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RESPUESTA AL AUTO NOTIFICADO POR FIJACION EN LISTA

DEL 02 DE JULIO DE 2013, OFICIO NO. 11181 (EXAMEN DE FONDO)

ALVARO CORREA ORDONEZ, mayor de edad y vecino de Bogota D.C., identificado tal como
aparece al pie de mi firma, en mi caracter de apoderado de la sociedad en referencia, doy

respuesta al auto emanado por ese Despacho dentro del término legal:
1. Objeciones del Examinador
En la accion oficial su Despacho manifiesta lo siguiente:

1.1  Reivindicaciones

1.1.1. El objeto de las reivindicaciones 30 - 35 y 100, las cuales se refieren a un

método de tratamiento eri humanos, no es patentable de acuerdo con el articulo citado.
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1.1.2.  Un polipéptido glicosilado debe ser reclamado por su estructura, es decir,

por su secuencia de aminoacidos, identificada con un namero de identificacién SEQ ID N°,

y por la estructura tridimensional de la cadena de oligosacaridos (reivindicacion 1).

1.1.3.  Las expresiones "en donde al menos...", "tiene al menos 50% menos...",

"termina con una parte de...", "termina con partes de...", "comprende al menos una...", "esta

2

sustancialmente libre...", son imprecisas por lo cual no permiten delimitar la materia que se

quiere proteger. Se sugiere ser sustituido por términos concretos (reivindicaciones 1 - 4, 9 -
16).

1.1.4.  Se sugiere indicar las modificaciones hechas a la cadena de oligosacaridos

del polipéptido glicosilado para que ésta tenga una estructura diferencial bi-, tri-, tetra- o

penta-antenaria (reivindicaciones 5 - §8).

1.1.5.  En las reivindicaciones 15, 52, 76 y 91, las cuales hacen referencia a un

residuo glicosilo modificado de la cadena de oligosacaridos, se debe especificar el tipo de
modificacion reclamada, para tener claridad sobre el alcance de la invencién. De igual

manera en las reivindicaciones 16, 53, 77 y 92 se deben especificar los conjugados
empleados.

1.1.6.  Un polipéptido no debe definirse por porcentajes de identidad ya que esto

no permite diferenciar la invencién del estado de la técnica (reivindicaciones 18 y 19).

1.1.7.  La reivindicacién 20, la cual hace referencia al polipéptido como una

proteina de fusion que comprende uno o mas dominios heterélogos, no es admisible puesto

que no se especifican las caracteristicas esenciales de dichos dominios, y por lo tanto, no se

puede tener claridad sobre el real alcance de la invencion.

1.1.8.  Lasreivindicaciones 21, 24, 25, 45, 61, 78, 93, 95, 96 y 99 estan expresadas

en términos de un resultado a alcanzar, lo cual no es limitativo para la invencion, puesto que
la solucion propuesta incluiria no solo la invenciéon aqui descrita, sino toda aquella
realizacion que llegue a esos mismos resultados. Se sugiere hacer las aclaraciones

necesarias, invocando las caracteristicas esenciales de la invencion que le permiten la

consecucion de dichos resultados.
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1.1.9.  En la reivindicacién 22 se deben especificar las modificaciones y las

posiciones en la secuencia de aminodcidos.

1.1.10. Una composiciéon farmacéutica debe estar definida por su estructura en

términos de sus elementos esenciales (compuesto activo y excipientes) y sus proporciones

(reivindicaciones 27 y 28).

1.1.11. Las reivindicaciones de procedimiento deben referirse a unas actividades
organizadas en una serie de pasos de manera determinada. El método para hacer un
polipéptido SAP humano, de las reivindicaciones 36, 37 y 94 corresponde a un resultado a
alcanzar, puesto que se refieren a la obtencion de un polipéptido aislado, sin indicar la
técnica para expresar el polipéptido en una célula, las condiciones necesarias para el cultivo
de dicha célula, ni los procedimientos para aislar el polipéptido de la célula. Se sugiere

caracterizar dicho método a partir de las etapas especificas que posee.

1.1.12.  Las reivindicaciones de procedimiento deben referirse a unas actividades
organizadas en una serie de pasos de manera determinada. El método para hacer un
polipéptido SAP humano, de las reivindicaciones 62 y 79 corresponde a un resultado a
alcanzar, puesto que se refieren a la obtencion de un polipéptido, sin indicar la forma y las
condiciones en las que se va a suministrar un polipéptido SAP, ni los procedimientos para
lograr la alteracion enzimatica o quimica para producir dicho polipéptido. Se sugiere

caracterizar dicho método a partir de las etapas especificas que posee.

1.2 Novedad

El Examinador plantea que, después de realizada la busqueda de anterioridades, encontrd

documentos que afectan la novedad de las reivindicaciones 1-5, 9-13, 63-65, 68-70, 74-76-

79-80, 83-85 y 89-91 de la presente solicitud.

Particularmente, el Examinador considera que los documentos Pepys et al. 1994, (D1) y

mantzouranis ef al. 1985 (D2), afectan la novedad de la presente solicitud por cuanto:

“S Las caracteristicas esenciales del polipéptido de la reivindicacion 1 habian sido

divulgadas previamente en el documento DI, el cual da a conocer la glicoestructura del
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componente SAP humano que consiste en un oligosacdrido N-ligado biantenario (Resumen)
que puede contener dos terminaciones de dcido sidlico o ser monosiliada siendo a 2,3 0 a

2,6 (Pdag. 5603 figura 1, Pag. 5604 resultados).
En consecuencia, la reivindicacién 1 carece de novedad, segun lo divulgado en el

documento D1.

Las reivindicaciones dependientes 3, 5 y 9 - 13 no mencionan alguna caracteristica que
haga nueva a la composicion de la reivindicacion 1, por lo cual se considera que no son
nuevas.

De igual manera, las caracteristicas esenciales de la reivindicacion 2, que consiste en un
polipéptido glicosilado Amiloide P de suero humano (SAP) que comprende una cadena de
oligosacdridos N-ligados, en donde la cadena de oligosacdridos tiene al menos 50% menos
de partes de dcido sidlico cy2,6-1igadas, ya habian sido divulgadas en el documento

Dl
Por lo tanto, la reivindicacion 2 carece de novedad, segun lo divulgado en el documento

Dl
Las reivindicaciones dependientes 4 - 5 y 9 - 13 no mencionan alguna caracteristica que

haga nueva a la composicion de la reivindicacion 2, por lo cual se considera que no son

nuevas.

(..)

Las caracteristicas esenciales del método de la reivindicacion 62 habian sido divulgadas
previamente en el documento D1, el cual da a conocer modificaciones de SAP humano que
consisten en la remocion de los dcidos sidlicos de las terminaciones de las ramas de la
cadena de oligosacaridos N-ligados, la desgalactosilacion y la resialilacion (Pag. 13).

Por lo tanto, la reivindicacion 62 carece de novedad, segun lo divulgado en el documento

Di.

Las reivindicaciones 63 - 65, 68 - 70, 74 - 76, 79 - 80, 83 - 85, 89 o 91 no mencionan

alguna caracteristica que haga nueva al método de la reivindicacién 62, por lo cual se

considera que no son nuevas.”

1.3 Nivel Inventivo

Sobre el requisito del nivel inventivo, el Examinador establece que una persona del nivel
técnico medio, versada en la materia, ensayaria las soluciones que se proponen en los

documentos Pepys et al. (D1) y AU 712819 B2 (D3) y llegaria de manera obvia a la
4
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solucién que se propone en la presente solicitud. Particularmente, el Examinador considera

que las reivindicaciones 18-19 y 26-2 carecen de nivel inventivo debido a las ensefianzas

contenidas en los documentos D1 y D3.

El Examinador establece:

“La secuencia SEQ ID NO 1 de la presente solicitud se encontré 99% idéntica a la

secuencia de aminodcidos al componente de suero amiloide P humano aislado de la
naturaleza, segin reposa en GenBank: AAA60302.1 con fecha de ingreso a la base de datos
de 9 de enero de 1995 y divulgado en el documento D2.

Por lo tanto, modificaciones de aminodcidos que resulten en una secuencia casi idéntica a
un polipéptido tal como se encuentra en la naturaleza, no representa nivel inventivo, puesto

que modificaciones o mutaciones de aminodcidos pueden ocurrir en o durante los procesos

moleculares naturales de la célula.
En consecuencia, las reivindicaciones 18 y 19 no cumplen con el requisito de nivel

inventivo.
* La reivindicacion 26 reclama una preparacion farmacéutica para uso en mamiferos que

comprende el polipéptido SAB de las reivindicaciones 1 a 25 y wun portador

Sfarmacéuticamente aceptable.
Las caracteristicas esenciales de la reivindicacion 26 ya habian sido divulgadas

previamente en el documento D3, el cual ensefia una composicion farmacéutica que

comprende un componente SAP nativo o recombinante y un vehiculo farmacéuticamente

aceptable que es formulada para administracion nasal (Pag. 1 lineas 5 y 30).

De este modo, la reivindicacion 26 carece de nivel inventivo. Las reivindicaciones

dependientes 27 - 29 no adicionan caracteristicas a la composicion enseiiada en el

documento D3, por lo tanto tampoco cumplen con el requisito de nivel inventivo.”

2, Argumentos a favor de la patentabilidad de la solicitud

2.1 Retvindicaciones

En respuesta a las observaciones de su Despacho en relacion con las reivindicaciones, el

solicitante ha decidido presentar un nuevo pliego reivindicatorio en el cual se responde a

todas y cada una de las inquietudes planteadas en la accion oficial.
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Por favor note que las reivindicaciones 2, 4-8, 15-22, 24, 25, 27, 28, 30-36, 39, 42-96, 99 y

100 se han cancelado. Se han agregado las nuevas reivindicaciones 2-6.

El soporte para las reivindicaciones modificadas que se encuentran en este escrito aparece a

continuacion:

N“.'“ef"’ (l.e ] Soporte en la descripcion de la solicitud tal como se present6
Reivindicacién
1 Reivindicaciones originales 1, 17y 19
2 Pégina 5, reglones 4-11 '
3 Pagina 5, reglones 4-11
4 Pagina 5, reglones 4-11
5 Pégina 5, reglones 4-11
6 Pagina 5, reglones 4-11
7 Reivindicacion original 3
8 Reivindicacion original 9
9 Reivindicacion original 10
10 Reivindicacion original 11
11 Reivindicacion original 12
12 Reivindicacion original 13
13 Reivindicacién original 14
14 Reivindicacion original 23
15 Reivindicacion original 26
16 Reivindicacion original 29
17 Reivindicaciones originales 37 y 38
18 Reivindicacion original 40
19 Reivindicacion original 41
20 Reivindicacion original 97
21 Reivindicacion original 98

En relacién con la observacién a la reivindicacién 1, en referencia con el hecho que un
polipéptido debe ser reclamado por su estructura identificandolo con el SEC ID NO el
solicitante no esta de acuerdo. Sin embargo, en un esfuerzo por hacer expedito el tramite de
la presente solicitud, la reivindicacion 1 se ha corregido para especificar que el polipéptido
SAP comprende una secuencia de aminoacido que es al menos un 95% idéntica con la SEC
1D NO 2:1. De acuerdo con esto, se considera que la correccion a la reivindicacion responde

a la objecidn.

En relacion con las observaciones a las reivindicaciones 1-4 y 9-16, sin estar de acuerdo con

la observacidn, las reivindicaciones 2, 15 y 16 se han cancelado. El resto de las
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reivindicaciones no cita las frases "comprende al menos uno", "tiene al menos 50% menos",

"esta sustancialmente libre", respondiendo a la objecion planteada.

Con respecto a la frase "en donde todas las ramas de la cadena de oligosacaridos termina
con partes de dcido sidlico a2, 3-ligadas”, el solicitante diciente de la opinién de su
despacho y considera que no se ha apreciado completamente el conocimiento del estado de
la técnica con relacion a los N-glicanos. Tal como se ensefio en la presente solicitud, y como
se evidencid en los anexos A-D presentados junto con este escrito, las estructuras del N-
glicanos fueron bien caracterizadas en la técnica en el momento de la presentacion. Ver, por
ejemplo, la solicitud internacional publicada en las paginas 16, renglon 29, hasta pagina 17
reglén 20. Por ejemplo, la estructura de un N-glicano SAP se describe claramente en la
citada referencia D1. Adicionalmente, si estan presentes, las partes de acido sidlico se
conocen por estar ligadas a los extremos terminales de las ramas del N-glicano. La
estructura del acido sidlico era también bien conocida en la técnica al momento de la
presentacién. De acuerdo con esto, una persona medianamente versada en la materia al
momento de la presentacion de esta solicitud hubiera entendido facilmente los limites de la
cadena de oligosacarido (es decir N-glicano) que tiene al menos una rama del oligosacérido
que termina con una parte de acido sidlico 02,3 ligada, de acuerdo con lo anterior el

solicitante de manera respetuosa solicita la aceptacidn de la anterior explicacion.

Las reivindicaciones 18 y 19 se objetaron por cuanto definen la secuencia de polipéptido
citada en términos de una identidad porcentual (por ejemplo al menos 85% idéntica con la
SEC ID 2:1). Sin considerar aceptable tal objecion, las reivindicaciones 18 y 19 se han
cancelado, respondiendo de esta manera a su objecion. Con respecto a las reivindicaciones
modificadas, la reivindicacién 1 esta dirigida a un polipéptido SAP que comprende, en
parte, una secuencia de aminoacido que es al menos 95% idéntica con la secuencia de
aminoacido de la SEC ID: 1. El solicitante considera que el SAP humano estaba bien
definido en el estado de ‘la técnica en el momento de la presentacion de la presente solicitud
y por lo tanto una persona medianamente versada habria entendido los limites de la

invencion actualmente reivindicada.

La especificacion describe unas especies que caen dentro del alcance del género
reivindicado y suministra una variedad de ensayos adecuados para probar otras variantes

SAP con el fin de determinar si ellas son funcionalmente activas. Ver, por ejemplo, solicitud

7



t

de patente internacional (WO02010/141918 en las paginas 45-52).

Ademas, la especificacion ensefia que el SAP pertenece a una familia bien conocida de
proteinas de pentaxina que se caracterizan por una estructura pentamérica ciclica. Ver, por
ejemplo, la solicitud de patente publicada paginas 12 y 13. La especificacion también
suministra la secuencia para un promotor SAP humano (es decir, la SEC ID: 1) Asi como
también las variantes SAP activas de ocurrencia natural encontradas en otras especies.
Como se demostré en el anexo E (exhibit E) un promotor SAP humano (es decir la SEC ID:
1) es homologo al SAP del pollo (es decir, la SEC ID: 1 es 48% idéntica a la SEC ID: 2 de
la presente solicitud ), el SAP de bovino (es decir, la SEC 1D 2:1 es 75% idéntica a la SEC
ID: 3 de la presente solicitud), y el SAP de hamster (es decir, la SEC ID: 1 es 67% idéntica
a la SEC ID:4 de la presente solicitud). Con base en la amplia variedad de SAP conocidos,
el solicitante considera que una persona medianamente versada en la materia hubiera podido
alinear tales secuencias y determinar que residuos se conservan entre los homoélogos y asi la
probabilidad de ser importante en la SAP. Ademas, estos homdlogos son ejemplos de los
polipéptidos SAP funcionales y por lo tanto suministran especies representativas de las
variantes SAP, que tienen una identidad porcentual a un inferior a la SEC ID:1 que esta

siendo actualmente reivindicada.

Ademas, el solicitante considera que el SAP era una proteina bien caracterizada al momento
de presentarse esta solicitud. En particular, Emsley et al. (Nature, 357:338-345 (1994),
presentada como anexo F (exhibit F) fue el primero en reportar la estructura de alta
resolucion del SAP humano pentamérico. Con base en estos estudios y otros similares (ver,
por ejemplo, Hohenester e al., Mol. Biol. 269:570-578 (1997); Srinivasan et al., Structure 2:
1017-1027 (1994); y Brinda et al., Biochem J. 391:1-15 (2005), todos presentados como
anexos, G-I), el solicitante considera que los residuos de aminoacido que son importantes
para mantener la integridad estructural de cada promotor, asi como también los residuos de
contacto esencial que median las interacciones promotor - promotor eran bien conocidos en
el estado de la técnica. Como primer miembro de la familia en ser resuelto a alta
resolucion, la estructura del SAP ha sido utilizada en estudios de alineamiento con otra
variedad de proteinas de pentraxina evolucionadamente distintas (ver, por ejemplo, anexos
H e 1). Estos estudios suministran un analisis detallado de los residuos conservados en estas
proteinas, particularmente dentro del bolsillo de unién a ligando SAP. Adicionalmente,

estos reportes indican claramente importantes regiones estructurales que son necesarias para

8
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la actividad SAP. Por ejemplo, el SAP es conocido por ser una proteina de unién
dependiente del calcio que interactda con una variedad de diferentes ligandos que incluyen,
por ejemplo, fibronectina, proteinas que se unen a C4, ADN y glicosaminoglicanos. Tal
como se describe en los anexos F-1, el solicitante considera que varios estudio de mapeo de
cristalizacion y computadora han elucidado los residuos de aminoacido claves dentro del
SAP que median la unién a estos varios ligandos. De acuerdo con esto, el solicitante asevera

que las caracteristicas estructurales y funcionales de SAP estaban bien caracterizadas en el

estado de la técnica al momento de la presentacion de esta solicitud.

La biologia molecular es un campo cientifico avanzado y el nivel de un experto en la técnica
al momento de la presentacion de la solicitud era muy alto. Los métodos para generar
variantes de polipéptido que incluyan una o méas mutaciones eran bien conocidos en la
técnica y asi también la rutina. Con base en los ejemplos suministrados en la especificacion
y en vista del conocimiento en la técnica, la persona medianamente versada habria podido
prever otros polipéptidos que cayeran dentro del alcance de las reivindicaciones. De acuerdo
con esto, los ejemplos de trabajo ponen al solicitante en posesion de la invencion

reivindicada. De acuerdo con lo anterior se solicita la aceptacion de las reivindicaciones.

Finalmente, el solicitar la definicion sin utilizar porcentajes razonables de identidad daria
como resultado que la invencion se circunvalara de manera muy facil por alglin experto que
quisiera utilizar la invencién sin violar el derecho. Es decir, que si se reivindica una
secuencia especifica alguien podria con una homologia del 95% obtener los mismos
resultados sin que se violara la patente ya que lo que se reivindicéd fue una secuencia
especifica. Esto muestra que reivindicar una secuencia especifica lo que haria seria abrirle el
campo a un experto para que utilizara los conocimientos aportados y el problema resuelto
por esta invencién sin violar ningan derecho. De acuerdo con lo anterior se le sugiere a su

Despacho ser razonable en el analisis de la presente invencion especialmente en lo que se
refiere a los porcentajes de identidad.

En relacion con las reivindicaciones 36, 37 y 94 se rechazaron por que presuntamente no
eran claras. Especificamente, su Despacho asevera que los métodos de las reivindicaciones
de manufactura "deben referirse a unas actividades ovganizadas en una serie de pasos de
una manera determinada...indicando la técnica para expresar el polipéptido en una célula,

las condiciones necesarias para cultivar dicha célula, o el proceso para aislar los

9
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polipéptidos de las células." Sin estar de acuerdo con el rechazo de las reivindicaciones 96 y
94 éstas se han cancelado respondiendo de esta manera a la objecién. Con respecto a la
reivindicacién 37 rechazada (actual reivindicacion 17), de manera respetuosa el solicitante
no esta de acuerdo y considera que incluir limitaciones adicionales en las condiciones de
cultivo y las técnicas de aislamiento disminuiria de manera indebida el alcance de las

reivindicaciones en vista del desarrollo del solicitante.

En primer lugar, al solicitante le gustaria puntualizar que las presentes reivindicaciones no
estan dirigidas a nuevos métodos para generar y aislar proteinas recombinantes en general.
Las presentes reivindicaciones todas estan dirigidas a una glicovariante SAP recombinante
que comprende una cadena de oligosacarido N-ligada que tiene al menos una rama de la
cadena de oligosacarido que termina en una parte de acido cialico a2,3-ligada que se
caracteriza por una actividad biolégica incrementada, las composiciones farmacéuticas que
comprenden las misma y el método para generar tales polipéptidos. Esta glicovariante SAP
se expreso primero y se purifico de células CHO. Ver, por ejemplo, la solicitud
internacional publicada en las paginas 59 a 62. De acuerdo con esto la actual reivindicacion
17 esta dirigida a un método para elaborar un polipéptido SAP humano que comprende de
una cadena de oligosacarido, en donde al menos una rama de la cadena de oligosacarido
termina con una parte de acido sialico a2,3-ligada, en donde el método comprende las
etapas de: 1) Expresar un polipéptido SAP humano en una célula CHO; y 2) Aislar el
polipéptido SAP humano de la célula.

El solicitante considera que la biologia molecular es un campo cientifico avanzado y que el
nivel de una persona versada en la técnica al momento de presentar la solicitud era muy
alto. Tal como se ensefié en la presente solicitud numerosos métodos para expresar y
purificar el recombinante de una proteina de una célula eran bien conocidos en la técnica y
en la rutina practicada en las personas versadas. Ver, por ejemplo, solicitud internacional
publicada en las paginas 23 a 32. Con base en los ejemplos suministrados en la
especificacion y en vista del conocimiento del estado de la técnica, Ia persona experta habia
podido prever las diferentes condiciones de cultivo y los procesos de aislamiento que
pudieran producido la proteina recombinante actualmente mencionada. De acuerdo con esto
tal como se evidencié mediante la ensefianza de la presente solicitud, una persona versada
en la materia habria entendido facilmente los limites de la presente invencion reivindicada.

Las reivindicaciones 5-8, 15, 16, 20-22, 24, 25, 27, 28, 36, 45, 52, 53, 61, 62, 72-79 y 91-96
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se rechazaron por ser poco claras. Sin aceptar el rechazo, estas reivindicaciones se han

cancelado, respondiendo de esta manera a la objecién planteada.

En relacién con la expresion "al menos" el solicitante desea manifestar que dicha expresién

no es de ninguna manera ni ambigua ni imprecisa.

A este respecto me permito anotar la observacién que aparece en la Guia para el Examen de
solicitudes de patentes de invencion y modelos de utilidad utilizada por ese Despacho en

donde se dice que:

“El examinador presentard una objecion cuando las reivindicaciones incluyan términos
imprecisos del tipo “aproximadamente”, “alrededor de”, “opcionalmente” ya que en ese
caso el alcance y dambito de proteccion de la reivindicacion deja de ser precisa, y no
permite una comparacion con el estado de la técnica. Se pueden permitir caracteristicas no
esenciales, cuando esté justificado y siempre y cuando permitan distinguir el estado de la
técnica, sin ambigiiedad.

Por las mismas razones no se admiten términos relativos del tipo “mayor”, “delgado”,
“fuerte, ya que no tienen un significado preciso. En ningun caso estos términos se pueden
utilizar para distinguir la invencion del estado de la técnica. En estos casos, el examinador
requerird que estas expresiornes se sustituyan por términos precisos, o rangos concretos de

valores."

La pregunta que sigue es si la expresién o término “al menos” es relativa o imprecisa en

vista de que no aparece mencionada en dicha Guia.

Revisemos entonces el significado de la expresion. El Diccionario Prehispanico de dudas de
la Real Academia define la expresion “al menos” de la siguiente forma:

“al menos, a lo menos. Locuciones adverbiales que introducen una rectificacion o salvedad
a lo que se acaba de decir: «No aparecian por alli casi nunca, al menos que yo recuerdey
(Mendicutti Palomo [Esp. 1991]); «Eran [las estatuas] de gestos feos y disformes; a lo
menos, lfa]s que yo he visto, todas eran asi» (DHoy [Ec.] 12.12.96). También significan
‘aunque solo sea, como minimo’: «Ahora déjame, al menos, morir en pazy (Gasulla
Culminacion [Arg. 1975]); «En cada comuna existird, a lo menos, una Oficina Inscriptoran

(Hoy [Chile] 27.10-2.11.97). De las dos, la mas usada es al menos. Ambas son equivalentes
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de por lo menos.” (resaltado fuera de texto)"

Y en cuanto a la definicién de la palabra “salvedad” el Diccionario de la real Academia lo
define como:
“Razonamiento o advertencia que se emplea como excusa, descargo, limitacion o cortapisa

de lo que se va a decir o hacer.”

Por su parte el Diccionario de uso del espafiol Maria Moliner establece lo siguiente en
relacion con la expresion “al menos”:
“Expresa la restriccién a un minimo de un algo que se pide.” Y luego dice: “Cuando

menos, por lo menos — Expresiones *restrictivas.”

De acuerdo con lo anterior es claro que tenemos que la expresion “al menos” es una
expresion que introduce una limitacion o restriccion. (Cémo puede entonces una expresion
que introduce una limitacién o restriccion ser imprecisa? Dicho de otra forma ;cémo algo
que esta limitado puede ser indefinido? (La Real academia define la palabra impreciso como
indefinido).

Esta claro que hay una abierta y clara contradiccion. Esta contradiccion lo que muestra de
manera categdrica es que la expresiéon “al menos” no es de ninguna manera una expresion

imprecisa. De hecho hace lo contrario: limita o restringe.

Esta es una expresion que tiene un muy amplio uso en el lenguaje de patentes a nivel

mundial y es aceptada de manera generalizada.
2.2. Novedad

La novedad de una solicitud esta legalmente definida en el Articulo 16 de la Decision 486
asi: “una invencidn se considerard nueva, cuando no estda comprendida en el estado de la
técnica. El estado de la técnica comprenderd todo lo que haya sido accesible al publico
por una descripcion escrita u oral, utilizacion, comercializacion o cualquier otro medio
antes de la fecha de presentacion de la solicitud de patente o, en su caso de la prioridad

reconocida...”

12
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En virtud de la anterior definicidon, consideramos que los documentos D1 y D2 no

constituyen documentos del arte previo que afecten la novedad de la presente solicitud.

Las reivindicaciones 1-13, 62-65, 68-70, 74-76, 79, 80, 83-85, 89-91 fueron rechazadas por
cuanto supuestamente la anticipaba el documento Pepys et al. (1994) PNAS, 91: 5602-5606
(denominada en lo sucesivo como "D1"). Sin aceptar el rechazo, las reivindicaciones 2, 4-8,
62-65, 68-70, 74-76, 79, 80 83-85 y 89-91 se han cancelado, respondiendo a esta manera la
objecidén a su despacho. Con respecto a las reivindicaciones restantes el solicitante de
manera respetuosa no esta de acuerdo. Sin embargo, en un esfuerzo para hacer expedito el
tramite de la presente solicitud, se ha corregido la reivindicacién 1, en parte, para incorporar
la materia objeto de la reivindicacion 17. De acuerdo con esto, la presente reivindicacion
esta dirigida a un polipéptido SAP humano recombinante glicosilado. Como la
reivindicacion 17 no fue rechazada las correcciones de la reivindicacion se considera que
responden al rechazo. El solicitante por lo tanto requiere, de manera respetuosa, la

aceptacion de estos argumentos.
2.3.  Nivel inventivo

El nivel inventivo de una solicitud se encuentra definido en el Articulo 18 de la Decisidn
486 y se establece cuando “si para uma persona del oficio normalmente versada en la
materia técnica correspondiente, esa invencion no hubiese resultado obvia ni se hubiese

derivado de manera evidente del estado de la técnica”.

Contrario a lo que plantea el Examinador, el documento del arte previo citado no afecta el
nivel inventivo de la presente solicitud por cuanto no es posible derivar la presente

invencion a partir de las ensefianzas presentadas en los documentos D1 y D3.

Las reivindicaciones 18, 19, 26-29 se rechazaron por cuanto se alego la falta de nivel
inventivo en vista del documento D1 y D3. Sin estar de acuerdo con el rechazo, las
reivindicaciones 18, 19, 27-29 se han cancelado, respondiendo de esta manera la objecion.
Con relacion al resto de las reivindicaciones objetadas, el solicitante de manera respetuosa
manifiesta su desacuerdo. Sin embargo, tal como se indico anteriormente, la reivindicacién
1 se ha corregido en parte para incorporar la materia objeto de la reivindicacion 17 anterior.

De acuerdo con esto la actual reivindicacion 1, esta dirigida a un polipéptido SAP humano

13
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recombinante glicosilado. La reivindicacién 29 (reivindicacion actual 16) depende de 26 y

especifica ademas rutas alternativas para administrar la preparacion farmacéutica (es decir,
topicamente, mediante inyeccion, mediante inyeccion intravenosa, mediante inhalacién, o
mediante deposito continuo o bomba). Tal como se indico anteriormente la reivindicacion
17 se reconoci6 implicitamente como novedosa en vista de la técnica anterior. Ademas, la
reivindicaciéon 17 no fue objeto de rechazo por nivel inventivo. De acuerdo con esto las
correcciones de las reivindicaciones han respondido a la objecion planteada es decir nada en
la técnica anterior citada ensefia o sugiere una preparacion farmacéutica que comprenda el
polipéptido SAP humano recombinante glicosilado. El solicitante por lo tanto solicita la

reconsideracion y la aceptacidn de las actuales reivindicaciones.
Materia objeto no patentable

Las reivindicaciones 30-35 y 100 se rechazaron por cuanto se consideré que estaban
dirigidas a materia objeto no reivindicada especificamente, su despacho asevera que los
métodos de tratamiento terapéutico que cubren humanos no son reivindicables actualmente

en Colombia. Por lo tanto las reivindicaciones 30-35 y 100 se han cancelado.

En virtud de lo anterior, solicito que se acepten las razones expuestas en el presente
documento y en consecuencia, se otorgue el privilegio de patente de invencién para el

invento que se tramita en este expediente.

- Anexos A-D, E, F, G-1
- Capitulo reivindicatorio modificado
- Recibo por reivindicaciones adicionales

BM_RAC/BOGDMS-#1689924-V1-P2011_000047-MEMORIAL_DE_RESPUESTA_A_OFICIO_DE_FONDO.DOC
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REIVINDICACIONES

1. Un polipéptido glicosilado Amiloide P de suero humano (SAP) recombinante que
comprende una cadena de oligosacaridos N-ligados, en donde una rama de la cadena
de oligosacaridos termina con una parte de acido sialico a2,3-ligada, y en donde el
polipéptido SAP comprende una secuencia de aminoacido que es al menos 95%

idéntica con la secuencia de aminoacido de la SEQ ID No.: 1.

2. El polipéptido SAP glicosilado humano de la reivindicacién 1, en donde el
polipéptido SAP comprende una secuencia de aminoacido que es al menos 96%
idéntica con la secuencia de aminoacido de la SEQ ID NO.: 1.

3. El polipéptido SAP glicosilado humano de la reivindicacién 1, en donde el
polipéptido SAP comprende una secuencia de aminoacido que es al menos 97%

idéntica con la secuencia de aminoacido de la SEQ ID NO.: 1.

4. El polipéptido SAP glicosilado humano de la reivindicacién 1, en donde el
polipéptido SAP comprende una secuencia de aminoacido que es al menos 98%

idéntica con la secuencia de aminoacido de la SEQ ID NO.: 1.

5. El polipéptido SAP glicosilado humano de la reivindicacién 1, en donde el
polipéptido SAP comprende una secuencia de aminoacido que es al menos 99%

idéntica con la secuencia de aminoacido de la SEQ ID NO.: 1.

1689991-v1\BOGDMS 1
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6. El polipéptido SAP glicosilado humano de la reivindicacion 1, en donde el

polipéptido SAP comprende la secuencia de aminoacido de la SEQ ID No.: 1

7. El polipéptido SAP glicosilado humano de una cualquiera de las reivindicaciones
1-6, en donde todas las ramas de la cadena de oligosacaridos termina con partes de

acido sialico a2,3-ligadas.

8. El polipéptido SAP glicosilado humano de una cualquiera de las reivindicaciones
1 a 7, en donde la cadena de oligosacaridos N-ligados comprende un ntcleo penta
sacarido de Man[(a1,6)-(MAn(a1,3)]- Man(B1,4)-GIcNAc(B1,4)-GIcNAc(1,N)-Asn.

9. El polipéptido SAP glicosilado humano de una cualquiera de las reivindicaciones
1 a 7, en donde la cadena de oligosacaridos comprende una rama que tiene la
estructura NeuNAc2a3GalB4GIcNAcB2Mana6.

10. El polipéptido SAP glicosilado humano de una cualquiera de las reivindicaciones
1 a 9, en donde al menos una rama de la cadena de oligosacaridos esta libre de

galactosa y N-acetilglucosamina.

11.  El polipéptido SAP glicosilado humano de la reivindicaciéon 10, en donde todas
las ramas de la cadena de oligosacaridos esta libre de galactosa y N-

acetilglucosamina.

1689991-v1\BOGDMS 2
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12.  El polipéptido SAP glicosilado humano de una cualquiera de las reivindicaciones

1 a 11, en donde al menos una rama de la cadena de oligosacaridos comprende un
residuo de manosa.

13.  El polipéptido SAP glicosilado humano de una cualquiera de las reivindicaciones

1 a 12, en donde la cadena de oligosacaridos comprende un residuo de fucosa.

14.  El polipéptido SAP glicosilado humano de una cualquiera de las reivindicaciones
1-13, en donde la proteina SAP comprende un aminoacido PEGilado, un aminoacido
prenilado, un aminoacido acetilado, un aminoacido biotinilado, 6 un aminoacido
conjugado con un agente derivatizante organico.

15.  Una preparacion farmacéutica adecuada para uso en mamiferos que comprende
el polipéptido SAP humano de una cualquiera de las reivindicaciones 1 a 14 y un
portador farmacéuticamente aceptable.

16. La preparacion farmacéutica de la reivindicacién 15, en donde la preparacion
farmacéutica es adecuada para la administracién a un paciente topicamente, por

inyeccién, por inyeccion intravenosa, por inhalacién,o por depésito continuo 6 bomba.

17.  Un método para hacer un polipéptido SAP humano, que comprende una cadena
de oligosacarido, en donde al menos una rama de la cadena de oligosacarido termina

con una parte de acido sialico a2,3-ligada, en donde el método comprende las etapas
de:

i) expresar el polipéptido SAP humano en una célula CHO; y

1689991-vI\BOGDMS



ii) aislar el polipéptido SAP humano de la célula.

18. El método de la reivindicacién 17, en donde todas las ramas de la cadena de
oligosacarido terminan con partes de acido sialico a2,3-ligadas.

19. El método de la reivindicacion 17 o 18, en donde la cadena de oligosacaridos
esta libre de partes de acido sialico a2,6-ligadas.

20.  Una célula CHO que comprende un polipéptido SAP humano que comprende
una cadena de oligosacaridos N-ligados, en donde al menos una rama de la cadena de

oligosacaridos termina en una parte de acido sidlico a2,3-ligada.

21.  Una célula CHO que comprende un acido nucleico que codifica para un
polipéptido SAP exdgeno.

BM_RAC/BOGDMS-#1689991-V1-P2011_000047-REIVINDIC ACIONES_MODIFICADAS.DOCX
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Structural Aspects of Carbohydrates and the Relation with their Biological

Properties

v . , o
Milo$ Hricovinm

Institute of Chemistry, Slovak Academy of Sciences,845 38 Bratislava, Slovakia

Abstract: Structural diversity of carbohydrates plays a crucial role in their large variety of roles in biological
systems. This paper focuses on aspects of structure and biological functions of three classes of carbohydrates,
N-linked oligosaccharides, blood group oligosaccharides and glycosaminoglycans. Conformations and
dynamics in solution, as well as structure of protein-carbohydrate complexes are discussed. A short overview
also describes theoretical and experimental methodologies that are used in current glycobiological research,
particularly high-resolution NMR spectroscopy, X-ray crystallography and methods of computational

chemistry.

INTRODUCTION

Carbohydrates and their conjugates belong to essential
biomolecules of life. They can be found in all living
systems, from plants to humans. Probably the most well-
known carbohydrate is the structurally simple polysaccharide
cellulose (B-(1-4)-linked glucopyranose), which is also the
most abundant biomolecule in nature. Although cellulose
and structurally similar compounds, such as xylan or starch
are important polysaccharides, current interests of chemists
and biologists are focused on saccharides having biological
properties, predominantly those that can be used in medical
chemistry.

The diversity of biological properties of saccharides are
surprisingly large spanning from sources of energy in living
systems, to cell adhesion, growth and differentiation, anti-
inflammatory and anticoagulant properties, angiogenesis, etc
[1]. This large variety of properties originates from the
structural arrangement of carbohydrates. Carbohydrates can
form linear polymeric forms, like the previously mentioned
cellulose, but also very complex branched structures or
conjugates with other type of molecules, most importantly,
proteins. In glyco-conjugates, e.g. glyco-proteins, the
saccharide part can be very small {(consisting of even a single
monosaccharide unit) up to conjugates where the saccharide
part is larger than the protein structure itself.

The structure of monosaccharides, pyranoses or
furanoses, allows creation of linkages in various positions.
For example, hexopyranoses can be linked with other
monosaccharides in positions 1, 2, 3, 4 and 6 (Chart 1),
thus a large number of possible glycosidic linkages (one or
more linkages at the same time) can be formed among
monosaccharide units. Just three different monosaccharide
units (hexopyranoses) can form up to nearly 28000 different
structures. This considerably differs from peptides where
only 6 tripeptides can be formed from three different amino
acids. The ability to create complex branched forms and the
different linkage types is a unique structural property of
carbohydrates with respect to peptides and nucleic acids and,

*Address correspondence to this author at the Institute of Chemistry,
Slovak Academy of Scicnces,845 38 Bratislava, Slovakia; Tel: +4212 5941
0323; Fax: +4212 5941 0222; E-mail: hricovini@savba.sk
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consequently, result in their functional diversity in
biological systems.

Conformation is another feature that has the substantial
influence on biological activities. 3D structure of
carbohydrates is complicated and originates from their
complex constitution. The overall conformation is
determined predominantly by the stereochemistry at
glycosidic linkages, conformation of pendant groups and the
pseudorotation of pyranose and furanose rings.

As carbohydrates are nearly exclusively present in the
ring forms, stereo-chemical arrangement of carbohydrates is
affected by ring: puckering [2]. Pyranoses adopt the 4C
(Chart 1) or 1Cy4 chair forms in most cases whereas other
conformations are relatively rare. However, large substituents
can have a pronounced influence on the ring conformation
and the boat or the skew conformers can be present in
substituted derivatives. Furanose forms are more flexible
with respect to pyranose forms and the populations of
conformers depend on the structure of neighboring units and
substitution. This is also valid for deoxy derivatives, such as
2-deoxy-B-D-erythro-pentose, which is the component of
DNA structure. Furthermore, both D and L forms exist in
oligo- and polysaccharides, the D form being more
abundant. The L form is typical for some residues, e.g. L-
fucose in blood group oligosaccharides or L-iduronic acid in
glycosaminoglycan compounds.

OH
6
4 \5 05
HO
HO 7 1
OH
OH

Chart. (1).

Conformation of the hydroxymethyl group is described
by the torsion angle @ (® = 0-5-C-5-C-6-0-6). Three stable
conformers at the C-5-C-6 linkage are designated as gauche-
gauche, gg, (o = -60°), gauche-trans, gt, (60°) and trans-
gauche, tg, (180°) (Chart 2). The first symbol refers to the
torsion angle O-5-C-5-C-6-0-6, and the second to C-4-C-5-
C-6-0-6. The preference of these conformers depends on the
type of monosaccharide and substituents. For example, the
gauche effect (the non-bonded interaction between the
equatorially oriented hydroxyl group at C-4 with the O-6
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oxygen in the tg conformer) influences the conformational
equilibrium at this linkage and, consequently destabilizes
the tg conformation in hexopyranoses, such as glucose or
mannose [2, 3].

Arrangements of other pendant groups, such as O-acetyl,
N-acetyl, carboxylate, N-sulfate, etc. have not been studied
in details. Relatively little knowledge about the
conformational equilibriums of hydroxyl groups though
their conformations are crucial for understanding of hydrogen
bonds formation (intra- or intermolecular) or recognition
processes.

O H

H
o Cq s Cs S
H H H 6 O¢
H
® =-60° =600 o = 180°
Chart. (2).

Probably the most complicated, and the most discussed,
is conformation at the glycosidic linkages. The mutual
orientation of neighboring saccharide units is described by
the torsion angles ¢, y (¢ = 0-5’-C-1’-0-1"-C-x; y= C-1’-
0-1’-C-x-C-x-1) (Chart 3); the orientation defined by ¢y,
Yy (oyg = H-1°-C-1’-0-1"-C=x; yy = C-1’-0-1’-C-x-H-x) is
also often presented in literature and will be used in the
present paper. The ¢, ¥ angles can substantially affect the
overall shape of oligo- and polysaccharides, therefore, the
determination of their values one of the key elements
analyzed when dealing with 3D carbohydrate structure. This
also comprises an answer for the question whether single or
multiple conformers are present at the glycosidic linkages.
The above mentioned phenomenon has been thoroughly
studied and discussed in terms of “flexibility” and “rigidity”
and numerous theoretical and experimental studies [3-5] have
been devoted to solve this dilemma.

Chart. (3).

In addition to 3D structures, that describe static pictures
of compounds or intermolecular complexes in solid state or
in solution (theoretical analysis that allows the
determination of the lowest energy states of molecules),
molecular dynamics provide information on the rates of
overall and internal motions as well as the extent of internal
motions [6]. Results of several studies have shown that
binding of ligand to proteins cannot by fully explained by
static pictures [7, 8]. Complete understanding of the
biological properties of carbohydrates at the molecular level
thus requires the knowledge of their 3D structure and
dynamics. The present review deals with these features in
three groups of biologically active carbohydrates: N-linked
oligosaccharides, blood group oligosaccharides and
glycosaminoglycans and their complexes with proteins.

Milos Hricovini
EXPERIMENTAL AND THEORETICAL METHODS

Molecular Mechanics, Molecular Dynamics and
Quantum Chemical Methods

Theoretical analysis provides information on structure of
carbohydrates in solution, or in solid state, and is mainly
used for interpretation of experimental data, such as high-
resolution NMR NOEs or coupling constants (both scalar
and dipolar) [9-11]. Molecular modeling is also important in
analysis of saccharide dynamics and their complexes with
proteins.

First theoretical analyses have been based on simple
computational schemes, where conformations at the
glycosidic linkages were accepted, or rejected, based on the
overlap of atoms belonging to different monosaccharide
units linked by the glycosidic linkage [12]. This approach
has been extended evaluating the exo-anomeric effect [13]
and applied in analysis of oligosaccharides related to Lewis
blood group determinants [14, 15]. However, it was soon
clear that the “rigid-body” approach could not fully explain
experimental observations. More recent methodologies have
been based mainly on molecular mechanics (MM). In this
approach, the molecule is treated as an ensemble of atoms
and the interaction among these atoms is described by
Newton mechanics. The total energy is then expressed as the
sum of contributions of the bond stretching (Vy), the angle
bending (Vy), torsional terms (Vy) and non-bonding
interactions (Vyanderwaals + Velstat) [16]:

N N
Viotal = Z Vo * Z Vo * Z Vo + Z Z Vvander waats  + Velstar)

bonds  angles torsions i=1 j=i=+1

where, e.g. the term for bond stretching, Ve =1 iy (- 1o
ky, is the force constant , r - rg is the difference between
interactomic distance and the reference bond length. As the
force constants vary in individual terms for different types of
molecules (e.g. proteins, carbohydrates), various force-field
methods have been presented. A relatively large number of
force fields have been applied in the modeling of
carbohydrates, for example MM2 [16], MM3 [17], AMBER
[18], CFF91 [19], CVFF [20], PEF422 [21], etc. Molecular
mechanics (MM) and molecular dynamics (MD) gave
reliable results in many cases and could explain satisfactorily
the experimental data obtained for saccharides in solution
and for protein-carbohydrate complexes [3-5, 22-24]. MM
and MD, at present, are prevalently used for modeling of
large molecules, such as polysaccharides or protein-
carbohydrate complexes where the methods of quantum
chemistry are still not applicable.

The last group of theoretical approaches, the quantum
chemical methods, has until now been used mainly to model
small_or medium-sized oligosaccharides. First calculations
of carbohydrate structures were based on semi-empirical
methods {3, 25]; however, more rigorous methods, ab initio
and density functional theory (DFT) methods are now
largely used [26]. Within the first group of methods, the use
of the quality basis sets (e.g. 6-31G**, or 6-311++QG) yield
energies and geometries that reliably interprets the
experimental data. The disadvantage of ab initio methods is
a demand on computing time, so their applications are still
rather limited. DFT methods appear to be better for
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calculation of molecular energies and geometries as time
requirements are lower than ab initio [27]. DFT is at present
therefore becoming the popular approach in carbohydrate
chemistry [28-30]. In addition, the development of methods,
that enable calculation of NMR parameters (chemical shifts
and scalar spin-spin coupling constants [31]), have expanded
the possibilities to compare theoretical data with
experimental observations,

High-Resolution NMR

High-resolution NMR spectroscopy is the main
experimental tool used for carbohydrate structural analysis in
solution. The 3D structure and dynamics in solution is
analyzed from all NMR parameters, chemical shifts, scalar
and dipolar coupling constants, NOEs and relaxation times.
1 and 13C chemical shifts are typically used in primary and
secondary structure determination as well as anomeric
configuration. Three-bond proton-proton (3Jy.p) and proton-
carbon (3Jc.y) coupling constant are often used in 3D
structural analysis as they depend on the stereochemical
arrangement of bonded atoms. 3Jg.g constants are
particularly useful in analysis of pseudorotation of pyranose

and furanose rings, hydroxymethyl group conformation. .

Typical value of 3Jy_y is about 8 Hz for antiperiplanary
arranged protons in pyranose rings, whereas ym=3.5Hz
is the value for the gauche arrangement. Conformation at the
glycosidic linkages can be deduced from 3Jc.y values
measured for the arrays of H-1’-C-1°-O-1’-C-x atoms
(evaluation of the ¢ angle) and the C-1’-O-1’-C-x-H-x atoms
(evaluation of the y angle). This type of analysis, however,
also requires the proper theoretical interpretation of spectral
data based on the computed molecular geometry and
coupling constants obtained from the parametrized
dependences [32, 33].

The magnitude of one-bond proton-carbon coupling
constants ('Jc.i) depends on the anomeric configuration.
1Jo.j is ~ 170 Hz in the o-anomer and- about 160 Hz in the
B-anomer [34, 35]. This difference is often utilized in
determination of anomeric configuration by NMR
spectroscopy. More recently, theoretical [28, 36-39] and
experimental [40, 41] evidences further indicated that 'Jc.
coupling constants can have more general applications as
their magnitudes depend also on ¢ and y angles at the
glycosidic linkages. As oxygen lone pairs orbitals interact
with the molecular orbitals localized in the C-H bond, the
bond orders change, and consequently, the indirect spin-spin
couplings vary. Since these effects are very sensitive to
molecular geometry, variations in !Jc.jy magnitudes can be
large, up to 15 Hz.

Residual dipolar coupling constants (‘D,-j) in weakly
aligned molecules is another parameter used in
conformational analysis [42-44]. Residual dipolar coupling
constants (two-bond "H-TH or one-bond 'H-13C) depend on
the <rij'3> factor (r is the distance between dipolarly coupled
nuclei i and j) as well as the orientation relative to magnetic
field. The magnitudes of 1Djj can be thus related with the
spatial arrangement of molecules (particularly long-range
interactions due to the <rij'3> factor) and complement the
results obtained from other NMR methods.

NOEs are probably the most often used NMR parameter
in 3D structural analysis of oligo and polysaccharides. Due
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to the <rij‘6> dependence (r is the distance between the two
cross-relaxing protons i and j), NOE magnitudes are
sensitive upon the 3D structure. NOEs are frequently used in
analyses of conformations at the glycosidic bonds,
hydroxymethyl groups or pseudorotation of the pyranose and
the furanose rings. However, similarly to 3Jc.y values,
proper interpretation of NOE data requires the calculation of
theoretical NOEs (computed from the modeled molecular
structure) and the comparison with experimental data [45,
46]. NOEs are at present, also often used in studies of
protein-carbohydrate complexes through evaluation of
transferred NOEs (TR-NOEs) [47-49] and saturation transfer
difference (STD) [50, 51] and interpreted with appropriate
programs [52, 53].

Dynamics of carbohydrates in solution is analyzed from
1H or 13C relaxation rates and NOEs [6, 54-56]. In most
cases, two-dimensional HSQC-type experiments are carried
out at different magnetic fields and T and T, data obtained
by non-linear fitting to cross-peak intensities. Motional
molecular properties are derived from experimental data
applying appropriate theoretical models [57, 58].

A large variety of experimental NMR methods, from
conventional one- dimensional (1D) to three-dimensional
(3D), can be used for determination of chemical shifts, scalar
and dipolar coupling constant, NOEs and relaxation times.
Two-dimensional (2D) COSY, TOCSY, HSQC and HMBC
are the most used methods in the structural analysis of
carbohydrates [9, 11]. Jc.y (in isotropic liquids) or 'D¢.py
(in weakly aligned systems) values can be measured directly
from HSQC or E COSY type spectra. As the determination
of couplings constants requires high precision, several
methodologies, based on the fitting to the intensity of the
cross-peaks, have been developed [42].

Although enough precise 3Jy.y values are mostly
determined from conventional 'H spectra, the overlap of 'H
resonances can be severed in carbohydrate spectra and
selective 1D methods (e.g. 1D TOCSY) or 2D spectra
(COSY or TOCSY) are then easier to apply [59]. 3en
values can be measured by various 2D methods, J-resolved
methods [60], constant-time techniques [61] or gradient-
enhanced spectroscopy [62]. The precision of these
experiments is sufficient to obtain reliable 3J¢ 1 values.

Most of the currently used experimental schemes, that
allow measurements of 13C relaxation times, are based on
2D double INEPT [63]. A series of 2D spectra are measured
with various lengths of relaxation intervals. Cross-peaks
intensities in 2D spectra vary according to the length of
relaxation intervals and relaxation times are determined by
fitting of the intensities of the peaks. The interpretation of
the Ty or Ty values and calculation of motional parameter
requires then appropriate models for molecular motions [57].

X-Ray Crystallographic Analysis

X-ray crystallography is the main experimental method
for carbohydrate structural determination in solid state.
Although only a limited number of carbohydrate structures
has been published to date due to the problem of
carbohydrate crystallization, bond lengths, bond angles and
torsion angles have been obtained together with hydrogen
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bonding networks for several biologically interesting
molecules [64, 65]. Perhaps even more importantly, current
methodologies offer indispensable information on the
structure of protein-carbohydrate complexes. Data on 3D
structure of both ligand and the protein molecules, hydrogen
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bonds, counter ions and solvent molecules in these
complexes are essential in drug design. X-ray analysis in
solid-state together with NMR data in solution and
molecular modeling provide useful basis for the detailed
understanding of protein-carbohydrate interactions. Selected

Table 1. Selected Crystal Structures of Protein-Carbohydrate Complexes

Carbohydrate Protein PDB code Ref
Mano(1-3){Mano(1-6)]Manf Concanavalin A 1CNV 66
10NA 67
GIcNAcB(1-2)Mana(1-6) ) Concanavalin A 1TEI 68
{GIcNAcB(1-2)Mano(1-6))
Mana-OMe
(Mana(1-6)[Mana(1-3)] Agglutinin Galanthus nivalis HPC 69
(Mano(1-6)fMana(1-3)]Man
(Mano(1-3) Mana(1-4) GlcNAc Isolectin 1 Lathyrus ochrus 1LOG 70
MeoMan Mannose binding protein MBP-A and MBP-C 1IKWU 71
Mano(1-3)Man IKWY
Mano(1-3)[Mana(1-6)]Man 1KZB
MangGlcNAcpAsn 1KX1
3’-sialyllactosc Wheat germ agglutinin [ 1WGC 72
Wheat germ agglutinin 11 2WGC
3’-sialyl Lewis X P-, E-selectin 1GIT 73
1GIR
2KMB 74
3’-sulfo Lewis X Mannose binding protein MBP-A 3KMB 74
4’-sulfo Lewis X 4KMB
Fucosyllactose Isolectin IT Ulex europaeus 1Q0T 75
Fucosylgalactose 1Q0T
Fucosyllactosc Erythrina cristagalli Lectin 1GZ9 76
Fucose Lectin I Ulex europaeus XN 77
Blood group antigen analogue Soybeen agglutinin 1G9F 78
Lewis B Isolectin 1V Griffonia Simplicifolia 1LED 79
Lewis Y 1GSL
Lewis Y anti-tumor antibody BR96 1CLZ 80
Heparin-pentasaccharide Antithrombin IIT 1AZX 81
Heparin-hexasaccharide FGF-1 2AXM 82
Heparin FGF-1-FGFR-2 1E00 83
Heparin-tetrasaccharide FGF-2 1BFB 84
Heparin-hexasaccharide
Heparin FGF-2-FGFR-1 1FQ9 85
Heparin-tetrasaccharide Annexin V 1G5N 86
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recently published carbohydrate-protein crystal structures are
listed in Table 1.
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CARBOHYDRATES AND THE RELATION WITH
BIOLOGICAL PROPERTIES

N-linked Oligosaccharides
Asparagine-linked (N-linked) oligosaccharides belong to

a class of cell surface carbohydrates that can be divided into
three subtypes — oligomannose, complex and hybrid {87]. N-
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linked oligosaccharides constitute the part of many
glycoproteins and play significant roles during cell-cell
recognition processes. Although there is much known about
N-glycans biosynthesis, their 3D structures, dynamics and
the roles in glycoprotein folding have been subject of
interest during the last two decades.

NMR and molecular modeling studies have been
performed on both simple structures, such as mono- or
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disaccharides, as well as complex high mannose
oligosaccharides [88-91], and were focused on determination
of conformational equilibrium on the individual (1-2, 1-3
and 1-6) glycosidic linkages. NOEs and molecular modeling
(hard sphere exo-anomeric, HSEA) in model compounds (1-
3 and 1-6 linked disaccharides and the core trisaccharide
(Chart 4)) indicated that 1-3 linkages are fairly rigid with the
(o,w) values of (75°, -135°). Two approximately equally
populated conformers with @ = 180° and -60° have been
observed (values recalculated from those published that were
based on the H-5-0-6 definition of the w torsion angle to
values based on the 0-5-0-6 definition used presently) for
the 1-6 linkages [89]. Narrow torsional excursions within the
single energy well (100°, -90°) [90] at the 1-3 glycosidic
linkage were in qualitative agreement with previous
findings. Further evidence of the static concept was found in
500 ps MD simulations performed on 1-2-type linkages in
MangGIcNAc, (Chart 5) in vacuum [91].

On the other hand, both theoretical and experimental
studies revealed that this type of oligosaccharides has
distinct internal motions [56, 92-96]. Three minima with the
comparable energies have been found on energy surfaces
computed for the 1-3 linkage in mannobiose in water
solutions [92, 96]. The evidence of flexibility was supported

ManB1— 4GIcNACB1 — 4GIcNAc

M1 G2 Gl

by the experimental NMR relaxation data. 1D NOEs,
collected at various magnetic fields, could be interpreted
only considering internal motions at the 1-3 glycosidic
linkage in model disaccharide [56]. Molecular modeling
studies of N-glycan structures also revealed the occurrence of
fluctuations at various glycosidic linkages [97, 98]. Recent
detailed studies of the core trimannoside [95, 99] and the
complex oligomannoside MangGlcNAc, [98], (Chart 5)
brought further details on internal motions in N-glycans.

OH

OH
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Table 2. Thermodynamic Data for Manat-OMe and Selected Mannose-Type Oligosaccharides Complexed with Concanavalin A

Compound AG AH TAS Ref.
[keal. mol™) [keal. mol'!) [keal. mol™)
Mana-OMe -5.3 -6.6 -1.3 102
GleNAcB(1-2)Man 5.2 53 0.1 102
Mano(1-3)Man -5.7 -10.2 4.5 103
GIcNAcB(1-2)Mano(1-3)Mana-OMe -6.1 -4.6 1.5 104
Cyclic analogue -)6GIcNAcB(1-2)Mana(1-3)Mano. OMe(4- -5.8 -2.7 31 104

Two conformations with different y angles existed on 1-2
linkages, namely, (¢,y)= (80°, -60°) and (80°, -180°).
Interestingly, outer 1-2 linkages adopt a relatively stable
stacked conformation with short-lived transitions to the
extended conformation. Internal 1-2 linkages showed the
larger flexibility though the inter-conversion was relatively
slow between the stacked and the extended conformations.
The observed flexibility at the 1-2 linkages was not
markedly influenced by the short-lived inter-residue
hydrogen bonds. In fact, these interactions have not
stabilized any of the observed conformations, stacked or
extended. Two main conformers at the 1-3 linkage had (¢,y)
= (80°, -100°) and (60°, -180°) in trimannoside structure;
the flexibility at this linkage appeared to be persistent also
the complex with mannose-binding protein (MBP) [95,
100]. Similar behavior of the 1-3 linkage, though with
slightly restricted flexibility, has been observed in
MangGlcNAc,. In the latter case, small difference in
conformational properties of two 1-3 linkages corresponded
with differences in the inter-residue hydrogen bonds. Thus,
the originally derived structure [88] in this trisaccharide with
(0,¥) (75°, -135°) corresponds to the “virtual” conformation
resulting from the averaging of two approximately equally
populated conformers with (¢,y) = (80°, -100°) and (60°,
-180°). Detailed analysis of the structurally similar
pentasaccharide (Chart 6) also indicated the presence of
internal motions as inferred from relaxation data and MD.
On the other hand, residual dipolar couplings could be
interpreted with a single-well structure [101].

It should be born in mind that the conformational
behavior at different glycosidic linkages likely depends on
the size of saccharide. As expected, small oligosaccharides
tend to be more flexible owing to the reduced steric
restrictions of neighboring units. In larger structures, such as
the MangGleNAc; both rigid and flexible parts are present in
the structure [98]. However, the overall 3D structure of
MangGlcNAc,, seems relatively well preserved despite the

- local flexibility. This structure does not considerably differ

from the conformation adopted in the glyco-conjugate from.
It is speculated that the above structural similarities could be
due to the compensatory motions at the glycosidic linkages.
In addition, correlated motions are likely present as well,
influencing the transitions between the glycosidic linkage
conformations, such as between the M7-M4 and the M4-M2
residues. The similar type of motions appeared to be present
also in the core trisaccharide, Manou(1-3)[Mano(1-6)]Manp-
OMe [95, 99]. Perhaps both types of motions, compensatory
and correlated, could be the consequence of the complex

hydrogen bond network between N-glycan and solvent. This
3D structure and motional behavior of this N-glycan,
together with the hydrogen bond system (partially mediated
by water molecules), may be the key to its properties during
the binding with proteins. The flexibility at the o(1-3)
linkage in the trimannoside structure in the binding site of
MBP can compensate, at least in part, the entropic cost
resulting from the freezing of motions of the Lys182 side
chain in MBP and motions of the trisaccharide hydroxyl
groups involved in hydrogen bonds [100]. Consequently,
this compensation results in the comparable binding
constant values of the core trisaccharide Mano(1-3)[Manoy(1-
6)]ManB-OMe to MBP with that of monosaccharide, a-Me
mannoside.

OH
HO
HO
o H
0—~J OH
AcHNyg Y 0
O%-{IO OMe
HO
OH

{
AcHN ﬁ\ -0
HO.

HO OMe
Similar evidence has been obtained for various mannose-
type oligosaccharides (Table 2). Binding of GlcNAcB(1-
2)Mano(1-3)Mana-OMe and its cyclic analog,
-6)GIcNAcB(1-2)Mano(1-3)Mana-OMe(4- (Chart 7), with
lectin concanavalin A (Con A) showed analogous results
[104]. The trisaccharide was found very flexible in solution
(with 7 energy minima) and the loss of its flexibility during
binding with Con A was accompanied by the less favorable
entropy changes (TAS = 1.5 kcal/mol) with respect to the
cyclic counterpart (TAS = 3.1 kcal/mol). 3D structure of this
trisaccharide in the complex had the glycosidic linkage
conformations ({12, ¥1.2 = 43°, 150°; ¢1.3, W13 = 74°,
95°). It is noteworthy, that the bound form is comparable

with the local minimum structure in the free state (¢, Y.
2= 44°, 147°; 6.3, ¥1.3 = 69°, 104°) rather than the main

Chart. (7).
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energy minimum arrangement (¢, W2 = -51°, -172°; ¢y.
313 = 69°, 99°).

As mentioned in the first paragraph of this section, the
influence of saccharide chains on protein part of
glycoproteins, and vice versa, is another issue that has to be
considered. Several studies pointed out on the significant
effect of the protein upon the oligosaccharide conformation
of the glycoprotein. NMR data collected in oligosaccharide
linked to the Asn78 residue in human chorionic
gonadotropin (N-glycosilated at Asn52 and Asn78) indicated
that the flexibility of 1-3 and 1-6 linkages in the core

Current Medicinal Chemistry, 2004, Vol. 11, No. 19 2571

trimannoside fragment (Mano(1-3)[Mano(1-6)]Manf)
differed from that in the aqueous solution [105]. Differences
in flexibility between terminal and interior residues were
observed also in 21-aminoacid glycopeptide from human
serum transferrin [106]. Even relatively small peptides can
reduce flexibility of the glycan core what is in agreement
with other data [91, 107]. Perhaps more appealing is the
observation that N-glycans, such as MangGIcNAc, (Scheme
5) can promote protein folding [108] and some complex-type
N-glycans could be essential in stabilization of the protein
3D structure [109, 110]. 1t is argued that the effect of N-
glycan is due to its amphiphilic structure, which likely
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contributes to the formation hydrophobic interactions, such
as observed in polyptides in endoplasmatic reticulum [111].
These carbohydrate-protein hydrophobic interactions might
play a decisive role in enhancing the protein folding through
reducing hydrophobic interactions within the protein part
also in other glycoproteins. In accordance, higher N-glycans
promoted protein folding better than the truncated one in
influenza virus hemagglutinin [112]. Disulfide-dependent
dimerization in intestinal mucin also demonstrates the
essential role on N-linked oligosaccharides in protein
structure [113].

It appears that the main efforts are currently focused on
establishing the influences of N-glycans roles in
glycoprotein folding, stabilization and dynamics. All these
phenomena are crucial in detailed understanding of cell-cell
interactions where glycoprotein structures play one of the
main roles.

Blood Groups Oligosaccharides

Oligosaccharides related to ABH(O) blood group
antigens are synthesized from the type-1, -2, -3 or type-4
glycan precursors by glycosyltranferases. Characteristic for
their structure is the Fucoe(1-2)]Galf- moiety that is
substituted in the position 3 of the B-Gal residue by GalNAc
and. Gal residues, respectively (for A and B determinants,
respectively) or linked (1-3 and 1-4) with the GlcNAc
residue (H type 1 and H type 2, respectively) (Chart 8).
Blood group determinants are covalently bound to proteins
and expressed on the red cells surfaces, vascular endothelium
as well as other tissues. Due to their biological significance,
blood antigen structural properties have been the subject of
numerous studies. Initial investigations in early eighties
were based on HSEA-type calculations and NOE NMR
measurements [14, 114]. The analysis of the data led to the
conclusions that these oligosaccharides have well-defined
structures. Prevalently rigid structures were inferred also
from interglycosidic NOEs between H-1g,c- H-5G1cnac and
H-1gye- H-3G1cNAc in blood group A oligosaccharides [115]
and in H-trisaccharides [116, 117]. A different view on the
conformational properties in the blood group A trisaccharide,
GalNAco(1-3)[Fuco(1-2)]GalB-O-R, was based on the
presence of two conformers at the Fuc-Gal linkage.
Experimental NOEs, together with their theoretical
interpretation, indicated that both conformers (with the ¢,
W2 = 50° 25° and ¢1.2, Wi.2 = 25°, -48°) have
comparable abundances in aqueous solution [118-120].
Satisfactory agreement with experimental data was obtained
only when the weighted average from both conformers was
taken for calculation of NOEs. Further NMR data of this
trisaccharide were collected in the presence of D. biflorus
lectin [118]. Computed NMR transferred NOEs indicated
that only conformer with the ¢1.9, Wy1.2 = 50°, 25° at the
Fuc-Gal linkage was selected by the receptor. Higher
flexibility at the Fuc-Gal linkage, rather than the Gal-Gal
linkage, was also in agreement with MD simulations [121].
However, Monte Carlo (MC) and solvated MD simulations
of T-antigen disaccharide GalB(1-3)GalNAcaOMe also reveal
a degree of flexibility at the Gal-Gal linkage [122]. Two
energy minima with ¢, y = 53°, 8% and ¢, y = 171°, -2°
have been obtained by MC for aqueous solution. Computed
NOEs, based on the presence of both conformers, agreed
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with experimental data. In the latter case, the lack of the
fucose residue can, however, results in different
conformational properties of this T-antigen disaccharide in
comparison with the previously mentioned trisaccharide. It
is also noteworthy, that transferred NOEs in Galf(1-
3)GalNAcaOMe in the presence of Maclura pomifera
agglutinin are in agreement with two different 3D structures
with ¢, y = 45°, -65° and ¢, ¥y = -65°, -18° pointing out
on some degree of persistent flexibility in the presence of the
protein [123]. Furthermore, both conformers differed
(predominantly in the ¢ angle) from the disaccharide
structure in crystal state (¢,y = 39°, -8°) [124]. This
evidence is remarkable and might in part originate from the
presence of water molecules that create a bridge between the
saccharide molecule and amino acids in the binding site. It
appears that the hydrogen bond system disaccharide-water-
receptor in solid state can also stabilize other oligosaccharide
conformers than those observed in solution in the complex
with protein. Consequently, the solution structure of the
saccharide bound form may not always correspond to that
observed in solid state.

Only a few crystal studies have been published to date
dealing with blood groups antigen analogs, such as Me-
fucoside, fucosyllactose, fucosylgalactose or penataccharide
analog (Table 1). In the complex of structurally related
fucosyllactose (Fuco(1-2)Galp(1-4)Gle) with Ulex europaeus
isolectin II the observed bioactive conformation at the
oFucl-2BGal linkage had the values ¢1.5, Wy.3 = -3°, -12°
and the GalB(1-4)Glc linkage 1.4, Wj.4 = 31°, -37° [75].
The comparison of stereochemistry of the aFucl-2pGal
linkage in similar systems indicate that this arrangement
slightly differs from the second conformer for the blood
group A trisaccharide, GalNAco (1-3)[Fuco(1-2)]Gal as well
as from the geometry of the energy minima found in
fucosyllactose in molecular modeling studies [119]. These
values appeared different also from that found in a high-
resolution crystal structure of Erythrina cristagalli lectin in
complex with fucosyllactose [76]. In the complex with
lectin, &2, W12 = 47°, 47° and 0.4, W14 = 49°, -20°, and
clearly shows that the 3D structure of the saccharide bound
form can be quite different in various proteins. The latter
discrepancy between the structure of fucosyllactose in Ulex
europaeus isolectin 11 and Erythrina cristagalli lectin
originates from dissimilar structural bases of both proteins
binding sites. Although some similarities can be found in
the interactions of the fucose residue with amino acids in the
binding site, the stereochemistry of the complex appears
quite different. The hydroxyl groups 2-OH and 4-OH are
involved in hydrogen bonds with Asn133 and Tyrl07 in
Erythrina cristagalli lectin (in Ulex europaeus isolectin II
with Gly106 and Ser104). In addition, Tyr106 in the lectin
is located on the other side of the fucose residue with respect
to the Tyr residue (Tyr135) in isolectin II. Experimental
results further indicate (increased B-factors) that there could
also be an increased flexibility of the monosaccharide
binding site, which partly explains the observed, more
favorable entropic term in the lectin thermodynamic data.
The data also indicate that water molecules play an
important role in the lectin binding site.

Well-defined conformations were derived from HSEA
calculations and steady-state NOEs in the early studies of
structure of Lewis blood group determinants [14,114]. The
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overall shapes of Lewis a (Le?) and Le* were found similar,
the same for LeP and LeY. Molecular modeling study using
the MM3 force field later found that 3D structures of LeX
and LeY are more rigid than Le? and Leb [119, 125]. In the
Le* trisaccharide, GalB(1-4)[Fuco(1-3)]GlcNAc, the
geometry of the energy minimum in solution (¢.3, W¥j.3 =
39°, -89° for the Fuc-GlecNAc linkage; ¢1.4, Y1.4 = 45°, 16°
for the Gal-GlcNAc linkage) was found comparable with that
observed in the solid state [126]. On the other hand, several
energy minima have been obtained in theoretical study, and
the solvent influenced the conformational equilibriums in
solutions, [127] suggesting that these oligosaccharides
might be more flexible than originally assumed.
Experimental NMR relaxation data and MD simulations of
Le* [128] also support these conclusions. The values of
generalized order parameters, S2= 0.8, derived from
experimental 13C NMR relaxation times, indicate that
fluctuations exist at least at the GlaNAc-Gal linkage and the
Fuc-Glc linkage. On the other hand, analysis of one-bond
residual dipolar coupling constants in Le? and Le* were
found to be in agreement with well-defined, tightly folded
structures of both oligosaccharides [129]. Experimental
NMR dipolar couplings and MC simulations using the
MM3 force field with continuum solvent model revealed a
similar overall shape of both determinants and thus arrived
to conclusions as made in earlier studies.

Only a very few studies have examined the 3D structure
of Lewis determinants in complexes with proteins. A 2.0 A
resolution analysis of co-crystals of LeP and LeY with lectin
IV of Griffonia simplicifolia indicated that the conformation
of both tetrasaccharides is nearly the same [79]. The torsion
angles at the glycosidic linkages in the bound state were
comparable each other and, in fact, corresponded well also
with the results of HSEA calculations. Similar 3D structure
at the glycosidic linkages in the complex with anti-tumor
antibody BR96 adopted also LeY derivative, where the
largest difference was only 14°in the ¢ torsion angles at the
Fuc-GlcNAc linkage [80].

Recent high-resolution NMR study of conformation of
LeX in the complex with two proteins, isolectin A from
Lotus tetragonolobus and Aleuria aurantia agglutinin,
revealed that the bioactive conformation at the Fuc-GlcNAc
linkage was considerably different compared to that in the
free state [130]. It was argued that, as both proteins are
fucose-recognizing proteins, the bioactive conformation
enabled better contact with the protein surface. In the free
solution, the GlcNAc and the Fuc residues showed the
stacking interactions that prevent the proper interactions of
the Fuc hydrophobic side with the protein receptor. In
addition, the diversity in bound conformations at the Fuc-
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GlcNAc linkage observed between these two proteins
demonstrated that different proteins may select different 3D
structures of the same ligand.

Structurally related tetrasaccharide sialyl Le* (sLe*,
NeuSAco(2-3)GalB(1-4)[Fuco(1-3)]GlecNAc, Chart 9)
tetrasaccharide is involved in the adhesion of leukocytes to
vascular endothelial cells through the interactions with trans-
membrane glyco-proteins. The recognition process of sLe*
by selectins is thus important in understanding such events
as the cell adhesion associated with inflammatory processes.
The 3D structure of sLe* cannot be compared directly with
that of the related blood group determinant, Le*. The
differences in conformation, brought about by the presence
of the aNeuAc residue, are relatively pronounced. The
stereochemistry at the Neu5Aco(2-3)Gal linkage is
influenced by the presence of the carboxylate group linked to
C-2 as well as by the lack of oxygen at C-3. The data based
on GESA and MM2 calculations, together with NOEs and
coupling constants across the glycosidic linkages, indicated
rigidity of the whole molecule, including the NeuSAco(2-
3)Gal linkage [131]. Other NMR and MD investigations
confirmed the presence of conformational equilibriums at the
Neu5Aca(2-3)Gal linkage, [132, 133] though the presence of
multiple conformers at other linkages was not clear [133,
134]. However, differences were found in conformational
properties at the 2-3 and the 2-6 linkages in NeuSAcou(2-
3)GalB(1-4)GlcNAc-Asn and NeuS5Aco(2-6)Galf(1-
4)GlcNAc-Asn. Three different conformers were found at the
2-3 linkage, whereas the extended low energy surface for the
2-6 linkage indicated higher flexibility of the latter linkage
[135]. A detailed study of conformational properties of O-
sLe* linked to the octapeptide fragment of the mucin domain
MAdCAM-1 further shows [136] that conformation of the
carbohydrate moiety remains essentially the same as in the
free solution. The influence of the glycosylation upon the
peptide conformation has also been studied in this work.
The observed differences in five different peptides, caused by
the different carbohydrate moieties, further supported other
evidence on the crucial role of glycosylation in glycoproteins
3D structure and dynamics, as already discussed within N-
glycans [105-113]. GlcNAc and LacNAc residues showed no
significant effect on the octapeptide conformation. However,
further fucosylation caused changes in the 3D glycopeptide
structure, specifically in the N-terminal region. Two proline
residues near this region can be in the cis-trans forms what
results in structural heterogeneity of the peptide. The
glycosilation reduced the cis-pro conformation whereas the
trans-pro form further stabilized at the same time.

Structures of the sLeX bound to E- , P- and L-selectins
have been thoroughly studied by NMR, including hydroxyl
Sialyl Lewis X

OH

Ot CH,0H
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Table 3. Conformation of sLe* in the Complex with E-Sclectin as Inferred from NMR Studies and Retrieved from the Crystal
Data. The ¢, ¢ Torsions Angles are Defined as ¢ = H-1"-C-1"-0-1"-C-x (C-1"-C-2"-0-2"-C-x in the Case ol NeuSAc); y=
C-1"-0-1"-C-x-H-x (C-2"-0-2-C-x -11-x in the Case of NueSAc)

aNeusAc2-3fGal BGal1-4GleNAc | aFuel-3GleNAce Ref.

N b by oy _|
Solid-state -65 11 B i_’-_lﬁ 4422 73
Solution NMR -58 -22 2434 7114 | 133
Solution NMR 43 -12 4519 2941 134
Solution NMR -76 6 39.12 3826 137

proton resonances in water solution. Transferred NOLEs
allowed identification of the bound conformations and the
recognition of some of the key interactions between -
sclectin and sle* tetrasaccharide [133, 134, 137]. The
derived bound conformations from transferred NOLs are
listed in Table 3 together with the X-ray structure (Fig. (1))
[73].

In general, all structures can be considered as equivalent
cach other, though small differences exist. The largest
variations seem at the Neu5Aco(2-3)Gal linkage, which is
also the most flexible linkage in solution. The largest
difference between the crystal (-65°, -117) and NMR data is
about 207, On the other hand, the small differences (within
67) between the solution and solid state structures at the
other two linkages were obtained in the first study [137].

Furthermore, the transferred NOE data indicate that only
relatively minor differences exist between the solution
structure and the bound structure. This is not only the case
for the Neu5Aco(2-3)Gal glycosidic linkage, but also for the
Fuca(1-3)GleNAc linkage (unlike to Le¥). The preserved
conformation at the latter linkage is likely due to the
interaction of the fucose 3-OH and 4-OH groups with
calcium ions in the binding site. This interaction does not
require changes in stercochemistry at the linkage as the both
OH groups are accessible also in the most abundant
conformation.

Analysis of 3D sLe® structures in complex with other
proteins, Lotus tetragonolobus, Aleuria aurantia
agglutinin, P- and L-selectins, indicates that the preservation
of the solution structure in the complex is not always the

Fig. (1). Structure of the tetrasaccharide sLe*- E-selectin complex. Torsions angles at the glycosidic linkages are listed in Table 3.

Retrieved from the 1GIT pdb file [73].
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case. In fact, again similarly to LeX, the comparison of free
and bound conformations reveal variations at the Fucou(1-
3)GIecNAc linkage [130] caused by the proper arrangement of
the fucose residue in the binding site. The changes at the
NeuSAca (2-3)Gal linkage [133] during binding with P- and
L-selectins, as well as other similar oligosaccharides in
complex with proteins {123], confirmed previous
observations that receptor does not necessarily select the
global minimum structure of the ligand.

CH,0805"

COO
H
o OH

HSO; SOy
Chart. (10).

Sulfated Saccharides

Although sulfated derivatives belong to a relatively
minor group of carbohydrates, they are involved in a large
variety of biological functions, such as, blood coagulation,
cell growth and differentiation, lipid metabolism, viral
invasion, angiogenesis, etc. [138-142]. Within this group of

4Cl

—~0

HO - )
coo O

SO3-

Chart. (11).

saccharides, efforts in structural analyses [143-145] have
been focused primarily on glycosaminoglycans (GAGs).
GAGs are linear polysaccharides made up by alternating
uronic acid (glucuronic acid (GlcA) or L-iduronic acid
(IdoA)) and hexosamine (2-amino-2-deoxy-D-glucose
(GIcN), 2-amino-2-deoxy-D-galactose (GalN)), some parts
being O- or N-sulfated (O-SO3- (O-S) or N-SO3" (N-S)
groups). The most well-known GAG, heparin (Chart 10,
predominantly consisting of -IdoA2Sa(1-4)GIcN,6S0(1-4)-)
has been the first and the most intensively studied sulfated
polysaccharide molecule owing to its variety of biological

functions [138-142].

Analyses of high-resolution NMR spin-spin coupling
constants and NOEs have shown that GIcN,6S residues
adopts rigid 4C; conformation in all GAGs, whereas TdoA2S
residues showed rather complex conformational behavior in

Chart. (12).
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this polysaccharide as well as in heparin-like
oligosaccharides [146-148]. In heparin, the 1doA2S residue
adopts two conformations, the skew-boat 2Sg conformation
and the chair !C4 form (Chart 11). The abundances of these
two forms are in ratio = 40 : 60 (2Sg : 1Cy4) [148]. This
equilibrium can be different in other structurally-related
compounds. For example, in the heparin-pentasaccharide
(Chart 12), which corresponds to the binding site of heparin
for antithrombin, the ratio is approximately reversed, thus =
60 : 40 (2S¢ : 'C4). One of the main factors influencing this
conformational equilibrium is the 2-O-sulfate group in the
1doA2S residue. The lack of the 2-O-sulfate group results in
the preference of the chair form, like is in the heparin-derived
tetrasaccharide (Chart 13) in which the ratio 28j : 1C4 = 25 :
75 [149]. However, the conformational equilibriums in
heparin-like structures are relatively complex and the
presence of the third conformer, 4C1, had to be also
considered to interpret numerous experimental NMR data
[150]. Furthermore, complex inter-conversions among the
1C, chair form, the skew %S, and 3S; forms as well as the
4C, form with 28y and 'S conformations have also been
considered [151]. It appears that the pseudorotation among
the 2Sy, 1S3, %S, and 3S| forms is energetically less
demanding than between the chair and the skewed forms. In

addition, the influence of counter-ions (mainly Na* or Ca2*)
should also be considered as ions can influence abundances
of these conformers [152, 153]. All the above mentioned
efforts are prompted by the necessity to understand how the
IdoA residue influences the 3D structure and dynamics of
GAGs, as well as its role in interactions with proteins.

As GAGs are considerably substituted saccharides, their
3D structure is further influenced by the presence of bulky
and negatively charged sulfate and carboxylate groups
present also in other residues [148, 150]. Consequently,
GAGs adopt extended, partly flexible structures in most
cases [154, 155] although the formation of well-defined
structures has also been described [156]. The analysis of
conformations at the glycosidic linkages has been based
predominantly on NOEs (ROEs) [148-150, 156-159], AR
[160] and T3 [145, 149, 161]. Theoretical NOE data were

CHZOSO3 HZOOSOJ_
OO
NHso_,, NHSOy

X



2576 Current Medicinal Chemistry, 2004, Vol. 11, No. 19
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Chart, (13).

compatible with most of the steady-state NOEs in heparin-
pentasaccharide, GlcN,6Sa(1-4)GlcAB(1-4)GleN,3,6S0(1-
NHIdoA2Sa(1-4)GleN,6SaOMe (Chart 12), and indicated
that conformations at the GlcN,6So(1-4)GlcA, GlcAB(1-
4)GIcN,3,6S and GlcN,3,6S0(1-4)IdoA2S glycosidic
linkages are comparable for both, nearly equi-energetic,
conformers (1C4 and 28g) in the IdoA2S residue [157]. On
the other hand, the geometry at the IdoA2Sc(1-4)GIcN,68S
linkage differed considerably (¢4 = 24°, y4 = -48° for the
1C4 conformation and ¢4 = 43°, y4 = 6° for the 2S
conformation) for the two iduronate residue forms. In a
structurally similar heparin-derived tetrasaccharide
GIcN,6S0(1-4)GlcAB(1-4)GIeN,3,6Sa(1-4)IdoAaOMe
(Chart 13), theoretical ROEs were in a good agreement with
experiment ROEs {149]. Small discrepancies between the
theoretical and computed data observed for the
GlcN,3,6S0(1-9)IdoA linkage originated from the complex
internal dynamics at the reducing part of the molecule. It is
speculated that the reason of this disagreement is in both
pseudorotation of the IdoA residue and flexibility at the
GIcN,3,6So(1-4)IdoA glycosidic linkage.

Interglycosidic NOEs have been analyzed in various
sulfated polysaccharides [156, 162, 163]. The decasaccharide
model of the heparin molecule was obtained with MM2
force field where both ring forms (!C4and 284) were
considered for the IdoA residue [156]. The 3D structure of
the helix seems to be not significantly affected by

IdoA2S . , IdoA2S

GlIcN,6S

GIcN,6S

GIcN,6S

Milos Hricovini

NHSO; u

pseudorotation of the IdoA residue, as the conformation of
the glycosidic linkages are similar in both the 1C4 and 2Sg
forms [143, 148, 156, 164]. The overall molecular shape can
be characterized as a helix with an overall length of about 50
A for decasaccharide. In this model the three sulfate groups
form a cluster on one side of the chain, while the other three
form a similar cluster on the opposite side (Fig. (2)). Such
an arrangement of sulfates seems to play the essential role in
interaction with proteins.

Analysis of dynamics allowed the determination of
motional parameters, internal and overall correlation times,
in heparin-oligosaccharides [165, 166] and several
polysaccharides [156, 167, 168] using the symmetric top
model. In heparin-pentasaccharide [165], the interpretation of
13C T, and T, relaxation times, collected at different
magnetic field strengths, led to the conclusion that the
molecule tumbles non-isotropically (with 7y and 7, = 450
ps and 1.6 ns, respectively), and that the rate of internal
motion is on the picosecond timescale (= 70 — 90 ps). The
order parameters, that characterize the restriction of internal
motions, are different for each residue and decrease from the
central residue towards both ends of the molecule (from =
0.9 to = 0.7), indicating that the terminal residues are less
restricted in their internal motions.

The relaxation data were interpreted in terms of the
symmetric top model in polysaccharides such as heparin,

1doA2S IdoA2S
a \
PO N

GIcN,6S

Fig. (2). The overall heparin structure. The N-sulfate and 6-sulfate groups in the glucosamine residues and the 2-sulfate groups in the
iduronic acid residues create a cluster at two sites of the polymer chain [156].

%
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Table 4. Values of Overall Correiation Times (T" ,T) , ns/rad), Internal Motion Correlation Times (7., ps/rad) and Order
Parameters (S2_y;) Derived from NMR Relaxation Data for Heparin, Heparin Epoxide and K5 Polysaccharide

1.'“ Ta Te Szc_H Ref.

Heparin 0.16 8 a a 156
Heparin epoxide 0.8 42 0.15 0.65 167
K5 0.35 7.8 0.03 0.79 168

a, not determined

heparin epoxide or K5 [156, 167, 168] and the computed
dynamic parameters are given in Table 4. For heparin, the
derived correlation times, 7y = 0.16 ns and 7, =8 ns (the
axial ratio (7 / 7)) = 50), indicated a strong motional
anisotropy of this polymer. Longer overall correlations
times, 7y and7, , were obtained for heparin epoxide (800 ps
and 42 ns, respectively) [167]. The 1. value (150 ps)
suggested that internal motions were slower than in heparin
pentasaccharide [165]. The axial ratio was found similar in
heparin and heparin epoxide (7, / 7y = 50) and points out on
similarity in the molecular shape of these molecules. On the

11

Al At*

5.8 54 5.2 5.0 ppm
15
AB
Aa.
A6*
c M
B
A

T T T T 1
450 445 440 435 ppm

other hand, the derived values of 7) and 7, (Table 3)
indicated slightly different overall motional properties of K5
[168]. The axial ratio is smaller (= 22) and appears to be in
agreement with the smaller size of KS5. In addition, 1, (30
ps) and S? (~0.8) suggest a different extent of internal
motion, compared with heparin epoxide. This difference
could originate from the structural differences of these
molecules: the presence of the glucuronic acid residue in the
K5 leads to a more rigid structure for this polymer.

The interactions between antithrombin and heparin-
derived oligosaccharides have been intensively studied [169-

14

B
A
! T 1 ] 3 L
425 420 445 4.10 ppm
Me
G2
A2
C A2
B
A M
r 1 T 1
34 33 ppm

Fig. (3). Regions from 'H NMR spectra of the heparin-derived tetrasaccharide in aqueous solution (A), and in the complex with

antithrombin in molar ratios 20:1 (B) and 10:1 (C).
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Bound state

S,
v (P A
L W 3 ¥ Free state
““. = .\'j “5;;'/7 ‘ Al
3 N
GIcN,6-S GlcA GlIcN,3,6-S IdoA

Fig. (4). Heparin-derived tetrasaccharide in the free state and in the complex with plasma protein antithrombin. The corresponding
torsion angles at the glycosidic linkages are: ¢1.5, Wy.5 -45°, -30°, (GIcN,6S0/(1-4)GIcA), ¢7.3, Wa.3 42°, 18° (GlcAB(1-4)GlcN,3,68),
b3.4, Wa_gq -27°, -48° (GleN,3,6Sa(1-4)IdoA) for the free state and 6.5, Wy 39°, 12°, (GleN,680(1-4)GlcA), $,.3, W3 43°, 14°
(GlcAB(1-4)GIcN,3,6S), d3.4, W34 -27°, -48° (GIcN,3,6S0i(1-4)IdoA) for the bound state.

173] including x-ray crystallography [81, 174], high-
resolution NMR [145, 149, 175, 176] and molecular
modeling [177-179]. Significant effects of the protein
antithrombin on the 'H and !'3C chemical shifts for the
heparin-derived tetrasaccharide (Chart 13) have been recently
observed (Fig. (3)) in an NMR study of the heparin-
tetrasaccharide-antithrombin complex [149]. These large
variations are mainly due to strong electrostatic interactions
between negatively charged groups in the ligand molecule
(sulfates and carboxylates) and positively charged amino
acids in the protein binding site. As expected, the most
pronounced effects were seen in the central residue
(GIcN,3,6S) bearing three sulfate groups where these effects
were up to 0.03 ppm for 'H. Quantitative interpretation of
transferred NOEs allowed determination of the
tetrasaccharide structure in the bound state. The comparison
of both ¢ and y torsion angles showed the largest change
during the binding with antithrombin was at the
GIeN,6Sa(1-4)GIcAP linkage (Fig. (4)) [149].

Comparable observations were found in heparin-
pentasaccharide-antithrombin complex [175]. Transferred
NOEs were interpreted with full relaxation and
conformational exchange matrix analysis using the
optimized geometry of heparin-pentasaccharide and 8 amino
acids in the binding site (Arg 13, Arg 46, Arg 47, Arg 129,
Lys 11, Lys 114, Lys 125 and Asn 45). 3D pentasaccharide
structures for the free and the bound state (Table 5) revealed
that binding is (similarly to tetrasaccharide) accompanied by
changes predominantly at the GlcN,6Sa(1-4)GlcAp linkage.
The small variation at the IdoA2So(1-4)GIcN,6S linkage
has also been observed, whereas the conformation at the
remaining linkages, GlcAB(1-4)GIcN,3,6S and the
GlcN,3,6S0(1-4)IdoA2S, remains essentially unchanged.
The 3D structure at the glycosidic linkages of a synthetic
heparin-pentasaccharide analog (bearing extra sulfate and
methyl groups) obtained in a recent crystal study [81] was
found to be comparable with that of the naturally occurring
heparin-pentasaccharide in the free state. Furthermore, the
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Table 5.
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6,y Torsion Angles at the Glycosidic Linkages in Heparin-Pentasaccharide GleN,6Sa(1-4)Gle AB(1-4)GleN, 3,680 (1 -

HIdoA2Sa(1-)GleN,6ScOMe Reproducing Structure of the Specific Binding Sequence of Heparin and Heparan
Sulphate for Antithrombin in the Heparin-Pentasaccharide-Antithrombin Complex as Derived from NMR Solution
Data and Molecular Modeling [175]. ¢,y Values are Listed for Pentasaecharide also in the Free State [157] for
Comparison. &, ¥ Torsion Angles, Retrieved from the Crystal Structure, for the Pentasaccharide Analogue (Bearing
[xtra Sulfate and Methyl Groups) [81] are in the Last Two Lines

| (TP B, Yo | &3, 3 [\

AT-pentasaccharide complex ‘ -56, -60 40,12 -32,-43 45, 16
pentasaccharide (free state) -34, -27 47, 6 ‘ 38§, -42, 43,6
Pentasaccharide analogue -31, -35 41,1 71,-33 44,16
(erystal structure) ! 332 35,8 66, -35 18,5

I corresponds to two different Torms of L= and - antithrombin

analysis of experimental NOEs in the IdoA2S residue
showed that this residue adopts the 28 conformation in the
complex [175].

Interestingly, both molecular modeling of the heparin-
pentasaccharide-antithrombin complex and crystal data of the
synthetic analog with antithrombin indicated that the 2-0-

sulfate group was not directly involved in the binding
process. In both cases, no interactions have been observed
between this group and any amino acid in the binding site.
[t thus appears that the 2-sulfate group predominantly
stabilizes the 2S form of the IdoA2S residue in the complex
through clectrostatic intcractions between the carboxylate

Fig. (5). 3D structure of heparin-pentasaccharide in the complex with plasma protein antithrombin based on high-resolution
NMR and molecular modeling. The torsion angles at the glycosidic linkages are listed in Table 5.
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group and the Arg 47 and Lys 114 residues. Furthermore,
the 2S; conformation influences the 3D structure of the
reducing end (conformation at the IdoA2Sau(1-4)GIcN,68
linkage) enhancing the interactions among the N-sulfate
group of the GIcN,6S and Arg 46, Arg 47 and Lys 114 (Fig.
(5)). These electrostatic interactions were considerably
reduced when the 'C4 conformation is adopted owing to the
different stereochemical arrangement of the TdoA2So(1-
4)GIcN,6S-OMe part. The above evidence indicates that the
role of the 2-sulfate group in the IdoA2S residue is
essentially affecting the 3D structure of this residue
(influencing the chair — skew boat conformational
equilibrium) and the part of this pentasaccharide. Such a
stereochemical arrangement seems to fit best the 3D structure
of the binding site [175, 176] resulting in the high affinity
of this pentasaccharide to antithrombin.

The mechanism of the interaction of heparin/heparin
sulfate (HS) with fibroblast growth factors (FGFs, FGF-1
and FGF-2) and FGF receptors (FGFR-1 and FGFR-2) have
been the subject of thorough studies aimed at the proper
understanding of the mechanisms of FGF signal
transduction [82-85, 180-185]. The crystal structure of FGF-
1 bound to FGFR-2 pointed out on the essential role of HS
molecule to cross-link two FGF molecules in the dimer that
assembles together two receptor (FGFR-2) molecules
creating the complex with 2:2:1 stoichiometry [83]. The
analysis of the complex of FGF-2 with FGFR-1 at 3 A
resolution showed that two complexes associate and create
the large, positively charged canyon. This cleft represents the
HS binding site where two ligand molecules are bound, each
occupying one-half of the binding site creating the 2:2:2
stoichiometry complex [85].

One of the key questions in understanding the interaction
between HS and FGF involves the role of the chain length
of HS as well as the role of N-sulfate and the 6-O-sulfate
groups of HS in promoting the assembly of active structures
[183, 184]. It has been speculated that 6-O-sulfate groups are
important in binding and activation of FGF-1 [186].
Interestingly, 6-O-sulfate groups are probably not crucial for
binding of HS with FGF-2, but these groups are important
to create the ternary complex with the receptor and to induce
the mitogenic activity [85, 187, 188]. In accord with these
observations, strong effects of FGF-1 upon shieldings of 'H
and 13C resonances in synthetic tertasaccharides [189] are
observed in complexes with FGF-1 [190]. The analysis of
the data revealed that the 6-O-sulfate group at the reducing
end of the molecule is crucial in interaction with FGF-1.
Furthermore, MALDI experiments indicated that
tetrasaccharides bearing 6-O-sulfate groups are able to form
the 2:1 complexes with FGF-1. Such evidence thus
confirmed previous speculations that even relatively short
heparin-derived oligosaccharides could create complexes with
the trans arrangement of two FGF-1 molecules, provided
these saccharide derivatives meet proper structural
requirements.

High-resolution NMR analysis of structure and dynamics
of FGF-2 in the free state and in the presence of heparin-
tetrasaccharide and heparin-dodecasaccharide indicated that
the presence of tetrasaccharide increased the overall
correlation time of the complex. This is compatible with the
assumption that tetrasaccharide induces the formation of the
dimer of two FGF-2 molecules. In addition,
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dodecasaccharide showed even greater effect on the dynamics
of the complex due to formation of higher order oligomers.
This fact further supports the evidence that the dimer is
trans oriented in the presence of tetrasaccharide, whereas two
cis oriented dimers, forming the symmetric tetramer, are
assembled in the presence of dodecasaccharide [180].

Recent crystal data of FGF-7 at 3.1 A resolution
provided further insight into the structural basis of growth
factors interactions with HS molecules. Crystal data showed
that, in addition to N-sulfate and 6-O-sulfate groups, the 3-
O-sulfate group might play an important role in interaction
with this growth factor {185]. Another requirement for the
proper binding appeared the increased length of HS
oligosaccharide. '

The role of HS-type molecules in cancer biology has also
been intensively studied. Cell surface GAGs regulate
tumorigenesis, progression and metastasis [191]. Heparin
oligosaccharides have shown anti-tumor effects in in vitro
assays [192]. Although the structural details of
antiangiogenic and metastatic properties of GAG molecules
are unknown the inhibition of heparanase activity might be
the crucial step of the anti-cancer role of heparin-like
saccharides [193-196]. Recently, chemically modified
heparin showed antiagiogenic activity in in vivo models. It
was speculated that the increased flexibility in heparin chain
is responsible, at least in part, for this effect [197].

There is increasing number of studies dealing with
interactions of HS and heprin-derived oligosaccharides with
other proteins, such as annexin V [86], heparin-binding
growth-associated molecule [198], midkine [199], native
vitronectin [200], human immunodeficiency protein model
[201], cobra cardiotoxin [202, 203], platelet factor-4 [204],
growth-related protein-o [205], selectins [206, 207]. Current
efforts are focused particularly on determination of the key
functional sulfate groups in heparin-oligosaccharides that are
essential for binding with proteins [176, 185, 190, 207].
Other aspects are the lengths of HS chains, variations in 3D
structure and dynamics of proteins during the binding
process, formation of molecular assemblies. All the above
efforts are aimed at detailed description of the structure of
protein-carbohydrate complexes and understanding the
mechanisms of actions of saccharide molecules in
investigated systems in order to design synthetic derivatives
with the desired biological activities.
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Glycoprotein folding, quality control and ER-associated
degradation
Gerardo Z Lederkremer

Nascent N-linked glycoproteins possess a large
oligosaccharide precursor, GlcsMangGIcNAC,, which is later
sequentially timmed. Recent studies help understand the code
displayed by each structure produced by this trimming and its
decoding by lectins. The calnexin folding cycle targets only
monoglucosylated oligosaccharides. N-glycans of misfolded
glycoproteins are then more extensively trimmed than once
thought, being targeted for degradation by removal of three or
four mannose residues. A high local concentration of
endoplasmic reticulum (ER) mannosidase | in an ER-derived
quality control compartment is mainly responsible for this
trimming, with the possible participation of other
mannosidases. The shortened chains, Mans ¢GIcNAc,, are
recognized by the ubiquitination machinery-associated lectin
0S9 but not by lectins that associate with properly folded
glycoproteins en route to the Golgi that bind best to
Mang.oGIcNACs.
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Introduction

The vast majority of secretory proteins are N-linked
glycoproteins. A puzzling issue, for long, has been why
a large oligosaccharide precursor, GlesMangGleNAc,
(G3M9, Figure 1) is needed for protein N-glycosylation,
if it will later be extensively trimmed. Knowledge has
been gained on the importance of oligosaccharide struc-
tures, products of stepwise processing in the ER, where
N-glycosylation occurs, which determine the recognition
and targeting of glycoprotein molecules during their
folding and delivery to the Golgi or during their misfold-
ing and targeting to ER-associated degradation (ERAD)
[1,2). It was thought that removal of one mannose from
the deglucosylated precursor M9 to yield M8B (Figure 1)
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targets a terminally misfolded glycoprotein to ERAD.
However, a glycoprotein carrying M8B can still be reglu-
cosylated and remain in the calnexin (CNX) folding cycle
and later exit to the Golgi. Recent studies indicate that
glycoprotein targeting to ERAD involves extensive trim-
ming of M9 to M6 and M5 (Figure 1) [2,3]. This again
could pose a problem, as N-glycans of properly folded
glycoproteins are also later trimmed to M5. The solution
lies in compartmentalization. Properly folded glyco-
proteins are trimmed in the Golgi, after the quality
control checkpoint and are thus released for further
processing and productive maturation. By contrast, recent
evidence shows that misfolded glycoproteins are trimmed
in the ER-derived quality control compartment (ERQC)
and are then trapped by the OS9 lectin and delivered to
ERAD.

Early stages of glycoprotein folding and
quality control—the calnexin cycle

Calnexin and calreticulin

Membrane-bound CNX and its soluble luminal homol-
ogue, calreticulin (CRT), are chaperones that associate
with nascent glycoproteins after the trimming of two
glucose residues from the precursor N-linked oligosac-
charide G3M9 by glucosidases I and II (GI and GII),
participating in the ER-retention of these glycoproteins
until they are properly folded and preventing their aggre-
gation (reviewed in [4]). Dissociation of CNX from the
glycoproteins is elicited by removal by glucosidase II of
the third, mannose-linked glucose, which can be re-added

- by UDPGlc:glycoprotein glucosyltransferase (GT). This

‘CNX cycle’ continues until proper folding of the glyco-
protein is achieved, which prevents further recognition by
the folding sensor GT, allowing exit to the Golgi (Figures
1 and 2). It is important to note that the CNX cycle does
not exist in S. cerevisiae [4).

Besides their lectin activity, CNX and CRT can bind non-
glycosylated proteins and prevent their aggregation in
wvitro [5-7), also shown recently i vivo [8°]. Nevertheless,
most CNX and CRT binding is carbohydrate dependent
[4). A reasonable model is that the initial binding is

generally carbohydrate dependent, leading then to direct
peptide binding.

GT and Gll

GT recognizes both the core pentasaccharide (M3 in
Figure 1) in N-glycans and exposed hydrophobic regions
of target glycoproteins [9,10°]. This is consistent with the
wide specificity of GT as long as the acceptor mannose

www.sciencedirect.com
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Figure 1
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Trimming of the N-glycan precursor during glycoprotein folding and maturation or delivery to ERAD. The precursor oligosaccharide GlcaMangGIcNAC,
(G3MY), attached to Asn on the nascent polypeptide chain is trimmed by removal of the non-reducing terminal glucose residue by glucosidase | (Gl) to
G2M8 and of the second glucose by glucosidase Il (Gll) to G1M9, allowing binding of catnexin {CNX) or calreticulin (CRT). CNX folding cycles then start,
where the glycoprotein is deglucosylated by Gll and reglucosylated by UDPGIc:glycoprotein glucosyltransferase (GT). During this process mannose-b
can be excised from M9 by ER mannosidase | (ERManl). If the glycoprotein is properly folded, it is no longer recognized as a substrate by GT and it
exits to the Golgi where it is further trimmed of all its a1,2 linked mannose residues (blue) by Golgi mannosidases IA, 1B and IC to MansGIcNAc; (M5). If
the glycoprotein cannot fold successfully, it is delivered to the ER-derived quality control compartment (ERQC) and further trimmed to M6 and M5 by
ERManl with the assistance of the EDEMs 1-3, and possibly of recycled Golgi «1,2 mannosidases. This trimming leads to binding of the glycoprotein
by the lectin 0S3, which commits the glycoprotein to ERAD [21°*,26"]. Removal of mannose-c from M9 or from M8B, to yield M8C and M7A,
respectively, allows recognition by 0S9. However, glycoprotein molecules bearing M8C or M7A can still be rescued from the ERQC and transported to
the Golgi by reglucosylation in the ER and proper folding. Trimming of mannose-a from these structures is probably required for efficient ERAD
(dashed arrows). The faded lower structures are not naturally present in mammalian cells or yeast. M5-2 is present in wild-type Trichomonas [25%],
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residue (a, see Figure 1) is present. As for GII, recent
reports show similar kinetics for removal of Glc from
GIM9, GIMS8 or GIM7 (11,12] (Figure 1). GT is required
for certain slow-folding or misfolded domains in glyco-
proteins [13°] but not for normal folding of many glyco-
proteins, implying that they can complete their folding in
a single CNX binding event [14°]. Consistent with this,
GT was found to be essential in lower eukaryotes only
under conditions of high stress {15].

ERp57 and other oxidoreductases

Of the scveral oxidoreductases and disulfide isomerases
that exist in the ER, ERp57 acts specifically on glyco-
proteins by forming a complex with CNX or CRT [16].
CNX and ERp57 associate with nascent glycoproteins ina
complex but can dissociate independently from the
bound glycoprotein. ERpS57 dissociates rapidly from a
misfolded glycoprotein, whereas its association persists
to a substrate undergoing productive folding, the opposite
being true for CNX [17]. Furthermore, ERp57 does not
need to interact with CNX and CRT to act as a chaperone
and, for example, promote assembly of MHC class I [18].

Another recently described selenocysteine-containing
oxidoreductase, Sepl5, is suggested to participate in
glycoprotein folding in a complex with GT [19].

Glycoprotein refolding attempts and targeting
to ERAD

ER mannosidase | and mannose trimming

A crucial decision is when to abandon refolding attempts
through the CNX cycle and to target the glycoprotein to
ERAD. Trimming of «1,2 linked mannose residues is
essential for this process and recently the extent of
trimming and the required oligosaccharide structures
have become more clear [3]. It was initially proposed
that removal of a single specific mannose residue (man-
nose-b in Figure 1) from M9 to generate M8B would mark
the glycoprotein for ERAD. However, M8B-bearing gly-
coproteins remain in the CNX cycle [12] and can be later
targeted to the Golgi. In §. cerevisiae, lack of the middle
mannose-b (as in M8B, Figure 1) is not sufficient for
ERAD [20*%,21**]. In mammalian cells it is not either, as
in mutants that transfer a particular M5 isomer to proteins
(MS5-2, also devoid of mannose-b, Figure 1), removal of
mannose-a residue is still required for ERAD {22]. In wild
type mammalian cells it was found that ERAD substrates
are processed to M6 and M5, which means that most or all
al,2 linked mannose residues are removed [23°°,24]. A
similar determinant for ERAD may also exist in lower
eukaryotes. During ERAD in §. cerevisiae trimming to an
M7 isomer lacking mannose-c (Figure 1) and to a smaller

amount of M5 was observed [20°*]. However, this was
without inhibiting the proteasomes, which are in charge
of degradation in ERAD. Under these conditions most
molecules bearing M5 could have been rapidly degraded
in the yeast cells like in mammalian cells [24]. In mutants
that do not allow exposure of a non-reducing terminal
al,6-linked mannose, ERAD is blocked (M6A, Figure 1),
suggesting that this is an essential determinant, but
perhaps also trimming of mannose residues a and d
(Figure 1) is necessary in yeast. Consistent with a possible
extensive trimming of most or all «1,2 mannose residues
also in 8. cerevisiae, M5 binds with the highest affinity to
the lectin Yos9, whereas M8B binding is negligible
(Figure 3) [21°*]. Mammalian OS9 and yeast Yos9 are
proposed as receptors for misfolded glycoproteins after
the mannose trimming step, as described below. In
another lower eukaryote, Trichomonas, the oligosaccharide
transferred to glycoproteins is M5-2 (Figure 1). Mannose
residues are removed from this isomer to yield M3 [25°],
similar to what was found in mutant mammalian cells
[22], suggesting requirement for removal of mannose
residues a and d (Figure 1).

Although there might be differences among species,
altogether the recent studies suggest that the removal
of all or most a1,2 mannose residues (a-c and perhaps also
d) to yield M6 and M5 could be universal in ERAD.
Removal of mannose-a takes away the glycoprotein irre-
versibly from the CNX cycle by eliminating the glucose
acceptor and thus precluding CNX binding. Consistently,
while M5 binds with high affinity to OS9 and the highest
to yeast Yos9, it has no affinity for the lectins VIPL, VIP36
and ERGICS53, involved in ER-Golgi transport (Figures 2
and 3) [26°*,27°*]. The same MS5 structure as in the ER is
produced in the Golgi, but in the latter case mannose
trimming to M5 would release the glycoprotein from the
lectins involved in ER-Golgi transport and allow further
maturation through the secretory pathway (Figure 1). By
contrast, for misfolded ER-retained glycoproteins, pro-
cessing to M5 would prevent binding to the ER-Golgi
transport lectins and would allow trapping by OS9 and
delivery to ERAD. Although mammalian OS9 can also
bind M8C and M7A in wvitro (Figure 3) [26°°], it is
uncertain that these species would reach OS9 77 vivo as
glycoproteins carrying them will be engaged in the CNX
cycle, and probably mannose-a must be removed from
them for efficient ERAD, similar to the case of M5-2
discussed above (Figure 1).

An important question is which enzymes are in charge of
this crucial decision-making process that targets a mis-
folded glycoprotein to ERAD. Recent evidence points to

(Figure 1 Legend Continued) in the delta Alg3 S. cerevisiae mutant [20°°] and in mutant mammalian MadlA214 cells [22] and glycoproteins carrying it
can undergo ERAD without the need of EDEM1 but with the requirement of ERMant. M5-2 is trimmed to M3, which can be recognized by OS9 [21°*7].
Glycoproteins carrying the M6A isomer produced in the S. cerevisiae delta AlgS mutant cannot undergo ERAD because they lack a non-reducing

terminal 1,6 linked mannose [20**,21°°].

www.sciencedirect.com
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Figure 2
Protein (1) Specificity (2)  Localization Function
Lectins
Calnexin G1Me-7 ER, ERQC Folding and quality
control
Calreticulin G1iM9-7 ER,ERQC  Folding and quality
control
Calmegin G1M9-7 ER Folding and quality
control? (3)
Malectin G2M9 ER Unknown
Intracellular High mannose  ER,ERexit ER to Golgi transport?
MBP (4) sites
ERGIC-53 High mannose  ERGIC ER to Golgi transpon
ERGL (5) Unknown Unknown ER to Golgi transport?
VIP36 M9-M7 ERGIC, cis-  ER to Golgi transport
Golgi
VIPL Mg-M7 ER ER to Golgi transport
0S9 M8C-Ms ER, ERQC? ERAD
(6) (7
Fbs1 (8) High mannose  Cytosol ubiquitination
Fbs2 (8) High mannose  Cytosol ubiquitination
EDEM1 (9) High mannose? ER,ERQC, ERAD
(10) vesicles
EDEM2 ({9) High mannose? ER? ERAD
(10) .
EDEM3 (9) High mannose? ER? ERAD
(10)
Glycosidases ERMant Mg-M6 ERQC ERAD

Golgi ManlA Mg-M6

transferase

Golgi ManIB M9-M6 Cis-Golgi Maturation and
ERAD? (11)
Golgi ManlC M39-M6 Cis-Golgi Maturation and
ERAD? (11)
Gl G3Mma ER Glucose trimming
Gll G2M9, GIM9- ER Glucose trimming,
G1M7 quality control
PNGase Any N-tinked Cytoso! Removal of N-linked
glycan from protein
Glycosyltransferases | OST (12)  G3M9 ER Transfer of GaM9 to
proteins
GT M9-M7 ER Transter of glucose,
quality control
GlcNAct-  M8-M7 Cis-Golgi Targeting to
phospho- lysosomes

EAR, ERGIC, Maturation and
cis-Golgi? ERAD? (11)

Current Opinion in Structural Biology

Mammalian N-linked glycan-binding proteins of the early secretory pathway: lectins and enzymes. (1) Note that the only proteins in this table with
known S. cerevisiae homologues are calnexin (although the protein is quite different), OS9, EDEM1, ERManl, GI, Gll, PNGase and OST. (2) Specificities
refer to naturally occurring ligands on glycoproteins, some synthetic ligands may also be bound, for example, G1M5 to calnexin. (3) Calmegin is a
calnexin homologue expressed exclusively in testis. (4) Intracellular mannan-binding protein. (5) The function and binding specificity of ERGL,
(ERGIC53-like protein) have not been characterized yet. (6) S. cerevisiae Yos9 has its highest affinity for M5. (7) OS89 is possibly localized in the ERQC
like its associated proteins HRD1 and Derlin1 ([55°] and our unpublished resuilts). (8) Fbs1 and Fbs2 are homologous proteins, Fbs1 being neuron-
specific and Fbs2 ubiquitous. (9) EDEMs 1-3 are indicated as both lectins and glycosidases as they promote mannose trimming in cells in vivo but have
not been found yet to have mannosidase activity in vitro. (10) Specificity has not been determined yet, but binding is to glycoproteins in the ER, in the
high-mannose state. (11) Overexpression of these mannosidases in cells in vivo can accelerate ERAD. (12) Oligosaccharyltransferase.

an essential role of ER mannosidase I (ERManl) [23°*].
Besides ERManl there is an apparent redundancy of al,2
mannosidases and mannosidase-like proteins in mamma-
lian cells, namely the EDEMs 1-3 (described later) and
the Golgi a1,2 mannosidases, Golgi Man IA, IB and IC, all
members of the glycosyl-hydrolase 47 family [1,2]. Never-
theless, ERManl may be able to act by itself in trimming
M9 to M6-5. Although at low concentrations ERManl
removes exclusively mannose-b, at high concentrations it

can trim all @1,2 mannoses 77 vitro [28)] or by overexpres-
ston 7z vive [29]. ERManl is concentrated in the ERQC
(Figure 4 and [23°°]), a compartment that will be
described later, creating a high local concentration
capable of removing all four «1,2 mannoses. Knockdown
of ERManl blocks the production of M6-5, even under
conditions where cleavage to M8B is not much affected
[23°*]. Overexpression of Golgi Man IA, IB or IC accel-
erated ERAD of mutant al-antitrypsin, a glycoprotein

Current Opinion in Structural Biology 2009, 19:515-523
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Figure 3
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Affinities of lectins involved in ER-Golgi transport or in ERAD. The figure
illustrates the complementary affinities determined in vitro by frontal
affinity chromatography of ERGIC53, VIP36 and VIPL, which transport
glycoproteins to the Golgi, compared to OS9, which targets
glycoproteins to ERAD. Mammalian OS9 has relatively high affinity for
M8-5, and even for glucosylated glycans, as long as mannose-c has
been removed, but it does not bind M9 or M8B [26°°]. Yeast Yos9 has its
highest affinity for M5 [21°*]. VIP36 and VIPL have their highest affinities
for M9, M8 and M7, much lower for M6 and do not bind M5 [27°°] and
thus they will avoid fully trimmed (misfolded) molecules in the ER and
release fully trimmed molecules (processed by Golgi mannosidases) in
the Golgi. ERGIC53 shows a rather low affinity and broad specificity but
nevertheless it does not bind M5 [27°°).

that may exit to the Golgi and be retrieved [30]. However,
the ER level of these enzymes may also be increased by
their overexpression, leading to glycoprotein trimming
and targeting to ERAD even if this is not the normal role
of the Golgi mannosidases. Nevertheless, it is possible
that these enzymes normally cycle between the ER and
the Golgi or that, as in yeast [31], certain ERAD sub-
strates might cycle through the Golgi before delivery to
ERAD also in mammalian cells. The ER mannosidase-
like proteins EDEMs 1-3 also participate but it is not yet
clear whether as mannosidases or as cofactors as discussed
below.

EDEMSs

EDEMI1 was initially thought to be the receptor lectin
after the mannose trimming step, but recent data suggest
that it participates in the trimming process and that it
interacts with its substrate even before the trimming ([32]
and our unpublished data). The EDEMs (1-3 in mam-
malian cells and Htm1 in yeast) may act as cofactors,
aiding the activity of ERManl, or may be true mannosi-
dases as was suggested recently [20°%,21°%,32]. Their
mannosidase activity has not been detected yet in vitro,
except in the case of an EDEM-like protein of T. cruzi
[25°]. EDEM1 homologues in the yeasts §. cerevisiae and
S.pombe do not trim mannose residues in mutants lacking
the ERManl homologue (Mns1) [20°%,33], which could
mean that initial rimming by ERManl is required or that
EDEM1 is a cofactor of ERManI and not a mannosidase
per se. The complete mannosidase-like domain of
EDEMI1 cannot even partially replace the whole protein

for mannose trimming in yeast [20*°]. On the other hand
overexpression of a point mutant that by homology with
ERManl should affect the mannosidase activity of
EDEMI1, could not accelerate mannose trimming of
ERAD substrates [20°*,32]. However, it could be that
slow dissociation of this mutant, interferes with ERManl
activity. Acting as a mannosidase or as a cofactor of
ERManl, it was shown in yeast that EDEM1 is required
for trimming of mannose-c (Figure 1) [20*°,21°*]. An
ERAD substrate carrying M5-2 or M7A (Figure 1) is
still degraded in cells lacking a functional EDEMI
[20°°,21°°]. This suggests that although trimming of
mannose residues a and d may sull be required, as
discussed above, this trimming can be achieved without
EDEMI1 intervention.

EDEMTL is vsually kept at a low level by an autophagy-
like degradation process [34]. ERManl is also subjected
to lysosomal degradation, perhaps through a similar
mechanism. [t was suggested that EDEM1, upregulated
during the unfolded protein response (UPR) inhibits the
degradation of ERManl (unaffected by the UPR [23°°]),
indirectly accelerating ERAD [35].

At its normal low levels, EDEM]1 is located in vesicles
[36], and at high levels it is compartmentalized [34] in the
ERQC (our unpublished results). Therefore, possible
substrate delivery by EDEM1 to ERManl, would be

- accelerated upon UPR and EDEMI1 overexpression.

Interestingly, EDEM1 forms a complex with ERd]5, a
disulfide reductase required for ERAD [37°], possibly
replaced by PDI in yeast [38].

089 and other lectins in ERAD

At initial quality control stages a novel lectin called mal-
ectin binds G2M9 and might modulate the activity of GII
[39]. At the other end of the quality control process is OS9.
Yeast Yos9 and its mammalian homologues 059.1, 059.2
and two forms of XTP3-B interact with the membrane-
bound ubiquitination machinery and are postulated ERAD
substrate receptors before the ubiquitination and retro-
translocation step, a role once suggested for EDEMI
(reviewed in [40]).

Yos 9 and its mammalian homologues are upregulated by
the UPR and are able to bind trimmed sugar chains as
discussed above [21°%,26"°] (Figure 3). Their high glycan
specificity suggests their role in a decision-making check-
point, where glycoproteins are dislocated to the cytosol
only if most of their «1,2 mannose residues have been
excised. Nevertheless, they can also bind unglycosylated
proteins [40-42]. OS-9 and XTP3-B associate with the
HRD1-SEL1L membrane-anchored ubiquitin ligase
complex (Figure 4) and with BiP as well as with
GRPY4, these two chaperones being capable of recruiting
non-glycoprotein substrates [43°,44°].

www.sciencedirect.com
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Figure 4
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Glycoprotein processing in the ER. S. cerevisiae homologues are below in parenthesis whenever they exist. A membrane glycoprotein is translocated
and N-glycosylated and the terminal glucose is removed by Gl (Gl), allowing binding to malectin (step 1). The second glucose is removed by Gl (Glf)
and the CNX folding cycle is initiated (step 2). CNX recruits the oxidoreductase ERp57, whereas GT binds to the reductase Sep15. The glycoprotein is
shuttled between the peripheral ER and the ERQC with the aid of Bap31 (steps 2-3). Trimming of up to two «1,2 mannose residues takes place at this
stage. Upon successful folding the glycoprotein is released from the CNX cycle and is transported to ER exit sites and from there to the Golgi with the
help of ERGIC53, VIP386, VIPL and perhaps other lectins (step 4). If after severa! cycles the glycoprotein cannot fold properly it is further trimmed,
leading to its release from the CNX cycle because of the absence of the acceptor for glucose transfer by GT. Trimming of most or all a1,2 mannose
residues by ERManl (Mns1) with the aid of the EDEMs 1-3 (Htm1) produces M6 and M5 that are recognized by OS9 (Yos9) (step 5). This initiates the
ERAD process, where the glycoprotein is ubiquitinated by the OS9-associated membrane ubiquitin ligase complex of HRD1 (Hrd 1) and SEL1 (Hrd3) (or
other membrane ubiquitin ligases that are not shown) and encounters the membrane Derlins 1-3 (Der1) and the membrane-associated HERP (Usa1).
The glycoprotein is retrotranslocated by an unknown mechanism, is recognized by the cytosolic ubiquitin ligase SCF with the lectin components Fbs1
or 2 and is extracted from the membrane with the aid of the hexameric AAA ATPase P97 (Cdc48) that is associated to HRD1 (step 6). The glycoprotein
is deglycosylated by the P97-associated PNGase (Png1) and targeted to degradation by the 26S proteasomes (yeast 26S proteasomes}. In the figure,
enzymes are in blue text (the EDEMs have not been strictly proven to be mannosidases yet). Lectins are highlighted in colour and with a binding pocket
depending on their affinity to glucose (triangle), mannose (circle) or N-acetylglucosamine (square). For simplicity, some accessory components have
not been included.

Late stages of ERAD—Fbs1/2 before complete dislocation [48], but it is not absolutely
The mechanism of retrotranslocation of the misfolded  required that it take place before glycoprotein degradation

glycoproteins to the cytosolic proteasomes is still unknown,
despite the existence of several candidate polytopic mem-
brane proteins, like subunits of the Sec61 forward translo-
cation machinery, the Derlins 1-3 and a growing number of
transmembrane ubiquitin ligases, the best studied being
HRD1 (Figure 4) (reviewed in [45]). The cytosolic AAA
ATPase P97 (cdc48 in yeast) [46] associates with pepti-
de:N-glycanase (PNGase) for glycoprotein deglycosylation
after retrotranslocation and before proteasomal degra-
dation [47]. Deglycosylation takes place in some cases

[49°]. Proteasomes and several other chaperones and cyto-
solic ubiquitin ligases are recruited to the ER membrane
for ERAD (reviewed in [50]). Surprisingly, one of these
ligase families contains lectin components, Fbs1 and Fbs2,
which recognize glycans on retrotranslocated glycoproteins
[51]. Fbs2 is ubiquitous and can bind the glycan while
HRDI1 binds the polypeptide chain on the same glyco-
protein substrate [52]. The similar Fbs1 is neuron-specific
and binds to the M3 oligosaccharide core [53°]. Fbs1 and 2
have a broad N-glycan specificity [51] (Figure 2),

Current Opinion in Structural Biology 2009, 19:515-523
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suggesting a role in disposal of any glycoprotein that has
reached the cytoplasm, in contrast to the high specificity
and sorting capability of OS9 [21°%,26°°]

The ER-derived quality control compartment
and ERAD

Besides allowing a high local concentration of ERManl
for extensive mannose trimming as mentioned above, the
microtubule-dependent membrane-enclosed ERQC seg-
regates misfolded proteins that could interfere with ER
functions. Upon proteasomal inhibition or UPR induction
CNX, CRT and UPR components accumulate in the
ERQC but not BiP, PDI, GT or ERp57 [17,54,55°%].
The ERAD machinery concentrates at the ERQC, which
would be a staging ground for ERAD [55°] (Figure 4). A
transmembrane protein, Bap31 associates with CNX and
cycles between the peripheral ER and the ERQC [56]
aiding in the delivery of substrates [57]. Non-aggregated
ERAD substrates are delivered to the ERQC [54],
whereas aggregated glycoproteins like mutant al-anti-
trypsin Z are segregated into CNX-depleted inclusion
bodies [58] and delivered to autophagy [59]. Glyco-
proteins that fold properly and pass the quality control
checkpoint are delivered to ER exit sites where they
encounter ERGIC53 and other lectins involved in traf-
ficking to the Golgi.

ERGIC53 and other lectins in productive
folding

ERGICS53 participates in glycoprotein transport from
the ER to the Golgi (Figure 4), although few of its
specific substrates have so far been identified [60].
ERGICS3 is upregulated uvpon UPR [61], which
suggests another mechanism to evacuate the ER of
accumulated proteins, by accelerating their exit to the
Golgi. ERGIC53 has a broad specificity, binding all
large high-mannose chains including glucosylated ones,
but not M5 (Figure 3) [27°*]. T'wo other lectins, VIPL
and VIP36 also appear to participate in glycoprotein
transport to the Golgi, but their specificity is more
restricted, binding with higher affinity M9, MB8B,
M8C and with much lower affinity glucosylated or more
trimmed sugar chains and, similarly to ERGICS3, they
do not bind M5 (Figure 3) [27**]. The specificity of
these lectins, complementary to that of yos9, suggests
that they avoid glycoproteins that have been extensively
trimmed by the quality control machinery.

Another novel intracellular lectin that might also be
involved in ER-Golgi traffic is intracellular mannan-bind-
ing protein [62].

Conclusions

Recent reports help clarify the mechanism of glyco-
protein sorting to productive folding and exit to the Golgi
or to ERAD by compartmentalization, differential N-
glycan processing and selective lectin interactions

(Figure 4). Lectins associate at early stages, binding to
G2M9 (malectin) and G1M9-8 (CNX and CRT). After
deglucosylation by GII, proper folding prevents regluco-
sylation by GT allowing association with VIPL, VIP36 or
ERGIC53, which assist in glycoprotein delivery to the
Golgi. Mannose trimming to M5 by Golgi mannosidases
IA, IB or IC would prevent reassociation to these lectins
and the glycoprotein is released for further processing and
delivery to its final destination. Improper folding causes
delivery to the ERQC, association with EDEM1-3 and
trimming to M6 and M5 by ERManl with the help of the
EDEMs and possibly of recycled Golgi «1,2 mannosi-
dases. M6 and M5 would be recognized by OS9 and its
homologues and permit glycoprotein delivery to retro-
translocation. Cytosolic recognition of the sugar chains by
Fbs1-2 helps in the ubiquitination process and delivery to
the proteasomes for degradation. Basic features of the
mechanism seem to exist also in . cerevisiae, with fewer
intervening proteins and an absence of the CNX cycle,
but apparently with a similar extensive processing of
ERAD substrate sugar chains. Although the outline of
the overall process is being clarified, there are still several
important unresolved issues: (1) The mannosidase/s in
charge of creating the signal for ERAD, whether ERManl
is the only mannosidase involved or is aided by the Golgi
mannosidases, and whether the EDEMs act only as
cofactors or as mannosidases as well. (2) The organization
and the mechanisms of protein delivery to ER subcom-
partments. (3) The role of newly discovered lectins that
are involved in these processes. (4) The mechanism of
protein dislocation to the cytosol in ERAD and the nature
of the retrotranslocation channel, which still pose a major
challenge for future research.
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Abstract

The covalent attachment of carbohydrate to proteins is a very common co- or post-translational event in the biosynthesis of
glycoproteins. The type and heterogeneity of these oligosaccharides can affect a range of physico-chemical and biological
properties of a glycoprotein. Thus the development of sensitive, reliable and robust analytical methods for carbohydrate analysis
is important in the pharmaceutical industry, especially in the recombinant production of experimental and therapeutic glyco-
proteins. In this report we have reviewed methodology for the in-gel enzymatic release of N-linked oligosaccharides from
glycoproteins separated by electrophoresis. These oligosaccharides are derivatised by reductive amination using 3-acetamido-6-
aminoacridine (AA-Ac), a novel, highly fluorescent probe. A major advantage of this technique is that glycan derivatives are
amenable to analysis by an array of chromatographic and mass spectrometric methods, allowing the resolution and characterisa-
tion of a wide variety of glycan structures. It is hoped that in due course the methodology described will be applied to proteomics
studies, especially in identifying the role of carbohydrate in protein function and disease. © 2001 Elsevier Science B.V. All rights
reserved.

Keywords: Proteomics; Glycoprotein; Carbohydrate; 3-(acetylamino)-6-aminoacridine; Matrix-assisted laser desorption ionization time of flight

mass spectrometry; Two-dimensional SDS-polyacrylamide gel electrophoresis; Peptide N-glycanase F

1. Introduction

In recent years a staggering wealth of information
has become available publicly to biochemists, largely
due to the large-scale genome sequencing projects.
There are now over 38 fully sequenced genomes from a
range of species, including the genomes of small organ-
isms like Haemophilus infiuenzae and Escherichia coli, to
the eukaryotes Caenorhabditis elegans and Sac-
chromyces cerevisae {1,2]). With the announcement ear-
lier this year that 90 percent of the human genome has
now been sequenced the term ‘post genome era’ is fast
becoming a reality.

The primary aim of proteomic projects is to identify
and characterise the proteins expressed in a tissue, cell
or organism at a given time in development and under

* Corresponding author. Tel.: + 44-1279-622026; fax: + 44-1279-
6274217,
E-mail address: patrick _camilleri@sbphrd.com (P. Camilleri).

PIl: S1389-0344(01)00098-3

defined conditions of growth [3,4]. Current strategies
for the identification of proteins are based around the
separation of the proteome by two-dimensional SDS-
polyacrylamide gel electrophoresis (2-DE). Protein
spots are then excised and subjected to in-gel enzymatic
digestion with endoproteinases such as trypsin. Identifi-
cation of proteins is then achieved by interrogating
sequence databases with mass spectrometric data of the
peptides. In the main, protein sequence databases such
as those of NCBI (National Centre for Biotechnology
Information, USA) and SWISSPROT, are composed of
sequences determined from the characterisation of cD-
NAs. For this reason additional information such as
protein function, regulation, location and post-transla-
tional modifications cannot be predicted directly.

The advantage of fractionating complex protein mix-
tures in an array such as 2-DE, is that the technique has
an unparalleled resolving capability and in particular
when narrow pl range isoelectric focusing gels are
employed [5]. Modified forms of the same protein can

1050-3862/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
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be separated into discrete spots on the gel. For in-
stance, glycosylated proteins give rise to a characteristic
train of spots with different pI and apparent molecular
weight.

Of all protein post-translational modifications cur-
rently known, such as phosphorylation, myristoylation,
acetylation, formylation, biotinylation, famesylation
and glycosylation, the latter is by far the most common,
and is found in both eukaryotes and prokaryotes [6,7].
There are three main classes of linkage of the sugar
chain. Carbohydrate may be attached through O-glyco-
syl or N-glycosyl linkages. O-glycosidic bonds are made
between N-acetylgalactosamine (GalNAc) and the hy-
droxyl groups of serine and threonine residues, while
N-linked carbohydrate chains are formed through
bonds between N-acetylglucosamine (GlcNAc) and as-
paragine residues. A third mode of attachment is at the
carboxy terminus of some membrane proteins as glyco-
sylphosphatidyl inositol or ‘GPI’ anchors. In this paper
we will consider only N-linked glycosylation.

There are three classes of N-linked carbohydrates,
high mannose, complex and hybrid (Fig. 1). They all
contain a common core pentasaccharide consisting of
two GIcNAc, and three mannoses (Man). Complex
glycans contain no other mannose residues apart from
those of the common core. They show the largest
amount of variation as they can contain GIcNAc,

galactose and sialic acid residues and can also be multi-
antennary. High mannose glycans contain only addi-
tional «-mannosyl residues whereas hybrid glycans
show characteristics of both high mannose and complex
glycans. All three classes of N-linked glycans are syn-
thesised by the co-translational addition of
Glg;MangGlcNAc, to the polypeptide chain by
oligosacchary! transferase. This carbohydrate structure
then undergoes processing as it passes through the
endoplasmic reticulm and Golgi to form the final gly-
can structure, In the first batch of processing the three
glucose residues are removed. The mannose residues are
then removed one by one to form high mannose gly-
cans. The complex glycans are synthesised by the addi-
tion of GlcNAc, galactose and sialic acid to the core
glycan. :

Even though there is an enormous complexity of final
carbohydrate side chains, there is a single consensus
recognition sequence for the initiation of N-glycosyla-
tion. The sequon Asn-Xaa-Ser/Thr- (where Xaa can
theoretically be any amino acid, but is infrequently
found to be either proline or aspartate [8]) is necessary
for N-linked glycosylation (Fig. 1), but not always
sufficient. Many possible glycosylation sequons are not
glycosylated as they do not posses the necessary three-
dimensional conformation.

[ CORE

[ ANTENNA

(a) complex

(b) high mannose

(c) hybrid

COOH

Fig. 1. Three main types of N-glycans: (a) tri-antennary complex, (b) high mannose, (c) hybrid.
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The carbohydrate moieties of glycoproteins are re-
sponsible for diverse biological functions. They are
involved in cell adhesion and cell—cell interactions
[9,10], while the heterogeneity of the sugar structures
encountered are often characteristic of cell types. In-
deed, carbohydrates are absolutely required for the
correct maturation, function and intracellular sorting of
many glycoproteins. For instance, the glycosylation of
lysosomal enzymes ensures that they are targeted cor-
rectly to lysosomes [11]. Diseases in humans also arise
from the failure of glycoproteins to be correctly pro-
cessed, trafficked and degraded. While certain carbohy-
drates found on the surface of cells can affect the onset
and progression of disease states.

Recombinant DNA techniques are nowadays widely
used in the development and manufacture of therapeu-
tic proteins in the treatment of diseases such as cancer,
anaemia and hepatitis. The majority of these recombi-
nant therapeutics like erythropoietin (a growth factor)
and interferon «-2b (used in the treatment of leukaemia
and reversal of acute kidney transplant rejection) are
glycoproteins. Carbohydrates linked to these glyco-
proteins may have a significant influence on their
physico-chemical properties, such as their size, confor-
mation, overall charge and solubility. The heterogeneity
and the type of carbohydrate in a glycoprotein very
often depends on the choice of the host organism and
the culture conditions (cell density and age, the pres-
ence of glycosidase and glycosyltransferase enzymes,
concentration and type of nutrients) used in its biotech-
nological production, so that it is important to identify
the glycosylation pattern that gives optimal clinical
benefit. Once this pattern is determined, establishing its
reproducibility in the fermentation process of the thera-
peutic glycoprotein is essential, and is required by the
pharmaceutical registration authorities before release
for clinical use.

Over the past three to four years, new methods have
become available to allow smaller amounts of protein
(currently at the fmol level) and glycoprotein oligosac-
charides (currently at the pmol level) to be routinely
analysed, through major advances in sample prepara-
tion, carbohydrate labelling, chromatographic, spec-
trofluoremetric and mass spectrometric techniques.
Moreover, the unique resolving power of 2-DE presents
us with a powerful electrophoretic purification method,
where post-translationaly modified proteins can be
identified as discrete spots on a gel. To date there are
still a limited number of studies where post-transla-
tional modifications such as glycosylation have been
examined after oligosaccharides have been released
from glycoproteins separated by gel electrophoresis,
and characterised by a combination of chromato-
graphic and mass spectrometric methods. Some reports
[12—16] have used a 1-dimensional SDS-PAGE separa-
tion followed by release of the carbohydrate, whereas

there are only a few publications [17-19] involving a
2-DE separation.

This short review is not intended to be a comprehen-
sive study of carbohydrate analysis and as such the
examples described have been taken specifically from
our current investigations on the analysis of N-linked
oligosaccharides released from glycoproteins resolved
by gel electrophoresis, derivatised with recently devel-
oped probes and analysed by chromatographic and
mass spectrometric methods.

2. Analysis of N-linked glycans

The majority of N-linked oligosaccharides do not
have a chromophore so that they are difficult to detect
at wavelengths above 200 nm. Fortunately the ring
structure of reducing glycans is in equilibrium with the
‘open’ aldehyde form (Fig. 2). The latter functionality
allows these molecules to react rapidly with aromatic
amines which in turn can be reduced in a ‘one-pot’
reaction to give stable derivatives. Over the last four
years we have developed methodology using two highly
fluorescent aromatic probes, namely 2-aminoacridone
(2-AMAC) and 3-acetamido-6-aminoacridine (AA-Ac),
to derivatise a variety of reducing oligosaccharides
[20,21]. The reaction scheme for the reductive amina-
tion of GIcNAc (the residue in N-glycans reactive to
aromatic amines) by AA-Ac is shown in Fig. 2. This
derivatisation procedure is quantitative and has the
advantage of being carried out in a single reaction
vessel, which apart from being practically convenient,
reduces possible losses of sample. It can also be minia-
turised to microlitre volumes, allowing detection and
characterisation  of  picomole  quantities  of
carbohydrate.

Derivatisation of carbohydrates with 2-AMAC and
AA-Ac allows the use of a variety of separation and
detection techniques which in combination can provide
a great deal of information about the heterogeneity of
glycan mixtures. Thus these derivatives are consider-
ably more amenable to chromatographic separation by
reverse and normal phase columns. The intense fluores-
cence of these derivatives at excitation and emission
wavelengths in the visible region of the spectrum allows
detection at picomole levels. We also found that deter-
mination of the molecular weights of these glycan
derivatives by mass spectrometric analysis is possible
both by matrix assisted laser desorption/ionisation time
of flight mass spectrometry (MALDI-Tof-MS) and by
electrospray ionization (ESI) mass spectrometry [22—
25]. In contrast ionisation of underivatised carbohy-
drate by MALDI-Tof analysis is not as sensitive as that
of these derivatives and requires much higher laser
energy. Thus prior reaction of carbohydrates with these
aromatic amines significantly enhances the ionisation
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Fig. 2. Reaction scheme for the ‘one-pot’ derivatisation of reducing glycans with AA-Ac.

properties of the resulting derivatives and so increases
the sensitivity of detection.

In a recent comparison of the mass spectrometric
properties of a number of probes used in the reductive
amination of carbohydrates [26], it was confirmed that
the sodium and potassium adducts of 2-AMAC carbo-
hydrate derivatives have excellent ionisation properties
when analysis is carried out by MALDI-Tof-MS. How-
ever, these adducts are not fragmented easily when
analysed by electrospray ionisation mass spectrometry
in an MS-MS mode, and therefore are not always
suitable to determine the sequence in which glycan
residues are attached to one another. To reduce this
problem we have specifically developed AA-Ac. This
probe besides being approximately three times more
fluorescent than 2-AMAC, gives predominantly {M +
H]* carbohydrate adducts in MALDI-Tof-MS analy-
sis. The level at which AA-Ac neutral glycan derivatives
are detected by this mass spectrometric method is al-
most an order of maguitude lower than that possible by
2-AMAC derivatisation. These proton adducts are also
amenable to electrospray ionisation MS and MS-MS
analysis.

3. Enzymatic release of carbohydrate from
glycoproteins separated by gel electrophoresis

The three main strategies for the in situ enzymatic
release of N-linked glycans from glycoproteins sepa-
rated by gel electrophoresis are summarised in Fig. 3.
All three procedures involve the use of the endo-gly-
cosidase, peptide N-glycanase F (PNGase F). In

method 1 the gel is electroblotted onto poly(vinylidene)
difluoride (PVDF) membrane [27] and the proteins are
visualised by an appropriate staining method such as
Coomassie blue or Amido black. Protein spots are then
excised from the membrane and the glycans are re-
leased from the glycoproteins by incubating with the
enzyme. Released glycans are then extracted with water
and analysed. This approach was adopted by Packer et
al. [17] in an attempt to determine the carbohydrate
heterogeneity and so determine what properties influ-
ence the migration of glycoforms during 2-DE.

In method 2 the protein bands of interest are excised
after staining with Coomassie Blue or Silver. PNGase F
is then used to release glycans directly from the proteins
immobilised in the gel. Released glycans are extracted
for further identification. Procedures such as this were
developed by Kuster et al. [15] and employed in the
characterisation of the glycans present on recombinant
gpl120 from HIV. The third method involves digestion
of glycoproteins with trypsin, followed by the extrac-
tion of the resulting peptides from the gel pieces, essen-
tially following methodology developed by Shevchenko
et al. [28]; glycans are finally released from the ex-
tracted peptides by digestion in solution with
PNGase F.

A comparison of the three methods described has
been investigated in our laboratory [19] by releasing
glycans from ovomucoid as a model glycoprotein.
Oligosaccharides were derivatised with AA-Ac prior to
analysis by MALDI-Tof-MS. Data obtained for the
derivatised glycans from each of the three release proto-
cols are shown in Fig. 4, The distribution of glycans is
essentially the same as that obtained from the digestion
of ovomucoid in solution (data not shown) [19].
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In comprehensive studies we found that procedure 2,
involving the direct in-gel release of glycans using PN-
Gase F (Fig. 4(a)), is the most efficient method. This is
not surprising as there are fewer steps involved when
the endoglycosidase is used in situ, and this method
does not rely on complete extraction of glycopeptides
from the gel. In the case where PNGaseF is applied
after in situ tryptic digestion (method 3, Fig. 4(b)),
mass spectral analysis is further complicated by the
appearance of contaminating peptides in the MALDI
spectrum. The yield of glycans released from the PVDF
blot (Fig. 4(c)) was the lowest (about 10 times less than
by in situ PNGase F), suggesting that this method. was
the least efficient of the three protocols investigated. A
reduced recovery of glycans by this method is to be
expected because transfer of glycoproteins from the gel
to the PVDF membrane is not quantitative and once
immobilised, glycans may not be accessible to the
PNGase F.

4. Analysis of glycans released from glycoproteins
separated by 1D SDS-PAGE

Using protocol 2 we analysed the carbohydrate re-
leased from human IgG and a number of therapeutic
antibodies [29]. Before electrophoresis by 1D SDS-
PAGE, antibodies were reduced and denatured to
cleave the disulphide bonds joining the light and heavy
chains. This resulted in the appearance of two main
bands (Fig. 5(a)) in the electropherogram. Intermediate
bands of lower intensity were due to fragments formed
due to incomplete cleavage of two or more disulphide
bonds. In IgG, carbohydrate is only present on the
heavy chain, that is the band of the highest molecular

weight. Release and analysis of this glycan mixture
after AA-Ac derivatisation and desialylation gave a
number of signals in the MALDI-Tof-MS, as shown in
Fig. 5(b). As expected, oligosaccharides released from
IgG are of the complex type and contain a fucose
residue attached to GlcNAc at their reducing end. Two
lower intensity signals (G1FB and G2FB) related to
complex bi-antennary glycans containing another Glc-
NAc residue bisecting the mannose core were also
observed. For the structures of these glycans see
Table 1.

Although IgG contains a higher proportion of neu-
tral to acidic glycans, it was not possible to identify the
latter species using only MALDI-Tof-MS, especially
when these are present in small amounts. Difficulty in
the analysis of these acidic glycans requires enzymatic
desialylation before MALDI-Tof-MS. In the next part
we shall demonstrate that an estimation of the ratio of
neutral to acidic oligosaccharides in a complex glycan
mixture can be obtained when mass spectrometric mea-
surements are combined with chromatographic analysis
of the original and desialylated mixtures. This proce-
dure can still be applied to glycans released from as
little as 1-10 ug of glycoprotein separated by gel
electrophoresis.

The analysis of carbohydrate released from an exper-
imental fusion glycoprotein resolved on a 1D SDS-
PAGE gel is illustrated in Fig. 6. The inset gel in Fig.
6(a) shows the separation of 10 pg of this protein which
had been purified after expression in a Chinese hamster
ovarian cell line. The protein mixture was separated on
a 4-20% gradient Laemmli slab gel [30] and visualised
by staining with Coomassie brilliant blue R250. The
heavily stained band at =43 kDa was excised and

— |  DorSDSPAGEg |——  Stantheproten |
| Excise‘spots |
Protocol 1 lﬁuaiumarblmymemylmuﬁ
i Bhln ] L 1
[ — ulle ] Protocol 2 Protocol 3
l Emsi spots | [ PNGase‘ Fdigest || Trypsljl digest |
[ pNGaselF digest | [ Extractl gycans || Extractlpept.ldes |
[ Emaci giycans | PNGase F solution digest |
[ Extractgycans |

Fig. 3. Flow diagram comparing steps involved in the three methods currently used for the release of glycans following electrophoretic separation.

ol



234 J. Charlwood er al. / Biomolecnlar Engineering 18 (2001) 220-240

NGAIB
& 1560
=3
a
NGAIB
wsan

7569

E=E

1300 1400 1500 1600 170 1800 1500 2000 2100 220 2300 2400 2500 XM A/M 200 B0

o 15m2
C 152
nea1
Les
loat 2

u\z::lmumla:uwmutmmhmmzm:mmmzmmzm

FFig. 4. Glycans released from ovomucoid and analysed by the three different methods. (1) PVDE blot, (b) in situ PNGase IF digest, (c)
trypsin/PNGase I digest. For explanation of glycan structures see Table 1,



J. Charlwood er al. / Biomolecular Engincering 18 (2000) 229240 235

& S

Reduction and

SDS-PAGE

(S) -
-8 denaturation _
-S ) e
—_—p

clr
I 1m 13614
H,E:I
ca
1883
13
%
H,.'_I ez
AT
17013
| =22l
I‘.E‘z DS
1=
1o7s 19531 ey 17213 I E e
107 miz

100 1D 180 14D ¥ T TR0 S0 128 16D 120 JI0 e 200 260 200 224 240 ZH1 240 246

Fig. 5. (a) Separation of 1gG on a 4-20%, gradient SDS-PAGI gel. The cartoon shows a basic representation of the resolution of the heavy and
light chains. (b), MALDI-Tof-MS characterisation of [pG plycans derivatised with AA-Ac after in-gel release from the protein and desialylation.

treated as outlined in Fig. 3, protocol 2. Fig. 6(a) shows
the hydrophilic interaction liquid chromatographic
(HILC) separation of the released glycans after
derivatisation with AA-Ac. In addition to the bi-anten-
nary mono- and di-sialylated species AT and A2F, a
number of multi-antennary sialylated glycans were

present in the chromatogram together with a small
amount of the neutral glycan NA2F.

As cexpected, on treatment with sialidase (Fig. 6(b)),
the A1F and A2F glycans loose their sialic acid residues
and collapse to a single NA2F peak, while the multi-an-
tennary sialylated glycans give rise to the tri- and
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Table 1
Structures of glycans referred to in figures and text
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The following symbols have been used to identify the various sugar
residucs: (M), N-acctylglucosamine: (@), mannose; (1), galactose;
(), fructose; (O), sialic acid. Linkages between sugar residues have
been removed for simplicity.

tetra-antennary neutral glycans NA3F and NA4F., A
minor component with the longest retention time ap-
peared to be related to a polylactosamine, labelled as
NASF in Fig. 6(b). Assignments of all the other glycans
in Fig. 6(b) was made by comparison with retention

Fig. 7. Characterisation of a protein from the 2-DE separation of a sample of mouse serum. (1) The circle indicates which protein spots were

times with standard oligosaccharides. This pool of re-
leased desialylated glycans was then further character-
ised by MALDI-Tof-MS (Fig. 6(c)). It is interesting to
note that the relative intensitics seen in the MALDI-
Tof spectrum were similar to those observed in the
HILC chromatogram (Fig. 6(b)).

5. Characterisation of glycans released from
glycoproteins separated by 2-DE

Two dimensional polyacrylamide gel electrophoresis
is now intrinsically associated with proteomic analysis.
Fig. 7 illustrates a strategy (or the identification and
characterisation of both the protein and the post-trans-

lational modifications. Fig. 7(a) shows the separation of

mouse serum by 2-DE [31]. Mouse serum samples were
separated in the first dimension on a pH 3-10 linear
IPG isoclectric focusing gel and then in the second
dimension on a 4-20% w/v gradient polyacrylamide
slab Lacmmli gel [30]. The sccond dimension SDS-
PAGE was developed and the proteins visualised with
Coomassie Brilliant blue R250. The medium abundant
protein indicated in Fig. 7(a) by a circle was chosen for
analysis. The loading of sample was such that the
protein of interest was present at about 2 pg (= 50
pmol). The protein spot was excised and subjected to
in-gel enzymatic digestion with trypsin as described
clsewhere [27.30]. The peptides generated were desalted
on a ZipTip micro reverse phase column [31,32] and
analysed by MALDI-Tof-MS Fig. 7(b). The peptide
masses obtained were then used to search the NRDB
non-redundant protein sequence database (European
Bioinformatics Institute, Hinxton, UK), using the data-
base search programme PepSea, part of the Protana
Proteomics Software Suite (Protana A/S, Odense, Den-
mark). For the search 36 peptides were used. The
protein =-l-antitrypsin was identified as the first hit,
with 12 matching peptides (Fig. 7(c)). The first six
proteins identified in the search were all serine protease
inhibitors or fragments of the inhibitor. A more de-
tailed evaluation of the data could be carried out using
the additional second pass feature of this search pro-
gramme [33]. Such a search showed that the identified
peptides covered 32% of the o-l-antitrypsin protein

sequence. The theoretical molecular weight and pl of

the protein calculated empirically from the amino acid
sequence, of 46 kDa and 5.6, respectively are in general

combined in the analysis. (b) MALDI-Tol' mass spectra of the peptide mixture generated by ‘in-situ’ tryptic digestion, The peptides were first
purified on a ZipTip micro reverse phase column before spotting a portion onto the MALDI target as a LT mixture with a solution of the matrix
a-cyano-4 -hydroxycinnamic acid. (¢) A database search using the MALDI-Tof-MS peptide mass map unambiguously identifies the protemn with
12 matching peptides. (d) The MALDI-Tol-MS of a AA-Ac derivatised glycan pool released from el -antitrypsin separated by 2-DE in 7(a). For
explanation of glycan structures see Table 1. (e) The total ion chromatogram obtained for the AA-Ac derivatised glycan pool released from =l
-antitrypsin. The sialylated glycans were separated by microbore HILC prior to analysis in a Q-Tof hybrid mass spectrometer (Micromass Lid,

Manchester UK).

po



| ok d A2 &
m:"" NGA3
-1 o
i . “ NA2F NA3
i I "

Search Glycan pool

L v g
C e 2
ele] & s[ele| x| 4lal O B3R5 WE A2 2
| vazkesird "X 23k Tme 1336550 <
Soos|Matche: E-lvnate Speds: >
12 2 re protease matdo 11 Lair urkrow- 533 Al
53 10 = repisse mtin 13 Lafi urkro- 53 #aas
39) 7 APAS AP 116 BERINE F)” Lafir urknow- (X5 [
33 45 prozazeinabio Musrisoy Hus Muszaus £51
33 7 dlpal el pa - mose lrammer!. Hus Muszaws 631
373 M 2585 3pha” 30 Iyosh 1o:ide Al (Mus Mz pak Nt WW
253 7 22 're protease mtdo 14 hEE(E | Lair urknow- 42559 8.
213 € 22 re proteaze mitin 12 BEE(E  |Lair rkrowe 4£95 83 40.00 4500 £0.00 55.00 60.00 6500 T

Fig. 7. (Continued)



J. Charlwood et al. / Biomolecular Engineering 18 (2001) 229-240 239

\ agreement with the position of the protein on the gel
\ (Fig. 7(a)). However, although the protein can be con-
\ sidered to be unambiguously identified, it is worth

noting that of the 36 peptide masses seen in the

) MALDI-Tof-MS analysis only 30% were matched. The

‘ unmatched masses most probably arise from back-
ground protein contamination by human keratins. Such

‘ contamination could have easily occurred during sam-

‘ ple preparation. The MALDI-Tof-MS peptide mass
fingerprinting strategy briefly described above, is the

\ preferred method for the identification of proteins in

t proteomic analysis and has recently been reviewed
{33,34].

\ In order to more fully characterise the glycoproteins,
in what could be thought of as a second level of
proteome analysis, the train of spots identified as
mouse o-l-antitrypsin were combined as shown in Fig,

( 7(a) and subjected to PNGase F digestion using method

2 to release carbohydrate. For MALDI-Tof-MS analy-
\ sis (Fig. 7(d)) the released glycan pool was desialylated
\ prior to labelling with AA-Ac. This was necessary as
the sialylated glycans show less sensitivity by MALDI-
\ Tof-MS than the neutral glycans. However for analysis
\ by LC-MS the glycan pool released from «-l-an-
titrypsin was labelled directly with AA-Ac (Fig. 7(e)).

) Fig. 7(d) shows that the major oligosaccharides iden-

\ tified from desialylated ol -antitrypsin were the bi-an-

tennary glycans NA2 and NA2F, together with small

’ amounts of tri-antennary molecules NGA3, NA3,

) NAS3F and NA3F2 (Table 1). Fig. 7(e) shows the total

ion chromatogram obtained from the LC-ESI-MS sepa-

\ ration of the sialylated glycan pool of o-l-antitrypsin

) on a 1 mm GlycoSep N column. The glycans were

released from the protein and directly labelled with

‘ AA-Ac before analysis. Full details of this methodology

‘ can be found in [35]. The major glycans identified were

\ the sialylated complex Al and A2. It has previously

been shown that the analysis of sialylated glycans by

‘ MALDI-Tof-MS relies heavily on sample preparation

~ and the acid matrix used [21]. The characterisation of

sialylated glycans is affected much more easily using the

‘ capillary LC method outlined in this paper, probably

‘ because the chromatographic separation overcomes

suppression affects of these acidic species.

\ We have outlined several possible strategics for the

’ analysis of glycans released enzymatically from glyco-

proteins. In other reports [36,37], intact proteins elec-

\ troeluted from gels or after electroblotting onto a

\ membrane have been analysed by mass spectrometry.

However, these techniques are not generally applicable
to proteomic studies, as the amount of protein present

’ in a 2-D gel spot is far too small. Other tools are also

being developed to make greater use of the data gener-
ated by peptide mass fingerprinting. In a recent publica-
tion [38], the programme FindMod was described, for
the identification of post-translational modifications.

|
|
|
|
|
|
|
|

Here the peptide mass fingerprint obtained after in-gel
enzymatic digestion is compared with a theoretical di-
gest of the protein. Any peptides that do not match are
further evaluated by calculating the mass differences
between the theoretical peptides and seeing if any of
these differences is the same as that of a post-transla-
tional modification. While this programme is a useful
tool for prediction, it relies on the recovery of the
majority, if not all of the peptides from the gel piece.
After possible identification, the modification still needs
to be verified by removal of the moiety chemically or
enzymatically followed by mass spectrometric analysis.

6. Conclusions

The derivatisation of N-linked glycans with an ap-
propriate probe via reductive amination allows analysis
by a range of chromatographic and mass spectrometric
techniques. AA-Ac is a highly fluorescent probe, which
has proved to offer a number of advantages regarding
the characterisation of picomole quantities of complex
mixtures of N-glycans. Besides being most suitable for
the reverse- and normal-phase separation of these
molecules, it has proved to be invaluable for identifica-
tion purposes using highly sensitive mass spectrometric
techniques such as MALDI-Tof-MS and ESI-MS. This
technology has been routinely applied in our laboratory
with a high degree of success to the analysis and
characterisation of N-glycans released from 1 to 10 pg
of experimental and therapeutic glycoproteins sepa-
rated by one- and two- dimensional gel electrophoresis.
In the future we plan to further miniaturise and auto-
mate our derivatisation procedure so that glycans can
be released in-situ from glycoproteins in quantities as
low as 100 pg (roughly equivalent to 1-5 pmol). This
will allow the use of this technology in proteomic
studies aimed at relating the glycosylation of proteins
to the developmental or disease state of a cell or
biological tissue.
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anion-exchange, hydrophobic and hydrophilic interaction
modes of high-performance liquid chromatography
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Abstract

To determine the structure of N-linked oligosaccharides, a three-dimensional (3-D) sugar mapping technique for
pyridylaminated neutral and sialyl oligosaccharides is proposed. The pyridylaminated oligosaccharide mixture is
first separated by HPLC on a diethylaminoethyl anion-exchange column and the elution data are placed on the
Z-axis. Neutral and mono-, di-, tri- and tetrasialyloligosaccharides are then individually separated on both a
hydrophobic octadecylsilylsilica colynn and a hydrophilic amide-silica column under the same conditions as
described previously for neutral oligosaccharides. The validity of the 3-D mapping technique was tested using sialyl
pyridylaminated oligosaccharides from human serum glycoproteins.
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1. Introduction

Recent developments in elaborate chromato-
graphic techniques allow a new approach to the
determination of carbohydrate structure with or
without derivatization {1,2]. One of the most
promising and popular precolumn derivatization
methods is to label the reducing ends of the
oligosaccharides with 2-aminopyridine to provide

fluorogenic properties [3,4]. Sometimes liquid
chromatography is carried out in two different
column-solvent combinations, resulting in “two-
dimensional (2-D) mapping” [5,6]. The most
extensive mapping method involves the accumu-
lation of HPLC data for 2-pyridylaminated oligo-
saccharides (PA-oligosaccharides) chromato-
graphed on an octadecylsilica (QODS-silica) col-
umn and on an amide-silica column [7]. N-

0021-9673/96/$32.00 © 1996 Elsevier Science BV. All rights reserved
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Linked neutral PA-oligosaccharides are sepa-
rated by HPLC using the two different columns
and their elution positions are expressed in terms
of glucose equivalent.

To date more than 220 neutral oligosaccha-
rides have been documented on the 2-D map
[8,9]. Many N-linked oligosaccharide structures
have been determined by use of this method,
e.g., the taste-modifying protein miraculin [10],
human IgGs [11], rice a-amylase [12], murine
lymphocytes [13],  the nicotinic acetylcholine
receptor from Torpedo californica [14], recombi-
nant erythropoietin [15], human urinary kal-
lidinogenase [16], the sphingolipid activator pro-
teins saposins A, C and D [17] and duck ovo-
mucoid [18].

We have now extended this technique to 3-D
mapping [19]. This 3-D mapping method permits
the direct analysis of not only neutral oligo-

saccharides but also of the sialyloligosaccharides
[20].

2. Outline of procedure, including three-
dimensional napping technique

As shown in Fig. 1, the asparagine-linked
oligosaccharides are enzymatically released after
the preparation of the glycopeptides. We always
use glycoamidase A from almonds. All N-linked
oligosaccharides tested so far have been cleaved
from glycopeptides by this enzyme, whether they

PROCEDURE OUTLINE

Protease
Glycoprotein ——3 Glycopeptides

Glycoamidase
PA-Oligosaccharides <——O0ligosaccharides

DEAE “ 2-D Map
[l 1—
3D Map «——

Fig. 1. Scheme for the structural analysis of N-linked neutrai
and sialyloligosaccharides.

were neutral, sialylated, sulfated or phos-
phorylated. Naturally, all oligosaccharides re-
corded on the database of the 2-D or 3-D map
[7-9,19,20] have been obtained by glycoamidase
A digestion. The reducing ends of the oligo-
saccharide mixture were then derivatized with a
fluorescent reagent, 2-aminopyridine. This im-
proved method for PA derivatization works well
for sialylated oligosaccharides and for neutral
oligosaccharides [4]; also, because of its fluores-
cent nature, the sensitivity of detection of PA-
oligosaccharides is in the picomole range. The
PA-oligosaccharide mixtures were separated on
three different HPLC columns.

3. Two-dimensional mapping technique for
neutral oligosaccharides

We previously proposed the 2-D sugar mapping
technique for elucidation of the structures of N-
linked oligosaccharides using PA-deriva-
tized neutral oligosaccharides [7]. This is not only
a powerful separation technique but it can also
establish oligosaccharide structures from the elu-
tion positions on two HPLC columns (Fig. 2) [8].
Separation on the amide column (Y-axis) depends
mostly on the molecular size of each oligosaccha-
ride. Separation on the ODS column depends on
the fine structure of each oligosaccharide. There-
fore, oligosaccharides of the same molecular size
and which elute at the same position on the amide
column can be separated on the ODS column.
The elution positions from these two columns
provide a unique set of coordinate values for each
PA-oligosaccharide, and many sets of such
coordinates make up a 2-D map.

The elution time expressed in time or volume
units can be variable, depending on the individual
column, its age or the batches of buffers used.
The introduction of the glucose unit is meant to
reduce such variations. For this, we calibrated
both the ODS and amide columns with isomal-
tooligosaccharide mixtures (Fig. 32 and b). The
numbers 4, 5, 6, etc., indicate the degree of poly-
merization of glucose. Next, a sample PA-oligo-
saccharide was applied to the columns. In this
case, the glucose unit of the sample PA-oligosac-
charide is measured as 14.7 on the X-axis and 6.7

of
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Fig. 2. Two-dimensional sugar map of PA-oligosaccharides expressed as glucose units {8].

on the Y-axis. The next step is to plot the coordi-
nates on the 2-D map (Fig. 3c). The glucose unit,
14.7 on the X-axis and 6.7 on the Y-axis, is
plotted on the 2-D map as a coordinate. The
structure of an unknown oligosaccharide can be
elucidated by comparing its position on the map
with the position of the known standards plotted
on the 2-D map. Actually, by using a computer
search, we choose a couple of candidate PA-oligo-
saccharides whose coordinates coincide with that
of the sample PA-oligosaccharide within an allow-
able error (25%).

4. Strategy for the structural determination of
an unknown sample on the 2-D map

It is sometimes necessary to go beyond a direct

comparison of the elution positions. For exam-
ple, if the coordinate 9.5 on the X-axis and 6.0
on the Y-axis of an unknown sample is placed
between two known structures 9.6, 6.1 and 9.4,
5.9 (Fig. 4), the strategy for the analysis of the
unknown sample is as follows. In many cases,
co-injection with a standard PA-oligosaccharide
is the most reliable solution. Moreover, a diges-
tion method using several glycosidases is very
useful. Although the elution positions of the two
candidate oligosaccharides . GIcNAcB2Mana6-
(GalB4GIcNAcB2Mana3)ManB4GIcNAcB4Glc-
NAc (9.6, 6.1) and GalB4GicNAcB2Mana6-
(GlcNAcB2Mana3)ManB4GIcNAcB4GIcNAc

(9.4, 5.9) are very close, after B-N-acetylhex-
osaminidase digestion, the elution positions of
the resultant two oligosaccharides move away as
illustrated in Fig. 4. Then, after sequential diges-
tion of pP-galactosidase and B-N-acetylhex-

ok
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Fig. 4. Strategy for the structural determination of an un-

known sample on the 2-D map. Details are described in the
text.

osaminidase, the elution position of each stan-
dard oligosaccharide finally changes to a com-
mon trimannosyl core structure. Therefore, we

can establish the originally unknown structure by
a series of transformations.

5. Extension to sialyloligosaccharides (3-D
mapping technique)

We have more than 220 oligosaccharides on
the above-mentioned 2-D map. However, all of
these are the neutral oligosaccharides. It is
desirable to extend the method to sialyl oligo-
saccharides.

Fig. 5 shows the steps for constructing a 3-D
map for the structural determination of
sialyloligosaccharides [19]. First, a PA-oligosac-
charide mixture is separated on a diethylamino-
ethyl (DEAE) column into neutral, mono-, di-,
tri- and tetrasialyloligosaccharides according to
the sialic acid content of each fraction [20]. Each
oligosaccharide separated on the DEAE column
is then injected on to an ODS column and the
elution volumes are recorded as glucose units,
which will form the X-coordinates. Next, each

peak from the ODS column is applied to an
amide column, and the elution volumes are
recorded as glucose units to be plotted on the
Y-axis. When all the X- and Y-values are plotted
for each sialylation group, a 2-D map is created

221

for each of these groups separated by the DEAE
column (Fig. 5a).

It is important to point out that for each 2-D
map, the HPLC elution conditions used to ob-
tain the X- and Y-coordinates are identical, so
the coordinates can be transposed from layer to
layer. If we plot all the coordinates from the
separated 2-D maps on a single 2-D map, how-
ever, the result is slightly confusing because too
many coordinates will be crowded on it (Fig.
5b). Three-dimensional mapping is introduced to
alleviate such confusion (Fig. Sc). This consists
of layers of 2-D maps. Each of these layers lined
up on the Z-axis is essentially a 2-D map for a
group of oligosaccharides obtained by separation
on a DEAE column based on their sialic acid
content. The lowest layer is that for the neutral
oligosaccharides, and this in fact is the 2-D map
we reported previously [7]. The next layer is that
for the monosialyloligosaccharides, followed by

those for the di-, tri- and tetrasialyloligosac-
charides.

6. Chromatograms of oligesaccharide separation
leading to a 3-D map

As an example, we shall briefly describe the
structural analysis of N-linked neutral and
sialyloligosaccharides derived from human serum
glycoproteins [20] (Fig. 6). First, a PA-oligo-
saccharide mixture is separated on the DEAE
column according to the sialic acid content.
Neutral and mono-, di- and trisialyloligosac-
charides are well separated. The molar ratio of
these fractions is about 30, 20, 40 and 10%,
respectively. Each of the neutral, mono-, di- and
trisialyloligosaccharides is then separated into
the many peaks on the ODS column shown in
Fig. 6b. The elution volume of each peak is
recorded as a glucose unit on the X-axis. Each of
the separated oligosaccharides is then applied
individually to the amide column, checked for
purity and the elution volume of each is recorded
as a glucose unit on the Y-axis. In all cases,
sample oligosaccharides were found to be
homogeneous. The elution volumes from these
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two columns provide a unique set of coordinates.
The coordinates of every oligosaccharide in this
sample were coincidental with those of known
oligosaccharides, so it was possible to assign a

unique structure to each of the unknown oligo-
saccharides. For example, Table 1 shows the
structures of monosialyloligosaccharides from
human serum. The main components are bian-

Table 1

Structures and elution positions of PA-derivatized monosialyloligosaccharides obtained from human serum glycoproteins

Code No, Structure of Glc units
PA-oligosaccharide
ODS Amide
GleNAcB2Manab
A
1A1-200.3 Mang4GIcNAcB4GIcNAc 9.3 6.2
NeuSAcab6GalB4GlcNAcB2ZMana3
GalB4GleNAcB2Manab
B
1A1-200.4 ManB4GIcNAcBAGIcNAc 9.9 7.0
NeuSAca6GalgdGIcNAcA2Mana3
NeuSAca6Galg4GlcNAcS2Manab
C N
1A2-200.4 ManB4GIcNAcB4GIcNAc 12.0 6.9
GalB4GIcNAcS2Mana 3
GleNAcB2Mana Fuca 6
D |
1A1-210.3 ManB4GIcNAcB4GIcNAc 12.5 6.6
NeuSAca6GalB4GlcNAcB2Manal
GalB4GlecNAcf2Manab
E b
1A1-201.4 GleNAcB4—ManB4GleNAcB4GIcNAc 12.7 T
/
NeuSAca6Galg4GlcNAcS2Mana3
GalB4GleNAcA2Manab Fuca 6
F " |
1A1-210.4 MangB4GlcNAcB4GIeNAc 13.2 7.6
NeuSAca6GalB4GlcNAcS2Manal
GalB4GIcNAcB2Manab Fuca 6
G |
1A3-210.4 Mang4GIcNAcB4GIcNAc 14.8 6.9
NeuSAca3GalB4GlcNAc2Mana3
GalB4GleNAcA2Manat Fuca 6
H AN
1A1-211.4 18.3 1.7

GleNAcf4—Manf4GIlcNAcBAGIcNAc
7

NeuSAca6GalB4GlcNAcS2Mana3

ot



N. Takahashi | J. Chromatogr. A 720 (1996) 217-225 225

tennary with a NeuSAca2— 6 residue on the
lower branch with or without a fucose residue on
the reducing N-acetylglucosamine. We obtained
only one oligosaccharide with a NeuSAca2— 3
residue.

7. Conclusion

Using anion-exchange, hydrophobic and hy-
drophilic interaction modes of HPLC columns, a
mixture of neutral and sialyl oligosaccharides is
completely separable. Structural assignment of
both neutral and sialyl N-linked oligosaccharides
is very easy. Even closely related NeuSAca2—
3- and a2~ 6-containing oligosaccharides can be
differentiated on the map. The database on the
3-D map is highly reproducible. Unknown struc-
tures whose coordinates do not agree with those
of known compounds are easily detected.
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Exhibit E
SAP -Homo sapiens (SEQ ID NO:1 of WO 2010/141918)
HTDLSGKVFVFPRESVTDHVNLITPLEKPLONFTLCFRAYSDLSRAYSLESYNTQGRDNELL
VYKERVGEYSLYIGRHKVTSKVIEKFPAPVHICVSWESSSGIAEFWINGTPLVKKGLRQGYF

VEAQPKIVLGQEQDSYGGKFDRSQSFVGEIGDLYMWDSVLPPENILSAYQGTPLPANILDWQ
ALNYEIRGYVIIKPLVWV

SAP - Gallus gallus (SEQ ID NO:2 of WO 2010/141918)

QEDLYRKVFVFREDPSDAYVLLOQVQLERPLLNFTVCLRSYTDLTRPHSLFSYATKAQDNEIL
LFKPKPGEYRFYVGGKYVTFRVPENRGEWEHVCASWESGSGIAEFWLNGRPWPRKGLQKGYE

VGNEAVVMLGQEQDAYGGGFDVYNSFTGEMADVHLWDAGLSPDKMRSAYLALRLPPAPLAWG
RLRYEAKGDVVVKPRLREALGA

SAP - Bos Taurus (SEQ ID NO:3 of WO 2010/141918)

OTDLRGKVFVFPRESSTDHVTLITKLEKPLKNLTLCLRAYSDLSRGYSLEFSYNIHSKDNELL
VEKNGIGEYSLYIGKTKVTVRATEKFPSPVHICTSWESSTGIAEFWINGKPLVKRGLKQGYA

VGAHPKIVLGQEQDSYGGGFDKNQSFMGEIGDLYMWDSVLSPEEILLVYQGSSSISPTILDW
QALKYEIKGYVIVKPMVWG

SAP - C. migratorius (SEQ ID NO:4 of WO 2010/141918)

OQTDLTGKVEVFPRESESDYVKLIPRLEKPLENFTLCFRTYTDLSRPHSLEFSYNTKNKDNELL
IYKERMGEYGLYIENVGAIVRGVEEFASPVHFCTSWESSSGIADFWVNGIPWVKKGLKKGYT

VKTQPSIILGQEQDNYGGGFDKSQSFVGEMGDLNMWDSVLTPEEIKSVYEGSWLEPNILDWR
ALNYEMSGYAVIRPRVWH

37527420_1



SAP Alignment (Homo

sapiens vs.

Gallus gallus)

Aligned sequences: 2
1: Homo sapiens

2: Gallus

Matrix: EBLOSUM62
Gap_penalty: 10.0
Extend penalty: 0.5

Identity:

Gaps:

S IE A e S 3R 3k S 3R 3k 3 e 3k 3k o

Length: 209
Similarity:

Score: 506.0

101/209 (48.3
137/209 (65.6
6/209 ( 2.9%

oe

o

)
)
)

Homo_sapiens
Gallus
Homo sapiens
Gallus
Homo sapiens
Gallus
Homo_sapiens
Gallus
Homo sapiens

Gallus

375274201

1 HTDLSGKVFVFPRESVTD-HVNLITPLEKPLONFTLCFRAYSDLSRAYSL
N R e N P N N I NN SN I N R N N N
1 QEDLYRKVFVEF-REDPSDAYVLLQVQLERPLLNFTVCLRSYTDLTRPHSL

50 FSYNTQGRDNELLVYKERVGEYSLYIGRHKVTSKVIEKFPAPVHICVSWE
I O B T N T T I I I B O B O I [=1.011
50 FSYATKAQDNEILLFKPKPGEYRFYVGGKYVTFRVPENRGEWEHVCASWE

100 SSSGIAEFWINGTPLVKKGLRQGYFVEAQPKIVLGQEQDSYGGKFDRSQS
O T T I T P O e 1 P 4 1 T I o I I I PO
100 SGSGIAEFWLNGRPWPRKGLQKGYEVGNEAVVMLGQEQDAYGGGFDVYNS

150 FVGEIGDLYMWDSVLPPENILSAYQGTPLPANILDWQALNYEIRGYVIIK
[P IR R IR R I RS P IS B A B R I B R B IO I B |
150 FTGEMADVHLWDAGLSPDKMRSAYLALRLPPAPLAWGRLRYEAKGDVVVK

200 PLVWV--—- 204
[
200 PRLREALGA 208

49

49

99

99

149

149

199

199



sapiens vs.

Bos Taurus)

SAP Alignment (Homo

Aligned sequences: 2
1: Homo_sapiens

2: Bos_Taurus
Matrix: EBLOSUM62
Gap_penalty: 10.0
Extend_penalty: 0.5

Length: 205

He o e ok 3k S Sk S 3 3k Sk S Rk S 3k

HTDLSGKVFVEFPRESVTDHVNLITPLEKPLONFTLCFRAYSDLSRAYSLF

R R R R R e R AR R R R N AR R RN
QTDLRGKVFVFPRESSTDHVTLITKLEKPLKNLTLCLRAY SDLSRGYSLF

SYNTQGRDNELLVYKERVGEYSLYIGRHKVTSKVIEKFPAPVHICVSWES

A e R R e S RN AN R AR A R
SYNIHSKDNELLVFKNGIGEYSLYIGKTKVTVRATEKFPSPVHICTSWES

SSGIAEFWINGTPLVKKGLROGYFVEAQPKIVLGQEQDSYGGKFDRSQSFE

RN R R R N N e e N AR R AR AN RN R RN N
STGIAEFWINGKPLVKRGLKOGYAVGAHPKIVLGQEQDSYGGGFDKNQSF

VGEIGDLYMWDSVLPPENILSAYQG-TPLPANILDWQALNYEIRGYVIIK

S N B I I I L e e N AR N P AR R NN
MGEIGDLYMWDSVLSPEEILLVYQGSSSISPTILDWQALKYEIKGYVIVK

Identity: 153/205 (74.6%)
Similarity: 171/205 (83.4%)
Gaps: 1/205 ( 0.5%)
Score: 819.0

Homo sapiens 1

Bos_Taurus 1

Homo sapiens 51

Bos Taurus 51

Homo_ sapiens 101

Bos Taurus 101

Homo_sapiens 151

Bos_Taurus 151

Homo_sapiens 200 PLVWV 204

Bos Taurus 201 é&é*é 205

37527420_1
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50

100

100

150

150
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SAP Alignment (Homo sapiens vs. C. migratorius)

# Aligned sequences: 2

# 1: Homo_sapiens

# 2: C migratorius

# Matrix: EBLOSUM62

# Gap penalty: 10.0

# Extend penalty: 0.5

#

# Length: 204

# Identity: 137/204 (67.2%)

# Similarity: 166/204 (81.4%)

# Gaps: 0/204 ( 0.0%)

# Score: 755.0

#

#

#

Homo sapiens 1 HTDLSGKVFVFPRESVTDHVNLITPLEKPLONFTLCFRAYSDLSRAYSLF 50
S I O T T T I O T A e A e I N B IR e R R O Y AP S O O Y O B

C_migratorius 1 QTDLTGKVEFVFPRESESDYVKLIPRLEKPLENFTLCFRTYTDLSRPHSLF 50

Homo sapiens 51 SYNTQGRDNELLVYKERVGEYSLYIGRHKVTSKVIEKFPAPVHICVSWES 100
I T I S I I O T B P N S R R A

C migratorius 51 SYNTKNKDNELLIYKERMGEYGLYIENVGAIVRGVEEFASPVHFCTSWES 100

Homo_sapiens 101 SSGIAEFWINGTPLVKKGLRQGYFVEAQPKIVLGQEQDSYGGKFDRSQSF 150
NN e e e N N N A A A R R R R RN

C_migratorius 101 SSGIADFWVNGIPWVKKGLKKGYTVKTQPSIILGQEQDNYGGGEFDKSQSFE 150

Homo sapiens 151 VGEIGDLYMWDSVLPPENILSAYQGTPLPANILDWQALNYEIRGYVIIKP 200
I T T s T S O [ B B O RS R R R R PR |

C migratorius 151 VGEMGDLNMWDSVLTPEEIKSVYEGSWLEPNILDWRALNYEMSGYAVIRP 200

Homo_sapiens 201 LvWv 204
Sl

C migratorius 201 RVWH 204

-4-

37527420_1
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The three-dimensional structure of pentameric human serum amyloid P component at high
res’olution, the first reported for a pentraxin, reveals that the tertiary fold is remarkably similar

l

to that of the legume lectins. Carboxylate and phosphate compounds bind directly to two
calcium lons; interactions with a carboxyethylidene ring are mediated by Asn 59 and Gin 148
lig#nds of the calcium ions. These X-ray results indicate the probable modes of binding of the
blqlogically important ligands, DNA and amyloid fibrils.

I‘IULlAN serum amyloid P component (SAP) is a decameric
pla Ima glycoprotein composed of identical subunits non-coval-
ently associated in two pentameric rings interacting face-to-face.
SAP binds to all forms of amyloid fibril' and is universally
present in amyloid deposits, including the cerebral amyloid of
Alzheimer’s disease”. Although SAP is not required for amyloid
fibrillogenesis in vitro, it may protect the fibrils from degradation
in jpive>. SAP is also the major DNA- and chromatin-
binding protein of plasma*®, and other autologous ligands for
SAP include fibronectin, C4-binding protein® and glycos-
aminoglycans’. Binding to all these ligands, and to amyloid
fibrils, is absolutely calcium-dependent at physiological pH and
ionic strength. In addition, SAP is a calcium-dependent lectin,
the! best-characterized ligand of which is the 4,6-cyclic pyruvate
acetal of fB-p-galactose®, and this can inhibit all other known
cal}:ium-dependent interactions of SAP. Finally, SAP is a normal
tissue matrix constituent associated with elastic fibres® and the
glomerular basement membrane'’.

Human SAP shows no polymorphism or heterogeneity of its
protein or its glycan'' and no occurrence of human SAP defici-
ency has yet been described, suggesting that the molecule has
important functions. Furthermore, SAP and C-reactive protein
(CRP), the classical acute-phase protein with which it shares
mare than 50% sequence identity, belong to the pentraxin family
of plasma proteins which have been stably conserved throughout
vertebrate evolution'*'®. The structure and structure-function
relationships of SAP are thus of considerable fundamental inter-
est| in addition to their clinical importance, which arises from

* Present addresses: Department of Biochemistry and Molecular Biol-
ogy, University College, London WC1E 6BT, UK (B.P.O'H.); Instituto de
Fisica e Quimica de Sao Carlos, Departamento de Fisica e Ciencia dos
Materials, Universitade de Sao Paulo, 3560-250 Sao Carlos SP, Brazil
(G.0.).

IT"K) whom correspondence should be addressed.
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the new information provided by use of radio-labelled SAP as
a specific quantitative in vivo tracer for amyloid deposits'.

Recently, we reported the crystallization of SAP in conditions
that induce a reversible dissociation of the decamer into a pen-
tameric form'®. We now report the X-ray analysis of the crystals
at 2 A resolution, defining the complete three-dimensional struc-
ture of the pentamer. This human plasma protcin has a tertiary
fold which resembles that of the legume lectins concanavalin A
and pea lectin. There are two calcium sites and these are shown
to be involved in binding of carbohydrate and the synthetic
ligand phosphoethanolamine. However, the calcium sites in SAP
and the calcium and manganese sites of concanavalin A differ
in their relationship to the common topology. The SAP pen-
tamer shows necarly perfect 5-fold symmetry and sequence com-
parisons suggest that very similar interactions are retained in
CRP pentamers.

Three-dimensional structure

Scrum amyloid P component was isolated at greater than 99%
purity from pooled human ascites and pleural effusion fluids'®,
The crystals obtained at pH 5.5 in a medium containing calcium
and acetate ions as described previously'® were of space group
P2, and cell dimensions a=68.9 A, b=99.3 A, ¢=96.7 A and
B =95.9° The initial model of pentameric SAP was based on X-
ray analysis at 2.8 A resolution using the multiple isomorphous
replacement (MIR) technique followed by solvent flattening'’
and 5-fold molecular averaging'®. The refinement statistics are
shown in Table 1, the legend of which gives further details of the
X-ray analysis. The final model was refined at 2.0 A resolution to
an agreement (R) value of 0.18 to give clear electron density for
all residues of the five subunits (see Fig. 1a).

The SAP pentamer consists of five subunits of 204 amino-acid
residues, each with a closely similar three-dimensional structure
constructed from antiparallel -strands (A-O) arranged in two
sheets (Fig. 2a). The tertiary fold can be envisaged as a jellyroll
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TABLE 1 Structure determination of serum amyloid P component

Derivative K,Ptls NazP0O4(WO03)12  Th(NOa)s Th(NO3)s Ce(S04)2 KoAuCl, U0,50, AgNO3 Na, W0,
Concentration (mM) 5.0 5.0 4.5 4.5 17.0 2.5 25.0 50 11.0
Soaking time (h) 24.0 60.0 28.0 28.0 48.0 1.0 24.0 240 19.0 (4 °C)

at 20 °C
Collection device: F F F F F F X ) D
Resolution (A) 3.5 3.5 4,1 2.8 3.0 3.5 3.2 3.4 6.0
Merging R factor 0.084 0.069 0.062 0.049 0.101 0.110 0.045 0.118 0.075
Isomorphous R factor 0.317 0.237 0.203 0.278 0.222 0.310 0.251 0.165 0.225
% Complete 88.3 80.3 91.7 85.8 76.7 711 81.0 934 97.1
Number of sites 28 21 17 14 27 22 22 26 —
Phasing power 1.00 1.15 1.43 2.02 1.02 1.55 1.29 1.04 —

) (4.1-2.8 A)

Heavy-atom derivatives used for multiple isomorphous replacement and data collection statistics are shown. Native data were collected from
one crystal on a Hilger-Watts 290 4-circle diffractometer with R, =4.5% for 4,112 independent reflections to 5.6 A. High-resolution native data
were also collected on film at the Synchrotron Radiation Source at Daresbury Laboratory (wavelength 1.468 A) using three crystals (Rym=7.7%
for 78,951 unique reflections to 2.02 A). The final merged data set comprised low-resolution data from the diffractometer and high-resolution data
from the synchrotron (93.6% complete to 2 A). The major heavy-atom sites were determined from inspection of difference Patterson functions and
cross-phase difference Fourier transforms. A multiple isomorphous replacement (MIR) map was calculated, solvent-flattened and averaged. Phases
from both maps were used in cross-phase difference Fourier transforms to determine those minor sites related by the 5-fold axis to the major
sites. All sites were initially refined with the VECREF program (1.).T.}) to eliminate spurious sites and then with PHARE. A final MIR map was calculated
to 2.8 A and the phasing analysis gave a figure of merit of 0.61. This map was solvent flattened"?, and phases were calculated and recombined
with the MIR phases to give a combined figure of merit of 0.85. The solvent-flattened map was then averaged using the PSAVER program (1.J.T.)
and the envelope determined in the solvent flattening. The polypeptide of the f-sheet and helix were well defined. Derivative data were also scaled
to native data collected from three crystals on a FAST area detector mounted on a CuKa microfocus tube (80OW) (Rsym=10.0% for 30,996
independent reflections to 2.8 A). Heavy-atom sites were determined independently from those in Table 1 and were refined using MLPHARE. The
resulting electron density map was solvent-flattened and averaged. The map was similar to that used for the refinement. Problems in obtaining an
interpretable map arose because not all substituted sites related by the non-crystaliographic symmetry were present on early cross-phase difference
Fourier transforms because of poor phasing from the derivatives available at the time. Two of the three derivatives with the highest phasing power
were the last to be collected. These extra derivatives allowed minor sites related to the major sites by the 5-fold axis to be determined in the early
derivatives, as well as multiple occupancy in some sites previously thought to be singly occupied. For example, the dominant thorium nitrate
derivative formed a complex with 11 thorium atoms comprising two octahedra, each with edges of ~4 A and sharing an apex. The direction of the
5.fold axis was determined from a self-rotation function'®, and the approximate position of the molecule on this axis was found by positioning a
pentagonal prism in a low-resolution MIR map. A six-dimensional search (three rotations and three translations) for a best correlation in the map
for a given rotational operation was performed using LOCROT (1.J.7.). The parameters were then refined with the density correlation programs of
Bricogne'®. One averaged subunit of the electron density map obtained from the solvent flattening was displayed in FRODO® on an Evans and
Sutherland PS390. The sequence could be assigned from the position of the disulphide bridge and the putative calcium-bindin% site for all residues
in the sheets and helix. The resolution was extended with simulated annealing using non-crystatlographic restraints in XPLOR®® and rebuilding into
electron density maps (coefficients 2F;—F., Fo—F,) calculated from phases that had been combined with the MIR phases until all residues had
been inserted. The resolution was then extended to 2 A and 10 calcium ions, 4 acetate ions and 879 water molecules were added. Least-squares
refinement in RESTRAIN®" gave a crystallographic R-factor of 0.18 for all 78,910 reflections in the resolution range 8-2 A. The r.m.s. deviations
from stereochemical ideality are 0.17 A for bond distances and 3.45° for bond angles. The average isotropic B values are 22.9 AZ for protein and
37.7 A? for solvent molecules. There were no residues in the disallowed region of a Ramachandran plot*®. The CCP4 suite of programs (SERC,
Daresbury) has been used for all crystaliographic calculations, except the structural refinement.

T, T KhKD—KhkDI/ X, 37 Khk)

Isomorphous R factor 3, [ Foen(hkl) = Foal KNI/ T, | Frad( PRI

Merging R factor

Phasing power (%, FreanthKNI/Y, , €%(hih]*?

D, Enraf-Nonius CAD-4 diffractometer mounted on a 1,500 W sealed tube; F, Enraf-Nonius FAST area-detector mounted on a CuKa microfocus
tube (800 W); X, Siemens Xentronics area-detector mounted on a Siemens XP18 generator; |, MAR research imaging plate mounted on a Siemens
XP18 generator.

of strands ABCDKLNO, elaborated by the addition of three
further antiparallel strands (EFG and HIJ) forming a fS-
meander at the same end of each of the sheets to give the topol-
ogy +11-9+7-1—-1-1-3+1+1+5-9—1+12—13. In this
arrangement, strands A and M are both hydrogen-bonded to
strand L (see Fig. 3). The disulphide between Cys 36 and Cys 95
links the two adjacent strands (L and C) of one f-sheet. A long
a-helix between strands L and M is folded on top of this -
sheet. There is also an N-linked oligosaccharide at Asn 32 on
this sheet; only one saccharide residue is visible in the electron
density map. :

The hydrophobic core between the two sheets is comprised
mainly of tryptophan, tyrosine, phenylalanine and leucine. The
core is closed off by two B-arches between the two sheets; strands
joining B to C and J to K are hydrogen-bonded and antiparallel,
an arrangement characteristic of proteins derived from a jellyroli
motif. One end of the core, formed by 11 residues at the amino-
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terminus and those in the N and O strands at the carboxy
terminus (Figs 2, 3), has hydrophobic residues accessible to sol-
vent. The other end of the core is involved in interactions with
a neighbouring promoter (see below) and so is inaccessible to
solvent.

Tertiary fold comparisons

The similarities of the amino-acid sequences of SAP, human
CRP, CRP of the arachnid Limulus polyphemus (the horseshoe
crab) and hamster SAP suggest that they may have similar three-
dimensional structures. Comparative modelling'® shows that
these pentraxins can have equivalent antiparallel structures, with
insertions and deletions in the loops between the B-strands and
a-helices (N.S., H.LE.W, and T.L.B., unpublished results). Figure
4 shows that most solvent-inaccessible aromatic side chains are
conserved to give compact hydrophobic cores in all members of
the family.

339
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The jellyroll topology of the pentraxins is reminiscent of that
of the picornavirus coat proteins, which also have pentameric
structures. However, pentraxins most closely resemble legume
lectins such as concanavalin A*® and pea lectin®' (Fig. 2a). In
each case, the arrangement of strands is identical, but the N and
C termini are in different positions (Fig. 3). In pea lectin, the N
terminus is at strand M and the C terminus’at strand L (labelling
of the topologically equivalent strands follows those in SAP as
shown in Fig. 3). Strands A and M are both hydrogen-bonded
to strand L in a similar manner to those in SAP. In the three-
dimensional structure of concanavalin A, the N terminus is at
strand E and the C terminus at the end of strand D owing to a
post-translational cleavage which follows ligation of the true
termini between strands L and M?2. Pea lectin is additionally
cleaved at the loop connecting strands T and J.

Alignment of sequences (IFig. 4) on the basis of topologically
equivalent fcatures of the three-dimensional structures™ shows
that helices occupy different positions in the pentraxins and leg-
ume lectins and that the amino-acid sequences of the two families
have wdentitics of only ~11%. The two main helices in SAP occur
before and after strand L, whereas the helices in

decamer stabilization, although Glu 167, positioned on the helix,
is a likely candidate. A compact decamer can be modelled if the
pentamer 5-fold axes are in line but the subunits are out of step,
allowing the helices from one layer to pack between those of the
opposite layer. Structure analysis of a crystal form produced
at neutral pH with 10 protomers in the asymmetric unit is in
progress.

The models of CRP and hamster SAP demonstrate that the
pentamers can have very similar inter-subunit interactions.
Limulus CRP is hexameric® and we have also constructed this
arrangement of protomers by operating with 6-fold axis placed
slightly farther from the subunit than the 5-fold axis of SAP.

Calcium-binding site

In serum amyloid P component, we have identified two large
spheres of density which are too heavy to be oxygen atoms and
are in positions that imply the presence of calcium ions, between
4.0 and 4.3 A apart in the five subunits and bridged by common
side chains. Calcium ion 1 is coordinated to the side chains of
Asp 58, Asn 59, Glu 136, Asp 138 and the main-chain carbony!

the legume occur at the C terminus of strand J.

There is a long insertion between the end of the
helix after strand D and the beginning of strand
E in the lectins relative to the pentraxins. Strands
G, H and 1, together with the type IV B-hairpin
between H and I, are identical in both SAP and
pea lectin. The so-called pentraxin octapeptide sig-
nature sequence, HXCXS/TWXS, is in this
region, but this is not conserved in the legume
lectins.

Structure of pentamer and decamer

Figure 2b shows the structure of the pentamer.
The five subunits are arranged in a ring with a
hole 20 A in diamcter and 35 A decp at the centre.
The two layers of B-strands in each subunit are in
planes normal to the 5-fold axis. Strands G, [ and
J of on¢ protomer interact with strand N and loops
between strands A and B, C and D, G and H and
K and L of an adjacent protomer (Fig. 2b). When
SAP is overlaid on the pea lectin, strand J does

not give as good a fit as other strands. In SAP

this strand has moved to provide inter-protomer l
contacts, with all residues between Pro 113 and

Leu 119 being involved. The subunit interactions J
consist of hydrogen bonds between main-chain o

peptide groups, three salt bridges and some hydro-

0
I——
b

phobic contacts, in contrast to other pentameric

systems where there are often inter-subunit S-
sheets. The surface area of the protomer that is
buried on formation of the pentamer is 410.5 A,
comprising 15.4% of the total surface of the pro-
tomer. Figure 4 shows the residues involved in
these extensive interactions and which account for
the considerable stability of the SAP pentamer.
In contrast, the SAP decamer is readily dissoci-
ated by reducing the pH to 5.5. The simplest expla-
nation for this is that the decamer is stabilized
by ionic interactions involving carboxylate and/or
imidazole groups. Electron microscopy has clearly
shown that the SAP pentamers are packed face- N]
to-face® and it seems probable that the faces in
contact are those carrying the a-hclix, as we show
(sce below) that the calcium-dependent ligand-
binding sites are on the other face and such

’ ’ 35
[ %’sﬂ
I = T
(sg=(mg 78
S
B B
2
2y
12 )y
{ UG,
QD
\QED

binding is exhibited by the decamer. Furthermore, -
adjacent sites are accessible to chymotryptic cleav-
age in the decamer in the absence of calcium ions.
It is not clear which groups are involved in the
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FIG. 3 Hydrogen-honding diagrams generated by HERA®® for SAP (above) and pea lectin
(Brookhaven code 2LTN) (below). The secondary structural elements were assigned
according to the criteria defined by Kabsch and Sander**.
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of Gin 137 (Fig. Sa). Unlike many caleium-binding sites in pro-
teins, such as parvalbumin, the coordinating residues come from
ditferent parts of the scquence. This is achieved by a distortion
at the start of strand E carrying residues Asp 58 and Asn 59 and
the region containing Glu 136 and Asp 138 looping over towards
calcium 1 (Fig. 34). The calcium hgation 1s likely to be an impor-
tant local structural determinant, The seventh coordination site
is occupicd by a ligand that has the appearance of an acetate
ion from the crystallization bufler in protomers 1. 2. 4 and 5,

FIG. 1 Final refined electron density of SAP. a, Refined electron density
map (2F, - F.) calculated at 2 A resolution and contoured at 1 r.m.s.
This shows the SAP helix packing against the f-pleated sheets in the
region of the disulpnide bridge Cys 36-Cys 95. The top left hand of the
diagram shows a region where the side chain Glu 167 makes contact
with the calcium-binding site of a symmeltry-related molecule. The
region of the calcium tons 15 contoured at 5 r.m.s, showing that the
glutamate bridges the two ions in a similar manner to the acetate ion.
b, MOIDG complexed with SAP contoured at 1 rm.s. electron density
level at 2.9 A resolution. Crystals of SAP prepared by the batch method*®
in the presence of MOJIDG were isomorphous with crystals of native
SAP and had cell dimensions a=69.06 A, b=99.3 A, ¢=96.75A and
f1—95.84". Dala were collected on a MAR imaging plate system
mounted on a Siemens XP-18 rotating anode and a final R, of 5.3%
was obtained. Data were 95.8% complete to 2.9 A resolution. A final
crystallagraphic R factor of 0.197 for all reflections in the range 10—
2.9 A was obtained after refinement in XPLOR without non-crystallo-
graphic restraints. The success of this experiment depended an soaking
in an excess of the sugar so as to displace the acetate ion which
otherwise occupies the same position at the calcium-binding site. The
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but in protomer 3 this position is filled by the side chain of
Glu 167 of an adjacent molecule in the crystal lattice. Glu 136,
Asp 138 and the acetate/lattice contact form a bridge to a
second, more loosely bound caleium jon (calcium 2). The coordi-
nation of calcium 2 is completed by Gln 148 and two water
molecules, [n a cross-phase difference Fourier transform of cer-
ium sulphate soaked crystals, we find that calcium 2 is displaced
by a cerium ion. Caleium 2 is also removed when the crystals are
soaked in calcium-free butfers. These observations arc consistent

MOSDG is well defined only in promoter 3, shown here, where it is
involved in a crystal contact; there Is density consistent with the same
binding at other subunits, ¢, Phosphoethanclamine (PE) complexed with
SAP contoured at 1 r.m.s. electron density level at 2.9 A resolution.
Crystals of SAP prepared by the batch method’® in the presence of
9 mM PE were not isomorphous with crystals of native SAP and had cell
dimensions a=67.05A, b=103.43 A, ¢=102.43 A and 1 =95.73", In
space group P2,. Data were collected on a MAR imaging plate system
mounted on a Siemens XP-18 rotating anode and a final Ry of 6.4%
was obtained. Data were 95.5% complete to 2.9 A resolution. In the
initial refinement, the SAP pentamer was treated as a single rigid body
and an R factor of 0.33 was obtained for the 3,513 refiections at 30—
G A. The five subunits were then treated as individual rigid bodies and
refinement produced an R factar of 0.26 for the 11,628 reflections at
18-4 A. The final crystallographic R factor of 0.20 for all reflections
in the range 10-2.9 A was obtained after refinement in XPLOR; non-
crystallographic symmetry restraints were not applied. Coordinates have
been deposited with the Protein Data Bank, Chemistry Department,
Brookhaven National Laboratory, Upton, New Yorl 11973, USA.
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with the more solvent-accessible position and fewer protein
ligands of calcium 2.

Residues that provide hgands to the calcium 1ons are conser-
at the start of strand E carrying residues Asp 58 and Asn 59 and
the region containing Glu 136 and Asp 138 looping over towards
calcium | {(Fig. 5«¢). The caletum ligation is likely to be an impor-
tant local structural determinant. The seventh coordination site
is occupicd by a lipand that has the appearance ol an acetate
ion from the crystallization bufter in protomers I, 2, 4 and 5,
but in protomer 3 this position is filled by the side chain of
Glu 167 of an adjacent molecule in the erystal lattice. Glu 136,
Asp 138 and the acetate/lattice contact form a bridge to a
second, more loosely bound calcium ion (calcium 2). The coordi-
nation of calcium 2 is completed by Gln 148 and two waler
molecules. In a cross-phase difference Fourier transform of cer-
ium sulphate soaked erystals, we find that caleium 2 is displaced
by a cerium jon. Calcium 2 is also removed when the crystals are
soaked in calcium-free bullers. These observations are consistent
with the more solvent-accessible position and fewer protein
ligands of calcium 2.

Residues that provide ligands to the calcium ions are conser-
ved in all SAPs, but although Asp 58 1s found in hamster SAP,
human CRP and Limulus CRP, it varies in other CRPs. Never-
theless, the general organization of the site is probably retained.
The disposition of these groups on surface loops where sequence
differences accumulate could explain the considerable change in
calcium affinity between CRP and SAP. In CRP there is evidence
that both calciums bind with the same allinity at neatral pH™,
whereas in SAP our results show that calcium 2 has fewer protein
ligands and can be preferentially unloaded. The tighter caleium
binding and equivalence of the sites in CRP could also be due
to the substitution of Asp 145 in SAP by glutamate in CRP. The
longer side chain in CRP would permit a full complement of
protein hpands to calcium site 2.

The existence of two metal ons bridged by protein ligands is
reminiscent of concanavalin A. However, although the metal-
binding sites in the legume lectins are on the same face of the

Concanavalin A

o " Serumamylold P

FIG. 2 Ribbon drawings generated with Setor’® with fi-strands shown
as blue arrows, helices as ribbons and loops as cords. a, The topology
of SAP compared with the legume lectin concanavalin A (Con A). The
strands are labelled from the N terminus of SAP, ABCDEFGHIJKLMNO,
with structurally equivalent strands 1n Con A labelled similarly. The posi-
tions of the N and C termini in Con A are altered with respect to the
nascent protein by ligation of the origin N and C termini and proteolytic
cleavage between strands D and E. The two structures can be superim-
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protein, they are at a different position, between strands E and
F, compared with D and E on SAP. There are no ligands of the
two caleium ions that are topologically equivalent to those for
the caleium and manganese of the lectins. Thus, although there
is evidence for divergent evolution of the protein folds of the
plant lectins and the pentraxins, this is not supported by a con-
servation of similar metal-binding sites.

Ligand binding
SAP binds to methyl 4.6-0-( 1-carboxyethylidene)-fi-p-galacto-
pyranoside (MOfiDG), which 1s not recognized by CRP. Figure
15 shows the eleetron density for MOSDG complexed with SAP.
The sugar derivative binds directly through the acidic group to
the two calcium jons in a similar way to the acetate that it
replaces. The other interactions include two hydrogen bonds
formed between the 4, 6 oxygen atoms of the ring and the amide
nitrogen atoms of Gln 148 and Asn 59, respectively, cach of
which bind to the calcium ions through their amide oxygens
(Fig. 3b). Thus, the role of calcium is not to bind the palacto-
pyranoside ring directly, but rather to mediate its binding by
orienting side-chain amides in a way that resembles saccharnide
binding in lectins. There is only one hydrogen bond to the
galuctopyranoside ring (FFig. 5h). Thus, it is the methyl 4,6-0-
(T-carboxyethyhidene) ring that forms the main interactions with
the protein, explaining why neither the non-cychic acctal of
MOSADG nor the simple monosaccharides bind (refs 3, 8§ and
M.IBL.P. er wl., manuseript in preparation). The R-isomer bridge
methyl group points into a hydrophobic pocket formed by
Leu 62, Tyr 64 and Tyr 74. The differences in the hydrophobic
pocket and the ligand distribution at the calciums in CRP may
explain the poor binding to MOBDG. It 1s probable that this
site is involved in binding to amyloid fibrils, and its specificity
will be discussed elsewhere (M.B.P. ¢ «l, manuscript in
preparation).

The highest-affimty interaction of human CRP is 1ts caleium-
dependent binding 1o phosphocholine (PC). Studies on human
CR P have implicated amino-acid residues 50-60 in the ability

posed by a least-squares fit using the Ca positions of the two sets of
antiparallel sheets to produce an r.m.s. deviation of 2.4 A. There is a
greater angle between these sheets in SAP than in Con A, b, Structure
of the pentamer of SAP viewed along the non-crystallographic 5-fold
axis of symmetry. The pairwise r.m.s. deviations for all main-chain atoms
range from 0.19 A between protomers 1 and 5 to 0.24 A between proto
mers 3 and 4.
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to bind PC, and more recent mutagenesis experiments™ have
identified Lys 55 and Arg 56 as key residues. The native SAP
structure shows that Asp 58 and Asn 59 from this loop are
involved in coordinating one of the two calcium jons. Human
SAP, in contrast, does not bind to PC. although in common
with CRP it does bind to phosphoethanolamine (PE). The elec-
tron density maps for SAP co-crystallized with PE (Fig. le)
show a major site in all subumts, which coincides with that
which binds acctate ions and MOADG and indicates a direct
interaction between the phosphate group and both calcium ions.,
In contrast to MOADG, tins interaction with PE displaces
Glu 167 from its intermolecular interaction with the calcium 1ons
of protomer 3, explaining the observed disturbance b crystal
packing. Binding of MOfADG or PE in the common site prob-
ably stabilizes the whole calcium-binding region, including
Asn 59 which binds MOSDG and calcium and Asp 58 which
binds calcium. Both PE and PC probably bind at the calcium
ion in CRP.

SAP aggregates rupidly in neutral solutions in the presence of

calcium 1ons, presumably through intermolecular interactions
imvolving the surface of the decamer with the exposed calcium-
binding site. This i1s consistent with the observation that this
interaction ean be inhibited by MOSDG™ and by PE (M.B.P.
et al., manuscript in preparation). Similarly, they compete for
the calcium site with Glu 167, which is an important lattice
contact in the pentamer crystals.

In the presence of caleium, SAP also binds polyanions such
as heparan sulphate, dermatan sulphate” and DNA® It has been
suggested that the DNA interaction involves a decapepude
around Arg 120, with some resemblance to certain histone
sequences, and for which a helical structure was proposed*'.
However, i human SAP this region 15 not helical and other
SAPs do not have arginine at this position. Nevertheless, it does
have affinity for multivalent anions, as demonstrated by the
binding of phosphotungstate at this site in the heavy-atom 1s0-
morphous derivative (see Table 1). There are several basic
patches in SAP, for example Arg 120, Arg 77, His 78, Lys 79
and Arg 57, which are on the same surface as the caleium- and
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FIG. 4 Mignment of the sequences of the pentraxins {one protomer
sapm and one pentamer sapp) of SAP, human C-reactive protein (herp),
hamster SAP (female hamster protein) (1fhp) and Limulus CRP (1lim)
with the sequences of legume lectins, concanavalin A (3cna) and pea
lectin (2ltn and 1lte). These alignments are based on comparing the
three-dimensional structure of SAP with those of the legume lectins™™,
Key to characters in the ahgnmenm"’: solvent inaccessible, upper case
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letter; solvent accessible, lower case letter; positive ¢, italic letter; cis-
peptide, breve over letter; hydrogen bond to other side chain, tilde over
letter; hydrogen bond to main-chain amide, hold letter; hydrogen hond
to main-chain carbonyl, letter underlined; disulphide bond, cedilla below
letter; © metal-binding sites in SAP and Con A; “residues of SAP
invalved in inter-protomer contacts.
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FIG. 5 The calcium- and ligand-binding sites in SAP. Diagrams were
generated using Setor™™. Important interactions between calcium ions,
ligands and the protein are shown by dotled lines. a, Topology around
the calcium-binding site showing the residues involved in calcium coor-
dination and those in the hydrophobic pocket (Leu 62, Tyr 64, Tyr 74)
and the cleavage site (Phe 144, Asp 145) in SAP. Calcium 1 has hep-
tagonal coordination, and calcium 2 has hexagonal coordination.
b, MOfIDG-binding site. The main interaction involves coordination
between the calcium ions and the carboxylate of the carboxyethylidene
ring. The amide nitrogens of Asn 59 and Gln 148 form hydrogen bonds
to the 4, 6 oxygens of the carboxyethylidene ring. The only interaction
between the protein and the galactopyranoside ring is a hydrogen bond
between the 3 oxygen and the amide nitrogen of Gin 148,

PE-binding sites. It scems more likely that the phosphate back-
bone of DNA and the sulphated polysacchanides bind both at
the caleiums and at the basic sites, possibly on more than one
subunit simultancously. These extensive interactions probably
account for the ability of SAP to displace from DNA the HI-
type histones in chromatin®. The sequence differences in the basic
regions and in the calcium-binding region could explaimn the vari-
able affinity for DNA shown by different pentraxins. Human
CRP, for instance, binds DNA only at low, non-physiological
ionic strength. Low concentrations of both PE and MOADG
enhance the binding of SAP to DNA and both compete with
the interaction at high concentration (M.B.P. er al., manuscript
in preparation). Similar effects are observed for SAP binding to
immobilized PE (M.B.P. et al., manuscript in preparation). As
we can find no evidence for a second binding site for PE or
MOfDG in the present experimental conditions, these cffects
may be mediated through inter-subunit nteractions.

Ligands for SAP. such as PE in phosphatidylethanolamine
and MOADG-like sugars”, are common in microorganisms. In
this respect it resembles CRP'™ and mannose-binding protein™,
a plasma C-type lectin involved i innate resistance to infection;
these recognize widely distributed microbial epitopes, suggesting
that SAP, too, may participate mn host defence.

Protelnase resistance and amyloidosis

SAP and CRP are both remarkably resistant to proteolytic
degradation in the presence of calcium. In contrast, in the
absence of calcium both are cleaved by some enzymes, particu-
larly a-chymotrypsin and pronasc™*'. Although this cleavage
does not cause fragmentation of either the whole molecule or
the individual subunits under non-denaturing conditions, it does
cause loss of calcium-binding activity by the pentraxins and
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abolishes their capacity for calcium-dependent ligand binding.
It is therefore of interest that the major site of cleavage of SAP
is at residues 144-145 whereas in CRP 1t 1s at residues 146-147
(pronase) or 145- 146 (Nagarse protcase). This is part of a loop
held in place by caleium ligation which, in the calcium-free form,
may be only loosely associated with the body of the protein and,
therefore, susceptible to proteolysis. Most loops of SAP are held
close to the body of the pentamer and this makes them less casily
accessible 1o the active sites of proteolytic enzymes.

Resistunce to proteinase digestion is likely to be an important
aspect of the normal function of SAP, and may alse contribute
to the persistence of amyloid deposits. The SAP normally associ-
ated with the glomerular basement membrane and the surface
of clastic fibre microfibrils”™'” may protect these components of
the extracellular matrix from inappropriate degradation. On the
other hand, amyloid fibrils are abnormal extracellular structures
which should be recognized and degraded, but which neverthe-
less persist in vivo. In this pathological snuaton, the binding of
SAP to amyloid fibrils may be responsible. Protection could
result simply from coating by SAP, which is completely un-
altered with respect to its normal circulating form'', and which
would therefore not be expected to trigger macrophage activa-
tion or phagoceytosis. However, the proteinase resistance of SAP
iself may be a significant factor. Availability of the complete
high-resolution structure of SAP and its hgand-binding site now
ofler the opportunity for direct modelling of competitive inhibi-
tors of SAP binding and for producing binding-site homologues,
either of which could be used as drugs to displace SAP [rom
amyloid deposits in vive. This would open up new avenues for
treatment of amyloidosis, enabling the body to mobilize and
degrade the fibrils which may otherwise be inappropriately pro-

tected by SAP. '._l
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Transition between spiral
and target states in
Rayleigh-Bénard convection
Michel Assenheimer & Victor Steinberg

Department of Physics of Complex Systems,
The Weizmann Institute of Science, Rehovot 76100, Israel

RavLEIGH-BENARD convection'™, which occurs when a shallow fluid
layer is heated from below, is commonly regarded as a paradigm
for pattern formation under non-equilibrium conditions. The for-
mation of hexagonal arrays of Bénard cells is well known, but
more complex patterns such as targets® and spirals™' have also
been reported. Similar patterns have been seen in electrohydrodyn-
amical convection'*", oscillatory chemical reactions™ ' and hio-
lngical systems'”*". In general, the spiral and target states are
found for different experimental conditions. Here we report the
observation of a continuous transition between states containing
many spirals and many targets, in a fluid undergoing Rayleigh-
Bénard convection near the gas—liquid critical point. Whether spir-
als or targets are observed depends on the Prandtl number, the
ratio between the thermal and viscous timescales in the fluid.
Neither of these states seems to be predicted by the hydrodynamic
equations that describe the fluid motions'™ *'. The fact that the
transformation of one pattern into the other is continuous, and
that under some conditions they can coexist, suggests that they
may be generated by the same or a similar mechanism.

We studied Rayleigh Bénard (RB) convection in SF, near its
thermodynamic eritical point (the critical temperature, pressure
and density are 7.=318.7K, p. =378 bar and p.=0.73 g em
respectively)’. The fluid was enclosed in a stainless steel vesscl
having a sapphire window 19 mm thick and 102 mm in diameter.
A nickel-plated copper bottom-plate {to which «a thermofoil
heater was attached) sandwiched a mylar spacer. The spacer had
an mner diameter =30 mm and thickness « = 130 pm, giving
a radial aspect ratio of T'=D/2d=115. The vessel was coupled
by a thin tube to a small hot volume, in which pressure feedback
could be performed by heating the fluid. Both vessels were
enclosed m a constant-temperature bath in which the long-term
stability was better than 1.0 mK. Long-term stability of the
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bottom temperature was better than £0.3 mK. Pressure feed-
back resulted in long-term stability of 0.5 mbar. Shadowgraph
techniques, with and without computer enhancement, were used
to visualize the patterns. The cell was filled far from the critical
point so that the desired density could be obtained with an accur-
acy of £0.25% from an equation of state™.

The RB problem has two independent control parameters,
namely the Rayleigh number Ra which represents the dimen-
sionless temperature ditlerence across the fluid and is a measure
of the external stress applied to the system, and the Prandtl
number Pr' 2. In the Boussinesq approximation' * 7' (roughly
speaking, temperature-independent fluid properties) the pattern
selection 1s completely determined by the values of Ra, Pr and
k. the wavenumber of the pattern' *7'. These patterns are sum-
marized in what i1s known as the Busse balloon (the part of the
Ra, Pr, & phase space bounding the stuble patterns) and have
been verified extensively both experimentally and theoretically'.
Deviations from the Boussinesqg approximation have been shown
to influence the pattern selection near onset' '’ Non-Boussi-
nesq behaviour of fluids may be quantified by the parameter .
a global dimensionless measure of the vanations of the relevant
fluid properties (density, viscosity, thermal conductivity and iso-
baric specific heat and thermal expansion) with temperature®’,
Its role for the pattern sclection is commonly negleeted,
especially far from onset.

Recently. we showed that RB convection near 77 has the fol-
lowing advantage because most thermodynamic and kinetic
propertics of fluids have a universal power law behaviour as a
function of the reduced average temperature v = (7= 7.) /7. (1)
the onset of convection (A7) decreases as 15 decreased,
enubling convection in thin cells and thus large aspeet ratios:
(2) Prcan be scanned continuously from ~1 to practically infin-
ity; (3) @ can be varied independently hecause it is a function
of d, T and AT. Here T'and AT are the average temperature and
the temperature difference across the fluid layer respectively”.

In Fig. la. b and ¢ we present spiral, target and mixed states
For values of the Prandt] number of 3.3, 6.6 and 3.6 respectively.
FForintermediate Prandtl numbers (35 Pr<4) as well as in trans-
ients, we observed both patterns simultancously and transitions
between them. On the whole, the steady state, comprising many
extended patterns, reminns time dependent, although single sta-
tionary spirals and targets are also present. Spiral-pattern-domi-

%

nant states exist for P'r< 3.5, while target pattern dominant states
= getp
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Serum amyloid P component (SAP) is a glycoprotein that binds in a cal-
cium-dependent fashion to a variety of ligands including other proteins,
glycosaminoglycans and DNA. SAP is universally associated with the
amyloid deposits in all forms of amyloidoses including Alzheimer's dis-
ease. Small-molecule ligands that displace SAP from amyloid fibrils and
thereby expose the fibrils to proteolytic clearance mechanisms hold po-
tential as drugs for the prevention and treatment of amyloidosis. We
have carried out a screen for novel SAP ligands and have identified 2'-
deoxyadenosine-5'-monophosphate (AAMP) as a ligand. The crystal struc-
ture of the SAP-dAMP complex determined at 28 A resolution
(R=0232, R,.=0252) reveals a decamer in which all interactions
between SAP pentamers are mediated by the ligand. The stability of the
decamer in solution has been demonstrated by gel filtration chromatog-
raphy. The two calcium ions of SAP are bridged by the dAMP phosphate
group and five hydrogen bonds are formed between the protein and the
ligand, including specific interactions made by the adenine base. This
mode of dAMP binding is not compatible with the nucleotide being part
of double-helical DNA. The SAP-dAMP decamer is stabilized mainly by
base-stacking of adjacent ligand molecules and possibly by electrostatic
interactions involving the dAMP phosphate groups; decamerization bur-
jes 1000 A? (2.6%) of the pentamer solvent-accessible surface. Ligand-
induced decamerization of SAP, which utilizes the high cooperativity of
a multiple-site interaction, may be a strategy to overcome the problems
for drug design associated with the rather modest affinitics of SAD for
small-molecule ligands.

) 1997 Academic Press Limited

Keywords: pentraxin; amyloidosis; X-ray crystallography; drug design

Introduction

in man, belong to the pentraxin family of plasma

Serum amyloid P component (SAP) is a normal
plasma glycoprotein isolated as a decamer of iden-
tical subunits in the presence of EDTA (Pinteric
et al., 1976; Osmand et al., 1977). Each subunit com-
prises 204 amino acid residues (molecular mass
25.5 kDa), with one disulphide bond linking cy-
steine residues 36 and 95 and a single N-linked
biantennary oligosaccharide attached to Asn32
(Pepys et al., 1994). SAP and its homologue C-reac-
tive protein (CRP), the classic acute phase protein

Abbreviations used: SAP, serum amyloid P
component; CRP, C-reactive protein; MOPDG, methyl-
4,6-O-(1-carboxyethylidene)-Ji--galactopyranoside; PE,
O-phosphoethanolamine; dAMP, 2'-deoxyadenosine-5'-
monophosphate.

0022-2836/97 /240570-9 $25.00/0/mb971075

proteins, which have been highly conserved
throughout vertebrate evolution (Osmand et al,
1977; Pepys el al., 1978; Pepys & Baltz, 1983;
Gewurz et al., 1995). Although the precise role of
SAD has yet to be defined, its ability to form tight
complexes with other biological macromolecules is
likely to be at the root of its function(s). SAP binds,
in a strictly calcium-dependent fashion, to DNA
and chromatin (Pepys & Butler, 1987; Butler ef al.,
1990), glycosaminoglycans (Hamazaki, 1987), agar-
ose (Pepys et al., 1977), fibronectin and C4-binding
protein (de Beer et al., 1981) and possibly other
proteins. A notable property of SAP is its universal
association with the amyloid deposits in systemic
amyloidosis, Alzheimer’s disease and the transmis-
sible spongiform encephalopathies (reviewed by
Pepys, 1994).

1 1997 Academic Press Limited
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The crystal structure of SAP crystallized at pH
5.5 revealed a pentamer, in which the subunits are
arranged in a ring with 5-fold rotational symmetry
(Emsley ef al., 1994). Each subunit has a two-
layered P-sheet structure with a jellyroll topology
{Emsley et al., 1994). The pentamer has a polarity
defined by five double-calcium binding sites on
one face (B face) and five a-helices on the other (A)
face. Analysis of a complex of SAP with MOBDG
(35 cyclic pyruvate acetal of galactose), a mono-
saccharide constituent of agarose that is bound
with modest affinity by SAP (Hind et al., 1984a),
has shown that the pyruvate carboxylate group
bridges the two resident calcium ions of SAP (Ems-
ley et al., 1994). The direct interaction of an acidic
functional group with the calcium ions is likely to
be a common feature of other SAP-ligand com-
plexes.

The oligomerization properties of SAT are com-
plex. At neutral pH in the presence of EDTA a
stable decameric form exists (Pinteric et al., 1976;
Osmand et al., 1977; Wood et al., 1988) and we
have speculated that SAP pentamers might interact
through contacts between the A faces, thus main-
taining accessibility of the calcium-binding sites for
ligand recognition {Emsley et al., 1994). In the pre-
sence of calcium and absence of ligand, isolated
SAP rapidly precipitates (Baltz et al,, 1982) and
electron microscopy shows long stacks of penta-
mers (Painter et al,, 1982), presumably resulting
from a head-to-tail (AB) association. Both small
and macromolecular ligands inhibit the calcium-in-
duced aggregation of SAP (Hind et al, 1984a;
Hamazaki, 1989; Butler et al., 1990), and this forms
the basis of a rapid and efficient screening pro-
cedure for prospective ligands. ,

The principal motivation for the search of novel
SAP ligands is the possible involvement of SAP in
the pathogenesis of amyloid diseases. Pepys et al.
have argued that a cloak of SAP covering the amy-
loid deposits may account for the persistence
in vivo of these abnormal structures, and that un-
masking the fibrils would expose them to the nor-
mal proteolytic clearance mechanisms (Hind et al.,
1984b; Tennent et al., 1995; Pepys et al., 1996). Milli-
molar concentrations of MOBDG are required to
significantly displace SAP from amyloid fibrils ex
vivo (Hind ¢t al., 1984b) and in an in vitro model
system (Tennent et al., 1995), leaving ample scope
for the design of ligands with higher affinity for
SAP.

Here, we describe the crystal structure at 2.8 A
resolution of a complex of SAP with 2-deoxyade-
nosine-5"-monophosphate (dAMP). The compound
was selected as an effective inhibitor of calcium-
induced SAP precipitation, but also as a ligand of
interest with respect to DNA recognition. The
nucleotide ligand stabilizes a novel BB decameric
form of the protein both in the crystal and in sol-
ution, in which the calcium sites are shielded
against competing ligands.

Results

Choice of ligand

To identify novel ligands of SAP, we have
screened various phosphorylated and sulphated
mono- and disaccharides for their ability to inhibit
the calcium-induced aggregation of SAP. Com-
pounds were chosen either because of their struc-
tural resemblance to the established biological
ligands of SAP, DNA and glycosaminoglycans, or
because they had been shown to be weak competi-
tors with respect to biological ligands (Loveless
et al., 1992). The mononucleotide JAMP was found
to be as effective an inhibitor of calcium-induced
SAP precipitation as MOPDG and O-phosphoetha-
nolamine (PE), the only two small molecule com-
pounds known to be bound by SAP with
appreciable affinity (Pontet ef al., 1978; Hind e al.,
1984a; Hawkins et al., 1991; Schwalbe ¢t al., 1992).
Adenosine 5-monophosphate is equally effective,
demonstrating that a 2-hydroxyl group is not det-
rimental. Interastingly, however, the adenine base
was found to be essential for high-affinity binding;
nucleotides containing guanine or pyrimidine
bases are fairly poor ligands.

Decameric structure of the SAP-dAMP complex

Single crystals of SAP in the presence of dAMP
and calcium ions could be obtained at pH 8.0 and
the crystal structure of the complex was deter-
mined by molecular replacement at 2.8 A resol-
ution. The basic building unit in the crystals is an
SAP decamer of point group symmetry 52 with a
diameter of 95 A and a height of 80 A, in which
two pentameric rings interact through their
double-calcium ligand binding sites (Figure 1). The
asymmetric unit content is one pentamer with sub-
units labelled A to E and the decamer is generated
by a crystallographic dyad. There are surprisingly
few contacts across the interface between the two
pentamers (the “decamer interface”). The only
interaction that can be directly inferred from the
electron density map is the stacking of adenine
bases of adjacent dAMP molecules (see below).
This apart, the interface is conspicuously devoid of
stabilizing interactions. Decamer formation results
in the burial of only 1000 A? (2.6%) of the pentamer
solvent-accessible surface (calculated with a probe
radius of 1.4 A). There are substantial packing con-
tacts between decamers in the ab directions of the
tetragonal crystals, whereas packing along ¢ in-
volves. only the apparently weak decamer inter-
face, resulting-in a markedly anisotropic diffraction
limit of the crystals (see Materials and Methods).

Given the novel decameric structure of the SAP-
dAMP complex in the crystals, we sought to con-
firm the existénce of such a decamer in solution.
We decided to use gel filtration chromatrography,
which has been used successfully in the past to es-
tablish the oligomeric state of SAP (Wood et al.,
1968). At pH 7.9 in the presence of EDTA, SAP

A
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Figure 1. Two orthogonal views of the SAP-dAMP deca-
mer. The two pentamers, shown in red and blue, re-
spectively, are related by a crystallographic dyad. The
ligand, dAMP, is shown as a stick model and calcium
ions are shown as small spheres. The decamer is viewed
along the erystallographic 2-fold axis in (2) and along
the non-crystallographic  5-fold  axis in (b). The
Figure was produced with MOLSCRIPT (Kraulis, 1991).

eluted from a 22.0 ml Superose 12 column (Phar-
macia) as a sharp peak at V, 10.7 ml, correspond-
ing to the decamer known to form under these
conditions, whereas the V, of CRP, a close relative
of SAP that always exists as a pentamer of molecu-

t The side-chain of Aspl45 appears to adopt two
alternative conformations. In subunits A and D, it
hydrogen bonds with the amino group of dAMP,
whereas it coordinates to calcium 2 in subunits B and E.
The clectron density for Aspl45 in the
crystallographically symmetric C-C* pair is weak,
presumably due to static disorder between the two
alternative conformations.

lar mass 115 kDa, was 11.9 ml. SAP in the presence
of dAMP and calcium ions eluted as a sharp peak
at V, 10.4 ml, demonstrating that a stable decamer
exists under these conditions.

Structural details of the SAP-dAMP interaction

The SAP-dAMYP complex structure was first re-
fined to convergence without including any ligand
molecules in the crystallographic model. Figure 2
shows the resulting difference Fourier map at sites
A and E* (the asterisk denotes the crystallographi-
cally related subunit), which unambiguously de-
fines the conformation of the dAMP ligand
molecules and their interaction with SAP.

The 2'-deoxyribose ring is observed in the envel-
ope C2-endo conformation, the adenine base is in
the anti conformation relative to the sugar moiety,
and the torsion angles of the phosphate monoester
side-chain are close lo values commonly observed
in mono- and oligonucleotides (Saenger, 1983). The
ligand dAMP is thus bound to SAP in a low-
energy conformation corresponding to the major
conformer of this nucleotide in solution (Sarma
& Dhingra, 1981).

The dAMP phosphate group bridges the two cal-
cium jons of SAI” with calcium-oxygen distances of
24 to 25A (Figure 3). One phosphate oxygen
atom additionally reccives a hydrogen bond from
the side-chain of Asnd9 (d = 2.8 .*'\}_ The ester oxy-
gen atom is not involved in any interaction with
the protein. The nucleotide sugar moiety interacts
with SAP vin two hydrogen bonds, one from the
side-chain of CInl48 to the 2'-deoxyribose ring
oxygen atom (d=2.8A) and another from the
side-chain of Tyr64, also to the ring oxygen atom
(d=32A). The side-chain of Tyr74, which to-
pether with Tyr64 is situated underneath the sugar
ring, points towards O3’ of dAMP, but the large
distance between the tyrosine phenolic oxygen
atom and O3 (d =3.4 A) argues against a hydro-
gen bond.

The amino group substituent al position 6 of the
purine ring donales a hydrogen bond to the side-
chain of Asp145 (d = 3.0°A)t. Furthermore, the ade-
nine amino group is close to the hydroxyl group of
Serld7 (d = 3.1 A), indicating the presence of an
additional hydrogen bond. We note that residues
Aspl45 and Serl47 are contributed by the same
loop segment that provides the calcium ligands
Glu136, Aspl38 and CGInl48. The specific inter-
actions made by the adenine ring of dAMP explain
the poor affinities of SAP for nucleotides contain-
ing other bases. Guanine does not have a hydro-
gen-bond donor at position 6 and pyrimidines are
too small to bridge the distance between the cal-
cium ions and Asp145/Ser147.

Figure 2(b) shows a close-up view of the deca-
mer interface in the vicinity of the ligand-binding
sites. The dAMP ligands of adjacent, symmetry-
related subunits interact directly through base
stacking of their adenine rings, with a slacking
separation of 3.5 A. The phosphate groups of inter-
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acting ligands are brought into close conlact with
each other (10 A) and may interact either via water
molecules or additional metal ions (Figure 2(a)).
Apart from the base-stacking interaction, there is
no hydrophobic contact stabilizing the decamer.
Equally surprising, we do not see any clear indi-
cation of hydrogen bonds or salt-bridges linking
the pentamers in the decamer. The side-chain of
Lys143, if modelled in a fully extended confor-
mation, would be able to donate a hydrogen bond
to the carbonyl oxygen atom of Asp1387, but the
lack of electron density for Lys143 beyond CY
makes this a speculative proposition. It is equally

likely that Lys143 interacts electrostatically with
the dAMP* phosphate group without being fixed
in a single conformation.

Discussion

Calcium-dependent binding of dAMP by SAP at
physiological pH and ionic strength leads to the
face-to-face association of two pentameric rings
and the concomitant burial of the ligand-binding
sites in the newly formed interface. This interface
is unusually small and consists of five contact
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Figure 2. (a) Difference Fourier map at 28 A resolution contoured at 3 o and calculated prior to the inclusion into the
model of the dAMP ligands. The binding sites shown are of subunits A and E*, and similar density is observed for
the other sites. Superimposed on the map is the final atomic model, with the calcium jons in subunit A shown as
pink spheres. The electron density halfway between the two phosphate groups may correspond to two water mol-
ecules or calcium ions. The Figure was produced with O (Jones et al., 1991). (b) Stereoview of the contact region
between SAP pentamers. Subunit A is in the upper left corner and subunit E* is in the lower right corner. The two
alternative conformations of Aspl45 are indicaled. The Figure was pmduccd with MOLSCRIPT (Kraulis, 1991).
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(a) N teemains

Nterininas

Figure 3. (a) Stercoview of one SAP subunit with bound dAMP. The termini of the polypeptide chain are marked.
Side-chains coordinating ta the two calcium ions are shown as stick models and have been labelled. The dAMP
ligand is shown in atomic detail. (b) Stereoview of the ligand binding site showing the atomic interactions between
SAP and dAMP. The two calcium ions are shown as green spheres and residues involved in ligand-binding have
been labelled. The Figure was produced with MOLSCRIPT (Kraulis, 1991).

areas of only 200 A? each. Nevertheless, the SAP-
dAMP decamer is a stable entity in solution as de-
monstrated by gel filtration chromatography and
electron microscopy (data not shown).

The stability of the decamer is likely to be the re-
sult of a highly cooperative process coupling
ligand binding to decamerization. SAP binds
monosaccharides with only moderate affinity, like
the C-type lectins with which it shares many fea-
tures of metal and ligand binding (Emsley et al.,
1994). High-affinity binding of macromolecular
licands is believed to result from the simul-
taneous interaction with more than one binding
site on the oligomeric lectin (Rini, 1995). Simi-
larly, the isologous association of two SAP penta-
mers creates a set of five, in this case strictly
equivalent contact regions and may be ac-
companied by a significant gain in free energy
even if the individual contributions are modest.
The cooperativity of the process should be par-
ticularly high, because SAP binding to itself (i.e.
decamerization), in contrast to SAP binding to its
macromolecular ligands, involves the association
of two rigid bodies with an exactly matching oli-
gnmeric arr.mgemcn!,

A detailed analysis of the decamer interface
shows that most, possibly even all, contacts be-
tween pentamers are mediated by the ligand
dAMP, with the stacking of two adenine bases
being the predominant interaction. The free energy
of stacking two purine bases in aqueous solution
has been estimated to be 2 to 6 kcal/mol
(Friedman & Honig, 1995; Norberg & Nilsson,
1996). On decamerization, five such interactions
are formed simultaneously and it does not seem
unreasonable to ascribe much of the decamer
stabilization to the stacking of the dAMP purine
rings. The specific interactions made by the ade-
nine amino group may aid in this process by fixing
the purine ring in a single conformation.

Figure 4 shows the electrostatic properties of the
decamer interface. Negative potential, probably
originating from the dAMP phosphate groups, is
concentrated at the contact sites. In the decamer,
the phosphate moieties of interacting dAMP mol-
ecules are brought into close contact with each
other and with Aspl45 of the adjacent subunit
(Figure 2(b)). This potentially unfavourable situ-
ation would be greatly eased by charge shielding
or compensation through intervening water mol-

9o



Structure of a Decameric SAP-dAMP Complex

575

Figure 4. Electrostatic properties of the pentamer face
carrying the ligand binding sites (B face) in the SAP-
dAMP decamer. Negative and positive potential are
indicated by red and blue colouring, respectively. The

calcium ions and dAMP phosphate groups were
included in the calculation with charges 42 and -2, re-
spectively; the ionic strength was set to 0.15. The SAP
pentamer is generally a very dipolar molecule, with a
positive B face and a negative A face. In one subunit, an
arrow marks the position of the dAMP adenine base,
which becomes buried on decamer formation. The
Figure was produced with GRASP (Nicholls et al., 1991).

ecules or calcium ions, respectively. Indeed, we see
residual difference electron density located be-
tween the phosphate groups, suggesting the pre-
sence of suitably posilioned solvent molecules or
metal ions (Figure 2(a)). The side-chain of Lys143,
protruding from the ligand-binding site, could also
make a contribution to the electrostatic stabiliz-
ation of the decamer.

The inleractions between SAP and the novel
ligand dAMP can be thought to be assembled from
the binding modes of MOBDG and PE (Emsley
et al., 1994). The hydrogen bonds to the sugar ring
are shared with the former, while the bridging of
two calcium ions by a phosphate group are remi-
niscent of the latter. In addition, dAMP uniquely
interacts with two residues removed from the
immediate binding site, Asp145 and Ser147. The
calcium-mediated binding of a phosphorylated
monosaccharide by SAD has, to our knowledge, no
parallel in any other protein-sugar complex of
known structure and is distinct from the ligand-
binding modes seen in the C-type lectins (Rini,
1995).

Polymeric phosphorylated and sulphated sugars
(in the form of DNA and glycosaminoglycans, re-
spectively) are biological ligands of SAP (Pepys &

Butler, 1987; Butler et al., 1990; Hamazaki, 1987). If
one assumes that these macromolecular ligands
use essentially the same set of interactions at the
double calcium site of SAP as small ligands, one
can attempt to construct models of DNA and gly-
cosaminoglycan binding. The conformation of
dAMP bound to SAP is rather similar to that of a
nucleotide unit in B-DNA (Saenger, 1983). In our
SAP-dAMP structure, extension at O3’ is possible
without causing steric clashes and, interestingly,
places the phosphale diester group within hydro-
gen bonding distance of Tyr74 and Lys79, both lo-
cated at the bottom of the binding site (Figure 3).
In contrast, it is not possible to add another
nucleotide unit at the dAMP phosphate group
without invoking drastic deviations from any of
the canonical DNA structures (Saenger, 1983;
Dickerson, 1992). This can be easily understood by
appreciating that in the SAP-dAMDP complex the
nucleotide base, which would be roughly normal
to the helix axis in double-stranded DNA, lies flat
against the SAP subunit. We have 1o conclude that
the present structure offers little structural expla-
nation for the avid binding by SAP of double-
stranded nuclecosomal DNA (Butler et al,, 1990).
Binding of DNA may, in fact, involve regions other
than the double-calcium site, in particular the basic
grooves between subunits in the pentamers
(Figure 4). In glycosaminoglycans, where the poly-
mer chain is formed by glycosidic bonds, the sul-
phate groups are free to bridge the calcium ions at
the SAP ligand-binding site and could therefore be
bound directly.

As previously noted, the universal association of
SAP with amyloid deposits has been recognized as
a promising target for drug intervention in a range
of human diseases (Tennent ¢t al,, 1995; Pepys et al.,
1996). An important molivation of the present
work was therefore the hope that new SAP ligands
might prove valuable in drug design. What can be
learned from the structure of the SAP-dAMP deca-
mer? First, the new ligand dAMP utilizes inter-
actions that could not have been deduced from
existing structures of SAP-ligand complexes and
further design will have to consider this. Second,
and more important, the surprising observation of
ligand-induced decamerization of SAP suggests a
viable strategy to amplify even modest affinities of
small ligands into a powerful overall effect by
taking advantage of the high cooperativity of the
process. Such a strategy appears particularly re-
warding as the SAP ligand-binding site is both
very shallow and hydrophilic, and does not lend it-
self casily to structure-based ligand design.
Ligand-induced decamerization of SAP efficiently
abolishes the availability of the double-calcium
ligand-binding sites for other interactions. While
this is clearly desirable for the pathological situ-
ation of SAP binding to amyloid fibrils, it remains
to be seen whether any of the, as yet unknown,
physiological function(s) of SAP are adversely
affected by drug-induced decamerization.
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Materials and Methods
Crystaliization

Purified human SAP was obtained as described
(Wood et al., 1988). Crystals in the presence of dAMP
were grown by vapour diffusion of hanging drops at
4°C: 3l of protein solution (20 mg/ml SAP in 10 mM
Tris-HCl (pH 8.0), 140 mM NaCl, 20 mM dAMP, 0.02 %
{w/v) NaN,) were mixed with an equal volume of reser-
voir solution (0.1 M bis-Tris propane-HCI (pH 8.0), 12 to
14 % (w/v) polyethylene glycol 4000, 20 mM CaCl,) and
equilibrated against 1 ml of the Jatter solution. Crystals
appear affer two to three days and continue to grow for
several weeks. They form as very regular tetragonal bi-
pyramids and frequently attain maximum dimensions of
0.8 mm x 0.8 mm x 0.4 mm.

Data collection

Diffraction data were collected at 4°C with a 30 cm
MAR image plate detector on the wiggler beamline 9.6
at the Daresbury synchrotren radiation source
(=088 A). The crystals were found to belong to
the tetragonal system with wunit cell constants
a=b=190034, c=11974 A, a=B=v =90°. The dif-
fraction limit of the crystals js highly anisotropic: diffrac-
tion. extends to at least 2.8 A resolution along a* and b*,
but is weak beyond 235 A along ¢*. The diffraction data
were processed, scaled and merged with MOSFLM
(Leslie, 1994) and programs of the CCP4 program suite
(Collaborative Computing Project No. 4, 1994). This was
first done in space group P4 to determine the Laue
group as P4/mmm, and then repeated in space group
P422. A total of 366,263 observations were merged to
yield 53,133 independent reflections with an overall
R,.crpe ON intensities of 0.085. The Ry i the outermost
resofution shell (290 to 280 A) is 0443, which was
deemed acceptable considering the almost sevenfold
data redundancy and the weakness of reflections with
large ! indices due to the anisotropic diffraction limit.
The data set covers 98.0% of all possible reflections be-
tween 30 and 28 A resolution. Because no axial reflec-
tions with indices 00! were recorded, the space group of
the crystals could not be unambiguously assigned. Sys-
tematic absences along h00 were indicative of a 2; screw
axis, limiting the possible space groups to P4.2,2. Data
collection and reduction statistics are summarized in
Table 1.

Structure soiution and refinement

The asymmetric unit volume can accommodate either
one or two SAP pentamers of molecular mass 127.5 kDa,
resulting in a calculated solvent content (Matthews,
1968) of 71% or 43%, respectively. Given the relatively
poor diffraction limit of the crystals, we favoured the
higher solvent content associated with an asymmetric
unit containing a single pentamer. The seclf-rotation func-
tion indicated the presence of a 5-fold non-crystallo-
graphic symmetry (NCS) axis slightly tilted relative to
the tetragonal axis and oriented perpendicular to the
crystallographic dyad along [110]. )

The structure of the new tetragonal crystal form was
solved by molecular replacement with the program
AMoRe (Navaza, 1994). The search mode] was the struc-
ture of pentameric SAP crystallized at pH 5.5 and solved
at 2.0 A resolution (PDB cntry code 1SAC; Emsley et al,,
1994). A cross-rotation function calculated with data

Table 1. Data collection and refinement statistics

A. Data Collection

Space group P4,2,2
Cell constants (A) a=b=190.03, ¢ = 119.74
Number of crystals 3
Resolution range (A) 30-28
Number of observations 366,263
Number of indepeadent reflections - 53,133
Rucige” 0.085 (0.443)°
(/o) 6.8 (14)
Completeness (%) 98.0 (97.5)®
B. Refinement
Resolution range (1) 8§28
Amplitude cut-off none
Number of reflections in working set 48,167
Number of reflections in test set 2478
Number of atoms.contributing to F 4. 8253
Number of NCS-restrained atoms 7665
Reryn’ 0.232
e 0.252
Rm.s. bonds (A) © o 0.009
Rms. angles (deg.) 16
R.m.s. deviation of NCS-related atoms
(A 0.07
Rms. AB of bonded atoms (A?) 1.5
R.m.s. AB of NCS-related atoms (A?) 11

® Rucege = SENIH) — I/ TEM(h), where I(h), are the in-
dividual observations and (I(k)) is the mean intensity of reflec-
tion h.

 The value in parentheses is for the highest resolution shell
(2.90 to 2.80 A).

N Rcrys! =X |Fopy = Feutd/ BFgpye Where Fops and Feye are the
observed and calculated structure factor amplitudes, respec-
tively.

9 Rirce = IIFops = Forel/ EF 5 evaluated for 5% of the diffrac-
tion data not inclnded in the refineinent. The test set was cho-
sen in 15 thin shells of resolution.

from 15 to 4 A resolution and an integration radius of
40 A yielded five solutions related by the correct NCS
and clearly separated from the background (8.0 to 8.5 6,
next highest peak 4.0 6). Translation functions (8 to 4 A)
were calculated in all four space groups P4.2,2. A sol-
ution was only obtained in space group P4;2,2
(R = 0.370, correlation = 0.662). This solution resulted in
a favourable crystal packing, in which an SAP decamer
of 52 symmetry is generated from the unique pentamer
by the dyad along [110]. A difference Fourier map calcu-
lated prior to any refinement shows five strong maxima
coinciding” with the expected positions of phosphate
groups at the double-calcium ligand-binding sites.

Refinement was carried out with X-PLOR (Briinger,
1992a) using the Engh & Huber (1991) parameter set and
all data with F > 0 between 8 and 2.8 A resolution. The
modest resolulion of the data, exacerbated by the poor
diffraction along ¢*, prompted us to rely heavily on the
free R-factor {Rp; Briinger, 1992b) during refinement.
The 5-fold NCS was exploited whenever possible, which,
together with the high solvent content of the crystals,
guaranteed a favourable obscrvation-to-parameter ratio
throughout the entire refinement.

After a round of conventional positional refinement
with tight NCS restraints on the entire subunit structure,
an anisotropic temperature factor correction was applied
to the observed amplitudes (By =By =162 A2,
Bsy = — 32.5 A%, which greatly improved the appearance
of electron density maps. A rebuild of the model showed
that several regions involved in crystal packing contacts
should not be restrained to obey the NCS, which even-
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tually led to the exclusion from the NCS definition of 7%
of the subunit atoms. Further refinement, now with
tightly NCS-restrained individual B-factors, lowered the
R-factor to 0.251 (R, = 0.269) for a model with excellent
stereochemistry, A difference Fourier map calculated at
this stage allowed the unambiguous placement of five
dAMP molecules. A final round of refinement resulted
in an R-factor of 0.232 (Rp. = 0.252). A further reduction
to R=0.213 is possible by releasing the NCS restraints.
However, as this is accompanied by an increase of Ry,
to 0.260, we decided to retain the more conservative,
NCS-restrained model. Refinement statistics are summar-
ized in Table 1. The atomic coordinates of the SAP-
dAMP complex and experimental structure factor ampli-
tudes have been deposited with the Brookhaven Protein
Data Bank (entry code 1LGN).

Gel filtration chromatography

Gel filtration analysis was carried out using a Pharma-
cia fast protein liquid chromatography (FPLC) system.
Typically, 200 pl of protein solittion (1 to 2 mg/ml SAP
or CRP in 10 mM Tris-HCl (pH 8.0), 140 mM NaCl con-
taining either 10 mM EDTA or 5mM dAMP and 7 mM
CaCly) were applied to a 22.0ml Superose 12 column
(Pharmacia), previously equilibrated with at least four
column volumes of the respective buffer solution. The
flow-rate was 0.2 ml/minute. Elution was monitored by
measuring absorption at 280 nm. The method yields very
reproducible results and the standard errors of quoted
elution volumes are less than 0.05 ml, as estimated from
experiments carried out in triplicate.
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Background: Pentraxins are a family of plasma proteins
characterized by their pentameric assembly and calcium-
dependent ligand binding. The recent determination of
the crystal structure for-a member of this family, human
serum amyloid P component (SAP), provides a basis for
the comparative analysis of the pentraxin family.

Results: We have compared the sequences, tertiary
structures and quaternary arrangements of SAP with
human C-reactive protein (CRP), Syrian hamster SAP
(HSAP) and Limulus polyphemus CRP (LIM). These
proteins can adopt a B-jelly roll topology and a

hydrophobic core similar to that seen in SAP. Only
minor diffcrences are observed in the positions-of residues
invalved in coordinating calcium jons,

Conclusions: Calcium-mediated ligand binding by
CRP, HSAP and LIM is similar to that defined by the
crystal structure of SAP, but sequence differences in the
hydrophobic pocket explain the differential ligand

-specificities exhibited by the homologous proteins.

Differences elsewhere, including insertions and deletions,
account for the different (hexameric) quaternary structure
of LIM.

Structure 15 November 1994, 2:1017-1027
Key words: acute phase response, C-reactive protein, hamster SAP, Limulus CRP, subunit aggregation

Introduction

The pentraxins are a family of oligomeric plasma
proteins with the capacity for'specific calcium-dependent
ligand binding and named for the pentameric arrange-
ment of their protomers [1,2]. They have been
conserved throughout vertebrate evolution with
retention of ligand specificity, subunit artangement, and
substantial amino acid sequence similarity [3~5]. Their
production can be modulated by cytokines, including
interlenkin (IL)-1, IL-6 and tumour netrosis factor
(TNPF) [6), and they participate in inflammation and host
defence, although they may also have other functions
[2,7-9]. The phylogenetically oldest member of the
family, the C-reactive protein of an arachnid, Limulus
polyphemus (cthe horseshoe crab), has a hexameric rather
than a pentameric structure [10].

The human plasma pentraxins are C-reactive protein
(CRP), the classical acute phase reactant, and serum
amyloid P component (SAP), which is also a normal
extracellular matrix protein and a universal constituent of
the tissue deposits in the pathological condition of amy-
loidosis [2]. Human CRP and SAP are clearly products
of gene duplication and pentraxins in ‘other vertebrates.
genenally resemble more closely one or other of CRP or
SAP. However, there is much overlap in precise ligand
specificity, behaviour as acute phase proteins, and deposi-
tion in amyloid. Another human protein, PTX3 [11] or
TSG-14 [12], with some sequence similarity to the pen-
traxins has lately been described but has not yet been
well characterized, and it is not known whéther it shares

the hallmark features of pentameric assembly or calcium-
dependent ligand binding.

The calcium-dependent ligand specificity of human
CRP for phosphocholine (PC) [13] is of particular
interest as it is not shared by human SAP (WL
Hutchinson and MB Pepys, unpublished data), although
they both bind to phosphoethanolamine (PE) {14,15].
On the other hand, human SAP specifically binds to the
4,6 cyclic pyruvate acetal of B-D-galactose (MOBDG)
[16) and also to all types of amyloid ‘fibrils [17], which
are not recognized by human CRP. The major pentraxin
in Syrian hamsters, formerly known as female protcin
{18] (here designated HSAP), is the hamster counterpart
of human SAP, in chat it binds to hamster amyloid
{19,20}, but it shares with human CRP the capacity to
bind to PC as well as PE [18,21]}.

Recently, the three-dimensional (3D) structure of
human SAP has been elucidated a¢ high resolution by X-
ray analysis [22]. The protomer has a2 flattened B-jelly
roll topology which is remarkably similar to legume
lectins such as concanavalin A [23,24] and pea lectin
[25], bacterial ‘fectins’ such as glucanase [26], endo 1,4-
B-xylanase II [27] and cellobiohydrolase T [28], human
S-Lac lectin [29] and vertebrate lectin [30]. However,
the metal jons and carbohydrate ligand binding sites in
SAP and legume lectins are located in different positions
on the common fold and the quaternary structures are
different (N Srinivasan et al.,, & TL Blundell, unpub-
lished data). Crystal structures of SAP complexes show
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that SAP binding to MOBDG and PE is mediated by
two calcium ions [22].

In view of the high degree of sequence similarity
between human SAP, human CRP and pentraxins in
other species it should be possible to identify structure~
function relationships in these other proteins on the
basis of the human SAP structure. Using the compara-
tive modelling approach encoded in COMPOSER
[31-35] we have built 3D modcls for the sequences of
human CRP [36,37], HSAP {38] and Limulus CRP
(LIM) [39,40] on the basis of the crystal structure of
human SAP. We have constructed pentamers of CRP
and HSAP based on the pentamer defined in the crystal
structure of SAP and identified the interactions that
stabilize subunit aggregation. By operating a six-fold
axis, whose position is determined empirically, we have
generated a model of the hexamer of LIM-and analyzed
inter-protomer interactions. Extrapolation of ligand
binding modes of SAP to the 3D structure of CRP
suggests explanations for the relative affinities of CRP
for PC, PE and MORDG. These comparative analyses
of structure and function of the pentraxin family

provide a basis for the design of specific ligands of

high affinity.

Results and discussion

Comparative analysis of the pentraxin protomers

Fig. 1 shows the alignment of the sequence of SAP with
those of CRP, HSAP and LIM; sequence identities with
SAP are 52%, 67% and 30%, respectively. Sequences of
CRP, HSAP and LIM: can be modelled on the fold of
SAP with the B-strands and the a-helix conserved. The
root mean square deviations. (rmsds) between topologi-
cally equivalent Ca atoms of SAP and the various
models are 0.15 A (CRP), 0.06 A (HSAP) and 0.65 A
(LIM), with the largest differences occurring as expected
in the loop regions. Fig. 2 compares the tertiary
structure of SAP defined by X-ray analysis, with those
of CRP, HSAP and LIM- defined by comparative
modelling. Regions with significantly different amino
acids relative to SAP are highlighted. Most amino acid
substitutions occur in loops, with some in B-sheets,
especially in LIM.

CRP versus SAP

The insertion of Ser44A~Thr44B (SAP numbering) in
CRP relative to SAP has been modelled by replacing
ELSSTR. (42-45) with the segment 411-416 of taka

amylase (PDB entry code 2TAA). This segment was -

chosen based on a search for suitable segments in a
database of known structures, The insertion region
4245 of CRP is spatially proximal to another region,
Pro89-Val90A which differs from SAP. Pro89 of SAP is
in the cis conformation, but no equivalent proline is
present in CRP. Hence the. region Val87-Thr88—Valg9
of CRP has been modelled, after a general search of
known 3D structures, on 52-54 of subtilisin Novo (PDB
entry code 2SN},

Most of the more radical sequence differences in CRP
compared with SAP appear to stabilize the structure. For
example, the hydrophobic Val16, Phe124 and Leu170,
which are surprisingly exposed in SAP, are replaced in
CRP by the more hydrophilic residues aspartate,
threonine and asparagine, respectively. Thr24, which is
buried and hydrogen bonded in SAP, is replaced by
alanine in CRP and is in an apolar environment provided
by Leu26, Vali82 and Leui83. The side chain of Thr90
is hydrogen bonded to that of Asp70, thereby replacing
the hydrophobic interaction between Phe90 and Val70 in
SAP. Other differences in interactions that may stabilize
the structure of the protomer are listed in Table 1.

HSAP versus SAP

There are two regions in HSAP which significantly differ
from SAP, one corresponding to the dis-proline region of
SAP and the other corresponding to the eight-residue
carboxy-terminal extension. As in the case of CRP, the
former region of HSAP was modelled on a segment
from 2SNI. A seven-residue overlap with the preceding
conserved region was used to identify the segment,
starting from Thr233 of the B-chain of rat mast cell pro-
teinase (PDB entry code 3RP2), as the most suitable
carboxy-terminal extension.

Despite high sequence identity between HSAP and SAP,
there are some amino acid substitutions that result in dif-
ferences in interactions between residues (Fig. 1 and
Table 1). For example, although Val16 of SAP is replaced
by glutamate in HSAP, the side chain of glutamate can
form a hydrogen bond to the carbonyl oxygen at Phe144.
Glu70 of HSAP is involved in two ion pairs; one with
Lys81 and the other with His83 which are threonine and
lysine, respectively, in SAP. Phe144 in HSAP packs with
the Tyri9, which is a histidine in SAP. Side chains of
Asn21 and Arg193 interact in SAP and these residues are
changed to lysine and asparagine, respectively, in HSAP.

LIM versus SAP

LIM has many insertions and deletions, reflecting its
more distant relationship with SAP. The nine regions
with most structural variation from SAP were success-
fully modelled on the basis of fragments from proteins of
known 3D structures in the Brookhaven Protein Data
Bank [41] and are listed in Table 2. Amino acid substitu-
tions in LIM relative to SAP occur throughout the
molecule, including the B-sheets forming the jelly roll
fold. These differences alter the packing and nature of
the interactions between the side chains, but they allow
the overall 3D structure to be maintained. For example,
the interaction between two hydrophobic residues Phe8
and Leul88 in the B-strands in SAP is replaced by a
polar—polar interaction between Lys9 and Thr188 in
LIM. The interaction between the side chains of Lys65
and Tyr71 in SAP is replaced by a hydrophobic contact
berween I1e65 and Phe71 in LIM. The interaction
between the polar side chains Glu66 and Ser72 in SAP is
replaced by the hydrophobic interaction between Leu64
and Leu72 in LIM. In SAP, the side chain of Serd1 is

X
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w E A - Y ADB -
SAP i:@u,wnrpn@riﬁwuinl ,t,-:q-rﬁncru;@d-lu--[usuﬁx
wnagﬁp Bpas #uuﬁng z pposas
CRP QTDMSRXAPVPPKESDTSYVSLEAPLTKP - LKAFTVCLEFYTE-LSSTROYSIPSY
ESAP TDLTGKVFVFPRQSETDYVKLIPRLDEP-LQNPTVCFRAYSD-LS- - RPHSLYSY
LI LEEGE!TSKVEFP-PSESPSFPELVMVOTLPDLQEI TLCYWFEVNRLE. .GTLEMPSY
L] » 'y A = A Am A 1=
SAP @’l‘uti-@nw;iuui?h,l-a:-\irinrl{ﬂu-,--.-cncvum-|§|au.
BB ¢BP4BPABEARA $BRASBE ¢4 APABAS w papsasss 482
cec b b b PP PP P PP
cap ATKRQDNEILIPWSKDIGYSPTV-GG-5EILPEVPEVTV--AP-VEICTSWESASGIY
HSAP NTEYGENELLIYEERICEYELY!-GN-QGTXVEGVEREFA--SP-VEFCTEWESSSO1A
LIM ATAEEDNELLTLIDEQGDFLFNVEGAPQLEVQC-PXKID- IGKWEHVCETWESWEGEA
Fig. 1. Sequence alignment of SAP,
CRP, HSAP and LIM. Residues inserted
relative to SAP, for example serine and e as e el e w b
threonine in CRP between residues 44 sap apelaGisl--verglrges(viaery1vicQiffigyses @i ragre aradinon
and 45, are identified as Ser44A and BAOPEES BB 4 ¢ ¢ BABSY 4 ¢ 333 ¢pBpesEse
Thr44B. The structural features of SAP ¥ ERIE by S
are indicated using the program JOY orr EFWVDGKPR- - VRKSLKKGYTVGAEASI [LGQEQDSFAONFEGSQSLVGD I ONVNUWD
[55). Key to JOY alignments: solvent ESAP EPWVNGKPW- . VKKGLNXGYTVKNEPS! | LGQEQDRYGGGFDNYQSFVGE | DLNMWD
inaccessible, UPPER CASE; solvent LI TIAVDGFECKGNATGIAVORTLSQGOLVYLGQDQDSVAGKFDATQSLEGELSELNLWN
accessible, lower case; positive &, italic;
hydrogen bond to other side chain,
tilde; hydrogen bond to main chain i 4 isdp e 18 o ipcparaw
amide, frame box; hydrogen bond to SAP evlppesllohyq-gtp----1pAILEMEaLEriitprVilkplver
main chain carbonyl, underline; disul- acasnsae: ) I 8804 BBBS
phide bond, cedilla; positive ¢, é; 2 FroRopP
B-strand, B; cis-peptide, w; 3,,-helix, 3; CRP FYLSPDEINTIYL-GGP----PSPNVLNWRALEYEVQGEVYTEPQLWF
a-helix, a; inter-protomer contact ESAP SVLTPREIKSVYQ-OVP.-.-LEFNILDWQALNYEMNGYAVIRPRCYALSSYNKIS
residue in SAP, p; calcium binding LM TVLNHEQIKYLSKCAHPSERE[YGN I 1QWDKTQPEAYDOVVLSPNEICA
residue in SAP, ¢; hydrophobic pocket
residue in SAP, h.

hydrogen bonded to the main chain at Val151. This
interaction is changed to the hydrophobic contact
between Val41 and Leul50 in LIM. Some of the inter-
esting differences in interactions are given in Table 1.

Subunit interactions in pentraxins

An important feature of the pentraxin class of proteins is
the formation of a pentamer or a hexamer as the basic
quaternary assembly. In the native state, many pentraxins,
including SAP, exist as decamers composed of two
pentamers interacting face-to-face. LIM is a dodecamer
containing two hexamers. Whereas the packing of
subunits in legume lectins involves extensive contact
across B-sheets, the interface between protomers in pen-
tameric SAP involves mostly residues in loops forming a
variety of interactions such as salt bridges, hydrophobic
contacts and side chain-main chain hydrogen bonds (see
Fig. 1 and Table 3).

The two inserted residues at 44A and 44B of CRP (see
legend to Fig. 1 for explanation of nomenclature) are
situated in the inter-protomer interface and interact with

Fig. 2. The folds of the pentraxins SAP, CRP, HSAP and LIM. The
crystal structure of a subunit of SAP [22] is shown in pink at the
top left. Roughly every thirtieth residue is labelled (see Fig. 1 for
sequence information). Calcium ions are shown in red and the
disulphide band is in yellow. Models of CRP, HSAP and LIM, are
shown with regions of significant residue differences, relative to
SAP, shown in green. (Figure generated using SETOR [53].)

the loops containing Asp68 and Phe88, resulting in more
inter-protomer contacts than in SAP. This region is more
polar than in SAP where we find Val68 and Phe88.
However, most of the inter-protomer interactions in
SAP arc conserved in CRP (Table 3). For example,
Lys116 and Glu153 form an ion pair across the interface
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Table 1. Predicted differences in interactions within a protomer.

Residue or residue pair in: Interacting groups in2

SAP CRP
le23-Clu191 Lys23-Clu191
Asn32-SerB2 Alad2-Phed2
AsnS3-Tyr140 Ala53-Pheldn
Lys65-Val92 Trpb5-Val92
Vales-Pheds Aspb8-Thré8 & Thr448
Glybo-Vala4 lle69-ValB4
Val70-Phego Asp70-Thrd0

Valde Thr96 H-bonded to MC at Serd7

Leu114-1le109 Arg114=Tyr71

Non-H-bonded Lys143 Asn143-5Ser139
SAP HSAP

Val16-Phe144 Glu16 H-bonded to MC at Phe144

His19-Fhe144 Tyr19-Phel44

Asn21-Arg193 Lys21-Asn193
Glu70-ThrB1 & Lys83 Clu70-1ys81 & ArgB3

SerB2-Leul14 Val82-Trp114

Vale Thras H-bonded to MC at Valds
Leul70 Lys170 H-bonded to MC at Gly111
SAP LM
Phef-Leu188 Lys9-Thr188
Lysb5-Tyr71 lle&5-Phe71
Clubb-Ser?2 Leubd-Leu?2
Pheli-lle154 Pro11-Leul54

Vall96-Val20 & lle192
Ser41 H-bonded to MC at Val151

Val196-Pro20 & Ala192
Vald1-Leulsn

Asn§3-Asp5s8 Ala53-Val140
Valb3-Ser82 Thr63-Clng2
Ala108-lle169 Trp108-lle169

Tep160-Ala172 & Tyr158 Trpl60-Leu172 & Tyr173

nless specified the interactions are between side chains. MC = main
chain.

Table 2. Modelling of structurally variable regions (SVRs) in LIM.

SVRs of LIMe Madelled on?
-1 -1 WD1AlaOO
1ta 13 2TBV Asp B 217

29 to 10 ATMS Arg 178
42A to 44 TWSY Ala B 269
75A 10 78 4APE Gly 21

85 to 91A 1LZ1 Cly 55

114 to 116 1MV Cly 11078
174 1o 180 26GD71 Asp P 293
204 to 204A 2CRO Cly 62

sResidue numbering is based on SAP (see Fig. 11, PThe protein fragments
used for modelling are derived from proteins of known structure. Their
PDB codes are given along with the first residue number of the chosen
segment. Chain identifiers in the structures with more than one palypep-

tide chain in the PDB file are specified before the residue number.

in SAP that is retained in CIRRP by the replacements
Lys— Arg and Glu— Asp, respectively.

Calcium binding occurs on one side of the pentamer, on
the surface composed of the more concave B-shects. On
the opposite more planar face, cach subunit has an

a-helical segment [22]. The existence of SAP in pen-
tameric or decameric form is dependent on pH and the
nature and concentration of buffer salts [42] (WL
Hutchinson and MB Pepys, unpublished data). The
decamer is thought to be formed by packing two
pentamers in such a way that the faces containing helices
are packed with an angle between the helices from
different pentamers; in this arrangement the calcium-
containing B-sheets of each pentamer are accessible [22].
The charge distribution at the helix-containing face of
the SAP pentamer is shown in Fig. 3a. Both positive and
negative charges permit electrostatic interactions
between the two pentamers of the decamer. The
presence of more negative than positive charges means
that not all charges are paired and is indicative of a weak
association berween the two pentamers, Fig. 3b shows
the charge distribution in the helix-containing face of
the CRP pentamer. A conspicuous feature is the cluster
of strong negative charge at the centre of the pentameric
ring. This distribution of charge would lead to repulsion
of pentamers in a putative decamer similar to that of
SAP. Such repulsion could not be eliminated by the
rotation of one of the pentamers with respect to the
other as the strong negative charge is evenly spread at the
centre. This may explain the observation that CRP does
not form a decamer [43].

Most inter-protomer contacts, including ion pairs and
hydrophobic contacts, are similar in HSAP and SAP
(Table 3). For example, substitution of Ile85 in SAP by
valine in HSAP allows retention of the hydrophobic
contact with the conserved Phe88. Subunit interactions
in HSAP are increased by the presence of a carboxy-
terminal extension. Fig. 4 shows the superposition of
SAP and HSAP in this inter-protomer contact region.

LIM forms hexamers rather than pentamers [10], which
we have modelled as in Fig. 5. The inter-protomer
contacts in the hexamer of LIM are listed in Table 3.
Two regions where there are deletions of one residue in
LIM compared with SAP, 10-12 and 83-89 (see Fig. 1),
and the region of two inserted residues in LIM after
position 114 of SAP, are in the inter-protomer contact
regions and the differences may accommodate hexamer
rather than pentamer formation, Although the precise
details of inter-protomer interactions might vary
depending upon the method of hexamer generation, the
aggregation of LIM as a pentamer scems unfavourable. If
LIM forms a pentamer similar to SAP, apart from the loss
of some of the inter-protomer contacts due to deletions,
the insertion of lysine and glycine after position 114
would result in steric clashes with an adjacent protomer.
This is also supported by a model of a hypothetical
pentamer of LIM which has been constructed in an
analogous fashion to the pentameric SAP.

Calcium binding

Calcium coordination is essential for ligand binding by
pentraxins [2] and for the resistance of pentraxins to
proteolytic degradation [44,45). There are two calcium

e
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Tahle 3. Inter-protomer interactions.®

SAP CrP HSAP LM
Valo-lle104 Val1o-lle104 Valio-lle104 Phe10-Trp101
Pra12{M-Cly118(M) Prol1ZiMi-Ser116M) Pro12(M-Cly118M)
Tyr40-Pro113iM) Tyrd0-Pro113M) Tyr40-Pro113(M) Lys40-Cys114M
Tyrd0-Val115 Tyr40-Val115 Tyrd40-Val115 Lys40-Glu104
Asp42-Lys8300 Glu42-CluB3iM) Asp42-ArgBi) Asnd2-Asn115IM)
Aspd2M-LysB3 Serd4iM-Clus3 Aspd2(Mi-Arg83
Aspd2-1ys117 Glud2-1ys117 Aspa2-Lys117 Asna2-LysT114A
Serd4 & Ser44A—Lys67
Thr448-Asped
ValBsA-Prods
lled5—Phe88 & Pra89 Pro85-ValBsA Valas-Phe88 & AlaB8A
Lys91-LysTT4AM)
Glu93-1ys199 Glu§9-1ys199 Clu99-Arg199 Trp01-Van97
Ser102(M-Tyr195 Ser118-Tyr195 Ser102-Tyr195 Glu102-5er199
lle104-tle197 e 04-Fhe197 fle104-Vali97 Thrio6—Clu202
Pro113-Trp203 Pra113-Tm203 Pro113-Val203 His113-Chi202
Valt15M-Cly 152M) Val115(M-Cly1520M) Vall15(M-Gly1520M)
Lys116-Clu153 Arg116-Asp 153 Lys116-Ciu153 Ala116M-Clu151
Val121-Val197
Pro166~Val202 Pro166—Leu202 His166—Glu202

Lys112-Ser2048

#interactions invalving the main chain are indicated by ‘MY at the residue position,

Fig. 3. Representation of the charge distribution calculated using the program GRASP that incorporates the DelPhi algorithm [56]. The
pentameric face, containing the helical segments, is shown for (a) SAP and (b) CRP. The charge distribution is represented with the
colour code red for negative and pumple for positive charges.

ions bound to SAP. Calcium 1 is coordinated to side
chains of Asp58 (both oxygens), Asn59, Glu136, Asp138
and the main chain carbonyl of GIn137. The other
ligand is an acetate in four of the subunits and the side
chain of Glu167 from an adjacent pentamer in the
crystal lattice in the fifth subunic. Calcium 2 is less
extensively coordinated by SAP, with ligands to Glu136,
Asp138, GIn148, and acetate. The coordination is
completed by Glu167 and two water molecules [22].

The cquivalent residues in CRP, HSAP and LIM are
indicated in Fig. 1.

Unlike SAP, CRP binds to the two calcium ions with
equal affinity at neutral pH [44]. The backbone at the
calcium-binding site of CRP is similar to that in SAP.
However, there are some residue changes which could
affect the affinity for calcium. In SAP, residue 145 is
aspartate, which is not liganded to a calcium ion, but in
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Fig. 4. Inter-protomer region of HSAP (green) superimposed on
the inter-protomer region of SAP (pink). The two carboxyl
termini are indicated. (Figure generated using SETOR [53].)

Fig. 5. Hexameric model of LIM. The B-strands and helical seg-
ment are represented in pink and blue respectively. Disulphides
are shown in yellow. (Figure generated using SETOR [53].)

CRP the larger side chain of glutamate could coordinate
the calcium.

In HSAP, the calcium ligands Asn59, Glu136, Gln137,
Asp138 and GIn148 are conserved although Asp58 of
SAP is replaced by gluramate in HSAP, a change which
is unlikely to have much effect on the binding of calcium
ions. In a similar way, all calcium-binding residues in
LIM are identical to those in SAP with the exception of
Glu136 in SAP which is replaced by aspartate.

Calcium-mediated ligand binding

SAP shows calcium-dependent binding of PE but does
not bind PC. In the crystal structure of the SAP-PE
complex [22], the residues Tyr74, Lys79 and Glu66 are
situated close to PE with the side chain hydroxyl of
Tyr74 forming 2 hydrogen bond with the nitrogen of
PE. Glu66 and Lys79 form a salt bridge.

PE and PC differ only at the nitrogen where three
methyl groups are attached in PC. Modelling of the
three methyl groups (PC) resulted in short contacts
ranging from 2.1 A t0 2.7 A between the hydroxyl group
of Tyr74 and the methyl carbons. These could not be
relieved by rotation around the ethyl nitrogen bond as
the side chain hydroxyl of Tyr74 is situated roughly on
the rottion axis (Fig. 6) and there is no space for the PC
to re-position itself.

Thr74 of CRP is topologically cgquivalent to Tyr74 of
SAP. A shorter side chain at 74 (Tyr—Thr) results in
longer distances between the side chain atoms of Thr74
and the three methyl groups of PC (distances range
between 3.8 A and 6.5 A). Glu66 and Lys79, which
form an ion pair in SAP, are replaced by serine and
glutamate, respectively. Distances between the side chain
atoms of these residues and methyl groups of PC range
between 4.9 A and 8 A, thus accommodating the methyl
groups of PC (Fig. 6).

In the complex of PE with SAP, the hydroxyl of Tyr74
forms a hydrogen bond with the nitrogen of PE. In

Tyr74-5AP
The -CRI?

Fig. 6. Docking of phosphocholine. Side chains of SAP (pink)
and CRP (blue) are shown superimposed. Phosphocholine is
shown in yellow and calcium ions in red. (Figure generated
using SETOR [53].)
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CRP, Thr74 is too far from the nitrogen of PE to
directly stabilize the complex. However, Lys79 in SAP is
replaced by 2 glutamate in CRP, whose side chain could
form a hydrogen bond with the nitrogen of PE.

These observations provide an explanation for the
binding properties for PE and PC of SAP and CRP. Liu
et al. [46] and Swanson and Mortensen [47] suggest that
the residues 50-60 of CRP are important in binding PC
while the mutagenesis work of Agrawal et al. [48]
implicated Lys55, Arg56 and Trp67 as the key residues.
However, it is likely that changes at positions 55, 56 and
67 will have resulted in a structural perturbation at the
calcium-binding site.

HSAP resembles CRP in binding both PC and PE [15].
Tyr74 and Glu66, which are close to PC, are conserved,
but the third side chain (Lys79 in SAP) that is close to
PC is replaced by glycine in HSAP, thus creating more
space to accommodate PC. LIM also binds both PC and
PE. Tyr74 in SAP, which binds directly with the
nitrogen of PE, is replaced by asparagine in LIM. Other
changes include Lys79 and Glu66 in SAP which are
Leu79 and Aspé6 in LIM. Despite these substtutions,
which alter the shape/charge of the binding site, both
PC and PE can be bound by LIM.

Binding of MOBDG by SAP involves two hydrogen
bonds formed between the 4,6 oxygen atoms of the car-
boxyethylidene ring and the side chains of GIn148 and
Asn59 respectively, in addition to the direct interaction
berween calcium ions and the acidic group of MOBDG
[22]. In the crystal structure without an added ligand,
acetate from the buffer binds calcium in a similar way.
CRP binds MOBDG very weakly [49]. Interestingly,
both GIn148 and Asn59 are conserved in CRP (Fig. 1)
but there are changes in residues that define the
hydrophobic pocket: Tyr64 is a phenylalanine and Tyr74
is a threonine (Fig. 7). These changes alter the size of the
pocket as well as the charge distribution and they may
account for weaker binding of MOBDG. The higher
affinity of CRP for calcium, possibly mediated through
Gln145, may also lead to 2n alteration of the position of
calcium 2, and thereby weaken binding of MOBDG.

HSAP binds weakly to MOBDG compared with binding
of MOBDG by SAP [21]. The residues in SAP that
directly interact with MOBDG (Asn59 and GIn148) and
the residues forming the hydrophobic pocket (Leu62,
Tyr64 and Tyr74) are all conserved in HSAP (see Fig. 1).
However, replacement of Lys79 in SAP by glycine in
HSAP may account for the reduced binding of MOBDG.

LIM does not bind to MOBDG (GA Tennent and MB
Pepys, unpublished data). Although residues Asn59,
GIn148 and Leu62 which interact with MOBDG in
SAP, are conserved in LIM, the other hydrophobic
residues in the pocket are significantly different in LIM,
ie., Tyr64 and Tyr74 in SAP are Leu64 and Asn74 in
LIM (Fig. 1).

Fig. 7. Superimposition of residues in SAP and CRP in the
vicinity of the MOBDG binding site. The backbone is shown in
green. The side chalns of SAP are shown in pink and those of
CRP in blue. MOBDG is represented in yellow and calcium ions
in red. (Figure generated using SETOR [53].)

Biological implications

The pentraxins are a family of pentameric verte-
brate plasma proteins that have been stably
conserved in evolution and share sequence
homology, similar subunit assembly and the
capacity for specific calcium-dependent ligand
binding. The phylogenetically oldest known
protein with sequence homology is C-reactive
protein (LIM) from the arachnid, Limulus polyphe-
mus (the horseshoe crab), which differs from its
vertebrate counterparts in being hexameric.
Human C-reactive protein (CRP) is the classical
cytokine-regulated acute phase protein which is
produced in response to inflammation and tissue
damage. It is universally measured in clinical
practice as an objective marker of disease activity.
Human serum amyloid P component (SAP), the
other human pentraxin, is a normal constituent of
the extracellular matrix as well as a plasma
protein. It is also invariably found in the deposits
associated with the pathological condition of
amyloidosis that underlies such common and
important clinical disorders as Alzheimer’s disease
and diabetes mellitus. SAP probably contributes
to persistence of amyloid in vivo and radiolabelled
SAP is used routinely for diagnosis and monitor-
ing of systematic amyloidosis. Serum amyloid P
component from the Syrian hamster (HSAP) is of
interest because it shares properties of both
human CRP and SAP.

Comparative analyses of the sequences and struc-
tures of SAP, CRP, HSAP and LIM, based on the
high-resolution crystal structure of SAP provide
strong evidence for a highly conserved tertiary
fold, despite differences in quaternmary structure

o



1024

Structure 1994, Vol 2 No 11

and ligand specificity. The multimeric assembly
of protomers with their binding sites on one
planar face of the pentamer (or hexamer in the
case of LIM) enables multivalent attachment. The
predominantly B-sheet arrangement of the
protomer fold with short, tightly bound joining
loops, together with the multiple coordination of
calcium ions by residues in solvent-exposed
segments, account for the remarkable proteinase
resistance of pentraxins. This resistance may be
advantageous in the proteinase-rich microenvi-
ronment of inflammatory lesions, and it is of
interest that CRP is even more proteinase resistant
than SAP (GA Tennent and MB Pepys, unpub-
lished data) and that most of the residue
differences appear likely to further stabilize the
CRP protomer structure.

The models also provide a structure-based expla-
nation of the different ligand specificities among
pentraxins, in particular the recognition of phos-
phocholine by CRP, HSAP and LIM but not by
SAP, the recognition of cyclic pyruvate acetals
only by SAP, and the recognition of phospho-
ethanolamine by all of them. Final confirmation
will require crystallographic analyses of ligand
complexes, but mutagenesis experiments,
currently in progress, should provide an experi-
mental test of the proposed interactions. Better
understanding of pentraxin-ligand binding may
help to elucidate their physiological and patholog-
ical functions, and contribute to the development
of new diagnostic and therapeutic agents in amy-
loidosis and inflammation.

Materials and methods

Comparative modelling

The 3D structures of CRP, HSAP and LIM were modelled
on the basis of the crystal structure of SAP determined at 2 A
resolution and refined to an R-factor of 0.18 [22]. The suite
of programs, encoded in the comparative modelling software
COMPOSER [31,32] and incorporated in SYBYL (version
6.0 = Trpos Inc.), was used to obtain inital 3D models.
Conserved regions of CRP, HSAP and LIM were modelled
by extrapolating from the equivalent regions of SAP; they
comprise 15 stretches of B-strands, most of which are also
present in lectins, a long a-helical segment at 166174 which
is unique to pentraxins, and some conserved loops. The
insertion and deletion regions were modelled by searching a
data base of fragments, extracted from known 3D structures,
for an appropriate segment satisfying end-to-end inter-Ca
distances of flanking conserved regions. Steric contact with
the rest of the protein was also a consideration in the loop
sclection. The template matching approach was used in
ranking the candidate loops [50]. The selected loop segment
was modelled on to the three-residue overlap with flanking
SCRs (structurally conserved regions), using an algorithm to
relax the structure by ‘tweaking' at the ends of SCRs (F
Eisenmenger, personal communication). Side chain confor-
mations have been predicted using a set of 1200 rules based

on the conformers in equivalent residues in SAP or from a
rotamer library, depending on the nature of substitutions and
the type of secondary structure [34].

Energy minimization

The models were energy minimized using the AMBER
force-field [51] as incorporated in SYBYL. Hydrogen atoms
were also considered in the energy minimization. For every
course of energy minimization, 20 cycles of Simplex method
and a further 100 cycles of Powell algorithm were employed.
During the initial cycles of energy minimization, the
backbone atoms were maintained fixed and electrostatic
cnergy terms were not considered. This strategy was
employed primarily to relieve short contacts and to correct
geometry, particularly at the ‘anchor’ regions of various
loops. In the subsequent eycles, 2ll atoms were allowed to
move and electrostatic energy terms were included. A
distance-dependent dielectric constant with a cut-off of 9 A
and an € value of 4 was used. Minimization was performed
until all inconsistencies in geometry were rectified and all
short contacts were relieved.

Modelling of LIM

As LIM is more distantly related to SAP (30% sequence
identity) many, usually conservative, amino acid replace-
ments are present, even in the solvent-inaccessible core
region. Hence a slightly different strategy, which combines
constrained energy minimization at every stage of modelling,
was employed to model LIM.

Initially, the structurally conserved regions of LIM, which
comprise the B-strands and helix, were built using
COMPOSER. with SAP as the basis structure. Then the
backbone of LIM was kept rigid and the side chains alone
were allowed to optimize their positions during energy mini-
mization. Each of the variable regions was built individually
and checked for geometry and steric clashes with the
‘anchor’ regions and rectified by a simulated annealing
protocol in SYBYL. Many loop conformations were adjusted
manually using interactive graphics and a careful check has
been made for the compatibility of conformation at each
position [50]. Energy minimization of the (local) loop
regions enabled steady improvement in the stereochemical
quality of the model. The two disulphides that are present in
LIM, in addition to the disulphide in common with SAP,
were modelled after using distance constraints on the
selection of fragments from the database [52]. Finally, the
completed model was energy minimized by allowing all the
atoms to move and with an electrostatic term included in the
force field.

Generation of quaternary structures

The pentamers of CRP and HSAP were generated by super-
imposing the model on to each protomer of SAP; special
care was taken not to alter the coordinate axes of reference.
The generated pentamer model was then energy minimized
by moving side chains alone, in order to relieve short
contacts at the inter-protomer interfaces. Electrostatic terms
were also included in these minimization cycles.

In order to generate the hexamer of LIM, a hypothetcal
pentamer of LIM was fint generated by superposing the LIM
model on to each of the protomers of SAP. The centres of
Ca atomic positions of the protomers define a pentagon
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(a)

(b)

Fig. 8. Generation of a hexameric
subunit arrangement for Limulus CRP
(LIM) based on the pentameric SAP
structure. (a) The hypothetical pentamer
of LIM with the centre of the Ca atoms
in each of the protomers marked as A to
E. The point P refers to the centre of the
pentagon of points A to E and the five-
fold axis passes through it. (b) The
triangle ABP from the pentamer is used
to identify a point H away from the five-
fold axis and passing through the
six-fold axis. (¢) A preliminary model of
the hexameric LIM.

whose vertices and centroid are in a plane (points A to E and
P in Fig. 8a). The distance from the point P (and hence its
coordinates) to a point H in the six-fold axis and in the mean
plane formed by the points A to E can be calculated by con-
sidering the triangles ABP and ABH where the angles of the
triangles and the distances AB, AP and PB are known (Fig.
8b). Using the six-fold axis that passes through H and parallel
to the five-fold axis, a preliminary model for a hexamer of
LIM was generated (Fig. 8c). The individual protomers were
then systematically translated in small steps away from the
six-fold axis. For every step of translation, the number of
distances, within 10 A berween CP atoms across the two
adjacent protomers, was monitored. Translation was termi-
nated when the number of interacting CB atoms was same as
in the pentamer of SAP. The hexameric model was then
energy minimized by keeping the backbone fixed and
allowing side chains to move. :

Generation of CRP models bound to PE, PC and MOBDG
was accomplished by alterations in side chain positions at the
binding site, as guided by the strucrures of the complexes,
SAP-PE and SAP-MOBDG [22].

All compucations and development of programs for

maodelling and analysis werc performed on a network of

IR1S-SG workstations. Three-dimensional models were
analyzed using interactive graphics programs such as SETOR
[53] and SYBYL (Tripos Inc., St. Louis) on [RIS worksta-
tions and FRODO [54] on an Evans and Sutherland system.

Atomic coordinates of the models are being deposited in the
Protein Data Bank [41].
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Insights into the quaternary association of proteins through structure

graphs: a case study of lectins

K. V. BRINDA, Avadhesha SUROLIA" and Sarawathi VISHYESHWARA'

Molecular Biophysics Unit, Indian Institute of Science, Bangalore, India 560012

The unique three-dimensional structure of both monomeric and
oligomeric proteins is encoded in their sequence. The biological
functions of proteins are dependent on their tertiary and quater-
nary structures, and hence it is important to understand the deter-
minants of quaternary association in proteins. Although a large
number of investigations have been carried out in this direction,
the underlying principles of protein oligomerization are yet to be
completely understood. Recently, new insights into this problem
have been gained from the analysis of structure graphs of proteins
belonging to the legume lectin family. The legume lectins are an
interesting family of proteins with very similar tertiary structures
but varied quaternary structures. Hence they have become a very
good model with which to analyse the role of primary strue-
tures in determining the modes of quaternary association. The
present review summarizes the results of a legume lectin study as
well as those obtained from a similar analysis carried out here
on the animal lecting, namely galecting, pentraxins, calnexin,
calreticulin and rhesus rotavirus Vp4 sialic-acid-binding domain,

The lectin structure graphs have been used to obtain clusters of

non-covalently interacting amino acid residues at the intersubunit
interfaces. The present study, performed along with traditional
sequence alignment methods, has provided the signature sequence
motifs for dilferent kinds of quaternary association seen in lectins.
Furthermore, the network representation of the lectin oligomers
has enabled us 1o detect the residues which make extensive
interactions (“hubs’) across the oligomeric interfaces that can be
targetted for interface-destabilizing mutations. The present review
also provides an overview of the methodology involved in re-
presenting oligomeric protein structures as connected networks
of amino acid residues. Further, it illustrates the potential of such
a representation in elucidating the structural determinants of
protein—protein association in general and will be of signilicance
to protein chemists and structural biologists,

Key words: galectin, graph-spectral method, interface amino acid
clusters and hubs, legume lectin, oligomeric-protein structurc
graph, pentraxin.

INTRODUCTION

Protein—protein association and oligomerization have been found
to be extremely important for the functioning of many proteins
found in Nature. Understanding the factors determining the
nature and states of oligomerization or quaternary associations
in proteins has been the aim of numerous studies. Various inves-

tigations have been carried out 1o dissect the structural leatures of

protein interfaces. For instance, the nature and type of amino
acid interactions constituting the protein interfaces [1-5], ac-
cessible surface area calculations [3-5], conservation of amino

acid residues at interfaces [6,7], the geometry and nature of

surlace patches in monomers constituting the oligomers [3,4,8],
conformational entropies of side chains at protein interfaces [9],
docking of one monomer on to the other based on empirical
methods [10,11], computational design and prediction of protein—
protein interactions [12—14], and many more such investigations
[5] have all been carried out in the past to understand and eluci-
date the principles underlying protein associations. Though many
of these investigations have provided insights into the faclors
responsible for protein association, the understanding of the role
of both sequence and structure in protein oligomerization is far
from complete. The proteins belonging to the lectin family are
an excellent model with which to investigate this problem, since
they have very similar tertiary structure characterized by the *jelly-
roll” fold, and yet they have very different modes of quaternary

associations. They are known 1o exist as monomers, dimers and
higher oligomers where the dimers and the higher oligomers
comprise many dilferent types of protein interfaces and topo-
logically different quaternary associations. The present review
provides a detailed perspective on the proteins of the lectin family
as an example with which to understand the determinants of pro-
tein qualernary association.

THE LECTIN FAMILY

Lectins are carbohydrate-binding proteins that have varied appli-
sations in the field ol biochemical and biomedical research [ 15,16].
They are Tound in almost all organisms, ranging from viruses
to vertebrates, and have been implicated in a variety ol cellular
functions such as cell-cell interactions, cell-surlace recognition,
the innate immune system ete. [15,16]. The lectin superfamily
as classified by SCOP (structural classification of proteins [17])
comprises 15 families that include the legume lectins, fi-glu-
anases, endoglucanases, sialidases, galecting, pentraxins and
salnexin/calreticulin, among others. All of them belong to the
all-g class and have the ConA (concanavalin-A-like) jelly-roll
fold that can be seen in Figure 1. The jelly-roll motif consists of
three sets of anti-parallel fi-sheets, as can also be seen from the
legume lectins shown in Figure 1, There 1s a six-stranded Mat
‘back’ sheet, a curved seven-stranded “front” sheet and a short

Abbreviations used: ConA, concanavalin A; CRP, C-reactive protein; DB58 and and DBL, Dalichos bifforus (horse gram) stem-and-leaf and seed lecting
respectively: Ecorl., Erythrina corallodendron (coral tree) lecting GS1 and GS4, Griffonia simplicifolia (griffonia) lectins 1 and 4; PNA, peanut (Arachis

hypogaea) agglutinin; SAP, serum amyloid P component.

' Correspondence can be addressed fo either of these authors (email surolia@mbu.iisc.ernet.in or sv@mbu.iisc.ernet.in).
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five-member sheet at the ‘top® of the molecule. The sheets are
connected by several loops of various lengths [18-19],

The legume lecting are classified under one family since they
have high sequence similarities, very similar tertiary structure and
biophysical properties. Further, most of these legume lectins exist
as oligomers in nature, and all of them require metal ions for
their carbohydrate-binding activities [15,16]. The metal-binding
and carbohydrate-binding sites have been identificd in various
legume lectins, and they are found to be structurally overlap-
ping [15,16]. Iowever, these lectins do differ widely in their
carhohydrate specificities and in their quaternary associations
[18,19]. The other lectins in this superfamily, such as the
galectins, pentraxins, calnexin and calreticulin, have very much
less sequence similarity with the legume lectins. However, they
do share the same jelly-roll tertiary structure and show different
quaternary associations. The reasons for the varied quaternary
association in lectins were investigated previously using trad-
itional methods. For example, preliminary analysis of the legume
lectin oligomers, including the determination of chemical
characteristics of the different legume lectin interfaces [20],
correlation with the phylogenetic trees [21], identification of
conserved residues from multiple sequence alignment [22] or
inspection of pairwise interactions at the intersubunit interface(s)
22], have been carried out. Though these analyses were able to
elucidate some of the factors behind the lectin quaternary struc-
tures, the exact residues, sequence motifs or structural features
responsible for the quaternary association were not deduced
from such studies, since the overall similarity in both sequence
and tertiary structure is very high in these proteins. Hence, one
reqquires newer methods ol analysis to understand protein quater-
nary association and the choice of the method should be such
that it takes a global view of the amino acid interactions at the
interfaces and not at the pairwise level. A recent study of the amino
acid clusters at the protein interfaces of legume lectin structures
using a graph-spectral method has aided significantly in obtaining
signature  sequences required for a specific type of interface
in legume lectins [23]. The present review consolidates these
features by detailing similar investigations on several other lectins.
Furthermore, all these lecting have been investigated from a
network perspective, which takes a global view of the oligomeric
structures, The characterization of the amino acid clusters and
hubs at the protein interfaces, as elucidated by the network
representation of the lectin oligomers, is presented here. The
results pertaining to the legume lectin family are taken from [23],
whereas the analysis ol other lectins, as well as the network per-
spective of lectins, are previously unpublished results presented
here for the first time. Since the concept of protein structure net-
work is relatively new, an overview of the network based method-
ology and its significance in biology with special emphasis to the
protein structure networks is discussed below.

THE NETWORK/GRAPH PERSPECTIVE IN BIOLOGY

In the past decade, the network model has been applied in different
aspects of biology to obtain useful insights into protein structure,
folding, stability, regulation and evolution, and in genome analysis
and comparison [24]. First, a network representation requires
consideration of the system under study as a set of nodes (points)
and edges (links) that constitute the graph representing the system.

For example, the complete protein interaction network, or the
regulatory network, or the metabolic pathway of an organism, say
yeast, can be represented as a network graph. In these networks,
cach protein, ligand or metabolite can be the nodes in the graph
and the interaction they make with the other nodes in the graph or
the way they biologically regulate the other nodes in the graph can
become the edges in these networks. Such networks have recently
been constructed and analysed [or yeast, yielding valuable insights
into the organization of biological networks in genomes [24,25].
Interestingly, all these biological networks are found to have
similar overall graphical properties and hence seem to follow
some common rules. They belong to aclass ol real-world networks
termed ‘scale-free networks’, which show a power-law degree
distribution of nodes and are characterized by the presence of
a small number of highly connected nodes called *hubs’, which
yield robustness to these networks [24]. Similarly, the protein
domain network has also been constructed by connecting the do-
mains based on structural similarity score, which has been
analysed from the domain organization and the evolutionary
perspective [26]. An interesting concept relevant to the present
review is to consider cach protein structure as a network of non-
covalent interactions between amino acid residues, and the efforts
made in this direction are summarized below.

Networks in protein structures

Studies on protein structure networks have been carried out where
the protein structure itsell is considered as a network of atoms,
amino acids or secondary structural elements according lo the
requirement, and the edges are constructed based on the inter-
action between these structural elements. A summary ol such
investigations is given in Table 1. The studies include the use
of graph theory in protein structure comparison [27], where
the protein structures to be compared are represented as graphs
using their secondary structures as nodes and the interactions be-
tween them as edges. The graphs thus generated are compared
using standard graph theoretical techniques, such as graph iso-
morphism, to obtain insights into the structural similarities of the
proteins involved (Table 1). The graph representation of protein
structures have also been used to understand protein structure
and folding at different levels [28-33], dynamics [34,35], com-
parative modelling [36,37], for the idenulication of structural
domains in proteins [38] and in identilying modular clusters in
protein interfaces [39]as given in Table 1. In some of these studies,
the amino acid residuces in the protein structures or their C* atoms
have been considered as the nodes of the graph. In some others,
the sccondary structure elements or all the atoms in the protein
structure are considered as independent nodes. However, edge-
forming criteria vary according to the aim of the study and can
vary from sequential proximity to spatial interactions between the
nodes.

Another set ol analyses that have aided our understanding
of protein structure and stability include the identification and
analysis ol clusters of amino acid residues in protein structures
from a protein structure network perspective, using graph-spectral
methods [40] (Table 1). Here, the amino acid residues are the
nodes in the graph and the edges are determined on the basis of
the strength of the non-covalent interactions between them. The
spectral parameters of such a graph give the cluster-forming

Figure 1 Different types of dimeric interfaces in plant and animal lectins

The three-dimansional structure of the dimeric inlerfaces of the legume lecting (11, X4, X3, X1 and X2), galectins {galectin-1, galectin-2 and galectin-7) and pentraxing (SAP and CRP) are shown
in cartoon representation with the monomers dillerentiated using different colours, The jelly-roll fold that characterizes the tertiary structures of these lectin can be clearly seen in the Figure The
monomeric lecting, such as arcelin-5, galectin-3, Charcot-.eyden pratein, calnexin and calreticulin, which do have the jelly-roll tertiary struciure, are not shown,
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Table 1 Summary of prolein structure networks

Group and reference(s) MNetwork

Analysis

Grindley et al. [27]
Dokholyan et al, [33] Protein structure graphs based on C* aloms

Vendruscolo et al [31,32] Protein structure graphs based on C atoms
Protein structure graphs based on C aloms
Protein structure graphs based on alomic details
Residue-based protein struclure graphs

Atilgan et al. {29]

Greene and Higman [30]

Brinda and Vishveshwara
{unpublished wark)

Vishveshwara and co-warkers
[40-45]

Sistla et al. [38)

Reichman et al. [39]

Praytycka et al. [28]

Bahar et al [34.35]

Residue-based protein Struclure graphs

Residue-based protein slructure graphs
Residue-based protein structure graphs

Protein structure graphs based on C* aloms

Samudrala and Moult [36.37) Protel
side chains (rotamers)

Protein structure graphs based on secondary-structural elements

Pratein structure graphs based on secondary-siruciural elements

n graphs based on steriacally allowed confarmations of protein — Clique-

Subgraph isomarphism far structure comparison

Network properties and hubs relating 1o protein folding using graphs of transition
stales and intermediates

Netwark properties and hubs relating to protein folding using graphs of transition
states and intermediates

test path length and clustering coetticients, network properlies

Hetwark properties, scale-free nature ol prolein structure graphs

Network properties, scale-free nature, role of hubs in protein structures

Graph-spectral parameters for detection of amino acid clusters at protein core,
profein/protein and protein/ONA interfaces

Identification of structural domains in proteins structures from graph spectra

Madular clustars at profein/protein inlerfaces

Rules of protein folding in A-proteins by basic graph manipulations

Graph-spectral parameters for elucidating protein dynamics using the Gaussian
network modal (GNM) and the anisotropic network model {ANM)

ng algarithm used for modelling the side chains in proteins with

i structures

unknow

residues in the protein structure [40,41]. This cluster information
can be used to identily active-site clusters, lolding clusters or
intersubunit interface clusters. The main advantage of this method
is that it requires a single numeric computation and also involves
the global topology of the protein, because the complete protein
structure is represented in the form of a connected network [41].
This kind of graph representation has yielded very uscful results
regarding protein stability [42], protein—protein interactions [43]
and protein—DNA interactions [44]. The interface analysis of a
set of functional homodimers using this method gave the amino
acid clusters and their cluster centres at the interfaces, which
aided the identification of interface “hot spots’ and also provided
a method to predict the interactive surfaces on monomers [43]. It
has also helped in the identification of residues important in the
formation of the ¢—« dimer in RNA polymerase, where a single
mutation at the o/ interface predicted using this method, led to
the de-activation of the enzyme due to the destabilization of the
a— dimer [45], A similar graph-spectral analysis of multidomain
proteins has yielded an elegant and easy method to identify struc-
tural domains in proteins and also the residues forming the
interface between the domains [38]. Recently, Reichmann et al.
139] used a residue-based interaction graph ol proteins to
identify modular clusters at protein/protein interfaces aiding our
understanding of the architecture of intersubunit interfaces. Thus
the concept of representing protein structures as networks and the
identification of amino acid clusters in prolein structures have,
in many ways, enhanced our understanding of protein structures,
folding, stability and interactions and hence has the potential o
address various other aspects related to protein structural biology.
In the following sections, we present the necessary deseription off
this method and its application to the analysis of various kinds
of quaternary associations scen in legume lectins, galecting and
pentraxins.

METHODOLOGY

Recently, the concept ol using protein structure graphs to deter-
mine amino acid clusters at protein interfaces has been applied
1o i set of legume lectin oligomers and the analysis yielded the
sequence motils characteristic of each type of quaternary associ-
ation seen in them [23]. We have further extended this study
to other proteins exhibiting the legume lectin fold, ranging from
plants to vertebrates. These analyses underscore the power of such

an algorithm in dissccting protein/protein interfaces across the
diverse members of this highly complex family of proteins with
strikingly disparate modes ol oligomerization. The algorithm
consists of representing protein structures as graphs comprising of
a set of nodes and edges, where the amino acid residues are nodes
and the strength of the non-covalent interactions between them
determines the edges as explained below [40]. Such a graph can
then be analysed in various ways to obtain information regarding
clusters of amino acid residues and highly connected amino acid
residucs (known as hubs) involved in these protein structure
networks as explained below.

Representation of protein graphs

The atomic co-ordinates of the protein structures were obtained
from the Protein Data Bank [46]. Each amino acid in the protein
structure is represented as anode and the non-covalent interactions
between their side-chains are evaluated for edge-formation [40],
as follows:

L= |n,,f|min(Nﬂr_‘Nu;)]} w100 (0

where i, is the number of distinct side-chain atoms pairs ol / and
j coming within a distance of 0.45 nm (4.5 A), evaluated from
the crystal structures. N, and N, are the normalization values
for residue type i and j, which were evaluated previously from a
non-redundant set of proteins [40] and are given in Table 2. It can
be noted from Table 2 that these normalization values correlate
well with the size of the residucs.

A cut-off value of interaction, /,,, is then considered, and any
ij pair that has /;, greater than /[, is connected in the graph. For
example, when an /,, of 6% is used, all the connected residues
in the graph interact with a value more than 6 %. Figure 2(a)
shows an example of high interaction (8 %) between two aromatic
residues. The variable parameter in the construction of a protein
structure graph is the interaction cut-off, /,,;,, which can be varied
rationally 1o obtain interesting results, as elucidated below.

Cluster analysis

The protein structure graph obtained as explained above can be
represented in the form of a matrix called the *Laplacian matrix’,
which has the connectivity information among the residues [40].
This martrix 1s an N = N matrix, where N is the number of residues
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Table 2 Normalizalion values of amino acids

For further details, see the text

Amino acid Hormalization value
Ala 55.76
Arn 93.79
Asn 734
Asp 75.15
Cys 54.95
Gin 78.13
Glu 78.83
Gly 473
His 8374
Il (7.95
Leu 7225
Lys 49,61
Mt 69.26
Phe 9331
Pro 51.33
Ser f133
Thr 63.71
Tip 106.70
Tyr 100.72
Val 6237

(a) (b)

Figure 2 Interaction strength and hubs

{a) Two aromatic residues {shown in ball-and-stick representation) interacting with high value
ol interaction sirength (1,; = 8%), The non-covalent atom—atom contacts occuring within a
distance of 0.45nm (4.5 A) are indicated by thin lines. (b) Hubs: a phenylalanine residua
(shown in van der Waals representation) interacting with seven other residues (shown in
ball-and-stide representalion), thus acting as a hub in the protein struclure

in the protein structure. From the matrix we obtain the spectra of

the graph comprising eigenvalues and vector components, which
provide information regarding the residues forming clusters in
the protein structures and those that form the centres of these
clusters [40,41]. The clusters can be obtained at different inter-
action cut-offs (/,;,), which would yield clusters comprising
residues interacting at various strengths. A higher /,,,, indicates
stronger interaction among the residues forming the cluster,
whereas a lower [, indicates weaker interaction among the same.
The typical working cut-off that is used for cluster analysis varies
from4 1o 12% [40,41]. The clusters obtained using this clustering
method can be further combined with other traditional multiple
sequence-alignment methods 1o obtain information regarding
conserved clusters [43]. Although these conserved clusters are
a set of residues that are far apart in sequence, they interact in the
three-dimensional structure of the protein and are also conserved
across different species. The analysis of the conserved clusters at
the interfaces of some plant and animal lectin oligomers has been
carried out and are discussed in detail below.

The graph-spectral method has the distinct advantage over
traditional clustering methods in dealing with weighted graphs,

in identifying the cluster centres and in detecting subelusters in a
connected graph [41]. Hence this method has been useful in pro-
tein structure analysis where clusters ol biological significance,
such as active-site clusters, hydrophobic-core-forming clusters,
clusters imparting thermal stability to proteins, clusters at the
protein/protein and protein/DNA interface [40-45] have been
identified. This has aided in the understanding of the role of non-
covalent interactions in the folding, stability and interaction of
protein structures.

Huhs

Hubs are defined as highly connected nodes in a graph. In a
protein structure graph, those nodes with more than four con-
nections (links, edges), are termed the hubs. The presence of hubs
is a characteristic feature of many real-world networks, where it
has been found that there are a limited number of nodes acting
as hubs in these networks, which help in reducing the distance
between any two nodes in the network and thus form highly
connected, compact networks [24]. Tt has also been found that
these hubs provide robustness to the networks, because random
attacks on the non-hubs do not affect the network organization
or its stability, whereas targeted attacks on the few hubs present
can cause severe damage to the network [24]. Applying the same
principle to the protein structure networks, one would expect
the hubs (residues) in these residue-based protein structure net-
works to play an important role in stabilizing the folded structure
of the protein, and hence a targeted mutation of the hub residue
may destabilize the protein structure. An carlier analysis of
hubs in protein structures showed that the hubs identified at
different /,,, values correlated with experimentally available
thermodynamic and kinetic parameters (K. V. Brinda and
S. Vishveshwara, unpublished work) and also showed a pre-
ference for phenylalanine, tyrosine, tryptophan and arginine as
hubs at higher 7, values, whereas leucine and isoleucine were
preferred at lower [, values (K. V. Brinda and S. Vishveshwara,
unpublished work).

As explained above, the evaluation ol interaction between
two residues in a profein structure involves the normalization
values of both the residue types. However, for the identification
of hubs in a protein structure, it would be accurate to use the
normalization value of the hub-forming residue alone. Hence, the
interaction equation given in eqn (1) reduces to the following for
hub identification:

I; = (ny/N%) x 100 (2)

where, /,,, n;, and N"; are the same as in cqn (1), with i being the
residue whose hub character is being evaluated. An example of a
hub-forming residue in the residue-based protein structure graph
is shown in Figure 2(b), where a single phenylalanine residue
interacts with many other residues. The concept of hubs is applied
to some of the lectin oligomers and is presented in the subsection
below entitled *Interface hubs’.

Size of the largest cluster

The size of the largest cluster in a network is one of the important
parameters that are generally used to understand the nature and
properties of the network [24,26]. In the case ol the protein struc-
ture graphs described above, most of the residues in the protein
exist as a part of the largest cluster at lower 7, and the size of
the largest cluster decreases with increasing /.. A characteristic
profile of the protein structure graphs is observed when the size of
the largest cluster is plotted as a function of /,,,,.. The analysis of a
non-redundant set of monomeric proteins showed that a plot of the
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size of the largest cluster versus [, exhibits a sigmoidal profile
with a transition around /,,,=4% in proteins of all sizes and
folds, indicating a universal behaviour in protein structures (K. V.
Brinda and S. Vishveshwara, unpublished work). This transition
in the size of the largest cluster around /,,, =4 % is lound 1o
occur due 1o the loss of numerous contacts made mainly by the
hydrophobic residues such as leucine and isoleucine. In physical
terms this change refers to a structural transition that occurs when
one large connected cluster (as seen at /[, =0%) splits into
smaller distinet clusters (as seen at [, greater than 4 %), The
analysis of the size of the largest cluster in the lectin oligomers
is also presented in the subsection *Size of the largest cluster as a
function of interaction cut-oft (/)" below,

INSIGHTS INTO LEGUME LECTIN QUATERNARY ASSOCIATION

The legume lecting are known to have varied types ol quaternary
associations in spite of very similar tertiary structures, What pre-
cisely determines their mode of quaternary association remained
unresolved until the protein-structure-graph approach was used
[23]. The key results of the analysis are presented here.

Classification of legume lectin interfaces and quaternary structures

The legume lecting can be structurally classified into nine types
on the basis of their overall quaternary structure, and these
nine quaternary structure types consist of seven known dimeric
interface types. The different kinds of dimeric interfaces seen in
legume lectin oligomers include types I1 (canonical), X1 [DB5S
(Dolichos biflorus stem-and-leaf lectin)-type], X2 (non-canonical
interface of ConA), X3 [Ecorl. (Erythrina corallodendron
lectin)-type, handshake |, X4 [GS4 (Griffonia simplicifolia lectin
4)-type, back-to-back] and the unusual interfaces of PNA [peanut
(Arachis hypogaea) agglutinin] and GS1 (G, simplicifolialectin 1)
(Figure 1). The higher oligomers, mainly tetramers, are generally
dimers of dimers and hence have combinations of these dimeric
interfaces. The nine different kinds of legume lectin quaternary
structures made up of these seven dimeric interface types comprise
of canonical (11 dimer), Ecorl-type (X3 dimer), GS4-type (X4
dimer), DB58-type (X1 dimer), DBL (D. biflorus seed lectin)-
type (11 4+ X1 tetramer), ConA-type (11 + X2 tetramer), the open
quaternary structure ol PNA (11 4 X4 4 unusual tetramer), GS1-
type (X4 +unusual tetramer) and arcelin-5-type (monomer)
[arcelin-3 is a lectin-like defence protein from Phaseolus vulgaris
(French bean)]. As can be seen, some of the interface types are
found to be present in the dimeric as well as the ftetra-

meric legume lectins (like I, X1 and X4), whereas some of

them are seen exclusively in dimeric legume lecting (like X3)
and some are scen exclusively in the tetramers (like X2 and
the unusual interfaces of PNA and GS1). The legume lectins
with known structures are thus classified into different types of
quaternary structures, and the higher oligomers are separated into
pairs of dimers so as to classify their interface types.

Consensus signature sequence motifs

The method for obtaining the signature sequences determining
each of the legume lectin interface types actually involves a com-
bination of the cluster-detecting algorithm and the traditional
sequence-alignment methods. The amino acid clusters in the
legume lectin structures are first identified using the graph-spec-
tral method explained above. The interface clusters in these
oligomers are then identified by the fact that these clusters
comprise residues from both the monomers forming the interface.
The interaction cut-off (/,,,) used for cluster identification has
been optimized for each lectin so as to obtain distinet interface

@ 2005 Biochemical Society

clusters differentiated from the bulk of the protein [23]. These
mterface cluster-forming residues are then mapped on to the
multiple sequence alignments (obtained using Clustal W; [48]) of
all those legume lectins that belong to a particular interface type.
Those residues that are conserved in the multiple sequence align-
ments and are also present in the interface clusters of all the
legume lecting belonging to a particular interface type constitute
the consensus signature sequence for each interface type. The con-
sensus patterns thus obtained for five of the prominent legume
lectin interface types, namely the type 1, X1, X2, X3 and X4
are given in Figure 3. Further, this algorithm also works to an
extent even when there is only one known structure of a particular
interface type. Insuch a case the mapping on to multiple sequence
alignments cannot be carried out, since there is only one known
example. However, the information regarding the cluster-forming
residues at the interface can still be obtained to give some idea
regarding the residucs required [or the interface formation, though
it might not be conclusive. This was carried out in the two unusual
interfaces of PNA and GS1 where there are only single struc-
tures available. The unusual interface of GS1 is characterized
by residues W10, T26, G28, Q31, T35, 75, Y226 and 1.228
and that of PNA is characterized by residues L27, Q33, S28,
Vie0, R221, N31, E72, K74 and G158 (for brevity the one-
letter amino acid notation 1s used). The residues present in the
mterface clusters of the legume lectin interface types 11, XI,
X2, X3, X4 and the unusual interfaces of PNA and GSI1 are
shown in Figure 4. 1t is clear from the Figure 4 that the different
types have different clustering patterns, which further lead to their
specific consensus signature motif. The analysis thus provides the
signature sequence motifs for cach legume lectin interface type,
and the higher oligomers with multiple interfaces were found to
contain the signatures of all the interface types that they comprise.

Comparison of different legume lectin interfaces based
on the signature motifs

The comparison of the consensus patterns of all the interface
types showed that they were localized in a few sequence regions,
namely the N-terminus and the C-terminus and the region near
residues 70-80 and 160-200 (Figure 3). The type 11 interface
and the unusual interfaces of PNA and GS1 are characterized
mainly by the N-terminal and the C-terminal regions, whereas X1,
X2, X3 and X4 have their consensus patterns in the 70-80 and
160-200 regions. Hence, X1, X2, X3 and X4 mutually exclude
cach other and therefore cannot co-exist with each other in the
higher oligomers. Therefore X1, X2, X3 and X4 can only combine
with either type Il or the unusual interfaces. Theoretically, any
of the X1, X2, X3 and X4 dimeric interfaces can combine with
the type 1 or the unusual interfaces of PNA and GS1 to form
tetramers. However, not all these combinations are observed in
Nature, and there are specific preferences to the combinations seen
as explained above. A look at the multiple sequence alignments
indicates that these preferences are mainly due to the absence of
the residuces required for the other interface types, which leads
to the exclusion of the other interface types. For example, in the
X4-Torming legume leetins GS | and GS4, the type 1 residues are
found to be absent, and for that reason they cannot form type 11
interfaces. However, in PNA, the 11+ X4 combination is seen
because the residues required for both 11 and X4 are present in
PNA (which also has an unusual interface and an open quaternary
structure). Moreover, GS4 exists as an X4 dimer only, whereas
GS1 forms the X4 - unusual tetramer. When the sequences of the
two were compared, it was found that although six out of
the eight residues required for the unusual interface formation
ol GS1 are present in GS4 also, two of the significant residues are
mutated (1261 and 1775L), leading to the loss of some important
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Figure 3 Mulliple sequence alignments of diflerent legume lectins with galectins, pentraxins, calnexin, calreticulin and Vp4 sialic-acid-binding domain

Only a few representatives of each lype, and the sequence fragments involving the signalure molifs, are shown. Types I1, X1, X2, X3 and X4 interface types of the legume lecting are shown, fhe first
two sequences in each type belang to the characteristic legume lectins of the particular type. The residues forming the signature sequence molifs of each legume lectin inferface type are highlighted in
bold and undarlined in the lirst two lequme lectin sequences of each interlace type. The other lecting included in the algnments are, galectin-1 (1a78), congenin [conger-gel (Conger conger) galectin,
1¢11), galectin-2 (1uld), galectin-3 (1a3k), Charcot-Leyden protein (1lcl), galectin-7 (2gal), human CRP (pentraxin, 1b09), human SAP (pentraxin, 1gyk), calnexin (1jhn), calreticulin (1gv3) and
\pd sialic-acid-binding domain (Tkqr). The residues in these lectins, which are conserved or conservatively mulated al the signature motit positions of fequme lectins, are alsa shown in bold
and underlined. The residue numbers are indicaled at the end of each line. It can be seen from these alignments that although same residues from the signature motifs are conserved in the galectins,
pentraxins, calnexin, calreticulin and Vpd sialic-acid-binding domain, most of the residues required for any af the lequme lectin interfaces are absent, thereby excluding these lequme lectin interface

types in these lectins

interactions across the interface. Hence the unusual interface
type in GS4 could be considerably destabilized, thus explaining
why GS4 remains an X4 dimer and does not form a tetramer like
GS1.

Arcelin-5 is the only known monomeric legume lectin to be
crystallized as a monomer. The sequence ol arcelin-5 was checked
for the presence of the consensus residues of all the seven interface
types. It was found that it has the patterns required for type 11 as
well as X3 interfaces, though most of the X3-forming residues are
conservatively mutated. Hence, X3 might be highly destabilized
in arcelin-5. Morcover, a close homologue of arcelin-3, namely
arcelin-1, is known to exist as a type 11 dimer. Arcelin-5 is also
known 1o exist as dimer under specific conditions in solution,
Since it has both the X3 and type 11 patterns, both interface types

are theoretically feasible, although the type II dimer might be
preferred over X3 in solution.

Type 11 seems to be a more basic and general type of interlace
in these legume lectins, since it is preferred in many legume
lectin dimers and tetramers. Morcover, the type Il interfaces in
both dimers and tetramers are stronger than the others, since
the interface clusters in type 11 are formed at higher /., values
when compared with the others. Hence, in lectins with multiple
oligomerization states, such as DB58, MAL [Maackia amurensis
(amur maackia) lectin] and FRIL [tyrosine kinase I3 interacting
lectin], which are known to exist as dimers in solution and as
IT+4 X1/X2 tetramers in erystal structures, the solution dimers
are more likely to be of type Il rather than X1 or X2, since
the type Il interface is stronger than the X1/X2 in these cases.

T 2005 Biochemical Society
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Figure 4 Interface clusters in the seven types of interfaces in legume lectins

(aj~{g) give the cartoon represenation of the three-dimensional structure of the legume lecting belonging to these seven types of dimenc interfaces. The monomer chains are represented by
biue- and red-coloured cartaons respectively, Although the tertiary structures are very similar in all the seven cases, their quaternary associations are different, as seen in the Figure. The interface
cluster-forming residues are represented as van der Waal's spheres. Each cluster is coloured differently to diflerentiale them in the three-dimensional space. (a) Canonical, type Il (1nyAB at
8% cut-0!l); (b) FcorL-type, X3 (1axy at 5% cul-ofi); (c} GS4-type, X4 (1gsl al 6 % cut-off); (d) DBSB-type, X1 (1qnwAC at 4 % cul-alf), (@) nan-canonical inferface of ConA-type, X2 (1dglAC at 4 %
cut-0if); (1) unusual interface al PNA (2pe!BD at 6% cot-olf): (g) unusual interface of GS1 (1halAC at 6% cut-off)

Further, the unusual interfaces are generally found to substitute
for the type 1l interfaces and oceur when type 11 is sterically or
sequentially disallowed, as in the case of PNA or GS1. Hence the
unusual interfaces involve the same sequence regions as type 1L
Thus the graph-spectra-based interface cluster analysis of legume
lecting has answered most of the questions regarding specificities
of interfaces in the legume lectin quaternary structures.

© 2005 Biochemical Soclely

Prediction of quaternary association for leclins with
unknown structure

The acid test for the signature sequence motifs of cach legume
lectin interface type, identificd using the conserved interface
cluster method, was carried out using the legume lectins with
unknown structures. The sequences of six such lectins [from
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Onobrychis viciifolia (sainfoin), Cytisus scoparius (scolch
broom), Lotus tetragonolobus (asparagus pea), Vatairea macro-
carpa, Bauhinia purpurea (orchid tree) and Cicer arietinm
(chickpea)] were aligned with the others with known interface
types and were checked for the presence of any ol the signature
motifs so that their nature of oligomerization can be predicted
from the presence or absence of these consensus patterns. This
was then compared with the information about their state of oligo-
merization available from biochemical experiments and those
predicted from phylogenetic tree analysis [21]. The results of
this analysis predicted that Q. viciifolia lectin should form type 11
dimers, Cy. scoparius, V. macrocarpa and Ci. arietinum lecting
should form type 11 -+ X1 tetramers and B. purpurea lectin perhaps
forms an X4 + unusual tetramer. The results for L. retragonolobus
were inconclusive from this analysis. Thus the method could
predict the interfaces in five of the six lecting, which also cor-
related well with the available experimental evidence and results
from the phylogenetic tree analysis, proving that this method has
a significant predictive value.

Inferences from the legume lectin study

The analysis of the legume lectin quaternary structure using the
graph-spectral method has yielded the signature sequences re-
quired for each type of quaternary association seen in the legume
lectins. It has also aided in characterizing the different interface
types and quaternary associations seen in the legume lecting
based on the clusters of amino acids seen at these interfaces, in
understanding the different factors responsible for the specific
oligomerization type of these lectins and in predicting the
quaternary association of legume lectins with unknown structures.
One of the important points that need to be highlighted is that the
application of the clustering algorithm to the oligomeric inter-
faces of proteins gives a better understanding of the interface
nature and composition, as can be seen from these results, because
the clusters involve all types of interactions namely, charged,
hydrophobic, polar, hydrogen bonds and van der Waal’s inter-
actions. There is no discrimination of interactions based on the
nature of residues, which helps in obtaming an overall picturc
of the interactions at the interfaces rather than the pairwise inter-
actions across the interface. Morcover, the algorithm combines
the identification of amino acid clusters in protein structures with
sequence alignments, thus enabling us to obtain a consensus ol
both sequentially and structurally conserved clusters of interacting
amino acids. Further, the graph-spectral cluster-determining
algorithm gives the information regarding the residues which
form the centres of clusters, which often coincide with the highly
conserved residues in legume lectins. Hence such an analysis has
been found to be more successful in handling the complexity of
oligomerization in legume lectins and also has the potential 1o
be applied to address various other aspects of protein structure,
stability, folding and interactions.

GALECTINS

The representation and analysis of the structure graphs of galectin
and pentraxin oligomers are presented here for the first time.

Background

Galectins, though originally discovered in animals, have recently
been found in mushrooms as well [49]. They are lectins that
bind fg-galactose-containing glycoconjugales and do nol require
bivalent cations to carry oul their function, unlike the legume
lecting [15,16]. The proposed biological functions of galectins in-
clude roles in cell—cell adhesion, cell-matrix adhesion, direct ef-

fects on cell growth and viability, potential intracellular functions
in regulating metabolism, induction of apoptosis or programmed
cell death, and induction of metabolic changes, such as cellular
activation and mitosis [15,16]. Their expression in many types ol
tumour cells has led to the hypothesis that galectins may also be
involved in tumorigenesis and metastasis.

Galectins exist as both monomers and dimers. Galectins 1, 2
and 7 arc homodimers, whereas the other galectins are monomers.
Interestingly, the tertiary structure ol galecting is similar to the
jelly-roll fold found in many leguminous plant lectins, although
they differ considerably in their primary structures. The crystal
structures of galectins 1, 2, 3 and 7, congerin and the Charcol—
Leyden protein are available and therefore have been considered
in this analysis. Galectin-2 is a fungal galectin (Cgl2 from
Coprinopsis cinerea [49]). The homodimeric galectin interfaces,
namely those of galecting 1, 2 and 7, are topologically different
from cach other, as can be seen from Figure 1. These are also
significantly different from the legume lectin interfaces mentioned
above. Congerin forms a galectin-1 type interface and galectin-3
and the Charcot—Leyden protein remain as monomers.

Characterization of galectin interfaces

A careful examination of the sequences of the monomeric and di-
meric galectins shows that they do not contain most of the residues
present in the signature sequences of the interface types seen in
legume lecting, namely 11, X1, X2, X3 and X4 (as can be scen
from Figure 3). The galectins have their very own signatures that
characterize their quaternary association types. The amino acid
clusters al the interfaces of the dimeric galectins were identified
using the graph-spectral method for those galectins whose struc-
tures are available (galectins 1, 2 and 7, shown in Figure 5, and
congerin) and were mapped on to the multiple sequence alignment
of these galecting obtained along with the monomeric ones (gal-
ectin-3 and the Charcot—Leyden protein). These interface cluster-
forming residues are highlighted in the multiple sequence align-
ment shown in Figure 6(a). A comparison of the interface cluster
residues characterizing each galectin interface type gave interest-
ing results regarding the factors determining the mode of
quaternary association in these leetins. Galectins 1, 2 and 7 have
different sequence patterns that determine their oligomerization
type, as can be seen from Figure 6(a). The galectin-1 type interface
scen in galectin-1 and congerin involves a few residues from the
N-terminus and the C-terminus. The T/K +N (Thr/Lys -+ Asn)
pattern observed at the N-terminus in these galectins is partially
conserved in galectin-2 and the F+4 F/L (Phe + Phe/Leu) at the C
terminus is partially conserved in the monomers and galectin-7
(Figure 6a). However, none of them have both patterns conserved,
which could render them incapable of forming the galectin-1
type interface. The interface clusters in galectin-1 are shown in
FFigure 5.

The galectin-7 interface is characterized by a number of
charged-charged interactions among a set of arginine residues
(numbers 14, 20, 22, 133) a1 the N-terminus and C-terminus,
along with His'™, Glu*, Asp™ and Asp'™. Phe'”® and Val"™ also
contribute to the cluster (Figure 5). The arginine residues from one
chain are neutralized by the aspartate residues from the other, with
histindine and glutamate also adding to the stability. On examining
the other galectin sequences for the presence of these residues
(Figure 6a), we find that all the others do have some of these
residues, but none of them have all of them. In fact, those that have
the negatively charged residues conserved in those positions
lack the complementary positively charged residues and vice
versa. Therefore none of them have the complete complement
of the arginines, histidine, glutamate and aspartate residues, thus

@ 2005 Biochemical Sociely
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{a) Galectin-1 (1A78)

Figure 5 Interface clusters in galectins and penlraxins

(d) Pentraxin (1GYK)

(b) Galectin-7 (2GAL)

The dimeric interlaces of galectins 1, 2 and 7 and penlraxin, along with the amino acid clusters obtained at the interfaces at abaut fyn = 6% are shown. The lecting are represented in cartoon diagram
and the interface clusters in van der Waals representation. Each monomer and interface clusters are coloured difterently.

rendering them incapable of forming the galectin-7 type inter-
face,

The galectin-2 type interface is also characterized by charged-
charged interactions across the interface. However, here the
positive charge is contributed by Arg”, Arg" and His*, and
the negative charge is contributed by Asp™, GIn' and Glu™ (Fig-
ure 6a). In contrast with galectin-7, the positive charges in the in-
terface of galectin-2 come from the residues-90-100 region of the
sequence instead of the N-terminus and C-terminus as in galectin-
7. The interesting feature of this interface (and of galectin-7
interface type) is that the positively charged residues and negative
charged residues that neutralize them always come from two
different monomers, thus making the interface extremely strong
and stable. Further, Ser'™ and Tyr""! from both of the chains add
to the stability of the cluster. An additional interface cluster com-
prising His™', Pro" (from same chain) and Leu'” (from other
chain) also stabilize the interface. Figure 5 shows the interface
clusters in galectin-2. Although some of these residucs are con-
served in the other galecting, in none of them is the complete
pattern conserved (Figure 6a),

Thus the lactors determining the type of quaternary association
in galectins can be obtained from this approach. Moreover, the
signature sequence motifs that characterize each of them have
also become apparent from this analysis.

PENTRAXINS
Background

The earliest deseribed pentraxins, CRP (C-reactive protein) and
SAP (serum amyloid P component), are cytokine-inducible
acuie-phase proteins implicated in innate immunity, whose con-
centrations in the blood increase dramatically upon infection or
trauma [15,16]. The pentraxins are a phylogenetically ancient
family of olizomeric plasma proteins, all of which bind Ca**
ions. The binding of Ca’" is necessary for the expression of
ligand-binding activitics. These proteins have evolved very little

© 2005 Biochemical Socicty

and hence they are highly conserved. They exhibit remarkable
conservation ol structure and binding specilicities. Since the
proteins have evolved conservatively and they are present in
vertebrates, this suggests an essential function for these proteins

in the body. Within vertebrates, there exist two main branches of

the pentraxin family, namely the CRP-like proteins and SAP-like
proteins, The pentraxins that bind phosphocholine are CRP-
like and those that bind carbohydrate moicties are SAP-like
pentraxins. All of the pentraxins are oligomers arranged in a
discoid-like pentagonal (rarely hexagonal) cyclic symmetry [50],
as shown in Figure 7. These proteins were named pentraxins
because of their cyclic configuration of five non-covalently bound
identical subunits. These proteins consist of a hydrophobic core
and have a beta-jelly roll matif as seen in the leguminous-plant
lectins.

Characterization of pentraxin interfaces

The pentraxin pentamer consists of five similar dimeric interfaces
contributed by five monomers. The dimeric interface of the pen-
traxin is shown in Figure 1. Each monomer makes two types of
interactions with the two other monomers using two dilferent
faces coming [rom different sequential regions. Face | of mono-
mer 1 interacts with face 2 of monomer 2 and the face | of
monomer 2 interacts with face 2 of monomer 3 and so on and so
Torth till the pentamer is formed (Figure 7). Hence, the dimers
themselves are asymmetric, since the interacting monomeric
regions at the dimeric interface are different. However, the same
pattern is followed subsequently in all five dimeric interlaces,
1o give rise 1o a symmetric pentamer. An example cach of CRP
and SAP, both from humans and whose crystal structures are
available, have been considered in this analysis A comparison of
the pentraxins with the consensus patterns ol all the legume lectin
interface types shows that they lack the signature residues required
for all these patterns (Figure 3). It is evident from Figure 3 that
the pentraxins lack the motifs required for 11, X1, X2, X3 or X4
interface types of the legume lectin family. The pentrxins also
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(a) Multiple

sequence alignment of Galectins:

la78 A 00 === ASAGVAVTNLNLKPGHCVEIKG- - - SIPPDCKGFAVNLG- - - EDASNFLLHFNAR 49
1c1f A - == - - SGGLOVENFDFTVGKFLIVGG - - - FINNSPORFSVNVG- - - ESMNSLSLHLDHR 48
1lcl A - - -MSLLPVPYTEAASLSTGSTVTIKGRPLVCFLNEPYLOVDFHTEMEEESDIVFHFQVC 57
la3k A - - --LIVPYNLRLPGGVVPRMLITILG- - - TVKPNANRIALDFQ- - - -RGNDVAFHFNPR 49
2gal A - - --SNVPHKSSLPEGIRPGTVLRIRG- - - LVPPNASRFHVNLLCGEEQGSDAALHFNPR 53
1uld_A MLYHLFVNNQYKLONDFKPESVAATRSS- - AFNSKGGTTVFNFLS - - -AGENILLHISIR 55
1a78_A FDLHGDVNXIVCHS - -KEADAWGSEQREEVFEFQQGAEVMVCFEYQTQKITTKFSSGDQF 107
1cif A FHNYGADQNTIVMNS TLKGDNGWETEQRSTNFTLSAGOYFEITLSYDINKFYIDILDGPNL 108
11cl_A FGRR- - - - - VVMNS - -REYGAWKQQVESKNMPFQDGQEFELST SVLPOKYQUMVNGOSSY 110
ladk A FNENN-RRVIVCNT - - KLDNNWGREERQSVFEFESGKPFKIQVLVEPDHFKVAVNDAHLL 106
2gal_B LDTS- - - - EVVFNS - - KEQGSWGREERGPGVEFQRGOPFEVLI TASDDGFKAVVGDRQYH 107
luld A PGEN- - - -VIVFNS-RLKNGAWGREER I PYAEKFRPPNPSITVIDHGDRFQIRFDYGTST 11C
la78 A SFPVRKV-LPSIPFLSLEG-LAPKSITTE--------~--~ 134
lclf_a EFPNRYS-KEFLPFLSLAGDARLTLVKLE----------~ 136
1lcl_A TFDHRIK- PEAVEMVQVWRDISLTKFNVSYLKR------~ 142
ladk A QYNHRVKKLNETISKLGISGDIDLTSASYTMI--------~ 137
2gal A HFRHRLP- LARVRLVEVGGDVQLDSVRIF-----=----- 135
Tuld A YYNKRIKENAAATAYNAENSLFSSPVTVDVHGLLEPLPPA 150
(b) Multiple sequence alignment of Pentraxins:
1B09 A mmee-seemeescee- QTDMSRKAFVFPEESDTSYVSLKAPLTKPLKAFTVCLHFYTELS 44
1GYK A —-me—eseeeeaene- HTDLSGKVFVFPRESVTDHVNLITPLEKPLONFTLCFRAYSDLS 44
sp|Q07203| MERFALWFIFLAGSLAQEDLVGNVFLFPKPSVTTYAILKPEVEKPLENLTVCLRSYTTLT 60
s W T L T T IS £ AL TR O PR S Y
1B09_A STRGYSIFSYATKR- -QDNEILIFWSKDIGYSFTVGGSEILFEVPEVTVAPVHICTSHES 102
1GYK_A - -RAYSLFSYNTQG- - RDNELLVYKERVGEYSLY IGRHKVTSKVIEKFPAPVHICVSWES 100
sp|oo7203] - -RFHSLLSLATSNPLQDNAFLLFSKPPNQCSTY INGEENVFEVDPTAVEWKHTCVSWDS 118
v I s pew pRad *an N : 5% b e
1B09_A ASGIVEFWVDGKPRVRKSLKKCGYTVGAEASI ILGQEQDSFGOGNFEGSQSLVGDIGNVRMH 162
1GYK_A SSGTAEFWINGTPLYKKGLRQOGYFVEAQPK I VLGQEQDSYCGKFDRSQSFVGEIGDLYMW 160
sp|Q07203| VSGVVELWIDGKLYPRTVSKKASSIGFPSST IQCQEQNSFGGGFNIDOSFVGETISDVHMY 178
*t:_i:l::-. i . s . ‘_t: lllill:!l Q: ‘ﬁl:tl:i_:: ..
1B05_A DFVLSPDEINTIYLG-GPFSPNVLNWRALKYEVQGEVFTKPQIWD -« < - << -~ -~ - --- - 206
1GYK_A DSVLPPENILSAYQG-TPLEANILDWQALNYETRGYVIIKPLYWV--=---~-------- 204
sp|Q07203| DYVLTPDHIQKVLFANMDFNGNT ISWRSLOYELRGOATTQPKRQCKTLEHHYGLFAKCYK 238
- kW . * - * . . LI I I .

Figure 6 Sequence alignmenls of (a) galectins and (b) pentraxins

The galectins include galectin-1{1a78), congerin (1c11), galectin-2 (1uld), gatectin-3 (1a3k), Charcot-Leyden protein 1lcl) and galectin-7 (2gal). The pentraxins include human CRP (1B0S), human
SAP (1GYK) and a pentraxin from frog (X laevis) (Swiss-Prot accession code QO7203). which is known o exist as a homodimer, The residues present in the interface clusters of galecting and
pentraxing are ghlighted and underlined. Galectin-3 (1a3k) and Charcot—Leyden protein are monomers and so have no interface clusters. The structure of the frog pentraxin is not known, and hence
we do not have information regarding the interface clusters in this lectin. It is evident from the Figure thal galectin-1-like interfaces (including galectin-1 and congerin), galectin-2, galectin-7 and
pentraxins all have completely different residues contributing 1o the interfaces These can be used for characterizing these interlaces, since they are mutually exclusive.

lack the signature motifs required for all the three galectin-like
interfaces (1, 2, and 7; sequence alignments not shown).

The interface clusters obtained in the pentraxing (shown in
Figure 5) are as usual mapped on to the sequence alignment of
CRP with SAP (Figure 6b), and the consensus pattern of residues
required for the oligomerization of the pentraxins are thus
obtained (highlighted in Figure 6b). The pentraxin dimeric inter-
face signature is contributed by residues Glu'™ (Glu™ in SAP),
Val''" (Val'™ in SAP) and Arg'® (Lys'" in SAP) from one
monomer and Tyr™ (Tyr*" in SAP), Glu* (Asp* in SAP), Pro™
(Pro” in SAP), Asp'™ (Glu™" in SAP) and Trp™ (Trp™ in SAP)
from the other monomer. One of the CRPs [rom African clawed
frog (Xenopus laevis) is known to exist as a homodimer, but its
structure is yet unknown (SwissProt accession number Q07203).
This sequence was examined for the presence of the residues
contributing to the pentraxin interface obtained from the human
CRP and SAP analysis (also shown in Figure 6b). It can be seen

that this sequence has only two of the three residues required
for onc of the monomeric faces of the dimer and two out of the
five residucs required for the other monomeric face of the dimer.
Henee, this pentraxin interface could be considerably destabilized,
owing to the mutations of some critical residues leading to its
dimeric nature rather than the pentameric form normally seen in
the other pentraxins. Thus the study ol pentraxins shows that they
have a characteristic signature sequence motif different from that
ol the legume lectins or galecting, which determines their unique
pentameric nature of association.

Calnexin/calreticulin/Vp4 sialic-acid-binding domain

Calnexin and calreticulin form part of the quality-control system
for glycoproteins in the endoplasmic reticulum [51.52], which
bind monoglucosylated N-glycans. They bind to terminal glucose
residues on N-linked oligosaccharides and retain misfolded
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Figure 7 Discoid arrangement of pentameric penlraxin

Fach monomer is shown in a differently coloured cartoon representation. The interface clusters
ateach of the dimeric inleraces are shown as van der Waal's spheres,

glycoproteins in the endoplasmic reticulum [51,52]. They act
as chaperones for N-linked glycoproteins so as to keep the
folding intermediates in a folding-competent state. Calnexin is
a transmembrane protein and calreticulin is a soluble protein
retained in the lumen by a C-terminal retention signal. The luminal
N-terminal portion of calnexin is very similar to calreticulin,
although one of the repeated segments of calnexin is absent [rom
calreticulin, They share the same jelly-roll tertiary structure as the
legume lectins. However, they remain monomeric and do not form
higher oligomers, Similar to calnexin/calreticulin, the Vp4 sialic-
acid-binding domain also has the lectin-like jelly-roll tertiary
structure, but remains a monomer. The sequence alignments of
calnexin, calreticulin and the Vp4 sialic-acid-binding domain with
the legume lectins are shown in Figure 3. When these alignments
were analysed for the presence of the signature sequences of
the legume lectin interface types, we found that although these

proteins have some ol the residues required for a few of the

interface types, they lack most of the residues required for all of

the legume lectin oligomerization types (11, X1, X2, X3 and X4),
indicating why they remain monomeric.

NETWORK MODEL OF LECTIN INTERFACES

Apart from the amino-acid-cluster analysis at the lectin interfaces,
we have also analysed the protein structure graphs of the lectin

oligomers from the network perspective. This includes the size of

the largest cluster in these proteins at different 1, values and the
residue hubs obtained at their interfaces. These concepts have
been presented for the first time in the present review. One
representative from cach legume lectin interface type, galectin
interface type and pentraxin interface type has been chosen for
this analysis (Table 3).

Interface hubs

In network terminology, hubs are highly connected nodes in the
network. In the protein structure graphs, hubs are those residues
that make more than four contacts with other residues and the
interface hubs are those which make more than four contacts,
with at least one residue belonging to the chain other than its
own. Table 3 gives the interface hubs obtained in the ten selected
lectins at [, =4 % or 2% (when there are no interface hubs at
L =4%). Most of these interface hubs are also present in the
signature motifs of their respective interface types (Figures 3 and
6). It can be observed from Table 3 that there are nine aromatic
hubs, eleven hydrophobic hubs, nine negatively charged hubs
and 21 positively charged hubs. Out of the positively charged
ones, 11 are arginine residues, five are histidine residues and
five are lysine residucs. We see a predominance of charged hubs,
especially arginine, in these interfaces. Except X2, unusual GS|1
and galectin-1 interface types, all the others have at least one
charged hub in their interfaces. The contribution of charged hubs
in these interfaces is about 60 %. The hydrophobic and aromatic
contributions are relatively lesser. This is significantly different
from the hub preferences seen in the monomeric prolein cores,
where there was no clear domination of the charged residues at any
{ i value, except a meagre excess of arginine at /,,, =4 % (K. V.
Brinda and S. Vishveshwara, unpublished work), This dominance

Table 3 Interface hubs in various lectin interface types from lectin structure graphs

Abbreviations: DGL, Dioclea grandifiora (mucana) lectin; PDB, Prolein Data Bank

Lectin® PDBcode  Interface types in quatemary structuret  Intertace hubs (o, in %)

lein 8 which interface cluster is the largest {%)

CanA 2cna 1 {canonical) + X2 tetramer

WEBA, WBEB, Q137A, Q1378 (4%)

]

GS4 1gsl X4 (back-to-back) dimer R194A, R184B, YT2A, YT28 (4 %) 6
FCofl Taxy X3 (handshake) dimer 11784, 11768, H180A, H180B (2% 4
DBL 1hjg I+ X1 tetramer H51A, V5TA, RBOA, VB4A, K116A, NBSE, RGOB (2%) 0
DGL 1oyl I 4 X2 teteamer N87A, 11870 (2%) 1]
GS1 1hql X4 + unusual tetramer W10A, W10B (4 %) 0
PRA 2pel [l ¥4 + unusual tetramer N29C, 033C, E72C, K74C, 1219C, R221C, N29D, 1. 219D, R221D{2%) 0
Galectin-1 1a78 Galectin-1 dimer L121A, 1131A, F90B, F128B (2%) 0
Galeetin-2 uld Galectin-2 dimer HA6A, 01014, HOGB, (018 {4%) fi
Galectin-7 2gal Galectin-7 dimer R204, R22A, K9BA. R20B, R228 (2%) 0
Pentraxin (CRP) 1009 Pentraxin pentamer F1994A, K201A, L204A, R118B {2%) 4
Peniraxin(SAP)  1gyk Pentraxin pentamer K116A (4%) 4

* Galectin-3 (1a3k), Charcot—Leyden protein (1lcl), calreticulin (1gv8), calnexin (1jhn) and arcelin-5 (1ioa) are monomeric types and are not presented here; only one represeniative irom the ofher
dimeric inlerface types are presented; congerin (1c1), which has an interface similar o that of galectin-1, is also not presented.

1 Interface hubs are given al fn,, = 4%

b, il no inferface hubs were obtained at ., = 4%. those oblained at 1, = 2% are given; the one-letter notation lor aming acids is used.
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(a) Type Il interface of ConA

(&) Dimaric interface of pentraxin

Figure 8 Interface hubs in (a) ConA (lype Il) interface and (b) SAP pentraxin (dimeric) interface al I, =4%

The proteins are shown in cartoon representation, and each monomer in the dimer is coloured difierently. The interface hubs and the residues with which they interact are represented as van der
Waals spheres with each residue being coloured difterently. The residue name and number are indicated in the Figure, and the chain to which each residue belongs is given within parentheses. Using
the one-letter amino acid notation, W88 (A) and 0137 (A) in ConA and K116 (A) in SAP petraxin form the interface hubs. It can be seen from the Figure that these hubs interact with dillerent types of

resitdues from baolh the chains, thus stabilizing the dimeric interfaces

of the polar and charged residuc hubs at interfaces could be due
the lact that these residues can be stabilized by interactions with
witer when they are exposed on the surface of the monomer
and can be neutralized by oppositely charged residues when they
get buried at the interface during oligomerization. However, in
the monomeric proteins, the charged residues are preferentially
exposed on the surface and hence the probability of their forming
hubs is generally less. The preference of arginine residues at
protein/protein and protein/DNA interfaces have been elucidated
previously by a few groups [4,43,44]. The dominance of charged
residues as hubs in the interfaces is only an observation based on
the present setof lectins, and a detailed analysis of a complete non-
redundant set of protein oligomers holds the conclusive results for
the hub preferences at protein interfaces.

The interface hubs obtained in the canonical (type IT) interface
of ConA and SAP pentraxin dimeric interface are shown in
Figure 8. The Figure clearly shows that the hubs play a major
role in integrating the two monomers structurally through a
series ol non-covalent interactions with residues belonging to
both monomers. Hence, these hubs contribute significantly to the
stability of the interface and so a mutation of the hub can severely
destabilize the interface. The hubs also provide robusiness to the
interface interaction network, because a random mutation of a
non-hub residue is unlikely to affect the stability of the interface
interaction network, whereas the mutation of a hub can have
drastic effects on the oligomerization and hence the function of
the protein.

Size of the largest cluster as a function of interaction cul-off (/i)

The normalized size-of-the-largest-cluster-versus-/,,,, plots for the
selected lectins (one representative from each interface type) is
shown in Figure 9. As the Figure shows, the plots are sigmoidal
with a transition (where there 1s a drastic decrease in size) at about
L= 3=4 %, The largest clusters at different /,,, values were
obtained for cach of these lectins. Whether the largest cluster
belongs to the interface or not was examined in cach of these
lectins at 7, values varying from below the transition (0 %) to
above the transition (6 %). Clearly, at /., =0 %, the oligomer
exists as one big cluster in all the lecting and hence the largest

Plot of Size of the largest cluster as a function of Imin

Size of the largest cluster /N

o 1 2 i 4

5
Imin(%)

Figure 9 Plot of the size of the largest cluster (normalized with respect
fo the total number of residues in the protein structure, N) versus Iy, for
selected leclins

The plot clearly shows that the core is sigmoidal in nature.

cluster includes the interface in all the proteins at /,,, =0%.
An example is shown in Figure 10(a), where, at /,,, =0%, the
oligomer exists as onc big cluster that includes the interface.
However, as the /., is increased, the size of the largest cluster
reduces and after the transition it splits into smaller distinct
clusters. Hence, the largest cluster at and above the transition
(4 and 6 % respectively) may or may not belong to the interface,
depending upon the strength of interface of the particular lectin.
An example of a lectin with the largest cluster still at the interface
at /= 6% is shown in Figure 10(b). In the present set we find
that the type Il and X4 interfaces of the legume lectins and the
galectin-2 type interface contribute to the largest cluster, even at
la=06%, the X3 interface of legume lectins and the dimeric
interface of the pentraxins contribute to the largest cluster even at
Le =4 %, whereas the largest clusters of X1 and X2 interfaces
of legume lecting and that of galecting 1 and 7 do not involve
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(@) Imin=*

{b) Iminz6%

Figure 10  Largest cluster af (a) [, = 0% and (b) [,, = 6% in ConA (Zcna) lype Il dimer

The protein is shown in cartoon representation with he manomiers caloured differently. The cluster-lorming residues are shawn in a grey ball-and-slick representation. At L, = 0%, the whole dimer
forms a single large cluster, as expected. However, 81l = 6%, Ihe single large cluster splils into smaller ones. In this case the largest cluster at f, = 6% is an interface cluster, as can be seenm

the Figure

their oligomeric interfaces beyond £, = 0 %. This shows that the
type 11, X4, galectin-2, X3 and pentraxin interfaces are as strong
as their hydrophobic cores and these are considerably stronger
than the X1, X2 and the galecting | and 7 interfaces.

Thusthe [/, value used in the present analysis is a good measure
of the strength of the interaction of the interacting residues, which
can be used to estimate the strength of the interacting interfaces
oo, It is noteworthy that, in several cases, the oligomerization
has formed by a strong interface that is almost as strong as their
monomeric prolein cores. Moreover, the identification of interface
hubs can be a useful tool for predicting hot spots at protein inter-
faces, which can be mutated to considerably destabilize the
interface. Hence, the interface hub analysis can aid in designing
mutants in order to understand protein quaternary association and
protein—protein interactions in general.

CONCLUSIONS

The present review provides a comprehensive analysis of the
nature and types of quaternary associations found in plant and
animal lectins, Specifically, the graph-spectral algorithm has pro-
vided the signature sequence motils characterizing the oligomeric
interfaces of legume lectins, galecting and pentraxins, thus giving

insights into the factors determining the nature and type of

quaternary association in cach one of them, It has clearly eluci-
dated why cach one of them prefers a specific type of association
and why the other known types are excluded in these lectins. The
prediction of the oligomerization modes of lectins with unknown
structures using the signature motifs established using the present
method is also very rational and successful.

The nterface hubs identified using the protein structure graphs
provide a simple yet novel tool for identifying hot spots at protein
interfuces. The graph representation of protein structures based
on the strength of the non-covalent interactions among amino acid
residues also aids in estimating the strengths of protein interfaces.,
Thus the graph theoretical algorithm presented in combination
with traditional sequence-alignment methods is found to be ex-
tremely successful in wdentifying the signature motifs [or a given
type of quaternary association, has a very high predictive value
and can be used in designing mutants that can destabilize the
oligomeric interface. The present study has also aided in assessing
the relative strengths of interactions at different types of lectin
interfaces.

The representation of prolein structures as a network of non-
covalently interacting amino acid residues is an interesting way (o

(& 2005 Biochemical Society

analyse both monomeric and oligomeric protein structures, which
gives valuable insights into the tertiary and quaternary structures
of proteins. This can be a useful tool to understand protein—protein
interactions and various other aspects of protein structure,
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