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Resumen 

El objetivo central de la presente tesis es estudiar la relación 
estructura-función en el receptor de células-T (TCR), uno de los paradigmas 
de reconocimiento molecular. Esta familia de proteínas, junto con la familia de 
las inmunoglobulinas (lgs), son hasta el presente, las únicas fuentes conocidas 
de especificidad del sistema inmunológico. Los TCRs reconocen en 
combinación con las moléculas del complejo mayor de histocompatibilidad 
(MHC), péptidos relativamente sencillos producto de la fragmentación 
proteolitica de las proteínas antigénicas. Desde el punto de vista estructural, en 
contraste con el rápido avance en la caracterización del complejo péptido/MHC, 
para el TCR, no se dispone de una estructura tridimensional experimental. La 
falta de información estructural para esta familia de proteínas, ha conducido a que 
la relación estructura-función en el TCR sea poco comprendida. 

Por analogía con las Igs de estructura conocida, se ha propuesto que el 
sitio de reconocimiento péptido/MHC en el TCR, se forma por seis regiones 
determinantes de la complementaridad (CDR), tres en el dominio Va y tres en el 
dominio vp. Para identificar los CDRs en las secuencias de TCR, se utilizan 
aquí, tres índices de variabilidad simultáneamente. Los resultados muestran que a 
diferencia de las Igs, la región correspondiente al CDR-1 de las Igs, no es 
hipervariable en el TCR. La explicación del comportamiento relativamente 
conservado de los CDR-1, pudiera justificare en términos de que esta región, 
interactua con una región poco variable del MHC. 

Para estudiar esta proposición se obtuvo, en ausencia de datos 
estructurales experimentales, un modelo atómico de interacción 
TCR/péptido/MHC. Los resultados de este modelo permiten asignar un papel 
para cada CDR en la interacción con el complejo péptido/MHC. El modelo 
obtenido muestra que, el CDR-1 de ví3 no interactua con la molécula de MHC, 
mientras que el CDR-1 de Va, contacta con residuos relativamente conservados 
del MHC. Respecto al CDR-2 de Va , el modelo indica que este, tiene un papel 
importante en el reconocimiento de las diferentes clases de MHC. El CDR-2 de 
'lo por otra parte, pudiera determinar tanto el reconocimiento del MHC como el 
del péptido antigénico. Los CDR-3 de ambos dominios reconocen 
fundamentalmente al péptido antigénico, aunque también interactuan con el 
MHC. 

Estas predicciones difieren cualitativamente de lo propuesto en la 
literatura. Así, la proposición del papel que juega cada CDR del TCR en la 
interacción con el complejo péptido/MHC sugiere una buena hipótesis de trabajo 
para diseñar experimentos precisos, que contribuyan a entender en términos 
estructurales, de que depende la especificidad de esta familia de proteínas. 



Abstract 

The main purpose of the present thesis is to study the structure-
function relationship of the T-cell receptor (TCR), one of the molecular 
recognition paradigms. This family of proteins, together with the 
immunoglobulins (Igs), is at present, the only known source of the specificity 
of the immune system. TCRs recognise, in combination with the major 
histocompatibility complex molecules (MHC), relatively simple peptides, it 
product of the proteolytic fragmentation of the antigenic proteins, From a 
structural point of view, no three-dimensional structures are known for the 
TCR. The absence of structural information for this family of proteins, has 
been conduced to a peor understanding of the structure-function 
relationships in the TCRs. 

By analogy with Igs of known structure, has been proposed that the 
peptide/MHC binding site of the TCRs, is formed by six complementarity 
determining regions (CDRs). Three of them placed at the Va domain, and 
the other three in the V13 domain. In order to identify the CDRs in the TCR 
sequences, three variability indexes are used here. Different to the Igs, the 
results indicate that the CDR-1 is a non hypervariable region in the TCR. One 
can suggest that the explication of such behaviour is inherently related to the 
interaction of this region with relatively conserved regions on the MHC 
molecules. 

In order to study this proposition, in absence of experimental 
structural data, a three-dimensional atomic-model for the TCR/peptide/MHC 
interaction is obtained, The results allow us assign a role for each CDR in the 
interaction with the peptide/MHC complex. The mode! shows that the CDR-
1 of vp does no interact with the MHC molecule, while the CDR-1 of Va, 
interact with relatively conserved residues of the MHC. Concerning to the 
CDR-2 of Va, the model indicates that this region has a fundamental role in 
the recognition of different class of MHCs. The CDR-2 of V13 on the order 
hand, determine the recognition of the MFIC molecule, as well as the 
antigenic peptide, The CDR-3 ofboth domains recognise mainly the antigenic 
peptide, although also interact with MHC. 

The aboye predictions qualitatively differ to the propositions reported 
in the literature. Thus, the proposition of the role played by each CDR of the 
TCR, suggest a reftned working hypothesis that can be tested by mutational 
experiments in order to understand the specificity mediated by TCRs. 
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Introducción 
Las proteínas son uno de los componentes esenciales de los sistemas 

vivos, interviniendo de manera fundamental en todos los procesos vitales. Para 

realizar su función adecuadamente, las proteínas necesitan invariablemente 

interactuar fisicamente con su ligando. Esta interacción tiene que ser además, 

lo suficientemente específica, como para que cada proteína reconozca a su 

ligando dentro de la compleja mezcla de moléculas que se encuentran en el 

exterior o interior de una célula. 

Estas frases formuladas de la manera más simple posible, sugieren en 

principio, el proceso de reconocimiento molecular como elemento esencial de 

la función de las proteínas. 

Uno de los paradigmas de reconocimiento molecular lo constituyen sin 

duda, los receptores del sistema inmunológico; inmunoglobulinas y receptores 

de células-T (Igs y TCRs, respectivamente). Estas dos familias de proteínas 

están dotadas de una gran capacidad para discernir, con alto grado de 

precisión, las moléculas que conforman un organismo de las que no forman 

parte de él, 

Históricamente el estudio de los receptores del sistema inmunológico 

ha girado alrededor de dos preguntas, La primera se refiere a entender en que 

consiste la versatilidad de las 1gs y los TCRs, capaces de reconocer de manera 

específica a cerca de 1015  moléculas diferentes,14  La segunda pregunta es, si a 

pesar de esta gran versatilidad, existen reglas generales del reconocimiento 

molecular mediado por estas familias de proteínas." 

1.13crek C, Milstein C.1988. Immunol. Rey. 105:5. 
2.Davis MM.1990. Ann. Rey. 1JiOd1C111. 59:475. 
3.Mian IS, Bradwell AR, Olson Al. 1991J. Mol. 131ol. 217:133. 
4.Almagro JC, Vargas-Madrazo E, Zcntcno-CuevasR,1eniández-Mendiola V, Lara-Oclioa 

F. 1995. BioSystem.v. en prensa 
5.Vargas-Madrazo E, Horjales E, I-ara-Ochoa F, Alinagro JC.1995. 	13/ol. enviado 
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Estas dos preguntas aunque son complementarias y tienen como 

objetivo común entender las bases del reconocimiento molecular mediado por 

los receptores del sistema inmunológico, son metodológicamente diferentes. 

En el primer caso se analizan las diferencias entre los miembros de las familias 

de las Igs o de los TCRs. En el segundo caso se buscan las similitudes. Las 

respuestas a la primera pregunta ayudan a entender en que consiste la 

especificidad de una ig o de un TCR por su ligando particular. Las soluciones 

de la segunda pregunta, conducen a establecer principios generales del 

reconocimiento molecular mediado por las 1gs y los TCRs. 

Los resultados que se exponen en esta tesis son parte de un conjunto 

de trabajos desarrollados dentro del periodo de doctorado que han tenido 

como objetivo central la segunda pregunta acerca de los receptores del sistema 

inmunológico.4.12  

Desde el punto de vista práctico, abordar el estudio de las Igs y los 

TCRs, como modelo de reconocimiento molecular, se ha visto facilitado por la 

gran cantidad de información disponible para estas dos familias de proteínas. 

Así por ejemplo, las lgs se consideran las moléculas mejor estudiadas de todas 

las proteínas.13  Lo anterior se ilustra por el número de secuencias y estructuras 

tridimensionales que actualmente se depositan en los bancos de secuencias y 

estructuras cristalográficas. En octubre del pasado año, por ejemplo, en el 

6,Lara-Ochoa F, Vargas-Madrazo E, Jiménez-Montaulo MA, Almagro Je 1994, 
Bio.systems. 32:1 

7.Lara-Ochoa F, Vargas-Madrazo E, Almagro JC. 1995, J. Mal. Evo!, en prensa 
8.Vargas-Madrazo E, Almagro JC, Lara-Ochoa F, Jiménez-Montaña MA.1993. EC4L'93. 

p,1070. 
9.Vargas.Madrazo E, Almagro JC, Lara-Ochoa F.1995. J. Mol. Biol. 246: 74. 

10.Almagro JC, Zenteno-Cuevas R, Vargas-Madrazo E, Lara-Ochoa F. 1995. int. .1, Pep. & 
Prot. Res. en prensa. 

11,Almagro JC, Vargas-Madrazo E, Lara-Ochoa F, Horjales E.1995. Prot. Sci. enviado. 
12.Almagro JC, Ccceña HA, Vargas-Madrazo E, Lara-Ochoa F.1995. POP '9.5. en prensa 
13.Padlan, 1994. Atol, hnmunol. 31:169. 
14. Kabat EA, Wu TI', Perry HM, Gottesman KS, Foeller C. 1991. N111 Publication No, 91- 

3242, 
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banco de proteínas (1 interés inmunológicol4  se compilaron aproximadamente 

8,000 secuencias de Igs.4  Mientras que en el banco de estructuras 

cristalográficasts  (PDB) en fechas similares, el número de lgs era 

aproximadamente de 140 estructuras. 

Similar a las Igs, en el presente se cuenta con un gran número de 

secuencias para los TCRs. En la Figura 1 se ofrece una idea de esta 

información. La figura muestra que, hasta la fecha, se han obtenido casi 1,800 

secuencias de TCRs. Además, el creciente interés en esta familia de proteínas 

queda demostrado por el incremento casi exponencial en el número de 

secuencias de TCRs depositadas en el banco de proteínas de interés 

inmunológico", desde el reporte de la primera secuencia de un TCR en 

1984.14  

Figura.l. Número de secuencias de TCRs depositadas en el banco de proteínas de interés 
ininunológicou  hasta octubre de 1994 como función de! ano en que se reportaron. Los datos 
se obtuvieron con el paquete de programasVIR.4  
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15. Bernstein FC, Koctzle TF, Williams al13, Meyer EF Ir, Brice MD, Rodgers IR, 
}Cenad O, Shimandottchi T, Tasumi M. 1977. J. Mol. Biol. 112:535. 

16. Hedrick SM, Cohen DI, Nielsen EA, Davis MM. 1984. Nature. 308:149. 
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A diferencia de las Igs, para los TCRs sin embargo, no se dispone de 

estructuras tridimensionales experimentales. La falta de información 

estructural experimental para esta familia de proteínas, ha conducido a que la 

interpretación de la interacción mediada por los TCRs, este en franca 

desventaja con respecto al estudio de la interacción mediada por las Igs. 

A pesar de lo anterior, los TCRs ofrecen una ventaja con respecto a 

las Igs en cuanto a establecer principios generales del reconocimiento 

molecular. Esto es, los TCRs son anteriores a las Igs desde el punto de vista 

evolutivo,2  lo que implica que su mecanismo de reconocimiento molecular es 

más primitivo y en consecuencia, probablemente más simple. En efecto, las Igs 

reconocen directamente la estructura nativa de las proteínas antigénicas en 

solución." Los TCRs en contraste, reconocen en combinación con las 

moléculas del complejo mayor de histocompatibilidad (MHC), péptidos 

relativamente sencillos producto de la fragmentación proteolítica de las 

proteínas antigénicas.2  Este mecanismo de interacción por ser más restrictivo 

respecto al de las Igs, pudiera en principio, resultar más susceptible de ser 

descrito en términos generales. 

Es por lo tanto deseable acercarse tanto como sea posible, en ausencia 

de datos estructurales experimentales para el TCR, a la descripción del 

mecanismo de reconocimiento molecular mediado por este receptor del 

sistema inmunológico. Los artículos que se seleccionaron para esta 

presentación 4,11" tienen este objetivo en común. En la sección que sigue se 

describen brevemente los artículos antes citados (4,10,11), y se explica el 

aporte de cada uno de ellos, a la descripción del mecanismo de reconocimiento 

molecular mediado por los TCRs; objetivo central de la tesis. 

17. Davies DR, Padlan EA, Sheriff S.1990. Ann. Rey, Blochem. 59:439. 
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Plan de la tesis 
El cuerpo de la tesis esta compuesto de cuatro capítulos que se 

resumen a continuación: 

Capítulo Modelo de interacción TCRWtido/M11C. En este 

capítulo se revisa el estado actual del conocimiento sobre la interacción 

TCR/péptido/MHC, sin comentar los resultados reportados en los artículos 

que conforman la tesis, para evitar repeticiones. Se incluye este capítulo 

siguiendo dos objetivos. El primero es brindar una tesis lo más autocontenida 

posible, es decir, facilitarle al lector las definiciones y los elementos necesarios 

para comprender los capítulos que siguen. El segundo objetivo, es definir los 

antecedentes de la tesis. 

Capítulo 11: VIR: A coonputational toril for the analysis of 

inununoglohulin sequeiicei. Este capitulo se conforma por un primer 

artículo4  que describe una herramienta de cómputo para estudiar las secuencias 

de los receptores inmunológicos. VIR (Variable domains of the Immune 

Receptors) fue originalmente diseñado con el propósito de manejar el gran 

volumen de información de que actualmente se dispone para los receptores 

inmunológicos. En la sección Applications de este capítulo, se delinean 

algunos resultados parciales del uso de esta herramienta en las lgs. Una 

versión ampliada de estos resultados puede verse en las referencias 7, 9, y en la 

tesis de doctorado de E. Vargas-Madrazo. La aplicación de este paquete de 

programas, extendido para las secuencias de TCRs, es la base metodológica 

del capítulo que sigue. 

Capítulo HL Variability analysis of the T-cell receptor using three 

variability indexes. Se conforma por el segundo artículo que se incluye en la 

tesis.w  En este capítulo se utilizan simultáneamente tres índices de variabilidad 

para caracterizar las regiones de interacción con el complejo péptido/MHC en 
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los TCRs. Por analogía con las Igs de estructura conocida se ha propuesto que 

el sitio de reconocimiento péptido/MHC en el TCR se forma por seis regiones 

determinantes de la complementaridad (CDR), tres en el dominio Va  y tres en 

el dominio VII. Los resultados que se presentan en este capitulo indican que las 

regiones hipervariables dentro de los dominios variables de los TCRs 

coinciden con el CDR-2 y CDR-3 definidos a partir de la holmio& de las 

secuencias de TCRs e lgs. Sin embargo, el CDR-1 de ambos dominios del 

TCR resultó ser no hipervariable. Estos resultados sugieren que el CDR-1, 

debido a su comportamiento relativamente conservado, puede tener un papel 

diferente al resto de los CDRs en el reconocimiento del complejo 

péptido/MHC. 

Capítulo IV: Molecular nwdeling of a T-cell receptor bound to a 

majo, histocompatibility complex molecule: Implications for the T-cell 

recognition. Se conforma por el tercer articulo que se incluye en la tesis," En 

ausencia de datos de cristalografia de rayos-x para el TCR o para el complejo 

TCR/péptido/MHC, en este capitulo se obtiene un modelo tridimensional 

computacional para un complejo TCR/péptido/MHC. El análisis de la 

estructura es congruente con datos experimentales y con el análisis de 

variabilidad de las secuencias de TCRs, presentado en el capitulo anterior. En 

la discusión de este capítulo, partiendo del modelo tridimensional obtenido, se 

propone un papel para cada CDR en el reconocimiento del complejo 

péptido/MHC. 

Finalmente, a manera de conclusiones, se resume en una sección 

aparte (Conclusiones) los principales resultados de los capitulos anteriores. 

Además, debido a que cada capitulo incluye sus referencias bibliográficas, al 

final de la tesis se lista una bibliografia completa con el objeto de facilitar su 

consulta. 
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Capitulo I: 

Modelo de interacción TCR/péptido/MHC 

i 
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Introducción 

A mediados de la década de los 70's se demostró que las células-T requieren 

para su activación, del reconocimiento simultáneo de una proteína antigénica y una 

molécula del complejo mayor de histocompatibilidad (MFIC) (Zinkernagel & 

Doherty, 1974). Años después, a principios de los 80's, se identificó con anticuerpos 

monoclonales dirigidos contra proteínas específicas de células-T, una glicoproteina 

de aproximadamente 90 Kd, compuesta de dos de cadenas amino ácidos (Milan et 

al., 1982), Un año más tarde, se demostró que la unión de anticuerpos específicos 

contra esta glicoproteína - llamada receptor de células-T (TCR) - activaban las 

células-T, mimetizando así, la interacción con el complejo antigeno/MHC (Acuto et 

al., 1983; Haskins et al., 1984). Estos hechos establecieron hacia mediados de los 

80's que el TCR es el responsable del reconocimiento especifico del complejo 

antigeno/MHC (Kronenberg et al,, 1986). 

El TCR se asocia no covalentemente con al menos otras cinco moléculas en 

la membrana de las células-T 'kaki.' o Vrelper' [complejo del CD3 (Davis, 1990)]. La 

estrecha relación con otras proteínas en la membrana celular ha impedido obtener 

TCRs solubles y funcionales; materia prima de los estudios de cristalografia de 

rayos-x. Consecuentemente, en el presente no se dispone de una estructura 

experimental para el TCR o para el complejo TCR/péptido/MHC. 

En ausencia de datos experimentales de cristalografia de rayos-x para el 

TCR, solo partiendo de sus secuencias de amino ácidos, se han utilizado dos 

estrategias para estudiar bases estructurales del reconocimiento molecular mediado 

por este receptor del sistema inmunológico. Estas estrategias se basan en el análisis 

de variabilidad de las secuencias conocidas de TCR (Kabat et al., 1991), por una 

parte, y por la otra, en el estudio de los TCRs a la luz de las estructuras 

tridimensionales conocidas de las Igs (Novotny, 1986, Chothia et al., 1988). 
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Los resultados derivados de tales estudios junto a la resolución de la primera 

estructura cristalográlica de una molécula 11/11-1C-1, hacia finales del año 1987 

(Bjorkintm et al., 1987a), brindaron las primeras lineas de evidencias para proponer 

un modelo hipotético de interacción TCR/péptido/MF1C (Davis & Bjorkman, 1988; 

Chothia et al,, 1988; Claverie et al, 1989, ver Figura 6 en el texto). Hasta la fecha, 

este modelo se sigue utilizando para estudiar las bases estructurales del 

reconocimiento del complejo péptido/MFIC por el TCR (Jorgensen et al., 1992a; 

Patten et al,, 1993; DiGiusto & Palmer, 1994). Este modelo, por su generalidad, ha 

resultado de gran utilidad para formular hipótesis sobre la evolución de los 

receptores de sistema inmunológico (Davis, 1990), e interpretar en términos 

globales, los mecanismos de reconocimiento molecular mediados por el TCR 

(Jorgensen et al., 1992a). Sin embargo, en su formulación actual, resulta insuficiente 

para estudiar los detalles finos de la interacción TCR/péptido/MLIC. Mi por 

ejemplo, en las conclusiones de un artículo reciente se dice: 	the current modelvof 

the TCR ,structure [se refiere al modelo citado] ►hile beim a reasanable 

approximation of the general cottfipration of 7' cell receptors, inay not s'ove to 

precisely predict the effect of ápecific residue varialions, and their present fon,: 

may not be sufficknlly detailed to genetically engineer T cell reccptors with 

prediclable specificities" (DiGiusto & Palmer, 1994). 

En esta década se han obtenido avances tanto metodológicos corno 

experimentales que permiten refinar el estudio estructural de la interacción 

TCR/péptido/MLIC. En la primera parte de este capitulo se analizará el modelo de 

interacción TC11/péptido/M1-1C en su formulación actual, junto a una discusión de las 

evidencias experimentales que le dieron origen. En la segunda parte, se revisarán los 

avances metodológicos y experimentales que permiten proponer nuevos enfoques 

para estudiar el problema del reconocimiento molecular mediado por los TCRs. 
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Modelo de interacción TCR/péptido/MHC 
La molécula de TCR se forma a partir de dos cadenas polipeptídicas, a y p, 

con una longitud que oscila en cada cadena, entre 230 y 304 amino ácidos (Davis, 

1990). Estas dos cadenas de amino ácidos se ensamblan cada una, por un dominio 

amino terminal variable (V) de aproximadamente 110 amino ácidos, un dominio 

constante (C) de igual longitud, una región transmembrana de 12 a 15 amino ácidos, 

y una región citoplasmática carboxilo terminal de 20 a 24 amino ácidos (Figura 1 a). 

a 	 b 
N-terminal 
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Figura la. Esti 	primaria de las cadenas de cuino ácidos a y /idee los 7eRs. 
h. Codificación genética de los dominiosfincionales del ICR (Davis, 1990). 
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Los dominios amino terminal, Va y VÍ3, son los responsables del 

reconocimiento especifico del complejo péptido/MHC (Davis, 1990). 

Genéticamente, estos dominios se codifican por la unión de varias familias de 

segmentos génicos (Davis, 1990). El dominio Va es codificado por los segmentos 

génicos Va  y Ja, mientras que el dominio vp, es producto de los segmentos génicos 

VD, D y Jp (Figura 1b). El análisis de variabilidad de las secuencias de amino ácidos 

de estos productos génicos, fue el primer elemento para establecer como los 

dominios Va y VJ3 de los TCRs interactuan con el complejo péptido/MHC. 

El análisis de variabilidad se desarrolló originalmente por Wu & Kabat 

(1970) para estudiar las secuencias de Igs. Este tipo de análisis parte de establecer 

que las familias de proteínas que reconocen a ligandos variables - como es el caso 

de las Igs o de los TCRs - deben tener en sus regiones funcionales alta variación de 

los amino ácidos (Wu & Kabat, 1970). Para identificar estas regiones, se construye 

un alineamiento múltiple de secuencias y se analiza cada posición del alineamiento 

con un índice que estima numéricamente la variabilidad de los amino ácidos (Wu & 

Kabat , 1970). 

Con el indice definido por Wu & Kabat (1970) se estudiaron las primeras 

secuencias conocidas de Igs. Los resultados indicaron que el sitio de reconocimiento 

antigénico de esta familia de proteínas, se forma por seis regiones hipervariables o 

regiones determinantes de la complementaridad (CDR); tres en el dominio Vi, y tres 

en el dominio V11  (dominio variable de la cadena ligera y pesada, respectivamente) 

(Wu & Kabat 1970, Kabat & Wu, 1971), El valor predictivo de este análisis quedó 

demostrado, al comprobar en las primeras estructuras tridimensionales de Igs (Poljak 

et al., 1973; Segal et al., 1974), que estas seis regiones hipervariables se localizaban 

en los 'loops' que interactuan con el antígeno. Así, el éxito de esta metodología para 

identificar las regiones responsables del reconocimiento antigénico en las Igs, 
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condujo a utiliza, en las primeras secuencias conocidas de TCRs, este tipo de 

análisis. 

Con el uso del índice de Kabat (Wu & Kabat, 1970) en el TCR, se identificó 

una región de máxima variabilidad en la unión de los segmentos génicos Vali  o 

Vpalp (Kabat et al., 1991). Esta concentración de variabilidad en las regiones Val, o 

V013.1ri  del TCR, indicó que éstas pudieran tener un papel relevante en el 

reconocimiento del complejo péptido/MHC (Davis & Bjorkman et al., 1988). 

El análisis de las secuencias de TCRs mostró por otra parte, que desde el 

punto de vista estructural, los dominios Va y \fp, pudieran compartir el mismo 

plegamiento que la porción Fv de las Igs (Novotny et al., 1986; Chothia et al., 1988) 

(Figura 2). La porción Fv de las Igs se forma por la unión no covalente de los 

dominios VII  y VL(Arnzel & Poljak, 1979). Cada uno de estos dominios se conforma 

a su vez por: (1) dos láminas J3 antiparalelas, (2) seis 'loops' que interactuan con el 

antígeno, tres en cada dominio, (3) los loops' restantes que no forman parte del sitio 

de reconocimiento antigénico, y (4) la interface entre estos dominios que unen 

espacialmente a los 'loops' que forman el sitio de reconocimiento antigénico (Amzel 

& Poljak, 1979). 	 • 

Puesto que el plegamiento de las Igs y de los TCRs pudiera resultar similar, 

se propuso que el sitio de interacción con el antígeno en los TCRs, es 

geométricamente equivalente al de las Igs (ver Figura 2). Esta proposición se 

reafirmó por el hecho de que los 'loops' que forman el sitio de interacción con el 

antígeno en las Igs, son similares en longitud, a los 'loops' equivalentes en el TCR 

(Chothia et al., 1988). De esta manera, las Igs de estructura conocida se han 

utilizado como base para simular la interacción con el complejo péptido/Mí-IC 

(Davis & Bjorkman 1988; Chothia et al., 1988; Claverie et al., 1989). Esta 
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posibilidad fue el segundo elemento en la inferencia de un mecanismo general de 

interacción TCR/péptido/MHC (Davis & Bjorkman 1988; Claverie et al., 1989). 

Figura 2. Estructura de un dimero de dominios Vt,y Vil de unalg. V,, se representa 
más oscuro que dominio Vi, , para facilitar la observación de la interface entre los 
dominios. Los seis 'loops' que forman el sitio de reconocimiento anhigénico se 
colorean en gris oscuro; para Vi, se denoto': L1, L2 y L3, para VII: 111, H2 y H3. 
La figura se obtuvo con el paquete de representación molecular en PostScript 
MOLSCRIPT (Kraulis, 1991) utilizando las coordenadas cristalográficas del 

fragmento Fin D1.3 (Mut et al., 1990) entrada 1FVA del Banco de datos de 
estructuras cristalográficas (PDB) (Bernstein et al., 1977). 
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El tercer elemento para proponer el modelo de interacción 

TCR/péptido/MHC, fue la resolución por cristalografia de rayos-x de una molécula 

de MHC-1 (Bjorkman et al., 1987a). La estructura de la molécula de HLA-A2, 

reveló que el MHC-1 se forma por la asociación de cuatro dominios estructurales, al, 

a2, a3 y 132m (Figura 3). Los dominios próximos a la membrana, a3 y (32m, son 

similares a los dominio constantes de las Igs (Bjorkman et al., 1987a). Los dominios 

dístales de la membrana, al y ca, difieren substancialmente del plegamiento típico 

de las Igs, conformados cada uno, por una lámina (3 antiparalela de cuatro hebras (3 y 

una hélice a (ver Figura 3). 

En las moléculas funcionales de MHC-1, la asociación de los dominios al y 

a2 forman una plataforma de una lámina 13 de ocho hebras (3 antiparalelas, por 

encima de la cual se ubican las hélices a (Figura 4). Entre las dos hélices a y la 

lámina (3 queda una cavidad de aproximadamente 25 A de longitud, 10 A de ancho y 

11 A de profundidad (Bjorkman et al., 1987a). Esta cavidad aloja a los péptidos 

antigénicos en la molécula de MHC hacia la porción más dista' de la membrana 

celular (Bjorkman et al., 1987b). Asi, la superficie que se genera por el péptido 

antigénico junto con la superficie de las hélices a de la molécula de MHC, sugieren 

una región ideal para la interacción con la molécula de TCR (Bjorkman et al., 

1987b). 

Si se toma un fragmento Fv de una Ig para simular la estructura de los 

dominios funcionales de un TCR, al observar el sitio de reconocimiento antigénico 

desde la orientación que 've' el complejo péptido/MHC, el CDR-3 de ambos 

dominios (L3 y H3) queda hacia el centro del sitio de reconocimiento, mientras que 

los CDR-1 y 2 (L1, L2, Hl y 112) quedan hacia los flancos (Figura 5). El área que 

forman los 'loops' hipervariables de la Ig es aproximadamente de 500 A2  (25 A de 
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largo por 20 A de ancho). Esta área es similar a la que forman las hélices a de la 

molécula de MHC, en la parte superior de la cavidad donde se aloja el péptido 

antigénico (ver Figura 4). 

Figura 3. Estructura de la molécula de HLA-A2 (Bforkman et al., 1987a), 
entrada del PDB (HILA). La 132m se representa más oscuro para diferenciarla del 
resto de la estructura. La Figura se obtuvo con el paquete de representación 
molecular en PostScript MOLSCRIPT (Kraulis, 1991). 
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a2 	al 

Figura 4. Estructura los dominios al y a2 de la molécula HLA-A2 rolaría 90° 
respecto a la Figura 3. 

VH 
	

VL 
Figura 5. Sitio de reconocimiento de una Ig visto desde el antigena La Figura se 
obtuvo rotando 90° la estructura de la Figura 2 (Fv Dl.3). 
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Por analogía con las 1gs, la concentración de la variabilidad en los 'IrRs 

corresponde estructuralmente con el CDR-3 (Davis & Bjorkman, 1988; Chothia et 

al., 1988, Claverie et al., 1989). Entonces, si se coloca la estructura del Fv de la 1g 

sobre la molécula de MHC, de manera tal que los CDR-3 de ambos dominios 

queden alineados en la dirección de péptido antigénico, el CDR-1 y CDR-2 de uno 

de los dominios del Fv, reconocen la hélice a de un dominio de la molécula de 

MEIC, mientras que el CDR-1 y CDR-2 del otro dominio reconocen la otra hélice a 

del MHC (Figura 6). 

Debe notarse que partiendo de la información anterior no se puede decidir 

cual es la orientación correcta de la molécula de Ig sobre el MHC (Davis & 

Bjorkman, 1988; Claverie et al., 1989). De aquí que se consideren dos modelos 

alternativos. Los modelos alternativos se obtienen por rotaciones de 90° o de 180° 

en la molécula de Ig respecto a la molécula de MHC. Una rotación de 90° en la 

molécula de Ig, implica que los CDR-3 interactuan directamente con las hélices 

del MHC, mientras que una rotación 1800  en la molécula de Ig, implicaría solo un 

cambio en la orientación relativa de la Ig con respecto a la molécula de MHC (Davis 

& Bjorkman, 1988; Claverie et al., 1989). 

Este modelo por su generalidad ha sido de gran utilidad para formular 

hipótesis sobre la evolución de los receptores del sistema inmunológico (Davis, 

1990), diseñar experimentos (Ajitkumar et al., 1988; Nalefski et al., 1990; Pacten et 

al., 1993), y explicar los rasgos generales de interacción TCR/péptido/MHC 

(Jorgensen et al., 1992a). Sin embargo, como se mencionó antes, se admiten varias 

orientaciones en la molécula de TCR sobre el complejo péptido/MHC. Además, si se 

traslada la molécula de Ig sobre la superficie del MI-1C, diferentes residuos del TCR 

pudieran interactuar con el péptido y/o con el MHC. Esta falta de precisión en el 
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modelo descrito ha impedido avanzar en el estudio estructural de los detalles finos 

del reconocimiento mediado por los TCRs (Prochnicka-Chalufour et al., 1991). 

Figura 6. Modelo de interacción 7CR/péptido/MHC según Davis & 
Bjorkman (1988), Chothia el al (1988) y Claverie et al., (1989) obtenido a partir 
de una Ig simulando una molécula de 7CR y la estructura cristalográfica del HLA-
A2. Orientación de la molécula de Ig donde L1 y L2 interactuan con el dominio al 
del MHC-I y 111 y H2 interacivan con el dominio a2 del MI1C-1. La figura se 
obtuvo colocando la estructura de la Figura 2 (Ig) sobre la molécula de HLA-A2 
(Figura 4) como sugiere el modelo de interacción TCR/péptido/MHC. En la Ig solo 
se muestran los Voops' hipervariables para facilitar la observación del modelo. 
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En las secciones que continúan se revisarán los avances metodológicos y 

experimentales que permiten refinar el estudio estructural de la interacción 

TCR/péptidoilv11-1C, su aplicación, constituye los capítulos que siguen de la tesis. 

Análisis de variabilidad de los TCRs 
En las Igs, los dos primeros CDRs se codifican por los segmentos génicos 

Vil  y VL, mientras que el tercer CDR se localiza en la unión de los segmentos 

génicos Va y VHDJII  (Wu & Kabat 1970, Kabat & Wu, 1971). Similar a las Igs, en 

los TCRs, el análisis de variabilidad con el índice de Wu & Kabat (1970) identifica 

una región hipervariable en la unión de los segmentos genéticos V.J. o VpD.10  

(Kabat et al., 1991). Sin embargo, en los primeros — 90 amino ácidos, codificados 

por los segmentos génicos, V. o Va, no se han obtenido de manera concluyente, 

regiones hipervariables (Kronenberg et al., 1986; Davis, 1990, Kabat et al., 1991). 

La falta de definición de regiones hipervariables en los segmentos génicos 

Va y VÍ3 responde a que los TCRs son mucho más variables a lo largo de su 

secuencia de amino ácidos con respecto a las Igs. Si se considera que los TCRs son 

anteriores a las Igs desde el punto de vista evolutivo (Davis et al., 1990), la 

explicación de tal comportamiento resulta de que los TCRs han tenido mayor tiempo 

de evolución y consecuentemente mayor acumulación de mutaciones neutrales en 

sus secuencias de amino ácidos (Jores et al., 1990). La mayor dispersión de 

mutaciones a lo largo de las secuencias de TCRs con respecto a las Igs, impide 

delimitar regiones de concentración de variabilidad (Kabat et al,, 1991) Desde el 

punto de vista funcional, la falta de definición de los CDR-1 y 2 en los TCRs limita el 

estudio de estas regiones en el reconocimiento del complejo péptido/MI-1C. 
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Para resolver esta dificultad se propuso a principios de los 90's una 

modificación del índice de Kabat junto con un método de filtrado de los perfiles de 

variabilidad por series de Fourier (Jores et al., 1990). Con la aplicación de esta nueva 

metodología a 159 secuencias de la cadena amino ácidos VÍ3 se delinearon cuatro 

CDRs, tres de los cuales corresponden con los CDRs de las 1gs (Jores et al., 1990). 

En el caso de las secuencias de la cadena de amino ácidos Va, la aplicación de esta 

metodología resultó infructuosa, puesto que no se delimitaron regiones de 

hipervariabilidad en este dominio de los TCRs (lores et al., 1990). 

Recientemente, se propuso una nueva medida de variabilidad (Shenkin et 

al., 1991). Este índice se basa en la fórmula de entropía de Shannon (Shenkin et al., 

1991), Según los autores (Shenkin et al., 1991), este índice de variabilidad tiene 

mejores propiedades matemáticas que los Indices anteriores, como por ejemplo, 

continuidad en todo su dominio (Shenkin et al., 1991). Esta medida de variabilidad 

aún no se ha aplicado a los TCRs. 

Es deseable por lo tanto, aplicar los tres índices de variabilidad 

simultáneamente a las secuencias de los dominios funcionales de los TCRs, seguidos 

del filtrado con series de Fourier de los perfiles de variabilidad. El objetivo de aplicar 

esta metodología a los TCRs es identificar las regiones equivalentes al CDR-1 y 2 

de las lgs en los TCRs. El uso simultáneo de los tres índices, pudiera compensar las 

deficiencias de cada uno de ellos por separado en estimar la variabilidad. El filtrado 

con series de Fourier daría un criterio objetivo de comparación de cuales son las 

regiones que se identifican con cada índice. Esta proposición es el capítulo In de la 

tesis. 
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Datos experimentales sobre la interacción 

TCR/péptido/MHC 
Los estudios experimentales para definir los componentes moleculares de la 

interacción TCR/péptido/MHC, hasta hace tres años, eran escasos e indirectos (para 

una revisión del tema ver Jorgensen et al., 1992a). Esto impedía, junto a la ausencia 

de estructuras tridimensionales para el TCR o para el complejo TCR/péptido/MHC, 

profundizar en el estudio del reconocimiento molecular mediado este receptor del 

sistema inmunológico. 

En los últimos tres años, sin embargo, estudios basados en el análisis de las 

secuencias de TCR en respuestas a péptidos naturales o sintéticos, en el contexto 

de diferentes alelos de MHC, evidenciaron que deben existir contactos físicos entre 

el TCR y el complejo péptido/MHC (Jorgensen et al., 1992a). Uno de los sistemas 

mejor estudiados es el complejo 5C.C7/MCC (83-103)/I-Ek  (TCR/péptido/MHC, 

respectivamente) (Hedrick et al., 1988; Jorgensen et al., 1992b). En este sistema 

utilizando un conjunto de péptidos del MCC con mutaciones puntuales, se determinó 

que cargas reversas (+ --> - o - 	+) en los residuos 99 y 102 del péptido, 

seleccionaban diferentes TCR funcionales (Jorgensen et al., 1992b). Las mutaciones 

compensatorias que se expresan en el TCR se localizan en las regiones de unión 

V.J. y 5/10.10. Estos resultados indican que estas regiones interactuan directamente 

con el péptido antigénico, como predice el modelo general de interacción 

TCR/péptido/MHC antes descrito (Jorgensen et al. 1992b). 

Los contactos entre residuos del TCR y el péptido antigénico permiten 

además seleccionar la orientación en que el TCR reconoce al complejo 

péptido/MHC (Jorgensen et al., 1992b). Así, esta información experimental, aporta 

un elemento adicional que restringe los grados de libertad (rotaciones y traslaciones) 
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de la molécula de TCR. con respecto al complejo péptido/MI IC. El modelo 

tridimensional del complejo 5C,C7/MCC(93-103)/1-Ek  es el capitulo IV de la tesis. 
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Abstract 

In asía papar a microcomputer software namcd VIR (Variable domains of the lmmunc Recepton) is reponed. This 
package asa 	usad in sequence itudies of immunoglobulin variable domains. The main features of the VIR software 
La the aelaticacca management are: (1) case of information recovcryketraction from amino acid sequences; and (2) its 
capability lo obtain multiple sequence alignments with prcdc(incd charactcristics (i.e. specie and/or aixeitícity). As aa 
agalylica1 104 the V1R package employs such multiple scqucncc alignments to compute: (1) tabla showint amino 
acid traqueadas; (2) three variability indexo: (3) idead ty matrices; (4) random simples; and (3) sequences with possiblc 
canonical structures. Thus the software reponed here here is proponed as a useful tool to carry out detailed studies 
ot immunoglobulin variable domains. 

ifyleérdt: Data basa; Variability analysis;•Scqucncc analysis; Pattern recognition; Canonical structures 

1. latroducdoa 

One of the core problema in molecular biology 
cono= the conatraints determining structure• 
function relationships in proteins. in principie, it 
can be ufely asaumed that such constrainu can be 
found by analyzing malo acid patterns in key 
polItiona of a multiple sequence alignment 
(Zuckerkandl, 1976). in the particular case of the 
inin2Wie system, where the only source of specifici-
ty al molecular leve' :tema to come from two 
proteina: 	receptor: (TCR) and immunog10- 
bullas (Ig), a long standing question prevails: is it 
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possible to liad amino acid patterna to revea! the 
structure-function relatioashipa in the antigen 
binding sito of TCR and 10, 

Prediction of the antigua binding site or corta-
plementarity determining regiona (CDRs) in 11 by 
variability analysis, prior to the resolution of Ig 
structures (Wu and Kabat, 1970), nade posalble 
the beginning of understanding specificity (fue-
don) mcdiated by there MOICCUiti. Subsequently 
lo the reaolution of severa' Ig structures, analysis 
of iu thrte-dimensional conformation have reved-
ed canonical structures in live of its sis CDRa 
(Chothia and Lesk, 1987; Chohia et al., 1989). Ex-
istence of the:e canonical structures in the CDRs 
of Ig implica that just a few main-chaira conforma-
tions are present in a large set of Ig molccults with 
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diirerent loop amino acid scqucnccs and 
speciiicitics (Chothia and Lcsk, 1987; Chothia el 
id., 1989). Rer..ent studies have enhaneed the 
knowledge of Ig structure-function relationships 
by linding definite amino acid bias when analyting 
positions that interact with antigens in antigen-
antibody complcxes (Minn et al., 1991; Lira- 
Ochos et 	1994). This suggests a general mccha-
nism underlying the molecular recognition medi-
Abed by Ig (Lara-Ochoa et al., 1994). 

A cut step is to correlate functional and struc-
ttual information. In the opinion of the authors, 
the Riálin limiustion to achievc ibis, has bcen the 
abata« of user-triendly computational tools to 
perform such analysis, To circumvent chis difticul. 
ty la this paper a microcomputer software namcd 
V1R <Variable dotnains of the Impune Recep-
tora). developed to e.uity retrievc and analyze Ig 
unir» ¡cid sequences, a reponed. VIR interfaces 
with Kabat's data base, which is known to posscss 
ali currently updated information en Ig sequences 
(tes for example Kabat et al., 1991). To do so, this 
program snakes use of SEQHUNT Internet service 
which, in tura, has the neccssary tools to access 
lis information. The data are translated to VIR 
data base formal, This data base structure op- 
timiza the information management and its recov- 
ery farm Ig sequences, and allows use of the 
different analytica1 tools available with the VIR 
package. 

On its analytical side, VIR uses two different ap-
proaches: statistical analysis and pattern recogni. 
don. StatilticaI analysis provides computation of: 
(I) tablea °tambo acid usage by position; and (2) 
dure dilTerent variability indexes. Corresponding. 
1y, the pattern recognition approach provides: (1) 
patterns compatible with key residuts rcsponsible 
for deteruniaing the Ig-fold; and (2) canonical 
structures in the CDRs of Ig sequences. 

In arder to properly oudine the work in the 
following sections, a complete — but net ex- 
haustive 	description of the VIR data bases for-
mal and the maiagement and analydcal tools are 
given in the first place, Secondly, examples of the 
two different approaches in Ig sequence analysis 
are shown and discussed. Finally, the significance 
of the VIR software is discussed in the light shcd 
by-current trends in data bases management and 
sequen= analysis, 

2. Description of the VIR package 

Ali programs wat written in the Turbo Pascal 
version 5.5 language, and wcrc compiled to run on 
an 113Ni-compatible PC microcomputer. A uscr-
fricndly mcnu-driven graphical interface system 
was developcd with on-line hclp available to cx-
plain cach and every kern appcaring in the main 
menu or submenus. 

in ordcr to readily start using the package two 
data bases are available with it, One corresponds 
to the variable domains of light 09 chains whilc 
the otber does so with the hcavy (VH) chains. 
Each data base contains a multiple sequen« align-
mut as well as the information associated with 
cach sequen«. In the Vil case, the data base con-
tains a11 the sequen= compilcd in the Kabat's 
data base up to April 1994. For Vc the data base 
contains the scqucnccs from the same source of 
114  scqucnccs. Both of them are ASCII files. 
Therefore, data bases available with the program, 
updated ones, or !hose created by the user, can bc 
displayed, cditcd or printcd using a tett proccssor 
capable of importing ASCII Caes (WordPerfect, 
Word, Word for Windows, and the like). 

2.1. VIR dala base structure 
Functioaal, technical and bibliographic inter. 

mation in the VIR data bases is codificd on a labcl 
associated with cach sequence in the muitiplc 
alignment according to the following description: 

Desentet Poaition on libe! 

Technique 
Year 2-3 
Speties 4-5 
Jourmal 6-8 
Volum: 9-11 
Fint pass of the paper 12-16 
Mune gtven by )(iba' ti al. (1991) 17-30 
Particular spctificity 31-3! 
General spicci(icity 36 
Binding constara (if known) 37 
Subdau ;kappa or lambda) 38 
Subiroupa of Kabat et al. (19911 39-40 
Space 41-50 
Scqucnce 51 
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Thus, each•line of the VIR data base is campos-
ed of a label (icft side) and the sequence codified 
in the one letter amino acid code (right side), for 
example: 

	

poattIon: 1 	10 	20 

	

••I 	1 	1 	1 	1 	1 
N89111PNA136 2341 3,14.9 
	 Label 	 

The label is used by the management tools of the 
package, while the sequence is processed by the 
analytical tools (sec below). In order to codify the 
describen of the label, a commitment was made 
bctwcen chusifying the maximum information and 
avoidance redundancies or ambiguities, In the case 
of apecifielty, judged by the authors as the most 
important functional dcscribcr, it should be cm-
phasizzd that two describers, particular and gener-
al, are used. General spccificity refers tu the 
&olio of specificities (for example anti-protein 
Ig), and it can thus be used to direttly (Alain data 
basca with global specificities. Particular 
specifieities reten to the specificities (for example 
anti•lysozyme Ig), allowing to stratify the scarch. 

Concerning the multiple sequence alignments, 
two eonventions have been proposed in the litera. 
ture regarding insertions numbering and place-
meta Inside CDRs of ¡g: (i) Kabat et al. (1991); 
and (ii) Chothia ct al. (1987). We chose the con-
nailon proposed by Chothia et al. (1987) because 
it has beta developed 013 the basis of comparisons 
&mons Ig of known threc-dimensional structures. 

2.2. Tools of management and analysis in ate VIR 
package 

The package consists of a master program that 
controls Tour main modules: Open, Data, Analysis 
and Up-to-date (Fig. 1). (Words in bold blies are 
thosc shown to be chosen in al' menos and 
submenus below describcd), 

1, The Open module is the one in charge of 
loading data bases, either chose available with the 
package Ig or any Other crated by the met in VIR 
formal. 

2. The Data module is the data base manager of 
the package. It is divided in the two functions 
below Indicated by the first indentation level: 

(i) To provide t complete chtracterization of  

the data base currently bcing used, the Informa-
tion submcnu (scc Fig. 1) is used. This submcnu 
report: 
Total number of scqucnccs. 

50 

011114F...AS 
Isequencel 

Number of scqucnccs by Technique (amino acid 
scqucnccs or nucicotide translation). 
Number or sequences according to the Year of 
pubilcation. 
Number of sequences by Specie. 
Numbcr of scqucnccs by Specificity. 
Number of scqucnccs with reponed Affraity. 
Numbcr of kappa or lambda (k or Scqucnccs. 
(Only applicablc to Vi,) 
Numbcr of scqucnces by Kabat's Subgroup 
(Kabat et al., 1991). 

Chis item allows self-comparison of 
the sequence data base (that is to say, with 

30 
1 	1 	1 
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Wall) mallas pouible to identify rcdundancies 
iri it. (ii) T9 erute new data bases with predeftn• 
ed featurea (sequen= from a single specificity, 
for cumple). This is achieved using the Split 
submenu and the Merge option (see Fig. I). Thc 
!atter mergo., two data bases, while the formen 
auto a acvs data base given orle pre-estab-
Babad criterion. Below, the different criteria 

' comalia; the Split submenu are explained. 
Generation of a data base with sequences given 
its Naars(s). 

Generado(' of a data base according to 
bibliographic information (Pub/ira/ion) 

Genention of a data base according to the 
reehaigue used to obtain the amino acid se. 
quencea Camino acid sequen= or nucleotidc 
translation). Generation of a data base with 
sequences of a single Specie. 
• Generation of a data base with sequen= of 

a single Specificiry (General and particular). 
Gencration of a data base selecting thosc 

sequen= with known Affiniry constan(. 
Generador' of a data base selecting thosc 

sequences within a Kabat Subgroup (Kabat ct 
al., 1991). 

Generation of a data base containing only 
kappa or lambda (k or 1) sequences. 

Generador& of a data base obtained by 
analyzing »Mitin among amino acida with a 
query sequence within a range of maximum and 
mínimum Identity threshold. 

Generation of a Ras!~ data base with a 
Ivan amber of sequences to be calcen from the 
data base in use. 

For the Species. Specificity, Publication and 
Subgroup options, submenua listing the cor. 
maponding difterent clusifications are dis-
played by the package. 

Output fila from the Split submenu arc in 
VII data base forme (see VIR data bases 
structure above). flanco, combining the Split 
submenu and the Merge option, new data bases 
perfore:dna any combination of the described 
¡temo can be obtained, for example, a not-
before.band included data base containing 
buman anti-lysozyme with known Affinity 
coutant. 
3. 'The Analysii module is the third one of the 

package and was designed beating two concep- 

tually different techniques in mind to analyac 
retrieved data bases: statistical techniques and se- 
quence pattern analysis. Concerning statistical 
analysis two methods are offcred, the mos( simple 
orle computes of amino acid frequencies via the 
Frequency submenu composcd oí` three options: 
Absolute, Probability and Percal (see Fig. 1). Out-
put coming from this submenu are cables in ASCII 
format listing the positions (rows) and the 
numerical values associated with eac4 amino acid 
(columns). The sccond statistical technique is 
Variability analysis (Variability submenu, see Fig. 
1). Thrce variability indexes are providcd: Kabat's 
variability indez (YA) (Wu and Kabat, 1970), 
modified Kabat's variability índex (MYK) goma  
ct al., 1990), and informational-theoretical entropy 
indcx (17Z) (Shenkita et al., 1991). Output coming 
from chis submenu consiste of tabla: in ASCII for-
mal listing the positions in the canino acid se-
qucnce and the numerical values given to cach 
position in the multiple sequen= alignment. 

Thc sccond analytical (non-statistical) technique 
bcforc mentioned, namely panera recognition (3D 
patterns submenu in Fig. 1), was developed to esti-
mate the rciationship among lg of known three-
dimensional structurca and amino acid sequences. 
Thc Framework option compares amino acid se-
qu'Ices with a partera of re.sidues identified as 
mainly responsible for detcrmining the ig-fold 
(Chothia ct al,, 1988), while the CDRs option star. 
ches for canonical structure paneras in Me data 
base currently being used. 

4. The Up-to-date module is an interface with 
the SEQHUNT Internet service to update data 
bases already created. As in . previous example:, it 
is Alabar subdividcd in two iteras: SEQHUNT and 
Manual. SEQHUNT converts VIR data base for-
mal hato Kabat's data base fonn.at and via versa. 
This is the interface with the Kabat's daca baso 
containing currently updated sequenées 147.1 
variable domaba. Manual allows the oler to se-
maitu the data bases or to analyze a acquence not 
reponed by the SEQHUNT service aimply by typ-
ing its sequence. 

3. Application: 

In orden to show the potencial use of the 
package, two applications of the VIR software are 
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described in this section. Application (a) shows an 
e.sample of a%statistical analysis, whilc application 
(b) performs an analysis o( a typical immunologic 
pro blcm. 

3.1. Example of predefined data bases and amino 
acid arate 

It bu reccntly beca shown that severa! positions 
within CDRs of Ig 	historically considcred as 
randotaly hypervariable — have prefcrence for 
=tala amino acida (Vargas-Madrazo ct al., 
1994a; Lara-Ochoa el al., 1994). The bias found in 
the amino acid usase of diese positions could be 
due to: (O a general futuro of the Ig molecular re- 
cognition; or 	some artefact introduced by cer- 
taia over-mpreseated sper,ificities resulting la 
predominance of torne sequences in the data base 
(e.g, antl-hapten Ig). The sccond pouibility could 
be discardcd by building balanced samplcs with 
aqui amber d' aguaces of different specilici tics 
and theta, compaña& their amino acid usagc with 
that of the total simple (total data base). 
Thus, two simples were built as follows: 

Sant» 1. Uaing the Split submenu in the Data 
module a data base was generated by randomly 
abasia, ora sequence from each specificity (210 
different specilicities) in the total data base. 

Simple 1. Following the already mentioned pro-
cedure another data base was built choosing live 
muecas from specificities having at least live se-
guacas (52 (Mamut specificities) in the total data 
hale. 

beis data base was loaded with the Other  

tion in the Open module, and using the Peinen t op-
tion in the Frequency submenu, the corresponding 
tables of amino-acids perecnt by positions were 
computed. The results for one position in the Vi, 
are shown in Fig. 2. It was observed that the pat-
tenis of amino acid usagc found in the three sam-
ples are rathcr similar. Statistical calculations 
confirm this result, and the same behavior was ob-
taincd for other positions in CDRs (Vargas-
Madrazo ct al., in prcparation). Therefore, this 
analysis discatds the existente ofany bias as a con-
sequence ora predominance of certaia specificities 
in the total simple analyzed, suggesting that the 
preferencial use of certain amino acids in CDRs is 
a general feature of the Ig molecular recognition. 

3.2. Example oí canonical trrsrcllues 
Genctically, the (int two CDRs of VH  (HI and 

H2) of Ig are produeed by the VH  gerndine genes 
(Tonegawa, 1983). Additionally to 	genuline 
genes, most species retain a pool of VH  pseudo-
genes estirnated to be 30% of the total number of 
Vil  genes (Kodeira et al., 1986). Mides, polyrnor-
phisrn studies of human VH  peudogenes report 
high sequence conservation among unrelated in-
dividuals (Pascual and Capra, 1991). nese facts, 
suggest a possible functional role for pseudogenea 
in the human ¡Inmune response diversity (Wysocki 
and Gefter, 1989; Pascual and Capra, 1991). la 
chis application additioaal argunteats in favor of 
chis hypothesis are given by the combina use of 
Framework and CDRs icen:, within 3D panes= 
submenu (Vargas-Madrazo et al., 1994b). 

Fig. 2. Mino cid usase tOt N'ido° 91 ot VL, This position is sclectcd u an cumple bxsuse it does not determine the canonical 
coaromatioa (Chothia and Lesk, 1917) and conuco the antigcn in 6 of the 3 antigen—satibody complei.es(Padla4 and /Cabal. 1991). 
Tba atigabcr or *Nunca in cae!: samplc is: total sample: 1934 seque:Ices; samplc 1:'210'scquences; sample 2: 260 scipatnc.ca. 
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Tabla 
Situr.4ural divergenee for VH hurnitn germline genes and 
pseudogenes. Wc comidcr u detective or motated. 'hose posi• 
tions 401 having amino acida codilied in the Framework item. 
Detective subatitutione on each ~pie were averaged dividing 
the total number of detective positiona by the numbcr oí' 
sequences in each sample 

Pscudogcncs 	 Gcrmlinc genes 

6.3 	 0.5 

II bu beca proposed that the number of muta-
tioas accumulated in pseudogenes with respect to 
germline genes i3 principally a function of cithcr: 
(1) the time elapoed :ince inactivation of the gene 
bu occurred; or (ii) pouible functional restric-
dona alcacil; on the new state of the gene (Pascual 
and Capta, 1991). In the first case, random muta-
dos' distributions should bc expected whilc in the 
leiter a pattern — a canonical structure, that is to 
uy — gbould emerge. Since human Vti  germline 
genes show a large percentage of canonical struc-
tures within the first two CDRs (Chothia el al., 
1992; Vargas-Madrazo et al„ 1994b), then it might 
be poasible that such patterns could aleo be pro-
Kat in 'bese «guatees. 

tu order to test the aboye mcntioned hypothcsis 
comparisons of mutations distributed in Frame-
work aad CDR positions were carried out. So, the 
Framework option was used on human Vtt 
gamline &tau and pseudogenes to determine the 
despee of structural divergente (non-conservativo 
amino acid substitutivas) accumulated at trame-
work positiona (Table 1). As can be sun, muta-
tions that taray alter the Framework stability of the 
humea Vil pseudogenes are about 12 times as 
divergen' u tbosc of buzan Vil  germline genes. A 

Tibie 2 
Sapance, with canonical structures patterns in human V11  
gersailne genes and pseudogenes 

CDRs 	Pacudogencs 
	

Germlinu genes 
(Vi) 
	

(%) 

Hl 	74 	 100 
43 	 96 

• 

high divergente degree in pseudogenes, with re-
spcct to the germiine genes, suggests that the 
production of a structurally stable variable 
domain is not the function o( seiection for the 1/11  
pscudogenes, Therefore, I( producing a structural-
ly stable domain is not the function of seiection, 
Chen pseudogenes could be a source of additional 
divcrsity for the CDRs or, otherwise, be irrelevant 
for the immune response. 

Contrasting with the fact that pseudogenes have 
an average of six destructiva mutations per se-
quences in trame work posidons (lee Table 1), it 
was round using the CDRs itens that 3/4 of the 
sequences have canonical structures for H1, while 
hall of sequences do so for I-12 (Table 2). The case 
of /-12 having lens sequences with canonical struc-
tures n3ight be closcly related to the fact that Chis 
CDR is, in general, fess conserved (Chothia et al., 
1992), Taken together, ¡hese resulto suggeac that 
functional restrictions are directly responsible of 
canonical structure conscrvation (Vargas-
Madrazo ct al., 1994). 

4. Discussion 

In the last 13 ycars, sincc the first sequcncc com-
pilation (Dayhoffand Eck, 1966), accumulation of 
guantitative information about cucleotide and 
amino acid sequences at an ever increaoing rale 
makcs it very difficult lo auimilate and/or to 
analyze lis possible meanings. Projects to map and 
seguence complex genomes including the human 
one are underway (Dell, 1990). Sequen= analysis, 
in the molecular biology field can be divided lato 
two main brancher. (1) DNA or amino acid «-
guacas collection in data bases; and (ii) tools dc-
vclopment for sequence analysis toxemia. • 

Regarding the first point, in the Ig case, the 
functional, technicai, bibliographic data and se-
quences, have been collected from the Kabat's 
data base. In April 1994, the number of Ig se-
quences or fragments in Ibis data base roughly 
amountcd to 8000 (4700 for Pu  and 3300 for V1 ), 
classificd under 460 different specificities. All chis 
information made it posible for careful evolution-
ary and functional analysis in order to begin to 
understand the structural beis of the irnmune re-
cognition mediated by Ig. 



In parailcl with this large amount of experimen-
tal data, in the last 20 years the Ig-fold has been 
the subject of many structural investigations, from 
which, aritibodies are considercd the best known 
structure of al! proteins to date (radian, 1994). 
This structural knowledge perrniu starting from a 
more robu.st working hypothcsis to study the rela-
tion between scquenccs and their three.dimen-
tional structure. Thus„ combining this kind of 
analysis with functional information (specilicities 
¡adiar affinity conatant), structurc•function tela-
tionship indica can be improved in Ig to account 
for the mond branch of the sequences analysis. 
The main limitation to achieve this, however, has 
becas the absenee of user•triendly limmunologist-
lariguage-like' tools to managc and anaiyzc Ig 
sequencti. The software described herr is a first 
attempt to carry out this demand. 

In the Analysis module of the VIR package 
three main analytical tools are given: amino acids 
frequency; variability analysis; and pattern rccog- 
aition 	Calculation of amino acid frcqucn- 
cies allows analysis of amino acid propcnsitics in 
positions of interesa in Ig scquenccs. Application 
(a) shows the combinad use of functional informa-
tion from ig scquences and this kind of analysis. 
Such analysis allows to study the general and par-
timabr properties of CDRs throughout the con-
struction of ~pies considcring the functional 
information relevant to the process (Le specificity). 

In relation to the variability indexes, variability 
analysis by Kabat indcx, at the time of its develop-
punk played a majar role in the structural analysis 
of Ig, suceessfully predicting the regions responsi-
ble for the 'altiva spccificity, before X-ray data 
could be obtained (Wu and Kabat, 1970). Othcr 
two variability indexes have been developed; the 
modified Kabat hades (Joro et al., 1990), and the 
intormational-theoretical entropy index (Shenkin 
et al., 1991). Simultaneous use of the Kabat index 
and the modified Kabat índex has been employed 
aa an analytical tool to investigate the residuos 
responsible for the different detailed specificities 
of various iectins (Yaulas and ()ornen, 1992). 
Recently, variability analysis was extended to 
simultaneously use the three currently known 
variability indexes to understand the interaction 
between the TCR and peptide•MHC complex  

(Almagro et al., 1994). This shows the potential 
uses of Ibis analysis in other protein ramifica or, fa 
out case, in the detallad evolutionary or functional 
analysis of Ig. 

Finaily, the last implementation, pattern recor 
nition, deals with the proposition of supplying an 
analytical tool to perforen studies of the relation 
between sequences and Unir corresponding airee-
dimensional structures. Application (b) describes a 
structural analysis of Ig scquenccs with an un-
known functional role, Thus, it is expected that 
Chis analysis will allow a more racional view of the 
molecular recognition process mediated by anti-
bodies (Chothia et ai., 1992). 

In summary, the software dcscribed is an at-
tempt to provide a package of tools with a unified 
format that brings together the most relevant 
mcthods to analyzc the Ig variable dornajo. Of 
course, this proposition can be applied to other 
protein ramajes. For the immune system it is cur-
rently being planned to extend it to TCR and 
MHC molecules. 

4.1. Availabílity of the program 
The exccutablc programs and data bases can be 

obtained by sending an 	message Lo the 
following address: salazar@redvax 1.dgsca.unam. 
crac. 
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In absencc uf a thrse-dimensional structurc for TC1t moltcules, several attempts lo identity uncir hypervarialde 
regions by variability inethads have been made; Uds subject is still troublestunt. In this papel- tinte differ- 
ent variability hules-es weic oled: (Odie Kabat 	which is the classical ineasurt of sequence variability, 
(ii) the modified Kabat itfdes, succcssfully used in the 11.chain i4 T-ccll receptora and (iii) an information,  
theorstical entmpy concept, recently proposed as an improvcd measure of the variability. In arder to ideo. 
tify the hypervariable regions in the Telt sequcnces, a Fouricr flicring was applied on each variabdity pro- 

Results show that the unce variability italeses have distinct resnlutions for different Icvels uf variability. 
Thus, the simultaneoua ute of diese indexes compensates for the deficiency uf any one of diem in estimat• 
ing vuiahility. Applying the rourier hit cring, it is fourd that the Itypcnariable regions bele identifted, mugid./ 
coincide with the defined CDR•2 and CDR,-3 in TCI( by analugy with Ig. 1Iussevcr, no hypervariable üt the 
COR•1 of a. and ji-cliains was (nonti. The study on the intluence uf sample size in variaba:uy analysis, in- 
dicates that results are indcpcndcnt of the sample size. Consiticring current structural modela uf ICR-
peptide-MIIC in1traction, one can sunesi that the Iow.varlabiIity eharacteristics uf (bese resions is inher. 
cntly related lo the interactiun with relatively cnnscrvcd regios no the :-1telicca uf MI le. 

Munksgaard 1994. 

A'rj‘ mol: 	filtrring: byr<rvariatile cgion%; inform ation -throrctis a! tntrory; Kabat variability ir:1Jc'; modiSid Kabat 
variability indo; Te1k-pcptidc-M1 	inteaction 

hv•ord k Ortirm - d O,1440 mer.rd 

The TCR is a heterodimer of two polypeptide chains 
and fi  (or and I.). The a• and fl-ettains are composed 
of an :muno terminal V domain (V, ami Vo) and a 
carboxyl terminal C dornajo (C. and Co) (1). The V. 
dornajo is cncodcd by the gene scgment V. and by the 
joining segment .1., whereas the V, domain is encodcd 
by three gene segments: Vo, the diversity segment 1), 
and Jo (1). The main functions of this heteroditner ín. 
volve its spccific intcraction (vitt its V domains) with 
short and linear antigenie peptides houndcd lo MI-IC 
molecules (1, 2). Although rapid advances in the struc-
tural characterization of peptisle—MlIC complcxes 
(3-9) have hcen tunde, the tinture of the interaclion 
between the TCR molecule and pcptidc-MIIC com. 
pica is poorly understood (1(1). This is panty due to the 

Abh: eviatinns: 	T-colltereptor, Mile, rnhior trittocrImPitiblitY 
romplea; ig, immunoldoltulin; 	complcmcntarily detcrmining 
rcgions; V, variable (Intrtain; C, con mata domain. 

lack of experimental three-dimensional structures of 
Telt and TCR-peptide-MlIC complex (10), 

In ¿lsence of experimental !breé-dimensional state. 
tures of TCR. it has icen propon(' that its tnost var-
iable regions in the V dontains ¡mut correspond lo the 
peptide-MI1C binding sites (II-1S). Ilowever, the 
precise identification of the Itypervariable rcgions iu the 
Ve and Vo dornains of TCR u51n8 the classieal variabil-
ity mensure ( Kabat variability index (16)1 is still troublc. 
some, except for the V,I, and V pr)i fi junctions (17). 
l'abre lo idcntify the hypervnriahle repions in the Y. 
and Vo  gene segmenb by the Kabat index is a canse. 
(leitee of the absence of dominant peaks of variability 
(17, 18). lo arder to solve Ibis diflicully, a modification 
of the Kabat index has beca proposed (18). Application 
of ¿bis modified Kabat indo( to 159 sequences of TCR 
Vis domain, fullowed by an objective critcrien based on 
a Courier series expansion, outlines hypervariability re-
gions unambiguously (18). Ilowever, application of Ibis 
method lo R2 segocoves of the V, domain do pot oul-
line such rcgions properly (18). 
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Recently, another measure of amino acid variahility 
based on an informational.theoretical entropy was pro. 
posed (19). This measurement method has more desir-
able malheinatical properties than the Kabat index, as 
well as an intuitive and statistical meaning which agrces 
well with the notion of variability (19). However, this 
index has not been applied to TCR. • 

In this paper we apply the duce abovementioned 
variability indexes on the most sequences from the V. 
and Vp domains reponed in the literature (17). The 
hypervariablc regions on cach variability profile were 
identify by the Fourier fdtering proposed by Jores et al. 
(18), 

The hypervariable regions outlined with this meth-
odology show good correspondence with the CDR-2 
and CDR-3 proposed for the TCR by comparison with 
the V domain of Ig (20). However, the regions corre-
sponding lo the CDR-I in both V. and Vp domains 
were round to be relatively conserved. Wc suggcst that 
the low variability in the CDR.1 of TCR is due to the 
interaction belween Ibis region and relatively conserved 
regions on the 3.helices of MHC moleculcs. 

MATERIAL AND METHODS 

Data bares 
Two computer•readable data bases, one for the se-
quences from V. domain and the othcr for the sequences 
from the Vp domain, were buili by digitalizíng the mul-
tiple alignment reponed by Kabat er al. (17). Ali sets of 
TCR sequences in both data bases consisted of 221 
amino acid sequences for the V. domain (123 complete 
sequences and 98 sequence fragments) on the one hand, 
and of 319 amino acid sequences for the Vp domain 
(141 complete sequences and 178 sequcncc fragments) 
on the other. 

Variabiliry indexes 
CalcuIations of variability indexes were performed on 
cach dala base using the foilowing defutitions: 

(1) Kabat index (VK) (16): 

I1K 4  

where k is the number ofdifferent amino acid types that 
appear at a given position and pi is the frequency of the 
most common amino acid al that position. 

(ii) Modified Kabat index (1)j) (18): 

where f is the number of distinguishable amino acid 
pairs that appear at a given position and rtpi is the 
frequency of the most corninon amino acid pair at that 
position. 

(iii) Information-theoretical entropy index ( Vs ) (19): 

VS  = 25  

PEPTID/943230/2  

where 
du• 

E Pi log2 Pr 
4- 

and p, is the frequency of amino acids al position 1, and 
m is the number of different amino acids at position 1. 

Hence, sir variability data sets were obtained, dime 
from cach data base. 

Fourier filreting 
In orden to obtain comparable results from the three 
variability indexes, the original data sets were normal-
ized by extracting the dala set average from each data 
set. The hypervariable regions on each normalized data 
set were identified using the procedure proposed by 
!ores eral. (18). This procedure consists of the follow-
ing: (i) the forward Fourier transfonn is applied to a 
variability data set (in our case lo the norrnalized data); 
(ii) the first and Last 10 coefficients (higher coefricients) 
are selected, and their inverse Fourier transforrn is ob-
lained (procedure rcferred as Fourier @tering); (iii) the 
ffitered data are divided by their root mean-square 
(r.m.s.) deviation. Those regions scoring values sida!),  
weater than one are considered hypervariablc (18). 

Sample size dependence 
Since the sample size might have an influence on the 
variability analysis (18), we looked for any possible 
dcpcndcnce betv.'een die number of sequences used in 
the analysis and the shape of each Fourier filtered 

profile. Then, airee samples with increasing num-
ber of sequences (20, 120 and 220 sequences) were 
randomly taken from the a- or fi-data base, and each 
sample was processcd by the aboye dcscribcd Fourier 
filtering inethod. 

RESULTS 

plots 
The variability plots for the Y. and V6 domains of TCP. 
using the three indexes are shown in Fig. 1. AJong the 
V gene segments, the three indexes measurc different 
dcgrces of variability. As expected (1, 17), one domi. 
nant peak of variability in the V,I. and VpDJ0junction, 
ís clearly identibed with the three of theta. 

Unlikc the case of Ig (16), use of the Kabat index, 
VK, Wang the V gene yields an ambiguous distribution 
of variability, maldng exact identification of hypervari-
able regions difficult lo accomplish (Fig. 1). The roodi-
fied Kabat index Vi shows a more heterogencous van 
ability in the V gene, although an cxact delimitation of 
the boundaries of the hypervariable regions is not pos-
sible. Final, the distribution of variabilities obtained 
by the information-theoretical entropy index Vs gives 
indistinguishable peaks of variability. 

In order to explain the aboye indexes behavior, the 
values of VK venus Vs and 1,K versus Vi are plotted for 
each position of the V. and Vp domains (Fig. 2A and 
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FIGURE 1 
N/art.:104 plata for itr,, and Vo doutsiat tains l'oh  V1  and 	Arrowheadt indicare the positiortf of inveriatit residurs 'coordine to Kabat's 
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atad 116A. 
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2B). YK was used as reference because it is the rnost 
applied variability measure in current literature. 

Correlation between VK and Vs (Fig. 2A) shows a 
hyperbolie relationship. In the rango from Vs .0 lo 
Y5 a 2,5 (VK < 10) the slope of the curve is very 
The sensitivity decreases from 2.5 up to values of 3.5 
(from 10 to 30 in VK ), whcre asymptotical behavior is 
observed. This relationship corresponds to a distortcd 
variability plot of Y5 (Fig, 1), where the values of low 
variability are overestimated while =di= and high 
variability values are undcrestimated with respect to 
YK. 

In the range from Vi =500 to V, = 6000 (VK > 30) 
correlation of Vk with respect to Vi shows (Fig. 2B) a 
high dispersion of data points, as previously observed 
by !ores ti al. (18). In the low variability range (Vi <500 
and YK < 30) a smaller dispersion is round*, however, 
the sensitivity (slope of the curve) of Vi with respeta to 
Ytc decreases. As a result, in contrast with the range of 
mediara and high values, differences among /ow vari- 

ability values (Vr <500) for the variability plots of Vi 
(Fig. 1) are practically indistinguishable. 

The aboye comparison shows that YK, $1; and Ya 
estimare variability dilferently. While 	operates well 
for high and median variability values, Vs increases the 
resolution for low variability values. This suggests that 
the siraultaneous use of the three indexes compensates 
for the deficiency of any one of them in estimating 
variability. 

Fourier filtering 
Fourier filtering was applied to objectively define hy-
pervariable regions in the variability plots (Fig. 3). The 
two hypervariable regions idea tified as peak of variabil-
ity directly on the variability profile in the V,1,, and 
Vuela junction, were better distinguished after the fil-
tering procedurc was applied. This hypervariable region 
conespond lo the loop linking of P-strands F-G in the 
Fourier smoothed plots of variability, Another hyper-
variable region was found in both V. and Vfl domains 

PEPTID/94.3230/3 
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FIGURE 2 
Releas:cal arma the three variability indexes. (A): VE, versas Vs, 
(II); Vic versta V. The jilote resulta frota variability data for cach 
Pothion of V, luid Vo domaba (121 scauer points from V, dorman 
and 119 acatar polla froto Vt  dornajo). 

using all variability indexes, which corresponds to the 
loop linking of P-strands C'-D. 

In addition, when the modified Kabat índex Vr was 
used, a hypervariable region was round only in the 510  
dornajo with slightly, but strictly, greater than one r.m.s. 
value, This hypervariable region, corresponding to the 
loop linking p.strands D-E, was reported previously by 
!ores eral. (18), using this same índex. 

Sample size 
Since variability analysis is a statistical procedure, the 
number oí sequences analyzed may have an influence 
in the hypervariable regions identified (18). The study 
on the influence of sample size in variability analysis 
(Fig. 4 shows that the shape of the sinoothed plots 
changas only when a small number of sequences (20) 
are used independently of the índex applicd. For values 
over 120 sequences (approximately hall' the number of 
sequences in the data bases) the shape of the alrcady 
mcntioneti plots does not chango with samplc size, 
Therefore, the identifiecl hypervariable regions are in-
dependent of sample size, at least for the set of 
quences in the data bases. 

Because data bases used in the present study do not 

PEPTID/94.3230/4  

4 

Residut numbsr 

FIGURE 3 
Stnooth plato for V. and domabas. The smooth plato are eeprest ed 
in tulla of 	according to lores eral. (18) and the hypervariable 
regions are those with the valuta of 	hipes Man the unit. Seo- 
ondary structure (jbit:anda and loops) of V dornalos of TCR are 
thOIC predicad by Chothia ft at. (20). Arrowheads indicate the po-
sitions of invariant residuo that determine the V dornajo fold ar-
cordlog to Kabat's numbcring (17). 

only contain complete sequences (see data bases), it 
would scem reasonable to assume that for the sequence 
fragments (especially for the V,/ a  and VillIfojunctions) 
resu)ts in the definition of hypervariable regions wou)d 
he different. Folloming the assumption, two additional 
data bases containing only complete sequences wcre 
built and Fourier filtering was applied. The results are 
similar to those using the original data bases (data not 
shown). This additional test demonstrates that occur-
rence of fragmcnts of sequences in data bases is 
evant when identifying hypervariable regions, 

DISCUSSION 

In the absence of three-dimensional structures of TCR, 
anothcr approach has b= proposed to identify the 
peptide-MUC binding sito of this molccule (20, 21). 
This approach, bascd on the homology of TCR se-
quences with Ig of known structures, sug,gest that the 
six CDRs of TCR musa be similar to the six CDRs of 
Ig (20). Then, a comparison of the hypervariable re-
gions round herc for the TCR with the CURs proposed 
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by homology with Ig (20) could be valuabie to contrast 
our resulis. 

The comparison shows good correspondence in the 
hypervariable region located as the loop Iinking of 
fi-strands C' -ID with CDR-2, and the hypervariable 
region corresponding to thc loop llnking of fl-strands 
F-G with CDR-3 (Table 1). blevertheless, the CDR-1, 
placed at the loop linking ihstrands 13-C, was not idcn-
tified as a hypervariable region by the variability analy 
sis (Fig. 3). 'This result, however, is consistent with the 
observation that only limited sequence variations occur 
in CDR•1 in both V. and Vfi domains of TCR (20). 

To explain the discrepancy found ín the rcgion cor-
respondingto the CDR- I, two hypotheses can be made: 
(1) these rcgions do not interact with the peptide—MHC 
complex, or (2) these regions interact with low variabil-
ity regions ofpeptide—M1-1C COM pIcx, and con sequently  

do not requise a high levet of amino acid replacements. 
In principie, the first hypothesis should be discarded 
because rcccnt experimental data suggest the invobie-
ment oral least the CDR-1 of V. domain in the peptide—
M C complex recognition (22-24). To test the second 
hypothesis the con servation of arnino acids in the re-
gions of peptide—MHC compiex which interact with 
the CDR-1 of TCR was analyzed by plotting their vari-
ability. 

The TCR—peptide—MI4C interaction models pro-
posed in literature (2, 25, 26) were considerad lenta-
tively to localize interacting rcgions between TCR and 
peptide—MIIC complex. According to these models, in 
the case of MHC class-I molecules, the CDR- I and 
CDR-2 of V. domain intcract with helix-2, while CDR-1 
and CDR-2 of Vls domain interact with helix-1 (2, 25, 
26). The CDR-3 of both domains of TCR recognize the 
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TABLE 1 
LocoUratinn of Me kirervan'able regio": in Me V. and Me Vo dornaim 
of rot and Meir rompan:ron s'ah Me CDRs premura hy analou with 1g 

Incluí 	 Ilypervariable regions 

v. 	v, 
VK 
	 49-55 

	
51-58 

93-102 
	

9G-104 
VS 
	 48-56 
	

50-58 
70-73 

92-102 
	

95-104 
VS 
	 51-56 

	
53-58 

95-101 
	

98-103 

Coamssu$' 
	

7 
	

7 
51-56 
	

53-58 
95-101 
	

98-103 

CDRs 
	

25-30A 
	

26-30A 
48-56 
	

47-57 
93-104 
	

93-104 

' °menta teta to the hypervañable rcgions sitnultancously ¡den. 
tified by the thrte indexes. 

b CDRs defined by Chothis er al. (20) uanslate lo the Kabat et al. 
(17) numbering to faeilitate the comparison with the hypen.añable 
regions, 

antigenic peptide buried in the cleft shaped by the two 
a-helices of MHC (2, 25, 26). Recent studies have u-
knowledge the interaction of CDR-3 with the peptidc 
suggesting that oricnlation of the TCR with respect lo 
the MHC molecule is the predieted one (27). These 
hypothetical modeis prcsent a general view of the in-
teraction betwecn TCR and peptidc-MHC complex, 
however, the precise location ofregions on the :-helices 
of MHC molecules which interact with CDR-I and 
CDR-2 of TCR is not defined. 

In order lo obtain a precise location of rcgions of 
a-helices of M1 iC which interact with the cDR-1 and 
CDR-2 of TCR thrcc suppositions were made: (1) The 
CDRs oí TCR and ig are geometrically equivalent. 
(2) Thc TCR-MHC interaction is similar in class-i and 
class-11 MHC molecules, (3) The cD.R.-1 and CD1.-2 
of TCR should be int eracting with the region limited by 
the first and Last conserved residues of the a-helices  

con tacting the peptides in class I MIIC molecules [resi-
dues 59-84 at helix-1, and residues 143-171 at 
(4-8)1. 

The first supposition agrees with Ganju et al. (23) 
and aliows to delimit the interaction rcgions of CDR-1 
and CDR-2 of TCR on the a-helices of MI1C using Ig 
of known structurc. The second supposition it is sup-
poned by the fcatures of dcgcncracy that appear to 
have the TCR-MHC interaction (10). In fact, has beca 
shown that TCR with identical V gene have cross-
reactive idiotypes (28). This proposition is useful to 
in terchange information betwecn the class-1 and class-I1 
MHC molecules. Thc third supposition is consistent 
with mutagenesis studies showing that the arca encom-
passed by these residues coincides with the possible 
interface betwecn TCR and MHC molecules (29). This 
Last supposition delimitates the boundaries of the in-
teraction rcgions of CDRs of TCR on the a-helices of 
MIIC molecules. 

Thus, using an X-ray crystallographie structurc of 
peptide-MHC class-1 complex (4) because is bcst char-
aclerizcd than the peptidc-MHC class-11 complex, the 
regions of 7-helices of M13C which interact with the 
CDR-1 and CDR-2 of the TCR can be outlincd as 
follows. Thc CDR-1 of the VE domain interacts with the 
sccond half of helix- I (residuo 71-84), and the CDR-2 
Internet with the first hall (residuo 59-72). Thc region 
in contad with CDR-1 oí V. domains in the helix-2 is 
from residue 157 to residue 171, while CDR-2 interacts 
with the region running from residue 143 up to residue 
156. 

Thc variability of the regions defmcd aboye were ana-
lyzcd using the thrce variability indexes on the se-
quences of MIIC class 1 cornpiled by Kabat et al. (18), 
151 sequences from the helix-1 and 168 sequences from 
the helix-2. Average variabilities for the three indexes 
are given in Tablc 2. in spite of that the three indexes 
estimate the variability differently; the average variabili-
tics for any one of thcm in the rcgions which interact 
with CDR- I in both domains of TCR is less than the 
average variabilities in the inleracting MHC-CDR-2 
regions. These analysis suggest that CDR-1 of V. and 
Vo domains are relatively low-variability regions be-
cause they interact with low-variability regions of MHC 
molecules and consequently do not rcquirc a high level 
of amino acid replacements. 

TABLE 2 
average of Me variabditiel of 3-helices of the hrIIC clon I molecules 

Itidex 	 Detie-1 

  

 

Paitions 59-70 	Positions 71-84 PositIons 143-156 	 Posabas 157-171 

	

16.7 
	

13.4 
	

14.6 
	

7.2 

	

132.7 
	

57.9 
	

35.4 
	

21,4 
Vs 	 1,5 

	
1.4 
	

1.3 
	

0.7 
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The suggesiion explains the discrepancy found be-
tween the present variability analysis and the CDR-1 
proposcd for the TCR by honiology with the Ig (20). In 
addition, Chis proposition has interesting implications 
for the interaction between TCR molecule and peptide 
MHC complex. That is, if the CDR-1 of V. and Vil  
domains is relatively conscrvcd, as has been shown by 
the presea' study, thcn ft might be that these regions 
only contributc lo the total cncrgy in the ternary com-
pito and do not have a critical role in the detennina-
tion of the fu» specificity of the TCR—MHC interac-
tion. 

In summary, we have shown that the sitnultaneous 
use of the threc variability indexes, followed by an ob-
jedive criterion, basad on Fowler fdtering, delineate 
unambiguously hypervariable regions in the V. and Vp 
domains of TCR, The agreement between the hyper-
variable regions identified by Chis methodology, and 
CDR-2 and CDR-3 pledicted by comparison of TCR 
sequences and Ig of known structurc, has enable us to 
analyze in detall the discrepancy round in the CDR-1. 
The suggestion that the CDR-1 of V. and Vp domains 
are relatively conscrved because they intcract with low-
variability rcgions of MHC molecules add an intereste 
ing hypothesis to the interaction mode! between the 
TCR and peptide—MHC complex. 

Finally, the variability analysis at the time of its de-
velopment played a major role in the structural analy-
sis of 1g, successfully prcdicting the rcgions responsible 
for the afligen speciácity before X-ray data were ob-
tained (17). Actual, other two variability indexes has 
been developed [V, and Vs (18, 19)). Recently, an ex-
ample of the simultaneous use of VI: and Vi as atta-
Ideal tools in the absencc of X-ray data has been 
employed to charaeterize the binding site of tegume 
leetins (30). In chis paper we extend the variability 
analysis to the simultaneous use of the three variabil-
ity indexes (Vil, Vi and VS) in the absence of TCR 
X-ray struclures. 
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ABSTRACT 

The main functions of the T-cdll receptor (TCR) involve its specific interaction 

with short and linear antigenic peptidcs bounded te the majar histocompatibility 

complex (MHC) molecules. In absence of a three-dimensional structure for the TCR 

and for the TCR/peptide/MHC complex, severa' attempt to characterize the 

structural components of the TCR/peptide/MLIC interaction has been made; this 

subject is still troublesome, 

En this paper a computer-based three-dimensional model for a 

TCR/peptide/MIIC complex (5C.C7/moth cytochrome c peptide 93-103/1-Ek) was 

obtained. The complex surface shows a high complementarity between the 5C.C7 

structure and the peptide/I-E' molecule. The mapping of residues involved in the 

TCR/peptide/MHC interaction shows clase agreement with mutational experiments 

(Jorgensen et al., A,mu. Reir. Inununol. 10:835,1992). Moreover, the results are 

consistent with a recent variability analysis of TCR sequences using threc variability 

indexes (Almagro ct al, Int. 1. Pep & Prot Res., 1995, in press). Accordingly, the 

three-dimensional model of 5C.C7IMCC peptide 93-103/I-Ek  complex provides a 

frarnework to gencrate testable hypotheses about TCR recognition. Starting from this 

three-dimensional model the role playa' by each loop that forro the peptide/MHC 

binding sito of the TCR molecule is proposed. 
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1NTRODUCTION 

The specificity of the 'Inmune system is reinted to two protein fiunities: •Igs and 

TCRs. Igs dircctly recognize, via their VL  and V1  domains, the thiee-dimensional 

structure of native antigenic protcins in solution (Davies et al., 1990), whereas TCRs 

recognize, via their Va and V13 domains, short antigenic peptides bound to the MI IC 

molecules (Davis, 1990). At present, significant advances have been made in the 

structural characterization of antigenic recognition mediated by Igs (Davies et al., 

1990; Wilson & Stanfield, 1993; Padlan, 1994). In contrast, the nature of the 

interaction between TCRs and peptide-MI-IC complexes is poorly understood 

(Jorgensen et al., 1992a). This is partly due lo the tack of an experimental 

three-dimensional structure for TCRs and for TCRipeptide/MI-IC complexes. 

In absence of three-dimensional structures for TCRs, sequence analysis of 

their V domains show that the Va/VB dimer has a framework structure which is very 

close to the 17v fragment of Igs (Novotny et al., 1986; Chothia et al., 1988). Further 

comparison has structurally assigned the six hypervariable loops that foral the antigen 

binding site of Igs to the binding site orrots (Chothia et al., 1988), termed in TCRs: 

a 1, a2 and a3 for the Va, and f31, 132 and 133 in the Vf3. 

Genetically, al and a2 are encoded by the Va gene, whereas a3 is produced 

by the recombination of an additional gene segment: Ja (Davis, 1990). In a similar 

way 131 and 132 are produced by the Ví3 gene, while 133 is a result of the recombination 

oftwo additional gene segments: D and J13 (Davis, 1990). Based on the fact that a3 

and 133 concentrate the genetic diversíty of TCRs on the one hand, and the similitude 

e 
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between TCRs and Igs on the other, several hypothetical models for the 

TCR/peptide/M1-1C interaction have been proposed (Davis & Bjorkman, 1988; 

Chothia et al., 1988; Claverie et al. 1989), These models predict that al, a2, 131 and 

32 recognize the a -helices of MI-IC molecules, while a3 and 33 interact with the 

antigenic peptide (Davis & Bjorkman, 1988; Chothia et al,, 1988; Claverie et al. 

1989). 

The aboye models, for their generality, have been very useful to think about 

the evolution of the inmune receptors (Davis & Bjorkman, 1988; Claverie et al., 

1989; Davis, 1990), to explain overall features of the TCR/peptide/MI-IC interaction 

(Jorgensen et al., 1992b), and to suggest experiments (Ajitkumar et al., 1988; Nalefski 

et al., 1990; Patten et al., 1993; Lone et al., 1994). However, in the current form they 

may not be sufficiently detailed to delimitate which segments of the helical regions of 

1511-1C molecules interact with the TCR (Prochnicka-Chalufour et al., 1991; Almagro 

et al., 1995a). Consequently, they do not assign a role for the a 1, a2, 31 and 132 in 

the TCR-MIC interaction. 

In Igs as well as in TCRs, it has been proposed that the most variable regions 

of their V domains, must be placed in those loops that structurally form the binding 

site (Kabat et al., 1991). However, the precise identification afilie hypervariable 

regions NNithin the Va and V13 domains using the classical variability mensure [Kabat 

variability índex (Wu & Kabat, 1970)] have been troublesome in alt the TCR loops, 

except for a3 and 133 (Kabat et al., 1991). Failure to identify the hypervariable regions 

in a 1, a2, p I and 02 of TCRs by the Kabat índex, is a consequence of the absence 

a 
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of dominant peales of variability in the amino acids sequences encoded by the Va and 

vp gen segments (Kabat et al., 1991). In order to solve this difficulty three variability 

indexes followed by a Fourier filtering have been recently used (Almagro et al., 

1995a). This methodology unambiguously delineates hypervariable regions at the a2 

and 02 loops together with the known hypervariable region placed at the a 3 and 03. 

However the regions corresponding to a I and 131 have been found relatively 

conservad (Almagro et al., 1995a). These results suggest that al and f31 could have 

a different role with respect to a2 and p2 in the interaction with the MHC molecules 

(Almagro et al., 1995a). 

In the last few years increasing experimental evidence has been accumulated 

for the interaction between TCR and peptide/MHC complexes (Jorgensen, et al,, 

1992b; Nalefski et al., 1992; Lone et al., 1994, DiGiusto & Palmer, 1994). One of the 

best studied experimental systems is the T-cell response to different MCC peptides 

bound to the I-Ele  molecules (Hedrick et al., 1988; Jorgensen et al., 1992b). In this 

system, correlation of TCR gene segment usage with variant of the C-terminal peptide 

from MCC, demonstrated that charge substitutions on different residues of the 

peptide elicit opposite charges in residues of a3 or 133 of TCRs (Jorgensen et al., - 

1992b). This result implies a particular positioning on the peptic'e/MBC structure for 

the TCR. Therefore using this experimental information allows us to refine the 

TCR/peptide/MHC interaction models proposed at present in order to understand the 

role played by a 1, a2, P1 and P2 in the MHC interaction. 

Thus, in this paper a computer-based three-dimensional mode] for the 5C,C7 
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sequence offelts in complex xvith peptide 93-103 of MCC (MCC (93-103)] and the 

1-15" molecule was obtained. In the light shed by this atomic model, the structural role 

played by each loops that form the binding site of the Telt molecule in the interaction 

with peptide/MUC complex is discussed. 

RESULTS 

The atoen mode! f the TCR ~leude: The tlifee-dimensional structure for 

the 5C.C7 sequence was obtained by starting from the assurnption that the Va/Vp 

of TCRs has the typical fold of an Fv fragtnent of Ig (Novotny et al., 1986; 

Chothia et al, 1988). In Igs, the Fv fragmeni is composed of a large conserved 

frainework of p-sheets and six hypervariable loops denote(' L I, L2 and L3 for Vi, and 

Hl, H2 and H3 for VII  (Wu & Kabat, 1970, Poljak et al., 1973) that confortn the 

afligen binding site. Structural analysis of the binding site of Igs revealed that there 

are a small number of main chain conformationsIbund for five of the six hypervariable 

loops, ternted canonical structures (Chothia & Lesk, 1987), A canonical structure is 

determine(' (1) by the loop size and (2) by the presence of certain residues at key sites 

in both the hypervariable loop and the framework regíon (Chothia & Lesk, 1987; 

Chothia et al., 1989; Tramontano et al., 1990). Molecular modeling procederes based 

on thesc elles have Meen demonstrated to be capable of correctly predict the antigen 

binding sites ofdifferent Fv fragments in advance of their experimental determination 

(Chothia et al., 1989). 

Therefore, the framework of 5C.C7 sequence ovas modeled by using as 
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reference the coordinates of the D1.3 Fv fragment (111hat et al., 1990), one of the best 

resolved and test retened Fv structures (1.8 A resolution and ati R-value of 0.158). 

The alignment between the reference and SC.C7 sequence was made taking roto 

account the amino acid pattcrn at those 40 sitos proponed as crucial to maintain the 

conserved features of the Fv frainework (Chothia et al., 1988) (Figure 1), 

Flaving modeled the framework of the 5C.C7 sequence, the possibility of 

assembling the antigen biding site based on coordinates from canonical structures was 

investigated. To achieve this, the size of canonical structures described for Igs was 

compared to the size of those loops that forra the binding site of the SC.C7 sequence. 

Three of the six loops, a I, 131 and 132 were found to have the proper size of canonical 

structures, and conscquently were built using this modeling procedure. The rest of the 

loops (a2, a3 and 133) do not have the appropriate size for a canonical structure as 

described at present. Titus, a3 and [33 were tnodeled starting from coordinates of Ig 

loops found in a data base of 1g structures by a loop scarch procedure. No loops were 

found in the case of a2 of the appropriate size in Igs data base. This loop was 

modeled as a deletion oftwo residues of1,2 in the reference structure. In Figure 2 the 

resulting loops that comprise the binding site of 5C.C7 aller molecular refinement of 

the complete structure (see Material and Methods section) are shown. 

Among the loops modeled with canonical structures, the coordinates of L I 

type 1 were assigned toa 1. This loop has residues different from those that stabilize 

the canonical conformation: Asp instead of Ile at position 2, Phe instead of Ala at 

position 25 and Val instead of Len at position 33, and Ser instead of Tyr at position 



8 

71. Flowever, aller the molecular refinement of the structure the results show that 

these residues are mutually compensated to fa the characteristic parking of' the 

canonical structure L1 type 1 in al (see Figure 2). This finding agrees with Ganju 

et al. (1992) modeling the binding site of the TCR sequence RFL8,3 based on the 

canonical structure motif 

The other loop modeled based on a canonical structure was 131. This loop is 

two residues shorter than the canonical structures described for Hl (Chothia & Lesk, 

1987; Chothia et al., 1992), However, ibis loop is equal in size to al. Given this 

observation, along with the fact that Va and \Tí!, possess features that are similar to 

both Igs domains, V1  and Vil  (Chothia et al., 1988), X31 was built with the canonical 

structure Ll type 1 also. However, at position 29 within the loop, 131 has a large polar 

residue (Histidine), differing from those residues (small hydrophobic) described as key 

to maintain this canonical structure (Chothia & Lesk, 1987; Chothia et al., 1989), An 

analysis of the refined structure (see Figure 2) shows that, like in a 1, mutations in 

residues of the framework can pací; this canonical structure in VB. As can be seen 

from Figure 2, 1-lis at position 29 is stabilized by a hydrogen bond with Ser at 

fratnework position 94 of V13. A study of the VB sequences has acknowledged this 

finding. In the compilation of VB sequences made by Chothia et al. (1988) Ibis loop 

size is the most abundant within the sequences (roughiy 90%). Except for four, all 

sequences having this size, have histidine at position 29. Serinc also is highly 

conserved at position 94 among the sequences with this loop size, The conservation 

ofserine at position 94 brings forth a stnictural context that fits histidine as the anchor 
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residuo of the canonical structure 111 type 1 in VB. 

The third 5C.C7 loop built with a canonical structure was (12. This loop has 

the same size as the canonical structure 1-12 type 3 (Chothia & Lesk, 1987). This 

canonical structure has residues with positive values for (I) and 	and usually, but not 

in all cases, Gly, Asn, or Asp, at positions 54 or 55 (Chothia et al. 1989) (position 

52 and 53 of D1.3 VII  domain in Figure 1). Residue 53 is a Glu in the 5C.C7 loop 

with +1 having a positive value and I' is equal to -25°. Asn at position 51 also 

presents a positive (1). These values of the dihedral anotes produce a slight distortion 

of the conformation, but still fin the requirements for such canonical structure. 

For those loops with modeling not based on canonical structures (a3 and 

(33), the r.m.s. difference between the Ca atoms of the x-ray coordinates used as 

reference structure and the final modeled structure was for a3 0.57 A and 1.36 A for 

133. The differences show that these loops can be accommodated in the 5C.C7 

framework. This result is consistent with the assessment of the final 5C.C7 structure 

quality by the 3D-profile method (Lüthy et al., 1992). The structure has no regions 

scoring less than O (Figure 3), and the global score of each Vdomain of the TCR. is 

comparable with global scores of x-ray structures of — 100 amino acids lengths 

(Liithy et al., 1992). 

Finally, in order to assure the mode! stability, the 5C.C7 stnicture was 

subjected to 30 ps ofmolecular clynamic simulation at 300 K in a 4 A shell water. The 

r.m.s. deviations over the Ca atoros between the framework oí' the starting structure 

and an average structure of the last 20 ps of simulation was of 1.41 A. This r.m.s. 



lo 

deviation is comparable with the correspondent vaiue obtained among known x-ray 

structures of lgs (Chothia & Lesk, 1987), as well as ditTerences bctween an x-ray 

stnicture and an average structurc of40 ps of dynamical simulation for a 17‘,  fragment 

in similar simulation conditions (Almagro et al., 1995b). In the loops that farm the 

binding cite, the r.m.s. differences from the Ca atoms with respecC tu 5C,C7 model 

structure are similar to the differences from the framework when compared the initial 

model and the average structurc. Thus, together with the 3D-profile method this test 

indicates that the 5C.C7 model provides a good starting structure to simulate the 

interaction with the MCC(93-103)/W. 

The atomic ~del uf dw Te1&poide111111C comples: The three-dimensional 

model of the MCC peptide 93-103 in complex with the PE' molecule was obtained 

by taking advantage of the recently resolved x-ray crystallographic coordínales of 

HLA-DR1 molecule in complex with influenza hemagglutinin peptide 306-318 at 2.75 

(Stern et al., 1994). In Figure 4 the sequence alignment of the al and 131 domains 

of DR1 and I-E is silo" 

The alignment has no insertions or deletions, In addition, the sequences have 

identities of 78% for al domain and 67% tbr 131 domain. Consequently, the direct 

rnutations in sido chains would produce a good starting model, further relined by 

molecular dynamics. Starting from this structure and the 5C,C7 structure dcscribed 

in the aboye section, the atomic model for the 5C.C7/154CC(93-103)/1-15k  complex was 

obtained. 

The complex was built by manual orientation of the 5C.C7 molecule upon the 
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MCC(93-103)/1-17.k  complex, ttti' the distance among the residues identillecl being in 

contact by mutational stuclies was optima' [Glu-97 of a3 and Asn-100 of133 with Lys-

99 and Thr-102 in MCC respectively (Jorgensen et. al., 1992b)]. Furthermore, the 

total energy upon the complex formation in each orientation was evaluated by 

calculating the van der Waals and electrostatic intermolecular interactions. The 

solvent accessible surface of the loops that forro the binding sito of TCR and the 

peptide/a-helices of MFIC was visually analyzed during graphic manual changes. This 

procedure gives an additional criterion concerning surface complementarity. 

Within the minimal interaction energy and the test complementarity between 

5C.C7 and MCC(93-103)/1-Ek, the complex was subjected to molecular dynamic 

rellnement in a water shell. No major conformational changes were observed between 

the single molecules and the molecules of the complex, which indicate that the 

complex refmement only introduced local optimization of the si de chain interactions. 

The resulting structure is show in Figure 5 and kinemage 1. 

Analysis of the complex interface shows that it is extended over a large reglan 

with maximum dimensions of 25 A x 20 A, similar to those preclicted by mutagenesis 

studies (Ajitkumar et al., 1988). The solvent-accessible surface buried in complex 

formation was estimated in — 900 A2  for MCC/I-Ek  and — 900 A2  for 5C.C7. This 

surface is higher ín size than the lysozyme-antibody interfaces of 690-746 A' (Davies 

et al., 1990). However, this is very similar to the solvent-accessible surface involved 

in the neuraminidase and the NC41 antibody complex of 886 Á2  (Davies et al., 1990). 

The similitude with the neuraminidase-antibody complex can be related to a largor 

■ 
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curvature radius of the interaction regios of the MI-1C and neurantinidase molecules 

when compared to the corresponding rcgions of the lysozyme molecule. 

Topologically the 5C,C7 interface is very irregular; it has a deep depression 

on one side of the surface and an essentially plane region at the other side (Figure 6a).  

The depression builds by a 1, a2 and (33 (Figure 6b) is highly complementarity with 

a prominent kink at the helical region of the (3-1 domain of I-Ek. The loop 132 of 

5C.C7 on the other side of the interface is also highly complementary to the MHC 

molecule running along the helical region of the al domain of 1-Eh  (Figure 6b). It 

should be noted that Chis striking complementarity makes it difficult for a different 

positioning of the TCR on the peptide-MIIC complex. 

The estimate of the peptidclMl-1C residues in contact with the 5C.C7 molecule 

shows that seven residues of the MCC peptide and nineteen residues of the PE' 

molecule are involved in the interaction. Twcnty-six residuos of the 5C.C7 interact 

with the MCC(93-103)/1-Ek  complex (Table 1). Twenty-four residues are located in 

Five of six loops that form the binding sito among them, and two residues are placed 

in the loop linking the 13-strands D-E of V. (31 loop of 5C.C7 does not interact 

directly either with the MI-IC molecule or with the peptide (see Table 1). In a 1 and 

a2 only residues contacting the MIIC molecule viere found. In contrast, the rest of 

the loops (132, a3 and B3) interact with both the MCC peptide and the MIIC 

molecule, 

As predicted by the general TCR/peptidetM1-1C models (Davis & njorkman, 

1988; Chothia et al,, 1988; Claverie et al. 1989), and experimental results (Jorgensen 
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et al,, 1992b), a3 and (33 contact the MCC peptide. llowever, it is interesting to note 

that residues of a3 and (33 also contact the helices of 	molecule (seo 'rabie I). 

These results, taren together, allow us to propose in structural tercos, the way the 

5C.C7 molecule recognizes the MCC(93-103)/1-Ek  complex. 

DISCUSSION 

Analysis af the TCRIpeptide/MIIC interface: The tnapping of the 5C,C7 

residues which interacts with the MCC (93-103)/I-Ek  structure shows that 131 does 

not contact the peptide/MI-IC complex. In addition the location 01'131 in the structure 

suggests that any contact ofthis loop with the MI1C molecule (or the peptide) should 

imply disruption of some contacts among the residues used to orient the TCR 

molecule upon the peptide/MHC complex (see kinemage 1), This result suggests that 

at least in this particular complex, do not have a direct role in MI IC recognition. 

The residues that intcract with the peptide/MI-1C complex show that a1 and 

a2 loops ara' 'mplied only in the recognition of the MHC molecule (see Table 1), 

while f32, 1'13 1 . id p3, contact both the MCC peptide and the I-Ek  molecule. In T-cell 

responses to the MCC peptide presentad by I-Ek  molecules it has been shown that the 

TCRs use the same V. gen segment [Va 11.1 (1-ledrick et al, 1988; Jorgensen et al, 

1992b)], whereas the use of VD does not so. In VD, changes in a single residue 

in the MCC peptide induce changes in vcry difTerent patterns of VD  usage (Jorgensen, 

et al, 1992b). If it is considerad that a 1 and a2 are encoded by the Va gene 

segment and p2 is encoded by the VE3 gen segment (Davis, 1990), the fact that al 
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and a2 contact only the MI-IC molecule explains why the '11*Cits use the Sall1C Va, In 

addition, the usage of difTerent VP genes is explainecl by the fact that, in contrast 

to the Va gen segment, severa' residues from 152 contact the a-helix of a 1 domain 

of I-1 as well as several residuos ot'thc MCC peptide. Titus, mutation or the peptide 

would imply changos in the pattern V3 gen usage in order to accommodate mut ations 

in the peptide. 

Although 132 contacts both the MCC peptide and the 1-Ek  molecule, there are 

some residues (from residue 52 to residue 55, and residue 57) that only interact with 

the peptide and do not contad the MI-IC molecule (see 'rabie 1). The region of the 

¡32 that interacts with the 1-CL  molecule is placed mainly at the B-strand located from 

residue 53 to residue 58 (see kinemage 1). In ibis interacting region the positions 54 

and 55 of 5C.C7 have two hydrophobic residues, Val and Leu, respectively. These 

residues form a hydrophobic patch flanked by hydrophilic residues. This hydrophobic 

patch is in contad with a hydrophobic stretch at the a-helix of the Ivil-IC molecule, 

it formed by Lett-64, Ala-65, Ala-68 and Val-69. In solution, these two hydrophobic 

regions would be exposed to the solvent, which is energetically unfavorable. Afier 

complex Ibrmation, the hydrophobic regions in both TCR and I-Ek  are stabilized with 

one another. This observation suggests that the hydrophobic stretch in the a 1 clomain 

of 	molecule is important for the recognition of the MI-1C molecule. Supporting 

this observation, mutations in the I-Ek  sequence within this region avoid the TCR-

MI-1C interaction (Jorgensen et al., 1992a). 

Thus, the region placed at the B-strand of P2 an one side of the TCR 

1 
	 a 
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interface, and a 1 and a2 on the othcr side, would be responsible for the recognition 

of the MI1C molecules. In a3 and p3, severa! residues interact with the peptide and 

also contact the helical regions of the I-1k  molecule. Thcrcfore a3 and í33, together 

with the residues [32 which interact with the peptide, would determine the line 

recognition of the antigenic peptides in combination with a certain particular MI-IC 

molecule. 

Implications for the T-eell reeognition: In absence of structural experimental 

information for TCRs, variability analysis of TCR sequences shows that al and 131 

are relatively conserved (Almagro et al., 1995a). This result suggests that al and BI 

would have a different role with respect to a2 and í32 in the interaction of the MI•IC 

molecules (Almagro et al., 1995a). The general TCR/peptide/MFIC interaction models 

(Davis & Bjorkman, 1988; Chothia et al., 1988; Claverie et al. 1989), based on the 

similitude between TCRs and Igs, have not been suflieiently detailed to study the role 

played by al, a2, (31 and f32 in the TCR-MIIC interaction (Prochnicka-Chalufour 

et al., 1991). 

In the prcceding section, severa! features for the interaction of a 1, a2, C3 1 and 

132 viere highlighted for the particular case of the 5C.C7/MCC (93-103)/I-Ek  

complex. The results are consistent with the experimental data available for this 

complex and explain general characteristic of T-cell responses to MCC peptides 

presented by the 	molecule. Titus, ibis TCR/peptide/MI-IC interaction mode! can 

be useful in providing a structural framework for generating testable hypotheses about 

the contribution oí a 1, a2, B1 and B2 ¡o the TCR-M1-1C interaction. 
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Oyeran the experimental structure for functional domains of MHC class 

a 1 and 31, are similar to that of class I (Brown et al., 1994). Additionally, 

comparison of the peptides bonded to the MHC class I and class II shows that the 

peptide conformation in both classes of MHCs is extended. In fact, a comparison of 

Ca atoms between peptides bound to class 1 molecules (PDB entry; 1HHK [Madden 

et al., 1993]) and class II (IILA-DR1 molecule [Stern et al., 1994]) at region which 

interact with the 5C.C7 in our mode! (residues 97-103, see Table 1) gives 

differences of 1.0 Á. The similitude between class I and II MHC molecules, and the 

likeness between Ca conformations of the antigenic peptides, indicate that the surface 

of peptide/MHC molecules presented to the TCRs is similar. If it is considered 

that the TCR molecules bind the peptide/MHC class 1 complexes in the same 

orientation as peptide/class II complexes, as been suggested by the interaction 

between superantigen and MHC class I molecules (Bellio et al., 1994) and 

superantigen class II molecules (Jardetzki et al., 1994), then several general 

suggestions can be made for the TCR/peptide/MHC interaction. 

Analysis of 5C.C7/MCC(93-103)/I-Ek  structure showed that t31 loop of 

5C.C7 does not contact the MCC(93-103)/I-E1  complex. Consistent with our model, 

experimental data indicates that substitutions in the residues within this region of 

TCRs do not afFect the response to the allo-antigens (DiGiusto and Palmer, 1994). 

This result agrees also with the low variability found for this loop (Almagro et al., 

1995a). In spite of that, experiments with single alanine substitutions on residues of 

p 1 indicate that this region may be involved in the peptide-MHC interaction (Lone 

e 
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et aL, 1994; Kang et al., 1994; Bellio et al., 1994). 

The discrepancy found among the experimental results at the p 1 loop can be 

explained by: (1) In other TCR molecules, different of 5C.C7, loops shorter in size 

than 02 and a3 of5C.C7 sequence (those loops that block the interaction of pl with 

the MHC molecule, see kinemage 1) may allow to the $31 loop interact with the 

helical region of MHC; and (2) Analysis of the binding site of 5C.C7 shows that the 

anchor residue of this loop, I-fis-29, is packed with Ser-94 placed at the a3 loop. This 

tight interaction among residues of PI and a3 might to modify the proper positioning 

of the a3 loop to recognize both, the peptide or the MHC molecules. Consequently, 

amino acids substitutions in His-29 may abolish the T-cell response. These two 

suggestions are not mutually exclusive and will have different weight in each 

particular TCR/peptide/MHC system. 

In a 1 loop, Only three residues interact with the I-Ek  molecule (see Table 1). 

Experimental data shows that the al loop of TCR is implied in the recognition of 

other TCFtipeptide/MHC complexes (Nalefski et al., 1992). An analysis of those 

residues which interacts with the MHC molecule in our model, shows that all these 

residues interact only with non polymorphic residues of MHC (Brown et al., 1992). 

This also is consistent with the variability analysis, and suggests that al is not a 

hypervariable region because this interact with residues relatively conserved of MHC 

molecules. 

Analysis of the residues in a2 that interact with the MHC, indícate that its 

contacts are with the kink region of p 1 domain of MHC. Comparison between class 

e 
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I and class II molecules show structural differences at this region (Brown et al., 

1993). The differences comes from a more protuberant kink in the helical region of 

p 1 domain of class II molecules when compared with the correspondent region of 

MHC class I molecules (Brown et al., 1993). This region difFering in structure also 

diger in its pattern of polymorphism, and even more, insertions and deletions are 

localized at this place within the MHC sequences (Brown et al., 1988). In a 

compilation of TCR sequences it was shown that five different sizes can be found in 

a2 loop of TCRs (Chothia et al., 1988). This fact contrasts with the conserved size of 

its equivalent loop in Igs, L2 (Chothia, et al., 1988). The variability in size of the a 2 

loop indicates that severa! conformations are possible for this loop. together with the 

structural differences of MHCs molecule at the kink regían, this suggest that the 

interaction between a2 loop and the kink region of MHCs is critical for distinguishing 

among different classes of MHCs. 

In P2 loop the residues which interact with the MHC molecule are placed in 

a structurally conserved region, because it is located on a fi-strand (see kinemage 1). 

The region in the MHC which interacts with p2 loop is also structurally conserved; 

it is placed in the middle of the a-helical region of al domain ofMHC. Therefore 

one can suggest that, at this region only side-chain mutations that conserved the 

match of the TCR/MHC interaction are allowed. Additionally, the interaction TCR-

MHC in this region can be modulated by the peptide residues bounded to the MHC 

molecule, as observed by the mapping of the residues at the 5C.C7/MCC(93-103)/I-

Ek  complex. 
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In conclusion, on the basis of the 5C.C7/MCC(93-103)/I-Ek  mode! it is 

possible to suggest a structural role for a 1, a2, p 1 and p2 in the 11411C interaction. 

These suggestions can be tested by mutational experiments in absence of structural 

experimental results for the TCR/peptidclMHC complex in order to understand the 

structural basis of the recognition mediated by TCR. 

MATERIAL AND METHODS 

Molecular modeling of SC C7: All modeling procedures were performed 

using the program INSIGHT-Il (Biosym Technologies, San Diego) running on a 

Silicon Graphic 4D/3 5. The coordinates of the reported X-ray structure of the D I.3 

Fv fragment (entry: 1FVA [Bath et al., 1990]) obtained from PDB (Bernstein et al, 

1977) served as reference in the framework modeling procedure of the 5C.C7 Fv 

fragment. The hypervariable loops a 1, 131 and f32 were modeled with canonical 

structures. For a1 and 131 the coordinates of canonical structure L1 type 1 of the Fab 

J539 (PDB entry: 2FBJ [Bhat T.N., Padlan E.A, Davies D.R, in preparation]) were 

assigned. For 132, the canonical structure type 3 of H2 of the reference structure 

(D1.3) was used. Two other hypervariable loops (a3 and [13) were modeled starting 

from the best choice of Igs loops found by using the loop search procedure of the 

INSIGHT-II package. The data base of Igs structures was built with structures 

collected from the PDB version of October-93. The x-ray structures found by the 

loop search procedure and then used as a template to built a3 and p3 were the 

coordinates corresponding to the residuos L90-L97 of KOL (PDB entry: 2FB4 
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[Marquart et al., 1980]) in a3, and the coordinates corresponding to the residues 

J95-J101 of B1312 (PDB entry: 11GF [Stanficld et al., 1992]) for P3. The 

hypervariable loops a2 were modeled as a deletion of two amino acids in the atomic 

coordinates of the reference (D1.3 Fv fragment). 

Molecular dynnmic refinement: All molecular calculations were carried out 

using the Discover simulation software package (version 2.7) from Biosym 

Technologies running on a CRAY Y-MP 4/464 computer. The parameters used were 

those of the Consistent Valence Force Field (Hagler, 1985). No cross-terms were 

used in the energy expression and a simple harmonic potencial was chosen for the 

bond stretching terms. Calculations were conducted with a group based non-bonded 

cut-off of 10,5 A imposed over a switching distance of 1.5 A and updating the non-

bonded pair list every 20 time steps using the leap-frog algorithm with a 1 fs time 

step. Al! of the hydrogen atoms in the proteins were explicitly modeled. The 

refinement protocol consisted of successive steps of 5 ps of molecular dynamics at 

300 K, as follows: 1) refinement of each modeled loop independently; 2) a global 

refinement of all loops together; 3) a global nide chain refinement of the structures 

fixing the backbone atoms; 4) a global refinement of the structure tethering C a atoms 

with a force constant of 60 Kcal/Á; 5) a global refinement of all structure. Before each 

step, the beginning structure was minimizad for 250 steps using the steepest descent 

method followed by 250 steps using the conjugate gradient method. 

Steps 1-3 were archived in vacuo with a constant dielectric of one and the 

protein having a net total neutral charge. Step 4-5 were performed with the residues 
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charged to simulate pH=7.0 and a 4 A thick water shell surrounding the protein to 

stabilize the charges at the sutface of the molecule. In this tater case a linear distance-

dependent dielectric was used to compensate for the water-vacuo interface. The 

distance-dependent model together with a water shell surrounding the protein has 

been shown to achieve a trajectory which better agrees with the crystal structure when 

compared with a constant dielectric model (Guenot & Kollman, 1992). 

The 5C.C7 model refinement consisted of the above-mentioned five steps. The 

MCC(93-103)/I-Ek  structure was only subjected to steps 3-5 because of the quality 

of the initial mode'. Alter obtaining a good orientation for the 5C.C7/MCC(93-103)/I-

Ek  complex, the structure was finally subjected to steps 3-5. 
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FIGURE AND TABLE CAPTIONS 

Figure 1: Alignment between the reference (D1.3) and the TCR (5C.C7) sequence. 

Upper part of the figure: VL/V„ domains, lower part: VI /VB. Within residue 

numbering those residues that determine the Ig-fold (Chothia et al., 1998); b: 

buried in 13-sheets, t: residues in turns, at the interface domains. In the sequences, 

letters in bold show the conserved 13-sheets framework, letters in italics represent the 

hypervariable loops. Discontinuous fines under TCR sequence (--) indicate 

framework residues with backbone coordinates assigned using the reference structure. 

Figure 2. Comparison of the loops that form the antigen binding site in the 5C.C7 

molecule (light blue) after molecular refinement and the x-ray structures using as 

reference in the molecular modeling procedure (orange). A red sphere highlight the 

Ca atoms of those residues that determine the canonical structures in the Ig 

hypervariable loops. In al and p I loop the residues at position 2 are not represented 

in the figure. In the í31 loop is shows the distance of the possible hydrogen bond 

between the His-29 and Ser-94. 

Figure 3. 3D-profile of the V domains of 5C.C7 atomic model. 

Figure 4. Alignment between HLA-DR1 and I-E1  sequences. Upper part of 

the figure: al domains, lower pan: p 1 domains. In the sequences, letters in bold 
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show the 13-shects, Letters in italics shows a-helices as were defined for the FILA-DR1 

structure by Kabcsh & Sander algorithm (Kabcsh & Sander, 1983). 

Figure 5. Ribbons drawing of the 5C.C7/MCC(93-103)/1-Ek  atomic model. Color 

code for the molecules: 1-Ek: light blue; MCC(93-103): blue; 5C.C7 framework: 

white; for the loops that form the antigen binding site, a 1: violet, a2: red, a3: 

brown, pi: light green, P2: yellow, 133: green. 

Figure 6. Solvent accessible surface generated by the residuos which interact in the 

5C.C7/MCC(93-103)/I-E` complex. The surface was determined by the Connolly 

algorithm (Connolly, 1993) with a sphere of 1.7 A diameter. a, View of the complex 

with the molecules separated by 10 A to show the surface complementarity. 

b. Surface view obtained by rotating 900  the 5C.C7 and MCC(93-103)/I-Ek 

structures with respect to the figure a, Color code as in figure 5. 

Table 1. Residues which interact in the SC.C7/MCC(93-103)/1-Ek  complex. An 

asterisk represent a possible hydrogen bond, two asterisk a possible salt bridge, no 

asterisk van der Waals contacts. Definition of atoms in contact as in Padlan (1994). 
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va  TCR residues in contact peptide/MHC residues in contact 

al T-27 T-77(13) 

R-29 A-73(13), E-74(13)**,T-77(13)* 

A-31 E-66(13) .., 
a2 Y-48 Q-64(13) 

.L-52 P-65(3), E-69(3) 

A-53 P-65(3) 

a3 E-97 K-99(p)**  

'I  S-99 T-77(13)*, V-78(13)* 

N-100 T-77(13), V-78(3), H-81(13), A-96(p) 

T-101 E-59(a)* 

N-102 Q-70(4)*, Y-97(p)*, K-99(p),E(74(13)* 

Other S-68 E-69(0)* 

K-69 D-76(13) 

VA  

U Q-50 V-69(a), A-65(a), Q-100(p)* 

N-51 A-72(a), T-102(p) 

Q-52 K-71(a), A-72(a)  

E-53 K-71(a)** 

V-54 L-64(a), A-68(a), V-69(a) 

L-55 Q-61(a), L-64(a) 

Q-56 Q-61(a), Y-97(p)* 

Q-57  Q-61(a) 

133 N-100 T-102(p)*, K-103(p)* 

N-101 Q-64(13)*, A-101(p), T-102(p)*,E-66(13) 	. 

A-102 E-66(B), K-99(p) 

N-103 E-66(B)* 

S-104 Q-64(3),E-66 (13) 

a 



Conclusiones 



El objetivo central de la presente tesis fue estudiar la relación 

estructura-función en los TCRs. Para esto, en el capitulo I se delineó el 

modelo de interacción TCR/péptido/MHC propuesto hasta el presente y se 

analizaron sus limitaciones. En el mismo capítulo, se discutieron los avances 

metodológicos y experimentales que permiten refinar el estudio estructural del 

reconocimiento molecular mediado por este receptor del sistema 

inmunológico. 

En el capítulo II se desarrolló un paquete de programas denominado 

VIR. Este paquete de programas permite manejar, de manera eficiente, el gran 

volumen de información generado hasta la fecha sobre los receptores del 

sistema inmunológico. La base para describir VTR fue la información 

disponible sobre las Igs. La aplicación de esta herramienta de cómputo al 

manejo de las secuencias de los TCRs, fue la base metodológica del capítulo 

HL 

En el capítulo III, se utilizaron tres indices de variabilidad 

simultáneamente con el objetivo de estudiar las secuencias conocidas de los 

TCRs. Los perfiles de variabilidad obtenidos por cada uno de los índices, se 

filtraron con series de Fourier para delimitar objetivamente las regiones de 

máxima variabilidad o hipervariables. Estas regiones deben formar el sitio de 

reconocimiento antigénico del TCR. 

Los resultados muestran que los tres índices tienen distinta resolución 

para diferentes niveles de variabilidad. Así, su uso simultáneo, compensa las 

deficiencias de cada uno de ellos por separado para estimar la variabilidad. Al 

aplicar el filtrado con series de Fourier, se encontró que en los dominios 

funcionales de los TCRs, a diferencia de las Igs, la región correspondiente al 

CDR-1, no es hipervariable en el TCR. 

Si se considera el modelo general de interacción descrito en el capítulo 

I, la explicación del comportamiento relativamente conservado del CDR-1 en 
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los TCRs, se justifica en términos de que esta región, interactua con una 

región poco variable del MHC. Esta proposición tiene implicaciones para 

descripcion general de la interacción TCR/péptido/MHC. Esto es, el CDR-1 

de los dominios Va y vp del TCR pudiera no tener un papel importante en la 

definición de la especificidad fina del complejo péptido/MHC. Una derivación 

de lo anterior es que se reduce el estudio de la especificidad fina del TCR por 

el complejo péptido/MHC a los otros CDRs que forman el sitio de 

reconocimiento antigénico. 

Para estudiar los detalles estructurales del reconocimiento 

TCRlpéptido/MHC, en el capitulo IV, se obtuvo un modelo atómico de 

interacción TCR/péptido/MHC. Los resultados de este modelo permiten 

asignar un papel para cada CDR en la interacción con el complejo 

péptido/MHC. 

El modelo obtenido muestra que el CDR-1 de vp no interactua con la 

molécula de MHC, mientras que el CDR-1 de Va contacta con residuos 

relativamente conservados del MHC. Este resultado es congruente con la 

proposición del capítulo HL Además de este resultado, el análisis estructural 

del complejo TCR/péptido/MHC muestra que el CDR-2 de Va pudiera tener 

un papel importante en el reconocimiento de las diferentes clases de MHC. El 

CDR-2 de vp por otra parte, pudiera determinar tanto el reconocimiento del 

MHC como el del péptido antigénico. Estas proposiciones tomadas en 

conjunto difieren cualitativamente de las predicciones del modelo general de 

interacción TCR/péptido/MHC discutido en el capitulo I, donde el papel de 

los CDR-1 y 2 de los TCRs en la interacción con el complejo péptido/MHC 

era incierto. 

La proposición del papel que juega cada CDR del sugiere una buena 

hipótesis de trabajo para diseñar experimentos precisos que aporten nuevas 

luces a la descripción de la interacción TCRlpéptido/MHC. Además, la 
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descripción detallada de la interacción TCR/péptido/MHC que se presenta en 

el capítulo IV, pudiera servir de referencia para explicar resultados 

experimentales ya realizados. 

Perspectivas 
Como se mencionó en la introducción de la tesis, nuestro trabajo fue 

orientado por una pregunta: ¿Existen reglas del reconocimiento molecular 

mediado por los receptores inmunológicos: Igs y TCRs? Esta pregunta se hizo 

explícita en el capítulo II para diseñar 'VIR. 

Una respuesta afirmativa a esta pregunta implicaría poder comenzar a 

entender las bases moleculares del reconocimiento mediado por las Igs y los 

TCRs, hasta el presente la única fuente molecular de especificidad del sistema 

inmunológico. Desde el punto de vista aplicado, implicaría poder diseñar de 

manera racional Igs o TCRs de especificidad predefinida. 

En los estudios realizados por nuestro grupo sobre las Igs (ver tesis de 

doctorado de E. Vargas-Madrazo, 1995) se llega a la conclusión general de 

que un primer reconocimiento general antígeno/Ig es determinado por la 

forma de sitio de reconocimiento de este receptor del sistema inmunológico. 

Esto sugiere que las Igs tienen restricciones geométricas en su mecanismo de 

reconocimiento molecular. 

En la presente tesis se predice que cada CDR que forma el sitio de 

reconocimiento antigénico en el TCR puede tener una función particular en el 

reconocimiento de su ligando, el complejo péptido/MHC. Puesto que existen 

similitudes tanto a nivel genético como estructural entre las Igs y los TCRs, se 

pudiera combinar la experiencia de las Igs con estos resultados presentados 

para los TCRs. Esto permitirá en el futuro buscar similitudes y diferencias en 

los mecanismos básicos de reconocimiento molecular de los receptores del 
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sistema inmunológico. Así, la pregunta central de nuestro trabajo cobra tina 

perspectiva aún más general. Este es el trabajo futuro. 

y 
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