stirring with 1 : 15 (w ⁄ v) 500 mm HCl solution, containing

150 mm NaCl. Insoluble material was separated by centrifu-

gation (Ultracentrifuga Beckman modelo XL-1, Palo Alto,

CA) at 10 000 g for 20 min at 5 �C. The supernatant was

adjusted to pH 7.0 and left for 12 h at 4 �C. Precipitated

pigments were removed by centrifugation (Ultracentrifuga

Beckman modelo XL-1), and the supernatant was subjected

to precipitation with 60% saturated ammonium sulfate.

After centrifugation (UltracentrifugaBeckmanmodeloXL-1),

the pellet was resuspended in a small volume of 50 mm Tris,

pH 7.0, containing 100 mm NaCl, dialyzed against this buf-

fer, and subjected to affinity chromatography on a Red-

Sepharose CL-4B column (26 · 1.5 cm) (Sigma-Aldrich, São

Paulo, Brazil) equilibrated with the same buffer as described

previously for GlcNAc-specific enzymes [46]. Unbound

material was eluted by washing the column with equilibra-

tion buffer, and the retained fraction was desorbed with 3 m

NaCl in buffer, dialyzed against equilibrium buffer, and

assayed for hemagglutinating activity following a standard

procedure with trypsin-treated rabbit red blood cells [47]. To

this end, a two-fold dilution was prepared for each sugar

(1 m starting concentration) solution in 0.15 m NaCl con-

taining 5 mm CaCl2 and 5 mm MnCl2. Each dilution had a

final volume of 0.2 mL. The purified lectin was diluted in

0.15 m NaCl to achieve 4 units of hemagglutinating activity

per mL. The lowest concentration of inhibitor exhibiting

agglutinating activity was termed the minimum inhibitory

concentration. Aliquots of 0.2 mL of the 4 unit solution of

the lectin were used for hemagglutination inhibition assay.

Monosaccharides (mannose, glucose, galactose, N-acetyl-

glucosamine, N-acetylgalactosamine, fucose) and glyco-

proteins (bovine thyroglobulin, ovine submaxillary mucin,

bovine fetuin, and asialofetuin) were tested for hemaggluti-

nation inhibitory activity.

Purification of PPL2

The protein fraction retained in the Red-Sepharose CL-4B

column was further fractionated by RP-HPLC and by chi-

tin affinity chromatography. For RP-HPLC, 3 mg of total

proteins was dissolved in 250 lL of 0.1% trifluoroacetic

acid (solution A) and centrifuged (Ultracentrifuga Beckman

modelo XL-1) at 4500 g for 2 min. The supernatant

was applied on a lBondapack C18 analytic column

(3.9 · 300 mm) (Waters, Milford, MA, USA) equilibrated

in solution A, and the column was developed using the fol-

lowing chromatographic conditions: 100% buffer A for

5 min, followed by gradients of 0–30% of solution B

(66.6% acetonitrile in A) for 5 min, 30–40% B for 30 min,

40–70% B for 5 min, 70–80% B for 10 min, 80–100% B

for 5 min, and 100% B for 10 min. The elution was monit-

ored at 280 nm. Fractions were collected manually, lyo-

philized and stored at ) 70 �C until used. For affinity

chromatography, the protein fraction retained in the Red-

Sepharose column was applied overnight to a chitin column

(2 · 5 cm) (Sigma-Aldrich) equilibrated in 50 mm

Tris ⁄HCl, 150 mm NaCl, pH 7.2. Unbound material was

eluted by washing the column with equilibration buffer,

Fig. 5. Structural features of PPL2 and the GH18 family. (A) Multiple sequence alignment of PPL2, hevamine, XIP-I and ConB. Absolutely

conserved residues in the four proteins are shown in white over a red background. Conservative substitutions or residues conserved in at

least two proteins are depicted in pale red and boxed. Cysteine residues engaged in the formation of disulfide bonds (S–S) are conected by

discontinuous lines. The secondary structure elements of PPL2 are shown on top of the sequence alignment: arrows represent b-strands

and springs denote a-helices. (B) Detail of the network of hydrogen bonds between PPL2 residues Asp120, Gly121 and Val74, which repre-

sent a conserved structural motif of the GH18 family.
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and the retained fraction was desorbed with 50 mm

Tris ⁄HCl, 3 m NaCl, pH 7.2.

Molecular mass determinations

Tricine-PAGE in a discontinuous gel and buffer system [48]

was used to estimate the apparent molecular mass of the

proteins. Samples were denatured for 10 min in sample

buffer containing 2.5% (w ⁄ v) SDS before electrophoresis.

After the run, the gels were stained with Coomassie

Brilliant Blue G (0.2%) in methanol ⁄ acetic acid ⁄water
(4 : 1 : 6, v ⁄ v) and destained in the same solution. Protein

molecular weight markers (GE Healthcare Biosciences AB,

Uppsala, Sweden) were included in each run.

The molecular masses of the native, reduced and carbam-

idomethylated proteins were determined by MALDI-TOF

MS using an Applied Biosystems (Foster City, CA, USA)

Voyager PRO-STR instrument operating at an accelerating

voltage of 25 kV in the linear mode and using 3,5-dimeth-

oxy-4-hydroxycinnamic acid (10 mgÆmL)1 in 50% aceto-

nitrile) as the matrix.

The apparent molecular mass of the Parkia platycephala

lectin 2 in solutions of different pH was determined by size-

exclusion chromatography and by analytic ultracentrifuga-

tion equilibrium sedimentation using a Beckman XL-A

centrifuge with UV absorption scanner optics. For size-

exclusion chromatography, PPL2 (2 mgÆmL)1) was applied

to a Superose-12 HR10 ⁄ 30 column connected to an ÄKTA

HPLC system (GE-Healthcare Bioscience). The column was

equilibrated and eluted with 20 mm sodium phosphate buf-

fer, pH 7.2, containing 150 mm NaCl at a flow rate of

0.5 mLÆmin)1. Elution was monitored at 280 nm. Equilib-

rium sedimentation experiments were carried out at 20 �C
and 13 000 r.p.m. using an AN-50 Ti rotor. The protein

was dissolved at about 0.1 mgÆmL)1 in the following buff-

ers, each containing 100 mm NaCl, 1 mm Cl2Mn, and

1 mm Cl2Ca: 20 mm sodium citrate pH 2.5; 20 mm sodium

citrate, pH 3.5; 20 mm sodium citrate, pH 4.5; 20 mm Mes,

pH 5.5; 20 mm Mes, pH 6.5; 20 mm Tris ⁄HCl, pH 7.5; and

20 mm Tris ⁄HCl, pH 8.5.

Quantitation of free cysteine residues and

disulfide bonds

For quantitation of free cysteine residues and disulfide

bonds, the purified proteins dissolved in 10 lL of 50 mm

Hepes, pH 9.0, 5 m guanidine hydrochloride containing

1 mm EDTA were heat-denatured at 85 �C for 15 min,

allowed to cool at room temperature, and incubated with

either 10 mm 4-vinylpyridine for 15 min at room tempera-

ture, or with 10 mm 1,4-dithioerythritol (Sigma-Aldrich) for

15 min at 80 �C; this was followed by addition of 4-vinyl-

pyridine at 25 mm final concentration and incubation for

1 h at room temperature. The pyridylethylated (PE) protein

was freed from reagents using a C18 Zip-Tip pipette tip

(Millipore Ibérica S.A., Madrid, Spain) after activation

with 70% acetonitrile (ACN) and equilibration in 0.1%

trifluoroacetic acid. Following protein adsorption and

washing with 0.1% trifluoroacetic acid, the PE-protein was

eluted onto the MALDI-TOF plate with 1 lL of 70%

ACN and 0.1% trifluoroacetic acid and subjected to MS

analysis as above.

The number of free cysteine residues (NSH) was deter-

mined from Eqn (1):

NSH ¼ ðMPE �MNATÞ=105:1 ð1Þ
where MPE is the mass of the denatured but nonreduced

protein incubated in the presence of 4-vinylpyridine, MNAT

is the mass of the native, HPLC-isolated protein, and 105.1

is the mass increment (in Da) due to the pyridylethylation

of one thiol group.

The number of total cysteine residues (NCys) can be cal-

culated from Eqn (2):

NCys ¼ ðMAlk �MNATÞ=105:1 ð2Þ
where MAlk is the mass (in Da) of the fully reduced and

alkylated protein.

Finally, the number of disulfide bonds NS–S can be calcu-

lated from Eqn (3):

NS�S ¼ ðNcys �NSHÞ=2 ð3Þ

Amino acid analysis and N-terminal amino acid

sequence determination

Amino acid analysis was performed on a Pico-Tag amino

acid analyzer (Waters) as described [49]. One nanomole of

purified protein was hydrolyzed in 6 m HCl ⁄ 1% phenol at

106 �C for 24 h. The hydrolyzate was reacted with 20 lL
of fresh derivatization solution (methanol ⁄ triethyl-
amine ⁄water ⁄phenylisothiocyanate, 7 : 1 : 1 : 1, v ⁄ v) for

1 h at room temperature, and the phenylisothiocyanate

(PTC)-amino acids were identified and quantitated on an

RP-HPLC column calibrated with a mixture of standard

PTC-amino acids (Pierce, Rockford, IL, USA). Cysteine

residues were determined as cysteic acid.

N-terminal sequencing of reduced and carboxymethylated

proteins was performed in an Applied Biosystems model

Procise 491 gas–liquid protein sequencer. The phenylthiohy-

dantoin (PTH) derivatives of the amino acids were identi-

fied with an Applied Biosystems model 450 microgradient

PTH analyzer.

Genomic DNA and RNA isolation, and cDNA

cloning

Genomic DNA from fresh leaves of 2-week-old seedlings of

Parkia platycephala grown from mature seeds was extracted

using the cetyl triethylammonium bromide (CTAB) proce-

dure [50].
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For RNA isolation, young Parkia platycephala buds were

immediately ground to a powder with a pestle in liquid

nitrogen. Total cellular RNA was isolated with Concert

Plant RNA reagent (Invitrogen S.A., Barcelona, Spain).

Single-stranded cDNAs were synthesized by reverse trans-

cription using oligo-dT17 and MMLV reverse transcriptase

(Promega Biotech Ibérica, Madrid, Spain). Degenerated

primers were designed from conserved amino acid

sequences of plant chitinases YWGQNGG and WVQFY

NNP (sense primer 5¢-TAY TGG GAR AAY GGN GG-3¢,
and antisense primer 5¢-GG RTT RTT RTA RAA YTG

NAC CCA-3¢; the nomenclature follows the IUPAC code

for degeneracies). PCR amplification was performed with

1 U (International unit) of Taq DNA polymerase (HF,

Roche Diagnostics S.L., Barcelona, Spain) using the follow-

ing conditions: DNA was denatured at 94 �C for 4 min, and

this was followed by 30 cycles of denaturation (30 s at

94 �C), annealing (30 s at 50 �C) and extension (30 s at

72 �C), followed by a final extension for 10 min at 72 �C.
The amplified DNA fragment was cloned into the pGEM-T

vector (Invitrogen). The inserted DNA fragments were sub-

jected to sequencing on an Applied Biosystems model 377

DNA sequencing system using T7 and SP6 primers, and this

sequence was used for designing specific oligonucleotides for

completing the sequence by 3¢RACE. 3¢RACE was done as

described [51] using the Qt primer (5¢-CCA GTG AGC

AGA GTG ACG AGG ACT CGA GCT CAA GCT16-3¢)
for reverse transcription, and the sense primer GSP-PPL2

(5¢-CTG CTG CAC CAC AAT GTC CTT TTC-3¢) and the

antisense primer Qo (5¢-CCA GTG AGC AGA GTG

ACG-3¢) for PCR amplification. The 3¢RACE reaction

conditions were as those for cDNA amplification, except

that annealing was done at 60 �C. Using this informa-

tion, two specific primers were designed, PPL2-forward

(5¢-TAT TGG GGC CAG AAT GGA G-3¢) and PPL2-

reverse (5¢-TCAA ACA CTG GGC TTA ATT TTG G-3¢)
for amplifying and sequencing the full-length ORF of PPL2.

Assay for chitinase activity

Chitinase enzymatic assays were performed in Pyrex tubes

(7 mL) with Teflon-lined screw caps. The reaction mixtures

(total 1250 lL) contained 0.05 m sodium acetate buffer

(pH 5.5), 5 mg of washed chitin powder (blank), and either

25 lL of a PPL2 solution (1 mgÆmL)1) or 10 lL (0.5 lU)

of Streptomyces griseus family 19 chitinase (Sigma) (one

unit will liberate 1.0 mg of GlcNac from chitin per hour at

pH 6.0 at 25 �C in a 2 h assay) as positive control, both in

sodium acetate buffer. The negative control consisted of the

same reaction mixture, except that sodium acetate buffer

replaced the protein sample. Twenty-five microliters of

1 mgÆmL)1 solutions of two GlcNac-specific lectins, the

agglutinins from wheat germ (WGA) and Urtica dioica

(UDA), which are devoid of chitinase activity, were also

included in the assays as specificity controls. For calibration

and quantitation, a mixture of 1 lg of each, mannose and

GlcNac in sodium acetate buffer was used. The reaction

mixtures were incubated at 37 �C for 3 h and lyophilized.

GlcNac production was monitored and quantitated as per-

acetylated GlcNac by GC [Varian 3400 gas chromatograph

equipped with a flame ionization detector, a Ross injector

and a 30 m · 0.25 mm capillary column EC.Tm)1 (100%

methylsilicone apolar phase of column, EC.Tm)1, 0.25 lm
film phase, Altech), 0.25 lm film phase (Altech, Fleming-

ton, NJ, USA)]. The injector and detector temperature was

250 �C, and the oven temperature program was 3 C�Æmin)1

from 120 to 250 �C. The carrier gas helium pressure was

1 bar. Briefly, released GlcNac was peracetylated by addi-

tion of 0.5 mL of acetic anhydride to the lyophilized sam-

ples, followed by incubation for 4 h at 100 �C. Samples

were then evaporated to dryness under a stream of nitrogen

and mild heating with a hair dryer. To eliminate salts and

proteins from the reaction mixture, 1.5 mL of chloroform

and 1 mL of distilled water were added to each tube. After

thorough vortexing, the aqueous upper phase was discarded

and the lower chloroform phase was extracted four times

with 1 mL of distilled water. The chloroform phases were

freed of water by filtration through small columns made of

a Pasteur pipette filled with anhydrous sodium sulfate. The

filtrates were collected in Pyrex tubes (7 mL) and evapor-

ated to dryness under a stream of nitrogen. Chloroform

(40 lL) was added to each tube, and 4 lL was injected in

the gas chromatograph for analysis.

GlcNac production (retention time 33.60 min) was

also monitored by GC ⁄MS analysis performed on a Carlo

Erba GC 8000 gas chromatograph equipped with a

25 m · 0.32 mm CP-Sil 5CB low-bleed MS capillary col-

umn, 0.25 lm film phase (Chrompack France, Les Ullis,

France). The temperature of the Ross injector was 250 �C
and the samples were analyzed using the following tempera-

ture program: 120 �C for 3 min, then 3 C�Æmin)1 until

250 �C. The column was coupled to a Finnigan Automass

II mass spectrometer. The analyses were performed either

in the electron impact mode (ionization energy 70 eV,

source temperature 150 �C) or in the chemical ionization

mode in the presence of ammonia (ionization energy

150 eV, source temperature 100 �C). Detection was per-

formed for positive ions.

High-pH anion exchange chromatography with

pulsed amperometric detection (HPAEC-PAD)

HPAEC-PAD was performed with a Dionex Series DX30

HPLC system (Dionex Corporation, Voisins Le Breton-

neux, France) equipped with a pulsed electrochemical detec-

tor, operating in the pulsed amperometric detection mode

with a gold working electrode and an Ag ⁄AgCl reference

electrode. Electrode potential settings were E1 +0.05 V,

E2 +0.6 V and E3 ) 0.6 V, with 500, 3 and 7 ms applied

durations, respectively, and an integrated time period of
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0.10–0.48 s. Detection was set with a range of detection of

300 nC. Detector response was analyzed with a C-R8A

chromatopac integrator (Shimadzu, Kyoto, Japan). A

standard sample consisted of 0.1 lgÆlL)1 of each GlcNac,

N,N¢-diacetylchitobiose or N,N¢,N¢¢-triacetylchitotriose dis-

solved in water. Samples (12.5 lL) were injected in a Dio-

nex CarboPac PA-100 pellicular anion exchange column

running at a flow rate of 0.8 mLÆmin)1. Elution was per-

formed with buffer A (100 mm NaOH) for 1 min followed

by a linear gradient of 0–40% buffer B (100 mm NaOH

and 1 m sodium acetate) over 40 min.

Crystallization and structure determination

PPL2 was crystallized by the hanging drop vapor diffusion

method at 20 �C as described [28]. The crystals belong to

the P212121 space group with one monomer in the asym-

metric unit. Crystals soaked in a cryoprotectant solution

containing 75% of mother liquor [0.2 m ammonium acet-

ate, 0.1 m trisodium citrate dehydrate, pH 5.6, and 30%

(w ⁄ v) PEG 4000] and 25% of glycerol were flash-frozen at

100 K in a liquid nitrogen stream. X-ray diffraction data

were collected at 1.73 Å at the synchrotron radiation source

of Cpr station Laboratório Nacional de Luz Sı́ncrotron

(Campinas, Brazil). The data were processed and scaled

using mosflm and scala [52], respectively. Crystallographic

data are summarized in Table 2.

The PPL2 crystal structure was determined by molecu-

lar replacement using the amore software [52], using data

in the resolution range 15–3.0 Å, and the hevamine

coordinates (PDB accession code 2HVM) as the search

model. Rotation and translation functions revealed one

molecule in the asymmetric unit. The position and orien-

tation of the molecule, as a single rigid body entity, were

refined for 20 cycles with refmac [52], using reflections

in the resolution range 32–1.73 Å. Appropriate amino

acid changes were carried out to convert the molecular

model of hevamine into PPL2. Several steps of rebuild-

ing, interspersed with restrained refinement, using ref-

mac, yielded the current model at 1.73 Å resolution.

Sulfate ion molecules were placed by inspection of the

Fo – Fc map. For each cycle of refinement, the stereo-

chemistry of the model was monitored with the

procheck incorporated into the CCP4 package [52].

Finally, water molecules were placed in the model over

several steps of refinement with arp ⁄warp and inspected

manually. The atomic coordinates, fitted with xtalview

[52], are accesible from the Protein DataBank (http://

www.rcsb.org/pdb/) under code 2GSJ.
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