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Resumen

El avance tecnologico ha generado un incremento exponencial de la informacion
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
y/o de su estructura. Estudios de varios grupos de investigacion 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 4cidos 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 analizé gran parte de las secuencias y estructuras de
anticuerpos conocidas hasta la fecha. Para ello se construyd una herramienta de computo
denominada VIR.II. VIR.II es una pagina 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 interés inmunoldgico, también conocida como la base de datos de Kabat.
VIR.II permite ademads clasificar la especificidad de los anticuerpos en grupos tales como
anti-proteinas, anti-péptidos, 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 los anticuerpos.

Comprobamos la existencia de reglas del reconocimiento molecular mediado por
anticuerpos. Se describe como los anticuerpos reconocen a las proteinas, péptidos y
haptenos. En el caso de los anticuerpos anti-proteina, la superficie del sitio de interaccién
con el antigeno es plana, lo que proporciona una superficie complementaria a los antigenos
grandes. En el caso de los anticuerpos anti-péptido, debido a su tamafio menor con
respecto a las proteinas, una ranura en el sitio de unidn con el antigeno asegura una
complementariedad adecuada con estos ligandos. Una observacion interesante que emergiod

de este frabajo es el modo ¢n que los anticuerpos reconocen haptenos. Debido al tamafio



pequefio de estos ligandos, no se requiere de cambios importantes en la topografia del sitio
de union al antigeno. Al parecer, solo se requieren pequefios cambios en la topografia del
sitio de interaccion con los antigenos, mismos que pueden realizarse a través de cambios
conformacionales o substituciones de las cadenas laterales durante el proceso de

maduracidn de la respuesta inmunoldgica.

Finalmente analizamos el papel de la hipermutacion somaética en sustituir los
residuos en contacto con el antigeno. Encontramos que los residuos en contacto con los
antigenos son raramente modificados por el proceso de hipermutacion somatica. Una
posible explicacidn para este patrén es que las mutaciones en los residuos en contacto con
el antigeno son dafiinas en un nimero importante de casos. Asi, son eliminadas del "pool"
de genes durante el proceso de maduracién de la respuesta inmunologica. Esta explicacion
tiene, sin duda, implicaciones para las teorias que explican el origen y la evolucién del
repertorio de anticuerpos. También tiene consecuencia practicas. Esto es, si se desea
madurar la afinidad de un anticuerpo in vitro, lo que se debe hacer es identificar los

residuos en contacto; pero 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.II. VIR.II 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.II 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 1s
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 conformational



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.
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Introduccio

atroduccion y Plan de la tesis

El objetivo central de nuestro trabajo ha sido estudiar la relacién entre la secuencia,
fa estructura, la evolucion y las propiedades de reconocimiento de los anticuerpos. Los
anticuerpos tienen la capacidad de reconocer virtualmente a cualquier otra molécula con
alta especificidad y afinidad. Asf, esta familia de proteinas ha sido .de gran utilidad en el
diagndstico clinico, la terapéutica y como herramienta de analisis en ¢l laboratorio. Desde

el punto de vista basico, son el paradigma de reconocimiento molecular por excelencia
(Winter & Milstein, 1991).

Por esas razones, los anticuerpos han sido las moléculas mas estudiadas. Lo anterior
se ilustra por el mimero de secuencias y estructuras tridimensionales que actualmente se
depositan en los 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). Ademas, se han
depositado 355 estructuras cristalograficas en el Protein Data Bank (Figura 2). Como se
observa en las figuras, tanto el ntimero de secuencias, como el de estructuras, se han

incrementado exponencialmente de manera sostenida durante los ultimos afios.
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Figura 1. Crecimiento de lg base de datos de Kabat de los secuencias de anticuerpos con
especificidad reportadu (Johnson & Wu, 2000)
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Figura 2. Crecimiento exponencial de la base de datos de estructuras de anticuerpos
depositadas en el Banco 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 aminodcidos, o incluso de su
estructura. La falta de un modelo predictivo que relacione la estructura con las propiedades
de reconocimienio de los anticuerpos, ha limitado la comprensién del reconocimiento
molecular mediado por estos receptores del sistema inmune y ha impedido abordar el

disefio racional de anticuerpos de especificidad predeterminada (Almagro ef al., 1995).

Los resultados que se exponen en esta tesis (Ramirez-Benitez er al., 2001a,
Ramirez-Benitez ef al., 2001b, Ramirez-Benitez ef al., 2001c), son parte de un conjunto de
trabajos desarroliados dentro del proyecto de doctorado (Vargas-Madrazo er af.,1997,
Almagro et al., 1997, Almagro et al., 1998, Ramirez-Benitez ef al., 2001a, Ramirez-
Benitez er al., 2001b, Ramirez-Benitez e al., 2001¢), que han tenido como objetivo comun
analizar la relacion entre la estructura y las propiedades de reconocimiento de los
anticuerpos. La intencion en todos estos trabajos ha sido buscar reglas que permitan

predecir las propiedades de reconocimiento de una secuencia o estructura de un anticuerpo
dado.

s
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Hipdtesis de trabajo

Resultados previos obtenidos por varios grupos de investigacion, incluyendo el
nuestro (Capitulo 1), sugieren que existen reglas del reconocimiento molecular mediado por
anticuerpos. Dado el incremento reciente de la informacion, este trabajo busca aportar

nueva informacién para probar o descartar esta hipétesis.

La tesis se organiza en los siguientes capitulos:

Capitulo It Estructura y Funcidn de los anticuerpos. En este capitulo se revisa el estado
actual de conocimiento sobre la estructura, la genética y los modelos de reconocimiento
mediado por anticuerpos. El objetivo de este capitulo es brindarle al lector los conceptos y

elementos necesarios para comprender los capitulos que siguen, asi como presentar los

antecedentes de 1a tesis.

Capitulo I: VIRII: A new interface 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 1a base de datos de Kabat (Jhonson & Wu, 2000). VIR.II tiene su antecedente en
VIR (Almagro ef al., 1995) y fue disefiada para ta busqueda de secuencias de anticuerpos
por tipo de cadena, especie y especificidad. Ademas, esta herramienta introduce una
clasificacion de las especificidades en términos de la naturaleza quimica y bioquimica de
los antigenos. Esta clasificacion ha permitido correlacionar patrones en el sitio de union del

antigeno y el tipo de antigeno reconocido. Artjculo en presa, enviado a Blosystems.

Capitulo W: Structure-function relationships in anti-protein, anti-peptide and anti-hapten
antibodies  Este capitulo incluye un segundo articulo. Se presentan los resultados del
analisis de los determinantes estructurales de los anticuerpos anti-proteina, anti-péptido y

anti-hapteno. Este estudio confinmé que la topografia del sitio de unién al antigeno
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determina ¢l tipo de antigeno reconocido por el anticuerpo. Articulo publicado en

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

Capitulo IV: dnalysis of antibodies of known structure suggest a lack of correspondence
between the residues in contact with the antigen and those modified by somatic
hypermutation. Este tercer articulo es un andlisis de la relacidon entre la hipermutacion
somatica y los residuos en contacto con el antigeno. Se asignan los genes de linea germinal
a la estructura tridimensional de los anticuerpos para obtener las posiciones mutadas, las
cuales se comparan con los residuos que hacen contacto con el antigeno. Los resultados
muestran que la hipermutacién somatica no correlaciona con los residuos en contacto. Esto
implica que las mutaciones observadas pudieran ser reminiscencias del proceso de
seleccidn negativa y sugiere un esquema novedoso para madurar la afinidad de los

anticuerpos. Articulo por enviarse.

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

contexto de la tesis.

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

los resultados de los capitulos II, I y IV, resumen el trabajo realizado durante el

doctorado.

Evolution of the structural repertoire of the human V(H) and Vkappa germline genes.
Basados en la organizacién de la informacién de linea germinal en familias multigénicas, la
organizacidn de estas en clanes y en nuestras observaciones, donde mostramos que los
patrones conservados en las secuencias de los anticuerpos brindan informacién de la
existencia de un fuerza selectiva no solo en términos de restricciones funcionales, sino
también en términos de las propiedades del reconocimiento, en este articulo, analizamos la
evolucion del repertorio estructural V,; y V, en el contexto de las clases de estructuras
canomicas, a fin de conocer cual es ¢l papel de cada una de los componentes en la
generacion de la diversidad de reconocimiento mediado por anticuerpos. El analisis de la

relacion evolutiva entre los genes, las tamilias v los clanes indicaron que las clases no estan
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distribuidas al azar. Nuestro analisis de clanes y clases de estructuras candnicas entre las
diversas especies, nos permitié sugerir un repertorio estructural primordial. Asi los clanes
I, Iy III estan representados en las clases 1-2, 1-3 y 3-1, donde el principal determinante es
H2. En V,, los clanes I y II estan representados por las clases 2-1 y 4-1, aqui el
determinante es L1. Las clases V -V, de estructuras canénicas resultantes solo se reducen
a 1-2/3-2-1, 1-2/3-4-1, 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, péptidos y haptenos.

The differences between the structural repertoires of V., germ-line gene segments of mice
and humans: implication for the molecular mechanism of the immune response. Este
trabajo, representa la primera compilacidn y caracterizacion del repertorio estructural en los
segmentos de genes de linea germinal V, de ratén. Nuestros resultados mostraron que el
repertorio estructural estd representado por la clase 1-3, ampliamente codificada por la
familia V 1. La comparacién del repertorio de ratén y humano (clase 1-2 codificada por la
familia V;3), mostrd que aun cuando la candénica 3 y 2 es igual en longitud, se presentan
cambios conformacionales. Sin embargo, estos cambios no afectan la forma del sitio de
unién al antigeno. Por otro lado, sugieren que estas diferencias podrian estar relacionadas

con procesos de regulacion especificos de la especie.

Structural differences between the repertoires of mouse and human germline genes and
their evolutionary implications. Continuando con la caracterizacion del repertorio
estructural en raton, en este articulo, presentamos la compilacion v el analisis del repertorio
estructural de los genes de linea germinal de V,, la comparacion entre repertorios de ratén y
humano y las implicaciones 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 candnicas, mientras que en
humanos solo se restringe a 4 clases de estructuras candnicas. Una posible explicacién a
esta diferencia, es que el repertorio de genes de linea germinal V| en el humano, esta mas

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

‘n
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95% de sus genes son V,. Las diferencias observadas pudieran ser debidas a una
K

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

en el raton.



Capitulo I

Estructura y funcién de los anticuerpos




Capitulo [

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 aminoécidos en el sitio de

union con el antigeno.

La secuencia de aminoacidos de los anticuerpos se establecid hacia finales de los
afios 50°s y principios de los 60’s (Edelman & Gally 1962). Esta se forma por cuatro
cadenas polipeptidicas: dos cadenas ligeras (L) idénticas y dos cadenas pesadas (H)
idénticas. 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) ¥
el tipo lambda (1.). Estos tipos de cadena ligera, difieren en algunos detalles estructurales,
estas diferencias no parecen tener un significado funcional. Para la cadena H se han
descrito cinco clases o isotipos: a, B, 8, ¥, ¥ M. A diferencia de la cadena L, los isotipos de
la cadena H tienen propiedades funcionales diferentes. Los isotipos de cadena H pueden
combinarse indistintamente con cualquiera de los tipos de cadena L para formar una
molécula funcional. El isotipo mas abundante en el suero es el v, que da origen a la [gG de

tipo K 0 A.

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 er al., 1959,
Edelman & Gally 1962). La digestion de una IgG con papaina (Porter 1959), genera tres
fragmentos, dos de ellos idénticos que se denominan fragmentos de unién al antigeno (Fab)
y un tercer fragmento facilmente -cristalizable, denominade por tanio fragmento

cristalizable (Fc).
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Si se compara la secuencia primaria de varios anticuerpos, se observa que tanto las
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 los anticuerpos se origind por eventos de
duplicacién a partir de un segmento ancestral de aproximadamente 100 aminoacidos
(Pascual & Capra, 1991). Los primeros dominios de homologia de ambas cadenas, L y H,
muestran gran variabilidad de aminodcidos (Wu & Kabat, 1970), por lo que reciben el
nombre de dominios variables (V). El resto de los dominios son relativamente conservados

y se les denomina dominios constanies (C).

Partiendo de la organizacién en dominios de una IgG (Figura 1), la cadena L esta
compuesta por dos dominios, uno Varable (V() en la porcién amino terminal y uno
constante {(C) en la porcidén carboxilo terminal. La cadena H, estd compuesta por cuatro
dominios, uno V (Vy) en la porcién amino terminal y tres constantes (C) hacia la porcién
carboxilo (CH,, CHs y CH;). De esta manera en el Fab se encuentran dos dominios V (Vi
y Vu) y dos dominios C {C y CH)), por lo que este fragmento puede describirse como un
hetero-polimero conformado de V y C. El Fe, sin embargo, es un homo-polimero, puesto
que solo lo constituyen dominios C (CH, y CH;). La asociacion de VL y Vy hacia la
porcidon amino terminal de una IgG, forma el fragmento de dominios variables o Fv. En esta
porcidn del Fab reside la capacidad de los anticuerpos de interactuar de manera especifica

con los antigenos (Kabat & Wu 1971).

i
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Estructura tridimensional

La primera observacion de la estructura que adquiere una IgG en el espacio se
realizd en los afios 60°s por microscopia electronica (Valentine & Green 1967). Las
imagenes de baja resolucion de estas moléculas revelaron que tienen una estructura en
forma de Y como se representa en la Figura 1. Andlisis mas detallados de la estructura de
una lgG por técnicas de difraccién de rayos X a principios de los 70’s, indicaron que los
dominios de homologia forman porciones compactas mas ¢ menos elipsoides (Figura 2),

que siguen un patrén comun de plegamiento (Schiffer ef al., 1973, Poljak e al., 1973).

Sitio de Sitio de
Unién al Regiones Variables Unidn ol
Artigeno Antigeno

Regiones

Constantes p
ng’

CH2

CH3

sw  Carbohidratos

LN

ooxy Regiones Determinartes de la Complementaricdad (CDRs)
Puente Disulfure

et Cadena pesada
PR Codena Ligera

qm Regién de Bisagra

Figura 1. Representacion esquemdtica de una IgG de humano. V y C indican las
regiones variables y constantes de las cadenas pesadas (H) y Ligeras (L), Fragmenio
Fv, en el cual descansa el sitio de unidn al antigeno. Asi como los fragmentos
generados por digestion proteolitica, Fab v Fe.

‘a2
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El plegamiento tipico de los dominios V y C, estd formado por dos laminas (
antiparalelas estabilizadas por un puente disulfuro intracatenario e interacciones no
covalentes entre los dominios. A su vez, cada lémina B estd formada por varias hebras B,
estabilizadas por puentes de hidrégeno entre los dtomos de la cadena principal de las hebras
B. Las laminas B difieren en el nimero de hebras § que las componen. La primera lamina,
iniciando del termino amino, estd formada por cuatro hebras §. La segunda lamina esta
formada por tres hebras  (Amzel & Poljak 1979). Las ldminas f§ se denotan de la “A” a la

“F” partiendo del termino amino del domino V.

La conexion entre las hebras B se realiza a través de asas, algunas de ellas
conectando dos hebras B continuas dentro de la misma lamina y otras conectando hebras 3
de laminas diferentes. La topologia resultante de estas conexiones se asemeja a un motivo
griego. Este dominio, aunque es comun a los dominios V y C, tienen una diferencia
fundamental entre ellos. La diferencia consiste de una insercién de dos hebras {3 en el
dominio V (C’ y C’’) con respecto al dominio C (Figura 2). Tal insercién tiene gran

importancia puesto que alli se localiza una de las regiones que unen al antigeno (Davies ef
al., 1975).

Hpy

Figura 2. Representacion esqguenitica del plegamicnto basico de los anticuerpos. Las
lineas marcadas representan ef plegamiento de los dominios constantes CL y CHI Las
Imeas punteadas indican le region extra de los dominios VL y VH. NH3 vy COOH son los
extremos amino v carboxilo. Tomado de Poljak ¢r al., Proc. Nat. Acad. Sci. USA 703305

F1073) 4
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Los dominios C se asocian formando aproximadamente un angulo recto entre sf (ver
por ejemplo el Fc en la Figura 3). Esta asociacion se establece principalmente por
interacciones de Van der Waals a través de la primera lamina de cada dominio. La
asociacion V-V es, sin embargo, muy diferente, puesto que la primera ldmina B de cada
dominio V queda hacia el exterior de la estructura. Esto hace que los dominios V queden
aproximadamente paralelos uno con respecto al otro, garantizando asi que las regiones que

forman el sitio de unién con el antigeno converjan en una superficie continua en la punta
del Fv (Figura 3).

- SITIO BE
UNIGH AL
AHNTIGEND

Figura 3. Representacion en forma de listones de la estructura tridimensional de una IgG.
En color morado los dominios de la cadena ligera (VL y CL). En azul los dominios de la
cadena pesada (VH, CHI y CH2).




Capitulo 1

Mecanismos Genéticos de Generacion de la Diversidad

Un dominio V se genera a través de varios segmentos de genes. El dominio Vi se
ensambla a partir de dos segmentos de genes: un segmento Variable ligero (Igl-V) v un
segmento de union (Jgi-J: del inglés Joining), llamado asi porque une al segmento V con el
gen que codifica para el dominio C. Por otra parte, un dominio Vg se codifica a partir de
ires segmentos de genes: un gen Variable pesado (/gh-V), un segmento de unidn (/gh-J) y
un tercer segmento de gen llamado de diversidad (/g-D). Este ultimo segmento de gen debe

su nombre a que aporta diversidad adicional a los anticuerpos (Figura 4).
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Figura 4. Representacion del rearreglo de segmentos de genes de linea germinal . a) procesos
gue se llevan a cabo en el rearreglo desde la linea germinal hasta la formacion de las cadenas
polipeplidicas de un anticuerpo. b) rearreglo de segmentos de genes para generacidn de una
cadenaligera. crearreglo de segmentos de genes para la generacion de una cadena pesada.
Tomado de CA. Janeway, P. Travers. M Walport and DJ Copra.. Immunobiology. The immune
cusieny in health cnd Diveose Fooeth Fdtion 1090
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Las especies mejor estudiadas hasta la fecha, en cuanto a los mecanismos que
generan la diversidad de los anticuerpos, son el ratén y el humano. EI ratén por ser el
modelo experimental por excelencia en inmunologia y el humano por razones cobvias. En
los ultimos afios se han completado los mapas fisicos para cada uno de los loci que
codifican para los anticuerpos humanos (Tomlinson 1995, Corbett ef al., 1997; Zachau

1993, Tomlinson 1994, Williams 1996).

El locus que codifica para Vy tiene una longitud aproximadamente de 1100
kilobases (Kb) y se encuentra en la extremidad telomérica del brazo largo del cromosoma
14 (Croce et al., 1979). El mimero segmentos de genes Vy €s 95 (Shin er af., 1991,
Matsuda et al.,, 1993, Cook et al., 1994, Cook et al., 1995, Matsuda et al., 1998), 27
segmentos D (Siebenlist ef al., 1981, Buluwela ef gl., 1988, Ichihara et al., 1988, Corbett.,
et al., 1997), 6 segmentos J (Ravetch ef al., 1981) y 6 segmentos C (Rabbitts et al., 1981).
En la Figura S se muestra el mapa del locus Vi y la ubicacién de cada uno de estos
segmentos de genes. Como se observa, el locus estd dividido en el conjunto de los
segmentos V, seguido del conjunto de los segmentos D y finalmente hacia la regidn
centromerica del cromosoma se encuentran los segmentos J vy los genes que codifican para

los dominios C.

La informacién completa del gran locus Vi se localiza en el brazo corto del
cromosoma 2 (Malcolm et al., 1982, Mc Bride er 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 ef af., 1993, Schible & Zachau 1993, Cox et al., 1994, Schable
et al 1994), de los 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, (Hieter et al., 1982) y 1 segmento C
(Hieter er al., 1980).

La informacién completa del gran locus V, se localiza en el brazo largo del
cromosoma 22 (Erikson et al,, 1981, Emanuel et @/., 1985, Dunham e7 «/., 1999), con una

cxtension de 1050 Kb. El mapa completo de este locus se presenta en la Figura 9, en este se
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localizan 82 segmentos de genes variables, de los cuales 69-70 corresponden a la region
variable y se distribuyen en 30 funcionales con marco de lectura, 31 pseudogenes, 1
segmento 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 I, (Hieter et al., 1981, Taub et al., 1983, Dariavach et al., 1987, Vasicek &
Leder 1990) y 7 segmentos C (Taub et /., 1983, Ghanem et al., 1988, Kay et al., 1992,
Lefranc et al., 1999).
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El sitic de Interaccién con el Antigeno

En ausencia de estructuras tridimensionales de anticuerpos, Wu y Kabat (1970,
Kabat & Wu 1971), compararon las secuencias primarias de los dominios V conocidos.
Observaron que la variabilidad de los aminoacidos, tipica de los dominios V, no se
distribuye de manera homogénea a lo largo del dominio V. Asi, se identificaron regiones
que concentran fa variabilidad de los aminoécidos, alternando con regiones relativamente
conservadas. Debido a que la funcién esencial de los anticuerpos es interactuar con un
diverso nimero de antigenos, se supuso que las regiones de méxima variabilidad o
hipervariables determinaban la complementariedad con el antigeno. En consecuencia, se les
llamo6 regiones determinantes de la complementariedad (CDRs, del ingles Complementarity
Determining Regions). Por contraposicién con los CDRs, se denominé al resto del dominio

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

framework).

Al obtenerse la primera estructura tridimensional de un Fab (Schiffer et al., 1973,
Poljak et al., 1973), se observé que la definicién de CDR coincidia aproximadamente con
las asas mas externas del Fv; aquellas que forman una superficie continua en la punta del
Fv. Al afio siguiente, con la estructura del primer complejo antigeno-anticuerpo (Segal et

al., 1974), se mostrd que, en efecto, la regién definida por los CDRs contiene el sitio de

interaccidon con el antigeno.

Dentro de Vi se identifican tres CDRs. El primero o CDR-1, se define como la
region comprendida entre las posiciones 24 y 34, el segundo o CDR-2 se localiza de la
posicién 50 a la posicidn 56 y el tercero o CDR-3, se define desde la posicidon 89 hasta la
posicién 97. De manera similar, se identifican tres CDRs en Vy: el CDR-1 de la posicién
31 ala posicién 35, el CDR-2 de la posicidn 50 a 1a posicion 65 y el CDR-3 de la posicidn
95 hasta la posicion 102. Las FR, quedan definidas automaticamente, como aquetlas
regiones entre los CDRs. Asi, tanto para V| como para Vy, se definen cuatro regiones FR,
el FR-1 comprendido entre el amino-terminal y el CDR-1, el FR-2, entre €l CDR-1 vy el
CDR-2, el FR-3, entre ¢l CDR-2 y ¢l CDR-3, finalmente el FR-4, entre el CDR-3 vy el

carboxilo-terminal.
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Aunque la definicién de CDR coincide aproximadamente con las asas mas externas
del Fv, existen, sin embargo, algunas diferencias entre la definicion de las asas y la region
que ocupan los CDRs. Esto se debe a que la definicién de CDR es una definicién funcional
(variacién de los aminoécidos debido a la seleccidon por el antigeno), mientras que la
definicion de asa responde a una definiciéon meramente estructural. De hecho, en algunas
aplicaciones, como la seleccion de posiciones para mutagénesis con objeto de optimizar la
afinidad de los anticuerpos, se utiliza la definicién de CDR (definicion de Kabat). En otras
aplicaciones, como la modelacion por homologia u otros tipos de analisis estructurales, se

utiliza la definicidn estructural o de asa hipervariable (definicion de Chothia; por su autor).

Las asas hipervariables se definieron por Chothia y Lesk en 1987 comparando los
Fv de varias estructuras (Chothia & Lesk, 1987). Al superponer las estructuras, se observo
que hay regiones dentro de tos dominios V que difieren muy poco entre las estructuras
analizadas. Estas regiones coinciden con la estructura secundaria (laminas ) y algunas de
las asas que no forman parte del sitio de unién al antigeno. Por otra parte, se encontro que

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

asas que unen al antigeno.

Modelos de Reconocimiento Molecular

La definicién de CDR como las regiones de méxima variabilidad o hipervariables
resolvio, en parte, la pregunta de por donde los dominios Vi y Vi se unen con el antigeno.
Sin embargo, did origen a una pregunta que prevalecié durante los afios 70s y gran parte de
los 80s. Esta pregunta se refiere a si las asas que alojan al sitio de unién con el antigeno

tienen una conformacién particular en cada anticuerpo ¢ su conformacién se repite de un

anticuerpo a otro,

Como se menciono antes, al comparar los Fvs de estructura conocida, se observo

que las regiones que constituyen ¢l sitio de unién con ¢l antigeno tienen grandes diferencias

13
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estructurales. No obstante, una comparacién minuciosa entre las diferentes estructuras
reveld que, aunque estas regiones varian significativamente, tanto en longitud como en
aminodcidos, existen ciertas conformaciones que se repiten de un anticuerpo a otro. Estas
conformaciones se llamaron conformaciones canénicas para hacer notar lo invariante de
tales conformaciones (Chothia & Lesk, 1987). Una conformacion candnica 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 y/o con las regiones estructuralmente

conservadas del dominio V.

Estructuras canoénicas en la cadena ligera.

Conformaciones de L1 kappa.

Dentro de Vi, se identifican tres asas hipervariables (ver Figura 11). La primera o L1
(nétese que se utiliza un término diferente al de CDR), se identifica como el asa que
conecta las hebras § “B” y “C”, comprendiendo desde la posicidén 26 hasta la 32 (Chothia
& Lesk, 1987). El principal factor determinante de la conformacion es un residuo
hidrofébico en la posicién 29, el cual se empaca contra una cavidad hidrofébica formada
por los 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

“abultamiento”. Estas inserciones no afectan significativamente la conformacién del asa
(Chothia et al., 1989).

Se han identificado seis tipos se estructuras candnicas para esta region (Chothia et
al., 1989, Rini et al., 1973, Haynes er al., 1994, Tomlinson ef al., 1995). La principal
diferencia entre estos seis tipos es el nimero de aminoacidos entre las posiciones 30 y 32.
En la Tabla I, se presenta un resumen de los tipos de estructuras canénicas observadas en
L1 de Vy. Las Figuras 5, 6, 7 y 8 muestran los primeros cuatro tipos de conformaciones

adoptadas por esta region.



Tabla 1. Tipos y subtipos de estructurds canonicas observadas en L1 de V k.

25

Figura 5. Estructura candnica tipo Figura 6. Estructura canénica tipo
2de Ll Vk
ldelLl Vk

Figura 7. Estructura candnica tipo
3delLlVk

Figura 8. Estructura canonica
tipo 4de L1 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 posicion 25 también forma parte de esta asa. Al igual que
L1 de Vi, la conformacién de L1 lambda, esta determinada por un residuo hidrofébico que
se empaca en una cavidad hidrofébica. Se han identificado 4 conformaciones de esta region
(Chothia & Lesk 1987, Wu & Cigler 1993, Martin & Thornton 1996, Al-Lazikani et al.,
1997). Las principales caracteristicas de cada tipo de estructura canénica, se resume en la

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

las Figuras 9, 10, 11 y 12.

Tipo s No de residuos
Observados entre Ia posicién
25y 32
Tipe 1 10
Tipo 2 11
Tipo 3’ 11
Tipo 4 9

Tabla 2. Tipos de Estructuras candnicas observadas en L1 de VA. Algunas propiedades de cada
region definen los tipos y subtipos de candnicas.

Figura 9. Estructura canonica tipo Figura 10. Estructura canonica tipo
Ide LI lambda 2de L1 lambda

Lt
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285 33

Figura 11. Estructura candnica tipo Figura 12, Estructura cancnica tipo
3 de L1 lambda 4 de L1 lambda

Conformacion de L2

La segunda asa hipervariable de V|, 0 L2, comprende el asa que une las hebras C’ v
C*’, esta localizada de ta posicién 50 a la posicién 52, tanto en Vi como en Vy, (Chothia &

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

canonica (Figura 13),

Figura 13.Unica estructura
candnica de L2 kappa y lambda



Capitulo [

Conformaciones de L3 kappa

La tercer asa hipervariable o L3, une las hebras p: G y F, comprendiendo las
posiciones 91 a 96, tanto en V\ como en V, (Chothia & Lesk, 1987). Su conformacion estd
determinada por la presencia de una Prolina en la posicién 94 o 95 y Glutamico, Histidina o
Asparagina en posicion 91. Ademds por la presencia de dos puentes de Hidrogeno entre los
residuos 92 y 95. Se han observado 6 estructuras en L3 de Vi (Chothia ez al., 1989, Briinger
etal.,, 1991, He et al., 1992, Guamné et al., 1996), el tipo 1 es el mas comun (Figura 14).

Figura 14. Estructura candnica tipo
! de L3 kappa

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

en posicion 93 y 94 los cuales forman el tope de la asa, diferencias en la orientacion de este
dipéptido da origen a tres subtipos denominados A, B y C (Figura 15, solo el tipo A). El
segundo tipo posee 8§ residuos, solo cuatro de ellos constituyen una horquilla de la punta de

la asa (Al-Lazikani e af., 1997).
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Figura 15, Estructura candnica tipo
I de L3 lambda

Estructuras candnicas de Vg

Conformaciones de H1

En Vy, también se identifican tres asas hipervariables en posiciones similares a las
de Vi (ver Figura 22). HI comprende de la posicion 26 a la posicién 32, Al igual que L1,
este posee un residuo hidrofébico en posicidn 29, el cual se empaca contra los extremos de
cadena de los residuos 34, 72 y 77. Los residuos en la posicién 27 (Tirosina o Fenilalanina)
son parcialmente introducidos en una cavidad. H1 presenta variacién en tamafio e incluye
inserciones entre la posicion 31 y 32 (Chothia ez al., 1992). Tres estructuras candnicas

fueron observadas para H1. El tipo 1 es el mas comun ( ver Figura 16).

Figura 16, Estructura candmea tipo
] de Hl
I
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Conformaciones de H2.
Esta asa se limita 2 la region comprendida entre la posicion 52 a la 56. Se han
observado cuatro tipos de conformaciones de la cadena principal para H2. Un resumen de

las principales caracteristicas de los tipos de candnicas se presenta en la Tabla 3. La

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

19y 20.

Tipos
& Observados

- Tipol

Tipo 2

Tipo 3

Tipo 4

Tabla 3. Tipos de Estructuras candnicas observadas en H2. Algunas propiedades de cada
region definen los tipos y subtipos de canénicas.

i e H2
Tipo 1 de H2 Tipo 2 de
Figura I7. Estructura canénica tipo Figura 18. Estruciura canonica tipo
de H2 2de H2
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' By

Figura 19.8ubtipos A, By Cde la Figura 20. Estructura candnica tipo
estructura canonica tipo 3 de H2 4de H2

Conformaciones de H3

Esta asa va de la posicién 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
correlacién entre la secuencia y la longitud para esta asa y por lo tanto, predecir su
conformacion. Sin embargo, la existencia de residuos conservados en la base de esta region,
permiten definir dos estructuras candnicas, denominadas “extendidas™ o “torcidas” (Shirai
et al., 1996, Martin & Thornton., 1996, Morea et al., 1998, Oliva er al., 1998), las cuales

dependen del patrén de puentes de hidrégeno que se formen en esta regién de H3.

Figwra 21, Estructura canonica
extendida de FH3
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Partiendo de las conformaciones canodnicas se puede entonces predecir la estructura
tridimensional que tendré 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, resulté un
avance significativo en el analisis de los 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 al
antigeno en azul celeste , esta formado por seis asas denominadas L1, L2, L3 de la
cadena Ligeray H1, H2, H3 de la cadena pesada.

El hallazgo de las estructuras candnicas permitié, ademas, establecer un esquema
predictivo que correlaciona la secuencia de aminoacidos, la estructura tridimensional del
sitio de unién con los antigenos y los tipos de antigenos reconocidos por los anticuerpos

{Vargas-Madrazo ef al., 1995a, Lara-Ochoa ef al., 1996},

rlal
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Estudios en las secuencias de aminoacidos de los genes de linea germinal (Chothia
et al., 1992, Tomlinson et al., 1992, Cox et af., 1994), pseudogenes (Vargas-Madrazo et
al., 1995b, Almagro er al.,, 1995) y en secuencias de aminodcidos maduras de Igs, han
confirmade la existencia de estructuras candnicas para la mayoria de estas asas, excepto
para H3. Nuestros estudios, mostraron que de las 300 posibles combinaciones de
estructuras candnicas, solo 10 combinaciones describian el 90% de todas las secuencias de
anticuerpos con especificidad reportada (Vargas-Madrazo er al., 1995a). Se mostro también
una correlacion entre la geometria del sitio de unidn al antigeno (determinada por cierta
combinacion de estructuras candnicas) y el tipo de antigeno reconocido (especificidad). Por
ejemplo anticuerpos que unen antigenos proteicos estan caracterizados por sitios de unién
con superficies planas, aquellos que unen péptidos o DNA poseen superficies con una
pequefia ranura y los que unen haptenos poseen una cavidad (Vargas-Madrazo et al.,
1995a, Ramirez-Benitez ef al., 2001a, Ramirez-Benitez et al., 2001b). Estas correlaciones
han sido confirmadas por otros grupos de investigacion utilizando diferentes metodologias
(MacCallum ef al., 1996). Asi, los resultados obtenidos a la fecha, permiten el avance en la
comprension del mecanismo de interaccion antigeno-anticuerpo, lo que ayuda a mejorar los

esquemas predictivos y el disefio racional de anticuerpos con especificidad predeterminada

=
e
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VIR.II: A new interface with the antibody sequences in the Kabat

database
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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.II. VIR.II
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.II 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.II, 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 seemningly 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://www.ibt.unam.mx/vir/VIR/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
and/or 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).
Seghuntl] (bitp:/immuno.bme.nwu.edu/seghunt. html) allows searches through the
annotations and sequences (Johnson and Wu, 2000) and the output is a fixed-line length

record of 80 characters per line. This output format constrains the user to sce one sequence
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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 (seghunt2@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.uk/abs/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 11 residues and a proline at position 1.29, can be
obtained by using Kabatman (Martin A.C.R, 1996). That is not possible when using
Seghuntll. In addition, the URL http://www bioinf.org.uk/abs/simkab.htm} 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 al., 1995; Lara-Ochoa et al., [996;
Almagro et al., 1997; Almagro et al., 1998). This, together with the fact that VIR solved
several of the Seqhuntl] and Kabatman limitations, stimulates the implementation of a new
version of VIR. The new version, designed to be accessible through the WWW, has been

called VIR.II (http://www ibt.unam.mx/vir/cgi/vir_searchform.cgi).

Main features of VIR.II

VIR.IT allows searches of amino acid and nucleotide antibody scquences. The information



at the nucleotide level is indispensable for determining 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 nucleotides at the V-J, V-D or D-J junctions
and the putative somatic mutations (see for example IMGT/V-QUEST at
http://imgt.cines.fr).

In addition, VIR.1I 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 SeqhuntlI
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.II 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 deletions/insertions at CDRs proposed by Kabat and
co-workers (Kabat et al., [991). 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

.t

in any case.

Implementation

VIR 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

{ftp-//nchinlm.nih.gov/repository/kabat/fixlen/). These files are downloaded after each

Kabat databasc updatc.



The interface (http://www.ibt.unam.mx/vir/cgi/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 1s generated by searching for unique species in the raw information -
downloaded from the dump files of the Kabat database. This preprocessing of the
information avoids mistakes and redundancies in subsequent searches. For example,
somne 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 1s 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 "OR" 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":

I. ANTI-(4-HYDROXY-3-NITRO-PHENYL) ACETYL ("-" after "NITRO"),



2. ANTI-(4-HYDROXY-3-NITROPHENY)ACETYL (no "L" after "PHENY™),
3. ANTI-(4-HYDROXY-3-NITROPHENYL) ACETYL (space before "ACETYL") and
4. ANTI-(4-HYDROXY-3-NITROPHENYL)ACETYL (no space before "PHENYL").
When the Kabat database (as of July, 2000) was queried with VIR.II 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.II also introduces a classification of antigens in seven groups (see Figure 1).
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 classtfy the specificities in gross specificities automatically.
Once a number of antigens were classified, the process was achieved in a semi-automatic
way. Today. n each update, the information downloaded from the Kabat database is
compared with the specificities that have previously been classified. If a new sequence 1s

specific, for instance, for lysozyme, then it is classified as anti-protein. Otherwise, a file



with exceptions is generated and the specificity is classified de nove. 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.html.

The third section of VIR.II 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, 1n some cases, with the specificity (Vargas-Madrazo et al., 1995; Lara-Ochoa
et al., 1996; Almagro et al., 1997, Almagro et al., 1998). For instance, we have found that
antibodies with a short CDR-L1 preferentially recognize large antigens such as proteins
(Vargas-Madrazo et al., 1995). In contrast, antibodies with a long CDR-L1 tend to bind
smaller molecules such as peptides (Vargas-Madrazo et al., 1995). To illustrate that

finding, while showing the potential use of VIRII, in this scction we analyze the lengths of
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the CDR-LT in the murine 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-L1 of
Kabat et al. (1991)]. The completeness 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-L1 lengths of the anti-protein and anti-
peptide sequences. The lengths of the CDR-L1 follow a bimodal distribution. Interestingly,
no sequence has a CDR-L1 of 13 residues. [n anti-protein antibodies the proportion of
short/long CDR-L1 (shert < 13 residues; long >13 residues) is similar: 58% and 42%,
respectively. The anti-peptide sequences are biased towards the use of a long CDR-LI1
(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°,
gave 30.231 and X%, , is 10.828 (Zar, 1999), which means that the bias in the length of the
CDR-LI 1s 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 different kind of gross specificities it 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.II is that the amino acid and nucleotide sequences
available at the Kabat database can be queried by using a classification of the antigens in
terms of gross specificities. This classification may be the seed of a taxonomy of antigens.
This would be useful in unraveling the common 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; MacCallum 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 be used to predict the

specificity of a given antibody sequence (Vargas-Madrazo et al., 1995),
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In the section "example of application", we showed how, by using VIR.II, a long

CDR-L1 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.II, would
generate rules of increasing degree of complexity. Such rules probably allow, in the near

tuture, better (fine-tuning) predictions of the recognition features of antibody sequences.
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Figure 1. Structure of VIR (http://www.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.

Frequency {%)

100

80

60

40

20

—&—anti-peptide
—O—anti-protein

SN

12 13 14
Length of the CDR-LI {residues)

16

16



Table 1. Contingency table of the CDR-L1 length distribution, as grouped in short and

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

17

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 L1. In contrast, 17 out of 20 (85%) of anti-peptide
antibodies had a long L1. Study of 1,017 and 121 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 L.! switches the antigen-binding site topography
from flat to grooved and flat antigen-binding sites grant a good protein-antibody
complementarity, 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 L1. 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 L1.

LT



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 nove antibodies with
desired specificity.

The antigen-binding domains, V, and V,,, are composed of a very well-conserved two 5-
sheets framework and six hypervariable loops, which defines the antigen-binding site, denoted
L1, L2 and L3 for V_and H1, 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 buiit of a very few structural solutions, called canonical structures (Chothia and Lesk, 1987,
Chothia et al., 1989; Al-zakani et al., 1997). In addition, it have been shown that antibodies use
a small amount of all possible combinations of canonical structures (Vargas-Madrazo et al,,
1995: Lara-Ochoa et al., 1996), 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 L1 and H2 have a
flat antigen-binding site, in contrast to antibodics with long canonical structures in L1 and H2
that have a groove (Vargas-Madrazo et al., 1995; Lara-Ochoa te al., 1996). Flat antigen-binding
sites have been found to correlate with the propensity of antibodies to bind large antigens such

proteins, whereas grooved ones have been related to the recognition of small molecules, namely
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peptides and haptens {(Wilson and Stanfield, 1993; Webster et al., 1994; Vargas-Madrazo et al.,

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: http//www.ibt.unam.mx/vir/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

recognition of different kind of molecules.

Results

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

Until March of 2001, the PDB (Berman et al., 2000; URL: http://www.rcsb.org/pdb/) collected
c‘;)-ordinates for 94 unique kappa type antibodies that recognize proteins, peptides or haptens: 45,
19, 30 structures respectively (Table 1). Unique means antibodies with different names. For

antibodics having co-ordinates for the bound and free forms, we choose the complex. [f the samc

antibody was determined at different resolutions. we used the structure of better resolution.
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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 | anti-peptide. Thus, we decide to

focus our analysis in kappa type antibodies only.

Length of the hypervariable loops
The length of hypervariable loops is the main structural determinant of the antigen-binding site
topography (Boiger and Sherman, 1991; Wilson et al., 1994; Vargas-Madrazo et al., 1995; Lara-
Ochoa et al., 1996), thus we analyzed it firstly.

L1 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 (< 8 residues) and a long (= 10 residues)
L1. Anti-protein structures showed 73% and 26% of short and long LI, respectively. In
contrast, anti-peptide structures are biased towards the use of a long L1. All anti-peptide
structures but 2 (10%) use a long L1. Anti-hapten structures are similar to anti-peptide
antibodies. However, the distribution is less skewed: 63% anti-hapten structures have a long L1
and 37% have a short one.

L2, being highly conserved in structure (Al-zakari et al., 1997) was not further analyzed.
73, on other hand, has 6 lengths, from 3 to § residucs. Most structures have 6 residues: 78%,
95% and 90% of anti-protein, anti-peptide and anti-hapten structures, respectively.

In V,,, HI and H2 are relatively conserved in all structures. H1 has 3 lengths: 7, § and 9

residues. Structures with 7 residues in H1 predominate the three samples (90%, 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%, 79% and 70% of the anti-protein, anti-
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
s-tmctures: 11 and 12 residues, respectively, whereas anti-hapten structures have in average 10

residues. The difference of | 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 L.1 in sequences
Results from the above section point toward the length of L1 as the main determinant 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.Il (Ramirez-Benitez et al., 2001; http://www.ibt.unam.mx/vir/VIR/
vir_index.html} we found, up to April, 2001, 1,017 anti-protein kappa sequences with L1
completely determined. Among them, 624 sequences are murine, 372 come from humans, 14 are

from rat. 6 from hamster and 1 is a chimpanzee sequence. The number of anti-peptide sequences
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is almost 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 t from human.

As in the structures, the length of L1 followed a bimodal distribution with no loop of ¢
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 L1 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 short/long L1 loops similar
to anti-protein sequences. Sixty-seven per cent and 33% of anti-hapten sequences had a short or
long L1, respectively. This lack of consistency with respect to the structures suggests that the

recognition of haptens may not be related with the length of L1.

Structural meaning of changes in the length of L1

To understand the meaning of differences in length of L1 and the relationship with protein or
peptide recognition, we superposed the trace of all anti-protein structures with a short L1 as well
as the trace of all anti-peptide structures with a long L1 (Figure | and 2). Counterexamples,

namely anti-protein structures with a long L1 and anti-peptide structures with a short L1, will be

analyzed i the next section.

o



8
Anti-protein structures with short L1 show a flattened antigen-binding site (Figure 1),

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 L1 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 L1 and then should have a grooved antigen-binding site, and 2 anti-peptide
structures have a short L1 and then should have a flatiened antigen-binding site (see Table 1).
Within the anti-protein structures with a long L1, 5 of them have been co-crystallized with the
antigen: 2jel, Insn, lafv, 2vir and 1qfu (see Table 1).

lgfu 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 complexes with the PDB code 2jel and Insn
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
center of the antigen-binding site due to the flattened surface these kind of antibodies have
(Figure 3¢).

The third exceptional structure, lafv, shows a good antigen-antibody complementarity

(Figure 5d). The epitope involves the carboxy end of helix D and three residues from the helix E

L e
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of the capside protein of human inmunodeficiency virus (Momany et al., 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 Insn, 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 1bog) have a grooved antigen-binding site as any other anti-
peptide structure (Figure 5a and 5b). The short L1 of 1ikf is compensated by a long H3: 17
residues (see Table ). Such a long H3 shapes the groove instead of the typical hairpin loop at
L1 (Figure 5¢). 1bog, 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, 1dfb has 18 residues and 1gcl has the longest H3 of all the structures: 20 residues (see Tablel).
Such 2 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 conformation
(compare Figure 5a and 6). No anti-protein antibody has a H3 loop as short as [bog, among the
structures analyzed. The difference in conformation 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

on H3.
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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 L1 (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 determined 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
récognize different kind of antigens (Bolger and Sherman, 1991; Wilson et al., 1991; Webster et
al., 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 between pattern in the amine acid sequence (understood
as the hypervariable loop length) and the propensity of antibodies to bind large molecules like
proteins or small ones like peptides or haptens (Vargas-Madrazo et al., 1995; Lara-Ochoa et al.,
1996). The number and diversity of antibodies of known three-dimensional structure has
increased largely over the last years. This information allowed in this paper a refinement of the

above {indings. Also we have find new features of the antibody interaction that allows a better
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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 protein/peptide
cross-reactivity

Consistent with previous reports, we found that antibodies with a short L1 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 bullt in 90% of the
cases by inserting residues at the tip of L1.

The protrusion at L1 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 L1.
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, it would be proposed that if such a protrusion has a similar

conformation in the context of the protein as well as when being bind as a peptide to the 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(2156-2170)/8F5 (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: 2156-
2170). The conformation adopted by the peptide is very similar to and can be superimposed onto
the corresponding region of the viral protein VP2 of human rhinovirus 1A (HRV1A) whose
three-dimensional structure is known (Al-Lazikani et al., 1997).

The suggestion that anti-peptide-like antibodies, namely antibodies with a long LI,
recognize profruding 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 peptide/protein cross-

reactivity.

Anti-hapten antibodies

An important finding of the present work is that the length of L1, or the length of any other loop,
is not related to thc_a 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 deletion of residues at the tip of L1.

Antibodices would create the complementarity with the hapten via conformational changes
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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 Vy, 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 form 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 al., 1995). This orientation of the pheni! 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 88C6/12 (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 germline genes of man and mice have been sequenced

(http:/www.med . uni-mucnchen.de/biochemie/zachaw/kappa. htm), 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 germline genes’ and 3
functional VA germline genes in mice.' 63 genes (63%) encode short Liloops and 29 (32%)
encode fong ones (see http://www.med.uni-muenchen.de/biochemie/zachauw/kappa.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,

L
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Figure Captions

Table 1. The hypervariable loop lengths (definition as in Chothia and Lesk, 1987).

Figure 1. C% atoms superposition of the anti-protein antibedies having a short L1 (PDB codes: | VFB,
1CO8, 1BQL, 1THL, IFBI, IMLC, IDVF, INCA, INMB, 11AL 1IAL 10SP, 1ARI, IWEJ], i0AK,

LIRH, KBS, 1EOS, 1FJ1, 1C9R 1GCI, IFOR, 1VGE, 1OPG, 12E8, 1A6T, 1BFO, 1CD5 and 1GHF).

Figure 2. C% atoms superposition of the anti-peptide antibogjﬁs having a long L1 (PDB codes: LA3R,
ITFH, IGGI, ITET, 1AIl, IFRG, 1FPT, 2MPA, 2HRP, 2HIP, {F58, 2IGF, 2AP2, IQKZ, 1EJO, 1CU4,
and [MF2). 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; L1 in red.

Figure 3. Connolly surface of the anti-peptide-like structures but binding proteins (a-c) as seen from the
antigen perspective: a. 2JEL, b. INSN, ¢. 1AFV. 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: 1 VFB)
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: 1AFV). In
rcd show the main portion of the epitope of immunodeficiency virus, which protrudes from the antigen

filling the groove of the antigen binding site.
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Figure 5. Ribbons representation of the anti-peptide antibodies having a short L1. a. 1IKF, b, 1BOG. In

counterpart of the L1 short, the long H3 in ping form groove. In the second structure, the groove is the
result of the a very short H3. ¢ and e. Ribbons representation of the anti-peptide antibodies (PDB
code: [IKF andIBOG) having a short L1 superposed with a typical anti-peptide antibody (PDB
code: 1IFH). In cyan antibodies having a short L1, 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 L1 these structure have. Insertions at the L1 of the typical anti-

EL

peptide antibody are shown in red.

Figure 6. Ribbons representation of the anti-proteins antibodies showing the differents conformations of

H3 (PDB code: 1DFB, 1GCI1, 0PG).

Figure 7. a Ribbons representation of the anti-haptens antibodies which have a large L1 in complex with
h-aptens {1FLR, 11G], 1DBB, | YED, 1YEE, 1YEJ, 1HYX, 2PCP, 1A3L and 2MCP). b. Structures with
haptens having a short L1 showing the groove (PDB code: 1BAF, lEAP, IKNQ, INGP, 25C8, 1CF8,
ICTS8, 1C12 and 1A0Q) . b. The structures with peptides (in orange) illustrating how the grove

accommodates the peptides no matter their structure; L1 in red
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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.




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

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 and Juan Carlos Almagro*

Instituto de Biotecnoligia, UNAM, Cuernavaca, Morelos, Mexico

ABSTRACT Forty unigue murine antibody-
antigen complexes determined at 2.5 A or less resolu-
tion are analyzed to determine whether the residues
in direct contact with the antigen are modified by
somatic hypermutation. This was done by taking
advantage of the recent characterization of the pool
of Vk germline genes of the mouse. The average
number of residues in contact with the antigen in
the V; gene, which contains the CDRL-1, CDRL-2,
and all but one residue of CDRL-3, was six. The
average number of somatic mutations was similar
{around five). However, as many as 53% of the
antibodies did not show somatic replacements of
residues in contact with the antigen. Another 28%
had only one. Overall, the frequency of antibodies
with increasing number of somatic replacements in
residues in contact with the antigen decreased expo-
nentially. A possible explanation of this finding is
that mutations in the contacting residues have an
adverse effect on the antigen—-antibody interaction.
This implies that most of the observed mutations
are those remaining after negative (purifying) selec-
tion. Therefore, efficient strategies of site-directed
mutagenesis to improve the affinity of antibodies
should be focused on residues other than those
directly interacting with the antigen. Proteins 2001;
45:199-206. © 2001 Wiley-Liss, Inc.

Key words: immunoglobulin; Ig; affinity matura-
tion process; antigen-antibody interac-
tions; site directed mutagenesis

INTRODUCTION

Antibodies constitute a paradigm of molecular recogni-
tion, recognizing, as they do, a seemingly unlimited num-
ber of antigens with exquisite specificity and high affinity.
This ability 1s achieved in man and mousc through two
steps. First, the combinatorial germline gene rearrange-
ment produces a primary repertoire of antibodies.! Such a
repertoire should be capable of recognizing any antigen
with at least a low or medium affinity during the primary
immune response.”” Second, once the antigen is recog-
nized, somatic hypermutation furnishes additional diver-
sitv to produce the raw material from where antibodies of
mmproved affinity would be selected, as the secondary and
terliary immune responses proceed *

Comparisons of germline genes and antibody sequences
product of unmune responses indwicate that, although

SLAHOE W ILIY ISR INC

somatic hypermutation occurs all along the V gene, it is
more frequent at the antigen-binding site.>** Mutational
enrichment at the antigen-binding site has been explained
in the presence of mutational hot and celd spots at the
antigen-binding site and framework regions, respectively,
as well ag 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 ingight into the theories about the
origin and evolution of antibody diversity.®™" In addition,
it 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 erystallized in complex
with the antigen are very scarce (see the URL: http://
www.ibt.unam.mx/vir/ structure/structures.html), and man
is the only species in which all the germline V| and Vy
genes have been sequenced at 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 at 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 invelved 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 replacement of residues

Abbrewatiens' V), variable domain of the hght chain; V,,, variable
domain of the heavy chain; CDR, complementarity determining
region, PDB, Brookhaven Protein Data Bank
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TABLE I. Antibody-Antigen Complexes Used in This Study

PDBID? Name Type Antigen Resol. (A)
1IND CHA255 A 4-[N'-(2-Hydroxyethyl - Thioureido]-L-Benzyl-EDTAIn(3+) . . . 220
1IMFA SE155-4 A Trisaccharide 1.70
15M3 Sm3 A Cardnoma-Associated Mucin; Residues 1-13 1.95
INGP N1G9H A {4-Hydroxy-3-Nitrophenyl) Acetate 240
1A0Q 20G11 K Phenyt[1-(1-N-Succinylamino)PentyT . . . 2.30
1A3L 13G5 K 1-Carboxy-1'-{Dimethylamine)-Carbenyl{Ferrocene 1.95
IA3R 8F5 K THuman Rhinovirus Capsid Protein Vp2; Residues 156170 2.1¢
1A4K 39-A11 K Bicyclo[2.2.2]0ctene Derivative 240
1AEW B1-3 K 4-Hydroxy-5-Tedo-3-Nitrophenylacetyl-Epsilon-Aminocaproic . . 180
1C1E 1E9 K Hexachlorenorbornene Derivative 6 (Catalytic) 1.90
1CFV Fv4155 K Steroid 210
1CT8 7C8 K [4-(2,2,2-Trifluoro-Acetylamino)}Benzyl] . . . 2.20
1DQJ HyHEL-63 K Hen Egg White Lysozyme 200
1DVF E5.2 K D1.3 antibody 1.90
1EAP 17E9 K Phenyl [141-N-Succinylaminc)Pentyl] . . . 250
1EJO 4C4 K G-H Loop From Feot-And-Mouth Disease Virus 2.30
1F58 Fah 582 K HIV-1 Gp120; Residues 308-333 200
1FLR 4-4-20 K Fluorescein 1.85
1HYX 6D9 K [1-{3-Dimethylamino-Propyl)-3-Ethyl-Ureido] . . . 1.80
G 26-10 K Digoxin 250
1IKF R454511 ® Cyclosporin A 250
1JHL D11.15 K Pheasant Bgg Lysozyme 240
1KB5 Diésiré-1 K Kb5-C20 T-Cell Antigen Receptor 250
1KEIL 28B4 K 1-[N-4'-Nitrobenzyl-N-4'-Carbexybutylaming] . . . 190
1IMLC D44.1 K Hen Egg White Lysozyme 2.10
1MRE JEL103 K Guanosine-5'-Diphosphate 230
INCA Nedl K® N8 Neuraminidase 250
INME Neld K N9 Neuraminidase 250
10AK NMC4 K Bomain 1 of Von Willebrand Factor 220
108P 184.1 K Outer Surface Protein A 195
1TET TE33 K Cholera Toxin; Residues 5064 2.30
1VFB D13 K Hen Egg Write Lysozyme 1.80
1WEJ E8 K Horse Cytochrome ¢ 1.80
1YEE D25 K 4-Nitro-Benzylphosphonobutanoyl-Glycine 220
1YES D2.3 K p-Nitrophenyl Phosphonate Glutaryl Caproate 1.85
25C8 5C8 K N-Methyl-N-(p-Glutaramidophenyl-Ethy!)-Piperidinium 2.00
2AP2 C21 K Alpha-Helical Epitope on p-Glycoprotein 2.40
2CGR NC&.8 K N-{p-Cyanophenyl}-N'-(Diphenylemethyl) Guanidine acetic Acid 2.20
2FBJ J539 K Galactan 195
2H1P 2H1 K Cryptococcus Neoformans,; Residues 1-12 240
2HRP F11.2.32 K HIV-1 Protease, Residues 36-46 2.20
2JEL JEL42 K Histidine-Containing Protein 250
2PCP 6B5 K 1-{1-Phenylcyclohexyl) Piperidine 220
43CA 43CA K p-Nitrophenol 230

in direct contact with the antigen was found to be a rare
event. lmplications of this finding are discussed.

RESULTS
Antibody-Antigen Complexes and Identification of
Residues in Contact

Table 1 lists the 44 antibody-antigen complexes cur-
rently available {as of September 1, 2000) determined at
2.5 A of resolution or less (see the URL: hitp:/fwww.ibt.
unam. my/v/structure/structures. html). The structures,
coming from mice, are mostly Ve-type antibodics. Onlyv 4
Va tvpe antibodios woere gathered,

The residues in the antiboedies involved in direet contaet

with the antigen were identiticd via HB plus,? using the

default parameters. In erystals with more than one mole-
cule per asymmetric unit, the antigen—antibody contacts
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 Ingight [T (MSI, San Diego,
CA).

The average number of residues in direct contact with
the antigen in the V, genc was found to be 6. The
distribution of the contacts along the gene is shown in
Figure 1¢a). Contacts are more often established. let us say
(' 4 or more in Figure 1(a), at posttions 30a and 32 in the
CDR-LI, 50 in the COR-1.2, and from posihons 91 to 94 1n
the CDR-L3I. From these, three positions are particularty
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Fig 1 Frequency distribution of residues in gontact with the antigen
(a) and somatic hypermutation () along the Vi gene. To make amenable
the cemparison between residues in contact and somatic hypermutations,
the frequency 1s plotted In both cases by using a relative scale, calculated
as 1-[(Pm-Pi)/Pm]; where Pm is the maximum value of contacts or
mutations (30 and 8, respectively) and P is the number of contacts or
mutations for the position i.” CDRs are represented by filled columns and
are defined following the Kabat and WU'® conventions, that is, CDR-L1-
positions 24-34, including the indels “a—f" at position 30; CDR-L2
positions 50-56 and CDR-L3: positions 88-95.

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. Diserepancies may be ascribed to slight
differences in the definition of an atomic interaction,
particularly a hydrogen bond.'*'®

Assignment of Germline Genes

All the known functional and potentially functional
genes of mice'® were used to determine the putative
somatic mutations in the V sequence of antibodies, About
90 functional or potentially functional Vk germline genes'”
and 3 functional VA germline genes exits.! Probably 3-5
Vi germline genes are still unknown. ™

The formal translation product of the genes was com-
pared with the antibody sequences, and the genes were
sorted in decreasing order of identity for cach antibody V|
scquence No cstablished criterion defines whether the
nearest germline V gene is the actual precursor of a given
rearranged sequence. Klein and coworkers, ' when work-
ing with rearranged human Vi sequences at the nucleo-
tide level, defined an assignment as unambiguous if the
best match differed from the next one by at least 30%.
Table 1 reports the PDB code of the antihadies, the names
ol the bost and next matches, and the number of putative
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mutations for the antibody sequences and the difference
between them, in percent.

The first four antibodies of Table IT are the Vi antibod-
1es. The Vi locus of mice, with low complexity, has been
very well characterized.! Therefore, the VA antibodies
provided a control to define whether the 30% criterion used
by Klein and coworkers holds at the amino acid level and
with murine sequences. Inspection of the Vi antibodies
indicated that this is the case. Thus, 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 II). This number
of mutations exceeds the average number of mutations for
the second choice when all antibodies are considered (see
Table II). In addition, none of the VX antibodies have more
than 9 putative mutations. Hence, it was assumed that the
4 Vk antibodies with 15 or more mutations originated from
unknown genes, and these were not further analyzed.

Putative Somatic Mutations

The average number of somatic mutations in the remain-
ing 40 antibodies (4 VA and 36 Vi) was 4.6 (Table III). This
number is similar to the average number of somatic
mutations in the human rearranged Vx sequences.* The
distribution of somatic mutations along the Vk gene [Fig.
1(b)] is similar to the distribution of somatic mutations in
the human counterpart,®* mutations 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. *=°

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/Ac", and many of the monoclonal antibodies listed
in Table I were raised in BALB/c. Both strains belong to
the haplotype ¢, where differences in the Vi« gene se-
quernces of the inbred strains are small. 1?

Putative somatic mutations occurred with a frequency of
0.4 or more in Figure 1(b} at positions 31, 32, and 34 of the
CDR-L1, 55 of the CDR-1.2, and from positions 91-94
within CDR-L3. Very often mutated positions (=0.8) are
34,92, and 94. As can be seen, only residue 32 at CDR-L1
and residues within the CDR-1.3 are frequently found in
both contacts [Fig. 1{a}| and somatic mutations |Fig. 1(b)].
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
restdues in contact with the antigen and those modified by
somatic hypermutation.

Residues in Contact With the Antigen and Somatic
Replacements

Table HI hsts, for each antibody, the number of putative
somatic mutations. the number of residues in contact with
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"TABLE II, Assignment of Germline V, Genes to Antibodies of Known Structure,
Based on Smallest Number of Putative Mutations

Best match Next best match
PDBID Name Gene Mutations Gene Mutations Diff. (%)
1IND CHA255 11 2 12 9 78
1INGP N1Go 11 9 12 17 A7
1SM3 Sm3 11 0 12 8 100
1MFA SE155-4 11 2 12 10 80
1A0Q 29G11 Gj38e 9 23-48 28 68
1A3L 13G5 He24 9 hi24 20 55
1A3R 8F5 8-19 9 821 13 31
1A4K 39-A11 Bbl 4 bl1 9 56
1AW BI1-8 2348 44 am4 55 20
1C1E 1E9 Bbl 8 crl 13 38
ICFV FvV4155 bbI 15 erl 19 21
1CT8 7C8 23-43 15 2345 i6 g
1DQJ HyHEL-63 23-43 0 2345 2 100
1DVF E52 Ced 3 cp9 11 73
1EAP 17E9 (G§38¢ 10 23-48 28 64
1EJO 4C4 215 20 21-10 22 g
1F58 Fab 582 214 8 21-3 13 38
1FLR 4-4-20 Bbl 2 erl 8 75
1HYX 6D9 Crl 7 bbl 11 36
1IGJ 26-10 Bbl 4 crl 9 56
1IKF R454511 Ce2 6 cp9 11 45
1JHL D11.15 Rf 7 23-48 29 76
1KB3 Dégirs-1 1244 2 1241 9 78
1KEL 28B4 Crl 2 bbl 9 78
1MILC D441 2343 3 23.45 5 40
1IMRE JEL103 Bb1 0 crl 7 100
1INCA NC41 19-25 6 19-17 12 B0
INMB NC10 Ce2 5 cp? 10 50
10AK NMC-4 Cp9 8 ce9 13 38
1058P 184.1 Gm33 6 gn33 13 54
1TET TE33 Crl 4 bbl 11 64
1VFB M3 1241 ) 1246 12 58
1WEJ E8 1241 0 12-44 8 150
1YEE D25 B2 5 bd2 8 38
1YEJ D23 Bz 5 bd2 8 38
25C8 5C8 Ad 2 ad4 12 33
2AT72 C21 819 0 828 5 100
2CGR NCs8 Bb1l 7 carl 12 42
2FBJ J539 Kb4 5 kk4 18 72
2H1P 2H1 Bhl 3 erl 0 70
ZHRP F11.2.32 21-2 5 21-1 13 62
2JEL JEL42 Crl 2 bbi 9 78
2PCP 6B5 Crl 4 bbl 9 56
43CA 43CA 8-24 6 8-30 17 65
Average 6.3 134
Std. Dev. 72 8.7

the antigen, and the fraction of residues in contact that have
been replaced by somatic mutation. As many as 21 of 40
antibodies {53%) do not show any somatic mutation in
residucs in eontact with antigen, and another 11 (28%) have
only 1. Overall, the freguency of antibodies with increasing
number of replacements in the residues in contact with the
antipen decreases following an exponential distribution (Fig.
2y Clearly, replacement of residues in contact with the
antizen by somatic hyvpermutation constitutes a rare event
The number of residues in contact with the antigen that
have been replaced by somatic mutation 1= not propor-

tional to either the number of residues in contact with the
antigen or the extent of somatic mutations. For instance,
antibody 1IKF has 5 contacts with the antigen, of which 2
were replaced by a somatic mutation. In contrast, antibody
1YEJ has 11 residucs in contact with the antigen of which
1 has been replaced. Again, antibody 1758 has 8 mutations
and 4 mutations arc in residues in contact with the
antigen, whereas antibody 10AK has the same number of
mutations but none in contacting residues,

Even more. no correlntion between the numboer of so-
matic mutations in the CORs and the number of replace-
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TABLE IIH. Number of Residues in Contacts With the
Antigen, Number of Putative Somatic Mutations, and
Fraction of Residues in Contact With the Antigen That
Were Replaced by Somatic Mutation (Fraction M-C)

PDBID Name Contacts Mutations  Fraction M-C
1IND CHA255 3 2 0
INGP N1Go 3 0 0
18M3 Sm3 5 2 0
1MEFA SE155-4 4 9 2
1A0Q 2911 4 9 1
1A3L 13G5 4 9 0
1A3R 8F5 9 9 3
1A4K 39-A11 0 4 0
ICIE 1E9 5 3 1
1IDQT HyHEL-63 9 0 0
1DVFE E52 5 3 0
1EAP 17E9 5 10 2
1F58 Fab 582 9 8 4
1IFLR 4-4-20 4 2 1
1HYX 6D9 7 7 0
1IGJ 26-10 2 4 1
1IKF R454511 5] 6 2
1JHL D11.15 5 7 0
1KB5 Diésirg-1 8 2 1
1KEL 28B4 7 2 0
1IMLC D441 5 3 0
1MRE JEL103 7 0 0
INCA NC41 7 6 1
INMB  NCI10 7 5 2
10AK. NMC4 5 8 0
108P 184.1 7 6 2
1TET TE33 9 4 1
1IVEB D13 8 5 1
IWEJ E8 8 0 0
1YEE D25 7 5 0
1IYES D23 11 5 1
25C8 5C8 6 2 0
2AP2 Ccz21 6 0 0
2CGR NCs.8 5 7 1
2FBJ J539 2 5 0
2H1P 2H1 3 3 4]
2HRP F11.2.32 9 5 2
2JEL JEL42 7 2 1
2PCP 6B5 4 4 0
43CA 43CA 7 6 0
Average 56 4.6 08
Std. Dev 23 2.9 1.0

ments of residues in contact with the antigen was found. A
more systematic analysis, in correlation coefficients, sup-
ports all these observations (data not shown), thus empha-
sizing the finding that residucs in contact and somatic
hypermutation do not correlate.

DISCUSSICN

This rcport addresses the extent to which somatic
hiypermutation modifics the residucs in direct contact with
the antigen. To achieve this, we determined the residues in
contact with the antigen in the region coded by the V| gene
of murime antibodv—antigen complexes, The set of contact-
ing residues was then compared with the putative somatic
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Contacting residues replaced by somatic hypernautation

Fig. 2. Frequency of residues in contact with the antigen that have
been modtied by somatic hypermutation per antibody

mutations. Results indicate that, although 52% of somatic
hypermutations are concentrated in CDRs, somatic replace-
ments oceur 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 om the
surface of an antibody. Positions frequently involved in
contacts, namely, 30a, 32, 50, and from 91 to 94, form a
continuum patch at the center of the antigen-binding site
[Fig. 3(a)l. Residues 32, 91, and 92, which are in coniact
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)], with positions
more frequently mutated, that is, 34, 55, and 94 flanking
contacts with the antigen. The Cu of residue 34 is not at
the surface as defined by running a probe of 10 A radius
over the trace, but we have indicated its relative position
on the V| surface. It 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 at the edge of the
antigen-binding site [see Fig. 3(b)l.

The spatial distribution of contacts and mutations ob-
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 at the
center of the antigen-binding site, in contrast to somatic
mutations that take place mainly at the antigen-binding
site periphery. Provided that most contacts are established
at the center of the antigen-binding site [Fig. 3{(a)l, it can
thus be proposed that the germline gene repertoire evolved
to concentrate its diversity in that region, which guaran-
tees the recognition of any antigen. The somatic hypermu-
tation mechanism then evolved to spread mutations to the
antigen-binding site periphery [Fig, 3(b)|, which preserves
the residues in contact. That strategy, as Tomlinson and
coworkers® suggested, may have been favored by evolution
as an efficient way for searching the sequence space.

However, the mechanism of somatic hypermutation
predates the combinatorial gene rearrangement and diver-
sification of the germline genc families.*"*' In some
species (¢.g.. sheep and rabbits), somatic hypermutation
diversifies the primary repertory of antibodies. ! Such a
diversificalion generates antibodies capable of contending
with the antigenic challenge in man and mouse, where
the somatic hypermutation is antigen dependent, this
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Fig. 3. Connolly surface™ of the V, domain of antibedy MCPCBE03 (PDB code: 2IMM), shown from the
antigen perspective. The color code corresponds to a gradient from red to white according the data of Figure 1.
Red indicates a residue establishing contact (a) or mutated (b} in all complexes (equai to 1 in Fig. 1). White
ndicates a residue that never makes contacts or is never mutated (equal to Q in Fig. 1). Positions very often
found in contacts {a) or frequently mutated (b) are labeled. The surface was defined by funning a probe of 10 A
radius over the trace 10 avoid vanation due to changes in the amino acid sequence and fo obtain a surface
comman to all antibodies,

mechanism produces the raw material from which antibod-
ies of improved affinity would be selected.®® But, during
that process, it has been observed that harmful mutations
exceed useful replacements.® The frequency and type of
harmful mutations vary, depending on the region of the V
gene where they occurred.??*® Quantitative estimates of
the impact of punctual mutations in the CDR-H2 of
anti-PC antibodies shows that >50% of the mutations are
deleterious and none improved binding.® Therefore, the
somatic hypermutation appears to be an inefficient strat-
egy to search the sequence space in man and mouse.
Hence, an alternative explanpation for our finding
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, antigen—antibody interaction requires shape and
physicochemical complementarity;Z* the better the comple-
mentarity, the higher the affinily. The probability that a
mutation is harmful increases as the complementarity
(affinity) increases. This is particularly true for residues at
the center of the antigen-antibody interface, because
atoms located in that region are, in most cases, very well
packed and then would not be replaced without an ener-
getic cost.®® At the edge, atoms remain partly accessible to
solvent and can be replaced by water molecules.?™® Qg
the periphery, away from the atoms involved in the

interface, replacerments ean 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 affinity corre-
sponds to residues distant from the antigen-binding site.2”
Mechanisms of indirect optimization of interactions with
the antigen have been deseribed in a number of in-
stances >®* 1 For example, Wedemayer and coworkers”®
showed how the affinity can increase by mere than four
orders of magnitude through somatic mutations that are
at least 10 A away from the contacting residues. Chatellier
and coworkers®® established that modifications of some of
the residues involved in the ViV, interface are able to
influence the antligen-binding properties of antibodies.
Previously, Shillbach and coworkers®® suggested how sub-
stitutions in the side chain of an amine acid, which is notin
contact with the anligen bul is adjacent to a residue in
contact, would be accommodated without substantial rear-
rangement in the antibody but with impact on the affinity.
Even before, Foote and Winter®! demonstirated how substi-
tulions in the {ramework region underlying the CDRs
modulate the anlibody affinity.
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Affinity maturation can also be achieved through mecha-
nisms other than somatic hypermutation. Analyses of
immune responses indicate that in some cases the antibod-
ies dominating the secondary or tertiary responses use
different genes than those selected during the primary
response.’® ® Tn this phenomenon, called repertoire shift,
the new gene, which is close to the germline gene configu-
ration, grants a set of contacts or an antigen-binding
geometry that lead to affinity improvements.>* 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 hypermutation. *

It is important that the complementarity of germline
gene and somatic divergities cbserved by Tomlinson and
coworkers® can also be explained in the deleterious effect
of somatic hypermutation. That is, most somatic muta-
tions that occurred at 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 evaolved 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 Vy gene, which encodes the CDR-H1 and
CDR-H2, nor for the V. J; and VyDJy junctions that
define the last position of the CDR-L3 and the CDR-H3,
respectively. Nonetheless, it should be noted that mecha-
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. J,
and V|, 1DJ}; junctions, we should be cautious in the making
of predictions, because other mechanisms to produce diver-
sity as recombination and addition andfor deletion of
nuclectides are operative at those regions.’

CONCLUSIONS

We found a lack of correspondence between residucs in
contact with the antigen and those modified by somatic
hypermutation. This finding may reflect the destructive
nature of somatic hypermutation instead of an evolution-
ary strategy to search the sequence space. In species such
as man and mouse, where the somatic hypermutation is
antigen dependent, the primary repertoire of antibodies
may have evolved to provide a set of residues capable of
recognizing any antigen. Direct modification of those resi-
ducs by somatic hypermutation, being in residues less
tolerant to replacements, more often than not may be
harmful. Mutations in the V and V|, interface, down to
the antigen-binding site, at its edge or far away from the
antigen-contacting residues would be more tolerated, while
leading to affinity improvements. Our findings thus define
a conceptual framework to propose a novel strategy to
mmpros ¢ the affinity of antibodies, One should focus on

identifying the residues in contact with the antigen but,
instead of selecting these for mutagenesis, the target for
mutagenesis should be nearby residues. Actually, strate-
gies focused in residues other than those in contact with
the antigen have already been exploited suceessfully for an
anti-hapten antibody.®’
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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
cantidad de informacion para los anticuerpos, no es posible predecir aun la especificidad o
la afimidad de un anticuerpo en particular. Algunos trabajos de investigacion 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 H) fue el desarrolld de una herramienta de
computo denominada VIR.IL. Esta herramienta tiene su antecedente en VIR (Almagro et
al., 1995). A diferencia de la versién anterior, VIR.II esta disponible en el WWW (URL:

http://www ibt.unam.mx/vit/VIR/vir_index.html). VIR.II permite obtener alineamientos

multiples de grupos de secuencias de anticuerpos por especie, cadena (VH o VL) y
especificidad fina. Otra caracteristica de VIR.II - 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, péptidos, haptenos, 4dcidos nucleicos, etc.

Esta clasificacion pudiera ser la semilla de una taxonomia de antigenos en el futuro.

Ademas de VIR.II, se desarrolld una interfaz con el Protein Data Bank (PDB) que
permite tener acceso a toda la informacidn sobre las estructuras {ridimensionales de

anticuerpos conocidas (http://www.ibt.unam.mx/vir/structure/structures.html). Esta pagina

web ha stdo unida por varias paginas del mundo entero y ha sido citada a la fecha en varias
publicaciones (Dubel 2000). Con VIR.II y esta pagina Web, emprendimos el analisis de las

secuencias y estructuras conocidas de anticuerpos.

El analisis de 1a relacion entre fa estructura y la funcién de las estructuras conocidas
de anticuerpos (Capitulo 11l ) mostré gue de las 49 estructuras de anticuerpos anti-proteina,
33 (67%) tienen un asa corta en L1. En contraste, el 90% de la estructuras anti-péptido
poseen una asa larga en L1. Estos resultados en las estructuras son consistentes con un
analisis similar de las secuencias. De 1,017 secuencias depositadas en la base de datos de
Kabat de anticucrpos anti-proteina 692 {68%]) tienen un asa corta. En el caso dc las

secuencias de anticuerpos anti-péptido, de 121 sccuencias, 87 (71%) tienen una asa larga.

o
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Al estudiar 1a topografia del sitio de interaccion con el antigeno, se observo que los
anticuerpos anti-proteina, es decir, aquellos con un asa corta, tienen una superficie plana en
su sitio de unién al antigeno. Los anticuerpos anti-péptido, es decir aquellos con L1 largo,
tienen una ranura en el sitio de unién al antigeno.  Desde el punto de vista de
reconocimiento molecular, una superficie plana proporciona una superficie complementaria
a los antigenos grandes, como proteinas. En el caso de los anticuerpos anti-péptido, debido
a su tamafio menor con respecto a una proteina, una ranura en el sitio de union con el
antigeno asegura una complementariedad adecuada con estos ligandos. Estas
observaciones, nos permiten proponer que un determinante estructural que dirige la

diferencia de reconocimiento entre proteinas y péptidos es L1,

Una observacion interesante que emergid de este trabajo fue que ningln anticuerpo
con superficie plana reconoce péptidos. Una posible explicacion es que una superficie plana
dificilmente brinda una complementariedad adecuada a un péptido. En contraste, de las 49
estructuras de anticuerpos anti-proteina, 16 presentan un L1 largo y por lo tanto tienen la
ranura tipica de los anticuerpos que reconocen péptidos. De ellas, 5 fueron co-cristalizadas
con ¢l antigeno y en consecuencia pudieron ser analizadas. Estas estructuras muestran
como tendencia poca complementariedad antigeno-anticuerpo, excepto cuando el epitope se
proyecta del plano del antigeno y rellena la ranura en el anticuerpo. Esta observacion
sugiere el modo en que un anticuerpo obtenido con un péptido {anticuerpo anti-péptido por

definicién) pudiera ser reconocido por una proteina.

Por otra parte, del analisis de la topografia del sitio de unién al antigeno llamé la
atencion el modo en que los anticuerpos reconocen haptenos. Debido al pequefio tamatio de
los haptenos, estos 1o requieren de cambios importantes en la topografia del sitio de unidn
al antigeno en el anticuerpo, como los que se realizan por la insercion o delecidén de
residuos en L1. Al parecer, solo se requieren pequefios cambios en la topografia del sitio de
interaccion con los antigenos, mismos que pueden realizarse a través de cambios
conformacionales o substituciones de las cadenas laterales durante ¢l proceso de

maduracion de la respuesta inmunologica.
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Es importante mencionar que este resultado es totalmente novedoso, en trabajos
previos se observo que el reconocimiento de haptenos y péptidos era similar (Vargas-
Madrazo, et al 1995), suposicidn basada en que ¢l tamafio de los haptenos es mas cercano a

los péptidos que a las proteinas,

En e] capitulo IV analizamos cual es el papel de la hipermutacion somatica al
sustituir los residuos en contacto con el antigeno. Para ello consideramos 40 estructuras no
redundantes de ratdén que presentan una resolucion de 2.5 A o menos vy que han sido co-
cristalizadas con el antigeno. Un primer paso en el anélisis fue la asignacion de las
secuencias de linea germinal a las estructuras. Se observd que el gene Vi acumula en
promedio 5 mutaciones durante el proceso de maduracién de la respuesta inmunologica. El
nimero promedio de contactos es similar al de mutaciones somaticas, alrededor de 6. Sin
embargo, en el 60% de los anticuerpos no coinciden las posiciones mutadas con los
residuos en contacto. En otro 27% de los anticuerpos s6lo hay | mutacion en los residuos
en contacto con el antigeno. Esto indica que los residuos en contacto son modificados

raramente por €l proceso de hipermutaciéon somatica.

Si se identifican las posiciones mutadas y los residuos en contactos en la superficie
de un anticuerpo (ver Figura 3, Capitulo IV), se observa que los contactos estin en el centro
del sitio de interaccidn, mientras que las mutaciones somaticas estan en la periferia. Una
posible explicacion para este patron, es que las mutaciones en los residuos en contacto son
dafiinas en un importante nimero de casos. Asi, son eliminadas del "pool" de genes durante
el proceso de maduracién de la respuesta inmunoldgica. Esta expiacion tiene, sin duda,

implicaciones para las teorias que explican el origen y la evolucion del repertorio de

anticuerpos.

La observacién de que no hay correlacién entre los residuos en contacto y las
mutaciones somaticas, tiene también consccuencia practicas. Esto es, si se desea madurar

la afinidad de un anticuerpo in vizo, lo que sc¢ debe hacer es identificar los residuos en

[



Conclusiones

contacto, pero en vez de mutar estos, se deben mutar son los residuos circundantes a los

residuos en contacto.

En resumen, el conjunto de trabajos realizados durante el doctorado confirman la
existencia de reglas que gobiernan ¢l 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 III)

como en los detalles de maduracion de la afinidad (Capitulo I'V).

Con respecto a nuestros primeros trabajos (ver anexos: Vargas-Madrazo et al., 1997,
Almagro et al., 1997, Almagro et al., 1998), estos estuvieron enfocados al analisis y
comparacién de los genes de linea germinal de las dos especies mas estudiadas: humano y
raton. En el primer anexo presentamos la caracterizacion estructural del repertorio de genes

de linea germinal de humano (Vargas-Madrazo et al., 1997).

El analisis anterior permitié proponer un repertorio primordial de Vy, constituido
por las clases de estructuras canodnicas 1-2 , 1-3 (asas cortas en H1 y H2) y 3-1 (asa larga
en H1 y corta en H2) codificadas por los clanes 1, 11 y 11 respectivamente. En el caso de
Vi, el repertorio estructural primordial para los genes de linea germinal esta representado
por las clases de estructuras canoénicas 2-1 (asas cortasen L1 y L3) y 4-1 (asalargaen Ll y
corta en L3) codificadas por los clanes I y I respectivamente. La combinacién de estas
clases de estructuras candnicas nos pennitieron proponer que el repertorio Vy-Vy (H1-H2-
L1-1.3) de clases de estructuras candnicas se reduce solo a cuatro combinaciones: 1-2/3-2-
1, 1-2/3-4-1, 3-1-2-1 y 3-1-4-1.

Desde el punto de vista estructural, estas clases Vyu-Vi de estructuras canonicas
representan el repertorio de topogratias (planas, con cavidades y con ranuras) del sitio de
unién al antigeno, necesarias para el reconocimiento molecular mediado por anticuerpos,
especificamente el reconocimiento de antigenos proteicos, péptidos y haptenos. Las demds

clases parecen ser variaciones sobre este esquema primordial.

L
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En el anexo II analizamos el repertorio estructural Vy de ratém, el cual esta
codificado por la familia Vyl vy representa la clase 1-3, mientras que en humano, su
repertorio estructural es codificado por la familia V3 (anexo I), la cual codifica la clase 1-
2. Esta diferencia no resulta tan significativa, puesto que, la diferencia entre la estructura

candnica 2 y 3 sélo representa cambios conformacionales.

El analisis del repertorio estructural de Vi mostré diferencias entre los repertorios
gstructurales de humano y raton. El repertorio de ratéon es mas diverso, es decir, codifica
siete clases de estructuras candnicas, mientras que humano solo codifica para tres clases.
La clases de estructuras candnicas de raton que no se observaron en el humano son: 5-1, 1-
1 y 1-2. Otro dato sobresaliente es que el 60% de los genes Vi de humano codifican para la
clase 2-1, mientras que en raton, solo el 30% de los genes codifican esta clase. Las
diferencias encontradas en ¢l repertorio estructural Vi, pueden ser resultado de la estrategia

seguida por ratén para compensar las diferencias en el contenido de genes V.

Estos resultados, tomados en su conjunto con la existencia de reglas que gobiernan
el reconocimiento de diferentes tipos de moléculas, apuntan en la direccién de que el
proceso de evolucidn de los anticuerpos no es del todo estocastico, como se ha propuesto;
existen caminos preferenciales a través de los cudles la evolucion ha dado forma a los

diferentes repertorios de anticuerpos en las especies conocidas.
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Abstract

Variable genes of human Ig 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
10 generate an antibody repertoire of great diversity, At present the role that somatic processes
play in the generation of that diversity is understood with some detail. It is a matter of hard
controversy, however, which selective pressures have shaped the evolution of the germiine genes
of lg and, consequently, what the role of this germiine component in the generation 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
propetties of the antibodies. Complete knowledge of the sequences of the human Vy and V. loci is
available to analyze the evolution of the structural repertoire of these loci. Two phylogenetic gene
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, it is shown that the evolution of the structural repertoire follows a
gradual process of diversification. This indicates a correlation hetween the evolution of genes and
the structural repertoire, although important differences are found in the patterns of evolution of
the structural repertoire between Vi and V,. Based on those results we propose a primordial
structural repertoire for Vy and V.. The general properties and an outline of the three-dimensional

structure of this primordial repertoire are given.

Introduction

The variable locus of Ig1s composed by multiple genes which
have evolved through gene duphcation in order to generate
a diverse germiing repertore (1) Analysis of homology among
the V gene segments has revealed that these can be grouped
in dizscrete famiies {23} Addinonally, 1t has been proposed
that the V gene famibes can aiso be grouped in clans (4)
which represent the early events i the evolution of the V
genas (5.6}

The nature of the selective forces responsible for molding
the evolution of the V genes s stll a matter of controversy
{for reviews, see 7.8). Analysis of nuclectide and aming acid
substitutions at the coding region of the V genes has shown

Correspondence to ¢ Vaigas Madraro

Transmating coitor R Porlmuticr

that the regions involved In the iNteraction with the antigen
present high vanabiity, i contrast to the relatively conserved
remaining framework regions This results suggest cifferent
selective forces acting over these two regons {1 8-10)
Additional analysis of others aspects ke palymorphism
{1,11.12}, sequence vanabiity (13,14} and phylogeny {4 5.15)
has prowded additional evidence of selective forces acting
over V genes in order 10 shape thair vanaihty

The adopted model of immune recognition 1g the inual
aspect of the controversy about the selective torces, A widely
accepted model 15 based on the established correlation
between the regions of random hypervanability and the

Recewved 22 July 1997 accepted 18 August 1997
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specificity properties of the antbodies (16). In this model 1s
assumed that a hugh rate of substitutions in the hypervanable
regions can generate an antibody repertare capable of
comtending successfully with the antigen challenge (8,10,13)
That means (according ta this model) s possible to generate
a sufficient diversity of antigen-binding sites only through the
variaton of side chains i hypervanable positicns However,
differences at the hypervanable loops in the germbine genes
were observed not only including amino acid substitutions
but insertons and deletions that aiter the loop tength {1.8)
Since the side chans and also the length of hypervanable
loops are important in determining specificity (17,18). the
presence of these insertion and deletion events can be
understood in structural terms The former are due to an
insufficient amount of possible surface topologies which wiil
resuft from the mere varnation of side chain types without
altering {as well} the backbone of the hypervanable loops
Thus, 1t can be proposed that not only amino acid substitutions
but also length variations in hypervanable regions are import-
ant to determine the antibody repertoire and conseguently
have been subject to selectron in the evolution of V genes

From the structural peint of view the anaiysis of antibodies
of known atomic structure has revealed a small number of
mam chamn conformationg or canonical structures for L1, L2,
L3 as well as for H1 and H2 (19.20) This simple model has
proven to be vald for almost zll antbodies for which the
three-dimensional structure has been reported at present
(21) From the perspective of sequence analysis, a relevant
feature of the canonical structure mode! is that the conforma-
hon of the loop is determined only by the loop length and the
presence of certain residues In key posittons in both the
hypervanable loop and the framework regions (18). 1 e a'toop
that presents a defined length and adequate residues in
a few key positions acopts a well-detined conformaton
According to this, 1115 possible through evolution to vary
the canorical structure repertoire of the germline genes by
aftering the length and key residues of the hypervanable
loops in order to gererate a diverse antibody repertoire
In fact, the analysis of functional germhne genes (22-25).
pseudegenes (26,27) and mature amino acid sequences
(20,25-27) has revealed that almost all the sequences ana-
lyzed present canonical structures, mdicating that the van-
atons I length and sequence in key posiions i the
hypervariable loops have been constramed (o mantain the
canonical structures

In addition to those results our previous studies have shown
that the combinatons of canonical structures in frve out of six
hypervarnable loops determine the antigen type which s
recognized by the antibody (18} This result indicates that the
conservation of the sequence patterns compatible with the
canomrcal structure has got be an important selective force
not onty 1N terms of structural restnctions, but also 10 terms of
the recognition properties of the antibody product of the v
genes {18,28). According 1o this, it can be proposed that
the diversity of the structural reperntore determined by the
canomcal structures has been subject o geleclive pressure
in the evolution of V genes If tns has occurred. it can be
proposed that the evoluton of the siructural reperiore s
conelated with the evolution of the V gones With the recent
tnty avadable regaidng e Vo and Vo loe {2129 31 s

possibile to buld complete phylogenetic trees and so to prove
the above hypothes:s.

In the present paper, in order to study the evoluhon of the
structural repertoire of V genes of human lg. we repont the
followng analysis (1) An outiine of the cancnical structure
model and 1ts evolutionary paths are given (1) The canonical
structure repentoire 1s determmed based on the germling
gene sequences of the human Vy and ¥, avalable (1} A
gene tree is built for each V5 and V, locus, and the canonical
structure class of each gene 1s assigned in the tree (Iv) The
phylogenetc relationships among the genes, famiies and
clans are analyzed in terms of the structural repertoire  (v)
The primordiat structural repertaires for Vg and ¥V, loct are
propesed

Canonical structures and evolution of V genes

in order to trace an evolubonary relationshup among the
canonical structures present at this time, 1t is necessary to
analyze the commeon structural restrictions among the dfferent
conformations and the molscular evolutionary events required
to convert one canonical structure type Into ancther Here we
hrefly descnbe the mawn syuctural determnants for tne
hypervariable loops and outhne the molecular evotutionary
events (substtutions, Inserticns and deletions) to transform
one canonical struciure into another The sequence pattems
and numbering scheme used here are as descrnibed by
Chothia et at (20,22,25,32)

The first hyparvanabie loops of Vi and ¥, are both B-harrpin
arms that imk B-strands from different sheets (19) For all the
canonical structures described for these loops, the presence
at a hydraphotic residue In posiion 22 serves as an anchor
of the locp that packs against a hydrophobic pocket This is
formed by residues 24, 27 and 34 for H1 {19). and by
residuss 2, 32, 33 and 71 for L1 (19) The above-menticned
hydrophobic residue 1s the man stabilizing factor of the
conformation [hfferent lengths have been observed for these
leops, but analysis of antbaodies of known three-dimensional
structure has shown that these extra residues form a bump
which does not affect significantly the overall conformation of
the loop (22) These wgertigns occur between residues 31
and 32torH1and 30 and 31 for L1 The molecular evoiutionary
evenis thal have generated these length differences could
have taken place among any ather residues within the loop
with the conseguent disruption of the stabilizing pattern The
placement of the insertion at the previously mentioned positicn
maintaing the key residues for all human genmiing genes {(cf
Table 1) This 15 a valid observation for mouse as well as for
other vertebrate sequences {results not shown) This indicates
that in most cases. Ihe INseryon events fixed dunng evolution
were congtrained 1o take piace only at certan positions
apparenily to maintain the canonical structure pattern of these
B-hairpin arms

According to this for nstance. starting from type 1 of H1
the inrgertion of one or two residues between posiions 31 and
32 and the consevation of the residue types i the deternnimg
positions 24, 27 and 34 are necéssary in order 1o generate
types ? and 3 respectively

The sccona hypervanable Dops of Vi, and V¥, are both
A-harpn oops that connect §-strands from e same sheat
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Table 1. Functicnal germhne genes of the Vi locus

Logusa Hi-H2b

Vil

1-2/VI-2 % 1-3

1-3/VI-3B/0P25 1-3

1-3/TP15 1-3

1-18/DP14 1-2

1-24/0P5 1-U

1-45/DP4 1-3

1-46/2)-25TE -3

1-58/V71-5/PF2 1-3

1-69/DP10 1-2

1-e/DPEE 1-2

I-£/T93 1.2

Vil

2-5/TH76 3-1

2-26/1926 3-1 . 5 V... LoV L LNARM, S...... cr HF-~eSNE.S..T.... . I5.T. 5§ .T... PR
2-70/TF28 3-1 A" - N . ... MRE.LL. . .BD—, ,F T.T..I§ T.....T JRI
%3

3-7/DF54 1-3

3-9/0031 1-3 .

3-11/22-2R/0935 1-3 . .

3-13/13-2/0P48 1-1 . . o

3-15/9-1/DP38 14U s saRe o NeSAL L Ll GR. .SKT. GTTO.ARP. .. ... DS Tevvovan. b o T
3-20/T32 1-3 D--.G SENFNGSTE R oeinn o) veviann aen aa . LH
3-21/WHG16/TFTT 1-3 Noooos $8.85--85.YT A . .... ..
3-23/VH26/DP47 1-3 A ive SBRAS-SGSI.L A L.... . S LT . C e X
3-30/1 9ITI/DP4Y 1-3 G.H VS--..N A .27 . RS
3-30.3/GL~GT2/DPA6 1-3 AH Lo V.5Y-~. N LA LS LT C e
3-30.5/1849 1-3 G.H. e Vv SY--. N 5. T [
3-33/301983/0F50 -3 G.K ., VW¥--,,. N A ..., - O e e
3-43/DP33 1-3 T.K.... SL.S#¥-. GST, A .5 T. ,.L.
3-48/0P51 1-3 SN SY S5--8S.TT..A .. LD

3-48 1u . e KT.
3-53/DP42 1-1 . S.

364 MPEL 1-3 -

3-66/Yacs/DP86 1-1 .. 5.

3-92/12-2/0F29 1-4 o5

3-73/Yac 1-4 LIS,

3-74/H11/DP53 1-3

3-D/00S12 1-6

Vb

4-4/DF70 2-1

=~-28/Vi2G-1/1.911/vA4 . 13/TP68 2-1

4-30.1/TF65 3-1

4-30.2/0064 3-1

4-30.4/VE¢, 34/DF78 3-1

4-31/TPE5 3-1

4-34/VH5 /VHA~21 /TP63 1-1

4-39/VH4.18/0F79 3-1

4-59/Vid, 11/TF71 1-1

4-81/T1-2 /0066 3n1

4-b/DP-67 2-1

WH

5-51/VHRSL/DF73 1-2

5-a/VH32 -2

Wb

6-1/VH-VL/6-151/0004 3-5 VLS GLV KPS TL L T A LGOSV S SNSAANNA TR PSRGLEL R Y YR - SIONINDYAVSVK SR T NPT SKNOF SLOUNSYTPELTAVY YCAR
Wit

-4 L/TERL -2 LS RO S S R G TR TS - A VR R I Frb W TN T - N T A OST TORTV P S TSVS TR LN CSLRRETTAV TR,

Locus 1s presented clustered by famiies Within each family the sequences are ordered following the physical locaton of genes from D
distal to proxmal (31)

"Detarmined canomcal structure class according 1o Table 1 {HY ang HE) Canonical structures were Getermingd using ihe VIR package
{33) ‘U’ denotes uncertain struclure Key posiions for canonical structures are labeled with ' the coresponding column The geng 1-74
has the length and sequence pattern of type 2 1 H1, excepl Glu in poston 71 which has not been observed in three-dimensional struciures
(22) Genes 3-15 and 3-49 have the lengin and sequence patterns of type 4 1n H2, but Gly in position 56 insiead of Tyr (19) For thesc three

genes this makes the predicton of the conformation difficult Type 6 of H2 carrespands 1o a confarmatien far harpin loops of length twa as
defined by Chotha et al (19)

(19) The vanation both n length and residues 1S strongly significant vanaton has been observed (14,189), The man
restricted for L2 (19 23) One caneonical structure has been detecounants of the canfarmation of thus loop are the fength
defined for this loap (19} At present, almost all human and and the presence of residues thal can adopt special dihedral
mouse sequences reported are companble with this structure angies n posiions 54 or 55 Structural {19) and sequence
(25,27 28) Inhuman V, germine genes all sequences present (34) analyses inchcate that the inserbons take place belwean
e canomcl stuctute seguence patern For H2, Moweve postions 52 and 53 for &l numan {of Tabie 1) mouse and
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other species sequences (resuits not shown) Thus, for this
oop as well as for M1, insertion events were fed only when
they occurred Detween residues 52 and 53 in aimost all ig

To transform one canonical structure inte ancther, the
nsertion of deletion of one of more residues between positions
52 and 53, and substritutions m positions 54, 55 and 71 are
required

The third hypervanable loop of V. is a B-hairpin loop that
links f-stands from the same sheet {19} The analysis of
this toop 18 more complex than the others because the
recombination events between V. and J, might alter the
fength and sequence of the lcop An analysis of rearranged
human sequences shows that ~10-15% of the sequences
result in a modified length of L2 {25,35) Considenng this, we
will analyze the canonical structures by assuming that the
jotning process will not alter the lgngth of the Icop. The main
determinants for these conformations are the presence of Pro
In position 94 or 95, which imposes special constraints to the
loop structure, and the presence of Gin, His or Asn in position
31 forming a hydrogen bond network, which stabilizes the
conformation of the loop (19}, For aimost all the germiine
gene sequences for both human and mouse, but not for the
other vertsbrates (results not shown), Pro 1s conserved at
position 95 and Gin, His or Asn appears at pasition 91,

For example, starting from type 1, which s the most common
canonical structure of hwman and mouse ig {20}, type 2 can
be generated through substitutions that change the placement
of Pro from position 85 10 84 {¢f Tabls 2)

For all loeps 0 generdl, it s concluded that key residues
have heen preserved and the placement of insertions/dele-
tions has been strongly restricted in order to avoid disrupting
ine whole stabilizing secuence pattern As mentioned before,
this has occurred for Ig genes in most vertebrates.

Results

Evolution of Vi genes and the structural reparitoire

The physical map and seguences of the complete Vy locus
in humans are now known (31) In Table 1 we present an
ahgnment of all the functional germiine genes of V. The
canonical structure classes as defined by Chothia et af. (22)
are determined for each gene and reported In the second
column in Tabie 1 (see Table 1 fooinote for detais),

Tc analyze the evolutionary relationships between genes
and gene families. we built a gene tree based on the aming
acid translatons of the 51 funcucnal germline genes of Vi
{Table 1}. The evoluticnary relationships among genas were
analyzed considenng the canonical structure class encoded
by each gene. The phylogenslc tree was buill using the
distance matrix method (Protdist program) and applying
Fitch's methed for tree construction available in the Phylp
package {(37) Anaddiional treg was built using the naighbor
method giving 1dentical topology ¢ it (results not shown) In
order to avaid the influence of length differences in hypervari-
avle loops on the tree topotogy the regrons with nsertions/
deletions (positions 31a and i for H1, and 52a. b and ¢ for
H2} were not considered tor the znalysis In Pig 1, a geng
tree for the Vi, locus 15 presented in the form of o phenogram
with lengths of branches proportronal 1o the number of differ-

ences among groups The canonical structure class encoded
by the gene 13 reported adjacent to each ong

Vi gene farmhes and the struciural repertorre In the tree
introduced in Fig 1, seven well-established famiies for ths
locus {31) are observed and iabeled (see the Fig 1 caption)
The relevant information of Fig 118 summanzed in Table 3
In Table 3, the classes they encode, the clan they belong 1o
and the number of functional genes are reported for each
family Based on this information, the evoiution of the structural
diversity of the locus 15 analyzed,

As we can seein Fig 1 and Tablg 3, the V43 family 15 the
principal contributor to the diversity of the structural repertorre
suppiying four tifferent classes. This farmly encodes 1-X form
classes, where X runs from type 6 (the shortest one) 1o type
4 (the longest one described) (22), This means that the
svelutiongry dwersification has only taken place in H2 In
Fig 2(a}. the three-dimensional structures of Vy domains of
antibodies with the superimposed classes 1-1, 1-3 and 1-4
are presenied (38). At present, the three-dimensional structure
of antibodies with class 1-6 has not been repeorted, As can
be seen from Fig 2(a), & great diversity in the shape of the
Dinding site can be generated by different types of H2.

Vil and V4 families encode for two and three classes
respectively The family Vi1 encodes for structure types 2
and 3 for H2 These two types imply the same length,
but differences are present at position 71 which alter the
conformation of the loop (22). In Fig. 2(b), Vy domains of
antbedies with classes 1-2 and 1-3 are shown. As c¢an be
seen, the shape of the binding site 1s not altered significantly
by the change from type 2 to type 3 In H2 Consequently 1t
15 concluded that Vi1 has develcped a very homogeneous
structiral reperoire through evolution. On the contrary, the
Vud family encodes for three classes that present a type
vartation 1n Hi (A-1 general form) The V4 family 15 the only
one that encodes for type 2 in H1 Loops with types 2 and 3
are one or two residues fonger than type 1 respectively (20)
In Fig. 2(¢), Vy domains of antbodies with classes 1-1, 21
and 3-1 are supenmposed. Types 2 and 3 n H1 modify
considerably the general shape of the binding site when
compared with class 1-1 According to thisin terms of quantity
and qualty of the classes, Vu4 contributes to the antibody
repertoire to a greater extent than Vi1

Within the small families, V2 and V6 are other families, in
addition to V4, that encode for classes of different type to 1
n H1 {cf. Table 3). Both families encode for one class each
The V2 tamily presents class 3-1 which is also encoded by
the V4 family The V46 family encodes for class 3-5 which
seems o be a vanation of 3-1. These cbservations indicate
a relationship from the structural point of view among the
famihes V2, Vpd and VHG

It is worth mentioning that class 3-5 is the only one that
combines long loops in both H1 and H2 (¢f. Table 1} Classes
1-31 and 1-6 combine short loops in H1 and H2, whereas
classes 1-2, 1-3. 1-4, 2-1 and 3-1 combine a short loop with
a long one Unfortunately, no three-dimensional structure of
an antibody for ¢lass 3-5 15 avalable at present

The smati families Vb and V37 both present the canomcal
structure class 1-2 which 1 also encoded by the Vi1 family
The structural repertove of these three families 1s very homo-



Table 2. Functional germiineg genes of the V, locus
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Locusa L1-L2-L3b 1 16 20 50 80 790 80 90
v R N BT R SR NI L AR PR | et
L24/V134Ve' ' FDPR1O0 2-1-1 VTWMTOSPS LLSASTGLRVTISCRMSQG TS - LAWY OOK PGKAPELLT Y AASTLOSGVPSRESGSGSCTOF TLT T SCLOSEDFATY YCQOYYSFP
L23 2-1-1 aR . FS ...V, . T.WA. K.F .Y S.... PR ¢ S..P.... LT
L19b/Vb* ' /OPKE 2-1-1 DO ... BV, V...t A K.o... S§.. s ., AN .
Lifsva'* 2-1-1 AQL, .. 5. V¥ LT R L o B = 5 .2 .
L15/HK101/HR146/HK189/DEKT 2-1-1 oQ S.. v LT AR . KS. . .8 ..8. P LNLY.
L14/DKP2 2-1-1 e R v T .AR KH. . ..8. . - B - L HH.Y.
TILIHRLOZ/MNT 2-1-€ 5] T V.. T k. . D LBE. L E .8..BD. . N.YS
L11/vE/DPKI 2-1-1 aQ .8, . ¥ T A | SO S0P L D.NY
L3/Ve 2-1-1 AR, . SF ., T A. LK. - PN .Y
L8/Vd/DPKS 2-1-1 L. . F. ..V..... T A, Kivw 1o . B S..P ., .- LN.Y
LS/ Vb/Vh ' /Vab/DPKS 2-1-1 n.Q . 8V, - T A Koo S W8 P . AN,
TA/Va' iVaa 2-1-1 AQL. . .5 ..V T A Koo WDL S E.laus ..8 .P.. FNNY
Li/HK137 2-1-1 DO s v, T A KS... . 5 s .P N Y
CQB/TPKL 2-1-1 2.Q.. . .5 ..V .T GA. KL DLNET - caaes S..p. L . DNL.
D2/DPKS 2-1-1 0.Q g. W T A, LKL 5. s P.., s T
012/V3b/DPKS 2-1-1 F0. ..F.. VL. T AL K... TN 8P L ¢ T
O18/DPR1 z-1-1 DR .0 8 V. TG V. . K ,..D NET . 8..P.LT ONL.
AZ0/DPK4 2-1-G j<I TS R T A . . -4 cennVWReL e L.8..P.V . K.NLA.
A30 2-1-1 D.Q S V. LT AL R——--HDG . . KR s E .8, P L RN ¥
Va2
A3/R1S/DPRLS 4-1-1 DIVMTQSPLSLPVTPGEPAS ISCRSSQSLLH - SNGYNYLOWY LOKPGOS POLLI Y LG SNRASGVPDRF SGSGSGTDFTLE LSRVEARTNG VY YCHOALQTR
AZ/DPKL2 4-1-1 - T. § .Q..... K -.DET ¥ . -P . EV .F . o e .. . . 8L
AL/DPKLY 4-1-1 V.o .. LLQ. .. V¥-.0 NT..N.FQ.R ....RR...KV..WD. - . ... . GTHW.
OL/DPRL3/DFK13 3-1-1 T . . DSOD NT. . . L TLY e . . . RIEF.
011/V3asDeK13 3-1-1 e 2T DSID NT,,.C C . L TLY . ..D . ... . .RIEF.
A17/DFK18 4-1-1 v LQ v¥-.D NT .K FQ.R RR .KV D - . GTHW.
A18/DPK28 4-1-1 ST .3 .. 0. K - D KT..Y LEVSF GIHL
A19/DPX15 4-g-1 P . - ' . s . . . . .
R23/DFRLE 4-1-1 T8 L. ..V~ DNT..5 LO.R. P.R ..KI. .FS [P . T.F.
Vi3
L25/DPK23 6-1-1 EIVMTOS PATLSLSPGERATLSCRASQSVES -~ - - - SYLSWYQQKPGOAPRLL [YGASTRATS I PARF SGSGSGTOF TLTISSLOPEDF AVY YCOQDYNLY
L20/Vg * /humbey3g e 2-1-5 L . . G --—--- A . o N . P E RS WH
16/ humkev 378/ humkv 32802 2-1-1 . v . R alln- S SRR [ . . - E. s ... W
All/umiev30S/DPKZ0 §-1-1 L G A L o s o R E. Y558
A2T/umkevi 25/ VKRE/DPI22 g-1-1 L G. .. F 0. ... .. RE, .. YGSS.
L2 /humber 32805 /DPE2 L 2-1-1 V. --NA . ‘ . E. .. 8§ TN W.
23 2z-1+1 L e A = E. RS W
Vel
B3/vkIv/DFAZ4 3-1-1 BIVMTOSPDSLAVSLGERAT INCRS SQSVLY S SNNFINY LAWY Q0KPGCP PKLL TYWAS TRESGVPLRE SGSGSATDF TLT I SSLAAEDVAVY Y COQYYS TP
Ved
B2/EV1S 2-1-1 ETTLTOSPAFNSATPGDKVNISCKASQDID--~ - -DIMNWYQOKPGEAATF I IQEATTLVPG T PERFSGSCYGTOFTLTIMN I ESEDAA YYFCLONDNF P
Wb
AL14/DPK2S 2-1-1 MTQS PAFLSVTPGEKVTITCOASEGIG- -~ === KYL, YWY QO K PDOA PHLLL AYAS)S L SGVPSRF SG5GSGTDRTFT I SSLEAEDAATY Y COOGNKHP
MLO/M26 /DERZE 2a1-l #1.L .DQ. %.. R @8 -----85H .. 8 F . - e B H 5SSL
R2G/DPK2E 2-1-1 EIL .D¢Q £ . R Q8 --v--- S5 P T O M. H.S35L
VT
Bl 5-1-1 DIVLTOS PASLAVEPGORATITCRASESVSFLG I - -NLITHWYQOKFGQP PRLL I YCASKNKDTGVPARF SGSGSG TOF T LT INFVEANDTANY Y CLOSKNEP

*Locus 18 presented clustered by subgroups of families Withun each family the sequences are orderad following the physical location of

genes from J, distal to proximal (35)

?Determined canonical structure class according o Chothia of af (18) Canonical structures were determined using the VIR package (33)
‘U denotes uncentan structure Key positions for canonical structures are labeled with ' in the corresponding column L24 has ail the features
»f type 2 L1, except in key positon 25, which presents Met nstead of Ala or Ser The gene A20 presents Lys in position 90 mstead Gin
His or Asn The prediction of conformation for these 10ops 1s uncertain Type 6 of L3 corresponds 1o the conformation defined by Guarne af af (36}

geneous. This structural analysis indicates & relationship
between this group of tamilies

It1s important to mention that the gene tree presented here
was built without considenng the insertion/deletion regions
within the hypervanable loops, which avoids the fact that
information regarding locp length vanauons affects the tree
topalogy As mentioned abave, loop length differences are
the man determinant for canonical structure type Therefore,
the fact that the same family genes encode for the same or
similar classes indicates a correlation between the structural
repertore and the evolution of genes

In general, the evolutionary analyais of the Vy familes’
structural repertaire has shown that classes are not randomly
distributed within the families, Thus, itis important o determine
i these common structural features are also correlated with the
establhished evolutionary retationship among gene famiies (3)

Vy famudy clans and the structural repertoire. Previous studies
have shown that the seven families of the human V. locus
can be grouped in three ancestral clans (5.8,31) This clan
organization 1s common for the mammalian Vy gene tamiies
{5.6.31.45) These three clans can be clearly identfied as the
three main branches labeled with Roman numbers i Fig 1
{cf Fig 1 capton) This information 1 surnrmarized in Table
3 {third columny

in the previous section it has been noled that there are
some classes encoded by only one family and others which
are common to varnous families Members of the same cian
eancode for classes of similar structural charactenstcs {cf
Fig 1 and Table 3) Clan [ only encodes for the 1-X form
classes (classes 1-2 and 1-3) As previously mentionad, the
presence of these classes mphes a very homogeneous
structurat reperione {of Fig 2b) Clan 1 encodes tor X-1 torm
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dwverse structural repertoire with four different classes which
present a significant variation in the fength of H2 {cf Fig 2a)
During the analysis of common features among clans, it 18
observed that class 1-3 1s encoded by clan | and W members,
and that class 1-1 is common for clan It and Hl members
This inter-clan identity In the structural repertoire 1s intergsting
if we consider the evolutionary distance among members
of different clans, which suggests that recombination or
convergent evolutionary events—among members of different
clans—have taken place in the evolubion of the locus,

Primordial structural repertoire of Vy Based on the observed
correlation between the evolution of the germiine genes and
the structural repertoire it 1S pessible to propose the most
probable ancestral classes for each clan However, since it
has been demacnstrated that the clans identified In human
are also present In mouse and cther veriebrate species
(6,9.15,45), the proposed ancestral repertoire must be sup-
ported by consistent results for these species, Here we
present such comparative analysis, Figure 3 shows the
resuting primordial structural repertoire from this analysis. The
motecular evolutionary events necessary 1o nter-transform the
classes are presented in Fig 3.

A comparative analysis of the corresponding members of
clan t i human, mouse and other vertebrates gives the
following results (1) Class 1-2 1s the common ¢lass encoded
by genes from human, mouse and other vertebrates (results
not shown}. {n) Class 1-2 alsc is the most frequently encoded
in these species (m) Class -2 15 present in both the large
and the small families of human, and a similar analysis for
mouse gives the same resull. Based on these observatons,
it can be proposed that the clan | ancestral gene codified for
class 1-2 The remaining genes from human Vy1 diverged
from clags 1-2 through a single evolutionary event (substitution
in position 71) to generate class 1-3 (¢f. Fig 3)

For clan I, the comparative analysis shows the following
{1} Classes 1-1, 2-1 and 3-1 are present in the three groups
of sequences {(human, mouse and vertebrates). (i) The most
frequently encoded classis 3-1 for human, whereas for mouse
and vertebrates the most frequent one 1s 1-1 Such results
do not entitle us to certainly propose an ancestral class
However, in the case of human, considenng that class 3-11s
present in Va2 and VYied famibes, and class 3-8 from the V48
family appears as a modification of the 3-1 one (of Fig 1),
we suggest class 3-1 as the ancestral class.

The following results were obtained for clan 11l (1) Classes
1-1,1-3and 1-4 are present in human, mouse and vertebrates,
1-6 1s charactenstic of human (1) Class 1-3 15 the most
frequently encoded In the three groups of sequences These
resufts shows a high consisiency in the evoluton of the
structural repertowe for this clan for all vertebrates This allows
us to propose with high confidence that the ancestral class
for this clan was 1-3

The previous analysis suggests an outhne for the early
structural repertoire that encoded the three primordial Vi
genes responsible for the generation of the three clans found
This pomordial repertowre 1s outhned n Fig 3 1t 18 proposed
that ancestral genes in ¢lans |, il and 11 encoded for classes
1-2. 3-1 and 1-3 respectively {¢f the three man branches in
Fig 3} Duetothe nearness m the segquence pattem between

Evolution of the structural repertorre of human IgV genes
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types 2 and 3in HZ (¢f above), we propose that the primordial
genesinclans | and Il have a commgn ancestry. The evolution
from the primordial class to the present class 1$ indicated
with arrows 0 Fig 3 The legend 1o Fig 3 defines the
molecuiar evoiutionary events involved In each process. It is
worth mentioning that in all cases, the present classes can
be obtained by applying a reduced number of molecular
evolutionary events to the ancestry class

Evolution V. genes and the structural repertaire

Here, in the same manner as for Vi, we analyze the V,
structural repertorre evolution through building a gene tree
with functional ¥V genes (cf. Table 2) and assigning the gene
canonical structures in the tree (¢f Fig 4). In the analysis,
the type that occurs In L2 is not taken into consideration since
all genes present the type 1 cancnical structure (cf second
column of Table 4}, Consaquently, this locp does not contnibute
to the locus structural diversity The tree construction methodo-
logy 15 the same as the one used for V. The insertion
segments In L1 of V. sequences (positions 30a-30f) were not
considered 1n the construction of the tree, The relavant
information of the V. gene tree 1s summarized in Table 4. The
encoded classes, the clan to which they belong to and the
size of each tamily is reported In second, third and fourth
celumns in Table 4 respectively

¥ gene families and the structural repertoire, At present and
o our knowledge, no systematic evolutionary studies of the
complete human V. locus have been published i an extensive
article {48). Only comparative stucies between human and
mouse YV, germiine genes have been reported (47) The seven
gene families—usually termed subgroups—in which the V.
germline genes can be grouped have been well established
(25,30} The gene tree of functional V, germine genes is
shown in Fig 4. The seven V, families n the bult tree are
clearly chserved and labeled {(cf. Fig 4 caption) Members
of anly s out of these seven families have been observed
In rearranged sequences and are considered as functional
germling genes (25) The B1 gene is the single member of
V\.7 family and has never been observed In rearranged gene
sequences. Consequently, it 1s not congidered functional (25)
We have ncluded this gene i1 the analysis bhecause 18
representative of another family and, as shown later, it
encodes for a unigque canonical structure class,

For V,. the family that contributes the most to the structura
repertorre diversity 1s V.3 with three canomical structure
classes This family 1s the only cne that encodes for classes
with different canonica! structures in both L1 and L3 {classes
Z2-1,2-6 and 8-1}, Algo, this tamidy 1s the only one that encodes
for class 6-1. In L1, type 6 has one more residue than type 2
between positions 30 and 31 (20}, and consequentiy that
rmght alter the shape of the binding site Types 1 and 6, n
L3, present the same V gene length, though type 6 lacks Pro
in position 25 which 1s a determinant for the type 1 cangnical
structure {19} V, domains with classes 2-1 and -1 are shown
in Fig 5(a) g structures with class 26 are not avalable at
present in the Proten Data Bank The difference of types in
Lt produces some modifications in the shape of the binding
site However, this 1s not as major a difference as those
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Fig. 3. Proposed evofutionary relationships among canomcal siruciure classes of vy, famiies The three Vy clans are labeled with Roman
numbers The proposed canonical structure class for the ancestral gene for each clan s mn bold i parentheses. the classes that have
appeared through the evolution of the structural repertore are underlined in parentheses For each family the present siructural reperiore 1s
indicated The upper case bold letters behind the arrows ndicate the transformatians (molecular evolutionary events) to convert the ancestral
class o the present ¢lass The legend presents the molecular evolutionary events. Three categories of events are proposed and are
represented by letlers, (1} S, substitution, the position in which the mutation must take place is ndicated and examples of the amine acids are
given (u} 1, insertion of residues in specific position, .g In the transiormation rule ‘B’ the event 12 meana an insertion of two residues between
positions 52 gnd 53. (m) D, deletion of residues at specihic positions, e g 10 the transformation rule 'C' the event D2 means a deletion of two

residues between residues 31 and 32

abserved when short loop genes are compared to long loop
ones Iin L1 (see below)

The other large farmiles {V,1 and V,2) encode for two
canonical structure classes each Almost all genes it the
largest V1 family encode for class 2-1 except for class 2-6
as the only vanaton in this family (the gene L12 presents a
substitution of Pro by Ser in position 95} This preservad
pattern in the evolution of the largest V, tamity {19 functional
genes) contrasts with the case of the fargest Vi family (V3
with 22 functional genes) which presents a diverse structural
repertoire (cf Tables 3 and 4) The encoded classes by V, 1
are also present in families V.3, V.5 and V.6 This similanty
in the structural repertoire suggests that these familes have
an evolutionary relationship The tree topology supponts this
fact (¢f Fig 4). The structural repertoire diversity in the other
large V.2 family is also restnicted Classes 3-1 and 4-1 are
structurally smmilar, The only difference between these classes
18 one mgerton in L1 (20) V, domans of antibodies with

classes 3-1 and 4-1 arg presented in Fig, 5{b) The difference
of one residue in length shightly alters the shape of the binding
site However, the most relevant feature is the projection of
L1 towards the solvent i both classes, Qther families whigh
present classes with long loops 1in L1 are V.4 and V.7 These
three families (V,.2, V4 and V,7) with very similar structural
repertores do not appear close to each other n the tree
topology, which suggests that gene conversion avents have
occurred among these families (¢f Fig. 4),

The small V.. families encode for classes which have already
been encoded by large families {c¢f second and fourth
columns in Table 4), The excepuon to the rule 1 the single
member in family V.7 which as mentioned before encodes
for a unique class (class 5-1) However, this 1s apparently a
non-functional gene, 1 &. 10 terms of the structural repertorre
tne small functional V, famiies are redundant respect to the
large families

An important feature of the evolution of the V, sructural

Ll
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Fig. 4. Gene wee for ¥, funcuonal germine genes All the conventions as in Fig 1

Table 4. Structural repertorre of V, locus

Farmiy Canonical structure Clan No of functional
class genes

VL 24,28 ' 18

v, 3 2-1,2-6. 6-1 \ 7

V. 4 3 [ 1

Vb 2-1 { 1

V6 2-1 ! 3

VT &-1 I 1

V.2 3-1, 41 1 9

repertoireas that most of the V| structural diversity 1s contrip-
uted by L1 The distinctive feature which ditferentiates the
canomical struclure tynes in L1 s the length Conswdanng the

types present in human V., L1 types can be grouped as long
(types 3. 4 and 5) and short (types 2 and 6). From this point
of view V,2, V,4 and V,7 are families that encode for long
loops in L1, and V1, V.3, V.5 and V.6 encede for short loops
in L1 {of Table 4} In Fig 5(c}, the V,, doman of antbodies
with class 2-1 1s presented as a representative for classes
with a short foop in L1 and 3-1 as a representative for classes
with a long loop in L1 The difference of the shapes generated
by these two classes 1s huge These two groups of loops n
L1 can be combined with loops of Vi, to form binding sites
with flat, pocket or mixed forms (18,28,52,53)

Considering the resuits obtained here for v, tamilies, it 15
worth mentening that there 1s anumportant diference between
Vi and V, families In the sense that Vy, genes of the same
family encode for classes with different shapes (¢f V.3 and
Yod familes m Table 3), but for V, . classes within the lamilies
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Fig. 5. Ribbon representation of antibody backbones with
representative ¥, canonical structure classes. The V. domans are
supermposed by the framework according 1o the defintions of
Chottua and Lesk (19). The framework 13 in orange for all the
antibodies, the hypervariable loops are colored to mark different
canonical structure classes (a) Companson among class 6-1 [green,
1FIG (48)] and class 2-1 [red, 1IGM (49)] (b) Companscn among
class 3-1 [red, 2MCP (50)] and class 4-1 [green, 4FAB, (41)] (c)
Companson among class 3-1 [red, IMCP (51)] and class 2-1 [green,
1BAF (41)]

are very similar The large V,2 and V,3 families are the only
ones that have genes with loops different in length, but
iength vanations are only of one residue and do not change

significantly the binding site shape (cf Fig 5z and b)
Conversely, €.9. in Vy, Vy3 presents genes with structure
type 6 and others with structure type 4 in H2—this signifies
a difference of four residues in length {cf Table 1).

V. clans and ihe structural repertoire. The organization of
three clans cbserved here for Vy is based on seguence
conservation primarily from FRT (4} (cf. Fig. 1) Unlike Vy, the
FR1 seqguence for V, vanes significantly more, which does
not ailow a clear clan dwmsion of this locus {46,54). it has
been proposed, however, that based on an FR3 analysis it is
possible to 1dentify two clans for Vi clan | comprising families
V1, V3 and V4 and clan Il only formed by family V.2 (48).
Bath the tree prasented here (¢f. Fig. 4) and the one proposed
by Kroemer et af. (47) agree with this clan clustering. Take
into account that both trees are built considering the complete
variable exon. In the tree presented herg, in addition to the
families mentioned above (V. 1, V.3 and V,4), families V.5,
V6 and V.7 also appear clustersd in clan |

An analysis of the clan clustering of V, In terms of the
structural repertoire shows that ¢lan | encodes mainly for
classes with short loops at L1 {types 2 and &), with the
exception of the single member families V4 and V.7, which
encode for class 3-1. As previcusly mentioned, these families
present a structural repertoire similar to the V.2 family that
forms another clan. s interesting to observe that mouse
families (V, 8, V18/28, V.21 and V,.22) which are evolufionary
correspondents to the human families V4 and V.7 (47} alsc
encode for class 3-1 (resulis not shown). This fact implies
that gene conversion events among clan | and |l members of
V. occurred before the radiation between human and mouse.

V,. pnmordial structural repertoire. In order to propose the
ancestral structural repertoire for V. we performed a comparat-
ve anatysis of the struciural repertoire observed n human,
mouse and other vertebrates

The following results were observed for clan 1. (1) The most
frequent class encoded in human families of this clan (class
2-1) 15 algo the most common class for the corresponding
farmilies in mouse and other vertebrates {results not shown)
{ii) Cther canonical structure classes characteristic of thig
clan (-1, 2-8) also appear In the corresponding families in
mouse and other vertebrates. Based on these observations
we propose the ancestry of clan | encoded for class 2-1 In
Fig 6, the outhne of the ancestral repertoire is presented it
cart be observed that classes 6-1 and 2-6 are only cne
molecular evolutionary event away from the ancestral class
As mentioned above, classes 3-1 and 5-1 from families V4
and V.7 respectively are outgroup with respect 1o the typical
structural repertoire of this clan, and as a consequence do
net follow the gradual evolutionary patiern observed in alt the
cther cases.

For clan Hl the results are as follows, (i) The most frequent
class for human (4-1) 13 also the most common one for the
corresponding families in mouse and other vertebrates (i}
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 i encoded for class 4-1. As can be seenin
Fig 6. the evolutionary events between classes 4-1 and 3-1
are a minemum.
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Fig. 6. Proposed evolutionary relationships among canonical structure classes of V, families Al the notations as in Fig 3

Discussion

We have analyzed in the preceding sections the evolution of
the human Vi and V.. structural repertoire. The distnibution of
the canorical structure classes in famibes and clans was
proven to be compatible with a mode! of a minimum cumber
of changes in order to transform one class into another The
only exception 1o this rule was observed In ¢lan | of V,, whare
apparently gene conversion events have created nter-clan
giversity 1n the struciural repertoire 111s known that this kind
of mechamsm has played, in addition to veitical divergence.
an important role in the evolution of the g genes (1.55) For
both loci it 1s possible 10 propose 2 common ancestry
class for each clan responsible for the generation of all the
cantemparary ¢lasses through o small number of molecular

evolutionary events, Thig indicates that the evolution of the
structural repertore has followed the principle of maxmum
parsimony or minimum melecular evoluton (56) n spite of
the presence of mechamisms of honzontat evolution such as
gene conversion The cbserved pattern in the distribution of
classes within the famiies 15 apparently achieved through a
strong selective pressure in order to avold substitutions and/
or insertions/deletions that might destroy/modify drastically
the canonical structures These observations taken together
support the hypothesis proposed here that states that the
diversification process in the evolution of the structural reper-
tore was subject 1o evelulionary selective pressure

Analysis of the evolution of the Vy, and V, structural reper-
torre has shown several common properties for these two

kL
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locr {1) As mentioned before, both loci present a clan structure
that carrelates with the evolution of the struciural reperiore,
T The large famiies encode for more than one class and
there 18 one large family which contributes more than the
others to the diversity of the struciural repertore. (in) Most of
the small families are redundant with respect o the large
families 1 terms of the structural repericire (iv) There 18 one
small famity for each locus (for Vi the one member famly
V6 and for V. the one member family V,.7) that encodes for
a umque class

On the ather hand, there are important differencas in the
evotution of the structural repertoire between Vy and vV, The
Vy families encode for classes that although evolutonary
related, generate antigen-binding sites with different form (cf
Fig 2a and c). For example, family V3 encodes for class 1-
4 which presents the longest loop In H2 and simultaneously
encodes for class 1-6 which presents the shortest type for
this loop Conversely, the V, families encode for classes that
generate & homogeneous structural repertoire For instance,
family V1, the largest of V.. presents only classes with short
loops m L1 {type 2}

ft is worth menticring another difference between Vy and
V. As previcusly mentioned, both loci presentad one small
family (V46 and V,.7} that encodes for a unique class (3-5
and 5-1 respectively) However, it appears that V,. does not
use this addiional source of structural diversity. A recent
study of usage of V, genes has revealed that gens B1 (V,.7),
which apparently does not present genetc or structural
defects, has not expressed counterparis in the known antibod-
ies (25). Conversely, gene 8-1 (V48) 18 highly expressed (57)
and 1s present In antibodies with a wide range of fine
specificities (58-61). This gene 1s the most D proximal seg-
ment (31}, Analysis of the sequences of higher pnimates
revealed high conservaton of this gene with a seguence
variation of <2% between human and these species (82)
Moreover, the canonical structure ciass characteristic of this
gene {clags 3-5} 18 present In Ig germline genes of a wide
range of vertebrate species (Xencpus, rainbow trout and
rabbit) {results not shown). The present work has shown that
this gene 1s the only one that combines jong loops 1IN B1 and
H2, and consequently 1s expected to generate antibedies
with singular recogrition properties All these resuits suggest
an mmportant function for this gene (1)

An imporant question that anses from this cbservation 1s,
why are these important differences present in the evolution
of the Vi and V, structural repertore?

There 1s evidence from structural (18,63,64) and functional
(65.88) analysis which indicates that the V4 domamn plays a
more Important role than Vi in the recognition mechanism of
e lg The present work has proven that for vy both H1 and
H2 contribute to the diversity of the structural repertoire, but
tor V, only 11 vanies. This result agrees with structural analysis
which has shown that H1, H2 and L1 make numerous confacts
with the antigen, whereas L2 does not since it is far from the
binding site (64) Taking these observations together, it 1s
reasonable to expect that the Vi locus has been subjected
to chifferent evolutionary selective pressures than V, as those
observed here Antibodies of the Vy 1solype represent 30-
40% of the human light chain repertore {67} Conseguently,
it will be necessary to analyze the ovoluton and diversiy

of the structural repertoire of this locus to understand the
ditfferences between Yy and V. presentad here, and to have
the whole picture of the evclution of the human antbody
structural repertoire However, this kind of analysis 1s difficult
pecause the canonical structure repertoire of the vV, 1sotype
has been elusive to classify (19,23) and, at present, the
nucleotide sequences of ali the functional genes of this locus
are not known {88)

There 15 evidence about the biased expression of gene
famihes, and the correlation of this biased expression with
normal and pathologic stages of the immune system (1.69-
71) The proposed basis of this corretation 1 that members of
the same family would have very similar recognition properties
{69.72) In the present work, 1t was shown that genes with
high identity belonging to the same family can generate very
different structural repertoires Additionally, 10 a previous
study we have shown that antbedies with different canonical
structure classes possess different recognition properties
(18) Consequently, the proposai that ‘the expression of genes
which belong 1o the same family will generate antinodies with
similar recognition properties’ must be managed cautiously

Primorcial structural reperioire

In the present work based on the existence of a strong
correlation between the evolution of the Vi and V. genes and
the structural repertolre, we have proposed an cuthne of the
primordial structural repertorre of Vg and Vi loci For Vi it is
proposed that this repertore was composed of classes 1-2,
1-3 and 3-1 for clang |, Il and W respectively For V,, the
repertoire was 2-1 and 4-1 for clans | and 1l respectively Thig
proposal 18 supported by the following cbservations: (i) all
the exiging classes in the clan can be generaied in almost
all cases by one insertion/deletion or substitution event from
the ancestral class, conseguently these ancestral classes are
wn the 'mid’ distance by molecular evolutionary gvents between
the present classes, (i) the ancestral class is the most
numerous of the clan, and (i) the anceslral structural reper-
torre resulting from a comparatve analysis in mouse and
other vertebrates 1s the same as that found In human

A detalled analysis shows that the primordial Vi structural
repertaire was formed by two classes combining short loops
in H1 and H2 {1-2 and 1-3), and by a class that combines
the largest loop of H1 with the shonest of M2 (3-1) (¢f. Table
1 and Flg. 3). As previously shown, classes 1-2 and -3
represent cnly small vanaticns of the same structural motf
{cf Fig 2b) Because only one substitution 15 necessary In
positon 71 to convert type 2 1nta 3 10 H2, 1t s probable that
classeg 1-2 and 1-3 anse from a common ancestral gene
On the other hand, the primordial V.. structural repertore was
composed by class 4-1 (clan ). which cambines a large
loop in L1 with a short loap i L3, and by class 2-1 {clan 1},
which combines short loops in L1 and L3 (¢f Table 2 and
Fig &) Thus, an cutling considenng the loop length of the
primordial Vg and V. structural repertoire will involve two
kinds of classes for each locus short-short 'S-5' (1-2/3 for
Vi and 2-1 for V,)) and long-shart ‘L-$' (3-1 for Vyy and 4-1
forv,)

Recently, we nave proposed the concept of potential struc-
tural repertore of antigen-binding sites (28) Thig s defined
as the Vi V| canonical structure classes that can be formed
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structural repertoire descrnbed here could be present In the
primordial repertoire that was present in the early stages of
evoiution of the vartebrate immune system.
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Abbreviations

FR framewark region

H1, H2 and H1 first, second and third hypervarnable loop of the
heavy cham respectivaly

L1, L2 and L3 first, second and third hypervanable loop of the
iight cham respectively

Vy variable heavy dornain
Vi variable hight domain
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Abstract— Although human and murine anubodies are similar when considering their diversification
strategies, they differ in the proportion by whick x and A type chains are present in their receptive V.
repertoires. It has been shown that this difference implies a divergence 1n the structural repertoire of
the x and 2 genes of these species. Nonetheless, the differences in V,, have not been systematically
studied. In this paper a systematic characterization of the Vy structural repertoire of mice 15 made,
- $0 that a comparison with the Vy, structural repertoire of humans, described in detail elsewhere, could
be properly accomplished. Qur study shows the structural repertoire of mice to be dominated by
canonical structure class 1-2 {~60%), while 10 humans the dorminant one 1s class 1-3 {~40%)
Analysis of the evolutionary relationships between human and muce suggest that thi divergence may
have a functiona! meaning The implications of such findings are discussed {7 1997 Elsevier Science
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INTRODUCTIOMN

The anngen-binding site of antibodies consists of six hyp-
ervariable loops; three from V, and three from V.
denoted HI, H2, H3 and L1, L2, L3 respectively (Wu
and Kabat, 1970; Kabat and Wu, 1971, Poljuk et ai .
1973). Although there 15 great scquence variability in
these regions (Wu and Kabat, 1970; Kabat and Wu,
1971}, tt has been shown that excepting H3, the remaining
five hypervariable loops have one of a small set of main-
chain conformations or canomical structures (Chothia and
Lesk, 1987; Chothia et af . 1989) Based on that fact, 1t
has been found that from the total number of possible
combinations of canomcal structures only a few possi-
bilites do exist 1n the knewn antibody sequences, named
structural repertoire (Chothia ¢r af., 1992; Tomblinson er
al., 1995; Vargus-Madrazo et al., 1995a Vargas-Madrazo
et al., 1995b; Almagro ¢r af., 1996) Furthermore, it has
been suggested that the antigen-binding site shapes
allowed by the structural repertoire correlate wath the
kind of antsgen the antibody interacts with (Vargas-Mad-

fAuthor to whom all correspondence should be sddressed.
Tel 1¢52) (73)291605: Fax: (52)¢(73) 172388, e-mal: almagro
@bt unam mx

Abbreviations Vy,, Variable heavy domain, V., Vuriable hght
dommn

raze er al., 1995a; Lara-Ochoa er al, 1996) Taken to-
gether, these findings provide evidence concerning struc-
tural restrichions at work m the process of antigen rec-
ognition.

Genetically, the structural repertotres of human and
murine antibodies are generated in a2 similar fashion
{Weill and Reynaud, 1996): LI, L2 and most of L3 arc
encoded 1n the Vi gene segments (x and A type), while H |
and H2 are encoded in the Vy, gene segments (Tonegawa,
1983), In spite of this similarity, 1t has been noticed that
the corresponding repertorics of humans and mice differ
in the relative proportion by which x and A type chains
are present m V. In humans, roughly 60% of the V|
repertoire 1s x type [40 funcuonal Vi germ-line gencs
versus 30 functional V, germ-line genes (Klein er af,, 1993,
Tomlinson er al., 1995; Williams ef a/.. 1996)] In mice, x
type preponderates, being as much as 95% (Hood ¢r af .
1967) Such divergence implies differences in the struc-
tural repertowre of humans and munne V, and Vv, germ-
line genes (Williams er al., 1996, Almagro ef al., 1998)
and, consequently, differences tn the initial structural
restrictions operating (o recogmze different types of anti-
gens.

Although differences in V,, are less evident, recent stud-
ies we mude in the rearranged V,, sequences of mice
indicate that the combination of canomecal structurcs
most frequently used 15 the =2 class (combinauon of
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canomecal structures in Hl and H2) (Vargas-Madrazo e
al ., 1995a; Lara-Ochoa et al., 1996). In contrast, human
Vy germ-line genes, which have been thoroughly char-
acternized {Cook and Tomlinson, 1995), have shown to
encode predominantly canomcal structure class 1-3
{Chothia e! al,, 1992; Vargas-Madrazo er al., 1995b). We
have also found that same difference at pseudogene level
(Vargas-Madrazo er al., 1995b). This suggests that Vy
germeline gene scgments of mice and humans may encode
different structural repertoires in Vy too.

Such difference, however, has not been properly ¢har-
ucterized, partially because the structural repertoire of
the mice ¥V germ-line genes has not been systematically
studied. A proper characterization of this subject could
provide insight and additional 1deas to the theories
addressing the origin, organization, complexity and use
of V, genes. Furthermore, if such differences in V,, do
exist, then taken together with the structurat divergence
in the repertoire of Vi germ-line genes, they could shed
hight on the different structural constrams at work when
antigen recognition takes place in human and mouse
(Vargas-Madrazo er al.,, 1995a)., In addition, such a
characterization might prove useful as a criterion to
choose human Vy genes for humanization of murine
antibodies (Poul and Lefranc, 1995).

In this paper we compiled the information published
on V¥V, gene germ-line segments of mice to characterize
their structurai repertoire. Comparison with its human
counterpart corroborates the differences found in
rearranged sequences and pseudogenes. Imptlications of
such findings for the molecular mechanism of the immune
response are discussed.

MATERIAL AND METHODS
The germ-line V,, gene segments of mice

Wecommied all of the Mus musculus Vy, gene segments
reported as germ-line genes or pseudogene sequences at
Genbank and LIGM. as well as in current hterature up
to Apnl 1996 We found a total off 295 V,, gene segments
and 1mmediately discarded 42 of them because of being
duplicates (differcnt accession numbers but 1dentical
entries) or not compnsing one or both hypervanable
loops (sce web site hitp://www ibt.unam mx/ ~almagro
for a full descniption of the sequences)

Of the remaining 253 V,; gene SCgments, some were
tdentical at nucleotide level, so we considered them teo
be the same V|, gene segment because current available
information does not allow to distinguish if these
sequences are recent copies of a particular Vy; gene seg-
ment in the mice genome or if they have been sequenced
more than once.

There were also present, pairs of sequences with one
or two nucleotude differences (99 6% and 99.2% identities
respectively). Those sequences having silent mutations
(100% rdentical at amino acid level) were also considered
o be the same gene segment. This is so because they
might be alleles 1in different individuals or sn differem
straimns of mouse. Sequences in which the nucleotide

difference resulted in replacements (different amine acid
sequences) were considered as distunct V3 gene segments.
Although this mught seem very conservative, we relied on
1t because there is no established criterion to define aticles
based only on the analysis of nucleotide 1dentitics. Thus,
we preferred to include in the analysis all those sequences
differing by at least one amino acid in order to avoid
underestimating the available information.

A unique exception was made with those gencs belong-
ing to the $107 (V47) family which has been well char-
acterized in two strains of mice. BALB/¢ (Crews et al.,
1981} and CS7BL/10 (Perimutter et al., 1985). In this
family we have tzken into account only the alleles of
BALB/c (the most represented strain within the com-
pilation; see below), in spite of those from CS57BL/10
which differ by more than one amino acid when compared
with the BALB/c sequences, In this way, we managed to
finally gather 185 sequences as representative of the mice
Vi locus,

Classification of the known V', gene segments in gene fani-
ilies

VYV, gene ssgments in mice have been classified in 15
families based on Southern blot hybridization and sequ-
encing (Brodeur and Riblet, 1984, Kofter e al., 1992,
Mainville er /., 1996). Each family 1s represented by a
prototype member defining the name of the famuly
{(Kofler et al., 1992, Mainville ez al., 1996). Vy; sequences
within families share an identity of at least 80%, whereas
among those belonging to different families the 1dentty
15 at most 75% {Brodeur and Riblet, 1984). Following
these criteria we clustered the 185 sequences finally gath-
ered into the 15 established V,, families. In the case of the
Vul4 family, in which some members are greater than
80% identical to scquences belonging to the Vgl family,
the assignment was made following the critena esiab-
lished by Tutter and coworkers (1991)

The resultant sequence ulignment, as organized by
families, 1s given in Fig. | and cap be reinieved from
wceb site http://www.ibt.unam.mx/ ~almagro Within vV,
farmilics, the sequences are sorted according to the
decreasing order or similarities they have with respect to
prototype members.

Derernunation of functional V,, gene segments

From the 185 V), gene segments depicted in Fig. 1,
47 were reported as pseudogenes in databases or in the
literature (see status column of Fig. 1). This led us to
assume they had senous geneuc defects and. so, were
not taken into account to determine the mice Vy genc
segments functional repertoire The remaining 138 V,,
pene segments reported 4s germ-hne genes and potentially
functhionatl were exarmined to see what would their i pivo
cApresston be. Vy gene scgments not expressed i o
might have defects within the coding region hindering
the formation of a stable three.dimensional V,; domain
Otherwise, they may have minor peneuc defects outside
the coding region, for example in splicing sites, regulatory
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Fig. I(e)
Fig | Muluple amino acid sequenges alignment of mice ¥, germ-line gene segments. {4) Positions primarily responsible for the variable immunoglobuli fold (V-Ig-fold) conserved leatyres
{Chothia et al , 1988) and hypervariable loop defimuion (Chotha and Lesk, 1987), Withun this, B stands for residues buried withun the protein, T residues in turns, [ Enter-domain residues,
V. residues between B and C domains (Chothia er af , 1988), t: HI and 2: H2 definition {Chothia and Lesk, [987) () Residue numbermg as in Chothia and Lesk (1987). {) V,, famuly and
prototype sequences. {§) Name, clone or sequence access number 1n Genbink, or name of the sequence 1n the hierature. Superscripts in the name of the sequence indicate the strain of the
origin of each of the sequences as follows a. CSTBL:6; & BALB/c; ¢ C57BL/6S, d. All e MRL/MpJ-LPR/LPR; I: MRL-LPR/LPR; g. BALB/c), ir NFS/N; v BALB/b, ;. BALBK &k
MRL/MP-Ipriipr, F MRLjlps, m C37BL/6 x BALB{c Only residucs which diverge with respect to the prototype sequences of the family are represented (2) Name (in the Kabat's Database!
of the closest Yy, rearranged gene and number of amuno acid differences between this 2nd the germ-line gene (¢) F stands for sequences with a tearranged counterpart (funciomal), NF
Non-functional sequence due to not having a rearranged counterpart. Superseript *S.D ” means structural defects, this underlined in the sequence, PS' Pseudogene Insertions or deletions
thal produce frame shift changes \n the aminc acid sequence were eminated to obtain the most coreect immunoglobulin-like sequences Aesthetics within the sequences means a stop codon
Numbers at the nght most part represent the code of each sequence in Fig 3 The multiple sequences alignment and all the calculations therein presented were made by using the VIR
package (Almagroef af , 1995)
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clements or recombimation signals (Tomhnson e al.,
19923

In vive expression of the V, gene segments was per-
formed by assigning their acid sequences to their closest
rearranged functional Vy sequence in a database of 627
Vy amino acid sequences compiled from the Kabat's
Database on-line service {Kabat et al., 1991; see web site
http://immuno bme.nwu.edu). We chose the Vg,
rearranged sequences having a reported specificity, 1n
order to avoid non-productive rearrangements, therefore
guaranteeing assignment of functional V, genc sepgments
only The database with the 627 V,; amino acid sequences
15 avallable on request to the authors

It 1s worth mentioning that the criterron for choosing
the Vy, rearranged sequences. 4s those having a reporied
specificity may bias the assemble of rearranged sequences
due tc researchers’ interests, However, inspection of the
627 sequences indicates 137 different specificities there
included. Moreover, many of the sequences reported as
possessing the same specificily probably correspond 1o
anubodies elicized against different epitopes, particularly
in the case of large antigens like proteins. This increases
the actual amount of different specificities. Therefore, the
database of V4, rearranged sequences would be
sufficiently heterogeneous to detect most of the funcuonat
Vu gene segments of mice,

To determine structural defects. we analyzed those resi-
dues mainly responsible for the structural conserved fea-
tures of antubedics V domains (Amzel and Poljak, 1979;
Chothia and Lesk. 1987; Chothia er af., 1988), Such resi-
dues werc derived early from the analysis of the V| and
Vi domains of the seven antibodies of known three-
dimensional structure (Chothia and Lesk, 1987, Chothia
etal., 1988}, However, the pattern depends to some extent
on the number of structures analyeed. Currently, there
ex1sl atomuc structures of more than 50 antibodies with
different amino aoid sequences. thus allowing Lo update
the pattern In addition we decided, to further improve
updatmg, to add the 627 vV, amino acid sequences com-
piled from the Kabat's Dalabase. This was donc sup-
posing that these sequences, having a reported specificity,
are functional and should have no structural defects. The
pattern s summanzed in Table ).

Deiernunation of the canonical structures in H1 and H2

In structural terms, H1 has been defined as the hyp-
ervanable loop beginning at position 26 and finishing at
postuon 32 (see head of Fig 1) Three different sizes have
been 1denuficd for this loop canomcal structures type 1
(seven residues), type 2 (eight residues) and type 3 (nine
residucs) (Chothia and Lesk, 1987, Chothia er af | 1989;
Chothua gr af., 1991)

On the other hand. K2 is deflined from a structural
peint of view as the hypervanable loop runming from
positton 52 to position 56 {Chothia and Lesk, 1987; Cho-
thia er af | 1989) Currently, five different sizes have been
found (Chethua ¢f of [ 1992 Tramontang ¢ af,, 1990}
Earty works assigned canomcal structural type 1 to the
shortest loop {5 ressdues), the nexa length (6 residues) to

Table | Classificanion and repertoirs of the mice ¥V, gene seg-

ments
Vv, Gene Prototype Number of ¥V, gene scgments
farmly” member® Esumated® Found®
V! 1558 60~ 100G 120
Va2 Qs2 15 10
Vi3 36-60 5-8 5
V4 X-24 2 2
Vs T183 12 16
Vub J60e 10-32 !
V7 S107 24 4
V8 3609 7-8 8
m GAM3-3 57 0
Viul0 MRL-DNAA4 2-35 |
Vial! CP3 1-6 —
Val2 CH27 1 1
Vul3 3609N 1 -
V14 SM7 34 7
Vuls Vulsa 2-3 -
Total 123-1073 185

*V,, gene famihes defined for muce V41 to V14 (Kofler ¢ 2/,
1992) and V15 (Mainville ez al . 19986).

" MName of the prototype sequence of cach family

*Number of sequences estimated by Southern blot hybrid-
1zation and sequencing Vi familics 1-14 (Kofler er af | 1992)
and V4135 (Mainville er ai., 1996)

YNumber of Vy, perm-line genes and V,, pseudopenes found 1n
our compilation (see Fig 1)

types 2 and 3 (these types share the same length bud differ
in their conformation), and type 4 was identified with the
longest loop (8 residues). Recently, two olher sizes for
H2 have been distinguished in the functional V), gene
segments of humans. onc having 7 residues (between the
size of types 2/3 and type 4) and named type 5 (Chothia
er al.. 1992), and another one shorier than wype 1 (4
restdues) named type 6 [ M. Tombnson, personal com-
munication]

The patterns of residues determining the different
canomeal structures for H1 and H2 have been desenbed
in detail by Chothia er af (1992) Starting from this
pattern, we defined a new one (Fig 2) This new patcern
mcludes the recent analysis of Barré ¢ al. {1994 1n shark
V. sequences, as well as our own analysis of recently
solved Vi X-ray structures (underhined amino acids i
Fig. 2). For cxample, in H2. Vahne (v) was added at
positon 71 in the patern of type 2 because bab 8FS
(Tormo ¢r af, 1992) has this residue This ressduc was
not previously considered 1n the patterns {Chothia and
Lask, 1987; Chothia e af, 1989; Choethia o1 o/, 1992)

and does not modify the H2 conformation [the rms of

the 8F5 in FL2 when compared with NC41, a prototype
of H2 type 2 (Chothian et af . 1989), 15 0 36 Al
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Fig. 2. Amino acid pattern for the canconical structure classes as defined as the simuitaneous combinauon of canonical structures
in a given sequence (Chothia ¢¢ al., 1992) The amino acid residues are shown in one letter code. X means any residue Underlined
residues are those differing with respect 1o the original pattern (see Material and Methods for details)

RESULTS
The known V germ-line gene segments of mice

Although the exact number of gene segments in the
entire mice Vy germ-line gene repertoire is currently
unknown, the complexity of most individual V; families
has been established within a narrow range for several
stramns of the mouse (Kofler ez af., 1992). Only the s1ze of
the largest family (V1) is controversial, varying from 60
(Brodeur and Riblet, 1984) to ~ 1000 members (Livant
er al , 1986). Several lings of evidence suggest, however,
that the size of the V1 famly is closer to 60 than to 1000
(Kofler er al., 1992).

Based on the esumated complexity of the individual
Vy families of mice, we first cstablished how rep-
resentative our gompilation of mice V,, gene segments
rcally was (Table 2). In most V,; families the estimated
number of genes and the amount we found are in good
agresment. We compiled 120 V,;, gene segments in the
Vil family (Fig. 1), supporting the proposition that the
size of this family 1s indeed closer to 60 members than i1t
15 to 1000 (Kofler er al., 1992). In other 9 Vy familics
(Vu2, Vi3, Vid, V5, V7, V.8, V.9, V110 and Vu12)
the established quantities of Vg gene sggments are also
similar to those we found (see Table 2), suggesting these
9 Vi, families to be well represented in our compilation.

Four V,, faratiies (V16, V11, V13 and Vi15) showed
discrepancies when the esttmated and found complexity
were compared (s¢e Table 2). In the V6 family, less
segments than e¢xpected were assigned. For the Vylli,

Viul3 and V415 families, no Vy gene segments were
found. Nonetheless, these families have one or only a few
members (Table 2) and therefore their contribution to
the whole mice Vy germ-line gene repertoire should be
minimal.

The functional V' germ-line gene segments af mice

Analysis of the expression in vivo of the 138 Vy gene
segments reported as germ-linc genes and potentially
functional, suggests that only 72 of them are functional
(Fig. 3) Of the 66 V,, gene segments not expressed [n
vive, and therefore defined as non-functional, 13 present
structural defects when those residues responsible for the
structural conserved featurcs of Vi domains are analyzcd
{see Table | and the status column of Fig. 1. For exam-
ple, 3 sequences within the Vyl family (VH145/Clegc,
C19¢ and Cl5c; see Fig. 1) possess Serine (s) instead of
Cysteine (c) at position 22, These sequences are unable
to establish the disulfide bridge that stabilizes the stan-
dard fold of Vi; domains (Amzel and Potjak, 1979; Cho-
thia ard Lesk, 1987).

In the remaining 53 sequences not showing structural
defects, it was difficult to define why they had not any
counterpart in the V,; rearranged sequences. Hence, we
can only infer that they have minor genetic defects outside
the coding region. This hypothesis however, could not
be properly scrutinized becausce information outside the
coding region is not reported in many sequences, In such
way we cannot discard the possibility of some of these
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Table 2. Pattern of residucs determining the structural features
of the V-Ig-fold*

Intra-domain positions

Position Residues buried between the ff-sheets
4 L M Vv P F § H
6 Q E N P R
12 G A VM T L I £ K
18 L Vv 4 M R K Q
20 L I M V
22 C
24 G A S T Vv P FD
34 v L 1M 4 F W
36 W
38 R K V I M N @ S T
48 L Vv I W R aAam F S
49 G A S D TV
69 G AV IM F L 8
78 A L FY Vv T i G 8§
80 L M F~ 1 § T V
82 L IFM V F 5§
88 G A 8 T ¥
90 Y F H N i
92 C
Residues in turns
15 G 5 K E N
42 G D E H A K ¥V O R § T w
56 R XK 4 EH Q T
67 v F r § L I A G
82c¢ A% LM 4 P T
86 D E 5
Inter-domatns positions
Between variable domains
37 Vv I F M A L
19 Q H E K L P R
45 L. F R P g
47 W Yy F I H C L §
91 F Y H [ 5
23 A L v T D K S G HMN

Between V,, and Cy, domains

11 L v r § Ff PT

?Residues  diffenng with respect to the onginal pattern
described by Chothia ¢ al. (1988) are underiined In itahc
those residucs identficd in the 627 rearranged sequences.

Vi genes actually being functional even though no
rearranged counterpart was found. This is so because the
database of rearranged sequcnces was built chosen those
sequences having a reported specificily o avoid non-
producuve rearrangements, in spite of the fact that this
wauld introduce some bras due to the researcher’s inter-
csts However, the sample of rearranged sequences would
be sufliciently heterogeneous (see Matenal and Methods
section) to lead 10 the conclusion that, if some of the V,
genes defined as non-functional are indeed functional,
they should be cxceptional.

The structural repertoire of functional V,, germ-line gene
segments

In Fig. 4 the canonical structure classes wnplicit in the
72 defined as functional ¥V germ-line genes of mice are
shown. Seventy-one of them prescnt patterns compatible
with some canonical structure in HI1. In H2, three
sequences do not have a proper pattern to fit any of the
canonical structure known to exist.

Analysis of the siructural repertoire indicates that mice
encode & canonical structures classes. Class 1 2 is the
most frequent (64%), followed by class 1-3 (17%) and
class 1-1 {(79%). Classes 14, 3- | and 2-1 are very poorly
represented in the sequences (3%, 3% and 1%, respec-
tively).

Interestingly, the structural repertoire of mice 18 not
randomly distributed among the Vy families. Almost all
sequences within a family encode the same canonical
structure class (Fig. 4). Therefore, their structurat rep-
ertoire is family-specific, suggesting it to be preserved
despite actual diversification of the V gene segments.

Comparison between the structural repertoire of mice and
humans

To compare the structural repertoire of mice and
humans, those canonical structure classes implicit m the
5t functional Vi, germ-line genes of humans are depicted
i 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 scquences were not found
inn the functional V,; mice germ-line genes.

Canonical structure class 3-5 is encoded by germ-line
6-01/DP74; the only gene segment defining the human
Vb family (see Fig. 5). In mice, neither the sequences
nor the pseudogenes compiled in Fig. 1 possess the proper
s1ze to fit canonical structure 5 in H2. Inspection of the
627 functional rearranged Vy mice sequences 1ndicates
this size not to be present either. Therefore, it 1s unlikely
that mice germ-line genes possess this class.

In the case of canonical structure class | -6, one doubly
sequenced pseudogene of mice (V31,VMU-3.1; Fig. 1)
has 4 residuecs at the H2 loop which is the size cor-
responding to canonical siructure type 6. Because this
size is found in 5 funcuonal rearranged V, sequences
[PY 54, PY2 (Ruff-Jamison er al., 1991); 8H3 (Mukherjec
et al., 1993) 246B.4p, 245F.6g (Limpanasithikul ez a/..
1995}, it would be responsible to expect that this pseudo-
gene has its functional counterpart in some mousc Or I1n
certain strains of mouse. Alternatively, the pseudogene
encoding this loop size might had given the segment com-
prising H2 to some functional gene segment by somatic
gene conversion (Weill and Reynaud, 1996), so gen-
eraling the rearranged sequences presenting this canon:-
cal structurc class.

Differences between the structural repertoire of
humans and mice arc also found in the proportion by
which these species encode classes 21 and 3 -1 (Fig 6)
Class 2-1 is encoded only by onc gene segment belonging
to the mice V3 family whilst class 3—1 is encoded by two
sequences: those belonging to the V8 family {sec Fig 4)
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Gene segment code (See status column of Figure 1)
Fig. 3. Usage of V), germ-hne gene segments of mice.
Hl H2 VuCsC* Hi H2 VuCSsL
B 111111111 B 22222222 B 2 111111111 B 22222222 B
dosition 24 ao 34 52 55 71 Position 24 30 34 52 55 71
tamily  Name P IFE - T .abc..|. . Family Name B N O .abo. - [. .
1 VH-186-2 A GYTPTS--Y M DP-~-NSGG V  1-2 z M34576 (91A3) A G&GYTFTS--8 I HP--GKEY ¥ 1i-2
1 C3isa/B7¢ A GYTRTS--Y¥ M Dp~~NSGG V 1-2 1 Hi3lg¢/H1e A OGYSFIG--Y¥ M Rp--¥NGD V 1-2
1 C3le A GYTFTS--Y M HP--N3GS V 1-2 2 PJ14 v GFSLTG--Y VW W---GDGS K 1-1
1 V23 A GYTPTS--Y M Np--SNGG Vv 1-2 H VHOx-1 v GPSLTS--Y¥ V¥ W---AGGS K i-1
1 B25c A GYTFTS--Y M Np--SNGR V 1-2 2 VHi01 v GFsyTa--Y Vv W---8GG3 K  1-1
LS Cilc A GYTFTS--¥Y M Yp--G538 V 1-2 3 VH-36-60 V GDSITS--D W 2---YSGE8 R L-%
1 Ble A GYTFTS--Y M DP--30DSE V 1-2 3 SB32 ¥ GYSITED-Y W 8---Yass g 2-1
1 Q1ec A GYTPTS--¥ I YP--GSGS v 1-2 3 VHIAL ¥ GISITIGNY W ¥--~YSGT B 7-1
1 VB124 A GYTPTS--Y M Dp--8DSY V 1-2 4 V-H 4431 A GPDFSR--Y M NP--DSST R 1-3
1 P2MS A GYTPTS--Y I Yp--G8s8 v 1-2 % V{H)ES A GFDPSR--Y M NP--GS8T R 1-3
1 H3o M GYTFTS--Y¥ M Np--S8GY A 1-2 s €1-1p R GPTPSS--F M 38--GSET R 1-3
1  Blée A GYNPTH--Y I YR--GSGS V 1-2 s 28-3G A GFTPSS--Y M £5--GGSY R 1-3
1 He A GYTFTS--Y¥ I Y- ~GNVN - 1-% 5 T6-1pG A OFTF8S--Y M 8S--GGSY B 1-3
1 HS A GYTPTS--Y I ¥pP--GDES R 1-2 5  VH7183.13 A QFTFSS--Y M SN--GCEGES R -3
I VH1OS A GYTFTS--Y 1 ¥P--RDGS A 1-2 5  VH10-1% A GFTFSS--¥ M 85-+GGESY R 1-3
1 H13-3 A GYIFTS--X K Np--8SGY A 1-2 s VH7183.14 A GPDPSS--Y M 5S--GESY B 1-3
1 JIE558-~43Y A GYTPTS--¥ I YP--GDGN A 1-2 5 VHae3 A GPTFSS--Y M 85--GGCN R 1-3
LS VH3 A  GYTPFTS--Y M ¥P--SDSE V 1-~2 s  V{H}50.1 T GPTFSD--Y M SN--GGGS R 1-3
1 Azxc/Billc A GYTPIL--Y M DT--3D3Y V 1-2 3 VvH7183 .10 A GPTF33--¥ M N3--NGES R 1-3
1 VH-Id-311 A SYTPTS--Y I v 1-2 H EY-1M A GETPS3--Y M &-~-8063 R -1
1 JE58-28 A GYVETN~--Y I A 1-2 5 CR-EN A GFIPS3--Y M MS - ~NGES B -3
S Blc A GYTPTS--Y I v 1-2 6  VH22.1 A GETPSN--YX B RLXIDNYA 2 1-4
2 P11 A GYTPTH--Y Z A 1-2 7 vi/pBV132 T GPTFSD--F M RNKANDYT R 1-7
S B26c A OYSPTS--Y M v o 1~z 7 Vil/pBV1S®B4 T GFTFID--Y M RNXANGYT R 1-a
1 VH-Ld-7 T GYTPTS--Y L s -7 [y CB1YH~1 P QFSLITAGH V Y---WDDD K 3-1
1 BALB7L A GYTFID--¥X M 1] 1.2 [ CB17H-10 F  GFSLSTENM I W---WNDD K 3-1
1 14 111 A GYKETD--¥ M voo1-2 9 VPM11/VGKAE A CGYTPIN--¥ M NT--YTGE L  1-2
1 BALBL7 T GYTPYE--¥ M v -2 E UMS9 /VOKIA A GYTETN--Y K HT--¥TGE L 1-2
% c57C27 A GYTFID--Y M v 1-2 El VGKE A GYTPTH--Y M WT--ETGE L 1-2
3 37R11 A GYTPIS--¥ I LR--GSGS R -2 9 vMs2 A GYTFTN--Y M NT--NTGE L 1-2
1 QLvh50 A QYTFTD--X M YP--NNGS V i1-~2 9 264 h GQYTFTER--¥Y M Wr--¥aavy L -2
1 <702 A GYBPTG--¥ M NP--NNGG V 1-2 9 VENL A GYTFID--¥ M frrw-BTGE L 1-2
1 cs7@s A GYTFID--¥ M NEP--NNGG vV 1-2 E VOR2 A OYTPTT--A M WT--HSGV IL. 1-2
1 TS5a-43XK A QYTFTID--H I SP--GNGD A 1-2 14 Hzb-3 A GPNIKD--Y M DR--BENGD A 1-2
ES RALE11 A QYTFIR--¥ M RE--NYDRS V i-2 14 VH1O0 A CFNI¥D--T M DR~ -ANGN A 1-2
3 C5IG2E A GYSFTG~-¥ M NP--37GG Vv -2 14 VH4a-3 A GFNIKD--Y ¥ DP--BNGN A 1-2

Fig. 4. Structural repertoire of the functional V,, germ-line gene segments of mice. {a) V,CSC- Canemeal structure of classes of
Vi ?:means that the loop does not fit the canonical structure pattern. Those residucs responsible for the mismatch are underhined



1210 R J. C. ALMAGRO er al.

H1 H2 VuCSCt H1 H2 VuCSC

B 111111111 B 22222222 B B 111111111 B 22222222
Position 24 30 34 52 71 Pomition 24 a0 3a g2 71
Family Name e eea.jemb. abo. L. . Family Nama [ 1T Labe. L. .
1 1-02/DP7S A GYTPIG--Y M NP--NSGG R 13 3 3-43/DP33 A GFTPDD--Y M 8W--DGES R 1-3
1 1-03/DPRS A GYTFTS--Y M NA--GNGN R 1-3 3 31-48/DPS1 A GQFIFSS--Y W 8§S--SSST R 1-3
1 1-08/DP1s A GYTPTS--Y T WEP--NHIGH R 1-3 3 13-4 A GRYFGD--¥ ® REKAYGEY R 1-7
1 i-la/DP14 A GYYTFTS--¥ I SA--¥NGN T 1-2 3 3-53/DPaz A GFTVES--N ¥ Y---SGGS R 1-1
1 1-24/DES Vv GYTLTE--L M DP--EDGE E 1-7 3 3-64/DPS1 A GPTESS--¥ M 85--NGGS R 1-3
1 1-45/DP4 A GYTPTY--R L, FTP--FNGN R 1-3 3 3I-66/DPse A GFTVSS--N M ¥-~-SGGS R 1-1
1 1-46/DP7 A GYTPTS--Y M NP~ -SGGS R 1-3 3 3-72/DP29 A GFTFSD--H K R 1-~4
1 1-58/DP2 A GFTFTS--8 V VV--GSGN R 1-3 3 3-73/YACY A GPTPSG--3 M R 1-4
1 1-6%/DPlD A GGTPSS--Y I IP--IFGT A 1-2 3 3-74/DPS2a A GFTPSS--Y M R 1-3
1 1l-e/DPe8 A GGTFSS--Y I IP--IFGT A 1-2 x 3-d4 A GFTVAS--K M R 1-8
1 1-£/DP2 v  GYTFID--Y M DP--EDGE A 1-2 4 4-04/DP70 vV GGSISSS-N W v 2-1
2 2-05/DP76 P GFSLSTSGV V Y---WNDD K = 3-1 4 a4-28/DP6B v GYSISSS-N W v z-1
2 2-26/DP2s& v GFSLSKARM V P---SNDB K 3-1 4 4-31/DPsS v GCSISSGEY W v 3-1
2 z-70/DP28 F GPSLSTSGM V D---WDDD K 3-1 4 4-30.2/DPS4 v GGSISSGEY W v 3-1
3 3-07/DPS4 A GFTFB8S--Y M KQ--DGSE R 1-3 4 4-30.4/DP78 v GGSISSGDY W v 3.1
3 3-09/DP31 A GFTFDD--Y M SW--NIGS R 1-3 4  4-30.1/DP6S vV GGSISSGGY W v 3-1
3 3-1L/DP3s A GFTRSD--Y M S8~-3GST R 1-3 4 4-34/DP63 Vv GGSFSG--Y W v 1-1
3 3-13/DP4as A GFTESS--Y M G=~~TAGD R 1-1 4 4-33/DP¥9 v GGSIESSSY W ¥---¥SG8 Vv 3-z
3 3-15/DP3s A GFIFSR--A M KSKTDGGT R 1-7 4 4-59/DP73 V GGESISS--Y W Y---YSGS vV 1-1
3 3-20/DP3Z A GFTPFDD~=Y M NW--NGGS R 1-3 4 4-62/DPEE vV  GGSVSISSY W Y---Y8GS V  3-1
3 3-21/DP77 A GPFTPSS--Y # 88--833Y R 1-3 4 4-b/DP&7 vV  GYSISSG-Y W ¥---HSGS V 2-1
3 3-23/DP4AT A GPTPSS--¥Y ¥ 26--85GGS R -3 5 S5-53/DP73 G GYSPTS--¥ I ¥B--GDSD A 1-2
3 3-30/DP4&9 A GFTFSS--Y M SY--DGSN R 1-3 5 S5-a G GYSPTS--Y I DP--SDSY A 1-2
3 3-30.3/DP4s A GFTFSS8--Y M SY--DGSN R 1-3 6 6-01/DP74 I GDIVISNSA W YYR-SKWY P 35
X 3-30.5/DPa A GPFTPSS--Y M SY--DGSN K 1-3 7 7-4.1/DP21 A GYTFTS--Y M NT--NTGN L 1-2
3 3-331/DPSO A GFTPS8--Y M WY--BGSN R 1-3

Fig. 5. Structural reperioire of the functional V,, germ-line gene segments of humans. V,CSC: Canonical structure classes of Vi
?: means that the loop does not fit the canonical structure pattern. Those residues responsible of the mismatceh are underlined

0

M Mice J Humans

Frequency (%)

1-3 i4 1-6 2-1 3-1 3-5 -1 1-7

Canonical structure classes
Fig 6 Companson of the V, structural repertoire 1n mice and humans.

In humnans, canonical structure c¢lass 2-1 is encoded by
three pene scgments, while class 3-1 1 implicit in 9
sequences: 6 from the V4 family (half the sequences
belonging 1o this Vi family) and 3 from the V3 farmuly
(sce Fipg 5).

Besides the differences described above, classes 1--2 and

» 1-3 have inverted proportions in humans and muce {Fig.
6). The most common class it mice (1-2, ~64%) has
a lower frequency 1n humans (~ 14%). Conversely, in
humans the most frequent one is 1-3 {( ~39%), which has
a relatively low frequency in mice (~ 17%). Among those
found, this contrast 1s the most noticeable because it
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involves roughly haifthe structural repertoire of mice and
humans. Since the human Vy locus has been completely
determined (Ceok and Tomlinson, 1995), the scope of
this astounding difference depends on how complete and
precise our compilation of the functional Vy gene seg-
ments of mice turns out to be. Nonetheless, several obsear-
vations support the validity of the difference found.

First, as previously stated, the structural repertoire of
mice 1 family-specific. So, due to the fact that the largest
family (Vyl) cncodes canonical structure class 1-2 (see
Fig. 4), the structural repertoire of mice should remain
dominated by this class, although we might have over-
cstimated the number of functional gene segments in
this family. Second, the amount of expected and found
sequences 1n those Vy families enceoding for class 1-3 are
similar (see Table 2). Therefore, the estimation of the
contribution of class 1-3 to the structural repertoire of
mice should be correct. Third, in families where no gene
segments were found (Vi 11, V13 and V415) only the
representative scquence of the V11 family encodes class
-3 (see Fig. 1) and this family has from one to six
memnbers (see Table 2). Thus, the contribution of this
family to the proportion of class -3 in the structural
repertowre of mice should be marginal. Finally, within
those other families 1in which no gene segments were
found (Vul3 and Vyl5 families), their representative
members encode classes 1—4 and 2-2 (V13 and V15
familes, respectively). therefore, they do not contribute
to the total amount of classes 1-2 and 1-3. Altogether,
these observations indicate that, when knowledge of the
mice Vy repertoire 1s completed, the difference between
humans and mice regarding classes 1-2 and 1-3 might
change quantitatively but not qualitatively.

DISCUSSION

In the preceding sections we have shown that humans
and mice encode inverted proportions of canoniczal struc-
ture clagges -2 and 1 3 1n their V, germ-hline genes, From
a structural point of view, canonical structurc classes [—
2 and -3 differ at the canonical structure of H2. The
canonical structurcs 2 and 3 are the only two hyp-
ervanable loops that, having the same size (Fig. 2), dis-
play different conformauons (Chothia and Lesk, 1987;
Chothia er al.. 1989). However, this change does not
contribute so much to the variations of the antigen-bind-
ng site shape (Vargas-Madrazo et al., 1995a). Thus, the
difference found may be forturmtous, 1c., irrelevant for
the mechanism of the immune response or, alicrnauvely,
such structural divergence may have a functionat mean-
ng.

From an evolutionary perspective, Vy, gene segments
of nmee and humans have been classified 1n three main
groups or clans (Schrocder er al.. 1990; Tuuer er al,
1991, Kirkham e¢ /., 1992). These clans represent three
progenitor clements whose descendants have cocxisted 1n
the vertebrate genome for 200 milliong years (Anderson
and Matsunaga, 1995) or more {(Otx and MNei, 1994),
belore the divergence of bumans and mice took place
~ 70 mulhon years age. Expansion and divergence from
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those three clans have generated the currently known 15
V,, mice families and the 7 ¥V human families (Schroeder
et al., 1990: Kirkham ef ai.. 1992), Clans and famihes
have preserved distinctive structural features, such as the
framework | {FR1) 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 e al., 1990;
Kirkham er af , 19920,

In contrast with the structurally conserved FR1 and
FR3, 1t has been proposed that the hypervariable loop,
being directly implied in the specific recognition of a
wide variety of antigens. have been the target of strong
environmental diversifying pressures in the course of
evolution (Perlmutter ef af., 1985; Schroeder et al., 1990;
Kirkham er af., 1992; Sims er «f., 1992, Litman et a/,
1993}). However, as already mentioned, the structural rep-
ertoire of mice is family-specific (Fig. 4), which imphes
restrictions to the random diversification of the hyp-
ervariable loops conformations (canomnical structures)
and their combinations within the same V, segment
{canonical structure classes). Although less prominent,
human repertoire follows this same family-specific fea-
ture (Fig. 5). Morcover. inspection of the structural rep-
ertoire of humans and mice, as classified by clans, shows
that canonical structures are also clan-specific (Table 3).
Therefore, preservation of the structural reperioire, even
across species, strongly suggests restrictions operating to
counteract the random diversification of the hyp-
ervariabie loop structure.

A more detailed analysis of the evolutionary relation-
ships of the Vy repertoire of mice and humans reveals
that the largest family in mice (V1) belongs to clan 1
while the largest one in humans (V,3) belongs to clan 111
(Schroeder er al., 1990; Kirham er al., 1992). The fact
that the largest {families in their respective species have
developed from different ancestral elements suggests that
the V4 gene segments of human and mice have followed
different evolutionary pathways. Interestingly, this diver-
gence correlates well with the difference found in the
structural repertoire. That 1s, the V1 family of mice
encodes canonical structure 1-2 {sce Fig. 4)., while the
V3 family of humans mainly encodces class 1-3 (see Fig
5). Therefore, this correlation, jointly with the suggestion
that some mechanism preserves the structural repertoire,
supports the proposition that the found differences have
a functional meaning.

A possibility to cxplain the different development of
the structural repertoire of mice and humans relies on the
indirect or direct interaction of classes 1-2 and 1-3 wath
bacterial or self-antigens named superantigens (Zoual:,
1995). In humans, for example, the protein A of Sraphy-
lococcus aurcus 1s highly specific to the V3 family (Sasso
eral.. 1989; Sasso ¢t al., 1991). This specificity is probably
due to a direct contact between the superantigen molecule
and the V;3 family-conserved FR3 region of antibodies
(Sasso er al., 1989, Sasso et al., 1991) In structural terms,
residuc 71 within the FR3 scgment is the major deter-
mining factor of the conformaton of canonical structures
2 and 31n H2 (Tramontano ¢ «/., 1990). That imphes a
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Table 3. Companson of the V,, structural repertoire between
human and muce as classified by clans,

Mice Humans
Frequency Frequency
Clar® V,CSC (%) V. CSC (%)
1 1-2° 94.1 1-2 50.0
1-7 3.9 -2 7.1
-t 2.¢ -1 —
-3 — 1-3 429
11 I-1 60.0 1-1 133
3-1 20.0 3-1 60.0
21 10.0 2-1 20.0
-1 100 -1 —
3-5 3-5 6.7
833 -3 75.0 1-3 64.0
11— 125 — 2.0
1-1 6.3 1-1 £4.0
1-? 6.3 [-? 9.0
1-6 1-6 4.0

“Clan [ includes the human V,t and V5 families, and mice
Vil, V49 and V14 famulies. Clan I1 is defined by the human
V.2, V4 and V6 families, and the mice V2, V3, V8 and
V.12 families. Clan 111 consists of the human V,3 family
and the mice V4, v,,5, V7, V10 families {Schroeder er
al . 1990). It should be noted that the V14 family of mice
was described after the classification of Schroeder ¢r al.
{1990). However, their members are very sunilar to the V1

family {>80%) and thus it is easy to assign them to the clan
1

® The specific canonical structure classes for each clan are shown
in bold

close relattonship between the H2Z conformation and the
FR3 region which indirectly may account for differences
mmclasses | 2Zandl 3 A more direct interaction of classes
I 2and 1 3 with superantigens might also be conceived.
Since H2 is adjacent to FR3 in the three-dimensional
structure, these regions jointly conform a continucous area
exposed to solvent. Therefore, the shape of this area
would change depending on the conformation of H2,
which 15 in turn determined by position 71 in FR3. In
that way, cononical structures 2 and 3 in H2 together
with the FR3 structure might be recognized directly by
different superantigens Since supcranugens arc family
specific and might be important within the immune
response (Zoual:, 1993), they would account for the
different conservation and development of the specific
structural repertoires of mice and humans

A sccond explanation for the origin of the differences
between the structural repertoire of mice and humans, 1ts
development and preservation once cstablished, is that
those genes having canonical structure classes 1-2 and 1-
3 posscss diffcrcm\rcguialory roles 1n their respective
species To support this, at 1s worth noting that the most
frequently expressed sequence in the human repertoire is
germ-line 3-23 {also calied VH26, DP47, V;30p] and
V182 (Stewart e al., 1992: Schwartz and Stollar, 1994).

J. C. ALMAGRO ez al.

The 3-23 V, gene segment belongs to the V3 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 16/6) 15 associated with
important physiological roles (Stewart et al., 1992). In
mice, frequent usage of the Vi gene segment H10 (VHIO
in Fig. 1} has been reported (Schiff et /., [988), so making
an equivalent example of the human germ-line 3-23. The
HI10 gene has cononical structure class 1 2 (Fig. 4) and,
although being assigned to the Vyul4 family, it shares
more than 80% nucleotide identities with sequences
belonging to the V1 family. This gene is used in response
to different antigens (Schiff er /., 1988) and, in its germ-
line configuration, 1t 1s used 1n anli-GAT antibodies as
well as 1n the GAT idiotypic cascade (Schiff er al., 1988).
That suggests a regulatory function for this gene segment
within the immune response of mice, e.g., a role to play
in the idiotypic network (Schiff er af., 1986). Thus, the
development of the V3 family in humans, particularly
those members having canonical structure class 1-3, and
the devetopment of the V41 family as well as the closely
related V14 family in mice (which encodes class 1-2)
would be associated to regulatory roles these Vy, families
{and classes) have had in the immune response of their
respective species.

Finally, a third argument 1s the one related to structural
divergence of human and murine V, and V, germ-hne
genes on the one hand (Williams et al., 1996; Almagro
er al., 1997), and the differences of human and murnne
repertoire of ID gene segments on the other (Wu ef al.,
1993). It has been suggested that different V, impose
restrictions to the use of some V,; gene segments or Vi
families (Yurovky and Kelsoe, 1993). That mdicates
additional pressures acting on the divergence of Vy, rep-
ertoire in humans and mice Furthermore, it has been
shown that the length of H3 is significanily longer in
human than :n murine antibodics (Wu er al., 1993), which
has been related with the different lengths present in the
repertoire of DD gene segments (Wua et al., 1993). Since a
long H3 interact dircctly with H1 and H2 (Chothia er ai..
1987), this difference may alsc have given shape to the
currently known repertoires of different human and
murine Vy, genes. Of course, these restrictions do not
exclude any of the other two reasons, ie., regulatory
pressures and/or specific interaction with other molecules
(like superantigens), which could perfectly happen to be
complementary,

In summary, we have shown that the difference
between the structural repertoire of ¥y germ-itne genes
of mice and humans may have a functional meanng.
Although such difference does not influence the antigen-
binding site shape strongly and, thus, cannot be directly
related with the mitial structural resirictions operating to
recognize different types of anugens, 1t may indeed be a
reflection of species-specific regulatory and/or structural
restrictions at work to balunce the random diversification
of the structural repertoire of V,, geone scgments, There-
fore, the difference here deseribed could be very useful as
a guide to cheose the most human-compatible murine
antibodics for human therapy
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Abstract Although human and mouse antibodies are sim-
iar 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 chain reper-
toires, While the /gk-V germline genes are preponderant in
mice (95% or more), they comprise only 60% in humans.
This may account for differences in the structural repertoire
encoded in the [gk-V germline genes of these species.
However, this subject has not been properly invesugated,
partially because a systematic structural characterization of
the mouse [gk-V germline genes has not been undertaken.
in the present study we compiled all available information
on mouse fgk-V germline genes to characterize their struc-
tural repeitoire. As expected, comparison with the structur-
al repertoire of human /gk-V germline genes indicates
differences. The most interesting is that the mouse /gk-V
germline gene repertoire is more diverse 1n structural teems
than its human counterpart: the mouse encodes seven
canonical structure classes (combination of canonical struc-
tures in LI and L3). In contrast, the human encodes only
four. Analysis of the evolutionary relationships of human
and mouse fgh-V germlhine genes led us to propose that the
difference reflects a strategy of mice to compensate for the
small lambda chain contribution to the repertotre of therr
variable hight chains,

Key words Mice - Immunoglobuling + Canonical
struciures [gh-V - Evolution

Introduction

In contrast to other species such as shark, chicken, rabbu, or
sheep, the human and muce species generate their antibody
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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
germline genes (Berek and Milstein 1988; Neuberger and
Milstein 1995, Tonegawa [983). The vanable kappa or
lambda light chain 1s produced by the recombination of the
Igl-Vor Igh-Vand [gl-J or [gh-J germiline genes, respectively
(Tonegawa 1983). The variable heavy chan 15 caused by a
recombination of the /g/h-V germline genes with two addi-
tional germline genes, fgh-D and [gh-J (Tonegawa 1983).
Antibodies thus generated should be capable of interacting
with any antigen at least with a low or medium affinity in
the primary immune response {Berek and Milstein 1988;
Neuberger and Milstein 1995). Upon selection by the
antigen, the chosen human or mouse antibodies improve
their affinity mainly by somatic hypermutation during a
secondary or ertiary immune response (Berek and Milstein
1988: Neuberger and Milstein 1995: Weill and Reynaud
1996).

Despite the simulanty that renders humans and mice
“equivalent” 1n their diversification strategies for antibod-
ies. these species possess different proportions of kappa and
tambda light chains in thewr germling genes. In human,
roughly 60% of the varniable light chan repertoire 15 kappa
[40 functional fgh-V germline genes (Klem ¢t al. 1993:
Tomhmson ¢t al. 1995) vs 30 functional fg/-V germline
genes (Wilhams et al. 1996}, In nuce. kappa preponde-
rates, bewng as much as 95% or more |fewer than 160
functional fgd-1" germlme genes (Zocher et al. 1995} vs
three funcrional Tgl-V germiine genes (Mildrop et at 19387,
Selsing et al. 1989)] This difference may account ftor a
divergence 1o the promary repertone of human and mouse
antthodics. However, a systematic analysis has not been
made.

A way 1o charactenize that difference s through a
compdrison of the repertonie of antigen binding site struc-
wres inphert an the vanable hght chain germhine genes of
mice and humans Lven though consderable sequence
varabihiy eusts at the antigen bindmg site (Kabat and
Wu 1971 We and Kabar 1970), w has been shown that the
by penvanable looes do not adopt o large and uopredictable
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number of conformations: they possess one of a small set of
main-charn conformations or canontcal 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 number of possible combinations of these
canonical structures (denoted canonical structure classes)
(Almagro ot al. 1996; Chothia et al. 1992; Lara-Ochoa ¢t al.
1996; Tomlinson et al. 1995; Vargas-Madrazo et al. 1995)
only a few options effectively exist. The cexistence of
canonical structures and canonical structure classes implies
restrictions to a free diversification of hypervariable loops
and their combination within the same gene. Therefore, if
there are sigmficant differences between the primary re-
pertoires of human and mouse antibodies. they might
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Fig. 1 Muluple amino acid sequence alignment of mouse [gk-V
germline genes. *Positions primarily responsible for the vanable
immunoglobulin fold (V-ig-fold) conserved features (Chothia et al.
1988) and hypervariable loop definition {(Chothiz and Lesk 1987). B
Residues buricd i the protein; T residues n turns; [ inter-domain
residues. 1 L1; 2, L2, and 3- L3 PResidue numbering as in Chothia
and Lesk (1987) cfgk-V gene farily dName, clone, or sequence
access number n GerBank, or name of the sequence in the
hterature. ¢Name m the Kabat's Databasc of the closest Igk-V rear-
ranged gene and number of amino acid differences between this and
the germline gene. !Sequence status: £ sequences with rearranged
counterpan (functional); NF non-functional sequence because it has no
rearranged counterpart or possesses structural defects (SD); PS
pscudogene, Numbers on the reght stand for the code of each sequence
in Fig 2 The muluple sequences ahgnment and all the calculations
presented therein were done using the VIR package (Almagro et al
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Fig. 2 Usage of Igk-V germline genes

become evident when their correspending 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
fgk-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 structural repertoire of mouse Igk-V
germline genes so that in the second part we could make a
comparison with the structural repertoire of human fgk-V
germline genes. Finally, results are discussed in the light of
the eveolutionary relationships of human and mouse fgk-V
genas.

Materials and methods

Mouse Igh-V germiine genes

In order 1o estimate the [gk-V repertoire 1n the germlines of mice, we
compiled all of the Mus musculus Igk-V genes reported as germline
genes or pscudogene sequences in GenBank and LIGM, as well as in
the bterature published up 1o December 1996, We found a total of 97
{gk-V genes and immediately discarded eight of them because they
were fragments of sequences (sec web site http./fwww.ibt.unam mx/
nalmagro for a full description of the sequences).

Having collected 89 usefui fgk-V genes. those fully idenucal at the
nucleotide level in the coding region were considered to be the same.
Simularly, sequences with only one or two nucleotide differences
(99.6% and 99.2% dentities, respectively) resulting 1 silent mutations
(100% 1dentical at amino acid tevel) were considered to be the same
This was so decided because they might be alleles in different
individuals or i different stramns of the mouse.

Sequences m which the nucleotide difference resulied n replace-
ments (different anuno acid sequences) were considered  different
genes. In that way we finally gathered 67 sequences as representauve
o the mouse Igh-V locus

Table 1 fgk-V classification and germhne gene repertoire

Igk-V family complexity

Number of [gk-V
germline genes

Igk-V gene familys Number of [gk-V

germline genes

(estimated) (found}

21 6-13 9
23 2—- 4 5
4/5 25--50 15
12-13 2- 8 2
11 4- 6 1
QA 49 2
9B 2 2
10 2- 3 7
24-25 6 3
[ 4- 6 7
2 1- 6 3
8 5-16 2
19-28 4- 6 4
38C - -
RF 0- 1 -
22 1- 2 -
200 5-7 1
32¢ 4- 8 1
33/344 -3 3
Total 79156 o7

a [gk-V gene family nomenclature according to Strohal and co-workers
(1989}

b Gene family described by Shefner and co-workers (1990)

= Gene family described by D' Hoostelaere and Khinman (1990)

4 Two groups (D'Hoostelaere and Klinman 1990, Valiante and Caton
1990) have independently described this family and termed 1t Jgk-V33
and [gk-V34, respectively. To avoid confusion, it has been renamed /gk-
V33/34 (Kofler and Helmberg 1991)

Classification of the known mouse Igk-V germline genes m Igh-V
Jamilies

On the basis of nucleotide comparisons. mouse fgk-V genes have been
classified into 19 Igk-V families: 16 defined by Strohal and co-workers
{1989) and three more defined by Vahante and Caton (1990), Shefner
and co-workers (1990), and D’Hoostelaere and Khnman (1990).
Therefore, in order to cluster the 67 [gh-V genes we had found into
the 19 established 7gk-V families, we followed the criteria established
by the aforementioned authors. The resulting alignment of sequences,
organized by families, is given in Fig. 1 and can be retrieved in a com-
putcr-ready format from web site; hilp=\www.ibt unam mx/naimagio.

The functional Igk-V germline genes of mice and thew structural
repertore

Of the 67 Igh-V genes depicted n Fig. 1. 18 have been repotted as
pseudogenes in databases or in the literature (sce status column of
Fig. 1). This led us to assume they had serious genetic defects and were
not taken nto account to determine the functional repertoire of mouse
Ig&-V germline genes.

The remaining 49 fgi-V genes reported as germhne and potentally
functional were examned to observe therr expression i vive This was
done by assigming the anuno acid sequence of cach of them 1o then
closest rearranged functional fgk-V sequence in a database of 574 Igh-
Vamino acid sequences compiled from the Kabat's Database on-hine
service {Kabat et al 1991, web site. hutp/Aimmuno bme nwu edu) We
chose those Jek-Vrcantanged sequences having a 1eported specificny o
avoid non-productive rearrangements, while guaanteeing the assign-
ment of functional Jgh-V o ogenes only  Sinee those seaments ol
expressed i vne aught hive nunor genetie or stiuctuzal detedts
hdering the tormation of @ stable three-dimensional Vdomam, thes
were considered o be non-Tunctonal (kdem et ab P30 Tombinsen ¢l
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Fig. 3 Structoral reperioire of Lz L3
the functional /gk-V germline
gene segments of mice. VkCSC o Briiiiiiiiiiiir B 333333 Vi =e
Canonical struciures classes of Position® 2 25 30 3z 71 90 95
light chain Igk-V genes. 7 A hy- Pamily® Named . 1....tabedef ) Tt
pervarible loop which does not fit 21 21B 1T ASRSVD--SYGNSFY F Q MNMEDP 5-1
the canonical structure pattern. 21 21¢/45.21.1 I ASESVD--SYGNSFM F Q0 SNBDP 5-1
Residues responsible for mis- 21  1Bkb I ASQSVD--YNGISYM F Q SIEDP 5-1
match are underiined. U Un- 21 21E/21ES I ASKSVS--TSGYSYM F H SRELP g-1
known 21  1.6kb I ASQSVS--TSSYSYM F H SWEIP 5-1
21 21G I ASESVE--YYGTSLM F @ SRXVP 5-1
21 21A I ASESVD--NYGISEM P n SKEVP 5-1
23 L7 I ASQSIG------ TSI F ¢ SNswp 2-1
4/5  Hz(Ox1) I ASSSVrv----- 5¥YM ¥ Q0 WsSsNP 1-1
4/5 R9 I ASSSI---~~-- s¥YM ¥ Q RSSYP 1-1
4/5  H1z I ASSSV------- SYM Y Q W3sSKNp 1-1
475 H4 I ASSSV------- 5YM Y o YHSYP 1-1
4/5  X24/Hé I ASSSV------- sSYM Y Q WNYPL 1-2
4/5 R13 N ASSSV------- NYM Y 0 FTSsP ?-1
4/5 H1l I ARSSVSS----- SYL Y Q  YsQvp 7-1
4/ R1/8107b N ASSSVSS----- SYL Y O WsGYP 6-1
4/5 Rl ¥ ASSSVES----- SNL Y O WSGYD 6-1
12/13 k2/MMIG27 I ASGNIH------ NYL Y H FWSTP 2-1
9A  vk4il/mopeal I ASQDIG------ SSL Y Q YASSP 2-1
9B L& I ASQDIN-«---- SYL ¥ Q YDEFP 2-1
10  Ars/AJi/Id(CR)/B1P&-7h 1 ASQDIS--~--- NYL Y ¢ GNTLP 2-1
1¢  PERU1 I ASQDIS----~-- NYL Y Q GSTLE 2-1
10  AKR2 I ASQDIS------ NYL ¥ o YSKLP 2-1
10  AJ2/BiPE-7-3 I ASQGIB------ NYL ¥ o YSKLE z-1
24/25% 167/24 I SSKSLLYK-DGKTYL F O LVEYP 4-1
247258 Vk24 I S$SKSLLHS-NGITYL F Q MLERP 4-1
24/35  24B I $SKSLLHS-NGITYL P Q NLELP -1
1 V-1A/K5.1/K5.1 v SSQSLVHS-NGNTYL F Q STHVP 4-1
1 vV-IB vV 8SQSLVHS-NGNTYL F Q GTHVE 4-1
1 V-1C/V1AS/K1AS V $SQSIVHS-NGNTYL F Q GSHVP 4-1
1 18B.1/Kis,1 A SSQSLENS-NGNTYL F Q VTHVP 7-1
2 70/3 V $8QSLIDS-DGKTYL F Q GTHFP 4-1
2 70/1 V SSQSLLYS-NGKTYL F & GTHPFP 4-1
8  GLvkS0 I SSQSLLNSRNQKNYI, F N DYSYP 3-1
i9/28  v-8er® I ASQSVS~«---- NDV F Q DYSSP z2-1
19/28  $K/CamRK I ASQSVS------ NEV F Q HYSSP 2-1
18/28 PERA/E] I ASQSVS~----- NDV F Q HYTTP 2-1
33734 vk34B I ASBHIM-~---- SWL ¥ 2-3

al. 1995). The database with the 574 Igk-V amino acid sequences 1s
available from the authors on reguest

Characierization af the canonwcal structures in L1 and L3

The patterns of residues determining the different canomical structures
for L1 and L3 have heen described 1n detail (Chothia and Lesk 1987,
Chothia et al 1989; Tomlinson et al. [995), and have recently been
reviewed by Martin and Thornton (1996). This information is summa-
rized at web site. Antibody Structure-function (http: //www.biochem -
ucl.ac.uk/~martin/antibodies html:Chothia.dat.auto). Using these pat-
terns, we analyzed the functional fgh.V germline genes of mice. {1 must
be noted that L2 was not considered in the analysis because it has only
one cangnical conformatton and does not influence the structural
veriability in antibodies.

Results
Known mouse Igh-V gennline genes

Although the exact number of Jgk-V germiine genes i the
HIOUSC :.}‘.C]I()[HC s CUEIC[HI} llill\ll()\\’l], sevetal estimatons

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 germline gene sequences and ex-
pressed Igh-V sequences, it has been estimated that the
entire /gk-V germline repertoire may not much exceed 160
(Kofler et al. 1992). Recently, cloning cxpcrirq\cnts have
facilitated the proposal that the final number of génes in the
maouse [gk-V locus is notably smaller than 160 (Zocher et al.
1995). In agreement with this, we found 89 fgk-V germline
genes, of which 67 turned out to be unique (Fig. 1).

In Table 1 2 comparison between the established number
of igk-V genes within the individual /gk-V familics and
those we found is shown. Such a comparison indicates that
nine JgA-V gene families (27, 23, /213, 98, 10, 1, 2. 19~
28, and 33-34) are well represented in our compilation.
However. in seven fgk-V families (475, 11, 94, 24-25,. 8, 32,
200 we found fewer fgh-Vogenes than estimated (sco
Table 1. For the 38¢C. R and 22 gene famuhes. no Jgh-V



Fig. 4 Structural repertoire of
the functional human fgk-V
germline gene segments, ViCSC,

Canonzcal structures classes of P°51tignb a
light chaip Igk-V genes. 7, A Family  Name
hiypervarible toop which does not I  012/DPK9
fit the canosical structure pattern. I o2/DPK9
Residues responsible for mis- I  ois/DPK1L
match are underlined I o08/DPKi
I  A20/DPK4
I A3z0
I  114/DKP2
i i
I  Li5/DPK7
I L4
I Lis
I  L5/DPKS
I  L1S/DPXs
I L8 /DPKe
I 23
I Le
I  L24/DPK10
I  L11/DPK3
I L1z
Py 011/DPK13
II  01/DPK13
II  aA17/DPK1g
II  A1/DEK1S
II  aA1s/DPK28
i1 A2 /PPK1Z
II  A19/DPXK1S
II A3 /DPK1S
II  A23/DPK16
III h27/DEKZ2
III  A11/DPX20
III L2/DPK21
Iz L16
IIr L6
IIT 120

III L25/DPK23
IV B3 /DPK24
vV B2
VI  A26/DPK26
Vi A10/DPK26
VI  A14/DPK2E

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 [gk-V families might represent highly
mutated genes from other families (Strohal et al. 1989).
Therefore, we considered that they made only a marginal
contribution to the diversity of the entire fgk-V repertoire.

The functional mouse Igh-V germline genes and their
structural repertoire

Analysis of the expression in vivo of the 49 Jgk-V genes
reporied as Igk-V germline {see status columm of the Fig. 1)
suggests that 42 of them are functional (Fig. 2). Within the
seven fgk-V genes not expressed in vivo, and therefore
defined as non-functional, four are seen to posses structural
defects when compared with antibodies of known three-
dimensional structure (data not shown). The remaining
three /gk-V genes were considered to have minor genctic
defects and were not analysed further
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. T....labcdef, . oLt

1 ASQSISS~----- YL F Q SYSTP 2-1
I ASQSISS------ YL F 0 SYSTP 2-1
I ASQDISN------ YL F 0 YDNLE 2-1
I ASODISM------ YL F 0 YDNLP 2-1
I ASQGISN------ YL F K YNSAP 27
I ASQGIRN---=-= DL F Q HNSYP 2-1
I ARQGISN~----- YL F Q ENSYP 2-1
I ASQGISN----=~- YL # Q YNsSYP 2-1
I ARQGISS------ WL F Q YNSYP 2-1
I ASQGISS------ AL F 0 PNSYP 2-1
I ASQGISS------ AL F o PNSYP 2-1
I ASQGISS------ WL F Q ANSEP 2-1
I ASQGISS------ WL F Q ANSEP 2-1
I ASQGISS------ ¥L F Q0 LNSYP 2-1
I ASQGISS------ YL Y Q  YysTp 2-3
I ASQGISS------ YL F Q vysyp 2-1
I MSQGISS------ YL F Q YYSFP ?-1
T ASQGIRN------ DL F Q DYNYP 2-1
I RSQSISS------ WL B o Y¥NSYS 2-7
I SSQSLLDSDDGNTYL ¥ Q@ RIEFP 3-1
I SSQSLLDSDDGNTYL F ¢ RIEFP 3-1
vV SSQSLVYS-DGNIYL F Q GTHWP 4-1
Vv SSQSLVYS-DGNTYL F Q GTHWE 4-1
1 SSQSLLHS-DGVIYL F Q GTHLP 4-1
I SSQSLLHS-DGKTYL F ¢ SIQLP 4-1
I SSQSLLHS-NGYNYL F Q ALQTP 4-1
I SSQSLLHS-NGYNYL F Q  ALQTP 4-1
1 SSQSLVHS-DGNTYL F Q ATOFP 4-1
I ASQSVSSS----- YL F Q YGSSP 6~-1
I ASQSVSSS--r-- YL F Q YesSsp 6-1
I ASQSVSS----n~ NL F Q  YNNWP 2-1
I ASQSVES------ NL F Q  YNNWP 2-1
I ASQSVES---~~-YL F ¢ RSNWP 2-1
I ASQGVSS------ YL F Q RSNWH 2-7
T ASOSVSSS----- YL F G DYNLP 6-1
1 SSQSVLYSSHNKNYL ¥ Q@ YYSTP 3-1
T ASQDIDD------ DM F Q EDNFP 2-1
7 ASQSIGS------ SL P Q2 SS8sLP 2-1
1 ASQSIGS------ SL P Q@ S3SLP 2-1
V ASEGIGN-----= YL P Q0 GNKHP 2-1

£
=
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[
1t 24 31 41 51 6-1 -2 LS| 20
Canonieal structure classes
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Fig. 5 Comparison of the use (requency of the canomual shiuctuzal

repertoe ol mouse and human fek-V germline genes
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Fig. 6 Evolutionary relationship
between human and mouse Igk-V
germline genes. The evolutionary
tree is based on the nucleoude
simularities of mouse and human
Ighk-V germline 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 siash, is the
canonical structure class encoded
in each Igk-V germline gene.
Being a human pseudogene, Bl is
not included in Fig. 4 and was
added to the analysis for com-
pleteness. The B/ sequence was
obtained from V-base (web site:
http:/fwww.mre-cpe.cam.ac.uk),
The tree was obtained with the
CLUSTALW program {Thomp-
son et al. 1994)
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m-V-IB/4-1
m-K5.1/4-1

m-167/4-1

3]

h-Bif5-1
————— [ m-1.6/5-
m-21E/5-1

[ m-21A/5-]

II

— —— m-21G/5-1
r&-18KB/5-1

m-R9/i-1




Of the 42 functional mice fgk-V germline genes, 39 have
patterns compatible with some canonical structure in L1
(Fig. 3). In L3, all sequences present canomical structures,
with the exception of three Igk-V genes (34A, 348, and
34¢) 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 11 (17% and 10%, respectively). Classes
6-1, 3-1, and 1-2 are poorly represented in the mouse [gk-
V germline genes (5%, 2%, and 2%, respectively).

Comparison between the structural repertoires implicit in
mouse and human Igh-V germline 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
germline genes encodes only four canonical structure
classes. Canonical structure classes 5-1, -}, and 1-2
implicit in the functional Igk-V germline genes of mice
were found not to have a human counterpart,

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 hurnans. 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 cornpared the
structural repertoires of mouse and human Igk-V germline
genes. Results indicated that in structural terms mouse is
more diverse than human. That suggests an evolutionary
strategy of mice to compensate for the small lambda chain
coniribution in its repertoire of variable light chains. To
expedite further examination of this suggestion, in Fig. 6 a
phylogenctic tree relating the /gh-V germline genes of
humans and mice is shown.

Tree topology is similar to that proposed by Kroemer
and co-workers (1991, who classified human and mouse
fgh-V genes imto groups of /gk-V familics or clans (Roman
numerals in the figure). This classification represents the

361

common ancesiral human and mouse Igk-V germline genes
or Igk-V gene families (Kroemer et al. 1991). As is evident
from the tree, the structural repertoire implicit in functionals
Igk-V germline genes is far from being randomly distributed
within Igk-V gene famiiies 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 {gk-V germline genes.

On the basis of these suggestions, we followed the
evolutionary pathway of the structural repertoire and no-
ticed that clans II and IH encode almost exclusively the
mouse-specific canonical structure classes 5-1, 1-1, and 1-
2. Interestingly, clans II and IIT have no human counterpart
except for sequence B! (Lorenz et al. 1988) which pos-
sesses canonical structure 5-1. However, Bl 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 Igk-V germline genes belonging to these
clans were deleted or never developed in humans.

In contrast to the absence of the human functional [gk-V
germline genes in clans I and III, we found that the mouse
Ighk-V gene families belonging to these clans are two of the
three more complex families in that species. Clan II con-
tains the fgk-V 4/5 family, the most complex mouse fgk-V
gene family (see Table 1). Likewise, clan III consists of the
mouse [ghk-V 21 family, which is its third largest (see
Table 1}. The large number of /gk-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 Jgk-V gene
families. Since expansion of the fgk-V 4/5 and Igk-V 21
families implied development of the canonical struciure
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 fgl-
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 in the Jgk-V germline genes
and supports the suggestion thar human fgl-V germline
genes supply structural diversity to compensate for the
fack of canomical structure classes 1-1, 1-2, and 5-1.
This, together with the analysis of the [gk-V germline
genes, Indicates that the ulumate reason for the major
diversification of the mouse fgk-V structural repertoire is
related to the poor lambda chain contributon., In other
words. the possible deletron of an important part of the [gi-
V locus in mice might have forced s fek-V locus to be
structuradly more diverse. The hy pothesis that mice lost an
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important part of the Igl-V locus is supported by phyloge-
netic analysis showing that the human Igl-V genes were
originated at early stages of vertebrate evolution, prior to
the divergence of humans and mice (Haire et al. 1996),

These results have interesting implications for the evo-
lution of the /g-V genes. To explain their evolution it has
been suggested that the Igh-V, Igk-V, and Igl-V loci evolved
by stochastic processes, where no positive darwinian selec-
tion operated to retain the complexity of the fg-V loci and
the coherence within /g-V gene families (Tutter and Riblet
1989). Alternatively, it has been proposed that some en-
vironmental selection pressures retain the complexity of the
Ig-V loci (Kirkham et al. 1992; Schroeder et al. 1990). In
the case of the Igh-V locus, this latter suggestion is
supported by analysis of the mice and human sequences
(Kirkham et al. 1992; Schroeder et al. 1990). It shows that
although the number of Igh-V genes might vary between
species, the genes can be clustered into fgh-V families and
Igh-V clans, which share structural features like the frame-
work regions 1 and 3 (Kirkham et al. 1992; Schroeder et al.
19%0). This has been extended to species that diverged from
human 200 million years ago (Anderson and Matsunaga
1995) or more (Ota and Nei 1994). The structural features
preserved throughout evolution within the Igh-V gene
families and [gh-V clans suggest a reflection of those
environmental selection pressures (Kirkham et al. 1992;
Schroeder et al. 1990).

Human and mouse Igk-V genes can also be clustered into
families and clans. However, the nature of the environ-
mental selection pressures operating to retain the complex-
ity and coherence within fgk-V gene families remains
speculative (Kroemer et al. 1991). Here we found that the
evolutionary diversification of the Igk-V germline genes
preserves the structural repertoire. Moreover, the diver-
gence of the mouse [gk-V gene families from those of
human could be explained in terms of the structural
repertoire diversification strategies. Therefore, we suggest
that the conservation of a “basic” structural repertoire, on
the one hand, and its diversification to furnish a minimum
of structural diversity, on the other, operate as opposite
selective pressures to retain the complexity of the Igk-V
locus and coherence within fgk-V gene families.

Similar observations have been made regarding the Igl-V
locus. Tt is interesting to note that, for example, horses, in
which the lambda chain predominates, have developed
more canonical structure classes than have humans (Wil-
liams et al. 1996). Thus, further analysis of other species
whose kappa and lambda light chain contributions differ
would help test the consistency and generalization of an
evolutionary model for the fg/-Vand Jgk-V loci based on the
diversification and conservation of structural repertoires.
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