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1. RESUMEN

En este trabajo se llevé a cabo la construccion, la expresion y la caracterizacién funcional del fragmento
variable de cadena sencilla del anticuerpo monoclonal BCF2 (scFv de BCF2). Los resultados de la
caracterizacion del scFv indicaron que dicha construcciéon mantiene la capacidad de reconocer
especificamente a la toxina Cn2, pero no neutraliza sus efectos. Por esta razdn, se empled la evolucion
dirigida para obtener un scFv con capacidad neutralizante. Se generaron 3 bancos del scFv de BCF2 con
diferente tasa de mutacion (baja, media y alta). Los bancos fueron evaluados por medio del despliegue en
fagos, en presencia de concentraciones decrecientes de la toxina Cn2, en cuatro rondas de tamizado.
Mediante ensayos de ELISA de proteina soluble, se lograron identificar dos mutantes denominadas: G5
(Q27R y V51A) y B7 (N35]), las cuales presentaron una mayor afinidad y estabilidad que el scFv de
BCF2. Sin embargo, estas clonas fueron incapaces de neutralizar los efectos de la toxina Cn2.
Posteriormente, la estrategia que se utiliz6 fue la de la combinacién de las mutaciones presentes en los
anticuerpos (G5 y B7), con lo cual se obtuvo un anticuerpo denominado scFv Triple mutante. Este
anticuerpo es neutralizante de la toxina Cn2 y presenta la mejor afinidad y estabilidad, con respecto a las
demés variantes obtenidas. Estos resultados abren el camino para la genefacién de antisueros

recombinantes neutralizantes de las toxinas del veneno de alacranes basados en anticuerpos de cadena

sencilla (scFvs).

2. SUMMARY
In this work the construction, expression and functional characterization of the scFv format of monoclonal
antibody BCF2 (scFv of BCF2), was performed. The results of this characterization indicated that this
scFv mantained the capacity to recognize the Cn2 toxin, but did not neutralize its effects. These results
prompted us to subject it to directed evolution with the purpose to obtain variants with neutralizing
capacity. We generated three libraries of the scFv of BCF2 with different rates of mutation (low, medium
and high). Libraries were panned by phage display in the presence of four decreasing concentrations of
the Cn2 toxin. Selected scFvs were evaluated by ELISA of soluble protein. Two mutants (G5 and B7),
showed an improvement in affinity and stability with respect to scFv of BCF2. Nevertheless, both mutants
were unable to neutralize the effects of the Cn2 toxin. The mutations present in G5 and B7 were
combined by PCR giving rise to a Triple mutant, which showed the best affinity and stability of all the
variants generated. This Triple mutant was capable of neutralizing the Cn2 toxin. These results pave the

way for the generation of recombinant neutralizing antisera against scorpion stings based on scFvs.
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3. INTRODUCCION
Alacranismo.
Uno de los problemas de salud publica en México, es la intoxicacion por picadura de alacranes del género
Centruroides. La tasa anual de accidentes reportados que son causados por estos alacranes es superior a

200,000 casos (Tay et al, 2004). La Tabla 1, muestra las especies del género Centruroides peligrosas a

humanos y los estados de la republica mas afectados.

Tabla 1. Principales especies del género Centruroides en México.

Especies Estado de la republica
Centruroides noxius* Nayarit
Centruroides suffussus Durango
Centruroides limpidus tecomanus Colima
Centruroides elegans Jalisco, Guerrero y Oaxaca
Centruroides infamatus Michoacan, Jalisco y Guanajuato
Centruroides pallidiceps Sinaloa, Sonora y Nayarit
Centruroides limpidus limpidus Puebla, Morelos, Guerrero
Centruroides sculpturatus Sonora

* Es considerado como el alacran mas toxico del pais (Tay et al, 2004).

El veneno del alacran estd constituido por proteinas (enzimas), péptidos, aminoacidos, nucleétidos, acidos
grasos, lipidos y sales, ademas de presentar una gran variedad de toxinas que modifican el flujo iénico de
los canales de sodio, potasio, cloro y calcio (Possani et al, 1999). Dicho veneno es inyectado a la victima
por via subcutanea, de donde se distribuye al plasma, a los diferentes tejidos y 6rganos, posteriormente es
eliminado por la orina y la secrecidn biliar (Sevcik et al, 2004). Los principales componentes del veneno,
responsables de las alteraciones fisiologicas en las células de los mamiferos, son dos grupos de toxinas:
las que afectan a canales de sodio y las que afectan a canales de potasio de las membranas celulares,

principalmente del sistema nervioso central y misculo-esquelético (Possani et al, 1999, Zhu et al., 2004 a
y Zhu et al., 2004 b).

Antivenenos.

Para contender con la intoxicacidn por picadura de alacran, desde el siglo XIX hasta la década de los afios
1930s, se emplearon los antivenenos de primera generacion o sueros crudos, compuestos por una gran

cantidad de moléculas heterdlogas, las cuales llegaban a causar choque anafilactico. Posteriormente, se
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utilizaron los antivenenos de segunda generacion, formados tnicamente de inmunoglobulinas purificadas
por los procedimientos cldsicos, con lo cual las reacciones adversas disminuyeron al utilizar dichos
sueros.

El uso de anticuerpos completos de origen animal como tratamiento terapéutico, provocaba problemas de
inmunogenicidad, debido a su caracter heterologo, es decir que son reconocidos como agentes extrafios al
organismo y son rechazados. Para contender con este serio problema, los anticuerpos completos pueden
ser digeridos con proteasas, con lo cual se pueden obtener dos tipos de fragmentos de anticuerpos: los
fragmentos F(ab"), y el Fab, los cuales pueden ser usados en aplicacién terapéutica con menor riesgo de
inmunogenicidad (Figura 1).

Los F(ab"), son fragmentos que carecen del segmento Fc (en donde se localizan las funciones efectoras de
las inmunoglobulinas), disminuyendo asi la inmunogenicidad. Dichos fragmentos F(ab"),, se obtienen de
la digestion del anticuerpo completo con la enzima pepsina, la cual actia sobre el extremo carboxilo de la
region de bisagra, dando como resultado la obtencion de los siguientes fragmentos: un fragmento F(ab"),
y un fragmento Fc (Figura 1).

Los Fab son fragmentos que se obtienen cuando la proteasa papaina actua sobre el amino terminal de la
region de la bisagra del anticuerpo completo, provocando la formacién de dos fragmentos Fab y un
fragmento Fc; en ambos casos el fragmento Fc es eliminado. El fragmento Fab consiste de los dominios
Vu-Cui y Vi-Cp unidos covalentemente mediante un enlace disulfuro (Winter y Milstein, 1991 y
Rothlisberger et al, 2005) (Figura 1). Otra caracteristica importante de los Fabs es su tamaifio de 50 kDa,
el cual es mucho menor que el de los anticuerpos completos (150 kDa). El tamafio de los Fabs mejora su
biodistribucion (Wright, 1992 y Rothlisberger et al, 2005) y es mas facil manipularlos. Los Fabs
mantienen su estabilidad y su especificidad, de una forma muy similar a como lo hace el anticuerpo
completo del cual provienen. Sin embargo, la generacion de los fragmentos Fab de un anticuerpo, por
digestion enzimatica, presenta varios problemas tales como los bajos rendimientos de produccién, (debido
a que no hay una digestion completa de los anticuerpos) y el elevado costo que representa su obtencion
(Adair, 1992). Actualmente, el tratamiento mas exitoso contra los venenos de alacranes Cenfruroides, esta
constituido por faboterapicos F(ab),, o sueros de tercera generacion, los cuales neutralizan de una manera
eficiente y rapida la accidon de los diferentes venenos. Los sueros de tercera generacion han disminuido
notablemente el numero de muertes al afio. La mortalidad durante las décadas de los setenta y ochentas
fue de 700 personas al afio, en 1998 fue de 136 personas y en el afio 2002 fue de 70 personas (Boletin

epidemiologico semanal, Secretaria de Salud de México).
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Figura 1. Digestion del anticuerpo con las proteasas pepsina y papaina.

Toéxina Cn2.

El alacran Centruroides noxius (Anexo 1), es considerado como uno de los alacranes mas peligrosos en el
pais, debido a que esta especie contiene el veneno mas toxico de todos los alacranes de México: su LDsp
es de 5 ug/20 gr de ratén cepa CD1 hembra (Dent et al, 1980). Los componentes del veneno de C. noxius,
pueden ser separados a través de tres cromatografias diferentes: exclusion molecular, intercambio idnico y
HPLC (Zamudio et al, 1992). A través de estas cromatografias se aisl6 la toxina Cn2, la cual constituye el
componente peptidico mas abundante del veneno y representa el 6.8% del veneno total. Cn2 tiene un peso

molecular de 7348 Da y su estructura primaria estd compuesta por 66 aminoéacidos (Figura 2). La toxina
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presenta una estructura tridimensional formada de 3 hebras f antiparalelas y una hélice-a, estabilizada por
4 puentes disulfuro (Pintar et al, 1999) (Figura 2). La toxina Cn2 ejerce su actividad sobre los canales de
sodio de los mamiferos y su LDsg es de 0.25 ug/20 gr de ratén cepa CD1 hembra (Zamudio et al, 1992).
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Figura 2. a) Estructura tridimensional de la toxina Cn2 y b) estructura primaria.

Anticuerpos.

Los anticuerpos son glicoproteinas generadas por el sistema inmune, como mecanismo de defensa
contra agentes extrafios al organismo. La estructura del anticuerpo esta compuesta por dos cadenas
polipeptidicas pesadas idénticas (H, de su sigla en inglés Heavy) y dos cadenas polipeptidicas ligeras
idénticas (L, de su sigla en inglés Light).

Cada cadena ligera (L) esta formada por un dominio variable N-terminal (Vi y un dominio constante
(CL). El dominio variable puede ser de dos tipos: Vi o V, dependiendo de la secuencia de
aminoacidos que las formen. Cada cadena pesada (H) esta constituida por un dominio variable N-
terminal (Vy), tres dominios constantes (Cy;.3) y una region de bisagra (Figura 3). Los dominios

variables (Vu, VL) estdn formados por cuatro regiones con secuencias relativamente conservadas
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llamadas frameworks o andamiajes (FR;, FR,, FR3 y FRy), los cuales separan y soportan tres regiones
de secuencias hipervariables denominadas regiones determinantes de complementaridad (CDR;,
CDR; y CDR3). Los CDRs adoptan la estructura de asas o “loops™; en estos elementos de estructura
secundaria se encuentran la mayoria de los aminoacidos que reconocen toda la diversidad de
antigenos.

Los dominios constantes 1 y 2 de la cadena pesada (Cy; y Ciz), estan enlazados entre si por una
secuencia de aminoacidos llamada region “bisagra”, la cual es rica en prolinas. En esta region estin
ubicadas las cisteinas que dan lugar a los enlaces disulfuro que unen a las dos cadenas pesadas
(Figura 3). Los anticuerpos contienen carbohidratos unidos, los cuales estan en el segundo dominio
de la region constante. La uni6n se forma generalmente con el grupo NH2 de la asparagina de la N-
acetilglucosamina y esta glicosilacion juega un papel importante en la secrecién de las
inmunoglubulinas (Pluckthun, 1992). La region constituida por los dominios Cy, y Cus (Fc o region
cristalizable), es la responsable de desencadenar las funciones efectoras de las células (la fijacion del

complemento y anafilaxis).

’“’\///:z::;lv"

A, IR, r.uml

linker

) [ scFv

Anticuerpo completo

Figura 3. Esquemas de un anticuerpo completo tipo IgG y un scFv: se muestran los CDRS (azul
cielo), los frameworks (morado), las regiones constantes (rojo y blanco), la regién de la bisagra
(indicada por una flecha), los sitios de unién a los carbohidratos (c) y los puentes disulfuro (naranja).
En el scFv se sefiala ademaés el linker.
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La regioén del anticuerpo formada por las dos regiones variables de los dominios ligeros y pesados
(Vh, VL) constituyen el fragmento variable (Fv) (Figura 3). La unién de los dominios Vi y Vi, por
medio de un péptido conector o “linker”, da como resultado la formacién de un fragmento variable de
cadena sencilla o scFv (Figura 3). El linker mas frecuentemente usado es (Gly4 Ser)s. El empleo del
formato de scFv, presenta varias ventajas con respecto a la utilizaciéon de los anticuerpos completos,
entre las que destacan: el ser una molécula de menor tamafio, lo cual le permite una rapida

distribucion y penetracion en los tejidos, una rapida eliminacion en el organismo y disminucion de las

reacciones inmunolédgicas en organismos heterdlogos.

Despliegue en fagos (Phage Display).

El despliegue en fagos es una nueva metodologia, la cual permite la union directa entre el fenotipo
(las proteinas desplegadas por el fago) y el genotipo (secuencia que codifica para la proteina). Esto
consiste en la obtencion de fagos filamentosos del tipo M13, los cuales llevan en el interior la
informacion genética que codifica para la proteina que sera desplegada sobre la capsula o capside del
fago. Para lo cual la secuencia de la proteina de interés se fusiona a una secuencia de las proteinas de
la capsula del fago.

Por despliegue en fagos, se han evaluado bancos de diversos tamafios hasta 1X10" péptidos o
proteinas diferentes, los cuales son desplegados en la superficie del fago M13 (Pini y Bracci, 2000;
Benhar, 2001; Azzazy y Highsmith, 2002).

El despliegue en fagos permite el estudio de diferentes interacciones de las proteinas. Para esto se
realizan varios ciclos de tamizado, en los cuales una vez que las proteinas estan desplegadas en la
capsula de las particulas virales, se colocan en presencia de un ligando inmovilizado en una
superficie sélida. Los fagos que se unen al ligando son recuperados de la superficie de unién y son
amplificados mediante la infeccion de células Escherichia coli (E. coli), produciendo nuevos fagos
que son sometidos a otros pasos de tamizado, logrando un enriquecimiento de los fagos con mejor
afinidad por el ligando, mientras que los fagos no adheridos al ligando son eliminados por varios
pasos de lavado.

El despliegue en fagos ha tenido un gran impacto en diferentes campos, entre los que destacan: el
mejoramiento en la estabilidad de las proteinas (Kotz et al, 2004; Jun et al, 1999), la caracterizacion
de epitopes en proteinas (An et al, 2005), la caracterizacion de epitopes en anticuerpos monoclonales

(O’connor et al, 2005), el tamizado o “screening” de bancos de péptidos (Lunder et al, 2005; White et
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al, 2005), el tamizado de bancos de anticuerpos (Griffiths and Duncan, 1998; Winter et al., 1994;
Vaughan et al, 1996., de Bruin et al, 1999; Azzazy y Highsmith, 2002), etc..

Particularmente, la obtencion de anticuerpos recombinantes (scFv y Fab), puede ser la aplicaciéon mas
comun del despliegue en fagos, debido a la obtencion de manera directa de secuencias de anticuerpos
diversos, sin la necesidad de utilizar la inmunizacion clasica (McCafferty, 1990; Marks et al, 1991;
Barbas et al, 1991; Barbas et al, 1994; Griffiths y Duncan, 1998). El despliegue en fagos de
fragmentos de anticuerpo, rapidamente desplazo a la tecnologia de los hibridomas, debido a que los
fragmentos de anticuerpos recombinantes son obtenidos sin la necesidad de los laboriosos y costosos

protocolos que representa la generacion de los mismos.

Caracteristicas del fago M13 y su ciclo de infeccion.

El fago M13 muestra una estructura cilindrica de aproximadamente 7 nm de ancho por 2000 nm de
largo. E1 ADN viral es de cadena sencilla circular (cadena +), el cual tiene 6407 pares de bases y
codifica para 11 genes (Tabla 2), importantes para la replicacion, transcripcion y traduccion de las
proteinas necesarias para el ensamblaje de las nuevas particulas virales (Pini y Bracci, 2000). La
capsula del fago esta formada aproximadamente por 2710 copias de la proteina VIII; en uno de los
extremos del virién se localizan 5 copias de cada una de las proteinas minoritarias pVI y plll
(Gramatikoff et al, 1994), mientras que en el otro extremo del fago estan las proteinas minoritarias
pVIl y pIX.

El ciclo de vida del fago MI13 inicia con la infeccion de las células de E. coli F', mediante una
interaccion especifica de la proteina III de la capsula del fago con el pilus de la bacteria (tubo
proteico, el cual es ensamblado por procesos de polimerizacion de subunidades de pilina). Durante el
proceso de infeccion, el virus unido al pilus por la proteina plIl es transportado a la superficie de la
bacteria por despolimerizacion del pilus. Las proteinas mayores de la capsula, integradas con la
membrana, permiten que el ADN de cadena sencilla (cadena +), sea transferido hacia el citoplasma
de la bacteria. La replicacion del ADN del fago ocurre, en un inicio con la participacion de la ADN
polimerasa y la maquinaria de sintesis de la bacteria que interactiian con la cadena +, para crear una
doble cadena de ADN o forma replicativa (FR). Al sintetizar la cadena -, esta molécula inicial de
doble cadena sirve como templado para la transcripcion y sintesis de las once proteinas del fago pl-
pXI (Tabla 2). Después de producirse multiples moléculas FR, el siguiente evento consiste en la

union de la proteina V a las cadenas positivas de ADN (complejo pV/csADN). De esta forma, el
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complejo no puede ser utilizado para la sintesis de la cadena -. Posteriormente, este complejo es
transportado al periplasma donde se ensamblan las particulas virales llevando en el interior el

csADN. Estos viriones se liberan sin lisar a la célula (Pini y Bracci, 2000).

Tabla 2. Genes y proteinas del bacteriéfago M13.

Gene Aminoacidos Peso molecular Funcién

[ 348 39,502 Ensamblaje

II 410 46,137 Replicacion del ADN

I1 406 42,522 Proteina de la capside menor
AY 405 43,476 Ensamblaje

\Y 87 9,682 unién a ADN

VI 112 12,342 Proteina menor de la capsula
VII 33 3,599 Proteina menor de la capsula
VIII 50 5,235 Proteina mayor de la capsula
IX 32 3,650 Proteina menor de la capsula
X 111 12,672 Replicacion del ADN

XI 108 12,424 Ensamblaje

Expresion de proteinas en el fago filamentoso M13.

En el fago M13 se han desplegado diversas proteinas y péptidos heterélogos, incorporados a las
diferentes proteinas que componen la capsula del fago (Benhar, 2001), de las cuales la més utilizada
ha sido la proteina PIII (Tabla 3). Los anticuerpos en la forma de fragmentos recombinantes, fueron
las primeras proteinas en ser desplegadas en la superficie de los fagos (McCafferty et al, 1990). Esto
fue llevado a cabo por la unién de las secuencias codificantes de la region variable de los fragmentos

de anticuerpo de cadena sencilla (scFv), a la proteina PIII del fago,
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Tabla 3. Moléculas desplegadas en las proteinas de la cubierta del fago M13.

Fago Proteina de la cubierta No. de copias Moléculas desplegadas
M13 plll 5 péptidos

M13 plll 5 anticuerpos

M13 plll 5 citocinas

M13 pllI 5 receptores

M13 plll 5 enzimas

M13 plll 5 inhibidores enzimaticos
M13 pIll 5 anticuerpos cataliticos
M13 plll 5 proteinas de uniéon a ADN
M13 pllI 5 péptidos M13

MI13 plll 5 proteinas de unién a celulosa
M13 pVI 5 inhibidores enzimaticos
M13 pVI 5 enzimas

M13 pVIII 2700 péptidos

M13 pVIII 2700 anticuerpos

M13 pVIII 2700 enzimas

M13 pVIII 2700 inhibidores enzimaticos
M13 pVII 5 anticuerpos

M13 pIX 5 anticuerpos

Para realizar el despliegue de proteinas, se han desarrollado dos sistemas: el de fago y el de fagémido,
siendo éste ultimo el sistema mas utilizado. El fagémido (Anexo 2), es un plasmido que presenta dos
origenes de replicacién: uno para la replicacion del fago y otro para la replicacion en la bacteria E.
coli. El fagémido presenta un gen de fusién que codifica para la proteina PIII del fago, al inicio de
este gen se encuentran los sitios de restriccion Sfi | y Not I, para clonar las secuencias nucleotidicas
de interés. El fagémido, ademas, presenta un gen de la B-lactamasa que da resistencia al antibidtico
ampicilina, un promotor lacZ, el cual es inhibido por glucosa e inducido por IPTG (Isopropil-beta-D-
tiogalactopiranosido), lo cual permite regular la expresion de la molécula fusionada a la proteina PIII
(Pini y Bracci, 2000). El fagémido necesita de un fago ayudador o “helper”, el cual aporta la
informacion génica necesaria para la formacion de las particulas virales: la replicacion del fago
ayudador sucede a una menor frecuencia que la del fagémido. Esta caracteristica permite obtener la
mayor parte de la poblacion de fagos con la informacion genética del fagémido y las proteinas de

interés desplegadas en la cubierta del fago (Pini y Bracci, 2000).
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LA EVOLUCION DIRIGIDA.

Una de las estrategias mds exitosas de los altimos afios aplicada para el mejoramiento de las
proteinas, es la evolucién dirigida. Esta tecnologia emplea la generacion de variantes de una
determinada secuencia de proteina y un método de seleccion. Para llevar a cabo la evolucion dirigida
no es necesario la informacion estructural, basta con tener el gen de interés y un método de seleccion,
para obtener las variantes deseadas. La evolucién dirigida, incluye diferentes técnicas de variaciéon
molécular, entre las que destacan: la recombinacion de genes por PCR o “DNA shuffling” (Zhao y
Arnold, 1997; Crameri et al, 1996); la recombinacion de exones o “exon shuffling” (Kolkman y
Stemmer, 2001); los oligonucleétidos mutagénicos (Zaccolo et al, 1996; Yanes et al, 2004) y el PCR
propenso a error 0 “error prone-PCR” (Cadwell y Joyce, 1992; Leung et a, 1989), entre otros. Esta
ultima técnica consiste en el uso de la PCR modificando algunas de las condiciones de reaccion (se
agrega Mn”" en lugar del cofactor natural Mg?" y se adicionan los nucleétidos en diferentes
concentraciones). Bajo estas condiciones de reaccion la Taq polimerasa introduce mutaciones en una
segmento de ADN de 1 Kb, con una tasa de mutacion de 0.66% (tasa de mutagénesis media). Para
incrementar la tasa de mutacion, se agregan ademas de las condiciones mencionadas con anterioridad
agentes quimicos como f-mercaptoetanol y DMSO; con lo cual se ha obtenido una tasa de 3% (tasa
de mutagénesis alta).

De la misma forma, en la evolucion dirigida, se pueden usar diferentes métodos de seleccion, para el
aislamiento de las proteinas o péptidos con las caracteristicas deseadas. Entre estos se encuentran los
sistemas de despliegue: el despliegue en fagos o “phage display” anteriormente descrito (Azzazy y
Highsmith, 2002); el despliegue en bacteria o “bacterial display” (Chen et al, 2001); el despliegue en
levadura o “yeast display” (Cereghino y Cregg, 1999; Van den Beucken et al, 2003; Blaise et al,
2004), el despliegue en ribosoma o “ribosome display” (Lipovsek y Pluckthum, 2004); el despliegue
en retrovirus o “retroviral display” (Urban et al, 2005), entre otros.

Por evolucién dirigida se han explorado y modificado diferentes propiedades en las proteinas, entre
las que destacan: el mejoramiento de la estabilidad (Jermutus et al, 2001; Kotz et al, 2004; Strausberg
et al, 2005), el mejoramiento en la catalisis de las enzimas (Gulick and Fahl, 1995; Zhang et al,
1997; Zaccolo y Gherardi, 1999; Jurgens et al, 2000; Saab-Rincon et al, 2001; Fujii et al , 2005;
Cherry y Fidantsef, 2003), la resistencia a proteasas (Wirsching et al, 2003), el incremento de la

fluorescencia de la proteina verde fluorescente (Heim y Tsien, 1996; Siemering et al, 1996), entre

ofras.
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Para el caso de los anticuerpos por medio de la evolucidn dirigida, se han explorado las siguientes
propiedades: el mejoramiento en la afinidad (Hawkins et al, 1992; Barbas et al, 1994; Boder et al,
2000; Jermutus et al, 2001), el mejoramiento en la estabilidad (Jun et al, 1999; Brockmann et al,
2005) y la disminucién de la constante de disociacion o ko (Graff et al, 2004).

ANTECEDENTES.

Anticuerpos monoclonales y scFvs generados contra toxinas de alacran.

En la actualidad hay tres ejemplos de anticuerpos murinos, obtenidos por la tecnologia de hibridoma
contra toxinas de alacran. Para el caso del alacran Centruroides noxius, existe un anticuerpo
monoclonal llamado BCF2 el cual neutraliza a la toxina Cn2 y al veneno completo (Zamudio et al,
1992). A través del empleo de la sintesis de péptidos discontinuos, fue posible mapear el epitope de
reconocimiento del anticuerpo BCF2 en la toxina Cn2. La region esta comprendida entre los residuos
del extremo amino N 5-14 y del extremo carboxilo C 56-65 (Calderodn et al, 1999).

Los otros trabajos reportados se refieren a dos anticuerpos monoclonales que presentan la capacidad
de neutralizar a las toxinas mas potentes y peligrosas del alacran del norte de Africa (Androctonus
australis Héctor). El anticuerpo 4C1 se une especificamente y neutraliza a la neurotoxina mas potente
Aahll (Mousli et al, 1999) y el anticuerpo 9C2 que es capaz de neutralizar a las toxinas (Aahl y
Aahlll) del mismo alacran (Clot-Faybesse et al, 1999). En cuanto al anticuerpo 9C2 se ha hecho un
trabajo extenso para construir otros fragmentos de anticuerpo menos inmunogénicos. A partir de los
genes que codifican para el anticuerpo 9C2, se han construido: el scFv (monémero y dimero) y el
Fab. Resulta muy interesante el efecto del tipo de formato en las constantes de afinidad, debido a que
el monoclonal presenta una Kp de 0.2 nM, mientras que el mondémero del scFv presenta una Kp de
1.5 nM, el dimero del scFv muestra una Kp de 0.08 nM y en el Fab es de 0.082 nM. Esto puede
indicar que en este ejemplo particular, existe una mejora en la Kp de los formatos scFv dimero y Fab,
mientras que el scFv mondmero presenta una disminucién considerable en la Kp con respecto al
anticuerpo monoclonal. A pesar de esto, los autores reportan que los fragmentos de anticuerpo
(scFvs), mantienen las propiedades de reconocimiento hacia las toxinas del Androctonus australis
Héctor y las neutralizan (Mousli et al, 1999; Devaux et al, 2001). Hay que considerar que el ejemplo
anterior y en otros reportados, generalmente cuando se construye el scFv ocurre una pérdida de la
afinidad y de la estabilidad funcional. Estos problemas pueden ser solucionados por medio de la

evolucion dirigida, lo cual permite generar variantes con mejores propiedades.

25



4. JUSTIFICACION,

Debido a que el formato scFv presenta una mayor difusion, mas rapida penetracion en los tejidos,
disminucion en los problemas de inmunogenicidad y una mayor eliminacion en el organismo (con
respecto al anticuerpo completo), en este trabajo se pretende manipular el formato scFv del

anticuerpo neutralizante BCF2 para obtener una variante lo suficientemente estable y con capacidad

neutralizante.

5. HIPOTESIS.
Utilizando las metodologias de mutagénesis al azar y despliegue en fagos, se espera obtener un

derivado del scFv de BCF2 con un incremento en la afinidad, estabilidad y con la capacidad de

neutralizar a la toxina Cn2.

6. OBJETIVOS.
OBJETIVO GENERAL.

1.- Obtener variantes del scFv de BCF2 con alta afinidad, estabilidad y capacidad de neutralizacion

por la toxina Cn2, mediante evolucién dirigida.

OBJETIVOS ESPECIFICOS.

1.- Construccion y caracterizacion del scFv de BCF2 en cuanto a especificidad, afinidad, estabilidad
y capacidad de neutralizacién.

2.- Maduracion del scFv de BCF2 mediante evolucion dirigida.

3.- Caracterizar las clonas con mejor reconocimiento que el scFv de BCF2, comparando las

propiedades de afinidad, estabilidad y capacidad de neutralizacion.
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7. MATERIALES Y METODOS NO PUBLICADOS.

A) Analisis de expresién del scFv del BCF2 por SDS-PAGE.

Se prepar6 un gel en condiciones desnaturalizantes (SDS-PAGE al 12%), para ver la expresion del
scFv de BCF2. Se cargaron las muestras de las proteinas recuperadas de la columna de Niquel-
agarosa y fueron evaluadas en el gel de poliacrilamida por tincidn de coomasie. El control negativo

empleado fue una muestra igualmente procesada de la cepa TG1 sin el anticuerpo.

B) Eleccién del sistema para la recuperacion de los fago-anticuerpos.

Para determinar que sistema es mas eficiente para la recuperacion de los fago-anticuerpos en los
procesos de tamizado, se emple6 el fago-anticuerpo de cadena sencilla de BCF2. Se probaron 3
formas de recuperacion: eluciéon con TEA (Marks et al, 1991), elucién con células (Sblattero y
Bradbury, 2000) y elucién con tripsina (Goletz et al, 2002).

En tres tnmunotubos se colocaron 10 pg/ml de toxina Cn2, en buffer de carbonatos 50 mM, pH 9.4y
se incubaron toda la noche a 4°C. Después de saturar los inmunotubos con BSA 0.5% en buffer PBS
IX, se agregd 1 ml de los fago-anticuerpos a una concentracién de 2X10™ fagos/ml. Después de los
lavados se realizd la recuperacion de los fagos-anticuerpos de la siguiente forma: un inmunotubo se
traté con 1 ml de TEA 100 mM durante 30 min; posteriormente se realiz6 la neutralizacién con Tris
HCl IM, pH 7. Al segundo inmunotubo se le agregé | ml de tripsina InM por 30 min.
Posteriormente, con los fagos eluidos de los inmunotubos primero y segundo, se infectaron células y
se realizé la recuperacidn en cajas con medio YT2X con Gluc 2% y Amp (200 pg/ml), para
cuantificar el nimero de fago-anticuerpos recuperados y poder comparar la eficiencia.

Al tercer inmunotubo se le agregd 1 ml de células XLI-Blue de D.O de 0.7 a 600 nm, la muestra fue

incubada 30 min sin agitacién y 30 min en agitacion a 37°C, para una recuperacion directa.

C) ELISA de fago anticuerpos de cuarta ronda de tamizado (PUBLICADO).

La metodologia de esta prueba se encuentra en el Articulo 2 (Anexo 6).

D) Caracterizacion de las variantes seleccionadas como fago-anticuerpos.

1) Pruebas de reconocimiento a Cn2 en ELISA.
Se probd la capacidad de unién de los scFvs a la toxina Cn2 por medio de la prueba de ELISA. Se

emplearon las mismas concentraciones de fago-anticuerpos de cada variante. La union fue revelada
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con un anticuerpo anti M13 acoplado a la enzima peroxidasa. Los experimentos se realizaron 4 veces
para cada muestra.

2) Estabilidad funcional.

La estabilidad de los fago-anticuerpos se realizé como se describe en el articulo 1 (Resultados
publicados). En la placa de ELISA se colocaron 100 ul/pozo de la toxina Cn2 a una concentracion de
3 ug/ml. Posteriormente se colocaron 100 ul/pozo de los fago-anticuerpos, a una concentracion de
5X10"! fagos/ml, en presencia de diferentes concentraciones de cloruro de guanidinio. La unién de

los fagos en estas condiciones se revelé como en el ELISA de especificidad, estas pruebas se

realizaron 4 veces.

E) Pruebas de neutralizacién en la relacién molecular 1:1 (toxina/scFv dimérico).

Para determinar si los anticuerpos seleccionados en concentraciones equimolares tienen la capacidad
de neutralizar a la toxina Cn2, se realizaron los experimentos, siguiendo la metodologia descrita en el
articulo 1, donde se probd la relacion molecular 1:1 de toxina y los anticuerpos seleccionados. De la
misma forma se realiz6 la verificacién de la capacidad de neutralizacién del anticuerpo monoclonal

BCF2 en una relacion molecular 1:10 (toxina/anticuerpo).

F) Ensayos de desplazamiento en BLACORE.
Para saber si la variante evolucionada (Triple mutante) reconoce el mismo epitope que el anticuerpo

monoclonal BCF2, en la toxina Cn2, se realizaron 2 ensayos de competencia en BIACORE.

1) En el primer ensayo de competencia se agregaron los anticuerpos de manera independiente
sobre el antigeno (Donini et al. 2003). La toxina Cn2 fue fijada a un chip (placa metalica de
oro con dextranos, que tienen grupos carboxilatos a los cuales se une el antigeno a evaluar),
saturando sus epitopes con el anticuerpo BCF2. Posteriormente, se inyecté un segundo
anticuerpo (scFv Triple mutante) que también reconoce a Cn2 y finalmente se inyect6 un
tercer anticuerpo (scFv 6009F; Articulo 2), que reconoce un epitope en la Cn2 diferente al
reconocido por el BCF2. El sensograma obtenido permite detectar la competencia entre dos
anticuerpos por un mismo epitope (cambio no significativo en los valores de RU) o la unién

de un anticuerpo a un diferente epitope (incremento notorio en los valores de RU).
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Este primer ensayo también se realizé saturando los epitopes de Cn2 con el scFv Triple
mutante, luego inyectando el BCF2 y finalmente el scFv 6009F.

2) En el segundo ensayo se agregan dos anticuerpos al mismo tiempo sobre el antigeno y
también de manera independiente, comparando los diferentes sensogramas (Amersdorfer et al,
2002). Se realizaron aplicaciones independientes de la triple mutante y el BCF2, los
sensogramas obtenidos de estos anticuerpos son comparados con el sensograma obtenido al
aplicar la mezcla (Triple mutante + BCF2). La concentracion de los anticuerpos fue la misma
(20 nM). Esta fue la segunda forma de verificar que los anticuerpos BCF2 y scFv Triple

mutante reconocen el mismo epitope en la toxina Cn2.

8. RESULTADOS PUBLICADOS

Los resultados de este trabajo fueron publicados en la revista J Mol Biol. 346: 1287-1297, con el
titulo: Directed Evolution, Phage Display and Combination of Evolved Mutants: A Strategy to
Recover the Neutralization Properties of the scFv Version of BCF2 a Neutralizing Monoclonal
Antibody Specific to Scorpion Toxin Cn2 (Articulo 1).

También se contribuyd en la elaboracion del articulo publicado en la revista FEBS J. 272: 2591-2601
con el titulo: A strategy for the generation of specific human antibodies by directed evolution and

phage display (Articulo 2). Sobre este iiltimo trabajo no se discuten los resultados en esta tesis
(Anexo 6).
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Evolved Mutants: A Strategy to Recover the

Neutralization Properties of the scFv Version of BCF2 a
Neutralizing Monoclonal Antibody Specific to Scorpion

Toxin Cn2
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BCF2, a monoclonal antibody raised against scorpion toxin Cn2, is capable
of neutralizing both, the toxin and the whole venom of the Mexican
scorpion Centruroides noxius Hoffmann. The single chain antibody fragment
(scFv) of BCF2 was constructed and expressed in Escherichia coli. Although
its affinity for the Cn2 toxin was shown to be in the nanomolar range, it was
non-neutralizing /n vivo due to a low stability. In order to recover the
neutralizing capacity, the scFv of BCF2 was evolved by error-prone PCR
and the variants were panned by phage display. Seven improved mutants
were isolated from three different libraries. One of these mutants, called G5
with one mutation at CDR1 and another at CDR2 of the light chain, showed
an increased affinity to Cn2, as compared to the parental scFv. A second
mutant, called B7 with a single change at framework 2 of heavy chain, also
had a higher affinity. Mutants G5 and B7 were also improved in their
stability but they were unable to neutralize the toxin. Finally, we
constructed a variant containing the changes present in G5 and B7. The
purpose of this construction was to combine the increments in affinity and
stability borne by these mutants. The result was a triple mutant capable of
neutralizing the Cn2 toxin. This variant showed the best affinity constant
(Kp=7.5%10"'' M), as determined by surface plasmon resonance (BIA-
core). The k,, and ko¢ were improved threefold and fivefold, respectively,
leading to 15-fold affinity improvement. Functional stability determi-
nations by ELISA in the presence of different concentrations of guani-
dinium hydrochloride (Gdn-HCI) revealed that the triple mutant is
significantly more stable than the parental scFv. These results suggest
that not only improving the affinity but also the stability of our scFv were
important for recoverng its neutralization capadty. These findings pave
the way for the generation of recombinant neutralizing antisera against
scorpion stings based on scFvs.

© 2005 Elsevier Ltd. All rights reserved.

Keywords: directed evolution; affinity maturation; functional stability;
phage display; single chain antibody fragment {scFv)

Introduction

Abbreviations used: CDR, complementarity

i on ioht- : : Immune serum therapy (serotherapy), has been
:ﬁﬁmééﬁﬁz’gﬁﬁ%‘fgﬁﬂgffﬁ'f,",;f‘“gle chain used during the last century for the treatment of
hydrochloride. poisonjng caused by animal bites and stings in
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Scorpion stings in Mexico reach over
200,000 accidents per year with a mortality of
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approximatety 700 people during the seventies and
eighties. For the nineties, the fatalities reported
were 300 and by 1998, 136 (Weekly Epidemiological
Bulletin, Mexican Health Ministry, week 52, 1998).
During 2002 the number diminished to 70 due to an
intensive serotherapy campaign. The antivenom
currently used in Mexico consists of bivalent F(ab’),
fragments obtained from hyper-immunized horses
with a water extract from venomous glands of
Centruroides scorpions.”

The monoclonal antibody BCF2 neutralizes the
deadly effects of Cn2 toxin, which is present in the
venom of one of the most dangerous species of
Mexican scorpions (Centruroides noxius Hoffman).?
Cn2 is one of the most abundant (6.8% of total
venom), and toxic (LDsq=0.25pug/20 g mouse)
peptides of this venom. BCF2 is able to neutralize
also the whole venom.*

A new perspective for the treatment of scorpion
poisoning by means of recombinant antibodies, has
emerged recently. Two recombinant single chain
antibody fragments (scFv) derived from their
respective monoclonal antibodies have been
expressed in bacteria>® Antibody 4C1 binds
specifically to and neutralizes the most potent
neurotoxin (Aahll) from the scorpion Androctonus
australis Hector.” Another antibody named 9C2
neutralizes the toxins Aahl and Aahlll from the
same scorpion.®” Both recombinant scFvs showed
neutralizing activities similar to those of the original
monoclonal antibodies. However, other examples of
scFvs derived from their respective monoclonal
antibodies have lost their recognition capacity or
have shown a decreased affinity®>® The scFv
antibody format presents several advantages with
respect to the whole antibody, like better diffusion,
penetrability and faster elimination. However, their
low stability makes them less attractive to be used
as therapeutic molecules.!!"!* Directed evolution
has been used to improve the affinity and/or the
stability of scFvs. 1416 Error-prone PCR (epPCR),
allows us to introduce different rates of mutagon in
the DNA segments encoding the scFvs by means of
the use of Taq polymerase under specific con-
ditions."”"'® The repertoires generated by epPCR
can be displayed on the surface of filamentous
phages (phage display) for the subsequent selec-
tion (bio-panning) of the clones improved in
the desired pro[ferties like recognition capacity
and/or stability*-2¢

A new generation of anti-venioms could be based
on a set of recombinant antibody fragments, which
would be capable of neutralizing the most abun-
dant and toxic components of the verom of a
dangerous group of animals.

Here, we report the construction, expression and
functional characterization of the scFv from the
monoclonal antibody BCF2 (scFv BCF2). Since this
construction was not neutralizing, two mutants (G5
and B7) were generated by directed evolution of the
DNA segment encoding the sckFv BCF2. Both
mutants showed an improved stability. They also
had an increased affinity to the Cn2 toxin as

compared with the parental scFv, but were unable
to neutralize the toxin in vivo. The combination of
both variants resulted in a dimeric scFv (triple
mutant) with the adequate affinity and stability to
neutralize the Cn2 toxin.

Results

Censtruction and displaying of scFv BCF2

The gene coding for scFv BCF2 was cloned into
the pSyn2 displaying vector and the construction
was verified by DNA sequencing. Figure 1 shows
the scFv BCF2 amino acid sequence translated from
sequenced DNA. The segments involved in the
corformation of the three loops corresponding to
the complementarity determining regions (CDRs)
of the Vi and Vy domains,” are indicated. The scFv
BCF2 was evaluated by phage-antibody ELISA. It
was able to recognize specifically the Cn2 toxin
(Figure 2). Other proteins, including close homo-
logous scorpion toxins, such as Cll1, Cli2, Pg7, Pg8
and toxic fraction 1I, and unrelated proteins,
trypsinogen, casein and BSA were not recognized.

Expression and purification of soluble scFv
BCF2

The scFv BCF2 gene sub-cloned into the pSynl
vector, was expressed by IPTG induction using the
TG Escherichia coli strain. The protein was
extracted from the periplasm and purified by ion-
metal affinity chromatography (IMAC). The
purified fraction containing the antibody fragment
was separated into two peaks after flowing through
a Superdex 75 column. The faster peak (18 minutes,
elution time), corresponded to the dimeric form of
the scFv and the second peak (20.5 minutes, eluton
time), to the monomeric form. The typical yield was

CDR-H1
1 EVOLOQSGPELVKPGASMKISCKV SCYSFTDHTMNWVKRS 40

CDR-H2
41 HGKNLELIG LINPFNGDAT YKQKFTGKATLTVDRSSSTAF 80

CDR-H3
81 MELLSLTSEDSAVYYCAR YGNYAMDY WGQGTSVTVES GGG 120

Linker
121 GSGGHASGGAES DIVLTQSPVSLAVSVGQRATISC KASQS 160

CDR-L CDR-L2
16) VDFDGESYMN WYQQKPGQPPKLLIY VVSNLES GIPARFSG 200

CDR-L3
201 SGEGTDFTLNIHPVEERDARTYYC QOSNEDPLT PGAGTNL 240

24) EBLK 243

Figure 1. Amino acd sequence of the scFv BCF2.
Amino add residues corresponding to the CDRs” are
underlined. Linker peptide is shown in bold. The
numbers shown correspond to a continuous numbering
which includes the linker.
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Figure 2. Specificity ELISA of I;:hag«&arlt-lbodiee.. Phage
titers were normalized to 5X 10" phages/ml. Specificity
of recognition was confirmed by using different antigens
(Cn2, CIN, ClI2, Pg7, Pg8, toxic fraction T, trypsinogen,
casein and BSA). See Materials and Methods. Data are
means of four experiments. Error bars show the standard
deviation from the mean.

0.3 mg of soluble total protein per liter of culture.
These two peaks represented an estimate of 30%
and 70%, respectively, of the recovered protein
(data not shown). Monomeric and dimeric fractions
under SDS-PAGE conditions showed a M, of
approximately 30 kDa.

Neutraiization of toxin Cn2 by scFv BCF2

The capacity of scFv BCF2 to inhibit the toxic
effects of Cn2 was tested in oivo in CD1 female mice.
In these assays the scFv BCF2 (monomeric or
dimeric), despite being capable of recognizing
specifically the Cn2 toxin in ELISA, was unable to
inhibit the deadly effects of Cn2. We only show the
data corresponding to the dimeric form (Table 1).
We have observed that 20 minutes after the injection
of Cn2, the first clinical symptoms of intoxication
are present. The protective capacity of scFv BCF2
was practically non-existent as evidenced by the
appearance of the poisoning symptoms almost at
the same time as they occurred in the control

animals (injected with Cn2 only). A subtle delay of
five to ten minutes in the appearance of sympto-
matology was observed, but the mortality rate was
consistently higher than in the control group
injected with the toxin alone, suggesting that the
scFv BCF2 caused a kind of potentiation of the Cn2
toxicity. This phenomenon was already reported by
our group when a synthetic vaccine against the
venom of C. noxius was assayed.”®

Construction and characterization of the mutant
libraries of scFv BCF2

The scFv BCF2 DNA segment was used as
template to generate three random libraries: low,
medium and high rate of mutation. The sizes were
7.8X107, 1.8X10” and 1.6X10° transformants,
respectively. Ten independent plasmid clones from
each library were sequenced to determine the
diversity and the mutation rate. The experimental
values of mutation rate (ow 0.1%, medium 0.8%
and high rate of mutation 4.7%} were very close to
the theoretical reported values.'”!® The analysis of
the DNA sequences allowed us to conclude that the
mutations were all different and randomly diskri-
buted throughout the frameworks, CDRs and
linker.

Biopanning and characterization of the mutants
of scFv BCF2

Mutagenic libraries were panned against the Cn2
toxin. From the fourth round of panning, we
analyzed 88 colonies from each library by phage-
antibody ELISA. About 90% of the positive clones
showed higher signals than phage-scFv BCF2. We
performed. a second ELISA in which we tested the
expressed soluble proteins (non-phage associated)
from those variants. We found that only eight clones
recognized Cn2 with higher signals than scFv BCF2
(Table 2). Two of them were from the low rate of
mutagenesis library and six from the medium rate
one. The high rate of mutagenesis library did not
yield any Cn2 recognizing clone. Those eight clones
were sequenced, and the analysis of the DNA
sequences revealed that only seven were different.
Two mutants named G5 and B7, giving the
strongest signals in a quantitative ELISA, were
further characterized. Mutant B7 was found twice
among the eight clones tested as soluble scFvs
(Table 2). The mutant G5 showed two mutations,

Table 1. In vivo neutralization of toxin Cn2 by dimeric scFv BCF2, G5, B7 and triple mutant

Cn2 1LDs; 0.25 g of Survival ratio protected /
Test Cn2/20 g mouse Molar ratio Cn2: scFv injected
No antibody 1LDso - 5/10
scFv BCF2 1D, 1:10 1/10
G5 1LDs 1:10 3/10
B7 1LDsg 1:10 2/10
Triple mutant 1LDs) 1:10 10/10

Negative control (no antibody): the mice were injected with the toxin alone.
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Table 2. Description of the selected mutants

Number of
Clone Library changes Change® Position® Region
GS L 2 Q7R 159 CDR1 V.
V51A 187 CDR2 V.
En L 2 G7R 124 Linker
Q27R 159 CDR1 V,
A9 M 3 L82cH 86 Fw3 Vy
N92K 28 CDR3 V,
E93V 229 Fwd Vi
B3 M 4 F53Y 54 CDR2 Vy
K60N 61 CDR2 Vy
SN3T 17 Fwi4 Vi
158V 194 Fw3 Vo
B? M 1 N35! 35 Pw2 Vy
Di M 1 N33l 35 Fw2 Vy
D3 M 1 K60N 61 CDR2 Vy
D4 M 1 Y98H 102 CDR3 Vy

Source: L, scFvs isolated from the low mutagenesis Library; M, scFvs isolated from the medium mutagenesis library.
The number, the type and the location of the changes are indicated, Two numbering systems were used.
* Individual numbering of variable chains according to Chothia,”

® Continuous numbering which includes the linker. CDR, complementarity determining region; Fw, framework, Vi, heavy chain; Vi,

light chain.

one at CDR1 (Q27R) and the other at CDR2 (V51A)
of the light chain (Figure 1; Table 2). Mutant B7
showed a single change (N35I) at framework 2 of
the heavy chain (Figure 1; Table 2). Phage-anti-
bodies of mutants G5 and B7 were assayed by
ELISA to confirm that these variants conserved
their specificity to Cn2 toxin (Figure 2). G5 and B7
were expressed as soluble proteins and purified.
The Superdex 75 elution profile for G5 revealed the
presence of two peaks corresponding to the mono-
meric and dimeric forms. In these cultures the yield
of the scFv of G5 was 0.4 mg/1. In the case of B7, it
showed a single peak corresponding to the dimeric
form with a yield of 0.8 mg/l of culture. The
dimeric form from both mutants were employed
in the stability and neutralization assays.

Functional stabllity in guanidinium
hydrochloride

The recognition capacity of the different scFv
proteins (all dimeric) in the presence of increasing
amounts of guanidinium hydrochloride (Gdn-HCI),
as a measure of the functional stability, was
evaluated by ELISA. These results revealed that
1M Gdn-HCl was the critical concentration for
functional stability, because the ability of scFv BCF2
to recognize Cn2 decreased significantly. The scFv
BCF2 lost approximately 50% of its binding
capacity, G5 still showed a significant high signal
(lost only 10%) and B7 still had 100% binding
(Figure 3). Simnilar results were obtained when the
corresponding phage-antibodies were tested under
the same conditions (data not shown).

Neutralization of toxin Cn2 by G5 and B7
mutants

In spite of showing an increased binding activity to
Cn2 toxin and also having an improved stability, the

mutants G5 and B7 (dimeric forms) were unable to
neutralize the toxic effects of Cn2 (Table 1). However,
some interesting observations were made: B7 mutant
showed similar effects as compared to scFv BCF2 in
terms of the time at which the poisoning symptoms
appeared. Importantly, the mutant G5 did not show
any symptoms up to three to four hours, after the
typical envenoming symptoms appeared.

Construction and characterization of the triple
mutant

The mutations present in the clones G5 and B7

120

—b—scFv BCF2
—o—G5
op 100 ———-B7
% —=a— Triple mutant
E 80
X
g 40/
Lo
Q
o
S 20
0 T T T v 1
0 0.5 1 2 3 4

Guanpidinium HCl (M)

Figure 3. Functional stability determination of dimeric
scFv antibody fragments. Cn2 binding by scFv BCF2, G5,
B7 and triple mutant in the presence of different
concentrations of guanidinium hydrochloride as deter-
mined by ELISA. The antibody concentration was
normalized to 10 pg/ml. Data are means of four experi-
ments. Ertor bars show the standard deviation from the
mean.
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were combined by means of PCR to obtain a variant
with a significant improvement in affinity and
stability, as a result of the synergistic contribution
of both mutants. This combination resulted in a
triple mutant whose identity was verified by DNA
sequencing (Figure 1). This mutant was purified by
gel filtration and its elution profile revealed the
presence of a single peak with an elution time
corresponding to a dimeric scFv (data not shown).
This variant had the best expression level; the yield
was 1 mg of soluble protein per liter of culture. The
functional stability in Gdn-HCl of this protein was
evaluated. It was shown to be significantly more
stable than scFv BCF2 (Figure 3). At 2 M Gdn-HCl
this variant still showed 50% binding while the other
scFvs lost more than 90% of their binding activity.

Surface plasmon resonance (BiAcore)
measurements

The affinity constants for all the scFvs were
determined using soluble protein from their
dimeric forms (Table 3). The Kp values of the
scPvs were: scFv BCF2=11X10"°M; G5=4.3%
107 "M and B7=7.1X10"'"°M. The affinity con-
stants of G5 and B7 were 2.5-fold and 1.5-fold
higher than parental scFv BCF2, respectively. The
triple mutant showed the best affinity constant
(Kp=75%10""M). These results correlate with
the functional stability assays (Figure 3). This
increment in the affinity of the triple mutant, is
another aspect that reflects the additive effect of the
changes already present in mutants G5 and B7.

Neutralization test of the triple mutant against
toxin Cn2

A molar ratio 1: 10 (toxin:dimeric triple mutant),
was used for protection assays in vivo. After eight to
ten hours post-injection, the mice showed minor
symptoms of poisoning but recovered rapidly. All
of them survived after 36 hours of observation
(Table 1).

Discussion
Characterization of scFv BCF2

In our laboratory, several monoclonal antibodies

Table 3. Affinity and binding kinetics for the dimeric scFv
of BCF2 and its mutants

Antibody kon (M~ 's™) kow (571 Kp (M)

scFv BCF2 4.0x10° 45x307 Lix10~?
G5 67X10° 29x1071 43x107'¢
B7 23%10° 1.6X 1071 7.1x107'°
Triple mutant 11x10° 85%x107° 75%10™"

Association (ko) and dissociation (kos) rate constants were
determined using surface plasmon resonance (BlAcore) and Kp
was calculated as kagfkon.

against Cr2 have been generated.® BCF2 was the
only antibody that protected against toxin Cn2 and
the whole venom of C. noxius Hoffmann.* This
species is one of the most dangerous scorpions in
Mexico and probably in the world.

The possibility to generate an antibody fragment
like an scFv capable of neutralizing a toxir, is an
important alternative in the therapeutic antibody
area, because they have a reduced size and cause
low immunological reactions in heterologous
organisms. This new approach for the treatment of
scorpion stings by means of recombinant antibodies
has appeared recently. The scFv fragments derived
from monoclonal antibodies 4C1 and 9C2 were able
to neutralize their respective toxins.>” The scFv of
BCF2 generated here, although having a Kp in the
nanomolar range (1.1X107 " M; Table 3), did not
neutralize toxin Cn2. Possible explanations to
this fact can be given by: (a) a fast dissociation
(4.5%10™% s™1), which facilitates the detachment of
the toxin from the antibody-toxin complex, allow-
ing the toxin to bind to its target; (b) the
corformation adopted by Vy and V. domains,
which might not have the same orientation as in the
monoclonal antibody, resulting in a decrease of the
binding capadity, as it has been reported for other
scFvs;'%13 and (c) the low functional stability of the
scFv BCF2, which in the presence of 1 M Gdn-HCl
lost 50% of activity (Figure 3).

Characterization of evotlved scFv BCF2 variants

The loss of neutralizing activity of the scFv BCF2
prompted the initiative to look for variants
improved in their binding capacdity and stability,
aimed at recovering the neutralization capacity. For
this purpose, we decided to generate three error-
prone PCR libraries of different rates of muta-
genesis (low, medium and high) in order to explore
a wide range of combinatorial mutations. After four
rounds of panning several phage-antibodies were
isolated, which gave stronger signals in ELISA as
compared to phage-scFv BCF2. When these phage-
antibodies were tested as soluble proteins, only
about 10% maintained their binding capacity,
indicating that most of them had lost their
recognition ability. This phenomenon has been
well characterized and it has been explained in
terms of the stabilizing effect of pIIl on the surface
of the phage.® Some scFvs, when they are dis-
played on the surface of filamentous phages
recognize efficiently their respective antigens, but
when they are expressed as free proteins, lose their
recognition capacity due to a decrease in stability,
indicating that only those conserving their stability
will be functional. When we assayed the selected
clones as soluble proteins, we chose two of them
with the best affinities: G5 and B7, which mam-
tained their specificity to Cn2 toxin (Figure 2). The
variant G5, with one mutation at CDR1 (Q27R) and
another at CDR2 (V51A4) of the light chain, showed
an improvement in affinity (Table 3), and stability
(Figure 3). At 1M Gdn-HCl it showed an activity
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higher than scFv BCEF2 (approximately 40%)
(Figure 3), however, it did not neutralize Cn2
toxin (Table 1).

Similar results have been obtained by other
members of our laboratory, which indicate that
not only a high affinity but also a good stability are
necessary to reach the capacity to neutralize a toxin
(LR-U., VR].-G, T.O.-P, MO-L,, LD.P. & B.B,
unpublished results). It has been shown that
mutations at CDRs generally result in an improve-
ment of the binding capacity due to the direct
contact of loop residues with the antigen.* Qur
results are in agreement with these data. The
changes at CDRs of G5 improved the affinity of
this variant. An improvement of the stability was
also observed. This level of improvement was still
insufficient to confer to this mutant the capacity to
neutralize the toxin. The most important obser-
vation was that mutant G5 delayed the onset of
poisoning symptoms, indicating that the improve-
ments in affinity and stability were characteristics
that favor neutralization.

On the other hand, it has been reported that
certain mutations at frameworks can improve the
affinity of the antibody for its antigen.''¢* The
mutant B7 has a single change (N35I) at framework
2 of heavy chain. When it was purified by gel
filtration, a single peak with an elution time
corresponding to a dimeric scFv was recovered.
An interesting effect of this mutation was an
increase in the protein yield (2.6-fold) as compared
to scFv BCF2. This mutation produced a dimeric
variant that is more stable. It was demonstrated in
the functional stability assays that this clone, at 1 M
Gdn-HCl, was 50% more stable than scFv BCF2 and
10% more stable than mutant G5 (Figure 3). The
increase in stability of mutant B7 can be explained
based on its intrinsic dimeric properties. This
mutant showed a similar Kp to G5 (Table 3).
Noteworthy, this single mutation at the framework
2 of B7, improved both its affinity and stability,
although not sufficient to confer a neutralizing
capacity.

Comblination of improved scFv BCF2 variants
(triple mutant)

The properties shown by mutants G5 and B7 in
terms of their increase in affinity and stability with
respect to the parental scFv BCF2, suggested
experiments aimed at combining the mutations
carried by these variants in order to obtain an
antibody fragment improved in these two par-
ameters and hopefully producing a neutralizing
antibody. The triple mutant was constructed and
expressed, giving the best yield (1 mg/] of culture).
The protein was tested in the neutralization assays
and it was capable of neutralizing Cn2 toxin
(Table 1). This variant protected 100% of mice. Its
affinity constant (Kp), was 7.5X 10~ " M (Table 3), in
which the k., and k,g were improved approxi-
mately threefold and fivefold, respectively, as
compared to scFv BCF2, leading to 15-fold

affinity improvement. With respect to the functional
stability of the triple mutant (Figure 3), while the
other variants showed only marginal values, at 2 M
Gdn-HC], this mutant still retained approximately
50% activity. These results indicate that in this
mutant two determining characteristics were com-
bined, which resulted in its neutralizing capacity: a
significant improvement in affinity and stability as a
result of the contribution of mutations at CDRs of
the Vi and the mutation at the framework 2 of the
Vi

Dimeric scFvs with shortened linker, which
showed a better affinity and higher stability than
the monomeric form, have been reported. This is the
case of a scFv specific for Aahl scorpion toxin,
whose dimeric form had a Kp in the sub-nanomolar
range. It was neutralizing and very stable®’ In
another case, the dimeric format was required to
neutralize the human cytomegalovirus.”> We have
also observed consistently in our laboratory that
dimerization, both as a consequence of shortening
the linker joining the variable domains or by
directed evoluton without shortening the linker,
has resulted in an improvement of the stability of
the single chain. These results suggest that dimer-
ization was important for functional stabilization.

Putative effects of the mutations on the
interaction antibody-toxin

The NMR structure of the Cn2 toxin,™ a mode! of
the Fv fragment of BCF2 and experimental data
generated by epitope mapping,* have been used to
propose a spatial model of the interaction between
BCF2 and Cn2* We made use of this model in
order to obtain some insights into the nature of the
changes that the mutations herein described could
imply at the structural level (Figure 4). The light
chain Q27R substitution, places a positively
charged amino acid in a region where two acidic
amino acids (light chain E93 and Cn2 E28), one
belonging to the antibody and the other to the toxin,
are expected to be located in close proximity. The
R27 could be involved in the formation of new salt
bridges with at least one of them, releasing in this
way the tension generated by the natural repulsion
between the two negatively charged residues. This
could directly lead to an increase in the affinity of
the interaction. On the other hand, the heavy chain
position 35, although not directly located at the Vy—
V interface, is a residue in close contact with the
hydrophobic layer of amino acids that do conform
this interface. We postulate that the replacement of a
hydrophilic residue at this position (Asn) for a
hydrophobic one (lle) could lead to a change in the
geometry and/or stability of the intramolecular
V-V, interaction, favoring the formation of the
dimeric scFv, and consequently affecting in a
positive way the recognition properties of the
whole antibody fragment. We could not come to a
plausible explanation for a putative effect of the Vi
V51A mutation on the BCF2-Cn2 interaction in
light of the structural model. There seems to be no
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Figure 4. Stereo view of a segment of the BCF2-Cn2 complex model. Restricted part of the C* trace and side~chains of
the complex with the Q27R (Vi) and N35I (Vi) mutations included. The mutant amino acid residues are shown in
magenta. The remaining side-chains are represented in RGB colors. The BCF2 light and heavy chain traces are shown in
blue and yellow, respectively. The Cn2 toxin trace is displayed in green. Image created using the software package Swiss

PDB Viewer (http://www.expasy.org/spdbv/).

significant change in the structure due to the
replacement of Val by the similar Ala. However, we
cannot rule out the possibility that this mutation
could have caused a local change undetectable at the
model level but contributing with the Q27R mutation
to increase the affinity and /or stability of G5 mutant.

In conclusion, we constructed the single chain Fv
(scFv) of the monoclonal antibody BCF2 raised
against toxin Cn2 from the venom of the Mexican
scorpion Centruroides noxius Hoffmann, and realized
that this single chain was unable to neutralize Cn2
toxin. Two mutants (G5 and B7) were isolated from
three different libraries with a wide range of
variability generated by random mutagenesis. None
of these mutants was able to neutralize the Cn2 toxin.
The combination of the mutations from G5 and B7
resulted in a triple mutant, which was capable of
neutralizing Cn2 toxin in vivo. The analysis of the
regions in which the mutations occurred, based on the
reported model for the struchire of the complex
antibody-toxin, provided a working hypothesis to
explain the effect of these mutations on the stability
and affinity of the triple mutant.

Using the approaches here described, low affinity
and low stability antibody fragments (scFvs), can be
modified in order to improve such properties. There
seems to be a relationship between the improve-
ment in those parameters (stability and affinity) and
the protein yield.

A new generation of anti-venoms containing a
limited number of highly specific antibody frag-
ments capable of neutralizing the most abundant
and toxic components of a venom can be obtained
by means of the procedures reported here.

Materials and Methods
Toxins

All the scorpion toxins used here are specific for

sodium channels and were purified and characterized
in our Jaboratory. Toxin Cn2 was isolated from the venom
of C. noxius Hoffmann.® Pg7 and Pg8, were isolated from
Parabutus granulatus (unpublished data). Cl1)* and Cli2,
were isolated from Centruroides limpidus limpidus.”

Toxic fraction IT was isolated from the venom of the
scorpion Centruroides limpidus limpidus. This fraction was
obtained by molecular weight sieving in Sephadex G-50
column chromatography, and contains a mixture of all
Na™* channel specific toxins.*

Enzymes

Notl, Sfil, BstN], Taq polymterase, high-fidelity Vent
polymerase and T4 DNA ligase, were purchased from
New England Biolabs (Berverly, MA, USA).

Escherichia coll strains

TG1: K12 A(lac-pro), supE, thi, hsdD5/FtraD36,
proA*B*, lacl?, 1acZAMI1S.

XL1-Blue: F:Tnl0 proA*B*, lacld, A(lacZ)M15/
recAl, endAl, gyrA96 (Nal®), thi, hsdR17 (ry my)
gIinV44 relAl, lac.

Construction of scFv BCF2

The segments of DN A used for the assembly of the scFv
BCF2 were amplified from the pMrec-chFab-BCF2
phagemid® by means of a threestep PCR using high-
fidelity Vent polymerase. In the first step, the variable
domains were amplified. For the heavy chain, two

rimers were used: Vi4BCF2 &', a forward oligonucleotide
(5' GAG GTT CAG CTG CAA CAG TCT ¥) and V,BCF2
3, a reverse oligonucieotide (5’ TGA GGA GAC GGT
GAC TGA GGT 3'). In the case of the light chain, the
combination of oligonucleotides was V,.BCF2 5, forward
(5 GAC ATT GTG TTG ACC CAATCT 3') and V,BCF2 ¥,
reverse (5' TTT CAG CTC CAG GTT GGT CCC 3'). In the
second PCR step, overlapping sequences corresponding
to the scFv linker ((Gly,Ser),) were introduced into each
variable domain encoding fragment. The primers used
were VyBCF2 5’ and linkVy (5 AGA GCC ACC TCC
GCC TGA ACC GCC TCC ACC TGA GGA GAC GGT
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GAC 3') for heavy chain, and linkV, (5’ GGC GGA GGT
GGC TCT GGC GGT GGC GGA TCG GAC ATY GTG
TTG ACC 3) plus V.BCF2 ¥ for light chain. The
conditions used for the first and second steps of PCR
were: one hold at 94° C for three minutes, 30 cycles at
94 °C for one minute, 55 °C for one minute and 72 °C for
one minute, with a final extension hold at 72 °C for ten
minutes. In the third step, a combination of overlapping
PCR and amplification of the overlapped product took
place; VyforSfil (5' GTC CTC GCA ACT GCG GCC CAG
CCG GCC ATG GCC GAG GTT CAG CTG CAA CAG
TCT 3') and VyrevNotl (5'GAG TCA TTC TCG ACT TGC
GGC CGC TTIT CAG CTC CAG GTT GGT CCC AGC
ACC 3'), were the primers used for the amplification of an
approximately 800 bp DNA segment encoding the scFv
BCF2. These primers include restricon sites for Sfil
and Notl. For the overlapping reaction, the conditions
were: eight cycles at 94°C for 1.30 minutes, 60°C for
1.30 minutes and 72 °C for 1.30 minutes, in the absence of
primers and for the amplification, 30 cycles at 94 °C for
one minute, 60°C for one minute and 72°C for one
minute, with a final extension hold at 72°C for ten
minutes. A GepeAmp PCR thermo-cycler (PERKIN
ELMER 2400, Norwalk, CT, USA), was used for all PCR
reactions. PCR products were run in 1% (w/v) agarose gel
electrophoresis and purified using a QlAquick gel
extraction kit (QLAGEN GmbH, Hilden, Germany). The
scFv BCF2 DNA was digested sequentially with Sfil and
Not], run in 1% agarose gel, purified as described and
cJoned into pSyn2 vector (Sfil/Notl digested), in order to
display the scEv on the surface of a filamentous phage.

DNA sequencing

The identty of the scFv BCF2 and its variants was
verified by DNA sequencing using the forward primer
pSynDir (5AAA TAC CTA TIG CCT ACG GCA 3'). As
reverse primers we used RevpSyn2 (5'ACT TIC AAC
AGT CTA TGC GGC 3') for pSyn2 and RevpSynl (5’ ATG
GTG ATG ATG GTG ATG TGC GGC CCC 3') for pSynlin
an Applied Biosystems 3100 Gene Analyzer (Foster City,
CA, USA).

Expresston and purification of soluble scFv BCF2 and
its mutants

The scFv BCF2 DNA segment was subcloned into the
pSyn1 which contains the same restriction sites as pSyn2.
The construction was electroporated into E. coli TG1 cells.
The cells were grown in 500 ml YT2X medjum sup-
plemented with 0.1% (w/v) glucose plus ampicillin
(200 pg/ml) at 37°C. When the culture reached an
Agoo nm=0.7, the scFv expression was induced with
1mM IPTG at 30°C for six hours. The culture was
centrifuged at 4500 rpm (in a Beckman ]2-21 centrifuge
and the JA-20 rotor) at 4 °C for 15 minutes and the pellet
resuspended in 12.5 ml of PPB extraction buffer (30 mM
Tris-HCl (pH 8.0), containing 1 mM EDTA and 200 mg/1
sucrose). The suspension was incubated on ice for 20
minutes and centrifuged at 5000 rpm for 15 minutes.
Supematant was collected and the pellet resuspended in
125 ml of 5mM MgSO,. The resupended pellet was
incubated on jce for 20 minutes and centrifuged at
15,000 rpm (in a Beckman ]J2-21 centrifuge and the JA-20
rotor) for 15 minutes and the supernatant collected. Both
supernatants (periplasmic extracts) were mixed and
dialyzed against PBS1X at 4 °C overnight (O/N). After
dialysis, the periplasmic extracts were purified by Ni**-
NTA affinity chromatography (QIAGEN GmbH, Hilden,

Germany). Samples were eluted with 1 ml of 250 mM
imidazole/PBS1X. The scFvs were purified by gel
filtration chromatography on a Superdex®75 column
(10 mm X 300 mm; Pharmacia Biotech AB, Uppsala, Swe-
den). Eluted fractions containing the dimeric scFv were
used for analysis in ELISA tests and for toxin neutraliz-
ation assays.

In vivo neutralization agsays

CD1 female mice were used for the in vivo neutraliz-
ation assays. The toxin dose was normalized for mouse
weight to correspond to 1 LDsp (0.25 ng/20 g of mouse
weight). One LDsg was incubated with 16 ug of scFv
cortesponding to a molar rado of 1:10 (toxin:scFv
dimeric). The antibody-toxin mixture was incubated for
30 minutes at room temperature and injected intra-
peritoneally into mice. As control, the toxin alone was
used. The animals were observed for up to 36 hours after
injection. Ten animals were used for each test condition
and the survival ratio recorded. These conditions were
considered sufficient for valldation of the experimental
results and were approved by the Committee for Animal
Welfare of our Institute.

Mutant libraries

The scFv BCF2 DNA was used as template to generate
three libraries with different rates of mutation (high,
medium and low) by means of error prone-PCR. A single
round of error prone-PCR, in the conditions required to
obtain the different rates of mutation, was carried out by
the methods described (medium rate'” and high rate®).
For low rate of mutagenesis, we used conventional PCR
conditions but increasing the concentration of MgCl; to
70 mM. The primers used to amplify the mutant libraries
were VpforSAl and VirevNotl. One hold at 95 °C for five
minutes, 30 cycles at 95 °C for one minute, 60 °C for one
minute and 72 °C for 10 minute, with a fina} extension
hold at 72 °C for 10 minutes were the conditions used.
Eight pg of the mutagenized scFv DNA from each library
and 8 ug of pSyn2 phagemid, both previously digested
with Sfil and Notl enzymes, were purified as already
described and ligated at a 1 : 5 molar ratio (vectorinsert)
at 16 °C for 18 hours in a final volume of 200 ul. The
ligated products were electrotransformed into competent
E.coli XL1-Blue cells. The size of the libraries was
determined by plating serial dilutions of the transformed
cells on YT2X plates supplemented with 2% glucose,
ampicillin (200 pg/ml) and tetracycline (30 pg/ml). The
phagemid DNA from ten isolated colonies was purified
and sequenced to determine the diversity and the
mutagenesis rate in each library.

Blopanning

Low, medium and high rate of mutagenesis libraries
were separately panned against the toxin Cn2 of
Centruroides noxius. Two hundred j from the respective
library were inoculated into 15 ml of YT2X supplemented
with 2% glucose plus 200 pg/mi ampidillin and grown at
37°C with shaking (250 rpm). When the absorbance
at 600 nm reached 0.7, 20 pl of helper phage VCSM13
(710" phages/ml) were added. The growing of the
culture and harvesting of phages was performed as
described ' Four rounds of panning were performed,
using decreasing concentrations of the Cn2 toxin in order
to enrich phage-antibodies with increased affinities for
this toxin. MaxiSorp inmunotubes (Nunc-lmmumno™
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tubes Brand products, Roskilde, Denmark) were coated
overnight with 50 pg/ml, 10 ug/m}, 5 pg/md or 1 pg/ml
of Cn2 in 50 mM sodium bicarbonate buffer (pH 9.4) at
4°C. The bio-panning was performed as described.”
After washing with PBS1X Tween-20, bound phages were
detached by adding 1 ml of XL1-Blue cells (Ago0 ran =0.7),
incubating at 37 °C for 30 minutes without shaking and 30
minutes with shaking as described.** The cells were
then plated on two YT2X-agar plates supplemented as
described and incubated at 37°C O/N. Selected
phagemid DNA molecules were once again rescued as
infecting particles from the scraped cells with helper
phage as described above. The phages were used to
initiate a new round of panning. Resulting colonies from
the fourth round were collected and characterized.

Phage-antibody ELISA

A total of 88 isolated colonies from the fourth round of
panning of each library were grown in 100 pl of YT2X
supplemented with 2% glucose plus ampicillin
(200 pg/ml) in the wells of a cell culture plate with flat
bottom (Costar, New York, USA). Culture plates were
incubated at 37 °C with shaking at 250 rpm O/N (Master
plate). Replica plates (round bottom) were prepared
inoculating 2 i of the previous culture in 125 ul/well of
YT2X supplemented as described. Replica plates were
incubated at 37 °C with shaking at 250 rpm for three
hours. Aliquots of 25 ul of 1X10% helper phages/m] were
added to each well. The plates were incubated at 37 °C for
30 minutes without shaking and 30 minutes with shaking
at 250 rpm. The culture plates were centrifuged at
3500 rpm, 4 °C, ten minutes and the supernatant was
remove and the cells resuspended in 125 pl/well of YT2X
supplemented with 200 ug/mi ampicillin and 30 pg/m!}
kanamycin. A final incubation O/N at 30°C with
agitation was done. The culture plates were centrifuged
at 3500 rpm, 4°C, ten minutes and the supernatant
collected for ELISA.

Duplicate ELISA. plates were coated with 100 yul/well of
Cn2 toxin at a concentration of 3 pug/ml in 50 mM sodium
bicarbonate buffer (pH 9.4) and incubated at 4°C O/N.
Plates were washed thrice with PBS1X/0.1% Tween-20
and saturated with 0.5% (w/v) BSA (200 pl/well) for two
hours at 37°C. Plates were washed thrice with
PBS1X/0.1% Tween-20. Fifty ul of phage supematant
were mixed with 50 ul of PBS1X and added to each well of
the previously saturated ELISA plate and incubated at
37°C for one hour. Pjates were washed thrice with
PBS1X/0.1% Tween-20. The presence of bound specific
phage-antibodies was revealed by adding 100 il of a
1:2000 dilution (PBS1X) of horseradish peroxidase
(HRP)-conjugated anti-M13 antibody (Amersham
Pharmacia Biotech, Buckinghamshire, UK). Plates were
incubated in the dark one hour at 37 °C and washed thrice
with PBS1X/0.1% Tween-20. HRP activity was detected
by adding 100 ul/well of 0.1 M sodium phosphate buffer
(pH 5), containing O-phenylenediamine and H;O, as
substrates. After ten minutes, the reaction was stopped by
adding 100 ul/well of 6 M HCl and the absorbances read
at 492 nm in a BIO-RAD ELISA autoreader, model 2550
ElA Reader (BIO-RAD, Richmond, CA, USA). Positive
clones were named according to the position of their
respective well in the master plate.

ELISA of soluble single~chain antibodies

Procedures were similar to phage ELISA except that the
expression of solubte scFvs was initiated by growing of

the colonies from master plate in YT2X/0.1% glucose
supplemented with 200 pg/ml ampicillin, untl the
Ao nn Was 0.7. Plates were incubated for six hours at
37°C with shaking at 250 rpm. Culture plates were
induced by adding 25 pl/well of YI2X medium with
IPTG (USB, Cleveland, OH, USA) and ampicillin to final
concentrations of 1mM and 200 ng/ml, respectively.
Plates were incubated at 30 °C O/N and centrifuged at
3500 rpm for ten minutes at 4°C Fifty pl of these
supematants were added to their respective wells of an
ELISA plate previously coated with 3 ug/ml of Cn2 toxin
in 50 mM sodium bicarbonate buffer (pH 9.4). ELISA
plates were incubated at 37 °C for one hour and washed.
Aliquots of 100 ul/well of a 1: 2000 dilution (PBS1X) of
mouse anbi-c-myc antibody (ZYMED, San Frandisco, CA,
USA) were added. Plates were incubated one hour at
37°C and washed. Aliquots of 100 pi/well of a 1:2000
dilution (PBS1X) of goat ant-mouse-HRP antibody
(ZYMED, San Francisco, CA, USA) were added. Plates
were incubated one hour at 37 °C in the dark and washed.
BRP activity detection and plate reading were done as
already described.

Combination of mutations from G5 and B7

The mutations in G5 and B7, isolated from the panning
procedures, were combined by means of PCR. In the first
PCR the oligos VyforSfil and fso35rev (5 CTT CAC CCA
GAT CAT GGT GTG 3’) were used in an equimolar ratio
in order to amplify the segment containing a mutation at
position 35 (N35]). The B7 DNA was used as template.
The product of this reaction, whose size was 147 bp, was
purified and used as a mega-primer in a second step of
PCR. This second step was carried out using G5 DNA as
template. The mega-primer generated in the first round of
PCR and oligo VyrevNot! were used as primers. One hold
at 94°C for three minutes, 30 cycles at 94 °C for one
minute, 60 °C for one minute and 72 °C for one minute,
with a final extension hold at 72 °C for ten minutes were
the conditions used in both steps. The PCR product was
extracted, purified from an agarose gel and digested
sequentially with Sfil and Notl. One hundred ng of the
800 bp fragment were ligated with 100 ng of pSyn2 and
pSyni vectors. The constructions were transformed into
E. coli TG}. The combination of mutations was verified by
DNA sequencing.

Specificity test of phage-antibodies

High binding ELISA plates (polyestyrene; COSTAR
3366, New York 14831, NY, USA) were coated
(100 pl/well) with different antigens at the indicated
concentration, in 50 mM sodjum bicarbonate buffer
(pH 9.4). The toxins used as antigens were all spedific
for sodium channels, approximately 7 kDa M, and their
concentration was 1 ug/ml (Cn2, Cli1, Cl12, Pg7 and Pg8).
The proteins used at 20 pg/ml were: casein, BSA and
trypsin. Toxic fraction I of scospion C. limpidus limpidus at
20 pg/ml, was also employed. The pha%e-antibodies were
added at a concentration of 5%X10"/ml in PBS 1X
(100 ul/well). ELISA plates were processed as described.

Functional gtabllity assays

High binding ELISA plates were coated as described
with Cn2 toxin. After washing and blockade with BSA,
100 pi of 10 pg/ml of soluble scFvs were added in the
presence of different concentrations (0.5-4 M) of guani-
dinium hydrochloride in PBSIX (100 pul/well) and
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incubated one hour at 37°C*! The remaining of the
ELISA process was performed as described.

Surface plasmon resonance measurements

All the experiments were performed at 25 °C using a
BlAcoreX instrument (Amersham Pharmacia Biotech).
Toxin Cn2 was covalently immobilized onto a CMS sensor
chip (BIAcore AB) using the amino coupling procedure,
at a concentration of 15ug/ml in 10 mM Mes buffer
(pH 6) as recommended by manufacturers. Approxi-
mately 480 resonance units (RU) of protein were
immobilized. To determine the kinetic constants, different
concentrations of dimeric antibody fragments were
injected, flowing at a rate of 30 pl/minute in PBS1X
(pH 7.4) containing 0.005% P20 (polyoxyethylenesorbi-
tan). The injection times were: for association, 120 seconds
and for dissociation, 600 seconds. For the triple mutant,
the injection times for association and dissociation were
180 seconds and 1200 seconds, respectively. The surfaces
were tegenerated by injecting 10 p! of a 10-15 miM NaOH
solution, flowing at a rate of 5 ul/minute. Binding data
were fitted to 1:1 Langmuir binding model of BIA
evaJuation software ver 3.2 (B[Acore AB), using rate
equations with the term for drifting base line. For the
triple mutant, a clear mass transfer phenomenon was
observed. In order to obtain more realistic data for the
determination of the Kp of this mutant, the Langmuir
binding model with mass transfer limitation was applied.
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9. RESULTADOS NO PUBLICADOS.

A) Andlisis de la expresién del scFv de BCF2 por SDS-PAGE.

La construccion y expresién del scFv de BCF2 (descrita en el Articulo 1) (Anexo 3), fue evaluada. La
proteina purificada por medio de la cromotografia de afinidad (Niquel-agarosa), se analiz6 en un gel
SDS-PAGE (Figura 4). En este gel se observa que la proteina se encuentra pura y presenta un peso
molecular de 30 kDa aproximadamente, que corresponde al valor teérico esperado de un scFv. El
control negativo demuestra que no hay degradacion del anticuerpo y proteinas contaminantes de E.

coli.

50 kDa > EY

25 kDa —» -

30 kDa

12 kDa

Figura 4. Se muestra la presencia del scFv de BCF2 en el gel SDS-PAGE al 12%. En el carril 1, se
encuentra el marcador de peso molecular, para proteinas de peso molecular de bajo rango. El carril 2,
es la muestra derivada de lo que se despegé de la columna de afinidad a una concentracién de 250
mM de Imidazol de la cepa TG1 transformada con el plasmido pSynl y finalmente el carril 3, es la
muestra desprendida con 250 mM de Imidazol de la cepa TG1 transformada con el plasmido pSynl
que lleva clonado el gen del scFv de BCF2.

B) Eleccion del sistema para la recuperacién de los fago-anticuerpeos.

Se probaron 3 metodologias para determinar cual es la més eficiente, en la recuperacién de los fago-
anticuerpos. En este ensayo se empled el scFv de BCF2 contra la toxina Cn2 (ver materiales y
métodos). Los resultados de la recuperacion se describen en la Tabla 4, en la que se observa que el

sistema mas eficiente es la recuperacion por células, seguido de la TEA y finalmente la tripsina.
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La recuperacion con células fue la metodologia usada, para las rondas de tamizado de las bibliotecas
generadas del scFv de BCF2.

No. de tamizados Tratamiento No. de fago-anticuerpos/ml No. de fagos recuperados

] Tripsina 2X10" 2011
1 TEA 2X10% 3053
1 XLI-Blue 2X10" 5510

Tabla 4. Muestra el nimero de fago-anticuerpos recuperados contra la toxina Cn2, empleando
diferentes tratamientos, a partir de una concentracion de 2X 10" fago-anticuerpos/ml.

C) ELISA de fago-anticuerpos de cuarta ronda de tamizado.

Después de realizar 4 rondas de seleccion, a partir de los bancos mutagénicos generados del scFv de
BCF2, se evalud por ELISA de fago-anticuerpos el reconocimiento a Cn2. En esta prueba se observo
que mas del 80% de las clonas dieron sefiales que se salieron de escala del lector de ELISA. El
- control (fago-anticuerpo del scFv de BCF2), s6lo mostré un valor de 0.5 de absorbancia en el lector
(Figura 5). Un segundo control empleado fue el fago-anticuerpo de la clona humana 3F (Articulo 2),

que reconoce especificamente a la toxina Cn2. Para ello se siguié la metodologia descrita en el

articulo 2 (materiales y métodos).
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Figura 5. ELISA de fago-anticuerpos de cuarta ronda de seleccion contra la toxina Cn2. El carril 1
pertenece a la clona humana 3F, el carril 2 pertenece al scFv de BCF2; los carriles 3 al 46, son clonas
derivadas de la biblioteca de mutagénesis media (MM) y los carriles 47 al 88, son clonas derivadas
del banco de mutagénesis baja (MB) del scFv de BCF2.

D) Caracterizacién de las variantes seleccionadas como fago-anticuerpos.

1) Pruebas de reconocimiento a Cn2 en ELISA.

De las variantes ganadoras de la cuarta ronda de seleccion, se tomaron solamente las clonas que
dieron sefiales altas en el ELISA de proteina soluble, ver Articulo 1 (resultados). Los cambios de las
dos mejores variantes G5 y B7, fueron mezcladas para formar a la Triple mutante. Las 3 variantes
(G35, B7 y Triple mutante), fueron recuperadas como fago-anticuerpos los cuales se titularon y se
emplearon para hacer una ELISA cuantitativa. En la figura 6 se observa que la clona scFv de BCF2, a
concentraciones de 1X10'* fagos/ml y 5X10"' fagos/ml presenta una absorbancia de 2 y 1

respectivamente, mientras que las variantes seleccionadas presentan lecturas que se salen de la escala.
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En la dilucién de 5X10' fagos /ml se pueden observar mejor las diferencias de las variantes en el
reconocimiento, en orden ascendente son el scFv de BCF2, G5, B7 y la triple mutante (Figura 6).
La triple mutante fue la variante que mantuvo el mayor reconocimiento hacia la toxina Cn2, en las

menores diluciones, mientras que las clonas G5 y B7 mostraron valores intermedios (Figura 6).
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Figura 6.- ELISA de fago-anticuerpos de las variantes (scFv de BCF2, G5, B7 y Triple mutante),
reconociendo a la toxina Cn2, usando diferentes diluciones de los fagos. La grafica es el promedio de
4 ensayos.

2) Estabilidad funcional.

Los fagos del scFv de BCF2 en presencia de 0.5 M de cloruro de guanidinio, presentaron una
disminucién al 70% en la sefial de reconocimiento hacia la toxina; mientras que el resto de las
mutantes mantuvieron el 100% de la sefial de reconocimiento.

Al incrementar la concentracién del agente desnaturalizante a 1M, los fagos del scFv de BCF2
presentaron un reconocimiento basal de tan solo un 10%, mientras que los fagos de las mutantes G5,
B7 y Triple mutante, mantuvieron el 80, 90% y 100% de la sefial respectivamente (Figura 7).

A la concentracién de 2 M del desnaturalizante, los fagos de la G5 presentaron niveles basales en el

reconocimiento, mientras que en los fagos de B7 y de la Triple mutante, las sefiales se encuentran en



70% y 75%, respectivamente (Figura 7). En presencia del cloruro de guanidinio el fago de la Triple

mutante, resultd ser la mutante que mejor reconoce a la Cn2.
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Figura 7. ELISA de estabilidad funcional de los fago-anticuerpos (scFv de BCF2, G5, B7 y Triple
mutante), reconociendo a la Cn2 ante diferentes concentraciones de cloruro de guanidinio (Gdn-HCI).

E) Pruebas de neutralizacién en la relacién molecular 1:1 (toxina/scFv dimérico).

Con las variantes se realizaron ensayos de proteccion empleando otras relaciones moleculares de
toxina y anticuerpo. La relacion molecular 1:10 (toxina/anticuerpo dimérico) (ver Articulo 1), mostro
que la variante Triple mutante tiene la capacidad de proteger los efectos de la toxina Cn2. Otra
relacién molecular probada fue 1:1 (toxina/anticuerpo dimérico) (ver tabla 5); en donde se observé
que en el caso de la DLsy sobrevivieron 6 ratones de los 10 probados, mientras que el grupo de
ratones probados con el scFv de BCF2 en presencia de la toxina, solo sobrevivieron 3 ratones de los
10 tratados. Las variantes G5, B7 y triple mutante, aunque mostraron una mayor sobrevivencia que el
scFv de BCF2, ningtn scFv fué capaz de proteger al 100% (Tabla 5).
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Ensayo Dosis Relacion molecular  Ratones Sobrevivientes

toxina/anticuerpo empleados
Cn2 1DLsg 1:0 10 6
Cn2+scFv de BCF2 1DLsg 1:1 10 3
Cn2+G5 1DLsg 1:1 10 6
Cn2+B7 1DLs, 1:1 10 4
Cn2+Triple 1DLso 1:1 10 6
Cn2+BCF2 1DLs, 1:10 10 10
scFv - 0:10 10 10
Triple mutante - 0:10 10 10

Tabla 5. Experimentos de neutralizacion de la toxina Cn2 con los scFvs diméricos derivados del scFv
de BCF2. Los ensayos de neutralizacién se realizaron utilizando 1 LDso de Cn2 y los anticuerpos
(scFvs) en una relacion molecular 1 a 1 (0.25 ng de Cn2/1.6 png de cada scFv). Los controles
realizados fueron 1DLso de Cn2, 16 pg de anticuerpo/20 g de ratén de el scFv de BCF2 y Triple
mutante. También se realiz6 la neutralizacion con el anticuerpo BCF2.

F) Ensayos de desplazamiento en el BIACORE.
La evolucion dirigida produce cambios en la secuencia y es importante verificar si la mutante
obtenida mantiene el mismo sitio de reconocimiento que el anticuerpo BCF2 por la toxina Cn2. Para

verificar ésto, se realizaron dos diferentes ensayos (ver materiales y métodos no publicados).

En el primer ensayo se saturaron los epitopes de la toxina Cn2, con el anticuerpo BCF2 (lo cual se
observa en el sensograma hasta los 2450 segundos). La inyeccion de la triple mutante no produjo
cambios en el sensograma (no se observa un incremento significativo en las RU), lo cual nos sugiere
que ambos anticuerpos, estan reconociendo el mismo epitope en la toxina Cn2. Al inyectar el tercer
anticuerpo, scFv 6009F, se observé un incremento significativo en la sefial del BIACORE, lo cual

significa que este anticuerpo reconoce un epitope diferente al reconocido por el BCF2 y la triple
mutante (Figura 8).
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Figura 8.- Desplazamiento en el BIACORE del BCF2, triple mutante y 6009F. Se realizaron 7
inyecciones del monoclonal BCF2 (200 nM), posteriormente dos inyecciones de la triple mutante (20
nM) y finalmente una inyeccién de la clona humana 6009F (20 nM).

Este primer ensayo también se realizé saturando los epitopes de Cn2 con el scFv Triple mutante
(hasta los 2800 segundos), luego inyectando el BCF2 y finalmente el scFv 6009F (Figura 9). De igual
manera que el primer ensayo no hay un incremento en las RU, cuando se aplica el BCF2,
confirmando que tanto el anticuerpo Triple mutante como el BCF2 compiten por €l mismo epitope.
Mientras que la aplicacion del anticuerpo scFv 6009F, nuevamente produce un incremento en las RU,

dado que reconoce un epitope diferente.
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Figura 9.- Desplazamiento en competencia en el BIACORE de la triple mutante, BCF2 y 6009F.

Se realizaron 8 inyecciones de la triple mutante (200 nM), posteriormente una inyeccién del BCF2 (20
nM) y finalmente una inyeccidn de la clona humana 6009F (20 nM).

En un segundo ensayo para verificar que los anticuerpos BCF2 y scFv Triple mutante reconocen el mismo
epitope en la toxina Cn2, se realizaron aplicaciones independientes de cada uno de los anticuerpos y los
sensogramas obtenidos son comparados con el sensograma que se genera al aplicar la mezcla de ambos
anticuerpos. Al aplicar la mezcla, se obtuvo un sensograma intermedio entre los sensogramas obtenidos
independientemente para cada uno de los anticuerpos, lo cual corrobora que ambos reconocen el mismo
epitope (Figura 10). Ya que si reconocieran epitopes diferentes el sensograma resultante seria el

correspondiente a la suma de los sensogramas independientes.
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Figura 10.- Desplazamiento en solucién en el BIACORE del scFv triple mutante y- el BCF2. Todos
fueron probados a una misma concentracion (20 nM). En verde, esta la grafica del monoclonal, en
azul est4 la triple mutante y finalmente en rojo la grafica de ambos.
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10. DISCUSION.

En el laboratorio del Dr. Posanni, se obtuvo el anticuerpo murino BCF2, capaz de neutralizar los
efectos toxicos de la toxina Cn2 y del veneno completo del alacran Centruroides noxius Hoffmann
(Zamudio et al, 1992). La posibilidad de generar fragmentos de anticuerpos recombinantes, tales
como los scFvs, con la capacidad de neutralizar los efectos toxicos de las toxinas como la Cn2,
representa una importante alternativa que puede ser aplicada con fines terapéuticos.

En este trabajo se construy6 el scFv de BCF2 por medio de varias reacciones secuénciales de PCR,
como se describe en el articulo 1. Es importante considerar que en reportes similares donde se
construye la cadena sencilla, generalmente existe una considerable pérdida de la afinidad y de la
estabilidad (Nishida et al, 1998; Poon et al, 2002 y Arndt et al, 2003). En algunos casos las
propiedades se mantienen, por esto la proteina del scFv del BCF2 fue inicialmente caracterizada. La
secuencia del scFv de BCF2 fue clonada en el vector de expresion pSynl (Anexo 3) y transformada
en la cepa TG1. Después de la induccion, el anticuerpo se purificé en una columna de afinidad a
Niquel. En la figura 4, se observa el anticuerpo que corresponde a una banda unica, lo cual implica
que la proteina no estd degradada. Teniendo como referencia el marcador de peso molecular, se
observa que el anticuerpo tiene un peso molecular alrededor de 30 kDa, el cual corresponde o esta
cercano al valor tedrico de la cadena sencilla del BCF2.

El anticuerpo, fue sometido a un segundo paso de purificacion por medio de la cromatografia de
exclusion molecular (Materiales y Métodos, Articulo 1), en la cual se obtuvieron 2 picos en el perfil
de elusién. El primero constituye el 30% de la proteina total y corresponde a la forma dimérica del
scFv de BCF2, mientras que el segundo pico es el 70% de la proteina total y corresponde a la forma
monomérica del anticuerpo (Anexo 4). Este comportamiento de equilibrio entre mondémero-dimero
de los scFvs ha sido descrito (Arndt et al, 1998). Hay diversos factores que influyen en la prevalecia
de una u otra forma, como la concentracion del anticuerpo, la fuerza ionica, pH, T, etc (Arndt et al,
1998). El rendimiento de la expresion del scFv fue de 0.3 mg/L de cultivo.

En las pruebas de ELISA de fago-anticuerpo se verifico que el scFv de BCF2, mantiene el
reconocimiento a Cn2. De la misma forma mantiene la especificidad ya que al probar el
reconocimiento del scFv de BCF2 contra otras toxinas similares a Cn2 (toxinas de alacranes
bloqueadoras de los canales de sodio) y diversas proteinas (Figura 2, Articulo 1), éste solo reconoce a
Cn2. El formato de scFv de BCF2 no modificé las propiedades del reconocimiento a la toxina. Al

- realizar los experimentos de neutralizacion del scFv de BCF2 con la Cn2, se encontrd que este
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anticuerpo no neutraliza los efectos de la toxina (Tabla 1, Articulo 1 y Tabla 5), ya que el niimero de
ratones sobrevivientes son menores que en el control (1 LDsg). La diferencia observada en la
capacidad de proteccion entre el scFv de BCF2 y el anticuerpo completo BCF2 (Tabla 5) (Zamudio et
al, 1992), puede ser explicada por que el scFv de BCF2 es un formato poco estable. El scFv de BCF2
carece de las regiones constantes que lo estabilizan y probablemente que le permiten neutralizar.

Debido a que el scFv de BCF2 no protege, se decidié madurar el scFv con el propésito de obtener
una variante con la capacidad de neutralizar a la toxina. Para esto se generaron, 3 bancos a partir del
ADN del scFv de BCF2 con diferentes tasas de mutacion (baja, media y alta), por medio de la PCR
mutagénica. Para tener una mayor probabilidad de seleccionar mutantes mejoradas en cualquiera de

los bancos. Las tasas de mutacion y el tamafio de cada uno de los bancos se describe a continuacion:

Banco Tamaiio Taza mutagénica (%)
Baja 7.8X10” transformantes 0.1
Media 1.8X10 transformantes 0.8
Alta 1.6X108 transformantes 4.7

Estos bancos tienen una buena variabilidad, y las tazas mutagénicas corresponden a los valores
tedricos reportados: Baja 0.1%, Media 0.66% y Alta 3%.

Antes de iniciar los tamizados de estos bancos mutagénicos, se realizé una prueba para determinar el
sistema de recuperacién de los fago anticuerpos que reconocen a la toxina Cn2 fijada en el
inmunotubo. Se realizé el procedimiento descrito en materiales y métodos, donde se pudo observar
claramente que la estrategia de Bradbury (Sblattero y Bradbury, 2000), es decir la recuperacion
directa con células fue la mas eficiente (Tabla 4).

Los bancos se desplegaron y fueron sometidos a un proceso de tamizado contra la toxina Cn2
(Articulo 1). De la cuarta ronda de tamizado se evaluaron 88 clonas de cada banco en ELISA de fago
anticuerpo contra la toxina Cn2. Mas del 80% de las clonas evaluadas presentaron sefiales que se
salieron de la escala (Figura 5). El control (scFv de BCF2), presento una absorbancia a 492 nm de 0.5
lo cual demuestra que las variantes seleccionadas son mejores que la clona parental. Posteriormente
estas mismas variantes fueron evaluadas como proteina soluble, solo 8 clonas dieron sefiales positivas
en ELISA (Tabla 2, Articulo 1). Las mutantes G5 y B7 presentaron el mejor reconocimiento a la
toxina Cn2 y mantuvieron la especificidad (Figura 2, Articulo 1). La clona G5 present6 2 mutaciones
en los CDRs, la primera mutacion esta ubicada en el CDRI1 (Q27R) y la segunda mutacién se

encuentra en el CDR2 (V51A) de la cadena ligera (Tabla 2, Articulo 1). La variante B7 presentd una
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mutacion (N35I) en el andamiaje o framework 2 de la cadena pesada (Tabla 2, Articulo 1). Las
mutaciones en los CDRs son importantes ya que estos son los sitios de contacto directo con el
antigeno, también se han reportado que mutaciones en los andamiajes o frameworks, pueden mejorar
la afinidad del anticuerpo (Daugherty et al, 2000 y Ewert et al, 2004).

Estas variantes fueron transformadas en el vector de expresion y purificadas, en el perfil de exclusion
molecular (Anexo 4). La variante B7 present6 un solo pico que corresponde a la forma dimérica de la
proteina, causado por la presencia de la mutacién N35I, mientras que la variante G5 presenté un
perfil de exclusién similar al de scFv de BCF2 pero con mayor tendencia a la forma dimérica (70%).
De manera interesante también se observé que la produccion de estas 2 variantes es mucho mejor que
la del scFv de BCF2. Sin embargo, la variante B7 presenta la mejor productividad de

aproximadamente 0.8 mg/L de cultivo mientras que en la variante G5 fue de 0.4 mg/L de cultivo.

Triple mutante

Los mutaciones presentes en las clonas G5 y B7, fueron combinadas para la generacion de la triple
mutante. Esta clona fue expresada y purificada. El perfil de exclusion molecular fue similar al que

presenta la B7 (Anexo 4). Esta presento la mejor productividad (1mg/L de cultivo), lo cual refleja un

efecto aditivo de las mutaciones.

Caracterizacion de las variantes seleccionadas.

Reconocimiento a Cn2 en ELISA de fago anticuerpo.

Para observar el efecto de las mutaciones en el reconocimiento a la toxina Cn2, se probaron
diluciones de las diferentes mutantes en el formato de fago anticuerpos. El scFv present6 una sefial de
reconocimiento a Cn2 de 0.25 de absorbancia, empleando una concentracion de 5X10'° fagos/ml. La
clona G35 tuvo un valor de absorbancia de 1, lo cual refleja el efecto de las mutaciones en los CDRs,
la mutante B7 presentd una absorbancia de 2, lo cual sugiere que la mutacién presente en el
framework, da una sefial mas grande que las mutaciones presentes en la clona G5 (Figura 6). La triple
mutante present6 la mejor sefial que el resto de las mutantes analizadas, lo cual corrobora el efecto

aditivo de las mutaciones en el reconocimiento a la toxina en el formato de fago anticuerpo (Figura
6).
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Estabilidad.

Se compard la estabilidad de las variantes a través del reconocimiento a Cn2 en presencia de un
agente desnaturalizante (Gdn-HCI). La prueba se realizé utilizando la proteina soluble (Figura 3,
Articulo 1) y el fago anticuerpos (Figura 7) de cada una de las clonas. Los experimentos realizados
mostraron un comportamiento similar, los cuales reflejan que las mutantes presentan un incremento
en la afinidad y en la estabilidad, ya que las clonas B7 y G5 soportan mayores concentraciones de

Gdn-HCI que la clona silvestre. De manera interesante la Triple mutante resulto ser la clona mas
estable.

Afinidad

La afinidad de los anticuerpos se determiné en el BIACORE. La constante de afinidad o Kp, del scFv
de BCF2 fue de 1.1X10° M (Tabla 3, Articulo 1), este es una valor de afinidad que corresponde a
los valores obtenidos de anticuerpos madurados (respuesta secundaria). El BCFZ presenta una
afinidad de 2X10”° M (Resultados no publicados), lo cual indica que la afinidad del formato del scFv
de BCF2 es del mismo orden que el monoclonal.

Las variantes recuperadas del proceso de maduracién (GS y B7), presentaron un incremento en la Kp
(Tabla 3, Articulo 1), llegando en los dos casos al orden de 10"° M (4.3X10™° M para la G5 y
7.1X107"'°M para la B7). Estos valores de afinidad se deben a una mejora en la asociacion (kon), para
la clona B7 fue de 0.5 veces y para la GS fue de 1.6 veces con respecto al scFv de BCF2. Sin
embargo, la disociacion (ko) es un parametro mas importante, ya que indica la permanencia de la
formacién del complejo (toxina/anticuerpo), en este caso la menor disociacién la presenta la clona
B7, lo cual explica por que present un mejor reconocimiento en la ELISA de fago anticuerpos que la
clona GS (Figura 6 ), al igual que fue mejor en la prueba de estabilidad (Figura 7).

La combinacién de los 3 residuos en la Triple mutante, permitié mejorar la Kp a 7.5X10™"! M, asi
como la asociacion y la disociacion. La ko de las variantes se puede observar en el Anexo 5, donde

claramente se puede apreciar los efectos de la maduracién en las variantes generadas y la menor

disociacion.
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Neutralizacion.

Las proteinas de los scFv fueron utilizados para los ensayos de neutralizacién. Para el caso de los
anticuerpos scFv de BCF2, G5 y B7 no neutralizaron en las relaciones moleculares 1:1 ni 1:10 de
toxina Cn2 y anticuerpo scFv dimérico (Tabla 1, Articulo 1y Tabla 5). La aparicion de los sintomas
del envenenamiento, en los grupos de ratones probados con la toxina (control LDsg) y los scFvs
(LDso/scFv dimérico), comenzé con la piloereccion, sialorrea, paralizacion total en las extremidades
posteriores, intensificacion en las contracciones musculares y finalmente la muerte. La triple mutante
fue la unica variante que mostrdé un efecto protector (sobrevivencia al 100%), en la relacion
molecular 1:10 (Tabla 1, Articulo 1), sin embargo presentan una ligera sintomatologia de
intoxicacion y posteriormente se recuperaron.

Dado que la afinidad del scFv de BCF2 es similar a la que presenta el monoclonal, se esperaba que
esta construccion tuviera un efecto protector, pero no fue asi. Esto puede deberse a que el scFv carece
de la avidez y estabilidad del anticuerpo completo. Con la evolucion se logré incrementar la afinidad,
factor que puede contribuir en la eficiencia de proteccidn, asi como en la estabilidad. Las clonas G5 y
B7 aunque mejoraron la afinidad y la estabilidad no protegieron. De manera muy interesante la
variante GS5 retardé la aparicién de los sintomas del envenenamiento.

La variante triple mutante ademas de proteger, es la mas estable de todas las construcciones, pero sin
alcanzar la estabilidad del anticuerpo completo, por lo que se requiere del empleo de una mayor
concentracion de anticuerpo (relacién molecular 1:10 toxina:scFv dimérico), para ser neutralizante.
La recuperacion de la capacidad de neutralizacion del scFv, se logr6 por la combinacién de 3 cambios
presentes en las dos variantes maduradas. Este efecto aditivo no siempre ocurre en los trabajos de
mejoramiento de las propiedades de las proteinas, nuestro resultado muestra que los cambios
seleccionados tienen un papel fundamental en el reconocimiento a Cn2, que le permite retener a la

toxina e impedir la muerte de los ratones ensayados tal como lo hace el anticuerpo completo.

Desplazamiento.

Con el fin de conocer si la triple mutante mantiene el reconocimiento por el mismo epitope en la
toxina Cn2, al que reconoce el monoclonal BCF2 se realizaron 2 estrategias. Por la primera estrategia
(Donini et al, 2003), se observo que después de la saturacion de los sitios de reconocimiento en la

toxina Cn2, por el BCF2 o la Triple mutante (Figuras 8 y 9), no hay un incremento significativo en
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las RU (anticuerpos compitiendo por el mismo epitope). La inyeccién del segundo anticuerpo Triple
mutante 0 BCF2, no produjo un cambio en la sefial, esto indica que hay una competencia por el
mismo epitope. Esto no es sorprendente ya que la Triple mutante solo presenta 3 mutaciones, de las
cuales dos caen en los CDRs (regiones que estan en contacto directo con el antigeno). Son muy pocos

los cambios que presenta la Triple mutante para modificar el sitio original de uni6n a la toxina.

El segundo método (Amersdorfer et al, 2002), confirmo las observaciones del primero. Cuando los
anticuerpos ocupan epitopes diferentes, la sefial que se obtiene es la suma de las sefiales obtenidas en
los sensogramas de reconocimiento individual (Figura 10). En este caso la sefial obtenida de la

mezcla de Triple mutante y BCF2 es un promedio de los dos, que indica que la variante triple

mutante no reconoce un epitope diferente en la Cn2.

Efecto posible de las mutaciones en la interaccién anticuerpo-toxina.

Se recurrié al modelo previamente generado (Selisko et al, 1999) para explicar el efecto de las
mutaciones en el scFv de BCF2 (Figura 4, Articulo 1). El cambio en la cadena ligera de Q27R puede
favorecer la cercania a los aminoacidos E93 de la cadena ligera del anticuerpo y el aminoécido E28
de la toxina Cn2. La R27 podria estar involucrada en la formacién de nuevos puentes salinos con al
menos uno de ellos, relajando de esta manera la tensién generada por la repulsién natural entre dos
residuos de carga negativa. Esto podria llevar a un incremento directo en la afinidad de la interaccion.
Por otro parte, la posicion 35 de la cadena pesada, aunque no esta directamente localizada en la
interfase Vy-Vy, es un aminoéacido que se encuentra en contacto directo con la capa hidrofébica de
los aminoacidos que conforman esta interfase. Nosotros postulamos que el reemplazamiento de un
residuo hidrofilico en esta posicion (Asn) por un hidrofébico (Ile), puede llevar a un cambio en la
geometria y/o la estabilidad de la interaccién intermolecular Vy-Vy, favoreciendo la formacion del
scFv dimérico y consecuentemente afectando de manera positiva las propiedades de reconocimiento
de todo el fragmento de anticuerpo.

Nosotros no pudimos llegar a una explicacion plausible, sobre el efecto de la mutacion V51A de la
VL sobre la interaccion BCF2-Cn2 a la luz del modelo estructural. Parece no haber un cambio
significativo en la estructura debido a la substitucién del aminoacido Val por su analogo Ala. Sin

embargo, no podemos excluir la posibilidad que esta mutacion este causando un cambio local que,
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aunque no se refleje a nivel del modelo, pueda contribuir junto a la mutacién Q27R a incrementar la
afinidad y/o estabilidad de la mutante GS5.

11. CONCLUSIONES.

1.- En esta tesis se construy6 el scFv del anticuerpo monoclonal BCF2, el cual mantiene la capacidad

de reconocer a la toxina Cn2 del veneno del alacran mexicano Centruroides noxius Hoffmann, pero

es incapaz de neutralizar a la toxina Cn2.

2.- Dos mutantes del scFv de BCF2 (G5 y B7) fueron generadas por PCR mutagénica y aisladas por

medio del despliegue en fagos. Estas variantes presentaron mejor afinidad y estabilidad, pero

tampoco recuperaron la capacidad de neutralizacion.

3.- La combinacién de las mutaciones, presentes en G5 y B7 dieron como resultado una variante
denominada triple mutante, la cual fué capaz de neutralizar a la toxina Cn2 gracias al efecto
sinergistico de los cambios. Esta variante logro mejorar 15 veces la afinidad con respecto al scFv de

BCF2 y reconocer a la toxina en presencia de 2 M de Gdn-HCL.

4.- Los procedimientos descritos, pueden ser aplicados en la modificacion de las propiedades como la

afinidad y la estabilidad, propiedades muy importantes para la generacion de antivenenos mas

eficientes y seguros.

12. PERSPECTIVAS.

1.- Cristalizar el anticuerpo de la triple mutante unido a la toxina Cn2 y establecer la participacion de

las mutaciones en el reconocimiento del complejo.

2.- Evolucionar los anticuerpos G5, B7 y Triple mutante, para obtener una variante mejor que la
obtenida en este trabajo, que tenga una mejor capacidad de neutralizacion a la toxina Cn2, lo cual se

veria reflejado en la neutralizacion con relaciones equimolares de toxina:anticuerpo.

3.- Se puede explotar el potencial de los bancos para el aislamiento de scFvs contra otras toxinas de

alacran.
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14. ANEXOS

Anexo 1. Fotografia del alacrén Centruroides noxius.
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Anexo 2. Mapa del plismido pSyn2.
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Anexo 3. Mapa del plismido pSynl.
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Anexo 4. Cromatogramas de exclusién molecular de los scFvs.

Durante el proceso de purificacién de los anticuerpos a través de la cromatografia de exclusion
molecular, se observé la presencia de formas monoméricas y diméricas de los anticuerpos
recuperados. Dicho proceso de purificacién esta descrito en materiales y métodos del articulo 1.

El cromatograma del scFv de BCF2, mostré la presencia de dos picos en el perfil de elusién: el
primero corresponde al dimero y constituye aproximadamente el 30% de la proteina total; el segundo
pertenece al monémero y forma un 70 % (Anexo 4).

La mutante G5, presento dos picos en el perfil de elusion, el primero pertenece al dimero y forma un
70% de la proteina, mientras que el segundo pertenece al monémero y forma el 30% (Anexo 4). La
mutante B7, sorprendentemente forma un sélo pico, el cual pertenece a la proteina dimérica y forma
el 100% de la proteina total; finalmente la triple mutante, presenta también un tnico pico, el cual
pertenece a una proteina dimérica, que representa el 100% de la proteina total (Anexo 4).
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Anexo 4. Cromatogramas de los picos de elusion, correspondientes a los anticuerpos: a) scFv
de BCF2, b) G5, ¢) B7 y d) Triple mutante.



Anexo 5. Comparacion de las disociaciones evaluadas en BIACORE.

La capacidad de disociacion del scFv de BCF2 y sus mutantes, fueron evaluadas en el BIACORE.
Las graficas de los sensogramas muestran que la triple mutante, se disocia menos que el resto de las
variantes G5, B7 y el scFv de BCF2 (Anexo 5). El scFv de BCF2, es el anticuerpo que se disocia méas
rapido que el resto de las variantes probadas.
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Anexo 5. Es una amplificacién de la cinética de la disociacién de los sensogramas formados en el
BIACORE de los anticuerpos (scFv de BCF2, G5, B7 y Triple mutante).
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This study describes the construction of a library of single<hain antibody
fragments (scFvs) from a single human donor by individual amplification
of all heavy and light variable domains (1.1 x 10° recombinants). The lib-
rary was panned using the phage display technique, which allowed selection
of specific scFvs (3F and Cl) capable of recognizing Cn2, the major toxic
component of Centruroides noxius scorpion venom. The scFv 3F was
matured in vitro by three cycles of directed evolution. The use of stringent
conditions in the third cycle allowed the selection of several improved
clones. The best scFv obtained (6009F) was improved in terms of its affin-
ity by 446-fold, from 183 nM (3F) to 410 pM. This scFv 6009F was able to
neutralize 2 LDsq of Cn2 toxin when a 1 : 10 molar ratio of toxin-to-anti-
body fragment was used. It was also able to neutralize 2 LDs, of the whole
venom. These results pave the way for the future generation of recombin-
ant human antivenoms.

In recent years, the demand for antibodies for thera-
peutic purposes has increased [1]. To cope with this
demand. some technologies have been adapted to gen-
erate and improve these antibodies [2,3]. Two of these
methods are phage display [4,5] and directed evolution
(6,7). These technologies have allowed the generation
and improvement of different antibodies, which now
reach affinities similar to those of a secondary immuno-
logical response [3). Depending on the purpose for
which the antibody fragments are intended, several
expression formats have been developed [8). The

Abbreviations

tendency to use smaller molecule formats [single-chain
antibody fragment (scFv), 25 kDa], is due to their
increased biodistribution, diminished immunogenic
characteristics and clearance properties [9]. Display of
antibody fragment libraries on the surface of filamen-
tous phages has replaced hybridoma technology for
the selection of human antibodies through the creation
of large repertoires in vitro [10]. This process begins
with the cloning and expression of cDNAs encoding
the variable regions of the H and L chains of antibod-
ies (Vi and V), allowing the in vitro generation of

CDR, complementanty detarmining region; Cn2, toxin from Centruroides noxius scorpion; scfv, single<hain sntibody fragment; TEA,

iethylamine; Vi heavy chain; V(, light chain,
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large antibody repertoires. From these libraries, speci-
fic antibodies can be selected by linking phenotype
(binding affinity) to genotype, thereby allowing simul-
taneous recovery of the gene encoding the selected anti-
body. Selected antibody fragments that do not have the
required affinity can be subjected to cycles of mutation
and further selection (directed evolution) to enhance
affinity [7). Different selection strategies have been used
to select variants with improvements in various proper-
ties, for example stability, affinity and expression level
(6,7]. There has been little report of the use of these
libraries to isolate antibody fragments against toxic
components of animal venoms {I1]. For therapeutic
purposes, human antibody libraries would be the best
source, because of their homologous character and
their reduced allergenic or secondary reactions [12].
Here, we report the construction of a human nonim-
mune library in which all families of variable domains
(H and L) were amplified independently and combined
with each other. resulting in a repertoire of 1.1 x 10°
different members. From this library, two specific clones
(3F and Cl) that recognize toxin Cn2 from the Mexican
scorpion Centruroides noxius Hoflmann were isolated
and functionally characterized. Cn2 is one of the most
abundant and toxic components of C. noxius venom
(6.8% of total venom; LDsy = 0.25 ug per 20 g of
mouse weight) [13]. Clone 3F was matured by three
cycles of directed evolution. The use of a set of stringent
conditions in the third cycle allowed the selection of
several improved clones. The best scFv obtained (6009F)
had an affinity that was improved by 446-fold (from
183 nM to 410 pM). This scFv 6009F was able to neut-
ralize 2 LDs, of Cn2 toxin when a toxin/antibody frag-
ment molar ratio of | : 10, was used. It was also able to
neutralize 2 LDs, of the whole venom. This is the first
recombinant human antibody fragment that neutralizes
C. noxius venom. To the best of our knowledge, this is
the first report of the generation of a human recom-
binant antibody fragment capable of neutralizing the
1oxjc effects of the whole venom from a deadly animal.

Results

Human nonimmune library construction

The scFv library was generated by RT-PCR from total
RNA purified from B lymphocytes of human periph-
eral blood. To avoid. as far as possible, a bias in anti-
body variable chain family representation, each V
family of variable regions (Vy or Vi), was amplified
by independent PCR. In a second PCR step, the
sequence of the linker peptide was added to each indi-
vidual V family. A PCR-overlapping process was per-
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formed in order to join both V domains (H and L).
Every Vg family was overlapped to every V. or Vy
family (a total of 72 combinations). The DNA seg-
ments encoding the assembled products were fused to
the pliJ gene of the pSyn2 phagemid. The scFv library
comprised 1.2 x 108 members. Twenty independent
colonies were analyzed by PCR. Eighteen were of the
right size and had different restriction patterns when
digested with BstNI (data not shown). Variability in
the 18 different scFvs was confirmed by DNA
sequence, which resulted in a library of 1.1 x 10 vari-
ants. We found different combinations of variable
domains, which included the majority of V famifies.

Isolation and characterization of specific scFvs
against Cn2 toxin

After four rounds of biopanning, the recognition capa-
city of scFvs was evaluated by means of phage-ELISA.
Positive clones (15 of 88) were sequenced and analyzed
individually. Two unique anti-Cn2 scFvs were identi-
fied and named scFv 3F and scFv Cl (Fig. 1). The

CDR H1
FSFGSYGMHWVROA 40
PTFDNYAMHWIRQV 40

Cl 1 QVNLRESGGGLVQPGGSLRLS
aF 1 EVQLVESGGGLVQPGGSLRLSCAG

CDR H2
PGKGLEWVAVI SYDGSNKYYADSVKGRFTISRUNSKNTLY 80
PGEGLEWVSGILSRSSGD FYADSVKORP’TISRDNAKKKLS 80

Cl 41
3F 41

CDR H3

LOMNS LRARDTAVYYCAKDARDCLMCADWYFD GTLV 120
LOMNSLRARDTAVYYCRR-G-G- - - -VGS- 113

C1l 81
3F 81

Linker
Cl 121 TVSSGGGGESGGGRSGGGGSNPMLTQ-PHSASGTPGQRVTI 159
3F 114 TVS8GGGGSGGGASGGGGSEIVLTQSPATLSVSPGERATL 153

CDR L2
Cl 160 SCSGSSSNIOSNTVNWYRHLPGSAPELLI RPSGVP 199
IF 154 S S - - VRSYLAWYQQKPGQAPRLLT TGIP 191
CDR L3

Cl 200 DRFSASKSDTSASLAISGLQSEDEADYYCAAWDDSLI 239
3P 192 ARFTGSGSGTDFTLTISSLEPEDFAIYYCRQY--RYSPRT 229

C1 240 FGTGTKLTVLGAAAEQKLISEEDLNGAAHHHHHH 273
3F 230 PGQGTKVEIKRAAARQKLISEEDLNGAAHHHHHR 263

Fig- 1. Amino acid sequence alignment of scFvs selected from a
human repsenoire. These sequences include the C-myc C-terminal
tag followed by 2 hexameric Ris tag. Complamentarity determining
regions (CDR) of V), and V, are delimited by a rectangle. The closest
germ line, diversity angd joining segments for the Vi, domein of clone
C1 were (GHV330*18, IGHD?2-21°01 and IGHJ2°01, raspectvely.
For the V_ domain. the germ hne and the joining segments cofres-
ponded to IGVL1-44°01 and IGLJ1*01. The closest germ line, diver-
sity and joining segments for the Vy domain of clone 3F were
IGHV3-9*01; IGHD2-8°02; (GHJ3“02. For the VK. the germ line and
the joining segments correspondad 10 IGVK3-11*01: IGKJ1°01.
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Fig. 2. Specificity of phage-antibodies 3F and C1. {A) Cross-reactiv-
ity: scfFv 3F (hatched boxes) and scFv Ci (empty boxes). ELISA
was used to determine binding to 8 variety of antigens. Cn2, CII1,
Ci2, Pg7, Pg8, specific toxins for sodium channels and Pg5, toxin
specific for potassium channel, all at a concentration of 3 pg-mL";
Fll toxic fraction Il of C. limpidus ftimpidus venom) at 20 pg-mL™".
The titer of phage-sntibodies was 1 x 10" phages-mL™". (B) Amino
acid sequences of toxin Cn2 (C. noxivs) and homologous toxins
Clit and CIiZ2 (C. fimpidus limpidus). Asterisks indicate identity, sin-
gle dots indicate 8 ‘weak’ conserved group of residues and double
dots indicate a 'strong’ group of conserved residues ss defined in
CLUSTALX (v. 1.81).

Table 1. Kinetic rstes and affinity constants of the soluble proteins
corresponding to the scFvs 3F and C1. Kinetic rates and Kp were
calculated ussng BIA-EVALUATION V. 3.2 software. SE, standard error.

SCFV  Kon (M"Y SE/(Kgn) Kew (8™Y)  SE (Kyd  Kp (M)

1 2.0x10*
3F  7.0x10*

2.3x10?
1.7%10%

1.40x 1072
1.28x 1072

6.9%10°% 5.40%107’
1.2x10™ 1.83x10°7

nucleotide sequences were compared with the databases
using the BLAST algoritbm. The best scores correspon-
ded to human immunoglobulins. The nucleotide
sequences were also compared with the IMGT databas-
es [14] to determine the corresponding germ lines. For
clone 3F, VH3-VK3 were the closest families for Vy
and V| domains, respectively. In the case of Ci, VH3-
VX1 were the families with highest scores. The specifici-
ty of these two scFvs was determined by phage-ELISA
(Fig. 2A). These two clones were shown to be highly
specific to Cn2 despite its high identity with control tox-
ins Clll and ClI2 (Fig. 2B). The scFvs were recloned
into the expression vector pSynl in order to character-
ize them as soluble proteins.

Characterization of clones 3F and C1

To discover whether the selected antibodies had the
ability 1o protect mice against the toxic effects of Cn2,
a neutralization assay was performed. The results

FEBS Journal 272 (2005} 2591-260) ® 2005 FEBS
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showed that both antibody fragments were unable to
protect the mice. The affinity constants were deter-
mined in a biosensor of molecular interactions in real
time (BIACORE). Table 1 shows the values obtained
for the binding kinetic constants. The affinity constants
of both scFvs were similar, in the range of 1077 M.

Affinity maturation

Clones 3F and Cl did not show the required affinity
and/or functional stability to be neutralizing. Directed
evolution and phage display were used to improve these
properties. It has been shown that directed evolution
allows a gradual increase in a particular property of the
protein. Usually it is necessary to perform several evo-
lution cycles in order to obtain the desired improve-
ment. Three cycles of evolution were needed to obtain
a variant of scFv 3F (6009F) with an adequate affinity
level and that was capable of neutralization, whereas
the directed evolution of scFv Cl was unsuccessful. In
the first cycle, the library (1 x 10° variants, mutation
rate 0.9%) obtained from scFv 3F was evaluated by
phage display agatnst Cn2 toxin. Variant 6F was selec-
ted (Table 2), which had a change (Ser54Gly) in CDR2
of the heavy chain. Determination of the kinetic con-
stants (BIACORE) for this mutant showed a change in
the Kp value from 1.83 x 1077 M to 16.8 oM. Mutant
6F was subjected to a second maturation cycle (library
size = 1.6 x 10° variants; mutation rate 0.6%), and
clone 610A was selected. This variant showed a change
at CDR3 of the heavy chain (Vall0lPhe). This muta-
tion improved the Kp value from 168 to 1.04 nm
(Table 2). A third cycle of evolution allowed us to
select clone 6009F (library size = 1.0 x 107; mutation
rate 1%). In this last maturation cycle, two alternative
selection strategies were performed. The first was the
standard procedure and the second included some strin-
gent modifications intended to select variants improved
in terms of their affinity and fanctional stability (see
Experimental procedures). With the stringent selection,
several clones were selected. The best clone was 6009F
and their DNA sequence showed two silent mutations
and four amino acid changes with respect to clone
610A (Table 2). One of these changes occurred at frame-
work 3 of the heavy chain (Asp74Asn) and 3 of the light
chain. Two of the changes (Thr152Ile and Serl97Gly)
occurred at frameworks | and 3, respectively, and the
third (Tyr164Phe), occurred at CDRI (Table 2). Anti-
body 6009F was expressed in Escherichia coli and the
presence of the protein was verified by SDS/PAGE
(supplementary Fig. S1). The chromatographic elution
profile of the antibody 6009F, showed a main peak
corresponding to a monomer (supplementary Fig. §2).
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Table 2. Charactenzation of scFvs selected Dy directed evalution and phage display. Results of sequence enalyses aflowing identification of
the changes in amino acid residuss that occurred during each cycle of evelution. For sach selected variant, mutations with respect to clone
3F are indicated. The last five columns show the binding kinetic parameters of tha scFvs to immobilized Cn2 determined by surface plasmon

resonance (BIACORE). SE, stands«d error.

Kon SE Kot SE IS
Evolution cycle scfv salected Change Position MY 1Ko (s (Kote) ()
3F 7.00 x 10* 1.7x10° 1.28 x 1072 1.2x 10 1.83x10”
1 6F SerB4Gly COR2ZVy  493x10° 39x10° B825x10° 90x10°° 168x10°?
2 610 A Sar54Gly CDR2Vy,  635x10° 83x10° 663x10™ 1.3%x10%  104x107®
Vall01Phe  CDR3Vy
3 6009F Ser54Gly CDR2Vy 7.4 x 10° 3.7 x10° 3.00 x 107 1.7 x 1078 4.1 %1071
Val101Phe  CDR3Vy
Asp74Asn FW3Vy
Thri52lle FW1V,
Tyr164Phe CDR1V,
Ser197Gly FW3V,
A
180
180
g ::g 5.00 nM
2 100
S 8o 2.50. nM
g 80
@ 4 - 0:04 4
> 0.18 nM
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Fig. 3. AHinity determination of scFv 6009F. (A) BIACORE binding kinetics to Cn2 toxin. The Langmuir (1 : 1} binding model was used.
(B) The variation between the theoretical and experimental data {residual values) shows the reliability of the fitting.

The total yield was typically 700 pg-L™" of culture. To
determine the neulralization capacity and binding kin-
etics, only the monomeric fraction was used. The BIA-
CORE analysis (Fig. 3; Table 2) showed a Kp value of
410 pM, the best affinity value for the evolved variants.

Neutralization assays

The capacity of the soluble protein purified from
clones 6F, 610A and 6009F to neutralize toxin Cn2
was evaluated in CD1 mice. Clone 6009F was the only
one that had the capacity 10 neutralize the toxin. The
protection showed by this antibody fragment was
100% (Table 3). No symptomatology was detected
up 10 24 h of observation. using | or 2 LDg, of toxin

2594

Table 3. Nautralization gssays. Results of mice groups challenged
with Cn2 toxin or whole venorn by intraperitoneal injection alone of
in the presence of the indicated molar ratios of toxin/antibody.
LDso; Cn2 = 0.250 ug per 20 g of mouse weight and whole
venom = 2.5 ug per 20 g of mouse weight.

Molar ratio Survival ratio
Sample LDsp Cn2 : 600SF {alive/1018!)
600SF 10710
Cn2 1 6710
Cn2 1 1:10 20/20
Cn2 2 6/18
Cn2 2 1:10 18/18
Whole venom 2 0/10
Whole venom 2 1:14°% 10/10

2 Estimated assuming that Cn2 constitutes 6.8% of whole venom.
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and a | : 10 molar ratio of toxin-to-antibody fragment.
Two LDsp of whole venom were also tested using the
same quantity of antibody as the one used to neutral-
ize 2 LDso of toxin. All the mice injected with the
antibody/toxin mix survived. Slight symptoms of
poisoning were observed up to 6 h after injection of
the mix. One hour later the symptoms disappeared.

Discussion

Human scFv nonimmune library

The need to generate safer and more efficient antibod-
les to be used in human therapy has resulted in the
development of recombinant antibodies from different
sources. Ideally, the source itself should be human. In
this study we constructed a scFv nonimmune library
of 1.1 x 10® variants. Evaluation of the library in terms
of vanability revealed that it contained different com-
binations of vaniable domains.

From this library two anti-Cn2 clones (3F and Cl1)
were sclected. Although they were specific for Cn2 toxin
(Fig. 2), they were not able (o neutralize it. Analysis of
the affinity constants showed values in the range 1077 M
(Table 1), which are typical affinity values for the
primary immune response [15,16]. Clones 3F and Cl
showed fast dissociation despite having good associ-
ation, which suggests that the antibody fragments do
not remain bound to the toxin for long enough to be
neutralizing. It has been reported that the dimeric form
of a scFv gives the molecule properties that are advan-
tageous in therapeutic applications [17]. We constructed
the dimeric form of our scFvs by shortening the linker
from 15 to 7 amino acid residues. Neither of the dia-
bodies, 3F or Cl, was able to neutralize the toxin in the
protection assay. They did not have the required affin-
ity and/or functional stability to be neutralizing as
shown for most examples of neutralizing antibodies,
which have affinities in the nanomolar range and lower
[18=20). This resull was expected, because the library is
nonimmune, 18 of medium size and it is now known that
higher affinity binders can be selected from bigger lib-
raries [21-23]. The affinity of the toxin Cn2 for the
sodium channels present in some cel] preparations has
been shown to be in the nM range {24,25). These results
suggest that an antibody with an affinity in this range
at least is needed to neutralize the toxip. Taking this
into consideration we matured the scFv 3F.

Affinity maturation
Three cycles of evolution were performed to obtain

variant scFv 6009F to neutralize Cn2 toxin. The first

FERS Journal 272 (2005) 25912601 ® 2005 FEBS
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cycle allowed selection of variant 6F (Table 2), with a
change at CDR2 of the heavy chain. This mutant
showed association and dissociation constants that
were improved = 7- and 1.5-fold, respectively, result-
ing in a change of one order of magnitude in the Xp
value (from 183 to 16.8 nM; Table 2). These resulls
show that scFv 6F binds more efficiently to the toxin,
but it still detaches rapidly, suggesting that Gly at
position 54 might play an important role in the inter-
action of the antibody with the toxin Cn2. Vanant 6F
was not able to neutralize the toxin despite having a
better affinity constant than scFv 3F. The next cycle
of evolution allowed selection of clone 610A. The
change at CDR3 of the heavy chain improved both
the association constant, and more importantly the
dissociation constant. This result suggests that residue
101 in the CDR3 (VallOlIPhe) of the heavy chain
might also be important for binding to the toxin. The
change of Val to Phe may result in a better interac-
tion in terms of an increased contact area. Changes at
CDRs 2 and 3 in clone 610A had a symergistic effect
on the affinity constant leading to a 176-fold change
[i83nm (3F) to 1.04 nM (6]0A)] (Table 2). These
improvements in affinity still did not confer a peutral-
izing capacity on this clone. For the third cycle, we
used two alternative selection strategies: the standard
and the stringent procedure to select varants
improved in terms of their affinity and (unctional
stability (see Experimental procedures). Drastic condi-
tions were crucial for the selection of a varety of
improved clones. Different strategies with the same
purposes have been reported [26-29]. The standard
procedure of phage selection gave a lower number of
positive variants (including the first and second cycle)
compared with the more stringent procedure. The
number of nucleotide changes in the selected clones
from the two procedures was different. Interestingly,
clones selected from the standard procedure had fewer
changes (usually one), whereas using the stringent
strategy, the selected clones showed 2-6 changes.
Clone 6009F was selected and showed four amino
acid changes with respect to clone 610A (Table 2).
Analysis of affinity measurements (Table2 and
Fig. 3), revealed that clone 6009F had a Kp of
410 pM, which is comparable with the affinities of
other neutralizing antibodies of scorpion toxins
{17.20,30.31]. The kinetic parameters showed that the
additional changes present in clone 6009F improved
the dissociation constant by approximately twofold
compared with clone 610A, resulting in an affinity
constant, as already mentioned, in the picomolar
rapge, leading to a 446-fold change in Kp with respect
to scFv 3F.
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The evolution cycles of scFv 3F allowed the accu-
mulation of changes in the sequence, which improved
the affinity significantly. It has been suggested that
changes at CDRs are the most important for improv-
ing the affinity of the antigen [32,33]. However, it has
recently been shown that changes at frameworks
improve not only affinity [34]. but also expression
level [7]. A similar phenomenon was seen during mat-
uration of clone 3F, because scFv 6009F accurnulated
three changes at CDRs and three at the frameworks.
We surmised that the changes at the frameworks
contributed to the generation of a molecule with
an improved affinity and an improved functional
stability.

Neutralization capacity of variant 6009F

For the neutralization assays, two different doses of
toxin Cn2 (1 and 2 LDjs,) were used, whereas for the
whole venom ouly 2 LDsg was assayed. When 1 LDsg
of toxin and a 10 M excess of scFv 6009F were injec-
ted, all the mice survived compared with the controls
(Table 3). Control animals showed typical symptoms
of poisoning 30 min post injection. The first deadly
effects of the toxin occurred 1.5 h after the injection.
It is noteworthy that mice injected with the anti-
body/toxin mix did not present any symptoms associ-
ated with envenoming {35). The next step consisted in
using 2 LDgsy of toxin. The mice did not show any
signs of poisoning, demonstrating the effectiveness of
our evolved human antibody (100% protection). When
the mice were injected with 2 LDgq of toxin, the symp-
toms appeared 15 min after injection and the deadly
effects started only | h after injection. In the case of
whole venom. mice were protected but they presented
some symptoms, such as respiratory distress, but they
recovered 7 h later. This observation can be explained
because the whole venom contains at least 70 different
toxins (unpublished results), the majority affecting
sodium channels. Despite Cn2 being the major toxic
peplide, there are other toxins similar in toxicity but
lower in concentration. This could imply that the tox-
icity of the whole venom is almost completely neutral-
ized when toxin Cn2 is trapped by antibody 6009F but
the remaining toxins exert an effect for some time until
they are eliminated from the circulation. We would
like to emphasize that antibody 6009F is capable of
completely protecting apainst envenoming caused by
two lethal doses of toxin Cn2 and confers reasonably
good protection against two lethal doses of whole
venom. The scFv 6009F is stable after 4 weeks stored
in NaCl/P; at 4 °C, as shown by a functional activity
cvaluation during 4 weeks (weekly; data not shown).
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The scFv 6009F showed protective activity during this
period, indicating that it is functionally stable, as
expected from the stringent selection strategy used. In
the case of murine scFvs that recognize scorpion tox-
ins, it has been shown that dimerization of scFv con-
fers better affinity and stability [17]. We have also
observed that dimerization, as a consequence of direc-
ted evolution [36]) or shortening of the linker peptide
(unpublished results), resulted in an improvement in
the stability of the single chain. The diabodies of
evolved clones 6F and 610A were constructed by shor-
tening the linker. Despite showing better signals on
ELISA, compared with their monomeric counterparis,
none of these diabodies was capable of neutralizing
toxin Cn2. The neutralization capacity of monomeric
6009F compared with clone 610A (monomer or
dimer), indicates that the additional changes present in
monomeric 6009F exerted a real positive effect on the
affinity and functional stability.

We have obtained two scFvs highly specific to Cn2
toxin from a nonimmune human library (1.1 x 10®
members). One of them (3F) was subjected to three
cycles of directed evolution yielding a neutralizing
variant named 6009F. It was able to neutralize 2
LDs, of toxin Cn2 and 2 LDgy of whole venom.
Mutant 6009F was obtained after performing some
modifications to the standard procedures of biopan-
ning, specially the inclusion of a pre-elution step with
100 mm triethylamine (TEA) for 30 min to climinate
low stable and/or low affinity variants. The scFv
6009F blocked an epitope in Cn2 which seems to be
very relevant for the interaction of the toxin with its
target. These are the first recombinant human ant-
body fragments specific for toxin Cn2, which have
been isolated from scFv libraries displayed on filamen-
tous phages. The scFv 6009F could be used as a
potential component of a recombinant antiserum
against Centruroides stings. These results open new
avenues for the generation of recombinant antisera
against deadly animals.

Experimental procedures

Antigens

Toxin Cn2 (formerly 11-9.2.2) was punfied from venom
obtained by electric stimulation of scorpions of the species
Centruroides noxius Hoffmann. The venom was purified by
Sephadex G-50 gel filtration and cation-exchange chroma-
tography [37]. The other toxins used, Cl1 [38], CH2 {39].
Pg5, Pg7. Pg8 (T Olamendi-Portugal, Bl Garcia-Gomez,
F Bosmans, J Tytgat, K Dyason, J van del Walt & LD
Possani, unpublished data), and F1I (toxic fraction 1l from

FEBS Journal 272 {2005) 2591-2601 ©® 2006 FEBS

71



L. RiaAo-Umbarila et al.

Strategy to isolate human neutratizing antibodies

Table 4. Oligonucieotide primers used for PCR to append the sequence encoding tha peptide linker ((Glyd-Ser);] to human Vy end V,. The

sequence corresponds 10 the 5’3" origntation.

VK1.link
VK2.link
VK3.link
VK4 link
VKS5.link
VKB6.link
VL1.link
VL2 link
V3b.ink
VL3a.link
VL4 link
VLB.link
VL6.link
JH1-2 link

GGCGGATCAGGAGGCGGAGGTTCTGGTGGAGGTGGGAGTGACATCCAGATGACCCAGTCTCC
GGCGGATCAGGAGGCGGAGGTTCTGGTGGAGGTGGGAGTGATGTTGTGATGACTCAGTCTCC
GGCGGATCAGGAGGCGGAGGTTCTGGTGGAGGTGGGAGTGAAATTGTGTTGACGCAGTCTCC
GGCGGATCAGGAGGCGGAGGTTCTGGTGGAGGTGGGAGTGACATCGTGATGACCCAGTCTCC
GGCGGATCAGGAGGCGGAGGTTCTGGTGGAGGTGGGAGTGAAACGACACTCACGCAGTCTCC
GGCGGATCAGGAGGCGGAGGTTCTGGTGGAGGTGGGAGTGAAATTGTGCTGACTCAGTCTCC
GGCGGATCAGGAGGCGGAGGTTCTGGTGGAGGTGGGAGTCAGCTCGTGTTGACGCAGCCGCC
GGCGGATCAGGAGGCGGAGGTTCTGGTGGAGGTGGGAGTCAGTCTGCCCTGACTCAGCCTGC
GGCGGATCAGGAGGCGGAGGTTCTGGTGGAGGTGGGAGTTCTTCTGAGCTGACTCAGGACCC
GGCGGATCAGGAGGCGGAGGTTCTGGTGGAGGTGGGAGTTCCTATGTGCTGACTCAGCCACC
GGCGGATCAGGAGGCGGAGGTTCTGGTGGAGGTGGGAGTCACGTTATACTGACTCAACCGCC
GGCGGATCAGGAGGCGGAGGTTCTGGTGGAGGTGGGAGTCAGGCTGTGCTCACTCAGCCGTC
GGCGGATCAGGAGGCGGAGGTTCTGGTGGAGGTGGGAGTAATTTTATGCTGACTCAGCCCCA

JH3.hnk
JH4-5.ink
JH8.link

CCACCAGAACCTCCGCCTCCTGATCCGCCACCTCCTGAGGAGACGGTGACCAGGGTGCC
CCACCAGAACCTCCGCCTCCTGATCCGCCACCTCCTGAAGAGACGGTGACCATTGTCCC

CCACCAGAACCTCCGCCTCCTGATCCGCCACCTCCTGAGGAGACGGTGACCAGGGTTCC
CCACCAGAACCTCCGCCTCCTGATCCGCCACCTCCTGAGGAGACGGTGACCGTGGTCCC

Centruroides limpidus limpidus) [39]). were obtained using
the same procedure. from venoms of the species C. limpidus
limpidus (CI) and Parabuthus granulutus (Pg).

Construction of the library

A human nonimmune scFv library was prepared from a
sample of 400 mL of peripheral blood provided by a
healthy individual. cDNA was synthesized from total RNA
isolated from B lymphocytes, using random hexamers
{Roche RT-PCR Kit, AMV, Indianapolis, IN, USA). Vari-
able domain repertoires of immunoglobulin heavy chains
were amplified from the cDNA using Vent DNA poly-
merase (New England Biolabs, Beverly, MA, USA) in
combination with each of the HuVHFOR primers and an
equimolar mixture of HuJHBACK primers {40] in tnde-
pendent reactions for each family. For light chain variable
domains, a similar procedure was performed using each
HuVkFOR and a mixture of HUkBACK for k chains and
each HuVAFOR with a mixture of HulABACK for A
chains. A GeneAmp PCR thermocycler (Perkin-Elmer
9600, Norwalk, CT, USA) was used for PCR. The condi-
tions for the amplifications were: 3 min denaturation at
95 °C, followed by 30 cycles at 95 °C for | min, 55 °C for
1 min and 72 °C for | min, with a final extension cycle at
72 °C for 10 min. PCR products were purified with a QIA-
quick PCR purification kit (Qiagen Inc., Valencia, CA,
USA). These fragments were reamplified to append a DNA
segment encoding half of the peptide linker ((Gly4-Ser);]
in independent reactions. The conneclor primers were
designed as described previously [41]. Their sequences are
shown in Table 4. PCR products were gel-purified and
overlapped by PCR. Each overlapped product (72 in total),
was amplified in the same overlapping reaction mixture
with primers that allowed the incorporation of Sfil and

FEBS Joumal 272 (2005) 2591-2601 © 2005 FEBS

Notl restriction sites. The following program was used:
denaturation at 95 °C for 5 min followed by seven cycles of
) min at 95 °C, 1.5 min at 64 °C, and | min at 72 °C with-
oul primers. Subsequently, external primers were added,
followed by 30 cycles of § min at 95°C, | min at 64 °C,
and 1 min at 72°C and a final extension at 72 °C for
10 min. Each PCR product was quantified and mixed in
equimolar amounts to be digesied. DNA segments were cut
with restriction enzymes Sfil and Notl and gel-purified. The
resulting DNA fragments were ligated into the phagemid
pSyn2 (kindly provided by J. D. Marks, UCSF, San Fran-
cisco. CA, USA) previously cut with the same restriction
enzymes. Ligated DNA was electroporated into E. cofi
strain TG1. Twenty individual clones were analyzed by
digestion with BstN1 and sequenced. The sequences of
the clones were determined with the primers forward
(5-ATACCTATTGCCTACGGC-3") and reverse (5-TTTC
AACAGTCTATGCGG-3) in the Applied BioSystems
sequencer Model 3100 (Foster City. CA, USA),

Isolation of anti-Cn2 scFv by panning of
phage-antibody repertories

The library of human scFv was displayed on filamentous
phage and used for the selection of antibodies against Cn2
toxin. Biopanning was performed as described previously
(40]. Some modifications (0 these procedures were as fol-
lows: | mL of the library (1 x 10> phage antibodies) was
incubated in the presence of different blocking agents (BSA
or gclatin) before to biopanning in order to eliminate as
many unspecific clones as possible. Pre-blocked library was
poured into an immunotube {(Maxisorp; Nunc, Roskilde,
Denmark) previously coated overnight with 1 mL of Cn2
at 50 pgmL™" in NaHCO; buffer, pH 9.4 at 4 °C. Exten-
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sive washings were performed to remove nonspecific phage.
The bound phage-antibodies were recovered by the addition
of t mL of TGI cells of a mid-log phase (A¢pg = 0.7) cul-
ture [23,42]. After four rounds of panning. single phage-
antibody clones were randomly picked and screened for
specific binding to Cn2 by ELISA. High-binding polysty-
rene ELISA plates (Corning, NY, USA) were coated over-
night with 0.3 ug of Cn2 (100 pL-well™") in bicarbonate
buffer 50 mM pH 9.4 a1 4 °C. Plates were washed three
times with NaCVP; and 0.1% (v/v) Tween, then blocked
with 0.5% (w/v) BSA in NaCL/P; for 2 h at 37 °C. Phage-
antibody supemnatants were added to each well, incubated
for 1 h at 37 °C and the plates washed. Bound phage-anti-
bodies were detected with horseradish peroxidase (HRP)-
conjugated anti-M 13 serum (Amersham Pharmacia Biotech
AB). HRP activity was detected by adding O-phenylenedi-
amine. Plates were read at 492 nm in an ELISA reader
(Bio-RAD Model 2550). Clones that bound to Cn2 with
absorbance values > 2 were considered positive. Specific
binding clones were sequenced.

Phage-antibody cross-reactivity

Selecled phage-anlibodies were tested for specificity with
differen1 antigens by ELISA. High-binding polystyrene im-
munoplates were coated with several proteins (Cn2, ClII,
CII2, FII, PgS, Pg7, Pg8, BSA, casein and gelatin) in bicar-
bonate buffer 50 mm pH 9.4 at 4 °C overnight. One hun-
dred microliters of each sclected variant containing
| x 10" phage-antibodiesmL™"' were added to the wells
and detected as described.

Affinity maturation by error-prone PCR

Selected clones from the constructed library after four
rounds of biopanning, were subjected to mutagenesis. Two
standard techniques of errar-prone PCR were used to con-
struct random mutant scFv libraries with different mutation
rates [43.44). Both PCR products were mixed, digested
with Sfil and Norl, pel-purified and then ligated into the
phagemid pSyn2. Ligated DNA was c¢lectroporated into
electrocompetent E. coli TG1 cells. The library variability
(mutation rate) was determined. The library was subjected
to 34 rounds of biopanning as described previously [38).
Three cycles of evolution were performed.

For the )ast cycle of evolution, a second biopanning pro-
cedure was employed in order to obtain scFv clones with
improved affinity and functional stability. It was performed
according to the standard methods but with the following
modifications: the immunotube was coaled with | mL ol
Cn2 at 5 pugmL™', the time of incubation was increased
from 2 to S h and the temperature was increased from 25
10 37 °C. After the washing steps. | mL of 100 mm TEA
(Pierce, Rockford, 1L, USA). was added to remove the less
stable or low-binding phage-antibodies. The incubation
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time was 30 min, after which the detached phages were
eliminated. Immunotubes were rinsed with | mL of | M
Tris/HCI, pH 7 to neutralize the TEA and then washed
three times with NaCl/P;. Phage-antibodies that remaised
bound to Cn2 were recovered with E. coli TGI cells. The
clones selected with this procedure were evaluated by
ELISA as soluble proteins.

Expression of single-chain antibodies

The scFv inserts from the selected clones, were ligated into
the expression vector pSynl (45,46]. This vector allows
expression of the cloned segment under the control of lac
promoter. The expressed product contains a C-myc tag and
a hexa-His tag at the C-terminus. The constructs were
transformed into E. coli strain TGl. Five hundred millilit-
ers of recombinant cells were grown until an Agp = 0.7
was reached. Expression of the scFvs was induced with
1 mMm isopropyl thio-f-D-galactoside. After 6 h the cells
were harvested by centrifugation (6000 r.p.m., 10 mim, to0
4 °C). The pellet was resuspended in 12.5 mL of periplas-
mic buffer (PPB) extraction buffer (20% sucrose/]1 mM
EDTA/30 mM Tris HCl adjusted 10 pH 8). The mixture
was incubated on ice for 20 min. Cells were centrifuged at
6440 g at 4 °C for 20 min. The supernatant containing the
scFv protcin was collected for further purification. The pel-
let was resuspended in S mM MgSOy4, kept on ice for
20 min and centrifuged at 6440 g at 4 °C for 20 min p.p.b.
and MgSO4 supernatants were mixed and dialyzed twice
against [x NaCL/P; The scFvs were purified by Ni**-NTA
affinity chromatography (Qiagen, Hilden, Germany), and
eluted with 1 mL of 250 mm imidazole. Finally, scFv prepa-
rations were purified by gel filtration chromatography on a
Superdex™ 75 column (Phamacia Biotech AB, Uppsala,
Sweden).

Neutralization assays

Purified scFv proteins were used to test their nevtralization
capacily against the toxic effects of Cn2 or the whole
venom in mice. Groups of 10-20 female mice (CDI strain)
were injected with a mix of scFv and toxin Cn2 or venom.
One or two LDgq (0.25-0.5 pg per 20 g of mouse weight) of
Cn2 toxin or two LDy (5 pg per 20 g of mouse weight) of
whole venom, were mixed with each scFv at a final molecu-
lar ratio of 1 : 10 (1oxin : scFv). The mix was iocubaled for
30 min a 37 °C and injected intraperitoneally. Three con-
trols were used: venom (2 LDgp), Cn2 (1 LDsp and 2 LDg)
or scFv (8.7 ug per 20 g of mouse weight) were injected
alone in independent assays. The amounts of antibody used
1o neutralize 1 or 2 LDy of the toxin were 8.7 or 17.4 pg,
which corresponded to a molar ratio of | : 10 in terms of
Cn2 concentration. The number of animals was kept 1o a
minimum, but was enough to validate the experiment. The
protocols were approved by the ethical committee of animat
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care at our institute, following the guidelines of the NIH
(USA).

Surface plasmon resonance measurements

Kinetic constants for the interaction between scFv proteins
and immobilized Cn2 toxin were determined in a BIA-
CORE biosensor system (BIACORE X). Twenty-four micro-
grams of Cn2 toxin were bound onto a CMS5 sensor chip
using an equimolar mix of N-hydroxysuccinimide and
N-ethyl-N-(dimethyl-aminopropil)carbodiimide) in 200 mm
Mes buffer pH 4.7. Approximately 400 resonance units
(RU) were coupled. The scFvs were diluted at various con-
centrations in HBS-EP buffer (BIACORE) and 60 pL were
injected over immobilized Cn2 at a rate of 30 pL-min~'
with a delay in the injection of 700 s, Data were analyzed
using BIA-EVALUATION (v. 3.2).
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Supplementary material

The following material is available from http://www.
blackwellpublishing.com/products/journals/suppmat/EJB/
EJB4687/EJB4687sm.htm

Fig. SI. Expression and purification of scFv 6009F.
(A) SDS/PAGE (12%). Lane 1, molecular mass mark-
ers; lane 2, antibody 6009F after affinity purification
on Ni** -agarose; lane 3, periplasmic extract. (B) Lane
1, antibody 6009F after Superdex 75 column purifica-
tion; lane 2, molecular mass markers.

Fig. S2. Purification by molecular exclusion. (A)
Superdex 75 exclusion chromatography of antibody
6009F after affinity purification on Ni**-agarose. (B)
Molecular mass standards: ovoalbumin (43 kDa), trypsi-
nogen (23.9 kDa). The rate flux was 0.5 mL'min—1.
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