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Resumen 

El avance tecnologico ha generado un increment0 exponencial de la information 

relacionada con las secuencias y las estructuras de anticuerpos. A pesar de ello, actualmente 

no es posible predecir la especificidad de un anticuerpo partiendo de su secuencia primaria 

ylo de su estructura. Estudios de varios grupos de investigacibn alrededor del mundo, 

incluyendo el nuestro, sugieren la existencia de reglas en el reconocimiento molecular 

mediado por anticuerpos. Esto pudiera ser la semilla de esquemas predictivos que 

relacionen la secuencia de amino acidos de un anticuerpo con su capacidad para reconocer 

cierto antigeno. 

Con la finalidad explorar si existen reglas o no del reconocimiento molecular 

mediado por anticuerpos, se analiz6 gran parte de las secuencias y estructuras de 

anticuerpos conocidas hasta la fecha. Para ello se construy6 una herramienta de computo 

denominada VIR.11. VIR.11 es una pigina de "World Wide Web" que permite un acceso 

rapido y sencillo a las secuencias de anticuerpos compiladas en la base de datos de 

secuencias de inter& inmunol6gic0, tambien conocida corno la base de datos de Kabat. 

VIR.11 permite ademas clasificar la especificidad de 10s anticuerpos en grupos tales corno 

anti-proteinas, anti-piptidos, anti-haptenos, etc. Esto, junto con otra interfaz que permite 

compilar y analizar las estructuras tridimensionales de anticuerpos disponibles en el Protein 

Databank (PDB), nos hizo posible analizar y correlacionar patrones en la secuencia, la 

estructura y la funcion (especificidad gruesa) de 10s anticuerpos. 

Comprobamos la existencia de reglas del reconocimiento molecular mediado por 

anticuerpos. Se describe corno 10s anticuerpos reconocen a las proteinas, peptidos y 

haptenos. En el caso de 10s anticuerpos anti-proteina, la superficie del sitio de interaccion 

con el antigeno es plana, lo que proporciona una superficie complementaria a 10s antigenos 

grandes. En el caso de 10s anticuerpos anti-peptido, debido a su tamafio menor con 

respecto a las proteinas, una ranura en el sitio de uni6n con el antigeno asegura una 

cornplelnentariedad adecuada con cstos ligandos. Una observaci6n interesante que erncrgio 

de este trabajo es el modo cn quc 10s anticuerpos reconoccn haptenos. Debido a1 tamaiio 



pequefio de estos ligandos, no se requiere de cambios importantes en la topografia del sitio 

de union a1 antigeno. A1 parecer, s610 se requieren pequefios cambios en la topografia del 

sitio de interacci6n con 10s antigenos, mismos que pueden realizarse a travbs de cambios 

conformacionales o substituciones de las cadenas laterales durante el proceso de 

maduraci6n de la respuesta inmunol6gica. 

Finalmente analizamos el papel de la hipermutacion somatica en sustituir 10s 

residuos en contacto con el antigeno. Encontramos que 10s residuos en contacto con 10s 

antigenos son raramente modificados por el proceso de hipermutaci6n somatica. Una 

posible explicaci6n para este patr6n es que las mutaciones en 10s residuos en contacto con 

el antigeno son dafiinas en un numero importante de casos. Asi, son eliminadas del "pool" 

de genes durante el proceso de maduraci6n de la respuesta inmunol6gica. Esta explicaci6n 

tiene, sin duda, implicaciones para las teorias que explican el origen y la evoluci6n del 

repertorio de anticuerpos. Tambibn tiene consecuencia prbticas. Esto es, si se desea 

madurar la afinidad de un anticuerpo in vitro, lo que se debe hacer es identificar 10s 

residuos en contacto; per0 en vez de mutar estos, lo que se debe mutar son lo vecinos. 



Abstract 

The technological advance has generated an exponential increase of the information 

related to the sequences and the structures of antibodies in the last few years. However, 

nowadays is not possible to predict the specificity of an antibody starting from its 

aminoacid sequence or even from its structure. Studies of several research groups around 

the world, including our own, have suggested the existence of rules in the molecular 

recognition by antibodies. Such rules could be the seed of predictive methods to relate the 

aminoacid sequence of a given antibody with its capability to recognize an antigen. 

To explore whether or not rules in the molecular recognition by antibodies do exit, 

here we analyzed most of the antibody sequences and structures currently known. To this 

end, we constructed a World Wide Web interface denominated VIR.11. VIR.11 allows a fast 

and simple access to the sequences of antibodies compiled in the database of sequences of 

immunological interest, also called The Kabat database. In addition, VIR.11 allows the 

classification of the of the antibody specificity in gross specificities such as anti-proteins, 

anti-peptides, anti-haptenos, etc. This, together with another interface, which serves to 

compile and to analyze the three-dimensional structures of antibodies available in Protein 

Databank (PDB), made possible to correlate patterns in the sequence, the structure and the 

function (gross specificity) of the antibodies. 

We verified existence of rules in the molecular recognition by antibodies. It is 

described how the antibodies recognize proteins, peptides and haptens. In the case of the 

anti-protein antibodies, the surface is flat, which provides a proper complementary to the 

large antigens. Anti-peptide antibodies, on the other hand, have a groove at the antigen- 

binding site, which assures the complementarity with peptides. An interesting observation 

that emerged from this work, it is the way in which the antibodies recognize haptenos. 

Due to the small size of the haptens, it is needed gross changes in the topography of 

antigen-binding site. Just small changes in the topography of the antigen-binding site are 

enough to bind the haptens. This changes could be achieved through confonnational 



changes or substitutions of the aminoacid side-chains during the process of the immune 

response maturation. 

Finally, we analyzed the role of the somatic hypermutation in replacing the residues 

in contact with the antigen. We found that replacement of residues in contact with the 

antigen during the process of somatic hypermutation is rare event. A possible explanation 

for this finding is that mutation of residues in contact with the antigen is harmful. 

Therefore, the variant bearing those mutations will be eliminated from the "pool" of 

mutated genes during the process of maturation of the immune response. This explanation 

has implications for the theories that explain the origin and the evolution of the repertoire 

of antibodies. Also, it has practical consequences. That is, if the affinity of an antibody 

need to be improved in vitro, what we should do is identify the residues in contact in the 

antigen but, instead of select these for mutagenesis, the target of mutagenesis should be the 

nearby residues. 



Indice 

Introducci6n y Plan de la Tesis 

Capitulo I: Estructura y funci6n de 10s anticuerpos 

Capitulo 11: VIR.11: A new interface with the antibody sequences in the Kabat databast: 

Capitulo 111: Structure-function relationships in anti-protein, anti-peptide and anti-hapten 
antibodies 

Capitulo IV: Analysis of antibodies of known structure suggest a lack of correspondence 
between the residues in contac with the antigen and those modified by somatic 
hypermutation. 

Conclusiones 

Bibliografia 

Anexos 

Vargas-Madrazo E, Lara-Ochoa F, Ramirez-Benites MC, Almagro JC. Evolution of the 
structural repertoire of the human V(H) and Vkappa germline genes. Int Immunol. 1997 
9:1801 

Almagro JC, Hernandez I, del Carmen Ramirez M, Vargas-Madrazo E. The differences 
between the structural repertoires of VH germ-line gene segments of mice and humans: 
implication for the molecular mechanism of the immune response. Mol Immunol. 1997 
34:1199. 

Almagro JC, Hernandez I, Ramirez MC, Vargas-Madrazo E. Structural differences 
between the repertoires of mouse and human germline genes and their evolutionary 
implications. Immunogenetics. 1998 47:355. 



Intro d ucczo I 
[ntroducci6n y Plan de la tesis 

El objetivo central de nuestro trabajo ha sido estudiar la relacibn entre la secuencia, 

la estructura, la evoluci6n y las propiedades de reconocimiento de 10s anticuerpos. Los 

anticuerpos tienen la capacidad de reconocer virtualmente a cualquier otra mol6cula con 

alta especificidad y afinidad. Asi, esta familia de proteinas ha sido ,de gran utilidad en el 

diagnostic0 clinico, la terapkutica y como herramienta de analisis en el laboratorio. Desde 

el punto de vista bbico, son el paradigma de reconocimiento molecular por excelencia 

(Winter & Milstein, 1991). 

Por esas razones, 10s anticuerpos han sido las molkculas m b  estudiadas. Lo anterior 

se ilustra por el n b e r o  de secuencias y estructuras tridimensionales que actualmente se 

depositan en 10s bancos de datos (Figura 1 y 2). A la fecha, se han depositado 19,832 

secuencias de anticuerpos en la base de datos de Kabat (Figura 1). Ademtis, se han 

depositado 355 estructuras cristalogr&ficas en el Protein Data Bank (Figura 2). Como se 

observa en las figuras, tanto el n~mero de secuencias, como el de estructuras, se han 

incrementado exponencialmente de manera sostenida durante 10s ultimos afios. 
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Figura I .  Crec i~~~ienlo  de la hirse de dato.~ dc Kabuf de las secucncias de anticuerpos con 
espw~/icitfati ).cl.~)ortu~iu (Iohl?.son R. Wli. 2000) 
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Figura 2. Crecimiento exponential de la base de datos de estructuras de anticuerpos 
depositadas en el Bunco de Estructura tridimensional, PDB (Berman et al., 2000). 

A pesar de ello, actualmente no es posible predecir la especificidad o afinidad de un 

anticuerpo en particular, partiendo de su secuencia de aminoacidos, o incluso de su 

estructura. La falta de un modelo predictivo que relacione la estructura con las propiedades 

de reconocimiento de 10s anticuerpos, ha limitado la comprension del reconocimiento 

molecular mediado por estos receptores del sistema inmune y ha impedido abordar el 

diseiio racional de anticuerpos de especificidad predeterminada (Almagro et al., 1995). 

Los resultados que se exponen en esta tesis (Ramirez-Benitez el al., 2001a, 

Ramirez-Benitez et al., 2001b, Ramirez-Benitez et al., 2001c), son parte de un conjunto de 

trabajos desarrollados dentro del proyecto de doctorado (Vargas-Madrazo et al.,l997, 

Almagro et al., 1997. Almagro et al., 1998, Ramirez-Benitez et al., 2001a, Ramirez- 

Benitez er al., 2001 b, Ramirez-Benitez el al., 2001c), que han tenido como objetivo comun 

analizar la relacion entre la estructura y las propiedades de reconocimiento de 10s 

anticuerpos. La intencion en todos estos trabajos ha sido buscar reglas que permitan 

predecir las propiedades de rcconocimicnto de una secuencia o estructura de un anticuerpo 

dado. 
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Hip6tesis de trabajo 

Resultados previos obtenidos por varios gmpos de investigacidn, incluyendo el 

nuestro (Capitulo I), sugieren que existen reglas del reconocimiento molecular mediado por 

anticuerpos. Dado el increment0 reciente de la informaci6n, este trabajo busca aportar 

nueva informaci6n para probar o descartar esta hipbtesis. 

La tesis se organiza en 10s siguientes capitulos: 

Capitulo I: Estnrctura y Funcidn de los anticuerpos. En este capitulo se revisa el estado 

actual de conocimiento sobre la estructura, la genetica y 10s modelos de reconocimiento 

mediado por anticuerpos. El objetivo de este capitulo es brindarle a1 lector 10s conceptos y 

elementos necesarios para comprender 10s capitulos que siguen, asi como presentar 10s 

antecedentes de la tesis. 

Capitulo 11: VIR.11: A new intevface with the antibody sequences in the Kabat database. 

Este es el primer articulo que se presenta de la tesis. Se describe una interfase, denominada 

VIRII, con la base de datos de Kabat (Jhonson & Wu, 2000). VIR.11 tiene su antecedente en 

VIR (Almagro et al., 1995) y fue diseiiada para la busqueda de secuencias de anticuerpos 

por tipo de cadena, especie y especificidad. Ademis, esta herramienta introduce una 

clasificacion de las especificidades en terminos de la naturaleza quimica y bioquimica de 

10s antigenos. Esta clasificacion ha permitido correlacionar patrones en el sitio de union del 

antigeno y el tipo de antigeno reconocido. A T ~ ~ C U ~ O  en presa, enviado a Biosystems. 

Capitulo 111: Strz~ctz~re-functio/t relationships in anti-protein, anti-peptide and anti-hapten 

arztibodies. Este capitulo incluye un segundo articulo. Se presentan 10s resultados del 

analisis de 10s dctermina~ites estmcturales de 10s anticuerpos anti-proteina, anti-pbptido y 

anti-hapteno. Este estudio confinno que la topografia del sitio de union a1 antigeno 



determina el tipo de antigeno reconocido por el anticuerpo. Articulo publicado en 

PROTEINS: Structure, Function, and Genetics. 45: 199-206 (2001) 

Capitulo IV: Analysis of antibodies of known structure suggest a lack of correspondence 

between the residues in contact with the antigen and those modiJied by somatic 

hypermutation. Este tercer articulo es un anilisis de la relacibn entre la hipermutacion 

somitica y 10s residuos en contacto con el antigeno. Se asignan 10s genes de linea germinal 

a la estructura tridimensional de 10s anticuerpos para obtener las posiciones mutadas, las 

cuales se comparan con 10s residuos que hacen contacto con el antigeno. Los resultados 

muestran que la hipermutaci6n somiltica no correlaciona con 10s residuos en contacto. Esto 

implica que las mutaciones observadas pudieran ser reminiscencias del proceso de 

seleccibn negativa y sugiere un esquema novedoso para madurar la afinidad de 10s 

anticuerpos. ArticuIo por enviarse. 

Conclusiones. Se comentan 10s principales resultados de 10s capitulos anteriores, en el 

contexto de la tesis. 

Anexos. Finalmente, en esta ultima sesibn, se incluyen tres publicaciones que, junto con 

10s resultados de 10s capitulos 11, I11 y IV, resumen el trabajo realizado durante el 

doctorado. 

Evolution of the structural repertoire of the hurnan V(H) and Vkappa germline genes. 

Basados en la organizaci6n de la infonnacibn de linea genninal en familias multigknicas, la 

organizacibn de estas en clanes y en nuestras observaciones, donde mostramos que 10s 

patrones conservados en las secuencias de 10s anticuerpos brindan information de la 

existencia de un fuerza selectiva no solo en terminos de restricciones funcionales, sino 

tarnbien en tenninos de las propiedades del reconocimiento, en este articulo, analizarnos la 

evoluci6n del repertorio estructural V, y V, en el contexto de las clases de estructuras 

canbnicas, a fin de conocer cual es el papel de cada una de 10s cornponentes en la 

~eneracibn de la diversidad de reconoci~nicnto mediado por anticuerpos. El anillisis de la 

relacion cvolutiva cntre 10s genes, las hnil ias  y 10s clanes indicaron quc las clases no estan 
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distribuidas a1 azar. Nuestro analisis de clanes y clases de estructuras canonicas entre las 

diversas especies, nos permitio sugerir un repertorio estructural primordial. Asi 10s clanes 

I, I1 y I11 estan representados en las clases 1-2, 1-3 y 3-1, donde el principal determinante es 

HZ. En V,, 10s clanes I y I1 estin representados por las clases 2-1 y 4-1, aqui el 

determinante es L1. Las clases VH-V, de estructuras canonicas resultantes solo se reducen 

a 1-213-2- 1, 1-213-4-1, 3- 1-2- 1 y 3- 1-4- 1, las cuales representan en repertorio de topologias 

(planas, con cavidad y con ranuras) necesarias para el reconocimiento especifico de 

proteinas, pkptidos y haptenos. 

The dzfferences between the structural repertoires of VH germ-line gene segments of mice 

and humans: implication for the molecular mechanism of the immune response. Este 

trabajo, representa la primera compilaci6n y caracterizacion del repertorio estructural en 10s 

segmentos de genes de linea germinal VH de raton. Nuestros resultados mostraron que el 

repertorio estructurai esta representado por la clase 1-3, ampliamente codificada por la 

familia VH1. La comparacion del repertorio de raton y humano (clase 1-2 codificada por la 

familia VH3), mostr6 que aun cuando la canonica 3 y 2 es igual en longitud, se presentan 

cambios conformacionales. Sin embargo, estos cambios no afectan la forma del sitio de 

union a1 antigeno. Por otro lado, sugieren que estas diferencias podrian estar relacionadas 

con procesos de regulation especificos de la especie. 

Structural duerences bezween the repertoires of mouse and human germline genes and 

their evolutiona~y implications. Continuando con la caracterizacion del repertorio 

estructural en ratbn, en este articulo, presentamos la compilation y el analisis del repertorio 

estructural de 10s genes de linea germinal de V,, la comparaci6n entre repertorios de raton y 

huinano y las iinplicaciones evolutivas de las diferencias observadas entre estas dos 

especies. Nuestros resultados mostraron que el repertorio estructural de V, es mas diverso 

en raton, puesto que este codifica para 7 clases de estructuras canonicas, mientras que en 

huinanos solo se restringe a 4 clases de estructuras can6nicas. Una posible explication a 

esta diferencia, es que el repertorio de genes de linea germinal V, en el humano, esta mas 

distribuida, es dccir 60% de sus genes son V, y el 40% son V,, mientras que en raton el 



95% de sus genes son V,. Las diferencias obsewadas pudieran ser debidas a una 

compensaci6n en el contenido de genes que codifican para la cadena variable ligera lambda 

en el raton. 



Capitulo I 

Estructura y funci6n de 10s anticuerpos 



Estructura Primaria de las Anticuerpos 

Los anticuerpos son la fuente de especificidad de la respuesta inmune humoral. El 

rasgo distintivo de esta familia de proteinas es su capacidad para reconocer virtualmente un 

numero ilimitado de antigenos (Tonegawa 1983); capacidad que se debe a la posibilidad 

para acomodar una gran diversidad tanto de formas como de aminoicidos en el sitio de 

union con el antigeno. 

La secuencia de aminoicidos de 10s anticuerpos se estableci6 hacia finales de 10s 

afios 50's y principios de 10s 60's (Edelman & Gally 1962). Esta se forma por cuatro 

cadenas polipeptidicas: dos cadenas ligeras (L) identicas y dos cadenas pesadas (H) 

idknticas. La cadena L tiene un peso de 25 000 Daltons y su nombre deriva de ser la mitad 

de la cadena pesada H, la cual posee un peso de 50 000 Daltons. 

Hasta el presente se han descrito dos tipos de cadenas ligeras L: el tipo kappa (k) y 

el tipo lambda (h). Estos tipos de cadena ligera, difieren en algunos detalles estmcturales, 

estas diferencias no parecen tener un significado funcional. Para la cadena H se han 

descrito cinco clases o isotipos: a, p, 6, y, y p. A diferencia de la cadena L, 10s isotipos de 

la cadena H tienen propiedades funcionales diferentes. Los isotipos de cadena H pueden 

combinarse indistintamente con cualquiera de 10s tipos de cadena L para formar una 

molecula funcional. El isotipo mas abundante en el suero es el y, que da origen a la IgG de 

tipo K o h. 

En una 1gG las cuatro cadenas polipeptidicas se unen entre si por interacciones 

covalentes (puentes disulfuro intercatenarios) y se estabilizan por interacciones no 

covalentes (interacciones de Van der Waals y de Coulomb) (Nissonoff et al., 1959, 

Edelman & Gally 1962). La digestion de una IgG con papaina (Porter 1959), genera tres 

fragmentos, dos de ellos idknticos que se denominan fraglnentos de union a1 antigeno (Fab) 

y un tercer fragmento facilmente cristalizable, denominado por tanto fragmento 

cristalizable (Fc). 



Si se compara la secuencia primaria de varios anticuerpos, se observa que tanto ]as 

cadenas L como H, poseen porciones de aproximadamente 100 aminoacidos que son 

homologas entre si, denominadas "dominios de homologia" (Edelman et al, 1969). Esta 

observacion sugiere que la secuencia primaria de 10s anticuerpos se origin6 por eventos de 

duplicacion a partir de un segment0 ancestral de aproximadamente 100 aminoacidos 

(Pascual & Capra, 1991). Los primeros dominios de homologia de ambas cadenas, L y H, 

muestran gran variabilidad de aminoacidos (Wu & Kabat, 1970), por lo que reciben el 

nombre de dominios variables (V). El resto de 10s dominios son relativamente conservados 

y se les denomina dominios constantes (C). 

Partiendo de la organizacion en dominios de una IgG (Figura l),  la cadena L esta 

compuesta por dos dominios, uno Variable (VL) en la porcion amino terminal y uno 

constante (CL) en la porcion carboxilo terminal. La cadena H, esta compuesta por cuatro 

dominios, uno V (VH) en la porcion amino terminal y tres constantes (C) hacia la porcihn 

carboxilo (CHI, CH2 y CH,). De esta manera en el Fab se encuentran dos dominios V (VL 

y VH) y dos dominios C (CL y CHI), por lo que este fragmento puede describirse como un 

hetero-polimero conformado de V y C. El Fc, sin embargo, es un homo-polimero, puesto 

que solo lo constituyen dominios C (CH2 y CH,). La asociacion de VL y VH hacia la 

porci6n amino terminal de una IgG, fonna el fragmento de dominios variables o Fv. En esta 

porci6n del Fab reside la capacidad de 10s anticuerpos de interactuar de manera especifica 

con 10s antigenos (Kabat & Wu 197 1). 



Estructura tridimensional 

La primera observacion de la estructura que adquiere una IgG en el espacio se 

realizo en 10s aiios 60's por microscopia electr6nica (Valentine & Green 1967). Las 

imagenes de baja resolution de estas moleculas revelaron que tienen una estructura en 

forma de Y como se representa en la Figura 1. Analisis mas detallados de la estructura de 

una IgG por ticnicas de difraccion de rayos X a principios de 10s 70's, indicaron que 10s 

dominios de homologia forman porciones compactas mas o menos elipsoides (Figura 2), 

que siguen un patron comun de plegamiento (Schiffer et al., 1973, Poljak el al., 1973). 

F i r  1. Rei,reser7/e1c16n e.sr/~~en?uticci de unu lgG de lzumuno. V y C indicein /as 
~.cgiones varicihles y cor7.~/nnte.v de 1a.s cadencis /~e.suiiu.v (Hj y Ligerus (L). Frugn7enlo 
Fj). cn ci cuul dc.sci~n.sci el sitio de unid77 01 crnrigeno. As; conzo 10s ,firrgnrer7/o.s 
ge17errrrlo.s par ri'ig,'~.~/idr7 ~ ~ i . ~ / c o l i / i ~ ( i .  Fcib y I;'(.. 



El plegamiento tipico de 10s dominios V y C, esta formado por dos l h i n a s  p 
antiparalelas estabilizadas por un puente disulfuro intracatenario e interacciones no 

covalentes entre 10s dominios. A su vez, cada limina p esta formada por varias hebras P, 
estabilizadas por puentes de hidrogeno entre 10s atomos de la cadena principal de las hebras 

p. Las laminas p difieren en el numero de hebras p que las componen. La primera l h i n a ,  

iniciando del termino amino, esta formada por cuatro hebras p. La segunda lamina esta 

formada por tres hebras p (Amzel & Poljak 1979). Las laminas p se denotan de la "A" a la 

"F" partiendo del termino amino del domino V. 

La conexion entre las hebras P se realiza a traves de asas, algunas de ellas 

conectando dos hebras p continuas dentro de la misma lamina y otras conectando hebras p 
de liiminas diferentes. La topologia resultante de estas conexiones se asemeja a un motivo 

griego. Este dominio, aunque es comun a 10s dominios V y C, tienen una diferencia 

fundamental entre ellos. La diferencia consiste de una insercion de dos hebras p en el 

dominio V (C' y C") con respecto a1 dominio C (Figura 2). Tal insercion tiene gran 

importancia puesto que alli se localiza una de las regiones que unen a1 antigen0 (Davies er 

al., 1975). 



Los dominios C se asocian formando aproximadarnente un angulo recto entre si (ver 

por ejemplo el Fc en la Figura 3). Esta asociacion se estabiece principalrnente por 

interacciones de Van der Waals a haves de la primera l h i n a  de cada dominio. La 

asociacion V-V es, sin embargo, muy diferente, puesto que la primera lamina P de cada 

dominio V queda hacia el exterior de la estructura. Esto hace que 10s dominios V queden 

aproximadamente paralelos uno con respecto a1 otro, garantizando asi que las regiones que 

forman el sitio de union con el antigen0 converjan en una superficie continua en la punta 

del Fv (Figura 3). 

Figura 3. Kepresenfaci6r? en.forma de lrstones de la estructura tridimensional de una IgG. 
En color morado los c2'ommio.s de /a cndena ligera JVL y CL). En aznzlrl los domirzios de la 
cude~rnj~r.sadu (VH, (XI y C' IZ ) .  



Mecanismos Genkticos de Generaci6n de la Diversidad 

Un dominio V se genera a travks de varios segmentos de genes. El dominio VL s e  

ensambla a partir de dos segmentos de genes: un segmento Variable ligero ( l g l - 0  y un 

segmento de union (Igl-J; del inglis Joining), llamado asi porque une a1 segmento V con el 

gen que codifica para el dominio C. Por otra parte, un dominio VH se codifica a partir de 

tres segmentos de genes: un gen Variable pesado ( Igh-0 ,  un segmento de union (Igh-J) y 

un tercer segmento de gen llamado de diversidad (Ig-D). Este ultimo segmento de gen debe 

su nombre a que aporta diversidad adicional a 10s anticuerpos (Figura 4). 

Figurri 4. Re]~re.senlcicidn del rearreglo de segmenfos de ~ m e s  de linea germinal. a) procesos 
qzie se I l ev~n  a caho en el rerirreglo desde la linea germiniil hasin lc~formacibn de /as cade~zcr.~ 
polipep/idiccis de un ai7iicuerl1o. h) recirreg(o die segnzentos de genes par-u generucicjn de untr 
cridenu ligera. c j ~ ~ e ~ i s r e g l ~  cfe . Y ~ ~ N ~ C M / O . T  de genes pcirri lo gei?eriici(jn de uiza cod~i7rrpesiida. 
TOIII I~L/O tie GI. Juneizciy. 1'. Ti.ic~.et..s. .hl Wu111or.i u~zd i)./ C:u]?rci.. Imrnunohiolo,~~?,. The i~nmzine 
I :  in h i  / !  i F'o~ii./h /:,l,/ioi7 i Y V Y  
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Las especies mejor estudiadas hasta la fecha, en cuanto a 10s mecanismos que 

generan la diversidad de 10s anticuerpos, son el rat6n y el humano. El raton por ser el 

modelo experimental por excelencia en inmunologia y el humano por razones obvias. En 

10s ultimos aiios se han completado 10s mapas fisicos para cada uno de 10s loci que 

codifican para 10s anticuerpos humanos (Tomlinson 1995, Corbett et al., 1997; Zachau 

1993, Tomlinson 1994, Williams 1996). 

El locus que codifica para VH tiene una longitud aproximadamente de 1100 

kilobases (Kb) y se encuentra en la extremidad telomerica del brazo largo del cromosoma 

14 (Croce et al., 1979). El numero segmentos de genes VH es 95 (Shin et al . ,  1991, 

Matsuda et al., 1993, Cook et al., 1994, Cook et al., 1995, Matsuda et al., 1998), 27 

segmentos D (Siebenlist et al., 1981, Buluwela et a[., 1988, Ichihara et al., 1988, Corbett., 

et al., 1997), 6 segmentos J (Ravetch et al., 1981) y 6 segmentos C (Rabbitts et al., 1981). 

En la F iy ra  5 se muestra el mapa del locus VH y la ubicaci6n de cada uno de estos 

segmentos de genes. Como se observa, el locus estk dividido en el conjunto de 10s 

segmentos V, seguido del conjunto de 10s segmentos D y finalmente hacia la region 

centromerica del cromosoma se encuentran 10s segmentos J y 10s genes que codifican para 

10s dominios C. 

La informaci6n completa del gran locus Vk se localiza en el brazo corto del 

cromosoma 2 (Malcolm et al., 1982, Mc Bride et al., 1982), su longitud es de 1820 Kb. El 

mapa completo de este locus se presenta en la Figura 8, en este se localizan 82 segmentos 

de genes variables (Huber et al., 1993, Schable & Zachau 1993, Cox et al., 1994, Schable 

et a1 1994), de 10s cuales 76 corresponden a la region variable (32 funcionales con marco 

de lectura, 25 pseudogenes, 16 segmentos con menores defectos y 3 que son tanto 

defectuosos como funcionales), 5 segmentos J r  (Hieter et al., 1982) y 1 segnento C 

(Hieter et al., 1980). 

La infonnacion completa del gran locus V h  se localiza en el brazo largo dcl 

crolnosolna 22 (Erikson ei a/.. 198 1 ,  E~nanuel ei a/., 1985, Dunham ei a/. ,  1999), con una 

cxtcnsibn dc 1050 Kb. El mapa complcto dc cstc locus se prescnta en la Figura 9, cn estc sc 
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localizan 82 segmentos de genes variables, de 10s cuales 69-70 corresponden a la regi6n 

variable y se distribuyen en 30 funcionales con marco de lectura, ,31 pseudogenes, 1 

segment0 con menores defectos y 3 que son tanto defectuosos como funcionales (Frippiat 

et al., 1995, Kawasaki et al., 1995, Williams et al., 1996, Kawasaki et al., 1997), 7 

segmentos JL (Hieter et al., 1981, Taub et al., 1983, Dariavach et al., 1987, Vasicek & 

Leder 1990) y 7 segmentos C (Taub et al., 1983, Ghanem et al., 1988, Kay et al., 1992, 

Lefranc et al., 1999). 



Allellc mllltigene deletions Allelic rnultlgene dupllcatlons 

Deletion I 4 t Notiound 
[leietion ll rl t Nufiound 
Del&tion Ill 4 b llr (also triplication) 
Deletion IV 4 t IV 
DeletlonV .* ) V 
DeIetlonV I b Notfound 

0 50 100 150 200 kb 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l i l  

Figura 5. I,ocus V;i de humano. Localizaciotz de los segmentos de genes que codifican la cadena 
peso& de los anircuerpos de htrmano. Segmentos de ge~zes ~ariable~, f~~?cioi~ales  0 , 
con marco de lectura a , pseiidogenes , segmentos Il~fiinciorrale. , segmentos .Joini17@~ y 

u@ segmentos cot~starties& . Yi~mado e IMG'I: the international 7 mMlmoGeneTics daiirhase 
h~~j~:~~/ i i~ tg / .~ i t~e .s~f l . :BIO.(  (Ittili~dor ( N I ~  coordit~cz/or: Mmie-Pcllrle I,cfl.anc, Montpellier, France). 



Figura 5. Locus Vk de humano. Localizncion de los segmentos de genes que codIfican la cadenn 
pesadn de los anticuer os de hunzano. Segmentos de genes Variablesfirncionales 0 , 

'j; 
con mmco de lectura B , pseudogenes @ , segmentos binjng !? y segmenlos constantes . 
MGT, the interncltionnl ImMunoGeneTics d~ztabase http://imgt.cines,fy:8lO4 (Initiator and 
coordinnior:Mnrie-Pat~le Lefyanc, Montpellier, I'vance,). 



Figura 5. Locus Vn de humano. Localization de los segmentos de genes que cod$can la cadena 
pesada de 10s anticuer 0.7 de humano. Segmentos de genes Variables,fincionalt.s a , 

.-e 

con rnarco do lectura fi , pseudogenes , segmmtm Joining?: segmentos constar~fes % 
IMGT: the ci?~terr~atcionalirnM~~no(;eneTic dafabase http://'im@.ccines.fi:8I04 (Initiator and 
coordinalorrMarie-Pa111e Lefranc, Montpellier, France 



El sitio de Interacci6n con el Antigeno 

En ausencia de estructuras tridimensionales de anticuerpos, Wu y Kabat (1970, 

Kabat & Wu 1971), compararon las secuencias primarias de 10s dominios V conocidos. 

Observaron que la variabilidad de 10s aminoacidos, tipica de 10s dominios V, no se 

distribuye de manera homogknea a lo largo del dominio V. Asi, se identificaron regiones 

que concentran la variabilidad de 10s aminoacidos, altemando con regiones relativamente 

conservadas. Debido a que la funcion esencial de 10s anticuerpos es interactuar con un 

diverso numero de antigenos, se supuso que las regiones de maxima variabilidad o 

hipervariables determinaban la complementanedad con el antigeno. En consecuencia, se les 

llamo regiones determinantes de la complementariedad (CDRs, del ingles Complementarity 

Determining Regions). Por contraposici6n con 10s CDRs, se denominb al resto del dominio 

V, es decir, a aquellas regiones relativamente conservadas, amazon (FR, del ingles 

framework). 

Al obtenerse la primera estructura tridimensional de un Fab (Schiffer et al., 1973, 

Poljak et al., 1973), se observ6 que la definici6n de CDR coincidia aproximadamente con 

las asas mis  extemas del Fv; aquellas que foman una superficie continua en la punta del 

Fv. Al afio siguiente, con la estructura del primer complejo antigeno-anticuerpo (Segal et 

al., 1974), se mostro que, en efecto, la region definida por 10s CDRs contiene el sitio de 

interaction con el antigeno. 

Dentro de VL se identifican tres CDRs. El primer0 o CDR-1, se define como la 

region cornprendida entre las posiciones 24 y 34, el segundo o CDR-2 se localiza de la 

posicibn 50 a la posicion 56 y el tercero o CDR-3, se define desde la posici6n 89 hasta la 

posicion 97. De manera similar, se identifican tres CDRs en VH: el CDR-1 de la posici6n 

3 I a la posicion 35, el CDR-2 de la posici6n 50 a la posicion 65 y el CDR-3 de la posicion 

95 hasta la posicion 102. Las FR, quedan definidas automaticamente, como aquellas 

regiones entre 10s CDRs. Asi, tanto para VL C O ~ O  para VH, se definen cuatro regiones FR, 

el FR-1 comprendido entre el amino-tenninal y el CDR-1, el FR-2, entre el CDR-1 y el 

CDR-2, el FR-3, entrc el CDR-2 y cl CDR-3, finalmentc el FR-4, entre el CDR-3 y el 

carboxilo-terminal. 
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Aunque la definicion de CDR coincide aproximadamente con las asas mas extemas 

del Fv, existen, sin embargo, algunas diferencias entre la definici6n de las asas y la region 

que ocupan 10s CDRs. Esto se debe a que la definici6n de CDR es una definicion funcional 

(variacih de 10s aminoacidos debido a la seleccion por el antigeno), mientras que la 

definicion de asa responde a una definicion meramente estructural. De hecho, en algunas 

aplicaciones, como la seleccion de posiciones para mutagenesis con objeto de optimizar la 

afinidad de 10s anticuerpos, se utiliza la definicion de CDR (definicion de Kabat). En otras 

aplicaciones, como la modelacion por homologia u otros tipos de analisis estructurales, se 

utiliza la definicibn estructural o de asa hipervanable (definicion de Chothia; por su autor). 

Las asas hipervariables se definieron por Chothia y Lesk en 1987 cornparando 10s 

Fv de varias estructuras (Chothia & Lesk, 1987). A1 superponer las estructuras, se observo 

que hay regiones dentro de 10s dominios V que difieren muy poco entre las estructuras 

analizadas. Estas regiones coinciden con la estructura secundaria (laminas P) y algunas de 

las asas que no forman parte del sitio de union a1 antigeno. Por otra parte, se encontro que 

hay regiones con grandes diferencias estructurales, estan localizadas precisamente en las 

asas que unen a1 antigeno. 

Modelos de Reconocimiento Molecular 

La definicion de CDR como las regiones de maxima variabilidad o hipervariables 

resolvio, en parte, la pregunta de por donde 10s dominios VL y VH se unen con el antigeno. 

Sin embargo, di6 origen a una pregunta que prevalecio durante 10s afios 70s y gran parte de 

10s 80s. Esta pregunta se refiere a si las asas que alojan a1 sitio de union con el antigeno 

tienen una confon~~acion particular en cada anticuerpo o su conformaci6n se repite de un 

anticuerpo a otro. 

Como se mencion6 antes, al comparar 10s Fvs de estructura conocida, se observo 

que las regioncs quc constituycn cl s~tio dc uni6n con cl antigeno ticncn grandes difcrencias 



estructurales. No obstante, una comparacion minuciosa entre las diferentes estructuras 

revel6 que, aunque estas regiones varian significativamente, tanto en longitud como en 

aminobidos, existen ciertas conformaciones que se repiten de un anticuerpo a otro. Estas 

conformaciones se llamaron conformaciones canonicas para hacer notar lo invariante de 

tales conformaciones (Chothia & Lesk, 1987). Una conformaci6n can6nica depende de la 

longitud del asa y de ciertos residuos clave. Estos residuos establecen interacciones de Van 

der Waals o puentes de hidrogeno con la propia asa ylo con las regiones estructuralmente 

conservadas del dominio V. 

Estructuras canonicas en la cadena ligera. 

Conformaciones de L1 kappa. 

Dentro de VL, se identifican tres asas hipervariables (ver Figura 11). La primera o L1 

(n6tese que se utiliza un tkrmino diferente a1 de CDR), se identifica como el asa que 

conecta las hebras P "B" y "C", comprendiendo desde la posici6n 26 hasta la 32 (Chothia 

& Lesk, 1987). El principal factor determinante de la conformaci6n es un residuo 

hidrofobico en la posici6n 29, el cual se empaca contra una cavidad hidrofobica formada 

por 10s residuos 2, 32, 33 y 71 (Chothia & Lesk, 1987, Chothia et al., 1989). Se han 

observado inserciones de residuos entre las posiciones 30 y 31, las cuales forman un 

"abultainiento". Estas inserciones no afectan significativamente la conformaci6n del asa 

(Chothia et al., 1989). 

Se han identificado seis tipos se estructuras canonicas para esta region (Chothia et 

al., 1989, Rini et al., 1973, Haynes et al., 1994, Tomlinson et al., 1995). La principal 

diferencia entre estos seis tipos es el numero de aminoacidos entre las posiciones 30 y 32. 

En la Tabla I, se presenta un resumen de 10s tipos de estructuras can6nicas observadas en 

LI de Vk. Las Figuras 5 ,  6, 7 y 8 muestran 10s primeros cuatro tipos de confonnaciones 

adoptadas por esta regi6n. 
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Tabla I .  Tipos y subtipos de estructurds candnicas obsewadas en LI de V k. 

Figura 5. Estructura candnica tipo 
I de LI Vk 

Figura 6. Estructura candnica tip0 
2 de LI Vk 

Figtrra 7. Esfnrctzrr-a candrzica tipo 
3 d e L I  Vk 

Figura 8. Estructura candnica 
tip0 4 de LI Vk 
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Conformaciones de L1 lambda. 

Esta asa se forma entre las posiciones 26 a 32 (Chothia & Lesk, 1987). Hacia 1993 

Wu y Cigler determinaron que la posici6n 25 tambiin forma parte de esta asa. Al igual que 

L1 de Vk, la conformaci6n de L1 lambda, esta determinada por un residuo hidrofbbico que 

se empaca en una cavidad hidrofbbica. Se han identificado 4 conformaciones de esta region 

(Chothia & Lesk 1987, Wu & Cigler 1993, Martin & Thornton 1996, Al-Lazikani et al., 

1997). Las principales caractensticas de cada tip0 de estructura canbnica, se resume en la 

Tabla 2. Las representaciones de la conformaci6n adoptada por esta region se observan en 

las Figuras 9, 10, 11  y 12. 

Tabla 2. Tipos de Estructuras candnicas obsewadas en LI de VL. Algtrnaspropiedades de cada 
regidn deJnen 10s tipos y subtipos de canonicas. 



Figura 11. Estructura candnica tipo 
3 de LI lambda 

Figura 12. Estructura candnica 
4 de LI lambda 

tipo 

La segunda asa hipervariable de VL o L2, comprende el asa que une las hebras C' y 

C", esta localizada de la posicion 50 a la posicion 52, tanto en Vk como en V h  (Chothia & 

Lesk, 1987). Estos tres residuos forman el asa y solo se ha identificado una estructura 

canonica (Figura 13). 

Fiprra 13. Unica estnrctura 
candrrica de L2 kappa y Iarnbda 
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Conformaciones de L3 kappa 

La tercer asa hipervariable o L3, une las hebras P: G y F, comprendiendo las 

posiciones 9 1 a 96, tanto en Vk como en Vh (Chothia & Lesk, 1987). Su conformation estB 

determinada por la presencia de una Prolina en la posicion 94 o 95 y Glutimico, Histidina o 

Asparagina en posicion 91. Ademis por la presencia de dos puentes de Hidr6geno entre 10s 

residuos 92 y 95. Se han observado 6 estructuras en L3 de Vk (Chothia et al., 1989, Briinger 

et al., 1991, He et al., 1992, Guame et al., 1996), el tipo 1 es el mas comun (Figura 14). 

Figura 14. Estmctura candnica tipo 
I de L3 kappa 

Conformaciones de L3 lambda 
Se  han observado 2 confonnaciones para esta asa, la primera contiene dos residuos 

en posicion 93 y 94 10s cuales forman el tope de la asa, diferencias en la orientaci6n de este 

dipkptido da origen a tres subtipos denominados A, B y C (Figura 15, solo el tipo A). El 

segundo tip0 posee 8 residuos, solo cuatro de ellos constituyen una horquilla de la punta de 

la asa (Al-Lazikani et al., 1997). 
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Figura 15. Estructura canonica tipo 
I de L3 lambda 

Estructuras canonicas de VH 

Conformaciones de H1 

En VH, tambien se identifican tres asas hipervariables en posiciones similares a las 

de V ~ ( v e r  Figura 22). H1 comprende de la posicion 26 a la position 32. Al igual que L1, 

este posee un residuo hidrofobico en posici6n 29, el cual se empaca contra 10s extremos de 

cadena de 10s residuos 34, 72 y 77. Los residuos en la posiciSn 27 (Tirosina o Fenilalanina) 

son parcialmente introducidos en una cavidad. HI presenta variacion en tamaEo e incluye 

inserciones entre la posicion 3 1 y 32 (Chothia el al., 1992). Tres estructuras canonicas 

fueron observadas para H 1 .  El tip0 1 es el mas comun ( ver Figura 16). 
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Conformaciones de H2. 

Esta asa se limita a la regi6n comprendida entre la posici6n 52 a la 56. Se han 

observado cuatro tipos de conformaciones de la cadena principal para H2. Un resumen de 

las principales caracteristicas de 10s tipos de canonicas se presenta en la Tabla 3. La 

representaci6n de cada una de las conformaciones de H2 se observan en las Figuras 17, 18, 

19 y 20. 

Tabla 3. Tipos de Estnictu~.as candnicas observadas en H2. Algunas propiedudes de cada 
r-egidn definen 10s tipos y subtipos de candnicas. 

Tipo 2 de H 2  



F i m m  19.Strbtipos A, B y  C de la 
estructura candnica tipo 3 de HZ 

Figura 20. Estt-zrctura canonica tipo 
4 de HZ 

Conformaciones de H3 

Esta asa va de la posici6n 92 a 104 (Al-Lazikani et al., 1997). La gran variabilidad 

que presenta H3 tanto en secuencia como en longitud, no ha permitido hacer una 

correlaci6n entre la secuencia y la longitud para esta asa y por lo tanto, predecir su 

conformation. Sin embargo, la existencia de residuos conservados en la base de esta region, 

permiten definir dos estructuras canonicas, denominadas "extendidas" o "torcidas" (Shirai 

et al., 1996, Martin & Thornton., 1996, Morea et al., 1998, Oliva et al., 1998), las cuales 

dependen del patron de puentes de hidrogeno que se formen en esta regi6n de H3. 



Paxtiendo de las conformaciones canonicas se puede entonces predecir la estructura 

tridimensional que tendra una secuencia de aminoacidos de un Fv (Figura 22 ) en cinco de 

las seis asas que conforman el sitio de union con el antigeno. Esto, sin duda, result6 un 

avance significative en el analisis de 10s anticuerpos, puesto que permite, con base en la 

estructura tridimensional, interpretar resultados experimentales y tomar decisiones sobre 

que residuos a mutar para mejorar la afinidad de un anticuerpo en particular. 

Figura 22. Representacion del Fragmento Variable (Fv). El sitio de union a1 
antigeno en azul celeste , esta formado por seis asas denommadas L1, L2, L3 de la 
cadena Ligera y HI, HZ, H3 de la cadena pesada. 

El hallazgo de las estructuras canonicas permitio, ademas, establecer un esquema 

predictive que correlaciona la secuencia de aminoacidos, la estructura tridimensional del 

sitio de union con 10s antigenos y 10s tipos de antigenos reconocidos por 10s anticuerpos 

(Val-$as-Madrazo c /  at., 1995a, Lara-Ochoa el trl., 1996). 
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Estudios en las secuencias de aminoacidos de 10s genes de linea germinal (Chothia 

et al., 1992, Tomlinson et al., 1992, Cox et al., 1994), pseudogenes (Vargas-Madrazo et 

al., 1995b, Almagro et al., 1995) y en secuencias de aminoacidos maduras de Igs, han - 
confirmado la existencia de estructuras canonicas para la mayoria de estas asas, except0 

para H3. Nuestros estudios, mostraron que de las 300 posibles combinaciones de 

estructuras canonicas, solo 10 combinaciones describian el 90% de todas las secuencias de 

anticuerpos con especificidad reportada (Vargas-Madrazo et al., 1995a). Se mostro tambien 

una correlation entre la geometria del sitio de union al antigeno (determinada por cierta 

coinbinacion de estructuras canonicas) y el tipo de antigeno reconocido (especificidad). Por 

ejemplo anticuerpos que unen antigenos proteicos estin caracterizados por sitios de uni6n 

con superficies planas, aquellos que unen peptidos o DNA poseen superficies con una 

pequeiia ranura y 10s que unen haptenos poseen una cavidad (Vargas-Madrazo et al., 

1995a, Ramirez-Benitez et al., 2001a, Ramirez-Benitez et al., 2001b). Estas correlaciones 

han sido confirmadas por otros grupos de investigacion utilizando diferentes metodologias 

(MacCallum et al., 1996). Asi, 10s resultados obtenidos a la fecha, permiten el avance en la 

comprension del mecanismo de interaccion antigeno-anticuerpo, lo que ayuda a mejorar 10s 

esquemas predictivos y el disefio racional de anticuerpos con especificidad predeterminada 
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Abstract 

The Kabat database is the source of information par excellence on antibody sequences. In 

1995 we developed an interface with the Kabat database, called VIR. VIR has been very 

useful in conducting studies aiming to find structure-function relationships in antibodies. 

Here we report a new version adapted to the World Wide Web, called VIR.11. VIR.11 

allows searches by type of chain (V, or V,), by species and by specificity. In contrast to 

other interfaces designed to deal with the Kabat database, the way to select a given species 

or specificity is by choosing from a list. This avoids mistakes and redundancies in the 

searches. Another feature, and probably the most important one, is that VIR.11 introduces a 

classification of specificities in terms of the chemical and biochemical nature of the antigen, 

like anti-protein, anti-peptide, etc. This classification has been useful in discovering 

patterns in the antigen-binding site of antibodies that correlate with the type of antigen the 

antibody interacts with. To illustrate this, while showing the capabilities of VIR.11, we 

analyze all the murine anti-peptide and anti-protein antibody sequences currently compiled 

in the Kabat database (as of July, 2000). 



Introduction 

Antibodies recognize a seemingly unlimited number of antigens with exquisite specificity. 

The first antibody sequence was determined in the mid-1960s (Hilschmann and Craig, 

1965). In the early 1970s, Tai Te Wu and Elvin A. Kabat compiled all the complete and 

partial sequences for antibodies published at that time; 77 in total (Wu and Kabat, 1970). 

That constituted the first version of the Kabat database (Johnson and Wu, 2000). The 

analysis of such information allowed the location, prior to the resolution of the first three- 

dimensional structure of an antibody (Poljak et al., 1972), of the so-called complementarity 

determining regions (CDRs); the regions where the capability of this family of proteins to 

recognize a diverse number of antigens rests (Wu and Kabat, 1970). 

- The number of antibody sequences in the Kabat database has increased 

exponentially (http:/lwww.ibt.unam.mx/virlVIR~stat - aim-vir.html), amounting today (July, 

2000) to 19,382 sequences. These sequences have been isolated from more than 70 species 

and as many as 7,989 of them have the specificity annotated (4,547 from V, and 3,442 from 

V, [kappa + lambda]). Thus, the Kabat database is the source of information par excellence 

for studies aiming to find correlations among sequence patterns in the CDRs, the species 

andlor the specificity of the antibodies. 

To access the ever-increasing and valuable information gathered in the Kabat 

database, two interfaces have been developed and are currently available in the World Wide 

Web (WWW): Seqhuntll (Johnson et al., 1995) and Kabatman (Martin A.C.R, 1996). 

SeqhuntII (littp:liimmu~io.bmc.nwu.eduiseqhunt.html) allows searches through the 

annotations and sequences (Johnson and Wu, 2000) and the output is a fixed-line length 

rccord of SO characters pcr liiic. This output fo1111at constrains ilic uscr to sce one scqucncc 
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at once. Therefore, to find patterns in the sequences raised against a given specificity, the 

user needs to run many queries, and the information has to be put together by using home- 

written programs. There is an electronic mail server (seqhunt2@immuno.bme.nwu.edu), 

which is considerably more flexible, though it does not offer ease of use. 

Kabatman allows searches using an SQL-like query language 

(http://www.bioinf.org.uklabs/kabatman.html) and the output is a list of sequences aligned 

following the Kabat conventions (Kabat et al., 1991). Sequences having a given pattern in 

the CDRs, for instance: the CDR-L1 of 1 1 residues and a proline at position L29, can be 

obtained by using Kabatman (Martin A.C.R, 1996). That is not possible when using 

Seqhuntll. In addition, the URL http:i/www.bioinf.org.ukiabs/simkab.html provides access - 
to a simple point-and-click interface, allowing user-friendly searches. However, the 

searches are limited to amino acid sequences. 

Early in 1995 we developed an interface to manage the antibody sequences 

available in the Kabat database (Almagro et al., 1995). Our interface, developed to run on 

PCs, was called VIR (Variable domains of the Immune system Receptors). During the last 

six years, VIR has been very useful in conducting studies that have discovered structure- 

function relationship in antibodies (Vargas-Madrazo et a]., 1995; Lara-Ochoa et al., 1996; 

Altnagro et al., 1997; Almagro et al., 1998). This, together with the fact that VIR solved 

several of the SeqhuntII and Kabatman limitations, stimulates the implementation of a new 

version of VIR. The new version, designed to be accessible through the W W ,  has been 

called VIR.11 (http:/lwww.ibt.unarn.mx/vir/cgiivir - searchform.cgi). 

Main features of VIR.11 

VIR.11 allows scarchcs ol'ainino acid and nuclcolidc antibody scqucnccs. Thc infomiation 
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at the nucleotide level is indispensable for detennining with precision the genetic 

mechanisms that originated a particular antibody, i.e., the germline V, D, J gene 

combination, the addition and/or deletion of nuclcotides at the V-J, V-D or D-J junctions 

and the putative somatic mutations (see for example IMGTIV-QUEST at 

http://imgt.cines.fr). 

In addition, VIR.11 introduces a classification of the specificities in terms of the 

chemical and biochemical nature of the antigen. This classification has allowed the finding 

of rules to correlate the primary structure of an antibody with its capability to recognize 

different kinds of antigens (Vargas-Madrazo et al., 1995). Also, in contrast to SeqhuntII 

and Kabatman, the way to select a given species is through a pulldown menu. This avoids 

mistakes and redundancies in the searches. 

The output of VIR.11 is a sequence alignment with a header showing the Kabat 

numbering schedule (Kabat et al., 1991). The sequences in the output are aligned following 

the conventions on the placement of deletionslinsertions at CDRs proposed by Kabat and 

co-workers (Kabat et al., 1991). The Kabat ID identifies each sequence in the alignment 

and this has a hyperlink to the Kabat database. Thus, the original source can be consulted 

in any case. 

Implementation 

VIR.11 searches through databases created in DBM (database management) format 

(Glover and Humprey, 1996). The DBM files are generated starting from the information 

contained in the dump files of the Kabat database - 
(iip.ilncbi.nl~n.nih.govirepositoryikiihat/fixlen/). These tiles are downloaded aRer each 

Kabat datahasc u1,datc. 
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The interface (http:llwww.ibt.unam.mx/viricgi/vir - searchform.cgi) consists of 

three sections (Figure 1). In the first section, the user can select the kind of sequence 

(amino acid or nucleotide), the type of chain (VH, Vkappa or Vlambda) and the species. 

The way to select a given species is by choosing in a pulldown menu. The 

pulldown menu is generated by searching for unique species in the raw information 

downloaded from the dump files of the Kabat database. This preprocessing of the 

infonnation avoids mistakes and redundancies in subsequent searches. For example, 

some entries in the Kabat database have the species annotated in colloquial terms like 

"frog", whereas others use the scientific nomenclature: "Xenopus laevis". Moreover, it 

should be noted that the pulldown menu of species is in itself an inventory of the species, - 
thus offering easy access to the number and the kind of species that have been used to 

isolate the antibody sequences compiled in the Kabat database. 

The second section of VIR.11 is designed to work with the specificities. As with 

species, a list of unique specificities is generated from the raw information downloaded 

from the dump files of the Kabat database. The list is available to the user. In this case, 

however, the specificity to seek should be written or pasted from the list in a text box. This 

allows more flexibility in the search. Also, we implemented the facilities " O R  and 

"AND". By using the list and the "OR" and "AND" facilities, the user can construct strings 

that could take into account all the variants of a given specificity; including misspellings 

and redundancies. 

For example, we have found four different definitions for the specificity "ANTI-(4- 

HYDROXY-3-NITROPHENYL) ACETYL": 

1 .  ANTI-(4-HYDROXY-3-NITRO-P13ENYL) ACETYL ("-" aftcr "NITRO"), 
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2. ANTI-(4-HYDROXY-3-NITR0PHENY)ACETYL (no "L" after "PHENY"), 

3. ANTI-(4-HYDROXY-3-NITROPHENYL) ACETYL (space before "ACETYL") and 

4. ANTI-(4-HYDROXY-3-NITR0PHENYL)ACETYL (no space before "PHENYL"). 

When the Kabat database (as of July, 2000) was queried with VIII.11 and these 

definitions were used, sets of different sequences were obtained. Definition 1 gave 10 

sequences, definition 2 gave 75 sequences, definition 3 gave 248 sequences and definition 4 

gave 263 sequences. To obtain all of them, a search using all of the definitions and the 

facility "OR" was conducted. An alternative is to use the substring "ANTI-(4- 

HYDROXY-3-NITRO", which is common to all the definitions. The hapten "ANTI-(4- 

HYDROXY-3-NITROPHENYL) ACETYL" is not an exception, there are many more 

examples. 

VIR.11 also introduces a classification of antigens in seven groups (see Figure I) .  

These groups have been called gross specificities (Vargas-Madrazo et al., 1995; Lara- 

Ochoa et al., 1996). The classification is based on the chemical and biochemical nature of 

the antigen. By using a similar classification, different types of antigen-binding sites have 

been discovered, some of them with preference for the recognition of proteins, peptides, 

haptens, carbohydrates, nucleic acids, and so on, and others with multi-specific capabilities 

(Vargas-Madrazo et al., 1995; Lara-Ochoa et al., 1996). 

There is no way to classify the specificities in gross specificities automatically. 

Once a number of antigens were classified, the process was achieved in a semi-automatic 

way. Today, in each update, the information downloaded from the Kabat database is 

coinpared with the specificities that have prcviousiy bccn ciassificd. If a new scqucnce is 

spcciitic, for instance, for lysozyme, then it is ciassifictl as anti-protcin. Otherwise, a file 
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with exceptions is generated and the specificity is classified de nova. Obviously, the 

process is more automatic as more antigens are classified. The list of antigens, as 

classified in gross specificities, can be consulted in the URL: 

http://www.ibt.unam.mx/vir/VIR/gross - specificity.htm1. 

The third section of VIR.11 contains two options that have been designed to filter the 

search. The first option has been denoted "completeness" to differentiate it from the 

definition of a complete antibody of Kabatman. Completeness allows selection of 

sequences with a certain percentage of undefined positions in a given segment. This kind 

of filtering is very useful when considering that a mere 20% of the sequences (3,850 out of 

19,382) available in the Kabat database are 100% complete. 

The other option, called "counterpart", is equivalent to the option "complete" in 

Kabatman. This allows searches of partners. If the user selects for instance V, chains then, 

by choosing counterpart, all the V, chains (kappa and lambda) that share the same name of 

the V, chains, will be obtained. This filter is indispensable when patterns in the antigen- 

binding site as a whole (V,,+V,) are wanted. 

- Example of application 

Studies conducted with VIR have revealed features at the antigen-binding site of antibodies 

that correlate, in some cases, with the specificity (Vargas-Madrazo et al., 1995; Lara-Ochoa 

et al., 1996; Allnagro et al., 1997; Alrnagro et al., 1998). For instance, we have found that 

ant~bodies with a short CDR-LI preferentially recognize large antigens such as proteins 

(Vargas-Madrazo et al., 1995). In contrast, antibodies with a long CDR-LI tcnd to bind 

slnaller ~nolecules such as peptides (Vargas-Madrazo et al., 1995). To illustrate that 

find~ng, whilc showing thc potential usc of VIR.11, i n  this scction wc analyzc the Icngths of 
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the CDR-LI in the Inurine anti-peptide and anti-protein antibody sequences available in 

the Kabat database (as of July, 2000). 

We choose amino acid as kind of sequence, Vkappa as chain type and mouse as 

species. Then, we choose anti-peptide in gross specificity. Finally, we set 24 as the 

beginning position, and 34 as the ending one [according to the definition of CDR-LI of 

_ Kabat et al. (I 991)]. The colnpleteness was defined as 100%. We found 103 anti-peptide 

sequences. In the case of anti-protein antibodies, we just changed to anti-protein in gross 

specificity. We found 624 sequences. 

Figure 2 shows the distribution of the CDR-LI lengths of the anti-protein and anti- 

peptide sequences. The lengths of the CDR-Ll follow a bimodal distribution. Interestingly, 

no sequence has a CDR-L1 of 13 residues. In anti-protein antibodies the proportion of 

shortllong CDR-L1 (short < 13 residues; long > I3  residues) is similar: 58% and 42%, 

respectively. The anti-peptide sequences are biased towards the use of a long CDR-L1 

(84% of the sample). 

To test whether this bias is related to the classification of the sequences in anti- 

protein and anti-peptide antibodies, a 2 x 2 contingency table (Table 1) was set up. The x 2 ,  

gave 30.23 I and X2,,,,,,,, is 10.828 (Zar, 1999), which means that the bias in the length of the 

CDR-LI is related to the classification of the sequences in anti-peptide and anti-protein 

antibodies. A similar analysis could be conducted for the remaining CDRs, in particular for 

the CDR-H3, where biases in the length of this loop may be related to the specificity (Kabat 

and Wu, 1991). Also, a study of the combination of lengths in CDRs in antibodies that 

interact with diffcrcnt kind of gross specificities i t  could be conceived. 
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It is worth mentioning that this kind of analysis is difficult to be achieved by 

using Kabatman. By using that interface, many queries, one for each CDR length, should 

be run. Then, the sequences should be classified in terms of gross specificities. This latter 

task, as mentioned above, is not a trivial one since the classification of antigens within 

groups is not a straightforward process. 

Conclusion 

Antibodies constitute a paradigm of molecular recognition. They bind to a virtually infinite 

number of antigens with exquisite specificity. To decipher the molecular basis of such a 

feature several thousands of antibody sequences have been obtained in the last 40 years. As 

a consequence, several specialized immunogenetic databases have been created (Brusic et 

al., 2000; Diibel, 2000). Despite this accumulation of information, its classification and 

analysis, it is yet not possible to predict the specificity of a given antibody sequence; even if 

much is known about the antigen structure. 

One of the features of VIR.11 is that the amino acid and nucleotide sequences 

available at the Kabat database can be queried by using a classification of the antigens in 

tenns of gross specificities. This classification may be the seed of a taxonomy of antigens. 

This would be useful in unraveling the colnlnon features of antibodies that recognize 

similar antigens. Actually, by using this classification, patterns at the antigen-binding site 

have emerged (Vargas-Madrazo et al., 1995; MacCallu~n et al., 1996). Importantly, such 

- patterns correlate with the propensity of given antibody to recognize a particular kind of 

antigen (Vargas-Madrazo ct al., 1995). Therefore, such patterns may bc used to predict the 

specificity oi'a givcn antibody scquence (Vargas-Madrazo et al., 1995). 
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In the section "example of application", we showed how, by using VIR.11, a long 

CDR-LI may be associated to antibodies that bind to peptides. Such a rule is still quite 

general and rudimentary. However, we envision that systematic analyses of the ever- 

increasing and valuable information available in the Kabat database, via VIR.11, would 

generate rules of increasing degree of complexity. Such rules probably allow, in the near 

future, better (fine-tuning) predictions of the recognition features of antibody sequences. 
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Figure 1.  Structure of VIR.11 (http:llwww.ibt.unam.mx/vir/cgi/vir~searchform.cgi) 
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Figure 2. Distribution of the CDR-L1 lengths in the murine anti-protein and anti-peptide 

antibody sequences available in the Kabat database. 

-0- anti-peptide 

+anti-protein 

9 10 I I I2 I 3  I4 15 16 17 

Length of the CDR-LI (residues) 



17 
Table 1. Contingency table of the CDR-Ll length distribution, as grouped in short and 

long loops, and the sequences classified as anti-protein and anti-peptide antibodies. 

CDR-L1 Length 

Gross specificity <13 >13 Total 
- -- 

Anti-protein 359 265 624 

Anti-peptide 16 87 103 

Total 375 352 727 
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Abstract 

Antibodies constitute the paradigm of molecular recognition per excellence. Here, to gain 

insight into the rules governing their mechanism of binding, we analyzed 94 unique antigen- 

antibody complexes of known three-dimensional structure: 49 anti-protein, 20 anti-peptide and 

35 anti-hapten complexes. 

On inspection of the hypervariable loop length, we found that 33 out of 49 (67%) anti- 

protein structures had a short loop at Ll .  In contrast, 17 out of 20 (85%) of anti-peptide 

antibodies had a long L 1. Study of 1,O I7 and 12 1 anti-protein and anti-peptide sequences 

respectively, confirmed the finding in the structures. Analysis of the antigen-binding site 

topography indicates that insertion of residues at LI switches the antigen-binding site topography 

from flat to grooved and flat antigen-binding sites grant a good protein-antibody 

comple~nentarity, whereas the grooved ones accommodate peptides. 

Anti-hapten and anti-peptide structures were similar regarding to the proportion of 

short/long L1 loops. However, analysis of 632 anti-hapten sequences yield that they are similar 

to anti-protein sequences. This lack of consistency suggested that the recognition of haptens 

might not be related to changes in the length of LI. The profile of residues in contact with the 

antigens indicates that hapten are recognized deep in the antigen-binding site. Haptens, being in 

the range of size of the side chains, do not need large modification at the antigen-binding site 

topography as those achieved by indels at L I .  
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Introduction 

Antibodies recognize a virtually infinite number of molecules with exquisite specificity, thus 

constituting the molecular recognition paradigm per excellence. Although many aspects of such 

a feature have been clarified after decades of research, is still not very well understood what 

determine the capability of certain antibody to distinguish a particular antigen o group of 

antigens in the vast and complex antigenic universe. This has limited our ability to develop 

methods for predicting the specificity of antibody genes and designing de novo antibodies with 

desired specificity. 

The antigen-binding domains, V, and V,, are composed of a very well-conserved two B- 

sheets framework and six hypervariable loops, which defines the antigen-binding site, denoted 

Ll ,  L2 and L3 for V ,  and HI,  H2 and H3 for V,, (Wu and Kabat, 1970; Amzel and Poljak, 1973). 

Although these loops are highly variable in length and sequence, five of them, exception is H3, 

are built of a very few structural solutions, called canonical structures (Chothia and Lesk, 1987; 

Chothia et al., 1989; AI-zakani et a]., 1997). In addition, it have been shown that antibodies use 

a small amount of all possible co~nbinations of canonical structures (Vargas-Madrazo et al., 

1995; Lara-Ochoa et al., l996), which suggest structural restrictions in the antigen-binding site at 

work in the process of antigen recognition. 

We have found that antibodies combining short canonical structures in LI and H2 have a 

flat antigen-binding site, in contrast to antibodies with long canonical structures in LI and H2 

that have a groove (Vargas-Madrazo et al., 1995; Lara-Ochoa te al.. 1996). Flat antigen-binding 

sites have bccn found to correlate with the propensity of antibodies to bind large antigens such 

proteins, whcrcns groo\'cd oncs havc hccn rclntcd to thc rccoynition ot'small molcculcs. namely 
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peptides and haptens (Wilson and Stanfield, 1993; Webster et a]., 1994; Vargas-Madrazo et a]., 

1995; MacCallum et al., 1996). These correlation between then amino-acid sequence 

(understood as the hypervariable loop length) the antigen-binding site topography and the 

recognition properties of antibodies, though still rudimentary, may the seed of methods to predict 

the specificity of antibody genes (Vargas-Madrazo et al., 1995). 

Over the last few years, the number and diversity of antibodies of known three- 

dimensional structure has increased largely (URL: littp:l/www.ibt.unam.mxivir/structure/ 

structures.htm!). Here we have taken advantage of that fact to gain further insight into the 

structural determinants of antibodies that bind different kind of antigens. We have analyzed all 

anti-protein, anti-peptide and anti-hapten antibodies of known and public three-dimensional 

structure, 104 structures in total. Results confirmed previous findings, while add new elements 

our understanding of rules governing the recognition of different king of molecules by 

antibodies. We discuss the use of the knowledge to design repertories biased toward the 
b F 

recognition of different kind of molecules. 

Results 

Anti-protein, anti-peptide and anti-hapten antibodies of known structure 

Unt~l  March of 2001, the PDB (Berman et al., 2000; URL:  http:l/www.rcsb.org/pdbl) collected 
- 

co-01-dinates for 94 unique kappa typc antibodics that recognize proteins, pcptides or haptcns: 45, 

19, 30 structures respectively (Table I). Uniq~le means antibodies with different names. For 

antibodics having co-ordinates for the hound and frec fonns, we choose the complcx. If thc sainc 

a n r ~ b o d y  was dctcsmilicd at tiiffcrcnt rcst)lutio~is. \vc used thc stl-uctusc of better resolution. 



5 
Antibodies from camelidaes (camel and lama) were not included in the analysis. On other hand, 

the majority of the structures, being from mice, were kappa type antibodies. We found only 10 

lambda type antibodies: 4 anti-protein, 5 anti-hapten and 1 anti-peptide. Thus, we decide to 

focus our analysis in kappa type antibodies only. 

Length of the hypervariable loops 

The length of bypervariable loops is the main structural determinant of the antigen-binding site 

topography (Bolger and Sherman, 1991; Wilson et al., 1994; Vargas-Madrazo et al., 1995; Lara- 

Ochoa et al., 1996), thus we analyzed it firstly. 

LI is the most diverse loop in terms of lengths, covering a range of 8 lengths, from 6 to 

13 residues (column 8 of Table 1). The distribution of lengths was found to be bimodal. No loop 

has 9 residues, defining the boundary between a short (5  8 residues) and a long (2 10 residues) 

LI.  Anti-protein structures showed 73% and 26% of short and long L1, respectively. In 
A ,  

contrast, anti-peptide structures are biased towards the use of a long LI. All anti-peptide 

structures but 2 (10%) use a long L l .  Anti-hapten structures are similar to anti-peptide 

antibodies. However, the distribution is less skewed: 63% anti-hapten structures have a long LI 

and 37% have a short one. 

L2, being highly conserved in structure (Al-zakari et al., 1997) was not further analyzed. 

L7, on other hand, has 6 Icngths, from 3 to S residues. Most structures have 6 residues: 78%, 

95% and 90% of anti-protein, anti-peptide and anti-hapten structures, respectively. 

In V,,, 1-1 I and H2 arc relatively conserved in all structures. HI  has 3 lengths: 7, 8 and 9 

rcsitiucs. Structures with 7 rcsiducs in  HI prcdo~ninate the lhrce samples (go%, 84% and 90% of 
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the anti-protein, anti-peptide and anti-hapten structures, respectively). H2 has 4 lengths, from 5 

to 8 residues. The six-residues loop preponderate: 67'16, 79% and 70% of the anti-protein, anti- eN 

peptide and anti-hapten structures, respectively. We found a slight bias toward the use of the 

shorter H2 loop in anti-protein structures (27%). 

H3, as expected, is by far the most diverse loop of the antigen-binding site, with a range 

of lengths covering 17 lengths, from 4 to 20 residues. The length distribution in the three 

samples follows a Poisson distribution . The average length of H3 in anti-protein and anti-peptide - 
structures: 1 1 and 12 residues, respectively, whereas anti-hapten structures have in average 10 

residues. The difference of I or almost 2 residues in anti-haptens antibodies with respect to anti- 

protein and anti-peptide structures is due to the overuse of ten-residue loops in anti-hapten 

structures (see table 1) .  

Length distribution of L1 in sequences 

Results from the above section point toward the length of L1 as the main detenninant of the 

recognition of large antigens like proteins, from the recognition of small or medium antigens like 

peptide or haptens. To test the scope of that finding, we analyzed all the anti-protein, anti- 

peptide and anti-hapten kappa sequences compiled in the Kabat database (Johnson and Wu, 

2000; Johnson and Wu, 2001; http://immuno.bme.nwu.edu). 

By using VIR.11 (Ramirez-Benitez et al., 2001; http://www.ibt.unam.mx/vir/VIR/ 

vir - index.htm1) we found, up to April, 2001, 1,017 anti-protein kappa sequences with L1 

co~iipletely detennined. Among them, 624 sequences are murine, 372 come fi-om humans, 14 are 

from I-at. 6 from hamster and 1 is a chi~npanzcc scqucncc. The numbcr of anti-peptide sequcnccs 



7 
is ahnost one order of magnitude lesser, amounting to a total of 121 sequences: 104 from mouse 

and the remaining 17 from humans. We found 632 anti-hapten sequences, almost all of them 

coming from mice (628 sequences), 3 were from rabbit and 1 from human. 

As in the structures, the length of L1 followed a bimodal distribution with no loop of 9 

residues (data not shown). Anti-protein sequences have 68% and 32% of short and long L1 

loops, respectively. Anti-peptide sequences have 28% and 72%. Therefore, anti-peptide and 

anti-protein sequences show a proportion of short/long Ll loops similar to the structures. 

Similarity with respect to the structures indicates that the differences in L1 between antibodies 

that bind to proteins and peptides is a general trend. Moreover, since the sample of sequences is 

more heterogeneous in terms of species, the differences in L1 appear to be beyond the of species 

barrier. 

Anti-hapten antibodies, on other hand, showed a frequency of shortllong L1 loops similar 

to anti-protein sequences. Sixty-seven per cent and 33% of anti-hapten sequences had a short or 

long LI, respectively. This lack of consistency with respect to the structures suggests that the 

recognition of haptens may not be related with the length of LI. 

Structural meaning of changes in the length of  L1 

To understand the meaning of differences in length of LI and the relationship with protein or 

peptide recognition, wc superposed the trace of all anti-protein structures with a short LI as well 

as the trace of all anti-peptidc structures with a long LI (Figure 1 and 2). Counterexamples, 

n2mcly anti-protein structures with a long Li and anti-peptidc structures with a short Li,  will be 

analyzcd in thc ncxt scction. 
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Anti-protein structures with short L1 show a flattened antigen-binding site (Figure I), 

with some variations in that basic topography due to differences in H3 (see below). Anti-peptide 

structures shared a groove (Figure 2a), capable of accommodating the peptides (Figure 2b). The 

groove is mainly a consequence of inserting residues at the tip of L1 (in red in the figure 2b). ., 
Therefore, insertion or deletion of residues at LI switches the gross shape of the antigen-binding 

site from flat to grooved and thus the preference of antibodies to bind proteins or peptides. 

Counterexamples that confirm the rule 

Within the 69 anti-protein and anti-peptide structures we found 14 counterexamples: 12 anti-protein 

structures have a long LI and then should have a grooved antigen-binding site, and 2 anti-peptide 

structures have a short Ll and then should have a flattened antigen-binding site (see Table 1). 

Within the anti-protein structures with a long LI, 5 of them have been co-crystallized with the 

antigen: 2jel, lnsn, lafv, 2vir and I q h  (see Table I). 

Iqfu is an exception to any rule, since the interaction with the antigen is established out of 

the antigen-binding site (Fleury et al., 1999). The co~nplexes with the PDB code 2jel and lnsn 

show a protein-antibody interaction that is not fully complementary; no contacts at the center of the 

grooved antigen-binding site are established (Figure 3a and 3b). Typical anti-protein structures 

guarantee an adequate protein-antibody complementarity establishing the proper interactions at the 

centcr of thc antigen-binding site due to the flattened surface these kind of antibodies have 

(Figure 3c). 

The third exceptional structure, lafv, shows a good antigen-antibody co~nplementarity 

(Figure 3d). Thc cpitope involves the carboxy cnd of helix D and thrcc residues froin thc hclix E 
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o_f the capside protein of human inmunodeficiency virus (Momany et a]., 1996). Interestingly, 

the main portion of the epitope protrudes from the antigen (Figure 4), thus filling the grooved 

antigen-binding site. Therefore, this counterexample together with 2jel and lnsn, suggests that 

antibodies with a long LI, but recognizing proteins, have poor antigen-antibody 

complementarity, except when the epitope protrude from the plane of antigen and fill the groove. 

Counterexamples by the side of anti-peptide antibodies, i.e., anti-peptide antibodies with 

a short L1 (PBD codes: likf and lbog) have a grooved antigen-binding site as any other anti- 

peptide structure (Figure 5a and 5b). The short L1 of likf is compensated by a long H3: 17 

residues (see Table I). Such a long H3 shapes the groove instead of the typical hairpin loop at 

LI (Figure 5c). Ibog, on other hand, has a short, shorter than usual, H3: 4 residues (see Table 1) 

This short H3 "built" the groove instead a long Llor H3 (Figure 5d). Thus, alternative designs for 

anti-peptide antibodies based on inserting or deleting residues at H3 could be envisioned. 

Worth mentioning is that 3 anti-protein antibodies have also a long H3 loop: lopg has 17 at 

H3, I dfb has 18 residues and 1gc1 has the longest H3 of all the structures: 20 residues (see Tablel). 

Such a long H3 loops in anti-protein structures, however, has different conformations than in the 

anti-peptide antibody. In anti-protein structures, H3 is packed against the antigen binding site 

(Figure 6), whereas in the anti-peptide antibody, likf, the long H3 has an open confonnation 

(compare Figure 5a and 6). No anti-protein antibody has a H3 loop as short as Ibog, among the 

structures analyzcd. Thc difference in confoniiation of H3 depending upon if the antibody bind a 

protein or a peptide suggest another clue for designing anti-protein or anti-peptide antibodies based 
* v 

on H3. 



10 
Anti-hapten antibodies 

Changes in the length of L1 appear to be irrelevant for the recognition of haptens. The 

superposition of anti-hapten structures with a short L l  (Figure 7a) and those with a long L1 

(Figure 7b) indicates as a distinguishing feature of the hapten recognition that the ligand is 

deeply buried in the antigen-binding site. Compare, for instance, the recognition of  haptens and 

peptides (Figures 2b and 7b). 

To confirm that observation we detennined the by profile of positions in contact with the 

antigens for each sample. As can be see, the residues in contact with haptens are mainly located 

at the stems of the loops, in the framework. In contrast proteins and peptides establish contacts 

mainly at the middle of the loop 

Discussion 

Differences in antigen-binding site topography correlate with the propensity of antibodies to 

rgcognize different kind of antigens (Bolger and Sherman, 1991; Wilson et al., 1991; Webster et 

a[., 1994; Vargas-Madrazo et al., 1995; MacCallum et al., 1996; Lara-Ochoa et al., 1996). In 

previous studies we found that certain lengths in L1 and H2 imply flatted or grooved antigen- 

binding sites, thus finding a connection bctwccn pattern in the amino acid sequence (understood 

as the hypervariable loop length) and the propensity of antibodies to bind large ~nolecules like 

proteins or small ones like peptides or haptens (Vargas-Madrazo et al., 1995; Lara-Ochoa et a]., 

1996). The number and diversity of antibodies of known three-dimensional structure has 

increased largcly over the last years. This information allowed in this paper a refinement of the 

ahovc findings. Also wc have find new featurcs of the antibody interaction that allows a bcttcs 
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understanding of the mechanism of binding of different kind of molecules. 

- 
Anti-protein and anti-peptide antibodies and the structural basis for the proteinipeptide 

cross-reactivity 

Consistent with previous reports, we found that antibodies with a short LI have a flattened 

antigen-binding site. This topography allows large antigens, like proteins, extend all along the 

antigen-binding site surface establishing a good antigen-antibody complementarity. No flat 

antibody recognizes a peptide, within the structures analyzed. Inability of flat antibodies to bind 

peptides may be  related to the insufficiency of a flattened antigen-binding site to provide 

complementarity to peptides. Actually, all anti-peptide antibodies had a grooved antigen-binding 

site that ensured a proper peptide-antibody complementarity. This groove is built in 90% of the 

cases by inserting residues at the tip of L1. 

The protrusion at LI might also prevent interaction of the antibody molecule with a flat 

surface in the antigen. This is suggested by the structures that bind proteins but have a long LI.  

About one-third of the anti-protein antibodies (16 out of 49 structures) belong to this category. 

Four of these have been co-crystallized with their respective antigens and two evidenced a poor 

antigen-antibody complementarity, with no interaction at the center of the grooved antigen-binding 

site. 

A third counterexample, indicated that if the epitope protrudes from the antigen, then it 

could fill the groove. From this, i t  would be proposed that if such a protrusion has a similar 

conSonnation in the context ofthe proteln as wcll as when bcing bind as a peptidc to thc antibody 
. .. 
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molecule, then these antibodies might be able to bind both the free peptide as well as the peptide 

in the context of the cognate protein. 

No direct experimental evidence supporting this view is available. However, indirect 

evidences have been obtained from the analysis of the antibody VP2(2156-2 170)18F5 (Tormo et 

al., 1994). This antibody was originally raised against the viral capside protein VP2, but was 

also found to cross-react with a synthetic peptide derived from the same protein (residues: 21 56- 

2170). The confonnation adopted by the peptide is very similar to and can be superirnposed onto 

the corresponding region of the viral protein VP2 of human rhinovirus 1A (HRV1 A) whose 

three-dimensional structure is known (Al-Lazikani et al., 1997). 

The suggestion that anti-peptide-like antibodies, namely antibodies with a long L1, 

recognize protruding epitopes in the native structure of proteins, together with the fact that this 

kind of antibodies are the only ones that bind peptides, suggest them as the candidates for the 

target of deeper research in order to decipher the molecular basis of peptidelprotein cross- 

reactivity. 

Anti-hapten antibodies 

An important finding of the present work is that the length of Ll ,  or the length of any other loop, 

is not related to the recognition of haptens. The distinguishing feature of hapten recognition is 

the decp burial of the hapten in the antigen-binding site. Haptens, duc to their size, could be 

fitted into the antigen-binding site with no large changes in the antigen-binding site topography, 

as those achieved by inscrtion or dcletion of residues at the tip of LI.  

Antibodies would crcatc thc complementarity wlth the liapten via conl'or~iiationai changcs 
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and/or mutation of side chain replacement during the affinity maturation process. For 

example, in the anti-steroid antibody DB3 the steroid-binding pocket have two conformations, 

open and closed (Arevalo et al., 1993). In the free structure, the bulky side chain of the 

Tryptophan at position 100 of V, has an 'close' conformation, occupying the hapten-binding site 

as an surrogate ligand. In the steroid-DB3 complex, the side of the Trytophan has an 'open' 

conformation, creating the hapten-binding pocket (Arevalo et al., 1993). 

Other example of conformational changes to accommodate a hapten is the catalytic 

antibody CNJ206 (Charbonier et al., 1995). The free fonn of CNJ206 has the phenil ring of 

Tyrosine 101 in V, preventing the formation of a deep pocket in the hapten-combining site 

(Charbonier et a]., 1995). This orientation of the phenil ring changes in the complex, enlarging 

the cavity where the hapten is bound (Charbonier et al., 1995) 

Regarding changes during the affinity maturation, it have been showed that early variants 

of the anti-NP antibody 88C6112 (Yuhasz et al., 1995), which are close to the germline gene 

configuration, have Tryptophan at position 33 in the VH chain. This residue allows a favorable 

interaction with the hapten via the indole group. However, the interaction appears to be 

suboptimal since the bulky nature of the Tryptophan prohibits a deep burial of the hapten within - 
a cavity (Yuhasz et al., 1995). Such constrains is relieved by substituting a Tryptophan by 

Leucine while during the affinity maturation process (Yuhasz et al., 1995) 

Toward the design of smart repertoires of antibodies 

Recently, the vast majority of the V ger~nlinc genes of man and mice have been sequenced 

(htt~~:!lww~~~.~ncd.uni-m~~cnclicn.d~!hi~~~Iie~~~~ci~acl~a~~!kappa.ht~n), thus allowing to address the 
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question about how many genes encode anti-peptide-like or anti-protein antibodies in those 

species. There are about 92 functional or potentially functional VK gennline genes9 and 3 

functional V h  germline genes in mice.' 63 genes (68%) encode short Llloops and 29 (32%) 

encode long ones (see http://www.med.uni-muenchen.de/biochemie/zachaukappa.htm). This . 
suggest, in turn, that the probability to obtain an anti-peptide-like antibody, assuming that the 

immune response is a random sample of the V genes, is about one-third, which is not too high. 

However, based in our findings repertoires biased toward the specific recognition of peptides can 

be built to increase the probability of obtaining anti-peptide-like antibodies. 
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Figure Captions 

Table 1. The hypervariable loop lengths (definition as in Chothia and Lesk, 1987). 

Figure 1. CU atoms superposition of the anti-protein antibodies having a short L1 (PDB codes: IVFB, 

lCO8, IBQL, IJHL, IFBI, IMLC, IDVF, INCA, INMB, IIAI, IIAI, IOSP, IAR1, IWEJ, IOAK, 

IJRH, IKB5, IE08,1FJl , lC9R 1GC1, lFOR, IVGE, IOPG, 12E8,1A6T, IBFO, ICDS and 1GHF). 

Figure 2. C a  atoms superposition of the anti-peptide antibodks having a long L1 (PDB codes: lA3R, 
tC 

IIFH, IGGI, ITET, IAII, IFRG, IFPT, 2MPA, 2HW, 2H1P, lF58,2IGF, 2AP2, LQKZ, IEJO, 1CU4, 

and IMF2). a. Structures without peptides showing the groove. b. The structures with peptides (in orange) 

illustrating how the grove accommodates the peptides no matter their structure; LI in red. 

Figure 3. Connolly surface of the anti-peptide-like structures but binding proteins (a-c) as seen from the 

antigen perspective: a. ZJEL, b. INSN, c. 1 AFV. The contacts of these structures with their corresponding 

antigens are shown in red and blue. d. Contact region of the typical anti-peptide (PDB code: IVFB) 

antibodies in the same view of figures a and b. The color red and blue represents contact (Hidrogens 

bonds and Van der Walls ) in the complex. In all cases the residues in contact were calculated with the HB. 

plus22 and visualized with Insight-11. 

Figure 4. Solvent accessible surface of heavy atoms of the anti-protein antibody (PDB code: IAFV). In 

rcd show thc rnain portion of tlie epitope of irnn~unodefic~ency virus, which protrudes from the antigen 

filliny the groove of the antigen binding site. 
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Figure 5. Ribbons representation of the anti-peptide antibodies having a short 1 1 .  a. IIKF, b. IBOG. In 

counterpart of the 1 1  short, the long H3 in ping form groove. In the second structure, the groove is the 

result of the a very short H3. c and e. Ribbons representation of the anti-peptide antibodies (PDB 

code: IIKF andlBOG) having a short L1 superposed with a typical anti-peptide antibody (PDB 

code: IIFH). In cyan antibodies having a short LI, in white the typical anti-peptide antibody, in 

red H3. d. A 90" rotation of the structures about the Y-axes with respect to a to show how the long 

H3 (blue) compensates the short 1 1  these structure have. Insertions at the L1 of the typical anti- 

peptide antibody are shown in red. 

Figure 6. Ribbons representation of the anti-proteins antibodies showing the differents conformations of 

H3 (PDB code: IDFB, IGCI, IOPG). 

Figure 7. a Ribbons representation of the anti-haptens antibodies which have a large L1 in complex with - 
haptens (IFLR, IIGJ, IDBB, IYED, IYEE, IYEJ, IHYX, 2PCP, 1A3L and 2MCP). b. Structures with 

haptens having a short LI showing the groove (PDB code: I BAF, I EAP, IKNO, INGP, 25C8, lCF8, 

1CT8, 1C12 and IAOQ) . b. The structures with pept~des (in orange) illustrating how the grove 

accommodates the peptides no matter their structure; LI in red 
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es Specificity 

Statu 
s Res ( A )  L1 I.? L3 H1 H2 H3 Reference r , , . .  ~ I $!arcs 

A .  A n t l -  
protein (49) 

9 Bhat, et a1 
Mouse Hen Egg White Lysozyme 

Mouse Hen Egg White Lysozyme 

1994 
6 Kondo., et a1 

1999 
8 Chacko, et a1 

To be 
Published 

10 Chitarra, et 
a1 1993 

14 Lescar, et a1 
1995 

2.60/0.191 
Bound 

2.40/0.214 
Mouse Bobwhite Quail Lysozyme 

Mouse Pheasant Egg Lysozyme 

Mouse Guinea Fowl Lysozyme 

Mouse Hen Egg White lysozyrne 

Mouse D1.3 antibody 

Mouse Neuraminldase (N9 Tern) 

Bound 
3.00/0.190 

Bound 
2.10/0.184 

Bound 
1.90/0.194 

8 Braden, et a1 
1994 

14 Braden, et a1 
Bound 

2.50/0.191 
1996 

12 Tulip, et a1 
1992 Bound 

2.50/0.210 
Bound 

( 2.50l0.210 
B O U ~  

14 Malby, et a1 
1994 

,. 
Mouse Neuraminidase N9 

K Histidine-containing 
Mouse protein 

K 

10 Prasad, et a1 
1998 
Bossart- 

5 Whitaker, et 
al 1995 

13 Ban, et a1 
1994 

Mouse StaphyLococcal nuclease 
K 

Mouse 409.5.3 antibody 

Bound 
2.90/0.210 

Bound 
2.90/0.210 11 Ban, et a1 

1994 
K 

Mouse 730.1.4 antibody 
K Mouse Outer Surface Protein A 

Bound 
~~~~d 1.95/0.229 

3.70/0.217 
13 Li, et a1 1997 
12 Mornany, et a1 

1996 
10 Ostermeier, et 

a1 1997 
Mylvaganam, et 

9 a1 1998 
15 Celikel, et a1 

1998 
13 Sogabe, et a1 

K 
Mouse HIV-1 Capsid Protein 

K 

Mouse Cytochrome c oxidase 

Bound 
2.70/0.207 

Bound 
,> 

Mouse Horse cytochrome c 
K Von Wlllebrand Factor A1 

Mouse domain 
K Mouse Interferon-gamma receptor 

Bound 1.80/0.200 
2.20/0.201 

Bound 
~ ~ ~ ~ , j  2.80/0.246 
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1997 

11 Housset, et a1 
7 3 6 7 6  1997 

11 Vasudevan, et 
1 2 3  3 7 6 a1 1996 

10 Fleury, et a1 
6 3 6 7 6  2000 

alpha chain 
Xb5-C20 T-Cell Antigen 2.50/0.219 

Mouse Receptor Bound 
2.80/0.209 

Mocse P-Glycoproteln Bound 
2.80/0.196 

Mouse Hemagglutinin (HA1 Chain) Bound 
2.68/0.226 

Mouse Outer Surface Protein A Bound 
5 Ding, et a1 

7 1 6 7 6  2000 - ~ 

Monaco-Malbet, 
6 3 5 7 6 12 et a1 2000 

14 Sarafianos, et 
7 3 6 9 5 a1 1999 

Mouse HIV-I Capsid Protein (P24) Bound 3.00/0.210 
HIV-1 Reverse 3.50J0.262 

Mouse Transcriptase Bound 
Influenza Hemaqqlutinin 2.80/0.198 14 Fleury, et a1 

1999 Mouse IHR) Bound 
2.75/0.174 11 Liu, et a1 

1994 
17 Kodandapani, 

et a1 1995 
6 Li, et a1 2000 
6 Davies, et a1 

1997 

Mouse Human Rhinovirus 
Receptor (Platelet 

Mouse Glycoprotein) 
Mouse Hen Egg White Lysozyme 

Free 
2.00/0.160 

Free 
F~~~ 1.80/0.210 

2.90/0.198 
Free 

2.70/0.210 
Free 

Mouse HIV-1, gp41 
8 Ban, et a1 

1996 Mouse 
Hoedemae ker, 

13 et a1 1997 
9 Che, et a1 

1998 

Mouse Free 2.40/0.204 
2.70/0.169 

Free 
1.90/0.221 

Free 

Mouse Human Rhinovirus 14 
12 Trakhanov, et 

7 3 6 7 6  a1 1999 Mouse Low density lipoprotein 
Rodriguez- 

Mouse E Selectin 
Thermus aauaticus DNP 

Free 
2.20/0.196 11 Murali, et a1 

6 3 6 8 5  1998 
12 Lescar, et a1 

1 2 3  6 7 6 1999 
6 Kanyo, et a1 

1 2 3  6 7 6 1999 
11 Sawicki, et a1 

1 1 3  5 8 5 1999 
13 3 6 7 6 10 Torrno, et al 

Mouse polymerase Free 
3.00/0.183 

Mouse HIV-1 protease Free 
Svrian hamster prion 2.00/0.171 

Mouse proteln (SHaPrP) Free 
3.00/0.213 

Mouse Cytochrome P450 Aromatase Free 
Murin Human Rhinovirus Serotype Free 2.80/0.190 



IC,., 192 

. ,  - .nrr, CALIPATH- 1G 

- 1  173 
9 .  * . 3D6 

e TR1.9 

. - .r:rd 257 

2 .  liC19 

; aaq  I g g 4  Rea 

. - .. k B7-i5AZ 

e 2 
Human Muscle Acetylcholine 2.40/0.196 

Rat Receptor 

Rat CD52 

Human CD4 
Human HIV-1, yp41 

Human Thyroid Peroxidase 

Mouse N15 T-cell receptor 
Influenza Virus 

Mouse Hemayglutinin 

Human Rf-An Igm/lambda 

Human Tetanus Toxoid 

Myohemerythrln; residu* 
Mouse 69-87 1 

HIV-1 gp120; residues: 
Mouse 311-328 

Cholera Toxin; residues: 
Mouse 50-64 

Influenza HA; residues: 
Mouse 101-108 

Mouse HIV-1; V3 Loop 

Mouse Cyclosporin A 
Poliovirus Type 1; 

Mouse residues: 86 - 103 
a-Helical Epitope on P- 

Mouse Glycoprotein 
N. rneningitldis; residues: 

Mouse 180-187 
Mouse HIV-1 Protease; residues: 

Free 
2.60/0.192 

Free 
2.50/0.210 

Bound 
Free 2.70/0.177 

2.00/0.180 
Free 

2.8010.243 
Bound 

3.25/0.198 
Bound 

.15/0.225 
Bound 

1.84/0.185 
Free 

2.80/0.220 
Bound 

2.80/0.188 
Bound 

2.30/0.148 
Bound 

2.80/0.190 
Bound 

2.80/0.220 
Bound 

2.50/0.164 
Bound 

3.00/0.230 
Bound 

~~~~d 2.40/0.221 

Bound 2.60/0.202 
B ~ ~ ~ , - J  2.20/0.198 

10 Kontou, et a1 
7 3 5 7 5  2000 

11 Cheetham, et 
7 3 6 7 8  al. 1998 

20 Kwonq, et a1 
7 3 8 7 6  1998 
7 3 4 7 6 18 He, et a1 1992 

13 Chacko, et a1 
7 3 6 7 6  1996 

10 Wang, et al 
8 3 8 7 8  1998 

15 Fleury, et a1 
1 1 3  6 7 5 1998 

15 Corper, et a1 
8 3 8 7 6  1997 

15 Faber, et a1 
1 1 3  7 7 6 1998 

11 Stanfield, et 
1 2 3  6 7 6 a1 1990 

6 R-Lnr, et a1 
1 1 3  6 9 5 1993 

8 Shoham, et a1 
1 2 3  6 7 6 1993 

12 Churchill, et 
1 3 3  6 7 6 al 1994 

12 Ghiara, et al 
1 1 3  6 9 5 1997 

17 Altschuh, et 
7 3 6 7 6  a1 1992 

12 Wien, et al 
1 2 3  6 7 6 1995 

Vandenelsen, 
13 3 6 7 63 13 et dl 1999 

Van Den Elsen, 
12 3 6 7 6 13 et a1 1997 

11 3 6 7 6 17 Lescar, et a1 



. , - ..- 
: I : ' ;  L C '  

i . . , : : ,  y i c ?  

36-46 
C. neoformans; residues: 

idoilse 1-12 
Rhinovirus Vp2;  residues: 

Mouse 156-170 
HIV-1 gp120; residues: 

Mouse 308-333 
porln PorA from N. 

Mouse meningrtidis 
Foot-and-Mouth Disease 

Mouse Virus 
Syrlan hamster prion 

Mouse protein (SHaPrP) 

Influenza HA; residues: 
Mouse 75-110 

Mouse p24 (HIV-1) 

Mouse C-Terminal Peptide of Hcg 

Mouse Mucln; residues: 1-13 

K 

Mouse 
K 

Mouse 
K 

Mouse 
K 

Mouse 

K Mouse 

Fluorescein 

Digoxin 

Progesterone 
2,2,6,6-Tetramethyl-1- 
Piperldlnyloxy- 
Dlnltrophenyl 
M-(P-Cyanophenyll-N'- 
iDlphenylemethyl1 
Guanldineacetic Acid 
1,2, Dicarboxy-4-tlydroxy-7- 
Oxa-S~cyclon-2-Ene 
Phenyl [l- (1-N- 
Succlnylarnino)Pentyl] 

2.40/0.186 
Bound 

2.10/0.171 
Bound 

2.00/0.196 
Bound 

1.95/0.209 
Bound 

2.30/0.248 
Bound 

2.90/0.159 
Bound 

Bound 
2.60/0.246 

Bound 
2.00/0.180 

Free 
1.95/0.213 

Bound 

Bound 
2.50/0.176 

Bound 
2.70/0.210 

Bound 
2.90/0.195 

Bound 

Bound 2.20/0.214 

Bound 3.00/0.220 

Bound 2.50/0.186 

24 
1997 

12 Young, et a1 
1 2 3  6 7 6 1997 

10 Torrno, et a1 
1 3 3  6 7 6 1994 

18 Stanfield, et 
1 1 3  6 6 7 a1 1999 

11 Derrick, et a1 
1 2 3  5 7 6 1999 

12 Ochoa, et al 
1 1 3  6 7 6 2000 

6 Kanyo, et a1 
1 2 3  6 7 6 1999 

Schulze- 
12 Gahmen, et a1 

1 3 3  6 7 6 1993 
4 Keitel, et a1 

7 3 6 7 6  1997 
13 Fotinou, et a1 

1 3 3  6 7 8 1998 
7 Dokurno, et a1 

1 1 3  6 7 8 1998 

8 Whitlow, et a1 
1 2 3  6 7 8 1995 

11 Jeffrey, et a1 
1 2 3  6 7 6 1993 

11 Arevalo, et a1 
1 2 3  6 7 6 1993 

7 Brunyer, et a1 
6 3 7 8 6  1991 

12 3 6 7 6 8 Guddat, et a1 
1994 

8 3 6 7 6 11 Haynes, et dl 
1994 

7 3 5 7 6 llzhou, e t a 1 1 9 9 4  



















Analysis of antibodies of known structure suggest a lack of 

correspondence between the residues in contac with the antigen and those 

modified by somatic hypermutation. 
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Analysis of Antibodies of Known Structure Suggests a Lack 
of Correspondence Between the Residues in Contact With 
the Antigen and Those Modified by Somatic Hypermutation 
Maria del  Carmen Ramirez-Benitez a n d  J u a n  Carlos Almagroi 
Inst~tuto de Biotecnoligia, UNAM, Cuernauaca, Morelos, Mexico 

ABSTRACT F o r t y  u n i q u e  m u e n e  antibody- 
antigen complexes de te rmined  at 2.5 A o r  less resolu- 
t i o n  are analyzed to de te rmine  w h e t h e r  the residues 
in direct con tac t  w i t h  the antigen are modified b y  
somat ic  hypermutat ion.  Th i s  w a s  d o n e  b y  t a k i n g  
a d v a n t a g e  of the r e c e n t  character izat ion of t h e  pool 
of VK germl ine  genes of the mouse. T h e  average 
n u m b e r  of residues in con tac t  w i t h  the antigen in 
the V,, gene, w h i c h  con ta ins  the CDRL-1, CDRL-2, 
and all b u t  o n e  res idue  of CDRL-3, w a s  six. T h e  
a v e r a g e  n u m b e r  of somat ic  muta t ions  w a s  s imilar  
( a r o u n d  five). However,  as m a n y  as 53% of the 
an t ibod ies  did n o t  s h o w  somat ic  rep lacements  of 
r es idues  in con tac t  w i t h  the antigen. Another  28% 
h a d  only one. Overall, t h e  frequency of ant ibodies  
w i t h  inc reas ing  n u m b e r  of somat ic  replacements  in 
res idues  in contact  w i t h  the antieeh decreased exno- - 
nentialty. A possible explanat ion of this Iinding is 
that muta t ions  in the contact ing res idues  h a v e  an 
a d v e r s e  effect o n  t h e  antigen-antibody interaction. 
Th i s  impl ies  that mos t  of the observed muta t ions  
are those  remain ing  a f t e r  negat ive  (purifying) selec- 
tion. Therefore,  efficient s t ra tegies  of si te-directed 
mutagenes i s  t o  improve  the affinity of ant ibodies  
should b e  focused o n  res idues  o t h e r  than those 
di rect ly  in te rac t ing  w i t h  t h e  antigen. P ro te ins  2001; 
45:199-206. 0 2001 Wiley-Liss, Inc. 

Key words: immunoglobulin;  Ig; affinity m a t u r a -  
t ion  process; antigen-antibody interac-  
tions; s i t e  d i rected mntagenesis  

INTRODUCTION 

Antibodies constitute a paradigm of molecular recogni- 
tion. recognizing, as they do, a seemingly unlimited num- 
ber of antigens with exquisite specificity and h ~ g h  affinity. 
This ability 1s achieved in man and mouse through two 

somatic hypermutation occurs all along the V gene, it is  
more frequent a t  the antigen-binding ~ i t e . " ~ . ~  Mutational 
enrichment a t  the  antigen-binding site has been explained 
in the presence of mutational hot and cold spots a t  the 
antigen-binding site and framework regions, respectively, 
as well as antigenic selection.'-" 

The question that arises is  whether somatic hypermuta- 
tion modifies residues in direct contact with antigen, that  
is, those that were responsible for antigenic recognition 
during the primary immune response. Answers to this 
question could provide insight into the theories about the 
origin and evolution of antibody diversity.3-' In addition, 
i t  might be useful to define a conceptual framework to 
assist selecting positions to be altered by site-directed 
mutagenesis to improve the affinity, or even the specificity, 
of a given antibody. However, a systematic analysis of this 
subject has not been performed partially because human 
antibodies of known structure and crystallized in complex 
with the antigen are very scarce (see the URL: http:// 
www.ibt.unam.mx/vir/structure/st~ctures.html), and man 
is the only species in which all the germline V ,  and V, 
genes have been sequenced a t  present." '' 

The pool of murine germline V ,  genes was recently 
characterized.'" By taking advantage of this achievement, 
in this article we have analyzed the 44 different murine 
antibodies in complex with their respective antigens deter- 
mined a t  2.5 A of resolution or less. That resolution allows 
the proper definition of the atomic interactions, particu- 
larly of the hydrogen bonds that require appropriate 
orientation of the atoms involved in the contact." The 
contacting residues were then compared with the putative 
somatic mutations in the region coded by the V ,  gene, 
which contain three of the six CDRs that conform the 
antigen-binding site: CDRL-1, CDRL-2, and all of CDRL-3 
except one residue." '' Somatic replaccmcnt of residues 

steps. First, the combinatorial germline gene rearrange- 
ment produces a primary repertoire of antibodies.' Such a ~ , ~ ( , ~ ~ , ~ t , ~ , , . ~ .  V, , v ~ r t ~ b l c  donvein of the light chain; V,,. variable 
repertoire should be capable of recognizing any antigen d o m ~ i n  of the heavy chain; CDR, complernentnrit~ detcrrnining 

wtth a t  Ic':Is~ 3 low (11. lncdium nffinitv during the primary I-cg~on. PDR, Brouklinvc~l Protein 1)at;l Rai~li 

i m m u n e  ~.csponse.""l Second, once the ant~gcn is rccog- 
tir.tnl, spooh,,l. I)tiAl'A.IINiZhl, O r : ~ n t  numbrr. IN22:3:199, Grnnl nizcd, somatic hypcrn~utation fi~rnishcs additional d~vcr-  CONACVT, (>mnt nomi,ei-. -3:i n22 

s ~ l v  to pl.oducc the vnw mntorinl f rom where antihodics of' (:ori-cspo~,dcliu. l a .  .Ju;rn (:.lrlor Aln>.>~ri , ,  Intlt.utr, d r  131ot.renolo- 
~rnpl.ovi.d ;~finil.v would be selected, ns tile sccondar..~ nntl .,,, IINAM. AV. IInlrcr.;lrIncI # 2001. (:"I. C11;rmlIp:i C I' 62210. 
tet.tin!.y immune  ~.csponscs p ~ ~ o c c c d  ".' r t ~ ~ r ~ ~ , ~ v . ~ c : ~ .  hl~rwlo*. blc ,x~c~) K - t n , t ~ i ,  :aln~:>::ro(o)~i~t b z ) ~ % ! n  n ~ x  

('oinp:~risol,> o i ' ~ c v n ~ l , n ~  ~ r n ~ . .  ; ~ n d  a n t  ibo(iy st,qi~cnr.r>> N C ~ > Y K I  1; >I.I~C!> 21101 ~IC<CQ>IC~<I I ~ , I U ~ C ~ I I O I  

1 1 1 . 0 ~ 1 1 1 ~ 1  ,>I' tmn1~111,. r<!sp<~ns<~ ind~c~ltc~ tIl:~t, . I I I I I ~ I ~ I ~ I I  
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TABLE 1.Antibody-Antigen Complexes Used in This Study 

PDBID38 Name rn Antigen Resol. (A) 
lIND CHA255 A 4-~-(2-Hydrowethy1>Thioweidol-LBenl-EA-1n3+ . . . 2.20 
lMFA SE155-4 A Trisacchaide 1.70 
ISM3 Sm3 A Carcinoma-Associated Mucin; Residues 1-13 1.95 
lNGP N1G9 A (4-Hydrow-3-Nitrophenylj Acetate 2.40 
lAOQ 29Gll K Phenyl[l-(1-NSuc~ny1amino)Pentyll . . . 2.30 
1A3L 13G5 K 1Carbo~-l'-I0D~111ethylamino)-Carbony~Femene 1.95 
1A3R 8F5 K Human Rhinovirus Capsid Protein Vp2; Residues 156170 2.10 
1A4K 39-All K Bicyclo[2.2.210ctene Derivative 2.40 
1A6W B1-8 K 4-Hydro~-5-Iodo-3-Nitrophenylacetyl-Epsilon-aproic.. . 180  
lClE 1E9 K Hexachloronorbornene Derivative 6 (Catdyticj 1.90 
lCFV FV4155 K Steroid 2.10 
1CT8 7C8 K [4-(2,2,2-Trifluoro-Acety1amino)-Benzyll . . . 2.20 
lDQJ HyHEL-63 K Hen Egg White Lysozyne 2.00 
lDVF E5.2 K D1.3 ant~bcdy 1.90 
lEAP 17E9 K Phenyl [lil-NSuccinylaminojPentyl] . . . 2.50 
lEJ0 4C4 K G H  Loop From Fmt-And-Mouth Diseasevim 2.30 
IF58 Fab 58.2 K HW-l Gp120; Residues 30&333 2.00 
lFLR 4-4-20 K Fluorescein 1.85 
lHIX 6D9 K Il-(3-Dimethylamino-Propyl)3-Ethyl-Ureidol . . . 1.80 
lIGJ 26-10 K Digoxin 2.50 
11KF R454511 K CyclosporinA 2.50 
lJHL D11.15 K Pheasant Egg Lysozyme 2.40 
1KB5 Desir&l K Kb5-C20 T-cell Antigen Receptor 2.50 
lKEL 28B4 li 1-N4-Nitmbeql-N4'-Carboxybu@1amind . . . 1.90 
lMLC D44.1 K Hen Egg White Lysozyme 2-10 
lMRE JELlO3 K Guanosine-5'-Diphosphate 2.30 
lNCA Nc41 K N9 Newaminidase 2.50 
lNMB 
1 OAK 
l0SP 
lTET 
lVFB 

N9 Neuraminidase 2.50 
Domain 1 ofVon Willebrand Factor 2.20 
Outer Surface Protein A 1.95 
Cholera Toxin; Residues 50-64 2.30 
Hen Egg Write Lysozyme 1.80 
Horse Cytmhrome c 1.80 
4-Nitso-BenzylphosphonobutanoylGlycine 2.20 
p-Nitxophenyl Phosphonate Glutaryl Caproate 1.85 
N-Methyl-N-(p-Glutaramidophenyl-Ethy1)Piium 2.00 
Alpha-Helical Epitape on pGlycoprotein 2.40 
N-(p-Cyanopheny1)-N'-(Diphenylemethyl) Guanldine acetic Acid 2.20 
Galactan 1.95 
C~yptococcus Neoformans; Residues 1-12 2.40 
HW-1 Protease, Residues 3 M 6  2.20 
&tidine-Containing Protein 2.50 
1x1-Phenylcyclohexyll Pipendme 2 20 
pNitrophenol 2.30 

in dlrect contact with the antigen was found to be a rare default parameters. In  crystals with more than one mole- 
event. Iniplicatlons of this finding are  discussed. cule per asymmetric unit, the anti~en-antibody contacts 

RESULTS 
Antibody-Antigen Complexes  and Identif ication of 
Res idues  i n  Con tac t  

Tahlc 1 lists the 44 antibody-antigen complexes cur- 
rrntly nvailnhlc (as of Septclilber l, 20001 dcternilncd a t  
2.5 .A of resolution or less (see thc URL: http:llwww.ibt. 
1~nnm.ms1v~r1~1~r i1c t11r~1s t r~1c t11res . t  Thc s t ructu~~cs .  
comrn:: from mice. :ire mostly Vn-t,ypc imtibodics. Only 4 
\:h typr :nntib,~dic>s wcrc i.:lt.li~~t.rcl. 

'Tliv ~rc~.siduc.:. in rhc, antiborlic~s in\~nl\-c~cI in  dircct rnnt:rtl 
\vi(!i ihc, .in(~gcn wcrv idcntiiii,rl l l l i  pliis.' usin: thc 

in all the molecules were taken into account in the 
calculations. Contacts established through water mol- 
ecules were not considered. All the interactions were 
verified by visual inspection in Insight I1 (MSI, San Diego, 
CA). 

The aversye nunibcr of residues in dircct contact with 
the antigen in the V, genc was found to be 6. Thc 
distribution of thc contacts along thc Xcnc is shown in 
Fipurc 1(31. Coiitacts are 1110re of tc~l  cst~ihlished. let us say 
I1 4 01. morr in  I''t:.urc i(:il, :1t positions 30:r ;und 32 in the 
(7I)li-l,l. 50 in tiic (:1)It-12. n n d  from pnsltions $11 to <I? In 
tlic ~l)lt-I.:3. From Lhcsr. tlir<.r. ))nsitions .>rp p:,rtcul;\rly 



the comparison between residuesin contact and somatic hypermutations. 
the frequency is platted In both cases by using a relative scale, calculated 
as I-[(Pm-Pi)/Pm]: where Pm is the maxlmum value of contacts or 
mutations (30 and 8. respectively) and PI is the number of contacts or 
mutations far the positlon "i." CDRs are represented by filled columns and 
are defined following the Kabat and Wd5 Convent~ons, that is, CDR-LI- 
pos1t~on~ 24-34. ~nclud~ng the lndels " a f "  at posltion 30; CDR-L2 
~osltlons 50-56 and CDR-L3: oositlons 89-95 
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, mutations between them, for the in percent. antibody sequences and the difference 

overused in establishing interactions (0.8 or more): posi- 
tions 32,91, and 92. 

In  10 of the antigen-antibody complexes analyzed, the 
residues in contact with the antigen were previously 
identified.'" A comparison to the previous identification 
indicates good agreement in both number and placement 
of the contacts. Discrepancies may be ascribed to slight 
differences in the definit~on of an atomic interaction, 
particularly a hydrogen bond.'"'" 

i 
I $  
1 

Assignment of Germl ine  Genes  

The first four antihodies of Table I1 are the Vh antibod- 
ies. The VX locus of mice, with low complexity, h a s  been 
very well characterized.' Therefore, the VX antibodies 

i provided acontrol to define whether the 30% criterion used 
by Klein and coworkers holds a t  the  amino acid level and 

All the known functional and potentially functional 
genes of mice1\ere used to determine the putative 
somatic mutations in the V, sequence of antibodies. About 
90 functional or potentially functional V K germline genes'.' 
and 3 functional Vh germline genes exits.' Probably 3-5 
VK germline genes are still unknown.'" 

The formal translation product of the genes was com- 
pared witlr the antibody sequences, and tlic genes were 
sorted in decreasing order of identity for each antibody V ,, 
sequence No established criterion defines whether the 
nuarcst gcl.mlinc V gene is the actual precursor of a pvcn 
rcurmngcd sequence. Klcin :lnd coworkers,'" when work- 
ing witlr t~mrr:ingcd human VK ~ ~ ' q u e n c c s  :lt the nuclco- 
t ~ d c  levcl. dcliiretl an assignment :IS uirambiguous if th? 
bcst mntcli diff'i-icd from thr. n r x l  onc by at  least 30';;. 

~ ,,' with murine sequences. Inspection of the VX antibodies 
>4 , 5 11 <a, 56 80 * indicated that this i s  the case. T l~us ,  the 30% criterion was 
-. used to analyze the VK antibodies. 

Thirty-six of the 40 VK antibodies fulfilled the  30% 
criterion. The four exceptions have 15 or more mutations 
for their nearest gene (in italics in  Table 11). This number 
of mutations exceeds the average number of mutations for 
the second choice when all antibodies are considered (see 
Table 111. In  addition, none of the VX antibodies have more 
than 9 putative mutations. Hence, i t  was assumed that  the 
4 VK antibodies with 15 or more mutations originated from 
unknown genes, and these were not further analyzed. 

I Puta t ive  Somatic Muta t ions  
~~~~ ~~~ 

Fig 1 Frequency distribution of residues m contact wlth the antigen The average number somatic mutations in the remain- 
(a) and somatic hypermutatton @) along the VK gene. To make amenable ing. 40 antibodies (4 Vh and 36 VK) was 4.6 (Table 111). This - 

number is similar to the average number of somatic 
mutations in the human rearranged V K   sequence^.^ The 
distribution of somatic mutations along the V K  gene [Fig. 
l(bj1 is similar to the distribution of somatic mutations in  
the human ~ounterpart ,~~%utations being concentrated 
in the N-terminal region and CDRs. On average. 52% of - - .  
the somatic mutations are concentrated in  CDRs. Muta- 
tional enrichment in the N-terminal region has been 
related to imprecise sequence determination, whereas in 
CDRs it has been associated with antigenic selection. 2 - 5  

Some differences between germline genes and the anti- 
body sequences may also be due to allelic variation. 
However, that  artifact should be minimal because the 
predominant source of DNA used to derive the repertoire 
of the germline VK genes comes from the inbred strain 
C57BL/c1" and many of the monoclonal antibodies listed 
in Table I were raised in BALBIc. Both strains belong to 
the haplotype c, where differences in the V K  gene se- 
quences of the inbred strains are small. '" 

Putative somatic mutations occurred with a frequency of 
0.4 or more in Figure l(b) a t  positions 31,32, and 34 of the 
CDR-L1, 55 of the CDR-L2, and from positions 91-94 
within CDR-L3. Very often mutated positions (20.8)  are 
34, 92. and 94. As can be seen, only residue 32 a t  CDR-L1 
and residues within the CDR-L3 arc  frequently found in 
both contacts [Fig. l(ajl and somatic mutations IFig. l(b)l. 
If positions very often used in contacts as well as mutated 
are the only ones considered, just residue 92 is found in 
both. This suggests a lack of correspondence between the 
residues in contact with the antigen and those modified by 
somat~c hypermutation. 

Residues  i n  Contact  With t h e  Ant igen a n d  Somatic  
Replacements  
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TABLE 11. Assignment of Germline V, Genes to Antibodiesof Known Structure, 
Based on Smallest Number of Putative Mutations 

Best match Next best match 
PDB ID Name Gene Mutations Gene Mutations DiE (%) 

Gj38c 
He24 
8-19 
Bbl 
23-48 
Bbl 
bbl 

2342 28 68 
m 4  20 55 
8-21 13 31 
b l l  9 56 
arn4 55 20 
nl 13 38 
crl 19 21 

~DVF ~ 5 . 2  Ce9 3 C P ~  11 
lEAP 17E9 Gj38c 10 2342 28 
lEJ0 4C4 21-5 20 21-10 22 
IF58 Fab 58.2 214 8 21-3 13 
1 R  4-4-20 Bbl 2 crl 8 
lHYX 6D9 Crl 7 bbl 11 
lIGJ 26-10 Bbl 4 crl 9 

1KB5 DkirBl 1244 2 12-41 9 78 
lKEL 28B4 Crl 2 bbl 9 78 
lMLC D44.1 2343 3 23-45 5 40 
lMRE JEL103 Bbl 0 nl 7 100 
lNCA N U 1  19-25 6 19-17 12 50 
lNMB NClO Ce9 5 cPs 10 60 
lOAK NMC4 cog 8 ce9 13 38 

~ i 3 3  
Crl 

gn33 13 
bbl 11 

2CGR NC6 8 Bbl 7 crl 12 42 
2 1 7 ~  5539 Kb4 5 kk4 18 72 
2H1P 2H1 Bbl 3 crl 10 70 
2HRP F11.2.32 21-2 5 21-1 13 62 
2JEL JEL42 Crl 2 bbl 9 78 
2PCP 6B5 Crl 4 bbl 9 56 
43CA 43CA 8-24 6 8-30 17 65 

Average 6.3 13.4 
Std. Dev. 7.2 8.7 

the antigen, and tlie fraction of residues in contact that have 
been rcplaced by somatic mutation. As many as 21 of 40 
antibodies (5.3%) do not show any somatic mutation in 
rcsiducs in contact witli antigen, and anothcr 11 (2%) have 
only 1. Overall. the frequency of antlbodics witli increasing 
numhcr of rcplaccincnts in the rcsiducs in contact with thc 
:int.igcn diicrcnses li~ilow~ng an rsponcntia! distribotion (Fig. 
2 ) .  (:!cnrly, repl:!ceilicnt. of residues In u)ntact with the 
:lnLii?rn k~y somnt.ic I1ypcrmut:ltion ronstit.r~ti~s n ran- cvcnt 

'i'llc. nunihct. of~ .~~si r ln i~: .  in iotit:lrt with thv:lntiscn th:il 
liavc Iwrn si~p1:iccd hy sm~mntic mi!t:ltii~n 8s not propor- 

tional to e ~ t h e r  the number of residues in contact with the 
antigen or thc extent of somatic mutations. For instance, 
antibody l IKF has  5 contacts with the antigen, of which 2 
were repiaccd by a somatic mutation. In contrast, antibody 
IYEJ has 11 rcsiducs in contact witli the antigc~i ofwhich 
1 has bccn rcplaccd. Again. antibody IF58 has 8mutntions 
and 4 motai.ions arc in residues in cont:lct with thc 
antigen. whereas antibody lOAK 1i;ls the snmc number of 
~ml l l . n t i~~n  but nonc in cor1t:ldln- rcsidurs. 

IS\.rn mnlrT. n o  r.o~.~.rl:lllon hrtu'rrn lhi- ni,mhi31- of so- 
xiintic n~utntions in thc  CI)!<s nnd thc nulilbcr of ~.cp!ncc- 
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TABLE III.Number of Residues in  Contads With the 
Antigen, Number of Putative Somatic Mutations, and 

Fraction of Residuesin Contact With the Antigen That 
Were Replaced by Somatic Mutation Waotion M-C) 

PDB ID Name Contacts Mutations Fraction M-C 

lNCA NC41 7 6 1 
lNMB NClO 7 5 2 

2H1P 2H1 8 3 0 
2 I W  F11.2.32 9 5 2 
2JEL JEL42 7 2 1 
2PCP 6B5 4 4 0 
43CA 43CA 7 6 0 

Average 5 6 4.6 0.8 
Std. Dev 2 3  2.9 1.0 

inents of residues in contact with the antigen was found. A 
inore systematic analysis, in correlation coefficients, sup- 
ports all these observations (data not shown), thus empha- 
sizing the finding that residucs in contact and somatic 
hypcr~nutat~on do not correlate. 

DISCUSSION 

'Phis rcport addresses the cxtent to which somatic 
l~ypormutat~on niodlfics tllc rcsiducs 111 direct cont:lct with 
the nntigrn. To nchlcve this, wc detcrm~ned the residucs in 
ri1nt:lcL with ti?? nntigcn in thi! riyion codcd by th<>V, gcnc 
~ ~ f 1 1 1 1 ~ r t r 1 ~ ~ : 1 t 1 t , i l 1 ~ ~ ~ l v - : 1 ~ 1 L ~ ~ c ~ r 1  c < ~ n ~ p l < ~ x ~ ~ > .  'Tlic, sc,L nfcont:~ct- 
ill!: trclslilii<,s n..is tI11,n C O ~ ? ~ I , ~ I . < , ~  \vlLii  t i i t .  p~lt.nt,~\.tl soni:?ti~ 

l o  Canrrcfinp rzslducr replaced by ~omrtlc hypmmiac>on 
.~.  .. - ~ ~ 

Flg. 2. Frequency of residues in contact wlth the antigen that have 
been modifled by somatic hypermutation per antibody 

mutations. Results indicate that, although 52% of somatic 
hypermutations are concentrated in CDRs, somatic replace- 
ments occur mainly in residues that are not involved in  the  
contacts with the antigen. 

Figure 3 depicts the  patterns of putative somatic muta- 
tions and of residues in contact with the antigen on the 
surface of a n  antibody. Positions frequently involved in 
contacts, namely, 30a, 32, 50, and from 91  to 94, form a 
continuum patch a t  the center of the antigen-binding site 
[Fig. 3(all. Residues 32, 91, and 92, which are i n  contact 
with almost all the antigens, are just in the middle of that 
patch, conforming to the bottom of the antigen-binding 
site. Somatic mutations are spread all the way to the  
antigen-binding site periphery [Fig. 3(b)l, with positions 
more frequently mutated, that is, 34, 55, and 94 flanking 
contacts with the antigen. The Cr* of residue 34 is not a t  
the surface a s  defined by running a probe of 10 A radius 
over the trace, but we have indicated its relative position 
on the V, surface. I t  is just down to residues 32,91, and 92 
in the interface with V,. Residues 55 and 94, on the other 
hand, define mutational hot spots a t  the edge of the 
antigen-binding site [see Fig. 3(b)l. 

The spatial distribution of contacts and mutations oh- 
served in Figure 3 resembles the pattern found by Tomlin- 
son and coworkers in human sequences." These authors 
reported that germline gene diversity is located a t  the 
center of the antigen-binding site, in contrast to somatic 
mutations that take place mainly a t  the antigen-binding 
site periphery. Provided that most contacts are established 
a t  the center of the antigen-binding sitc IFig. 3(a)l, i t  can 
thus be proposed that the germline gene repertoire evolved 
to concentrate its diversity in that region, which ,waran- 
tees the recognition of any antigen. The somatic hypermu- 
tation mechanism then evolved to spread mutations to the  
antigen-binding site poriphery [Fig. 3(b)l, which preserves 
the residues in contact. That strategy, as Tomlinson and 
coworkersn suggested, may have been favored by evolution 
as an efficient way for searching the sequence space. 

However, the mechanism of somatic hypermutation 
prcdatcs the comhinatorial gcnc rearrangement and diver- 
sification of the germline genc families."'," In some 
species (c.g.. shecp and rabbits), somatic hypcrmutation 
diversifies the primary rcpcrtory of antibodies."." Such a 
il~vrrsiiicntion g c n r r a t ~ s  a~ltibodies c :~p:~bl~ of'contcnding 
\rill> th r  .lntijicnic rllnllrngi, i n  ill.ln xnll mriilsr., \vh~>rc 
thc mmntic hyjlcrli~iit:ltio~l is :ulLli'vn dcpr i~d i~~l t .  tli ir:  
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Fig. 3. Connollv surface3* of the V, domain of antibody MCPC603 iPDB eale: 21MM). shown fmm the 
antiten pempectivi. The wior dewiesponds toa gradient fmm redto'h~teaccording the data of Figure 1. 
Red lndlcates a resdue esrabllshmg wnlaa (a) or mutated (b) tn all mmplexes (equal to 1 in Ftg 1) Wn te 
"dates a residue that ncver makes mnmk w E. never rnmled (equal to 0 m F g 1) Pos<llons very o k n  
found in mnlads fa) or hmuenLv mutaled iol are labeled The surfacewas dcfned bv runntna a DroDe of IU A 
radius over Me && to &id viriatim due k? changes in Me amino acid sequence and toib&in a sufiace 
wrnmon to all antikcdies. 

mechanism produces the raw material from which antibod- 
ies of imoroved & n i b  would be ~elected.2.~ But, durine 
that process, i t  has been observed that harmful mutations 
exeeed useful reolacementsb The eeauencv aud twe of 
harmful mutations vary, depending onthe &on ofthe V 
gene where they occurred.22m QU-antitative estimates of 
the i m ~ a c t  of punctual mutations in  the CDR-H2 of 
a n t i - ~ d  antibo'es shows that 150% of the mutations are 
deleterious and none improved binding." Therefore, the 
somatic hypermutation appears to be an inefficient strat- 
egy to seakh the sequencespace in man and mouse. 

Hence. an alternative ex~lanation for our findine - 
emerged. The replacement of the contacting residues had 
an adverse effect on the antigen-antibody interaction, and 
the variants bearing those mutations were removed from 
the pool of somatically diversified genes. In molecular 
terms. antieen-antibodv interaction rwuires shaoe and , - 
physicochemical complementarity;% the better the comple- 
mentarity, the higher the affinity. The probability that a 
mutation is harmful increases a s  the com~lementaritv 
(affinity) increases. This is particularly true for residues at  
the center of the antigen-antibody interface, because 
atoms located in that r e ~ o n  are, in most cases, very well 

interface, replacements can be easily accommodated into 
the solvent. 

Following this reasoning, the observed mutations oc- 
curred in residues more tolerant to replacements. Such 
replacements would have had an impact on the affinity via 
indirect optimization of the antigen-antibody interactions 
or simply be neutral. In fact, analysis of the effect of the 
frequency of mutations on single chain antibodies indi- 
cates that most mutations leading to higher afiinity corre- 
sponds to residues distant from the antigen-binding site?? 
Mechanisms of indirect optimization of interactions with 
the antigen have been described in a number of in- 
s t a n c e ~ . ~ ~ ~ '  For example, Wedemayer and coworkers2s 
showed how the a n i t y  can increase by more than four 
orders of magnitude through somatic mutations that are 
a t  least 10 .&away from the contacting residues. Chatellier 
and coworkers2* established that modifications of some of 
the residues involved in the V,*:V, interface are able to 
influence the antigen-binding properties of antibodies. 
Previously, Shillbach and coworkers3' suggested how sub- 
stitutions in the side chain ofan aminoacid, which is not in 
contact with the antigen bul is adjacent to a residue in 
contact. would be accommodated without substantial rear- 

packed and then would not be replaced without an-encr- rangement in the antibody but with impact on the affinity. 
eetic cost.'" At the edrc. atoms remain oartlv ncccss~ble to Even before. Pooteand Winter3' demonstrated how substi- -. .. . . . 
solvent and can be replaced by water mole~ulcs.~"~"' On Lulions in the fmmcwork region underlying lhe CDRs 
thc pcriphcry, away fiom thc atoms involvcd in ihe modulate thennlibody allinity. 



CONTACTS AND MUTATION IN AIVTIBODIES 205 

Affinity maturation can also be achieved through mecha- identifying the residues in contact with the antigen but, 
nisms other than somatic hypermutation. Analyses of instead of selecting these for mutagenesis, the target for 
immune responses indicate that in some cases the antibod- mutagenesis should be nearby residues. Actually, strate- 
ies dominating the secondary or tertiary responses use gies focused in residues other than those in  contact with 
different genes than those selected during the primary the antigen have already been exploited successfully for a n  
re~ponse."~" In this phenomenon, called repertoire shift, anti-hapten a n t i h ~ d y . ~ '  
the new gene, which is  close to the germline gene configu- 
ration, grants a set of contacts or a n  antigen-binding 
geometry that  lead to affinity  improvement^.^" Worth 
mentioning is that mathematical models attempting to 
explain the repertoire shift within the framework of the 
affinity maturation have to recognize explicitly the destruc- 
tive nature of somatic h y p e r m ~ t a t i o n . ~ ~  

I t  i s  important that the complementarity of germline 
gene and somatic diversities observed by Tomlinson and 
coworkers' can also be explained in  the deleterious effect 
of somatic hypermutation. That is, most somatic muta- 
tions that  occurred a t  the center of the antigen-binding 
site, being in  residues that are more frequently involved in 
direct contacts with the antigens and thus are less tolerant 
to replacements, have been removed from the pool of 
somatically diversified genes. The somatic diversity ap- 
pears to have evolved to be complementary to the diversity 
of the primary repertoire but, the "actual" situation is that 
most of the observed mutations are those after purifying 
selection. 

Finally, our results relate to the V, gene only and may 
not hold for the V, gene, which encodes the CDR-HI and 
CDR-HZ, nor for the V,J,, and VHDJH junctions that 
define the last position of the CDR-L3 and the CDR-H3, 
respectively. Nonetheless, it should be noted that meeha- 
nisms of indirect optimization of residues in contact with 
the antigen, repertoire shift, and the pattern of germline 
gene and somatic diversities have been observed in both 
V ,  and V,,  . This finding suggests that our results for the 
V,, gene would be generalized to the V,, gene. As for V,,Jl, 
and V,,DJ,, junctions, we should be cautious in the making 
of predict~ons, because other mechanisms to produce diver- 
sity a s  recombination and addition andlor deletion of 
nucleotides are operative a t  those regions. ' 

CONCLUSIONS 

We found a lack of correspondence between rcsiducs in 
contact with the antigen and those modified by somatic 
hypermutation. This finding may reflect the destruct~ve 
nature of somatic hypermutation instead of an evolution- 
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Conclusiones 

El objetivo principal de este proyecto es profundizar en el estudio de la relacion 

entre la estructura y la funcion de los anticuerpos. Aunque actualmente se dispone de gran 
'A-  cantidad de informacion para 10s anticuerpos, no es posible predecir aun la especificidad o 

la afinidad de un anticuerpo en particular. Algunos trabajos de investigacihn relativamente 

recientes sugieren que es posible establecer reglas del reconocimiento molecular mediado 

por esta familia de proteinas (Capitulo I). 

El primer paso del proyecto (Capitulo 11) fue el desarrollo de una herramienta de 

colnputo denominada VIR.11. Esta herramienta tiene su antecedente en VIR (Almagro et 

al., 1995). A diferencia de la version anterior, VIR.11 esta disponible en el WWW (URL: - 
http:!lwww.ibt.unan~~mxIvir!VIRlvir - index.html). VIR.11 permite obtener alineamientos 

mfiltiples de grupos de secuencias de anticuerpos por especie, cadena (VH o VL) y 

especificidad fina. Otra caracteristica de VIR.11 - tal vez la mas importante - es que 

permite una clasificacion de las especificidades finas de acuerdo a criterios de la naturaleza 

quimica del antigeno. Por ejemplo: proteinas, peptidos, haptenos, acidos nucleicos, etc. 

Esta clasificacion pudiera ser la semilla de una taxonomia de antigenos en el futuro. 

Adernas de VIR.11, se desarroll6 una interfaz con el Protein Data Bank (PDB) que 

permite tener acceso a toda la informacion sobre las estructuras tridimensionales de 

anticuerpos conocidas (litt~:llwww.ibt.unam.mxlvir/structure/structures.html). Esta pagina 

web ha sido unida por varias paginas del  nund do entero y ha sido citada a la fecha en varias 

publicaciones (Diibel2000). Con VIR.11 y esta pagina Web, emprendimos el analisis de las 

secuencias y estructuras conocidas de anticuerpos. 

El analisis de la relacion entre la estructura y la funci6n de las estructuras conocidas 

de anticuerpos (Capitulo Ill ) mostr6 que de las 49 estructuras de anticuerpos anti-proteina, 

33 (67%) tienen un asa corta en LI. En contraste, el 90% de la estructuras anti-peptido 

poseen una asa larga en LI.  Estos resultados en las estructuras son consistentcs con un 

analisis similar de las secuencias. De 1,017 secuencias depositadas en la base de datos de 

Kabat dc anlicucrpos anti-proteina 692 (68%) ticnen un asa corta. En el caso dc las 

secuencias dc antlcuerpos anti-piptido, dc 12 1 sccucncias, 87 (7 I %) tienen una asa larga. 
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A1 estudiar la topografia del sitio de interaccion con el antigeno, se observo que 10s 

antic~ierpos anti-proteina, es decir, aquellos con un asa corta, tienen una superficie plana en 

su sitio de union al antigeno. Los anticuerpos anti-peptido, es decir aquellos con LI largo, 

tienen una ranura en el sitio de union al antigeno. Desde el punto de vista de 

reconocimiento molecular, una superficie plana proporciona una superficie complementaria 

a 10s antigenos grandes, como proteinas. En el caso de 10s anticuerpos anti-pkptido, debido 

a su tarnafio menor con respecto a una proteina, una ranura en el sitio de union con el 

antigeno asegura una cornplementariedad adecuada con estos ligandos. Estas 

obse~aciones,  nos permiten proponer que un determinante estructural que dirige la 

diferencia de reconocimiento entre proteinas y peptidos es LI . 

Una observation interesante que emergio de este trabajo fue que ningfin anticuerpo 

con superficie plana reconoce peptidos. Una posible explicacibn es que una superficie plana 

dificilmente brinda una complementariedad adecuada a un peptido. En contraste, de las 49 

estructuras de anticuerpos anti-proteina, 16 presentan un L1 largo y por lo tanto tienen la 

ranura tipica de 10s anticuerpos que reconocen peptidos. De ellas, 5 fueron co-cristalizadas 

con el antigeno y en consecuencia pudieron ser analizadas. Estas estructuras muestran 

como tendencia poca complementariedad antigeno-anticuerpo, except0 cuando el epitope se 

proyecta del plano del antigeno y rellena la ranura en el anticuerpo. Esta obsewacion 
s, 

sugiere el mod0 en que un anticuerpo obtenido con un peptido (anticuerpo anti-peptido por 

definition) pudiera ser reconocido por una proteina. 

Por otra parte, del analisis de la topografia del sitio de union al antigeno llamo la 

atencion el mod0 en que 10s anticuerpos reconocen haptenos. Debido al pequefio tamafio de 

10s haptenos, estos no requieren de ca~nbios importantes en la topografia del sitio de union 

al antigeno en el anticuerpo, como 10s que se realizan por la insercion o delecion de 

- residuos en LI. Al parecer, solo se requieren pequefios cambios en la topografia del sitio de 

interaccion con 10s antigenos, mismos que pueden realizarse a traves dc cambios 

conformacionales o substituciones de las cadcnas laterales durante el proceso de 

maduraci6n dc la rcspucsta inmunolbgica. 
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Es importante mencionar que este resultado es totalmente novedoso, en trabajos 

previos se observo que el reconocimiento de haptenos y peptidos era similar (Vargas- 

Madrazo, et al 1995), suposicion basada en que el tamafio de 10s haptenos es mas cercano a 

10s peptidos que a las proteinas, 

En el capitulo IV analizamos cual es eI papel de la hipermutacibn somhtica a1 

sustituir 10s residuos en contacto con el antigeno. Para ello consideramos 40 estmcturas no 

redundantes de rat6n que presentan una resoluci6n de 2.5 A o menos y que han sido co- 

cristalizadas con el antigeno. Un primer paso en el anklisis fue la asignaci6n de las 

secuencias de linea germinal a las estmcturas. Se observb que el gene Vk acumula en 

promedio 5 mutaciones durante el proceso de maduraci6n de la respuesta inmunologica. El 

numero promedio de contactos es similar a1 de mutaciones somhticas, alrededor de 6. Sin 

embargo, en el 60% de 10s anticuerpos no coinciden las posiciones mutadas con 10s 

residuos en contacto. En otro 27% de 10s anticuerpos s610 hay 1 mutacibn en 10s residuos 

en contacto con el antigeno. Esto indica que 10s residuos en contacto son modificados 

raramente por el proceso de hipermutacibn somhtica. 

Si se identifican las posiciones mutadas y 10s residuos en contactos en la superficie e v  

de un anticuerpo (ver Figura 3, Capitulo IV), se observa que 10s contactos estan en el centro 

del sitio de interaccion, mientras que las mutaciones somaticas estan en la periferia. Una 

posible explicaci6n para este patrbn, es que las mutaciones en 10s residuos en contacto son 

dafiinas en un importante numero de casos. Asi, son eliminadas del "pool" de genes durante 

el proceso de maduracibn de la respuesta inmunologica. Esta expiacibn tiene, sin duda, 

i~nplicaciones para las teorias que explican el origen y la evolution del repertorio de 

anticuerpos. - 
La observacibn de que no hay correlacibn entre 10s residuos en contacto y las 

mutaciones somaticas, ticne tambien consccuencia practicas. Esto es, si se desea ~nadurar 

la atinidad de un anticucrpo in vitr.0, lo que sc debe hacer cs identiticar 10s residuos en 
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contacto, per0 en vez de mutar estos, se deben mutar son 10s residuos circundantes a 10s 

residuos en contacto. 

En resumen, el conjunto de trabajos realizados durante el doctorado confirman la 

existencia de reglas que gobieman el reconocimiento molecular mediado por anticuerpos. 

Estas reglas permiten proponer esquemas predictivos para el disefio racional de anticuerpos, -,. 
tanto a nivel de la topografia general del sitio de interaccion con el antigeno (Capitulo 111) 

coino en 10s detalles de maduracion de la afinidad (Capitulo IV). 

Con respecto a nuestros primeros trabajos (ver anexos: Vargas-Madrazo et al., 1997, 

Almagro et al., 1997, Almagro et al., 1998), estos estuvieron enfocados a1 analisis y 

coinparacion de 10s genes de linea germinal de las dos especies mas estudiadas: humano y 

raton. En el primer anexo presentamos la caracterizacibn estructural del repertorio de genes 

- de linea germinal de hurnano (Vargas-Madrazo et al., 1997). 

El analisis anterior permiti6 proponer un repertorio primordial de VH, constituido 

por las clases de estructuras canonicas 1-2 , 1-3 (asas cortas en H 1 y H2) y 3- 1 (asa larga 

en HI y corta en H2) codificadas por 10s clanes I, 111 y I1 respectivamente. En el caso de 

Vk, el repertorio estructural primordial para 10s genes de linea germinal esta representado 

por las clases de estructuras canonicas 2-1 (asas cortas en L1 y L3) y 4-1 (asa larga en L1 y 

corta en L3) codificadas por 10s clanes I y I1 respectivamente. La combination de estas 

clases de estructuras can6nicas nos pennitieron proponer que el repertorio VH-Vk (H 1 -H2- 

L1-L3) de clases de estructuras can6nicas se reduce solo a cuatro combinaciones: 1-213-2- 

I, 1-213-4-1, 3-1-2-1 y 3-1-4-1. 

Desde el punto de vista estructural, estas clases VH-Vk de estructuras canonicas 

representan el repertorio de topografias (planas, con cavidades y con ranuras) del sitio de 

union a1 antigeno, necesarias para el reconocimiento lnolecular mediado por anticuerpos, 

especificamente el reconocilniento de antigenos proteicos, peptidos y haptenos. Las demas 

clases parecen ser variaciones sobre este esquema primordial. 



Conclusiones 

En el anexo I1 analizainos el repertorio estructural VH de raton, el cual esta 

codificado por la familia v ~ 1  y representa la clase 1-3, mientras que en humano, su 

repertorio estructural es codificado por la familia v ~ 3  (anexo I), la cual codifica la clase 1-  

2. Esta diferencia no resulta tan significativa, puesto que, la diferencia entre la estructura 

canonica 2 y 3 s610 representa cainbios conformacionales. 

El analisis del repertorio estructural de Vk mosti-6 diferencias entre 10s repertonos 

estructurales de humano y rat6n. El repertorio de raton es mas diverso, es decir, codifica 

siete clases de estructuras canonicas, mientras que humano solo codifica para tres clases. 

La clases de estructuras canonicas de ratbn que no se observaron en el humano son: 5- 1, 1 - 

1 y 1-2. Otro dato sobresaliente es que el 60% de 10s genes Vk de humano codifican para la 

clase 2-1, mientras que en ratbn, so10 el 30% de 10s genes codifican esta clase. Las 

diferencias encontradas en el repertorio estructural Vk, pueden ser resultado de la estrategia 

seguida por raton para compensar las diferencias en el contenido de genes Vh. 

Estos resultados, tornados en su conjunto con la existencia de reglas que gobieman 

el reconocimiento de diferentes tipos de mol6culas, apuntan en la direcci6n de que el 

proceso de evolucion de 10s anticuerpos no es del todo estocastico, como se ha propuesto; 

existen caminos preferenciales a traves de los cuiles la evolucion ha dado forma a 10s 

diferentes repertorios de anticuerpos en las especies conocidas. 
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Abstract 

variable genes of human lg are classified in families and clans which reflect the early events of 
gene duplication in the evolution of the locus. This organization in multiple copies of variable 
genes plus the somatic processes of recombination and hypermutation allows the immune system 
to generate an antibody repertoire of great diversity. At present the role that somatic processes 
play i n  the generation of that diversity is understood with some detail. i t  is a matter of hard 
controversv, however, which selective oressures have shaped the evolution of the germline genes 
of l g  and, ionsequently, what the role bf this germline component i n  the generatio; of the antibody 
diversity actually is. Previous studies of our group have showed that the structural repertoire of 
lg-determined by the canonical structures-is an important factor to determine the recognition 
properties of the antibodies. Complete knowledge of the sequences of the human VH and V, loci is 
available to anaivze the evolution of the structural reoertoire of these loci. Two ohvlouenetic uene - 
trees were built from the functional germline genes and the evolution of the structural repertoire 
was studied. We report that for both loci the canonical structures are not randomly distributed 
within the tree. Conversely, i t  is shown that the evolution of the structural repertoire follows a 
gradual process of diversification. This indicates a correlation between the evolution of genes and 
the structural repertoire, although important differences are found in the patterns of evolution of 
the structural repertoire between VH and V,. Based on those results we propose a primordial 
structural repertoire for VH and V,. The general properties and an outline of the three-dimensional 
structure of this primordial repeltoire are given. 

Introduction 

The variable locus of g 1s composed by multple genes whlch 
have evolved through gene dupllcatlon n order to generate 
adverse germlne repertolre(1) Analys~s oi homology among 
the V gene segments has revealed that these can be grouped 
In discrete faml~es (2.3) Addit!onally t has been proposed 
that the V gene familes can also be grouped in clans (4) 
whch represent the eariy events in the evoluton of lhe V 
genes (5.6) 

The nature of the selectve forces responsible for moidng 
the evoiution of tne V genes is stlli a matter of controversy 
(for reviews, see 7.8). Analyss oi nucleottde and amno acid 
subst~tut~ons at the coding regon of the V genes has shown 

that the regons ~nvolved n the lnteractlon wth the antgen 
present hlgh varlab~ijty. In contrast to the reiafveiy conserved 
remainng framework reglolls Ths results suggest different 
Selective forces acting over these two reglons (1 8-10) 
Add~tlonal analysts of others aspects lhke polymorph~sm 
(1.11.12). Sequence varabli~ty (13.14)and phylogeny (4 5.151 
has provided addt~ona evdence of selective forces actng 
oder V genes in order to shape thelr varlaDlllty 

The adopted model of Immune recognition 1s the ~nltlai 
aspect oi the controversy about the selective lorces. A wldely 
accepted model is based on the estabtished correlation 
between the regions of random hypervarlabliity and the 
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Spec!f~city propenes of the antbodles (161, In this modei is 
assumed that a hlgh rate of subst~tutions in the hypervarlabie 
regions can generate an antlbody reperiolre capable of 
contending successfully wlth the antlgen challenge (8.10.13) 
That means (accordtng to thls model) it is possible to generate 
a suff~cient diversity of antigen-bfnding stes only through the 
variat~on of sde chains in hypervarlable post~ons However, 
differences at the hypervarlable loops lo the germline genes 
were observed not only including amlno acid substitut~ons 
but lnsertlons and deletions that alter the loop length (1  8 )  
Since the side cha~ns and also the length of hypervartable 
loops are Important in determining specif~c~ty (17.18). the 
presence of these msertion and deletion events can be 
understood in structural terms The former are due to an 
~nsufffcient amount of posslbe surface topologies which wlil 
result from the mere varlatlon of side chain types wlthout 
alterng (as well) the backbone of the hypervar~able loops 
Thus. 11 can be proposed that not only amlno ac~d  substitutions 
but also length variations in hypervariabie regions are mport- 
ant to determlne the antibody repenore and consequently 
have been subject to selection In the evoiutlon of V genes 

From the structural pont of view the anaiysis of antlbodles 
of known atomlc structure has revealed a small number of 
maln char  conformatons or canoncal structures for L l .  L2. 
L3 as well as for H I  and HZ (19.20) Thls slmple model has 
proven to be valld for almost a ant~bodles for whlch the 
three-dlmens~onal structure has been reported at present 
(21) From the perspective of sequence analyss, a relevant 
feature of the canonrcal structure model is that the conforma- 
!\on of the loop is determlned only by the loop length and the 
presence of certaln res~dues in key posltlons in both the 
hypervarlable loop and the framework regons (19). l e a loop 
that presents a deflned length and adequate residues in 
a few key positions adopts a we-deflned conformat~on 
Accordng to ths. ~t is possible through evolution to vary 
the canonlcal structure repertoire of the germiine genes by 
alterng the length and key residues of the hypervarlable 
loops in order to generate a d~verse antibody repertolre 
In facf the analysls of functorial germlne genes (22-25). 
Pseudogenes (26.27) and mature amno a c d  sequences 
12025-27) has revealed that almost ail the sequences ana- 
iyzed present canonical structures, fndlcatng that (he varl- 
allons n length and sequence in key posltlons in !he 
hyperv8rlable loops have been constraned to mantajn the 
canonical Structures 

In addlton to those results our prevous sludles have shown 
tlial the combnat~ons of canonlcal structures in flve oul of stx 
hypervarlable ioops determlne the anligerl type which 1s 
recognved by the anlibody (I81 Ths result indcates that the 
Conservation 01 the sequence patterns compatble w~th the 
canonlcal structure has got be an ilnportant selectve force 
not only In terms ol structural restrlctlons, but also in terms of 
the recognf~on properties of the ant~body product of the V 
genes (18.28) Accordng lo this, I: can be proposed that 
the dwerslty of the slructu~al repertolre determlned by tl>e 
csnonicsl structures has bean sublet: lo selectve piessuie 
r l  lite evoiltl!o~l of V genes If l l l~s has occurred. 11 car be 
lproposed ths: the cvo l~~ l~on  of lllr ~irllctur31 reper101rt3 I:: 
COr!r l i i tR(! wlh tlle evoI~lt(~,i 01 It113 V qcnes W1ll7 t1;e idctilll 
~ ! : ? l ~ i  .!v,?.!nhle rrg?fi,n;: : l i e  V ,  .!:I:! \:, oc  :?:,3 31) t 

possbie to buld complete phylogenetlc trees and so to prove 
the above hypothesis. 

In the present paper. in order to study the evolutlon oi the 
structural repenore of V genes of human lg, we report the 
foilow~ng analysts ( I )  An outline of the canonical structure 
model and I s  evolutionary paths are given (11) The canonlcal 
structure reoertolre is determined based on the aermlne 
gene sequences of lne human V, and V, avaliabie (ill) A 
gene tree is b u t  for each VH and V, locus, and the canonlcal 
structure class of each gene 1s assigned n the tree (IV) Tine 
phyiogenet~c rela1ionshlps arnong the genes, fam~ites and 
clans are anaiyzed n terms of the structura! repertore (v) 
The prmordal structurai repertores lor V, and V,  iocl are 
proposed 

Canonical structures and evolution of V genes 

in order to trace an evolutlonary relatlonsh~p among the 
canonical structures present at this :#me, ~t is necessary to 
analyze the common structural restrlctlons among the dltferent 
conformations and the molecular evolutlonary events requlred 
to ConveR one canonlcal structure type nto another Here we 
br~elly describe the man stiuctural determinants to7 the 
hypervarlable loops and outl~ne the molecular evolutlonary 
events (subst~tutlons, InseRlons and deletons) to transform 
one canon~cal structure into another The sequence patterns 
and number~ng scheme used here are as descrlbed by 
Chothla e l  ai (20.22.25.32) 

The flrst hypervarlable ioops of V, and V, are both P-halrpln 
arms that llnk p-strands from different sheets (19) For all the 
canonlcal structures descrlbed for these looos, the Dresence 
of a hydiophonlc restdue in posltlon 29 series as i n  anchor 
of the loop that packs agalnst a hydrophob~c pockel This s 
formed by residues 24. 27 and 34 for H I  (19). and by 
resldues 2, 32. 33 and 71 for L1 (19) The above-mentioned 
hydrophob~c residue s the mam stabil~z~ng factor of the 
conformaton Different lengths have been observed for these 
loops. but analysis of antibodies of known three-dimensional 
structure has shown that these extra resldues form a bump 
whch does not affect signiflcantly the overall conformaton of 
the loop (221 These inserttons occur between resldues 31 
and32for H I  and 30 and 31 for 1 1  The molecular evoiutlonary 
events lhat have generated these length dillererlces Could ',e 
have taken place among any otner restdues wllhin the loop 
witli the coilsequent dsrupton of the stablzng pattern The 
placement of the lnsertlon at the prevousymenttoned poslton 
nlaintalns llle key resdues for all hitman ger~nllne genes ( c l  
Table 1 )  Ths I$ a val~d observaton for rnouse as well as lor 
other vertebrate sequences (results not shown) Thts nd~cates 
that in most cases. the nsertton events ftxed during evolution 
were coristraned lo take piace only al certain pos~lorls 
apparently to mantain the canonlcal structure pattern of ihese 
13-harpn arms 

Accordng to ths for nstance, slarl8ng from type 1 of H1 
tlle ttisertion of one or lwo restdues between posillons 31 and 
32 and the corrselvatlo!:of the residue t,gpes In the 'deterr~nmng 
posforls 2.1 27 and 34 are necessary n ordel to ocnerate 
lypes ? a i d  3 respectively 

l i ?u  S C C O I : ~  Ihy[.~eri'aririblc Ioo(:s 01 V,, :?17(i V ,  ~ i r ?  nn!h 
;\-l,;.~,r;>:,; .oo;>h tll:a c<,,,,,ec, !j.Stf2,Yi?, l,31>, l!,P :;,?'~71<, <l'c-,f,: 
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.'LOCUS IS presented cluslered by laml~es W~:hn each lamy ll>e sequences are ordered following lhe physcal ocatlon 0: genes from D 
ri~ylal lo proxlma (31) 

.'Determ!ned canonical struc:ure class ~ccofd \ng 10 Table 1 iH1 and HZ) Cananlcal sliuclures were delermlned uslng the VlR package 
(33) '11' denotes unceilaln slrilcrurc Key posli08is lor canoncal slruclurcs arc labeled w11h " In the corresporidng column The gene 1-24 
has lllo lenglh and sequence pattern of lype 2 n HI ,  cxccpl Glu :n oosrtion 71 whch has no1 been observed n lhree-dmens:onal s1ruc;ures 
(221 Genes 3-15 and 3-49 have the engln and sequence oatlerns of type 4 n H2, but Gly in poslton 55 insiead 01 Tyr (19) For lhese three 
Qeiles [his makes the predict~on 01 lhe conlormaton dill!cull Type 6 01 H2 corresponds to a confarmalton for hatrptn loops oi length two as 
deltnod by Cholhta el a1 (19) 

(19) The varlatlon boih n length and residues is strongly s~gnlllcant variation has been observed (14,191 The maln 
resfrc led for L2 (19 25) One canonical structure has been deteimbnants of  the caniarmatlon of thls loop are !he length 
de l r led  for this loop (19) A1 present, almost all h iman  and 2nd !he presence of  resdues Ilia1 can 3dopt specla d~t iebral  
mollsc sequences reporled are c o m p ~ r b l e  i v l h  lhls slruclurf angles in p o s l o ~ i s  5.r or 55 Slruclnral (19) and sequi inre 
1.'?5.27.?8) In human V, gerrnline genes all sequeilces prrsci l i  (30) 3n3Iyjes l>d>cate lhal the i l ser l~ons take place tx?lween 
:IT <:ano~?lcs; s~::clult> sequeccc ps!%,eri? For 10, i-,oc;cvr~ pclsilorls 52 ;in(! j3 !or ;ill hu:iidrl ( c I  Table 1) :nowt? <llld 
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other specles sequences (results not shown) Thus, for this 
b o p  as vreii as for H1, Insertton events were flxed only when 
they occurred between resldues 52 and 53 in almost all lg 

To transform one canonical structure nto another, the 
insertion or deleton of oneor more readues between positions 
52 and 53. and substitutions in pOS!tlOns 54. 55 and 71 are 
requ~red 

The thiid hypewanable ioop of V, is a P-halrpln ioop that 
links P-stands from the same sheet (19) The analysis of 
this loop IS more complex than the others because the 
recombination events benhieen V, and J, rnlght alter the 
length and sequence of the loop An analysts of rearranged 
human sequences shows that -10-15% of the sequences 
result in a modlfbed iength of L3 (25.35) Ccnsider~ng this, we 
wlll analyze the canonlcal structures by assuming that the 
jolning process will not alter the length of the loop. The maln 
determinants for these conformations are the oresence of Pio 
~n position 94 or 95, which imposes special cbnstraints to the 
loop structure. and the presence of Gin, HIS or Asn in oosit~on 
91 forming a hydrogen bond network, which stabilizes the 
conformation o i  the loop (19). For almost all the germl~ne 
gene sequences for both human and mouse, but not for the 
other vertebrates (results not shown), Pro 1s conserved at 
position 95 and Gln, His or Asn appears at posltlon 91 

For example. startlng from type 1. whch 1s the most common 
canon~cal structure of human and mouse lg (20). type 2 can 
be generated through substitutlons that change the piacement 
of Pro from positlon 95 to 94 (cf Table 2) 

For all loops in general, it 1s conciuded that key residues 
have been preserved and the piacement of insertionsldele- 
lions has been strongly restr~cted In order to avoid disrupting 
the whole stabilizing sequence panern As mentioned belore. 
this has occurred for lg genes in most vertebrates. 

Results 

Ev~IuOon of VH genes and the slructural repertorre 

The physlcal map and sequences of the complete VH locus 
In humans are now known (31) in Table 1 we present an 
allgnrnent of all the funct~onal germline genes ol V,. The 
canonical structure classes as deflned by Chothta eta/. (22) 
are deteirnined for each gene and reported n the second 
column in Tabie 1 (see Table 1 footnote lor details). 

To analyze the evolutonary relationships between genes 
and gene families, we built a gene tree based on the amlno 
acld translations of the 51 functional geimllne genes of V, 
(Table 1). The evolut~onary relationships among genes were 
analyzed cons~derlng the canonlcal structure class encoded 
by each gene. The phylogenetlc tree was built uslng the 
dlstance matrlx method (Protdlst program) and apply~ng 
F~tch's method lo i  tree construction available in the Phvl~p 
package (37) An addtlonai tree was bullt uslng the nelgh'bii 
method glvlng ldentcal topoio~y to it (results not shown) In 
order to avo~dthe influence of iength differences in hypervar- 
able loops on the tree topology the reglons wilh nsert~onsl 
deletons (postiorls 31a and b for H i ,  and 523, b and c for 
HZ) were not considered lor the analyss In Fig I, a gene 
lree lor the V,, locus s presented n the form of s phenogrom 
wllh lengths of branches p'ol)ort,onsI to the :n~:~nbe: 01 dllcr- 

ences among groups The canonical structure class encoded 
by the gene is iepolted adjacent to each one 

V, gene families and the structural repertoire In the tree 
introduced in Fig 1, seven weli-estabilshed famllles for thls 
locus (31) are observed and labeled (see the Flg 1 captlon) 
The relevant information of Fig 1 IS summarlzed in Tabie 3 
In Tabie 3, the classes they encode, the clan they belong to 
and the number of functional genes are reported for each 
famlly Based on th~s information, the evolution of the structural 
dlverslty of the locus 5s analyzed 

As we can see in FIQ 1 and Table 3, the VH3 famy  1s the 
princ~pal contributor to the diversity of the structural repertoire 
supplying tour dliferent classes. This family encodes 1-X form 
classes, where X runs from type 6 (the shortest one) to type 
4 (the longest one described) (22). This means that the 
evolutionary diversif~cation has only taken place in H2 In 
Ftg 2(a), the three-dtmens~onal structures of VH domalns of 
ant~bodles wlth the suwerimoosed classes 1-1. 1-3 and 1-4 
are presented (38). A1 ;resent, the three-dimensional structure 
of antibodies wlth class 1-6 has not been reported. As can 
be seen from Fig 2(a), a great dlverslty in the shape of the 
blnding slte can be generated by ditterent types of H2. 

VH1 and VH4 families encode for two and three classes 
respectlveiy The famlly VH1 encodes for structure types 2 
and 3 for H2 These two types lmply the same length. 
but differences are present at posit~on 71 wh~ch alter the 
conioimation of the loop (22). In Fig. 2(b), V, domalns of 
antlbodies with classes 1-2 and 1-3 are shown. As can be  
seen, the shape of the bnding site IS not altered s~gnificantly 
by the change from type 2 to type 3 in HZ Consequently it 
IS concluded that VH1 has developed a very homogeneous 
structural repertoire through evolution. On the contrary, the 
VH4 famy  encodes for three classes that present a type 
variation in H1 (X-1 general form) The VH4 family IS the only 
one that encodes for type 2 In H I  Loops with types 2 and 3 
are one or two resldues longer than type 1 respectively (20) 
In Flg. 2(c). VH domains of antlbodies with classes 1-1, 2-1 
and 3-1 are superimposed. Types 2 and 3 in H1 mod~fy 
cons~derablv the qeneral shape of the blndnq slte when 
compared vith class 1-1 Accordlng to thls in terms of quantity 
and quality of the classes. V H ~  contributes to the antibody 
repertofre to a greater extent than V,1 

Wlthln the small famil~es, VH2 and VH6 are other fam~lies. In 
addlton to V,4, that encode for classes of different tvoe to 1 . , 
in H I  (cf.   able 3). Both familes encode for one class each 
The V H ~  famllv presents class 3-1 whch is also encoded bv 
the ~ i 4  famli; The VH6 fam~ly encodes for class 3-5 whlch 
Seems to be a variation ol 3 - 1  These observat~ons ~ndicate 
a reiatonshlp trom the structurai po~nt 01 view among the 
famil~es V,,2. VH4 and VH6 

it is worth mention~ng that class 3-5 is the only one that 
comb~nes long loops in both H1 and HZ (cf. Table 1) Classes 
1-1 and 1-6 combine short loops in H1 and HZ, whereas 
classes 1-2, 1-3. 1-4. 2-1 and 3-1 combne a short loop w~th 
a IOIIQ one Unfonunateiy, no three-d~mensana structllre of 
an antbody for class 3-5 IS avalable at present 

The smali lamles V,,5 and V,,7 bat11 present the canonical . s 

structure class 1-2 wllicll is also encoded by the V,,1 Ialnly 
The str:!Cturai repertoire c i  these :hrc-e lalnliles is very lhorno- 
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Table 2. Funct~onal germllne genes of the V, locus 

LONE' L1~L2-Llh 1 I0 20 IObcdef 40 10 60 1 0  a0 90 
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'LOCUS IS presented clustered by subgroups or famllles Within each Iamiy the sequences are ordered iollowng the physlcal locallon 01 
genes from J, dlstal to proxmal (35) 

"Determined canonca structure class according to Choiha cf a! (19) Canonca Struclures were delermned usng the VIR package (33 )  
'U' denoles uncenarn structure Key postons !or canonca slructures are labeled wlrh ' n the correspondmg column L24 has ail the leatuies 
hi lype 2 in L l ,  except ;n key pos#t#on 25, which presents Me1 !"stead 01 Als or Ser The gene A20 presenls Lys n posllon 90 #"stead Gn 
HIS or Asn The pred8ct1on 01 conformallon for lhese !oops is uncerlan Type 6 01 L3 corresponds to the conlormattan deftned by Guarne a fa l  (36)  

geneous. This structural analysls indicates a relatlonshlp 
between this groilp of famtlies 

It 1s important to menlon that the gene tree presented here 
was built without consider$ng the ~nsertionidelet~on regions 
withn the hypervarlable loops, which avolds the fact that 
lnformallon regarding loop length varlatlons affects the tree 
topology As mentioned above, loop length dlfierences are 
the maln determnant lor canonca structure type Therefore. 
the fact that the same famtly genes encode for the same or 
slmllar classes indicates a correlation between the structural 
repertore and the evoluton of genes 

In general, the evolutionary analys~s 01 the V, famles'  
structural repertolre has shown that classes are not randomly 
distrbuted w!thln fhefam~l~es Thus, f IS ~mporlant Lodetermine 
ii ltlese Common 5tructura feat~lrcs are alsocorrelaled wth !he 
eW3bllshed evolullonary relal~onsh:;, among gene lamzi~es (5) 

V, lam~ly clans and the structural repertoire. Prevous sludles 
have shown that the seven famles of the human V,., locus 
can be grouped in three ancestral clans (5.6.31) Ths clan 
organization 1s common for the mammaan V, gene tamihes 
(5.63145) These three clans can be clearly denttied as the 
three main branches labeled w!!h Roman numbers in Fig 1 
(cf F ~ Q  1 caption) This information is summarized in Table 
3 (thtrd column) 

in tile prevlous section it has been noted that there are 
some classes encoded by only one family and others whlch 
are common to varous famllles Members of the same clan 
encode for classes of slmlar structural character~stcs ( c i  
F I ~  1 and Table 3) Clan I only encodes for the 1-X form 
classes (classes 1-2 and 1.3) As prev~ously mentoned, the 
presence of these classes implies a very lhornogeneous 
structural rcper:oie (c f  Fig 2b) Clan II encodes lor X-1 lorrn 
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Dur~na the analvsis of common featu;es amona clans. ~t s 
observe2 that cla& 1-3 is encoded by clan i and i l  members. 
and that class 1-1 is common for clan ii and Ill members 
This inter-clan identlty in the structural repertoire IS interesting 
lf we consider the evolutionary distance amonp members 
of different clans, which suaaests that recombmarlon or 
convergent evolutionary event<zamong members of different 
clans-have taken place in the evolution of the iocus. 

Pr~mordial struclural repertorre of VH Based on the observed 
correlat~on between the evolution of the germl~ne genes and 
the structural repertoire it is poss~bie to propose the most 
probable ancestral classes tor each clan However, slnce it 
has been demonstrated that the clans identifled in human 
are also present in mouse and other vertebrate species 
(6.9.15.45). the proposed ancestral repertoire must be sup- 
ported by consistent results for these species. Here we 
present such cornuarative analvsis. Fiaure 3 shows the 
resulting primordial structural reperto~relr~m this analysls. The 
molecular evolutionary events necessary to inter-transform the 
classes are presented in Fig 3. 

A comparative analysis of the corresponding members of 
clan I in human, mouse and other vertebrates gives the 
following results (i) Class 1-2 1s the common ciass encoded 
by genes from human, mouse and other vertebrates (results 
not shown). (11) Class 1-2 also is the most frequently encoded 
In these specles (ill) Class 1-2 1s present in both the large 
and the m a i l  families of human, and a slmllar analysis for 
mouse gives the same result. Based on these observat~ons. 
lt can be proposed that the clan i ancestral gene codified for 
ciass 1-2 The remalnng genes lrom human VH1 diverged 
from class 1-2 through a single evolutionary event (substitution 
in position 71) to generate class 1-3 (cf. Fig 3) 

For clan 11, the comparative analysis shows the following 
(1)  Classes 1-1, 2-1 and 3-1 are Dresent in the three arouDs 
of sequences (human, mouse and vertebrates). (it)  he rndst 
frequently encoded class is 3-1 for human, whereas for mouse 
and vertebrates the most frequent one IS 1-1 Such results 
do not entitle us to certainly propose an ancestral class 
However. In the case of human, consderlng that class 3-1 is 
present in V H ~  and Vti4 farnltles, and class 3-5 from the VH6 
famlly appears as a modlflcatlon 01 the 3-1 one ( c i  Flg 1). 
we suggest class 3-1 as the ancestral class, 

The foliowng resuits were obtained for clan ill (I) Classes 
1-1. 1 -3and 1-4 are present !n human, mouse and vertebrates. 
1-6 IS character~stic of human (11) Class 1-3 is the most 
frequently encoded in the three groups of sequences These 
results snows a h ~ g h  consistency in the evoluaon of the 
stlucturai repertoire for th~s clan for ail verlebrates Th~s allows 
US to propose wtth hlgh confidence that the ancestral class 
for this clan was 1-3 

The prevlous analysts suggests an outl~ne lor the early 
structural repertolre that encoded the three primordral V, 
genes fespons~ble for the generatton of the three clans found 
Th~s pr!mord!at reperlotre is outlmed b r i  Ftg 3 li is proposed 
lhat ancestral genes in clans I .  ll and Ill encoded for classes 
1-2, 3-1 and 1-3 respectively ( c i  the three main branches n 
F q  3) DL,? 10 the nesrncs:; III tile Si?Qu2nce p.lttGr~, betwcc~, 

types 2and3 in HZ (cf above), we propose that the primordiai 
genesin clans I and Ill havea common ancestry. The evout~on 
from the prlmordial class to the present class IS lndlcated 
wlth arrows in Fig 3 The legend to Fig 3 defines the 
moiecular evolutlonary events involved In each process. It is 
worth mentioning tnat in all cases, the present ciasses can 
be obtained by applying a reduced number of molecuiar 
evolutlonary events to the ancestry class 

Evofution V, genes and the structural repertoire 

Here, in the same manner as for Vn, we analyze the V, 
structural repertolre evolution through building a gene tree 
wlth functional V genes ( c i  Table 2) and assigning the gene 
canonical structures tn the tree (cf Fig 4). In the analysis, 
the type that occurs in L2 is not taken into cons~deratlon since 
all genes present the type 1 canonical structure ( c i  second 
coumnofTabie4). Consequently, thisloopdoes not contr~bute 
to the iocus structural diversity The tree construction methodo- 
IOQV IS the same as the one used for VW. The insertion 
segments In L1 of V, sequences (positions 3'02-30f) were not 
consldered in the construction ol the tree. The relevant 
information of the V, gene tree is summarized in Table 4. The 
encoded classes, the clan to which they belong to and the 
size of each family is reported in second, thlrd and fourth 
columns in Table 4 respect~vely 

V, gene families and the structural repertoire. At present and 
to our knowledge, no systematic evolutionary studies of the 
compete human V,iocus have been published in an extensive 
article (46). Only comparative studies between human and 
mouse V, germllne genes have been reported (47) The seven 
gene fam~lies-usually termed subgroups-in whlch the V, 
germline genes can be grouped have been well established 
(25.30) The gene tree of functional V, germline genes is 
shown In Fia 4. The seven V" fam!lies in the built tree are 
cleariy observed and labeled i c t  FIQ 4 caption) Members 
of OnlV SIX out of these seven familes have been observed 
In reairanged sequences and are consldered as funct~onal 
germifne genes (25) The B1 gene is the single member of 
V,7 famy and has never been observed in rearranged gene 
sequences. Consequently, it is not consldered functional (25) 
We have Included th~s  gene in the analysls because is 
representative of another family and, as shown iater. 11 
encodes lor a unique canonical structure class, 

For V,, the lam~ly thal contr~butes the most to the structurai 
repertoire dlversjty is V,3 wlth three canon~cai structure 
classes Th~s family is the only one that encodes for classes 
with d~fferent canonical structures in both L1 and L3 (classes ,. F 

2-1. 2-6 and 6-1) Also, th!sfamlly 1s the only one that encodes 
for class 6.1. In L 1  type 6 has one more resldue than type 2 
between pos!tlons 30 and 31 (20), and consequentl;that 
m~ght alter the shape of the binding site Types 1 and 6, in 
L 3  present the same V gene length, though type 6 lacks Pro 
in posltion 95 which 1s a determnant for the type 1 canoncal 
structure (19) V, domains with classes 2-1 and 6-1 are shown 
\n Fig 5(a) lg siructures wlth class 2-6 are not available at 
present in ihe Prote~n Data Bank The dllference of types in 
L l  prod~ces Some modlftcations n the shape of the bndng  
site However. th~s is rnot as major a dlllerence as those 
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Fig. 3. Proposed evolutionary relatonshps among canonlcal slructure classes ot VH tam~les The three V, clans are labeled wth Roman 
numbers The proposed canoncat structure class for the ancestral gene tor each clan is in bold in parentheses, the classes that have 
appeared through the evoutlon oi tha structural repertoire are underlned in parentheses For each tamlly the present structural repertore s 
ndcated The upper case bald letters behnd the arrows indcate the transtormat~on~ (molecular evolutonary events) to conveil the ancestral 
class Into the present Class The legend presents the molecular evolutonary events. Three categories at events are proposed and are 
represented by letters. ( 8 )  S, substtuton, the position in whlch the mutaton must take place is indcated and examples of the amino ac~ds are 
gven ( I )  I inserton of residues n speclfic poston, e.Q n the transformat8on rue '0' the event 2 means an nsertion of two resldues between 
poStlOnS 52 and 53. ( 1 1 )  D, deleton of resdues at speclfic DOStOnS, e g n the transformaton rule C' the event D2 means a deleton of two 
resdues belween resldues 31 and 32 

observed when short loop genes are compared to long loop 
ones in L l  (see below) 

The other large famllles (V,1 and V,2) encode for two 
canonlcal structure classes each Almost all genes in the 
largest V,1 Iamlly encode for class 2-1 except for class 2-6 
as the only varlatlon in thls lamlly (the gene L12 presents a 
subst~tulion of Pro by Ser n position 95) Thls preserved 
pattern n the evolution of the largest V, family (19 functtonal 
genes) contrasts with the case of the largesl V, family (V,3 
wllh 22 functional genes) which presents a dlverse structural 
reperloire ( c l  Tables 3 and 4) The encoded classes by V,1 
are also present in famllles V,3. V,5 and V,6 Thls simclartty 
n the stiuctural repertoire suggests that these tamlies have 
an evolutionary relationsh~p The tree topology suppons ths 
fact ( c l  Fig 4). The structural repenolre dversty in the other 
large V,2 famy is also restricted Classes 3-1 and 4-1 are 
structr~rally s!mar. The only difference between these classes 
IS one lnscrtlon n L i  (20) V, dolllains of antbod~es v41:h 

classes 3-1 and 4-1 are presented n Flg. 5(b) The dtlerence 
of one resfdue in length sllghtly alters the shape of the blndlng 
Slte However, the most relevant feature is the projectton of 
L1 towards the solvent in both classes Other fam!lies whtch 
present classes w~fh long loops in L1 are V,4 and V,7 These 
three famllles (V,2, V,4 and V,7) with very simlar structural 
repertoires do not appear close to each other in the tree 
topology, which suggests that gene converslon events have 
occurred among these fam~lies (c l  Fig. 4). 

The small V,lam$l~es encode for classes which have already 
been encoded by large lam~l~es ( c l  second and fourth 
columns in Table 4). The exceptton to the rule is the stngle 
member in lamly V,7 which as mentioned before encodes 
lor a unique class (class 5-1) However, this IS apparently a 
non-functorial gene. I e. In terms of the structural repertoire 
the Small functtonal V, famdles are redundant respect to the 
large famtles 

Ari mporialit feature of tile evoluttorl of the V, srructural 
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Fig. 4. Gene lree ior V, functtonal germlme genes All the conventons as n FIQ 1 

Table 4. Structural repertotre of V, locus 

Fam~!y Canoncal structure Clan No of functorial 
class genes 

1epe:tore is that most of thc V, struclural diversity s conlrb- 
IJIed by L1 The d,stlnct8ve lealure which d~flerent~ales !he 
canonicai structllre types in 1.1 is lha lengtll Cans,de~!!lg :hc 

types present in human V,, L l  types can be grouped as long 
(types 3. 4 and 5) and short (types 2 and 6). From thls point 
of vjew V,2, V,4 and V,7 are l a m e s  that encode for long 
loops in L l .  and V,1. V,3. V,5 and V,6 encode lor short loops 
in L l  (cf Table 4)  In Fig 5(c) the V, domain of antibodies 
with class 2-1 s presented as a representatve for classes 
wllh a shorl loop n L1 and 3-1 as a representat~ve for classes 
wlth a long loop n L1  The dlterence of the shapes generated 
by these two classes is huge These two groups 01 loops in 

L1 can be combined wllh loops of V, to form blndng sites 
w~th  fat,  pocket or mxed forms 1182852.53) 

Cons~derng the results obtained here for V, fsm~l~es. ~t 1s 
worth mentonng thal there IS an important difference betweeri 
VH and V, 13mllles In lhe sense lhat V,, genes of the same 
f a m y  encode for classes ivilh d~flereni shapes (c f  V,,3 and 
V,*l :amll.cs n Tzble 3 )  bir: lor V,, classes w l i l~ r l  t3o i a r~ l l ~es  
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Fig. 5. Rlbbon representat~on of anttbody backbones with 
representat~ve V, canon~cal structure classes. The V, domans are 
superimposed by the framework according lo the deflnlt8ons of 
Cholhla and Lesk (19). The framework is in orange for all the 
ant~bodles, the hypervarlable loops are colored to mark d~tferent 
canonical structure classes (a) Comparison among class 6-1 [green, 
lFlG (4811 and class 2-1 [red, llGM (4911 (b) Cornparlson among 
class 3 ~ 1  [red. ZMCP (5011 and class 4-1 [green. 4FAB. (4111 (cj 
Cornparson among class 3-1 [red, t MCP (51)) and class 2-1 [green. 
lBAF  (4111 

are very simllar The large V 2  and V,3 families are the only 
Ones that have genes w~th loops different in length. but 
iength var~ations are only of one residue and do not change 

significantly the binding slte shape (cf h g  5a and b) 
Conversely, e.g. in VH, V,3 presents genes with structure 
type 6 and others with structure type 4 In H2-this signlfles 
a difference of four restdues in iength (cf Table 1). 

V, clans and the structural repertoire. The organizatlon of 
three clans observed here for V, is based on sequence 
conservation primariiy from FR1 (4) (cf Fig. 1) Unllke VH. the 
FR1 sequence for V, varles significantly more, which does 
not ailow a clear clan div~sion of this locus (46.54). It has 
been proposed, however, that based on an FR3 analysis it is 
possible to Identify two clans for V,: clan I comprising families 
V,1, V$ and V,4; and cian iI only formed by family V 2  (46). 
Both the tree wresented here (cf Fia. 41 and the one wroRosed 
by Kroemer kt  a/. (47) agree withth~s clan cluste;ng: Take 
into account that both trees are buiit conslderina the complete 
variable exon. In the tree presented here, in addition to the 
farniiles mentioned above (V,1, V,3 and Vp),  famiiies V 3 ,  
V,6 and V,7 also appear clustered in clan I 

An analysis of the cian clustering of V, in terms of the 
structural repertoire shows that cian I encodes mainly for 
classes wlth short loops at L1 (types 2 and 6). with the 
exception of the slngle member families V,4 and V,7, whlch 
encode for class 3-1. As previously mentioned, these famiiies 
present a structural repertoire slmilar to the V,2 family that 
forms another clan. It is interesting to observe that mouse 
families (Va, V,18128, V 2 1  and V22) which are evolutionary 
correspondents to the human famllles V,4 and VK7 (47) also 
encode for ciass 3-1 (results not shown). Thls fact implies 
that gene conversion events among clan i and II members of 
V, occurred before the radiation between human and mouse. 

V, primordial structurai repertoire. In order to propose the 
ancestral Structurai repertoireforV,we performed acomparat- 

c i . r 3 ) 5 5  01 1.6 C ~ ~ . c ~ - . ?  repe-?I? ~cIL.-,+~ n 1.r.x 
r-;-.j? 37: .sna .en?c'd:is 

! l e  lo :.% I:] ,es..'a aelc ,cs?-eo ic. :ar T-c n s l  . . 
frequent classencoded in human famiiies of this cian (ciass 
2-1) IS also the most common class for the correspondlng 
families in mouse and other vertebrates (results not shown) 
(li) Other canonical structure classes characterist~c of this 
clan (6-1, 2-6) also appear in the correspondlng famllles in 
mouse and other vertebrates. Based on these observations 
we propose the ancestry of clan I encoded for class 2-1 In 
F1g 6, the outllne of the ancestral repertoire is presented It 
can be observed that ciasses 6-1 and 2-6 are oniy one 
molecular evolut~onarv event awav from the ancestral class 
AS mentioned above,~classes 3-liand 5-1 from famllles V& 
and V,7 respectively are outgroup with respect to the typical 
structural repertoire of this clan, and as a consequence do 
not follow the gradual evolut~onary pattern observed n all the 
other cases. 

For clan II the results are as follows. (i) The most frequent 
class for human (4-1) IS also the most common one for the 
correswondlna famllies in mouse and other vertebrates (iil 
The other class (3-1) appears in human as well as in mouse 
and other vertebrates. Considering this, we conclude that the 
ancestry of clan II encoded for class 4-1. As can be seen in 
Fig 6 .  the evolulionary events between ciasses 4-1 and 3-1 
are a minlmum. 
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V K 1  12-1.2-61 

V K 3  12-1,2-6.6-1) 

Fig. 6. Proposed evolulaoary reatonshps among canoncal structure classes of V, Iamles All the natations as n Fig 3 

7 

Discussion 

A s5P:e r, .in, ser 

B 30-3, ,0-,00-,, 
D1 

C ,a-,o.-,ab-,oc-,od-,c~-,;~ ,o-,oi-~o~-3oc-,ad-,O"-,ni i31 

We have analyzed n the preceding sectlons the evolut~on of 
the human V, and V, structural repertolre. The d~stribut~on of 
the canonical structure classes in famllles and clans was 
proven lo be compatlbe w~th a model of a minimum number 
of changes in order to transform one class Into another The 
Only excepton lo this rue was observed n clan I of V,, where 
apparently gene conversion events have created tnler-clan 
divers~ty in the structural repertoire It is known lhat ths kind 
of mechanism has played, n additon to ve~ticai divergence. 
an lnportanl role In the evolutlon of the lg genes (1.55) For 
both o c  1t 1s possible to propose a common ancestry 
Class for each clan responsble for the generatton of a11 the 
cantcrnporar~y Classes Ihrollgh 3 Small numbe: ot 11701e~1113r 

evolutionary events. Thls indicates that the evolutlon of the 
structural repertolre has followed the prnclple of maxmum 
parsimony or minimum molecular evoutlon (56) n splte of 
the presence of mechansms of horizontal evolution such as 
gene conversion The observed pattern in the dlstrlbut~on of 
classes wlthin the famllles is apparently acheved through a 
strong seiectlve pressure in order to avoid substitut~ons and1 
or ~n~ert~onsideletions that mght destroyimodify drastically 
the canonical slructures These observations taken together 
Support the hypotiiesls proposed here that states that the 
dlversficat~on process in the evolullon of the structural reper- 
totre was subjecl to evolutonary selective pressure 

Analysts of the evolutlon of the V,, and V, structural reper- 
:olre lhas shown several common properl~es lor ttlese two 
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IOCI (I)As mentioned before, both 1oc1 present a clan structure 
that correlates with the evolution d the structural repertolre. 
711) The large famllles encode for more than one class and 
there 1s one large f amy  whlch contributes more than the 
others to the divers~ty of the structurai repertow (11,) Most of 
the small fam~lies are redundant w~th respect to the large 
families In terms of the structural repertolre (iv) There IS one 
small family for each locus (for V, the one member famlly 
V,6 and for V, the one member f a m v  V-7) thar encodes for 
a unlque class 

On the other hand, there are important differences ,n the 
evolution of the structural repertolre between VH and V, The 
VH famliies encode for ciasses that although evoluttonary 
related. generate antigen-btndlng sites w!th ddferent form (cf 
Flg 2a and c). For example, family VH3 encodes for class 1- 
4 which presents the longest loop in H2 and s~multaneouslv 
encodes for class 1-6 which presents the shortest type f i r  
this loop Conversely. the V, families encode for classes that 
generate a homogeneous structural repertolre For Instance. 
famlly V,1, the largest of V,. presents oniy classes wlth short 
loops in L1 (type 2) 

It is worth mentioning another difference between VH and 
V,. AS prev~ously mentioned. both loci presented one small 
famlly ( V H ~  and V,7) that encodes for a unque class (3-5 
and 5-1 respect~vely) However, it appears that V, does not 
use thls additional source of structural diven~ty. A recent 
Study Of usage of V, genes has revealed that gene 01 (V,7). 
whlch apparentiy does not present genetic or structural 
defects, has not expressed counterparts in the known anttbod- 
ies (25). Conversely, gene 6-1 (V,6) IS highly expressed (57) 
and 1s present in antibodles wlth a wide range of fine 
speclflcltles (58-61). Thls gene 1s the most D proxlmal seg. 
merit (31). Analysis of the sequences of hlgher prlmates 
revealed high conservation of this gene wtth a sequence 
variation of <2% between human and these species (62) 
Moreover, the canonical structure ciass characterist~c of thls 
gene (class 3-5) 1s present in lg germline genes of a wde 
range of vertebrate species (Xenopus. rainbow trout and 
rabbt) (results not shown). The present work has shown that 
thls gene 1s the only one that combines lona oovs In H I  and - ,  

HZ, and consequently is expected to generate antibodles 
w~th singular recognition properties All these results suagest . - 
an Important funct~on for this gene (1) 

An mportant question that arlses from ths observation is. 
why are these important differences present in the evolutlon 
of the VH and V, structural repertolre? 

There 1s evidence from structurai (18.63.64) and functonal 
(65.66) analysis whch lndlcates that the VH domain plays a 
more important role than VL In the recognlton mechansm of 
the la The present work has oroven that for V, both H1 and 
HZ cintrlbute to the dlverslty'Of the structural'repertoire, but 
for V,only L1 vanes. This result agrees with structurai analvss 
which has shown that H I .  H2 a n d i l  make numerous contacts 
wth the antgen, whereas L2 does not slnce it is far from the 
blnding slte (64) Tak~ng these observatlons together. ~t s 
reasonabie to expect that the V,, locus has been subiected 
to dlferent evolutonary seecfve pressures llian V, as those 
observed here Anllbodes ol tlle Vi lsolype represent 3 0 ~  
40"/' of the humari g h t  char, repertolre (67) Consequently, 
~t \vIII be  111?cessaly to 3r:aIyze :he CvOlu:~on and d~versity 

of the structural repertolre of thls locus to understand the 
differences between VH and V, presented here and to have 
the whole plcture of the evolution of the human antrbody 
structural repertore However, thls klnd of analysts is dfficull 
because the canonlcal structure repertore of the V, lsotype 
has been eluslve to classify (19.23) and, at present, the 
nuceotlde sequences of all the functonal genes of ths locus 
are not known (68) 

There is ev~dence about the b~ased exvresslon of aene 
fam~ltes, and the correiatlon of thls b~ased expression wlth 
normal and patholog~c stages of the Immune system (1.69- 
71) The proposed bass ofthls correiatlon is that members of 
the same famlly would have very smiar recogntlon propertes 
(69.72) in the present work, 11 was snown that genes with 
h~gh ~dentlty beionging to the same family can generate very 
different structural repertoires Additionally. In a prevlous 
stud" we have shown that antibodies wlth different canonlcal ~ ~~ 

structure classes possess different recognition propenies 
118) Conseauentiv, the Drooosai that 'the exDresslon of aenes 
whikh belong to ti;e same &mily wlil generate antibodie> with 
similar recognltlon propenies' must be managed cautously 

Prmordial structural repertoire 

In the present work based on the existence of a strong 
correlation between the evolutlon of the V, and V, genes and 
the structural repertoire, we have proposed an outltne of the 
primordial structural repenalre of VH and V, loci For V, 11 is 
proposed that this repertoire was composed of classes 1-2. 
1-3 and 3-1 for clans I, Ill and II respectlveiy For V,, the 
repertolre was 2-1 and 4-1 lor clans I and Ii respecllvey Ths 
proposal IS supported by the following observatlons: (i) all 
the existing classes In the clan can be generated in almost 
all cases by one insertionldeietion or substitution event from 
the ancestral ciass. consequently these ancestral ciasses are 
to the 'mld' distance by molecular evolutionary events between 
the present classes, (li) the ancestral class is the most 
numerous of the clan, and (ili) the ancestral structural reper- 
totre resulttng from a comparative analysls in mouse and 
other vertebrates is the same as that found n human 

A deta~led analysis snows that the primordial V, structurai 
repertobre was formed by two classes combining short loops 
in H I  and H2 (1-2 and 1-3), and by a class that combines 
the largest loop of H I  wlth the shortest of HZ (3-1) (cf. Table 
1 and Fig. 3). As previously shown. classes 1-2 and 1-3 
revresent onv small varatons of the same structural motlf 
( c i  Flg 2b) ~ecause  Only one subst~tution is necessary in 
postlon 71 to convert type 2 Into 3 in HZ. 11 !s probable that 
classes 1-2 and 1-3 arlse from a common ancestral gene 
On the other hand, the primord!al V, structurai repertorre was 
composed by class 4-1 (clan !I), w h ~ h  comblnes a large 
loop in L1 wlth a short loop in L3, and by class 2-1 (clan I), 
whch comb~nes shorl loops in L1 and 13 (cf  Table 2 and 
Fjg 6) Thus, an outline constder~ng the loop length of the 
pr~mordial V, and V, structural repertolre wll Involve two 
k~nds of classes for each locus Short-short 'S-S (1-213 for 
V ,  and 2-1 for V,) and long-short 'L-S (3-1 tor Vb, and 4 -1  
lor V,) 

Recently, we have proposed the concept of potentla1 slruc~ 
tural reperto~re of antyen-bndtny sttes (281 Thls is defined , , 
as tile V,, V l  canoncai struclure classes thar can be formed 
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structural repertoire described here could b e  present in the 
primordial reperloire that was present in the early stages of 
evolutlon of the vertebrate Immune system 
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Abstract-Although human and murlne anubod~cr arc slmtlar when considering Lhe~r d~vcrs~ficai~on 
strategaes. they differ in the oroportlon by whrch wand /. type chams arc present in ihelr receptive V,. 
repertoires. 11 has been shown that t h ~ s  dlffeiencc lmpl~es n drvergencc in the structural ieprrtorre of 
rhc r and i genes of thesc rpecles. Nonrtheless. the d!ifmrmcer in V,, have not been systemat~cnlly 
studied. In thlr paper a. syrrcmatlc chaiilctenration of the V, structur.+i icperlolrr of mice i s  made. - SO that a comparison wlth rhc V, srructural rcpcrtolre of humans. dercribrd in detail rlrcwhers. could 
be propcrly accomplirhed. Our study shows the structural rrpcrtolre of mice to bc dom~natcd by 
canonical structure class 1-2 (-60%). whllc in humans the dominant onc is  class 1-3 (-40%) 
Analyslr of the evolutionary ralauonsh!pr between human and mlce suggest that thn divergcnsc may 
havc a functional meanlng The impl~cal~onr of such findings are dtscurscd Z? 1997 Elscvlci Sclence 
Ltd. All righis reserved 
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I N T R O U U C T l O h  

The antlgcn-bind>ng site of antibodres consists of six hyp- 
crvanablc loops; three from V, and three from V, 
dcnored H I ,  H2. H 3  a n d  L1. L2. L3 respectively ( W u  
and Kabat .  1970: Kaba t  and Wu. 1971. Poljilk e l  r r l .  
1973). Although there i s  great scqucnce variability in 
lhesc regions (Wu a n d  Kabat.  1970: Kabilt and Wu. 
1971). t t  has  bccnshown thatexcepting H3. thc remaining 
five hypcrvariable loops have  one  o1.a small sst of  main- 
cham conformations o r  canonlcirl structurcs (Chothia and 
Lrsk. 1987; Chothia  er 0 1 .  1989) Uased on that fact. 11 
has been found lhal from [he Iota1 number of  possthlc 
comhlnvtions o f  canonlcill structurcs only a few possl- 
billties d o  cnist in the known itntlbody scqucnces, namcd 
rtructurnl repcrtoin: (Chothla e l  "1.. 1992; Tomllnson er 
01.. 1995; Vargas-Madiazo er 01.. 199% Vargas-Madrazo 
er 01.. 1995b; Almagro el 01.. 1996) Furthermore. i t  has 
bccn suggested that the antigcn-bindang sltc shapes 
allowed by the structural rcperlolre corrclilte w ~ r h  the 
kind ofantrgcn rhc ~ n t l b o d y  interdcts with (Vargas-Mad- 

- -. - - 
:Author lo whom :>I1 corrcspondcncc should bc addrcsscd. 
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r a ro  ei 01,. 1995a; Lara-Ochoa ei 0 1 .  1996) Taken to- 
gether. thcse findings provide cvidence concernmg Alruc- 
tural rcstrictlons a t  work in the process of  antlgen rcc- 
ogn,tion. 

Geneticslly, thc  structural repertoires o l  human and 
murine antibodies are gcnerared in il s~mi la r  fashloit 
(Wciil a n d  Rcynaud. 1996): L I .  L2 and moal of L3 arc 
cncoded in thc V, gene srgrncnts ( n a n d  i. lype), while HI  
and HZ are encoded in the V, gcne scgmenrs (Tonegawu. 
1983). In spilc of thts similartty. 11 has been noticcd thal 
the corrcspondlng rcpertorics of  humans and mlcc dlH'cr 
I"  lhc relative pronorrion by whtch n and i type chalns 
arc orerent In V , .  In humans. roulrhlv 60"h of  the V. .. , 
repertnarc I, i r)p-  140 func11~~n;l \'; germ-8nc <e-cr 
\crs>s 31!!'~n~113ni~l \'. ~e :n~- l~r tcgcncs ,KIc .~ ,  c., J I  . '9.1.; 
Toml:nror\ r.r . I / . .  1593. W1::.ams c,! oi. 1096,: Ir nu;:. 
lype prrpunderates,  bclng as much as  95% (Hood et 0 1 .  
1967) Such divergence tmpllcs dlKcrencrs in the struc- 
tural repertoxre of  humans  and  murlnc V. and V. germ- 
line genes (Williams er 01.. 1996, Almngro er 01.. 1998) 
and ,  consequently, dificrcnccs in the initial strucritriii 
restricr~ons operating to  recognize d~Kercnt  types ol'antz- 
gens. 

Although diffcrcnccs in V,, arc lcsscvidcnt, recent stud- 
ics we made  in thc rearranged V, sequences of' mlcc 
indicate that the combmation of  canonrcal structurcs 
mosl frequently uscd i s  lhc 1-2 class (comb>nailon 01' 
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canonical structures in H I  and  H2) (Vargas-Madrazo el 

a/, 1995a: Lara-Ochoa er a / . ,  1996). In contrast, human 
V, germ-line genes. which have been thoroughly char- 
acterlzed (Cook and Tomlinson. 1995). have shown to 
encode oredominantlv canonical structure class 1 -3  

germ-l~ne gene scgments o f  mice and  humans may encode 
different structural repertoires in V, too. 

Such difference. however, has not been properly char- 
acterized. partially because the structural repertoire of 
the mice V, germ-line genes has n o t  been systematically 
studled. A proper characterization of this subject could 
orovide inrieht and  additional ldcas t o  the theorles 

tn the repertoire of V ,  germ-line genes, they could shed 
llght on the different structural constrams a t  work when 
antigen recognition takes place in human and  mouse 
(Vargas-Madrazo cr ol., 1995a). In  addition, such a 
charactertzat~on might prove useful a s  a criterion to 
choose human V, genes for hurnamzation of murine 
antibodies (Poul and  Lefranc. 1995). 

i n  this paper we compiled the in fomat ion  published 
on V, gene germ-line segments of mlce to characterize 
lhelr structural repertore. Comparison with its humiln 
counteroart corroborates the differences found in 

response are discussed. 

MATERIAL AND METHODS 

The germ-/;,re v,, gcnc segrneni.7 of mice 

Wc cornpllcd all of the Muz musclrlus V, gene segments 

and immed~atcly discarded 42 of them because 07 bclng 
duplicates (different accession numbers but ,dentical 
entries) o r  not comprrslng one or  both hypervanable 
loops (sec wch sltc http://www ibt.unam mx/-olmagro 
for a full dcscr>prion of the scqucncca) 

O f  thc remanning 253 V,, gene scgmcnts. home were 
tdrntical at nuclcotidc level. so we consldercd them to 
be the same V,, gcnc segment because current avallahlc 
information does not allow to distingussh rf thrso 
scqucnccs arc reccnt c o p ~ c s  o f  a particular V, gene scg- 
mcnt in [hc micc genome or  if thcy have been scquenccd 
morc than once. - Therc wcrc also prescnt. pairs of scqucnces wlth one 
or two nuclcotidediffcrenccs (99 6% and 99.2% tdentilies 
rcspcctlvely). Thosc sequrnccs having silcnr mutations 
(100% ~ d c n t ~ c a l  at amino acid Icvcl) were also considered 
lo bc the r ;me gene scgmcnt. Thls is so bccausc they 
,night bc ;illelcs in diffcrcnt xrtdivxdusls or  in difTcrcnt 
1r:iins o f  mouse. Sequences in whlch the nucleotidc 

GRO cr ul. 

d~fference resulted in replacements (different ammo a c ~ d  
sequences) were considered as distinct VH gene segments. 
Although thls mlght seem very conservative. we relied on 
11 bccausc there is no  cstablished criterion t o  dcfine allclcs 
based only on the analysis of nucleotide identltres. Thus, 
we preferred t o  include in the analysis all those sequences 
dltTering by a t  least one amino acid in order to a v o ~ d  
underestimating the avarlable informatton. 

A unique exception was made with those gencs belong- 
ing t o  the S107 (V,7) family which has  been well char- 
acterized in two strains of mice. BALBIc (Crews cr al.. 
1981) and  C57BLIlO (Perimutter ef 01. .  1985). In this 
family we have taken into account only the alleles of 
BALBlc (the most r e ~ r e s e n t e d  strain wrthin the com- .~ . 
p:llrtton: see below,, i n  ipltc <,f those Tram (:i7BI. 10 
u h:;id~CfCr by more :hnn uneatnlno nc:cl u hcn comp:ared 
u l th  the BA1.R c .r.qucnccs. In this u a y .  u e  nsrt:g;J '.., 
Rnally gather 185 sequcnccs as  represenratwe of the mxcc 
Vii IDCUS, 

Clersificafion of rhe known V,  gene segments in genefern- 
,lies 

V, gene segments in mice have been classified in IS 
families bared o n  Southcrn blol hybridization and sequ- 
encing (Brodeur and Riblet. 1984, KoRer er a / . .  1992. 
Mainville er 01.. 1996). Each family 1s represented by a 
prototype member defining the name of the famkly 
(Kofler el a/ . ,  1992, Malnville rr 01.. 1996). V, sequences 
within families share an  identity of a t  least 80%. whereas 
among those belonging t o  diffcrcnt families the ldcntlty 
1s at most 75% (Brodcur and  Riblet. 1984). Fol low~ng 
thesccrlteria we clustered the 185 Squences finally gath- 
ered into the 15 established V,, families. In  the case of the 
VH14 family, in which some mcmbcrs are greater than 
80% idcnticsl to sequcnccs belonging to thc V,l Ihmtly. 
the assignment was made following the criterta cstab- 
lished by Tutter and  coworkers (1991) 

The resulrant sequence alignment, as organized by 
familics. 1s given in Fig. I and can be retrreved from 
web sitc http:I/www.~bt.unam.mx/-almsgro W ~ r h t n  V. 
fam~llcs. the sequences are sorted according to the 
decrcas~ng order o r  slmilaritirs thcy have with respect lo  
prototype members. 

Derernrinorion of/uncrinnal V,,  gene sqrl,no,r.s 

From the 185 V,, gene segments depicted in Flg. I .  
47 wcre reported as pscudogenes in dalrhascs o r  in thc 
literature (see status column of Fig. I ) .  This led us  to 
assume they had serious genetic defects and. so. were 
not taken into account lo  determine the mtce V, gcnc 
scgnlcnts funct~onal  rcpertoxre Tho remiilnsng 138 V,, 
genesegments reported asgcrm-ltncgencsand potcnt!ally 
funct~onal  were cxamlned to scr what would thrrr ro triuu 
enprcsslon bc. VN gcne scgmcnts not erprcsscd zn ivi;o 

rn~ght  have deiccts wlihln rhc coding rcgion h~ndcrlng 
the formatxon of 3 ~ t n h l c  three-dimensional V,, dnnialr 
Olhcrw~se.  they may have r n ~ n o r  grnctlc dcf'ccts o u t ~ d c  
~ h c c o d i n g  rcylon. I'orcxilmplc in splicing .;llc\. rcgulaiory 
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V, r a ~ d u u  belieen 6 and C'domains (~hoih ia rr 01 .  1988). 1: H I  and 2: H 2  definition (Chothia and Lesk. 1987) (8) Residue numkirng as i n  Chothia and Lesk (1987). ( x )  V, famliy dnd 
prototype requences. (6) Name, clone or wquence a r c s  number in Gcnbank, or name oithe sequence i n  the lhterature. Superscripts in the name of  the sequence indicate the stran oithe 
origln of each of rhe wquencer as follows a. C57BLi6: b: BALB/c: c. C57BLi61, d. Al l ,  e MRL/MpJ-LPRILPK; i MRL-LPRILPR: g. BALBicJ, h- NFSIN: I- RALBib,j. BALB K. k 
hfRLIMP-lpr;lpr. i- MRLllpr, m CS7BLj6 x BALBlc Only reriduu which dii,erge with respect to the pratotypewquencesofthefamily arc rcprewnr~d (c) Name (in the Kabat's Dabbase) 
of the c lomi  Y, rearranged gene and nurnkr of  ammo acid d~lTerences between this and the genn-hne gene (4) F stands for sequences with a relrranged counterpart (functional). NF 
Non-iunct~onal sequence due to not having a rearranged counterpart. Superscript "S.D " means structural defects. lh~s underl~ned in the sequence. PS. Pseudogene lnsertlons or dclet~onr 
that produce fiamesh~frchangcr in rheam~noacjd syuencc weicellrn~nated to obtain the most correct immunoglobul~n-like sequences Aesihet~cs w~thin the sequencesmcansa stopcodon 
Numbers at rhe right mosi pan rcpreseni ihc code of  each sequence in R g  3 The multiple sequences alignment and all the calculdttons therein presented were made by using the VIR 

packagc (Aimagro er 0 1 .  1995) 
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elements o r  r c c o m b ~ n a t ~ ~ n  signals (Tomllnson rr a/., 
1992) 

In  L.IL.O expression o f  the V, gene segments was per- 
formed by asstgning their acid sequences to  their closest 
rearranged functional V, sequence in a database of  627 
V, a m m o  acid sequences compiled f rom the  Kabat 's 
Database on-line service (Kaba t  el  01.. 1991; see web site 
hr1p:i:immuno bme.nwu.edu). We chose the V, 
rcarraneed seauencen havine a reoorted soec~fic>tv. ~n 

as available on  rcquesr t o  the authors  
I t  rs worth mentioning that thc criterion for  choosing 

the V, rearranged sequences. as those having a reportcd 
spccificxty may bias the assemble of rearranged sequences 
due to researchers' interests. However. inspection of the 
627 sequences indicates 137 different specificities there 
included. Moreover, many  of the sequences reported as 
po~scssing the same specificity probably correspond to 
an t~bod les  rlicxied agaznst different epltopes, particularly 
1" the case of  large antigens like proteins. This  increases 
the actual amount  ofdiffcrent speclficitles. Therefore, rhe 
database of  V, rearranged sequences would be 
suffictentlv heteroeeneous ro detect mosr of  the funcrloniii 

dues werc derived early f rom the ana!ys!s of the V, and 
V, d o m a n s  of  thc  seven antibodies of known threc- 
d~mrns lona l  structure (Chothia and Lesk. 1987: Chothla 
e l o i . .  1988). However. the pattern dcpcndr to  some extent 
on thc  number o f  srructurcs a n a l y ~ e d .  Currently, thcre 
exmt atornsc structures of more than 50 an l~bodics  with 
diiTerenr amino  ac>d scqucnws. thun aiiowlng t o  update 
rhc pattcrn In addltlon we dccldrd. to  furthcr ~rnprovc 
updatcng. to  add thc 627 V, amlno actd sequences com- 
plied from the Kabar's Database. This was donc sup- 
postng that thcsc sequences. havcng a reportcd spcc~fic~ty.  
arc  functional and sllould havc no structural del~ccts. T h e  
pattern i s  rurnrnanzcd in Tablc I 

Uriernir,iariun of lhc co r iun i~u i  rrructurrr  ,n H I  and HZ 

In srrrlctirral tcrms. HI  has hccn dcfincd a s  thc hyp- 
ervarlvblc loop beglnniny at position 26 and finislung at  
posrnon 32 (sce  head of  Fig I) Three diffcren~ r u e s  have 
bcen idcnlitied foi thrs loop canonlcill structures type I 
(seven residues). typc 2 (eight rrsldues) and typc 3 ( n l n c  
rcsiducs) ( C h o t h ~ n  and Lcsk. 1987. Chothta er n i .  1989: 
Ch0thlil rr ,,I.. 19911 

O n  thc othcr hand. HZ is dclined from a structur.tl 
point o l  v>cw as the hypervariablc loop runnlny from 
poslt!on 52 to posltlon 56 (Chothl:, and Lcsk. 1987: Cho- 
rb!il rr a/. 1989) Currently, five diffcrcnt .;izcs Ilavc hrcn 
round (Chor i , !~  ri 0 1 .  1992: T r a l n o n t ~ ~ n o  ri 01.. 1990) 
LlrIy work.; ;las>gncd c;,nonlcdl srructi~r;ll type I lo tlic 
sl>ol-tc>t loop (5  rebiduch), t l x  ncnt  length ( 6  re\>ducs) to 

Table I Clarr~ficat~on and rcpertolre of the mlce V, Sene se6~ 
rnenfr 

V,, Grnr Prototype Number of V,, erne scgrnenlr -- 
farnlly' membci* Estlrnated' Found" 

. - -- 

V M ~  Sl07 2 4  4 
Vw8 3609 7-8 8 
V,,9 GAM3-8 5-7 10 
V,IO MRL-DNA4 2- 5 I 
V,I I CP3 1 -6 - 

V,,l2 CH27 I I 
V,13 3609N I 
V,,14 SM7 3-4 7 
V,,IS V,, 15a 2-3 - 
Total 12s1073 185 

,'V, gene famihcs defincd for mlce V,I to V,,14 (Koller  e i  01. 
1992) and V,,l5 (Mainvlllc el oi . 1996). 

*Nameof thc prototype rcquence oreach Family 
'Number of srauencer estimated bv Southern blot hvbnd- ~ ~~ -~ 

lratlon and seausncine Vlr famllics 1-14 (KoRci rr 0 1 .  1992) .. 
and V,lS (Mnlnvllle o 01.. 1996) 

dNu,nbcr of V,, germ-line gcncs and V,, pscullogcnes found > n  
our  comp~larion (see Ftg I )  

rypes 2 and 3 (these types share  the samc length bul diffcr 
~n rhelr conformut~on) .  a n d  typc 4 was xdenttfied wlth the 
longe\t loop (8 res~dues).  Reccntly. two othcr sizes for 
HZ havc bcen disttnguished in the  functional V,, gcne 
scgments of humans. onc h a v ~ n g  7 rcsidnch (betuccn (he 
sirc o f  rypes 213 a n d  typc 4) and n.lincd lypc 5 (Chol!>la 
ei oi.. 1992). and another one shorier than lypc 1 (4  
reslducs) named typc 6 [ I  M .  Toml~naon .  pcrronal com- 
rnu111c3tton] 

T h e  pAttrrns of restdues dctcrmin~nf  the dilkrcnl 
canonlcill structures for HI  and HZ have bccn dcscr>bcd 
in dctail by Chothia er 01 (1992) Starting iron? thlr 
putrern. we defincd u ncw onc (Fig 2) Thts new puttcrn 
tncludcs thc recent analysls of Barre 0 ,  ni. (1 004) ~n \ h . ~ r k  
V,, sequences, ac well as our  own ilnaly\ls of' rcccnlly 
solvcd V,, X-ray structure\ (underlined cimino dcxds In 
Pxg. 2). For  cxample. in HZ. Valine (v)  was iiddeil 4 1  

posllmn 71 i n  the pattern of' typc 2 bcc:lusc t.ah RI-5 
(Tormo r,r a/. 1992) hiks this rcs~due  Thls rcsiduc wnh 
not previously cons~dcred in the p:>llcrns (Chorhi,t .n>d 
Lcsk. 1987: Chothia e, 01.  1989: Chothlil c, a/. 19921 
.md rlocs not rnodtfy thc HZ conformdlioi, [ t l l c  r rns o l  

the SF5 in HZ when cornpal-cd wllh NC4I .  .I p ~ 0 1 0 1 y ~ c  
of142 typc 2 (Chothiil p i  a/. 1989). 1s 0 3 0  A). 



V, structural rcpertolres of mice and humans 

Fig. 2. Amino acid pattern for rhc canonical structure classer as defined as the rimuitaneour comblnairon of canonical structures 
in a given sequence (Chothla rt 01.. 1992) The amino acid residues are shown in one letter code. X mcans any renduc L'ndcrllned 

rcsldues are r h o s  diffrnng with respect to the original pattcrn (see Material and Msthods for details) 

RESULTS 

The known V,, germ-line gene segments of mice 

Although the exact number of gene segments in the 
entire mice V, gem- l ine  gcne repertoire is currently 
unknown, the complexity of most individual V, Cdmilies 
has been established within a narrow ranse for several 

~~ 

rvralrls of  the m o u w  ~Kor lc r  er nl.. I',Y?). Only the rlze ol  
~ h c  1:xrg;jt f3mmly (V,.:) tr conlru\~crnal ,  vir)tag f r o m  60 
Brodsur  3r.d Klblc:. 1984) to - 1000 ntenbera ( L t v ~ n t  
cr 0 1 .  1986). Several lines of evidence suggcst, however, 
that the size of the V,+ 1 famlly is closer t o  60 than t o  1000 
(Kofler er a/.. 1992). 

Based o n  the esttmated complcx~ty o f  the individual 
V,, families of mice, we first established how rep- 
rcsentative our  compilation of mice V,, gene segments 
really was (Table 2). In  most V, families thc cstimated 
number o f  genes and  the amount  wc found arc in good 
agreement. We compiled 120 V,, gene segments in the 
VHI family (Fig. I). supporting the proposition that the 
size of thxs familv i a  indecd closer to 60 mcmberc than it ~ ~ ~ ~ ~~~~. .~~ ~ 

1s to 1000 (Kofler el  01.. 1992). In other 9 V, families 
( V H ~ .  V H ~ .  Vbr4. VH5. Vw7. VH8. V"9. VrqIO and V ~ 1 2 )  
thc established quantities of VH gene scgments are  also 
sim~lllr to those wc round (scc Table 2). suggesting thcse 
9 V, famtlien to be well represented in our  compilation. 

F o u r  V,, families (V,,6, V,,11, V,,13 and VH15) showed 
discrcpnnc!es whcn the estrmated and found complexity 
were cornparcd (rcr Tablc 2). In thc V,6 family, less 
scgmcnts than cxpcctcd were assigned. For  the V,,l I .  

V,13 and  V,I5 families, no  V, gene segments were 
found. Nonethelcss. these families have one o r  only a few 
members (Tablc 2) and therefore their contribution to 
the whole mice V, germ-line gene repertoire should be 
minimal. 

The funcrional VN germ-line gene scgmrnls ofrn~ce 

Analysis of the expression in uivo o f  the 138 V,, gene 
segments reported as gcrm-lint genes and  potentially 
functional, suggests that only 72 of them are functional 
(Fig. 3) Of thc 66 V, gene segments not  expressed in 
uiuo. and  therefore defined as  non-funct~onal.  13 prescnt 
structural defects when those resadues responsible for the 
structural conserved featurcs o f  V, domains are analyzcd 
(see Table i and  the status column of Fig. I). F o r  exam- 
ple. 3 sequcnccs within the V,1 famlly (VH145/Clcgc, 
C19c and C15c; scc Flg. I )  possess Serine (s) ~ns tead  o f  
Cysteine (c) a t  position 22. These sequences are  unable 
to establish the disulfide bridge that stabihzes the stan- 
dard fold of V, domains (Amzcl and  Poljak, 1979; Cho- 
thia and  Lcsk. 1987). 

In  the remaining 53 sequences not  showing structural 
defects, i t  was difficult t o  dcfinc why they had not any 
counterpart in the V,, rearranged sequcnccs. Hence, we 
can only infer that they havc minor genetic defects outsidc 
the codine region. This hvoothesis however. could not ~ ~ - - , . . ~ 

bc properly scrutlnizcd because informauon outside the 
coding region is not reportcd in many sequences. In such 
way we cannot discard the possibility o f  some of thcse 
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Tilble 2. Patccrn or rssidusr dctsrrnir~lng thc s~rus~ural  fcarurcs 
of the V-lg-fold' 

Inira-domain posltionr 
~ p - ~  ~ .~ ~ 

P o ~ ~ f t o n  Reszdurs burled bctwcen thc S-sheets 

L M V P F S H  
Q E N P R  
G A V M T L  I E K C  
L V A  I M R K Q  
L I M  V  
C 
G A S T V P F D  I  
V L  1 M  A  F W  
W 

R K V  I M N Q S 7  
L  V L W  R M  F  S  
G A S D T V  
G A V  I M F L S  
A L F Y V T I C S  
L M F I S T V  
L  I M V F S  
G A S T V  
Y  F H N  
C 

Rcsiducs in turns 
I5 G S K E N  
42 G D E H A K Y Q R S T W  
66 R K A E H Q T  
67 V F T S L  I A G  
8 2c V L M A P I T  
86 D E S  

Intrr-domarnr positions 
Between variable domains 

V I F M A L  
Q H E K L P R  

Betwcen V ,  and C,, domains 
I I L V I S F P T  

'Rcsxducr diflerlng wlrh rcspcm to thc orlglnal pattern 
descnbcd by Choth~a ri ui. (1988) are undcriined In ltvllc 
chore rcslduo idcnt~ficd in the 627 rearranged xqucncer. 

V,, genes actually bczng functional even though n o  
rearrangcd counterpart was found. This is s o  heclusc thc 
database of rcarranged sequcnces was budt chosen those 
iequenccr havlng a reported specrhclty to avoid non- 
productive rcarrangcments. in spite of thc lact that thls 
would lnrroduce some bras due t o  the icscarchcr's inter- 
csls 1-lowevcr, thc samplc of rearrangcd scquenccs would 
bc su i f ic~cnt l~  llcterogeneous (see Matcrlal and Methods 
sectcon) to lead lo the conclusion that. if fomc of thc V, ,  
gencs dclincd as non-functional arc indecd functional. 
they should bc cnccpt~onal.  

srructurol repertoire ofJunclionoi V ,  germ-lirre gene 
rh.gmmts 

In Flg. 4 the canonical structure classcs implicit in the 
72 defined as functional V, germ-line genes of mice are 
shown. Seventy-one of thcm prcscnt patterns compatible 
with some canonical structure in H I .  In H2. three 
sequences d o  not have a proper pattern to  fit any of the 
canonical structure known t o  exist. 

Analysis of the ~tructural  repertoire lndrcates that mice 
encode 6 canonical structures classes. Class I 2 is rhc 
most frequent (64%). followed by class 1-3 (17%) and 
class 1-1 (7%). Classes 1-4, 3 1 and 2-1 are very poorly 
represented in the sequences (3%. 3% and 1%. respec- 
tivelv). . . 

Interestingly. thc structural repertoire of mice i s  not 
randomly distributed among the V, families. Almost all 
sequcnces within a family encode the same canonical 
structure class (F ig  4). Therefore, their structural rep- 
ertoire is family-spec~fic, suggesting it to  be preserved 
despite actual diversification of  the V, gene segments. 

Comparison between rhe srrucrurol repertoire ojmice and 
humans 

T o  compare the structural repertoire o f  mlce and 
humans, those canomcal structurc classes implicit in the 
51 functional V, germ-line genes o fhumans  are deplcted 
In Fig. 5. Differently from mice, humans encode 8 canoni- 
cal structure classes (Fig. 6). Canonical structure classes 
3-5 and 1-6 implicit in human ECquences were nor found 
in the functional V, mice gem-l ine genes. 

Canonical structure class 3-5 is encoded by germ-llne 
6-01iDP74: the only gene segmenr def in~ng  the human 
V,6 family (see Fig. 5) .  I n  mice, neither the sequcnccs 
n o r  thcpseudogenescompiled in Fig. 1 possess the proper 
size to fit canonical structure 5 in HZ. In3pection of the 
627 functional rearranged V, mice sequcncrs indicates 
this s l u  not to  be present either. Therefore. it is unlikcly 
that mice germ-line gcnes possess thls class. 

In thecase ofcanonical structurc class 1 - 6 .  one doubly 
sequenced prcudogene of mice (V31)VMU-3.1; Flg. I )  
has 4 residues a t  the HZ loop which is the srze cor- 
responding to  canonical structure type 6.  Because thls 
size is found in 5 functronal rearranged V, sequences 
[PY54. P Y 2  (Ruff-Jamson rr a/ . ,  1991): 8 H 3  (Mukhrrjce 
el  01.. 1993) 246B.4g. 2 4 5 F . 6 ~  (Limpanaslthlkul er nl.. 
1995). it would be responstblc to  expect that rhis pscudo- 
gcnc has its functional counterpart in some mouse o r  in 
certain stranns of mouse. Altcrnat~vely, the pseudogene 
encoding this loop size might had given the segmcnt com- 
prising HZ to  somc functional gene segment by somatlc 
gcne conversion (Wcill and Reynaud, 1996). s o  gcn- 
crating thc rearrangcd sequences presenting this canoni- 
cal structurc class. 

D~ffrrenccs between the ctructural repertoare o f  
humans and mlce are also found in the proportion by 
whlch these species encode classcs 2-1 and 3 - 1  (Fbg 6 )  
Class 2-1 iscncoded only by one gcne segment bclonglng 
to  thc mlce V,3 family whtlst clilrr 3-1 is cncoded by two 
scqucnccs: thosc belonging to  the V,,8 fjtnlly (sec Fig 4 )  
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W e  segment cade (Sce antvr column of Figvrs 1) 

Fig. 3. Usage of V, germ-lme gene srgrnonrs of  mlce 

FIE. 4. Srrucrvrvl repertoire of  thc functional V,, germ-line gcnc Scgmcnfc of micc. (a) V,CSC. Canonical slructurc olclnr,cs of 
v, ": mcans chat the loop does not fir thc canonical rtruclure pattern. Those rcsrducs rcrponrible for the rnisrnarch arc underlrncd 
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H1 HZ VHCSC 

Fig. 5 .  Sriucrural reperloire of the functional V, gcrm-llnc gene segments of humans. V.CSC: Canonical structure classes of V,. 
'): mcanr that the loop doer not fit the cxnonlcal structure patrern. Those residues rcsponr~ble of the mismatch are underlined 

1-1 1-2 1-1 i 4  1 4  2-1 1-1 1-5 7.1 1-7 

Canonicd ntrvnurs slamco 
FIG 6 Compnrlnon of the V,, rtrucrural reDertolrc in mice and humans. 

In humans, c a n o n ~ c s l  structure class 2-1 is encoded by ' 1-3 have rnvcrted proportions in humans and mxce (Fig. 
three genc segments. while class 3 -  1 is lmplictt in 9 6). Thc  most common class in m l u  (1-2. -64%) has 
scquenccs: 6 from the V,4 Family (half the  sequences a lowcr frequcncy in humans  (-14O/"). Convcrscly. in 
hrlonglng to  this V,, Wrnlly) and 3 from thc V,3 family humans the  most frcqucnt one is 1-3 ( -  39%). whsch has  
(SCC FIB 5) .  a relatively low frequency in mlce (- 17%). Among  thosc 

Besldcs the dln'crcnccs d c s c r l k d  above. classcs I -  2 and found. rhls contrast is the most noticcable because it 



V,, ~Iructural repertoire ;s of mtce and humans I21 1 

r $ o l \ e \ . ~ ~ ~ g h i )  trn~t'llrv~rrtnctural r ~ ~ e r i o ~ r c o f i ~ t i i c a n d  
th.)m*n, \:ucc the hc: : !~~n V,, losds hzr beer, compl;lcl! 
A;lcrrnl:l<d (Cook and 'I~on,llnson, IYYSJ, rhc >cope 01' 

this astounding difference depends o n  how complete and 
precise o u r  compilation o f  the functional V, gene seg- 
ments of mice turns out  to he. Nonetheless, several obser- 
vations support the validity o f  the difference found. 

First, a s  previously stated, the structural repertoire o f  
mice 5s family-specific So, d u e  to the fact that  the largest 
family (V,I) cncodes canon~ca l  structure class 1-2 (see 
Fig. 4), thc structural repertoire of mice should rematn 
dominated by t h ~ s  class. although we might have over- 
catlmilted the number o f  functional gene segments in 
thls Family. Second. the amount  of expected and found 
sequences in chose V, families encoding for class 1-3 are  
similar (see Table 2). Therefore. the estimation of the 
contrlburion of class 1-3 t o  the structural repertoire of 
mice should be correct. Third, in families where no  gene 
segments were found (V,, 11. V,13 and  V, 15) only the 
representatlvc scqucnce of the V,,1 I family encodes class 
1-3 (see Ftg. I )  and  this family has from one t o  six 
members (see Table 2). Thus, the contribution of this 
famtly to the proportion of class 1-3 in the structural 
repertolre of mlce should he marginal. Finally, withln 
those other 1-amrlies in which n o  genc segments were 
found (V,,13 and V,IS families), their representative 
members encode classes 1 4  and  2-2 (V, 13 and V-15 . .. 
I . l n l . l c . s .  reipecll\cl)j .  thcrcftnrc. the) a0 not conrrlbute 

h I a :  of I I - 2  d 1 3 ..\ltogethcr. 
Ihcr: obierr ,dum, andicsrc 111.1t. W ~ C L I  knowledge of the 
mice V, repertoire is completed, the d~fference between 
humans and mice regarding classes 1-2 and  1-3 might 
change quantitatively but  not  qualitatively. 

DISCUSSION 

In the precedtng sectlons we have shown that humans 
and mlcc encode inverted proportions of canonical struc- 
ture classes 1-2 and 1 3 in their V, gcrm-line genes. From 
a srructural point of view. canonical structurc classes I -  
2 and I -3 dlffer ar thc canonical structure o f  HZ. The  
canorncal structurcs 2 and  3 are the only two hyp- 
crvanvble loops that. having the same size (Fig. 2). dis- 
play different c o n f o m a u o n s  (Chothia and Lesk. 1987; 
Chothlil el a/ . .  1989). However. rhis changc does not  
c o n r r ~ b u r e  so much ro thc variations of the anlrgcn-bind- 
~ n g  slrc shapc (Vargas-Madrazo cr 01.. 199%). Thus. the 
d~H'crence found may be forrultous. LC.. irrclevilnt for 
the mcchi%n~sm of the Immune response or. altcrnat~vely. 
such structural divcrgcncc may have s function.al mcan- 
1"s. 

From an evolurlonary pcrspective. V, gent  segments 
of inmcc and  humans have heen classified in three main 
groups or clans (Schrocdcr el a / . .  1990: Turter er a / .  
1991. Klrkham ei :I.. 1992). These clans represent rhree 
progenitor elcmcnls whose dcrccndants havc cocnistcd in 
llic vcrtcbratc gcnorne for 200 millions years (Anderson 
and Mxtsiin:rgx. 1095) o r  more (Ow and  Ncx, 1994). 
bclbrc thu dlvergcncc of lrirmanb and micc took place - 7 0  rriilllon ycars ago. Expnnsron and d~vcrgencc from 

those three clans havc generated the currently known 15 
V, mice families and  the 7 V, human families (Schroedcr 
er a/. ,  1990: Kirkham er a/. .  1992). Clans and famillrs 
have preserved distinctive structural features. such a s  the 
framework I ( F R I )  and  framework 3 (FR3) structures. 
throughout evolution. Structural preservation of these 
portions has been explained in terms of the essential roles 
they play in antibody function (Schroeder er a/. ,  1990; 
Kirkham er a/. 1992). 

In contrast with the structurally conserved F R I  and 
FR3. rt has been proposed that the hypervariable loop, 
being directly implied in the specific recognition o f  a 
wide variety of anrigens. have been the target of strong 
env~ronmental diversifying pressures in the course of 
evolution (Perlmutter ef 01.. 1985; Schroeder er a/. ,  1990: 
Kirkham rt a/., 1992; Sims er a / . ,  1992, Litman el oi, 

1993). However,asalready mentioned, thestructural rep- 
ertoire of mice is family-spec~fic (Fig. 4). which ~mpltes 
restr~ctions to the random divers~fication of the hyp- 
ervariable loops conformations (canonical structures) 
and  their combinattons within the same V, segment 
(canonical structure classes). Although less prominent. 
human repertolre follows this same family-specific fea- 
ture (Fig. 5). Morcovcr. inspection o f  the structural rep- 
ertoire of humans and mice. a s  classified by clans, shows 
that canonical structures are also clan-specific (Table 3). 
Therefore. oreservation of the structural re~ertoire .  even . . 
across species. strongly suggests restrictions operating t o  
counteract the random diversificat~on of the hyp- 
ervariable loop structure. 

A more deta~led analysis o f  the evolutionary relation- 
ships of the V, repertoire of mice and  humans reveals 
that the largest family in mice (V,l) belongs to clan I 
whilc the largcst one in humans (V,3) belongs t o  clan 111 
(Schroeder rr ol.. 1990; Kirham er a/. ,  1992). T h e  fact 
that the largest families in thew respective species havc 
developed from different ancestral elements suggests that 
the V, gcne segments of human and  mice have followed 
different evolutionary pathways. Interestingly, this diver- 
gence correlates well with the difference found in tho 
structural repertoirc. T h a t  IS, thc V,,I family of mtce 
encodes canomcal structurc 1-2 (scc Fig. 4). while [he 
V,3 family of humans mainly encodcs class 1-3 (see Flg 
5). Therefore, this cor re la l~on , jo~nt ly  w ~ t h  the suggestlo" 
that some mechanism preserves the structural repertore. 
supports the proposition rhat the found differences have 
a functional meaning. 

A po~sibility t o  explain the different development of 
the structural repcrtoirc of mice and  humans relies on the 
indircct or  direct intcract~on of classes 1-2 and  1-3 w>th 
bacterial o r  self-antigens named supcrantigens (Zouilll. 
1995). In humans. for example. the protein A of S l p h . v -  
/ococcusaurcuz is highly swcific t o  the V,3 family (Sasso 
er 01.. 1989; Sasso ef a/., 1991). Thls spec~f ic~ ty  is probably 
due  t o  a dtrcct contact hctwccn the superantlgen molcculc 
and the V,,3 family-conserved F R 3  regton ofantibodics 
(Sarno er 01. .  1989. Sasso er a/ . .  1991) In rtrucrural terms. 
rcslduc 71 w ~ t h i n  the FR3 scgnxcnt is thc major dctcr- 
mlningfactor o f t h e c o n f o r r n a t ~ o ~ ~  ofcanonical structurcs 
2 and 3 in HZ (Trarnontano cr ul.. 1990). Tha t  ~mpllch a 
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Table 3. Comprnson of the V, structural repertoire between 
human and rmcc as classified by clans. 

Mice Humans 

Frcqucncy Frequency 
Clan' V,CSC (%) V.CSC 
.. . . 

("A) 

1 1-2' 94.1 1-2 50.0 
1 -7 3.9 1 -? 7.1 
1-1 2.0 1-1 - 
1-3 - 1-3 42 9 

11 1-1 bO.0 1-1 13.3 
3 1  20.0 >I 60.0 
2 1 10.0 2- 1 20.0 
.>- 1 I00 7- 1 - 

'Clan 1 includcs the human V,,1 and V,,5 families. and mice 
V u l .  Vu9 andV-14 famllicr. Clan 11 isdefined by the human 
V,,2.V,,4andV,,6f-am~lier,andthcm~ccV,2,V,3,V,8and 
V,12 families. Clan 111 conrlsfs of fhc human V,3 Famtly 
and the mice V,,4, V,,S, V,,7. V,,10 familler (Schroedcr el 
01. 1990). 11 should be noted that the V,14 family of mlcc 
was described after the classificat~on of Schrordei rr "1. 
(1990). However. their members are very rtmllar to the V,I 
family (>80%)and rhus i t  is easy toassign thcm to ihcclan 
1 

'Thc rpectfic canonical strvcturcclasscs forcachclanareshown 
in bold 

close relationship between the HZ conformation and the 
FR3 region which indirectly may account for differences 
~n classes I 2 and 1 3 A moredlrect interact~onofclasscs 
I 2 and 1 3 with superantigens might also be conceived. 
Since H2 is adjacent to FR3 in the three-dlmcnsional 
structurc. thcsc rcgionsjolntly conform a continuous area 
exposed to solvent. Therefore. the shape of this area 
would change depending on the conformation of HZ, 
whlch is in turn de~emined  by position 71 in FR3. In 
lhar way, cononical structures 2 and 3 in HZ together 
with the FR3 strucrurc might bc recognized d~rectly by 
dlffercnt supernntxgens Since ruperant~gens arc family 
spcciiic and might he imporrant wrthin the immune 
response (Zouair. 1995). they would account for the 
dtflerent conservation and dcvclopmcnr of the specific 
\rrucrural repertoires of mtce and humans 

A sccond explanation for the ongin of the differences 
bctwecn the structural rcpcrtoirc of mice and humans, 11s 
dcvclopment and prescrvatlon once cstablishcd, is that 
those gcncs havxng canonical structurc classes 1 2 and I- 
3 possess dificrcnt'regulatory roles in thelr respective 
spccics To support thm. nr is worth noting that the most 
ir~qucntly C X ~ ~ C S J C ~  S C ~ U C ~ I C ~  in the human repeitoirc is 
gctm-line 3-23 (also callcd VF126. DP47. V,,30pI and 
V,,I82) (Stcwarl cr a/ . .  1992; Schwartz and Slollar. 1994). 

The 3-23 V, gene segment belongs to the V,3 family and 
possesses canonical structure class 1-3 (Fig. 4). Several 
lines of evidence suggest that over-expression of this gene 
segment and its idiotype (Id 1616) 8s associated with 
important physiological r o l c ~  (Stewart el 01.. 1992). In 
mice, frequent usage of the V, gene segment HI0 (VHIO 
in Fig. I) has been reported (Schiffer a/.,  1988). so maklng 
an equivalent example of the human gem-line 3-23. The 
HI0 gene has cononical structure class 1 2 (Fig. 4) and, 
although being assigned to the V,,14 famlly, it shares 
more than 80% nucleotide identities with sequences 
belonging to the V,l family: This gene is uscd in rcsponse 
to different antigens (Schiffer 01.. 1988) and, in its g e m -  
line configuration, 11 is used in anti-GAT anobodies as 
well as in the GAT idiotypic cascade (Schiffer a/.,  1988). 
That suggests a regulatory function for thrs gcne segment 
within the Immune response of mse,  e.g., a role to play 
in the idiotyplc network (Schiff er 01.. 1986). Thus, the 
development of the V,3 family in humans, particularly 
those members hav~ng canonical structure class 1-3. and 
the development of the VH1 family as well as the closely 
related V,14 family in mice (which encodes class 1-2) 
would he associated to regulatory roles these V,, families 
(and classes) have had in the immune response of their 
respective species. 

Finally, a thirdargument 1s theone related tostructural 
divergence of human and murine V, and V, gem-line 
genes on the one hand (Williams el ol., 1996; Almagro 
el a/.. 1997). and the differences of human and munne 
repertoLre of D gene segmenm on the other (Wu er 01.. 
1993). It has been suggested that different V, impose 
restrictions to the use of some V, gene segments or VH 
families (Yurovky and Kelsoe, 1993). That ~ndicates 
addioonal pressures acting on the divergence of V,, rep- 
ertoire in humans and mice Furthermore, it has been 
shown that thc lcngth of H3 is significantly longer in 
human than In murine antibodies (Wu er a/.. 1993). whlch 
has been related with the different lengths present in the 
repertoire of D gene segrncnts (Wu el a/.,  1993). S~nce a 
long H3 interact dircctly with HI and HZ (Chothia rr 01.. 
1987). this ditfercnce may also have given shape to the 
currently known repertoires of different human and 
murinc V, genes. Of course. these restrictions d o  nor 
exclude any of the other two reasons, i.e., regularory 
pressures andlor specific interaction wrth other molecules 
(like superantigens). which could perfectly happen to be 
complcmcntary. 

In summary, wc have shown that the diffcrencc 
between the structural repertoire of V, germ-ltne genes 
of mice and humans mav have a functional rnennlnc. - 
Although such dikrence docs not influence the antigen- 
bindtng site shape strongly and, thus, cannot be dircctly 
related wrth the xnitial structural restrictions opcrating to 
recognize diKercnt types oTanrlgcns, 11 may indeed bc a 
reflection of species-specific regulatory and/or strucrurai 
rcstrictlons at work to balance the random dtverslficatlon 
of the structural repcrtolre of V, gcnc segments. Thcrc- 
fore. the dificrcnce hem dercribed could be very usefui as 
a guide to choosc thc most human-compilt~ble murlnc 
antsbod>cs for human thcrapy 
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Abstract Although human and mouse antibodies are sim- 
ilar when one considers their diversification strategies. they 
differ in the extent to which kappa and lambda light chains 
are present in their respective variable light charn reper- 
toires. Whrle the lgk-V germline genes are preponderant in 
mice (95% or more), they comprise only 60% in humans. 
This may account for differences in the structural repertorre 
encoded in the Igk-V germline genes of these species. 
However, this subject has not been properly investrgated, 
partially because a systematic structural characterization of 
the mouse Igk-V germline genes has not been undenaken. 
In the present study we compiled all available information 
on mouse Igk-V germline genes to characterize their struc- 
tural repertoire. As expected, comparison with the structur- 
al repertorre of human lgk-V germline genes indicates 
differences. The most interesting is that the mouse Igk-V 
gerinline xene repertoire is more diverse in structural terms 
than its human counterpart: the mouse encodes seven 
canonical structure classes (combination of canonical struc- 
tures in Ll and L3). In contrast, the human encodes only 
four. Analys~s of the evolutionary relationships of human 
and mouse 1,qk-V gcrmline genes led us to propose that the 
differcnce rctlects a strategy of inice to compensate 1)r thc 
small lambda charn contribution to the repertoire of tlicil- 
variable Iixht chains. 

Key words Mice . Immunoglobulins . Canonical 
stroctures (yk-V - Evolution 

Introduction 

In contrast to ollicr specics sucll ;is sh;lrh. chichcn, r;rhhit. or 
shccp. the Iii~rn;~n and mlcc spccieh zcncratc thci~ ;~nt~ho(ly 

diversity in a similar fashion (Weill and Reynaud 1996). 
Prior to the antigenic challenge. these species produce a 
primary repertoire through the recombination of multiple 
germl~ne genes (Berek and Milstein 1988; Neuberger and 
M~lstein 1995. Tonegawa 1983). The varrable kappa or 
lambda light chain is produced by the recombination of the 
Igi-Vor Igk-Vand lgl-J or IgX-J germline genes, respectively 
(Tonegawa 1983). The variable heavy cham IS caused by a 
recombination of the Igli-V germlrne genes with two addl- 
tional germlrne genes, Igh-D and Igh-J (Tonegawa 1983). 
Antibodies thus generated should be capable of interacting 
with any antigen at least with a low or medrum affinity in 
the primary immune response (Berek and Milstein 1988: 
Neuberger and Milstein 1995). Upon selectron by the 
antigen. the chosen human or mouse ant~bodies improve 
their affinity mainly by somatic hypermutatron during a 
secondary or tertiary immune response (Berek and Milstein 
1988: Neubergrr and Milstcin 1995: Weill and Reynaud 
1996). 

Despite the s im~lar~ty  that renders hirmanr and mice 
"equivalent" In t he~r  drvers~f~cation strategies for ant~bod- 
ies. these species posscss difkrcnt proportions of kappa and 
1;11nbda light cha~ns  in thcrr gcrmlinc gcncs. In human. 
roi~:rlily 60%. of the var~ablc light charn repcrtoirc is kappa 
[4O i'uilctional lgk-V gernilinc gcncs (Kle~ii ct al. 1993: 
Toml~nson ci ;I]. 1995) vs 30 lunctional Igl-V ger~nlinc 
gem\  ( W ~ l l ~ a n i \  ct al. l996)j. I n  iiiicc. kappa prcpondc- 
rates. heins ;I\ iniich a\ 95'%' or niorc lkwcr  than 160 
functional ( y L - I '  gcrn~linc gcncs (Zochcr ct al. 199.5); vs 
three ~uiictional lgl-\! $cr~niinc gene, (1)ildrop ct ai. 1987. 
Selhing et ; i l ,  0 Th~q  difl'crcncc may :iccount for :I 

ili\.crgc~icc 111 tI1c Iprrliliiry I C I I C ~ ~ O I I C  of hi1111;rii and IIIOIISC 

;intihod~c\. l-lo\vcic~. ;I hyslciilailc ;rn;rlysis h:rs not hccn 
111adc 

A w:~y to c I i ; r r c t c r ~  i l i n ~  diSlcrciicc I S  LI>~'~iigli il 

c ~ ~ i ~ i p . ~ r ~ s o i i  ol thc r c p c r t ~ r ~ c  0 1  .IIIII;CII h ~ ~ i t l ~ n g  \it(: \true- 

ttires I I ~ I ~ I I I C I I  111 tlic viir~ithlc Iigl~t c,Ilirin ~ C I I ~ I I I I I C  ge t i~h ill' 
lI1li.C .l,ld l1lilll,l11\ I ~ V C I I  l l 1 0 1 l ~ l 1  ~llrl\l<lcrill~lc ~ c ~ ~ l l c l l c c  
>:lr~iihility c\l.t\ . i t  tlic : I I I I I ~ L ~  I h ~ ~ ~ l i i ~ p i t c .  (K:lh:~l . ~ l i < l  

\\:I) I [I7 I. \\ 'I) , I I I C I  h , ~ l > , : ~  l070). I I  11.1, lh<~.>i ~ I i o w ~ i  1h.1t the, 

11, . l O C , , \  , ,il,,il~lc l < , , > i , \  <I , ,  , , , > I  .l<l*l1>1 ,! l:l,g<, , l l l < l  ll!l~l,c~llct.ll~lc~ 
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number of conformations: they possess one of a small set of 
matn-chain conformations or canonical structures (Chothia 
and Lesk 1987; Chothia et al. 1989; Martin and Thornton 
1996). On the basis of this, it has recently been reported;hat 
of the total numher of possible combinations of these 
canonicill structures (denoted canonical structut-c classes) 
(Almagro ct al. 1996: Chothia et al. 1992: Lara-Ochoa ct al. 
1996; Tomlinson ct 31. 1995; Vargas-Madrazo et al. 1995) 
only a few opiions effectively cx~st .  The existence of 
canonical structure\ and canontcal structure classes implies 
rcslrictions to a free diversification of 1iyperv;iriahle loops 
arid rhcir comhinatlon withtn the a t n c  ecnc. Thcrcforc. i f  

Fig. 1 Multlplc amino acrd sequence alignment of mouse igk-V 
gcrmlinc gencs. 2Positions primarily responsible for the vanable 
im~nunoglobulin fold (V-lg-fold) conserved features (Chothia et al. 
1988) and hypervariable loop definition (Choth~a and Lesk 1987). B 
Residues buried xn the protein: T residues in turns; I inter-domain 
msldues. I Ll; 2. L2, and 3. L3 "esidue numbering as in Chothra 
and Lesk (1987) c igk-V gene famlly Wame, clone, or sequence 
access numbcr i n  GcnBank, or name of the sequcncc i n  thc 
Ittcraturc. ENarnc in rhc Kabat's Databasc of thc closest igk-V rear- 
ranged gcnc and numbcr of amino acid diffcrcnces betwcen this and 
thc ecmlinc ecnc. 'Seauencc status: F scauenccs with rearranged 

tilcrc arc s l ~ n l ~ i c ; , l l t  diffcreliccs ~ , c t w c ~ l  rllc t n  F'g 2 Thc lnulttplc scquenccr :~llgilincnt and all rhc calculatioils 
prcscnlcd il~erc~n %,en: done osing ihi. VIR p~ckage (Almagro ct ill 

~wrtoircc of liitni.tn :~rid I ~ O I I S C  : i t i !~h~~d ic~ .  tlxy iniighl 1005, 
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Table 1 Igk-V classification and germllne gene repertoire 

- e P P z P C z z 4 - * C 8 $ S  
m rn 

Gene segment code (see stahls wlumn from figurel) 

Fig. 2 Usage of Igk-V gemline genes 

become evident when their corresponding structural reper- 
toires are analyzed. 

Since the variable light chain repertoire in mice is kappa 
dominated, our analysis is mainly concerned with mouse 
Igk-V germline genes. The structural repertoire of human 
Igk-V germline genes has been described in detail by 
Tomlinson and co-workers (1995) but not the mouse. 
Thus in the first part of this paper we made a systematic 
characterization of the suuctural repertoire of mouse Zgk-V 
germline genes so that in the second part we could make a 
comparison with the structural repertoire of human Igk-V 
germline genes. Finally, results are discussed in the light of 
the evolutionary relationships of human and mouse igk-V 
genes. 

Materials and methods 

Mouse lgk-V gmnlrne genes 

In ordcr to estimate the Igk-Vrcpcnoirc in the gennl~ncs of mlcc, we 
coinpiled all of the Mus ,,,usculus Igk-V genes reported as gern~linc 
ycncs or pscudogenc sequences in GenBank and LICM. as well as in 
thc l~tcrature published up to D~.cember 1996. We found a total of 97 
I~qk-V genes and immed~atcly discarded elght of them because they 
werc fragments of sequences (scc web site lhttp.llwww.~br.unam mx/ 
nalmayro for a full description of the sequences). 

Having collected 89 uscful Igk-V gcnes. those fully identical at the 
nucieotidc level in the coding regton weic considered to be the same. 
Similarly. eqocnces with only one or two nucleotide d~ffcrenccs 
(99.6% and 99.2% ~dentities. rcspccrivciy) rcsulting l i i  sllcnr mutalionr 
(100% identical at amino acld levcl) werc considcrcd lo be the u r n c  
This was so decided bccausc they might bc allclcs in diflcrcnt 
~ndlvidu:lls or i n  different srmlns of the mourc. 

Scqucnccs i n  which the nuclcotidc diffcrcnce rc.;ultcrl lo rcpl:tcc- 
menis (dltterc~lt :!mlno :md scqucnccs) wcrc cons~dcrcd diffcrcnt 
gcnch. 111 111;81 way we fio:llly ("tlhcrcd 67 scqucnccs JS rcpnscn1:ltlve 
ol thc rn,oo\c 1.q-V loci,, 

Igk-V family complexity 

Igk-V gene famllyr Number of lgk-V Number of 1gk~V 
gemllne genes germline genes 
(estimated) (found) 

21 
23 

415 
12-13 
II 
9A 
9B 
10 
24-25 

I 
2 
8 

19-28 
38C 
RF 
22 
20b 
32' 
33/34d 
Total 

= Igk-Vgene family nomenclature according to Srrohal and co-workers 
(1989) 
b Gene family described by Shefner and co-workers (1990) 

Gene family described by D'Hoostelaere and Klinman (1990) 
d Two erouos (D'Hoosrelaere and Klinman 1990. Valiance and Caton 

Closs@cation of the known mouse lgk-V gemline genes m lgk-V 
fomilies 

On the basis of nucleotide comparisons. ,nouse I$-Vgenes have been 
classified into 19 lgk-Vfamilies: 16 defined by Strohal and co-worken 
(1989) and three more defined by Vallante and Caton (1990). Shcfner 
and co-workers (1990). and D'Hoastelarre and Kllnman (1990). 
Therefore, in order to cluster the 67 Igi-V genes we had found into 
the 19 estabhshed I g I V  families, we followed the crlterla established 
by the aforementroncd authors. The resulrlng alignment of sequences. 
organized by families, is given ~n Fig. I ;tnd c;!a bc ietr$evcd in a com- 
putcr-rcady format from web site: hllp:\\w\\,w.ib~ unarn mxlnalm:tglo. 

Of the 67 Igk-V gencs depicted in Fly. I .  i Y  lhavc hccn rcpo!tcd ;IS 

pseudogcnes in databases or in the literamre (sce status column o l  
Fry. 1). This led us to assume they had sci-iaus fenetlc dcfccts and wcrc 
not rakcn into account to dctcrminc thc funct~onal rcocrto~rc of lnousc ~~ ~ ~ 

Igk-V gcrmline gcncs. 
The remaining 49 1,qk-V gcnes reporrcd as gel.rnIine and polc~itt;tlly 

hnclionnl werc cxamlncd lo obscrvc ~hcll- cxprcwon I,, viva Till, w~.: 
done by asslgnlng llic ;!rn!no acid scqucncc of c:tch o l  thcnl lo lllcil 
closest rc:!ri;!ngcd ftlnctcon;ll 1,qk-V ~ ~ ~ L I C I I U L .  111 :i d:llah:~c 01 574 1"- 
V amino acid Yeqocnccs compilcd f ~ a m  the K:lh:rt'\ I ~ ~ ~ : I ~ : I c c  O T I - I ~ C  
scrvlcc (K;ib:lt ct :!I 1991. web silc, lhnp.lix~nrnuno lbn?c ~nwu cdu) Wc 
chose thihc 1.d-Vreananfcd scqucnces 1h:lvcn: :! lcpor1cd \ p c e ~ f ~ c ~ t ?  ti, 
:ivoid non-pioduclivc rcan.:u~fc~ncnls, while :o:ti.inici~in&! 1 1 1 ~ .  .1\\1&!11~ 

~n~c r~ t  01' I ' I > L I C I I C > ~ I ; ~  1gk.V gcncs m l y  Since tl~<>hc \ C ~ : ~ I ~ C I ~ I \  ~ n , > l  

cxl~rc \xd  l i r  ii.iro inl$ht II:R.C I ~ I I I I O I .  ;L~I,CI~C o r  \ l ~ i ~ ~ l t ! ~ . i l  L I L ' I L ~ Z I I  
lh,c,'lcr,,,~ ,I,< l,,r,,,:,l,<><, c,r ;, \l:,l>lc ~I,~~C.'I,,,,L~,,,,,>,,.~I l ' ' I < ~ ~ l 1 : ~ ~ 1 3 .  I I , ' ' ~  

wcrc, r , , n ~ ~ l c r ~ ~ ~ l  tu ~ I O I , - ~ C ~ ~ I C I I ~ ~ ! I : ~ I  (hlc>z, CI ,!I lLlt):. I < > I I I I ~ # , ~ C ~ !  %'I 



Fig. 3 Structural repertoire of 
the functional Igk-V germline 
gene segments of mice. VKSC 
Canonical suuctures classes of 
light chain lgk-Vgenes. 7 A hy- 
pervarible loop which does not f i t  
the canonical structure pattern. 
Residues responsible for mis- 
match are underlined. U Un- 
known 

H3 (0x1) 
R9 
H13 
H4 

X24/H6 
R13 
Hl 

Rl/elo7b 
R11 
k2/MMIG27 
vk4l/mopc41 
L6 

A ~ ~ / A J ~ / I ~ ( c R ) / B ~ P ~ -  
PERU1 
-2 
A J ~ / B I P ~ - ~ - ~  
167/24 
Vk2 4 
24B 
V-lA/K5.1/K5.1 
V-IB 

V-~C/VIAS/K~AS 
18.1/K18.1 
70/3 
70/1 
GLvkSO 
V-serc 

SK/CamRK 
PBRA/Ei 
Vk34B 

al. 1995). The database with the 574 lgk-V amino acld sequences 1s 

available from the authors on request 

Cl~ar~~cienzoi io ,~  of the co~ionrcul siruciurcs in LI ond U 

The patterns of residues deterrninlng the dificrent canon~cal structures 
foi L I  and L3 have been describut to detail (Chathia and Lesk 1987. 
Chathla et nl 1989: Tomiinson ct al. 1995). and hJue recently been 
rcv~ewcd by Mnnin and Thornton (1996). This informallon is summa- 
rized at web site. Antibody Structure-funct~on (http: //www.biochem - 
ucl.ac.uW-manid~ntibod~cs html:Chothia.dat.auto). Us~ng these pat- 
terns. we analyzed thc functional Igk-Vgcrznline genci of mloc. It milst 
be noted that L2 was not considcrcd i n  the analysis bccllusc 11 h:is olily 
one canonical confor~nation acid ducs not influcncc thc structiirnl 
vztriability in ant~bodics. 

Results 

- . 
V SSQSLVHS-NGWL F Q 
V SSQSIVHS-NGWL F Q 

SSQSLBNS-NGWL P Q 
V SSQSLWS-DGKTYL P Q 
V SSQSLLYS-NGKTYL F Q 
I SSQSLLNSRNQKNYL F N 
I ASQSVS------NDV F Q 
I ASQSVS------NBY F Q 
I ASQSVS------NDV F Q 
I ASEHIN------SWL Y 

L3 

333333 

95 
_ . _ _ !  

NNBDP 
SNBDP 
SIBDP 
SRELP 
SWEIP 
SRKVP 
S K W P  
SNSWP 
WSSNP 
RSSYP 
WSSNP 
W S Y P  
WNYPL 
FTSSP 
YSQYP 
WSGYP 
WSGYP 
PWSTP 
YASSP 
YDEFP 

GNTLP 
GSTLP 
YSKLP 
YSKLP 
LVBYP 
MLERP 
NLELP 
STHVP 
GTHVP 
GSHVP 
VTKVP 
GTHPP 
GTKPP 
DYSYP 
DYSSP 
HYSSP 
HYTTP 

V CSC 
k 

exist (Cory et al. 1981; Kofler et al. 1992; Zeelon et al. 
1981; Zocher et al. 1995). Early proposals ranged from 90- 
320 (Cory et al. 1981) up to 2000 (Zeelon et al. 1981). 
However, on the basis of restriction fragment length poly- 
morphism (RFLP) criteria, as well as on current established 
knowledge about Igk-V gerrnl~ne gene sequences and ex- 
pressed Igk-V sequences, it has been estimated that the 
entire lgk-V germline repertorre rnay not much exceed 160 
(Kofler et al. 1992). Recently, cloning experiments have 
facilttated the proposal that the final number of gi!nes in the 
mouse lgk-V locus is notably smaller than 160 (Zocher et al. 
1995). In agrcc~lrent with this, we found 89 Igk-V gcrmlinc 
genes. of which 67 turned out to hc unique (Fig. I). 

In Tablc 1 a comparison bctwcen the established number 
of IRX-V gcncs wtthin thc irldividual Igk-V Pam111cs and 
those we found is shown. Such a comparison indicates that 
nine 1i.L-V gcnc Pxnilics (21 .  23. 12-13. 9H. 10. 1 ,  2. 19- 
2,s. and .?.?-.id) arc wcll rcprc\cnlcd in o u r  compilation. 
Ilowcvcl-. ill scvcn 1,qX-V kttlrilres (1/5, 11. 9A. 24-35. 8. 32. 
20)  t i c  l'ot~nd icwcr 1i.L-V :cnc\ than e \ ~ i m a ~ e d  (sce 
'l':~l>lc I I, I b r  111c .?A'(', /<I': slnd 22 gcric f:!tr!tItcs. 110 1,yk-Lj 
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Fig. 4 Structural repertoire of LI ~3 
the functional human Igk-V 
germline gene segments. VrCSC, 
Cananlcal structures classes of 
light chain lgk-V genes. ?. A 
hypeivarible loop which does not 
fit the canonical structure pattern. 
Residues responsible for mis- 
match are underlined 

BlllllllllllllB B 33333 

2 25 3 0  3 3  7 1  90 9 5  

. ' . . . . !abcdef.. . . ! . . . I  

I ASQSISS------YL P Q SYSTP 
IASQSISS------YL P Q SYSTP 
I ASQDISN------YL P Q YDNLP 
I ASQDISN------YL P Q YDNLP 
I ASQGISN------YL P K YNSAP 
1 ASQGIRN------DL P Q HNSYP 
I ARQGISN------YL P Q HNSYP 
I ASQGISN------YL P Q YNSYP 
I ARQGISS------a P Q YNSYP 
I ASQGISS------a P Q PNSYP 
I ASQGISS------AI P Q PNSYP 
I ASQGISS------WL F Q ANSPP 
I ASQGISS------WL F Q ANSFP 

I ASQGISS------YL P Q WSYP 

I ASQGISS------YL Y Q YYSTP 

I ASQGISS------YL P Q YYSYP 

I flSQGIss------YL P Q YYSpP 
I ASQGIRN------DL P Q DYNYP 
1 ASOSISS------WL B 0 YNSYS 

V SSQSLWS-DGWL 
I SSQSLLHS-DGYTYL 
I SSQSLLHS-DGKTTL 
I SSQSLLHS-NGYWL 
I SSQSLLHS-NGYNYL 
I SSQSLVHS-DGNTYL 
I ASQSVSSS-----YL 
I ASQSVSSS-----YL 
I ASQSVSS------NL 
I ASQSVSS------NL 
I ASQSVSS------YI 
I ASQGVSS------YL 
I ASQSVSSS-----YL 
I SSQSVLYSS-L 
T ASQDIDD------DN 
I ASQSICS------SL 
I ASQSICS------SL 
V ASEGICN------YL 

GTHWP 
GTHLP 
SIQLP 
ALQTP 

W T P  
ATQPP 
YOSSP 

YGSSP 
YNNWP 
YNNWP 
RSNWe 
xsm- 
DYNLP 
YYSTP 
HDNPP 
SSSLP 
SSSLP 
GNKHP 

genes were detected and consequently these families re- 
mained empty. But they contain very few members and in 
some cases, as in the 38C gene family, the sequences 
belonging to these lgk-V families might represent highly 
mutated genes from other families (Strohal et al. 1989). 
Therefore, we considered that they made only a marzinal 
contribution to the diversity of the entire Igk-Vrepertoire. 

T /~e f i~~c t ionu l  mouse Igk-V gcrmlinc genes and their 
rtructural rcperruire 

Analysis of the expression in vivo of the 49 Igk-V genes 
rcponcd as  Igk-V germlrne (see status column of the Fig. 1 )  
suggests that 42 of thcm are functional (Frg. 2). Within the 
seven l ~ k - V  genes not expressed in vivo, and thcreforc 
dcfincd as non-functional, four arc sccn to posscs structural 
dcfccls whcn coi~lparcd with antibodies of known thrcc- 
d~nhcnsional strucfurc (data not shown]. 'rlhc rcn~ainint_ 
1h1-cc 1,qk-I' gcncs were considcicd to lhavc ininor gci~ctic 
(lrfccis nrld ivcl-c n o t  :111:1ly/cd iurihcr 



Fig. 6 Evolutionary relationship 
between human and mouse Igk-V 
germline genes. The evolutionary 
tree is based on the nucleot~de 
similarities of mouse and human 
Igk-V germl~ne genes shown in 
Figs. 3 and 4, respectively Mouse 
and human genes are distin- 
guished by an "m" or 'h" before 
the name of each gene. After the 
name, separated by a slash, is the 
canonical structure class encoded 
in each igk-V germline gene. 
Being a human pseudogene, BI is 
not included in Fig. 4 and was 
added to the analysis for com- 
pleteness. The BI sequence was 
obtained from V-base (web slte: 
http:iIwww.mrc-cpe.cam.ac.uk). 
The tree was obtained with the 
CLUSTALW program (Thomp- 
son et al. 1994) 
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Of the 42 functional mice Igk-Vgemline genes, 39 have 
patterns compatible with some canonical structure in L1 
(Fig. 3). In L3, all sequences present canonical structures, 
with the exception of three Igk-V genes (34A, 34B, and 
3 4 0  for which this loop has not been sequenced (Valiante 
and Caton 1990) and could not be assigned any structure at 
all. 

Inspection of the structural repertoire of the mouse Igk-V 
germline genes (Fig. 3) indicates that the mouse encodes 
seven canonical structure classes. Classes 2-1 and 4-1 are 
the most frequent (31% and 19%, respectively) followed by 
classes 5-1 and 1-1 (17% and 10%. respectively). Classes 
6-1, 3-1, and 1-2 are poorly represented in the mouse Igk- 
V germline genes (5%, 2%, and 2%, respectively). 

Comparison between the structural repertoires implicit in 
mouse and human Igk-V gemline genes 

To compare the mouse and human structural repertoires, the 
canonical structures classes implicit in the 40 functional 
human Igk-V germline genes are depicted in Fig. 4. In 
contrast to mice, the entire repertoire of human Igk-V 
gemline genes encodes only four canonical structure 
classes. Canonical structure classes 5-1, 1-1, and 1-2 
implicit in the functional Igk-V germline genes of mice 
were found not to have a human counterpan 

In addition, differences exist in the degree to which 
these species encode class 2-1 (Fig. 5). This class is 
encoded in mice by 13 of 42 genes (-30%). while in 
humans it is encoded by 23 of 40 genes (-60%). As can 
be seen, in humans just one class contributes -60% of the 
structural repertoire, whereas in mice this class contributes 
-30%. Classes 4-1 (19%), 5-1 (17%,), and 1-1 (10%) play 
an important role in the mouse, but the last two classes are 
not present in humans. Thus, the structural repertoire in 
mice is not only more diverse than in humans, it is also 
more heterogeneous in the sense of being less skewed or 
biased towards a particular class. 

Discussion 

Because the mice variable light chain repertoire is essen- 
tially, composed of kappa, while in humans the kappa chain 
is only -60%. in the preceding section we comparcd the 
structural repertoires of mouse and human Igk-V gerlnline 
genes. Results indicated that in structural terms mouse is 
more diverse than human. That suggests an evolutionary 
strategy of micc to compensate for the small lambda chain 
contributioli in its repcrtoirc of variable lrght chains. To 
cxpcdite furthcr exaliiination of this suggestion, in Fig. 6 a 
phylogcnetic trcc rclating the I@-V gcr~iiline gcncs of 
humans and  rnicc is shown. 

Trcc topology is similar to tliat proposcd by Krocmcr 
:ln(i co-workcrs (1991). who classified humall :ind moos? 
1:;X.V gcnc, lnio groups of I~qk-1' i:lrnil~cs or clans (Roman 
I ~ L I I I ~ C I . : ~ ~ ~  i n  11ic figi~rc). T h ~ r  ~l;issifisniioii rcprc.;cnts ilic 

common ancestral human and mouse lgk-V germline genes 
or Igk-Vgene families (Kroemer et al. 1991). As is evident 
from the tree, the structural repertoire implicit in functional 8 

Igk-Vgemline genes is far from being randomly distributed 
within Igk-V gene families or even within clans: namely, 
canonical structures classes are family- and clan-specific. 
This suggests that the structural repertoire was established 
1) prior to the divergence of humans and mice, and 2) has 
been preserved despite the diversification of human and 
mouse Igk-V gemline genes. 

On the basis of these suggestions, we followed the 
evolutionaly pathway of the structural repertoire and no- 
ticed that clans I1 and 111 encode almost exclusively the 
mouse-specific canonical structure classes 5-1, 1-1, and 1- 
2. Interestingly, clans I1 and 111 have no human counterpart 
except for sequence B1 (Lorenz et al. 1988) which pos- 
sesses canonical structure 5-1. However, B1 is a pseudo- 
gene due to its having a modified start codon (Klein et al. 
1993) and, being non-functional, does not contribute to 
actual human repertoire variability (we added this sequence 
to the tree for completeness). Therefore it seems reasonable 
to propose that lgk-V germline genes belonging to these 
clans were deleted or never developed in humans. 

In contrast to the absence of the human functional Igk-V 
germline genes in clans I1 and 111, we found that the mouse 
igk-Vgene families belonging to these clans are two of the 
three more complex families in that species. Clan I1 con- 
tains the Igk-V 415 family, the most complex mouse igk-V 
gene family (see Table 1). Likewise, clan I11 consists of the 
mouse Igk-V 21 family, which is its third largest (see 
Table 1). The large number of Igk-V germline genes in 
these families suggested that there were influences to 
expand them, such as a demand to complement the 
"poor" diversity encoded by the remaining Igk-V gene 
families. Since expansion of the Igk-V 415 and Igk-V 21 
families implied development of the canonical structure 
classes 1-1, 1-2, and 5-1, which are not present in the 
functional genes of humans, it can be assumed that these 
classes developed in mice to supplement the poor structural 
diversity inherited from the human and mouse ancestors: 
namely, the remaining four classes, 2-1.6-1.4-1, and 3-1 

In humans, the lambda chain might have furnished the 
additional structural diversity to set aside canonical struc- 
ture classes 1-1. 1-2, and 5-1. In accordance with this 
assumption, in structural terms the repertoire of human lgl- 
V germline genes is more diverse than that of mice: human 
encodes nine canonical structure classes, while mouse only 
encodes two (Williams et al. 1996). This accounts for the 
converse relationship we found rn the Igk-V germline gcnes 
and supports the suggestion that human Igl-V germlirie 
genes supply structural diversity to compensate for the 
lack of canonical structure classes 1-1, 1-2, and 5-1 
This, togcthcr with thc analysis of thc Igk-V gernilinc 
gcncs, indicates that thc ultiniatc rcason for thc major 
divcrsification of the rnousc [qk-V structural rcpcrtoirc is 
rclatcd to thc poor lambda chnin contributro~~. In othcr 
words. thc posstblc dclctlon of an iliiporlanl part of thc (si- 
V locus in micc might havc hrccd its 1i.k-I' locus to hc 
\tructui-~lly rnorc di\.crsc. Tlic li)potlicsis tli;rt iiilcc lost 311 
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i m p o m t  part of the Igl-V locus is supported by phyloge- 
netic analysis showing that the human 1x1-V genes were References 
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