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RESUMEN 

Se ha observado que el sistema transmisor de señales 
mitogénicas que utiliza al Ca2-f  como segundo mensajero y a la 
calmodulina (CaM) como mediadora de sus efectos, presenta 
modificaciones en las proteínas blanco de Ca2F-CaM en forma 
coordinada con el nivel de CaM. En algunos órganos, como cerebro y 
testículo, se ha observado un aumento en el contenido de CaM 
durante el desarrollo postnatal, pero no se han identificado los 
cambios en el sistema Ca2+-CaM-proteínas aceptoras. 

Con base en estas observaciones, se estudió el sistema CaM-
proteínas aceptoras de Ca24.-CaM en el testículo de la rata en 
desarrollo. El contenido y distribución subcelular de CaM, así como 
el de sus proteínas blanco se correlacionó con la velocidad de 
crecimiento y con la diferenciación alcanzada por el epitelio 
germinal. 

Se observaron tres incrementos en el nivel testicular de CaM: 
entre los 5-10 días, a los 24 y a los 32 días de edad. El segundo 
y tercer incrementos se presentaron en la fase exponencial del 
crecimiento testicular. El primer incremento coincidió con la 
proliferación de las espermatogonias y de las células de Sertoli. 
El segundo, con .la evolución de los espermatocitos hacia los 
últimos estadios de la primera profase, la terminación de la 
división meiótica y la aparición de las espermátidas. El tercero, 
con la diferenciación de las espermátidas hasta la fase acrosomal. 
La fase estacionaria del crecimiento testicular coincidió con una 
disminución en el contenido de CaM y con la aparición de 
espermatozoides en el epitelio germinal. 

La evolución de los espermatocitos a través de la primera 
profase meiótica se asoció con un aumento en el contenido de CaM. 
Los espermatocitos en estadio de paquiteno mostraron los niveles 
más altos de esta proteína. La relación proteína total/CaM fue 
similar en los espermatocitos y espermátides tempranas. Los 
espermatozoides del epidídimo y la población de espermatogonias-
espermatocitos leptoteno, mostraron el contenido más bajo de 
calmodulina. 

Las proteínas blanco de CaM en la población de espermatogonias 
y células de Sertoli, fueron cualitativa y cuantitativamente 
diferentes a las detectadas en los espermatocitos y espermátidas. 
Sin embargo, estos dos tipos celulares mostraron un perfil 
semejante de proteínas aceptoras de Ca2+-CaM, aunque el nivel fué 
más alto en los espermatocitos paquiteno. 

Las proteínas aceptoras de CaM dependientes de Ca24", de la 



matriz nuclear y del citosol de los espermatocitos paquiteno, se 
purificaron por cromatografia de afinidad y se determinó la 
presencia de proteín-cinasas dependientes de Ca2F-CaM. 

Los espermatocitos primarios presentaron tres tipos de amasas 
de proteínas: la cinasa de caseína tipo 1, Localizada tanto en el 
núcleo como en el citoplasma y dos amasas dependientes de Ca2 -
calmodulina. La proteín-cinasa tipo II, localizada en el citosol y 
la cinasa tipo 1 localizada en la matriz nuclear. Dos sustratos 
fosforilables, además de la protein-cinasa 11, posiblemente 
relacionados con el citoesqueleto, fueron purificados 
simultáneamente del citosol de los espermatocitos primarios. 

La caracterización del, sistema CaM-proteínas blanco se estudió 
también en el espermatozoide durante la capacitación y la reacción 
acrosomal. La expresión de la reacción acrosomal se correlacionó 
con cambios en la localización de CaM. Después de la reacción 
acrosomal, CaM se localizó en la región postecuatorial, involucrada 
en la interacción con el óvulo. La purificación de las membranas 
liberadas durante la reacción acrosomal, así como de las cabezas de 
los espermatozoides que ya habían sufrido la reacción acrosomal, 
permitió la identificación de las proteínas capaces de 
interaccionar con CaM en estas regiones del espermatozoide. Se 
demostró la presencia de proteínas que podía unir a CaM en forma 
dependiente e independiente de Ca24-, tanto en :Las vesículas 
derivadas de la reacción acrosomal como en los restos menibranales 
que quedan en la región subecuatorial y en la teca perinuclear de 
los espermatozoides que habían sufrido la reacción acrosomal. 

Se discute la posibilidad de que la expresión genética en los 
espermatocitos y espermátidas pudiera ser controlada a través de 
las proteín-cinasas activadas por Ca2+-CaM. También se discute el 
papel de CaM en el control del citoesqueleto de las células 
germinales en diferenciación y en el mantenimiento de dominios bien 
definidos en el espermatozoide. 
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INTRODUCCION 

1 Ca2+,  calmodulina y el acoplamiento estímulo-respuesta 

Aunque desde 1883 Sidney Ringer había demostrado el papel del 
calcio en la contracción muscular, fue hasta 1957 que Hodgkin y 
Keynes demostraron la existencia de proteínas receptoras de calcio 
localizadas tanto en células musculares como no musculares 
(revisado por Campbell, 1983). En 1968, Ebashi. y Endo y en 1971, 
Greasser y Gergely, fueron los primeros en purificar una proteína 
intracelular capaz de unir calcio y en definir su papel como 
mediadora en una función calcio-dependiente: la troponina C era la 
proteína a la cual se unía el calcio y la que mediaba los efectos 
de este ión en la contracción muscular. 

La demostración de que cambios transitorios en la 
concentración intracelular de Ca2+  podían disparar funciones 
celulares diversas, algunas muy complejas, como la proliferación 
celular, subrayó la necesidad de identificar el mecanismo de 
acoplamiento entre las señales externas que inducen estos procesos, 
el incremento en la concentración de Ca2+  y las proteínas 
responsables de la respuesta biológica final. 

En 1970, dos grupos de trabajo independientes, el, de Cheung y 
el de Kakiuchi y colaboradores reportaron que el cerebro contenía 
una proteína capaz de unir Ca2+  y de estimular la actividad de la 
fosfodiesterasa del AMPc. Incialmente, esta proteína recibió el 
nombre de receptor dependiente de Ca2+  (CDR) y posteriormente se 
denominó calmodulina (CaM). Wolff y Siegel reportaron su 
purificación en 1972 y Smoake y colaboradores, en 1974, fueron los 
primeros en observar las variaciones en el contenido de CaM de 
diversos tejidos durante el desarrollo. Posteriormente se demostró 
que CaM es una proteína ubicua, altamente conservada a lo largo de 
la escala filogenética y como la proteína aceptora de Ca2+  más 
abundante en células no musculares (Cheung, 1980; Means y Dedman, 
1980). 

CaM es una proteína constituida por 148 aminoácidos, con un 
peso molecular de 16 700 daltones, con un alto contenido de 
aminoácidos acídicos, lo que le confiere un pI de 4. Puede unir 
cuatro átomos de Cae  en dominios que presentan una conformación de 
hélice-asa-hélice conocida como EF, que se repiten cuatro veces. La 
porción 11H2  terminal contiene a los dominios I y II y la mitad C00- 
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Fig. 1 A) Estructura primaria de la calmodulina bovina aislada 
de cerebro. Tomado de Watterson et al., (1980). J. Biol. Chem. 
255:462-475. 
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B) Secuencia de aminoácidos de los dominios que unen Ca24'. 
Tomado de Geiser et al., (1991). Cell 65:949-959. 



alberga a los dominios TU y IV ( Fig. 1. A). Las asas a. las que se 
une el Ca 2+  están cargadas negativamente y están constituidas por 
doce aminoácidos, seis de los cuales participan en la formación de 
complejos multidentados con calcio. Los aminoácidos que ocupan las 
posiciones 1, 3, 5, 7 y 9 del asa contribuyen con cinco de los 
siete ligandos de oxígeno que coordinan al calcio. El aminoácido 
que ocupa la posición 12, generalmente glutámLco, contribuye con el 
69  y 79  ligandos. Aspártico o asparagina ocupan las posiciones 1, 
3 y 5 (Babu y cols., 1988) (Fig. 1B). En ausencia de otras 
proteínas o de fármacos, se observa cooperatividad positiva entre 
los cuatro sitios que unen Ca2  y que la afinidad de los dominios 
III y IV de la mitad C00-  es mayor a la de los dominios 1 y II, lo 
que define su orden de saturación (Cox, 1984). En presencia de 
proteínas o drogas que se unen a CaM, la afinidad de los cuatro 
sitios por Ca2+  es muy semejante y se comportan como una unidad 
(Vogel y cols., 1990; Weinstein y Mehler, 1994). 

Conformación de CaM 

CaM puede considerarse como una proteína simétrica con dos 
lóbulos conectados por un segmento central con conformación alfa 
hélice. Cada lóbulo presenta dos estructuras hélice-asa-hélice, 
puede unir dos átomos de Ca2+  y constituye un dominio hidrofóbico. 
La longitud de la molécula es de 65 Á (Fig. 2). 

CaM presenta siete regiones con alfa hélice, en Los 
aminoácidos 7-19, 29-40, 46-55, 65-92, 102-112, 119-128 y 138-148. 
Las dos asas que unen Ca2+  de cada dominio son antiparalelas y dan 
lugar a pequeñas regiones, de tres aminoácidos, con conformación 13-
plegada (Babu y cals., 1988). La cooperatividad positiva entre los 
sitios da como resultado un cambio conformacional muy acentuado 
después de que el segundo calcio se ha unido, aumenta el contenido 
de alfa hélice y se exponen los dominios hidrofóbicas (Klee, 1977; 
Richman y Klee, 1979; LaPorte y cols., 1980; Crouch y Klee, 1980; 
Tanaka e Hidaka, 1980; Gopalakrishna y Anderson, 1982). 

La estructura alargada que CaM presenta en ausencia de 
proteínas aceptaras, cambia a una conformación más compacta cuando 
se asocia a alguna de sus proteínas blanco, debido a la 
flexibilidad y a la longitud de la hélice central, ocho vueltas, 
que permite el acercamiento de los dos dominios hidrofóbicos (Babu 
y cols., 1985; O'Neil y cols., 1990; Meador y cols., :1992, 1993). 
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Proteínas blanco de CaM 

La actividad de más de veinte enzimas, incluyendo a proteínas 
cinasas y fosfatasas de proteínas, es estimulada por CaM en forma 
Ca2+-dependiente (revisado por Cheung, 1980; Means y Dedman, 1980; 
James y cols., 1995). Se ha demostrado que el complejo Ca2+-CaM se 
une a las proteínas que tienen secuencias de aminoácidos polares y 
básicos alternando con aminoácidos hidrofóbicos capaces de 
constituir regiones con alfa hélice. Los aminoácidos hidrofóbicos 
y los residuos básicos y polares ocupan posiciones opuestas en la 
hélice (Fig. 3). La unión del complejo Ca2+-CaM con la proteína 
blanco se mantiene por Interacciones con los dos dominios 
hidrofóbicos de CaM y por interacciones electrostáticas (O'Neil y 
DeGrado, 1990; Meador y cols., 1992, 1993). 

Se ha demostrado que ocho de las nueve metioninas presentes en 
CaM forman parte de los dominios hldrofóbicos y están directamente 
relacionadas con la actividad de Ca24--CaM (Vogel y cols., 1990) 
(Fig. 4). Aunque los residuos de lisina, histidina y tirosina se 
encuentran expuestos en el complejo Ca24- CaM, parecen estar lejos 
de los dominios hidrofóbicos y no intervienen en la interacción con 
otras proteínas o can compuestos hídrofóbicos. 

Algunas de las proteínas blanco, como la fosfodiesterasa o la 
fosforilasa b cinasa, requieren interaccionar con toda la molécula, 
tanto la forma parcialmente saturada con tres átomos de Ca2+, como 
la completamente saturada, CaM-Ca2+4 , son las que participan en este 
proceso (Cox, 1984). Sin embargo se ha demostrado que algunas 
proteínas son capaces de ser activadas por fragmentos de CaM, ya 
sea la mitad C00- o la mitad NH2, (Kuznicki y cols., 1981; Newton 
y cols., 1984; Ni y Klee, 1985). 

Por otra parte también se ha demostrado que algunas proteínas 
pueden unir y aún ser activadas por CaM en ausencia de Ca24.  
(Kilhoffer y cols., 1983). Se ha sugerido que las proteínas que no 
requieren Ca2+  para asociarse a CaM, posiblemente estén 
relacionadas con la distribución intracelular de CaM y con la 
regulación de otras proteínas aceptoras de CaM dependientes de Ca24  
(Andreasen y cols., 1983; Cimier y cols. , 1985; Kilhoffer y cols., 
1983; Aitken y cols., 1988). 

Proteínas cinasas_actiyAdas_por_Ca2+-CaM 

La fosforilación de proteínas dependiente de Ca2+-CaM es 
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(a) His÷  Lys+ (b) 

Fig. 3. Representación de la estructura helicoidal reconocida por 
calmodulina en las proteínas blanco. Aminoácidos polares básicos 
alternados con aminoácidos hidrofóbicos, de tal manra que ocupan 
posiciones opuestas en la hélice. a) péptido modelo. b) espectrina. 
Tomado de O'Neil y De Grado (1990). TIBS 15:59-64. 
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.:, metionina de los dominios hidrotóhícos estlán señalado en ccdur 
verde. En color azul se indica la posicián de las metionLnas J71, 
124 y 144. Tomada de O'Nell y De Grado (19)0) TIDS 15: 59-64 



realizada al menos por ocho proteínas cinasas diferentes. Tres de 
ellas, la fosforilasa b cinasa (Werth y cols., 1982), la cinasa de 
la cadena ligera de la miosina (MLCK) (Walsh y cols., 1979) y la 
CaMK III (Nairn y cols., 1985; Nairn y Palfrey, 1987) fosforilan 
sustratos específicos: fosforilasa b, la cadena ligera de la 
miosina y el factor de elongacíón 	respectivamente. CaMK I 
(DeRemer y cols., 1992, 1992a) y CaMK y (Mochízuki y cals., 1993), 
fosforilan a la sinapsina I en el sitio 1 y a la proteína que une 
AMPc (CREB). Estas dos cinasas y la CaMK IV son reguladas por 
fosforilación a través de otra proteína cinasa activada también por 
Ca2+-CaM (Selbert y cols., 1995). CaMK IV (Miyano y cols., 1992) y 
CaMK II (revisado por Cohen, 1988) son proteínas capaces de 
fosforilar numerosos sustratos. 

Se ha propuesto que las proteínas activadas por Ca2 L-CaM 
poseen una secuencia inhibitoria interna, lejana al sitio 
catalítico pero superpuesta a la región donde se une Ca21--CaM. Este 
efecto inhibitorio puede ser abolido por la unión de Ca2+-CaM, por 
la eliminación de esos aminoácidos mediante una proteólisis 
limitada o por fosforilación. En los dos últimos casos, se 
produciría una enzima independiente de Ca2+-CaM (revisado por james 
y cals., 1995). 

II Calmodulina y proliferación celular 

La participación de CaM como mediadora de Ca 2-1-  en el control 
de la proliferación celular ha sido demostrada por los resultados 
obtenidos con enfoques experimentales diferentes: 

-Experimentos in vivo utilizando animales con hepateclomía 
parcial demostraron que la síntesis de DNA y la proliferación de 
las células residuales era precedida por un aumento transitorio en 
el contenido de Ca2+  y de CaM. Si cualquiera de estos eventos era 
bloqueado, por paratiroidectomía o por administración de drogas 
antiCaM, no se observaba la recuperación de la masa hepática 
(MacManus y cols., 1981; Piñol y cols., 1988). También se demostró 
que la actividad de la DNA polimerasa 	y 	era estimulada por 
Ca21--CaM y no se presentaba en animales tratados con agentes 
antiCaM (López-Girona y cols., 1992, 1995). 

-Experimentos in vitro con dlferentes tipos celulares 
demostraron que el inicio de la fase 5 y la mitosis eran bloqueados 
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por la adición de compuestos antiCaM (Chafouleas y cols., 1982). 
-Empleando levaduras mutantes se demostró que la pérdida del 

gene que codifica a CaM produce células no viables para la mitosis, 
demostrando así que CaM es una proteína esencial para la 
proliferación celular. (Davis, 1986; Getser y cols., 1988). 

-La posibilidad de controlar la expresión del gene que 
codifica a CaM, y por lo tanto el nivel intracelular de la 
proteína, permitió definir que bajos niveles de CaM producen una 
segregación anormal de los cromosomas y pérdida del material 
genético (Takeda y Yamamoto, 1987; Ohya y Anraku, 1989), en tanto 
que niveles altos podían acortar La fase G1  (Rasmussen y Means, 
1987, 1989). 

Concentración ce calmodulina 

El nivel intracelular de CaM se duplica en la transición G1/S 
(Chafouleas y cols. , 1982), pero la relación CaM/proteína total no 
se modifica ( Veigl y cols., 1984). Niveles elevados de CaM pueden 
acelerar el ciclo celular a través de disminuir la duración de la 
fase G1  (Rasmussen y Means, 1987, 1989). En células inducidas a 
multiplicarse, por ejemplo después de hepatectomía parcial, el 
contenido total de CaM se incrementa en forma transitoria, 
observándose que el nivel nuclear de CaM se eleva porque tan pronto 
es sintetizada, CaM migra al núcleo (Serratosa y cois., 1988; Pujol 
y cols., 1989). 

Proteínas  blanco de CaM involucradas  en la división celular 

Se ha demostrado que CaM participa en el rompimiento de 
membrana nuclear durante la profase (BaitLuger y cols., 1990), en 
la transición metafase/anafase (Lorca y cols., 1991, 1993, 1994; 
Morin y cols., 1994) y en el control de la expresión de los genes 
de las proteínas cinasas dependientes de ciclinas, de las ciclinas 
y de las enzimas pre-replicativas (Colomer y cols., 1994), a través 
de la fosforilación de proteínas efectoras catalizada por la CaMK 
11 dendiente de Ca2+-CaM. 

Localización de CaM 

En células en división, CaM se localiza en el huso mitótico, 
especialmente en los microtúbnlos del cinetocoro (WeLsh y cols., 



1978; Marcum y cols., 1978; Vantard y cols., 1985). Durante la 
interfase, CaM se localiza en el citoplasma asociada a Las fibras 
de tensión, a las mitocondrias, a los centriolos (Pardue y cols., 
1983; Dedman y cols., 1978) y en el núcleo de diversos órganos 
(Harper y cols., 1980). Se ha sugerido que los cambios localizados 
en la concentración de Ca2+  pueden modificar la distribución 
intracelular de CaM. También se ha demostrado que CaM es 
transportada al núcleo mediante un acarreador y que este transporte 
no requiere de energía (Pruschy y cols., 1994). 

En diversos tejidos normales la mayor parte del contenido 
intracelular de CaM se recupera en la fracción citosólica y un 
porcentaje pequeño se encuentra asociado a la porción particulada 
(Van Eidik y Burgess, 1983). 

III Diferenciación del epitelio germinal testicular. 

El epitelio germinal testicular muestra cambios cualitativos 
y cuantitativos muy importantes durante el desarrollo. En la rata 
recién nacida, los túbulos seminíferos están constituidos por 
gonocitos y células de soporte que darán origen a las 
espermatogonias y a las células de Sertoli, respectivamente. Las 
espermatogonias tipo A pueden reconocerse desde los 4 días de edad. 
Las espermatogonias se multiplican por mitosis y su diferenciación 
da origen a las espermatogonias intermedias, que a su vez producen 
las espermatogonias tipo B (Clermont y Perey, 1957). Las 
espermatogonias tipo 13 dan origen a los espermatocitos, que se 
multiplicarán por meiosis. 

La profase de la primera división meiótica tiene una duración 
aproximada de 12-14 días. Los espermatocitos en estadio 
preleptoteno aparecen a los 12 días de edad, alcanzan el estadio 
zigoteno a los 14 días; el estadio paquiteno se inicia a los 15 
días y se prolonga hasta los 24 días de edad. Las siguientes etapas 
de la primera y segunda división meiótica transcurren rápidamente 
en algunas horas. Las espermátídas aparecen a los 26 días de edad, 
no se dividen y su diferenciación requiere de un tiempo prolongado, 
ya que los espermatozoides aparecen a los 45 días de edad (Clemont 
y Perey, 1957). 

La densidad que alcanzan los distintos tipos celulares en el 
epitelio germinal se modifica durante el desarrollo. En la rata 
Sprague Dawley las espermatogonias alcanzan La máxima densidad.  
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entre los 10 - 20 días de edad. Los espermatociLos primarios son el 
tipo celular predominante a los 25 días y las espermátidas alcanzan 
su máxima densidad a los 40 días de edad y su proporción dentro del 
tübulo permanece constante durante la. vida adulta ( Zhengwei y 
coas., 1990). 

Desarrollo testicular y CaM 

A diferencia de otros tejidos, la relación CaM/proteína total 
aumenta durante el desarrollo testicular (Smoake y cols., 1974). La 
fase de incremento coincide con La etapa de aparición de 
espermatocitos y de espermátidas (Smoake y cols., 1974, Lagacó y 
cols., 1981; Trejo y cols., 1985; Slaughter y coLs., 1987). Sc  

observó que los espermatocitos y espermátidas aislados de testículo 
inmaduro presentaban niveles elevados del RNA mensajero de esta 
proteína (Trejo y cals., 1985). Estudios posteriores demostraron 
que las células espermatogén .icas poseen tres genes que codifican a 
CaM y se sugirió que las variaciones en el contenido de CaM podrían 
estar relacionadas con la expresión diferencial de los genes que la 
codifican (Slaughter y cols., 1987; Slaughter y Means, 1987, 1989). 

Mediante técnicas de inmunofluorescencía indirecta se observó 
que la localización de CaM se modificaba dependiendo del estadio 
alcanzado por las células germinales. En los espermatocitos en el 
estadio preleptoteno la inmunofluorescencia se localizaba 
principalmente en el núcleo (Fig. 5b). En los espermatocitos en 
estadio paquiteno temprano, CaM se distribuía en el citoplasma 
(Fig. 5d), pero en la fase tardía de este estadio (Fig. 5f) y en el 
estadio de diploteno (Fig. 5h), nuevamente se concentraba en el 
núcleo. CaM permaneció asociada al núcleo después de la meiosis, 
las espermátides tempranas, fase Golgi, mostraron una clara señal 
inmunofluorescente nuclear (Fig. 5j). Durante estadios posteriores 
de la espermiogénesis se observó la asociación de CaM a diferentes 
estructuras. Espermátidas en la fase acrosomal y en la de 
maduración presentaron a CaM localizada en el citoplasma, asociada 
al flagelo en formación y al acrosoma. En el espermatozoide aislado 
de epidídimo de rata adulta, se observó la distribución de CaM a lo 
largo del flagelo y en la gota citoplásmica (Fig. 6a y b). También 
se observó que CaM parecía concentrarse en la punta del acrosoma y 
en el núcleo del espermatozoide (Fig. 6e,d,e) (Lagacé y cols., 
1981; Trejo y cols., :1985; Moriya y colo., 1994) 
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CaM  y .espermatozoide 

La demostración de que los espermatozoides de vertebrados e 
invertebrados contenían CaM (Jones y cols., 1978), localizada en el 
acrosoma, en la región ecuatorial-subecuatorial de la cabeza y en 
el flagelo (Jones y cols., 1980; Camat.ini y cols., 1986), 
sugirieron la participación de CaM en los procesos Ca2 -
dependientes del espermatozoide. 

Aunque varios agentes con actividad anti-CaM, como 
trifluoroperazina (TFP) y W-7, han sido empleados para estudiar el 
papel de CaM en la reacción acrosomal, en la movilidad flagelar y 
en la fertilización, los resultados obtenidos por varios autores 
son contradictorios. A dosis bajas y empleando espermatozoides de 
conejo, TFP y W-7 tuvieron un efecto inhibitorio de la reacción 
acrosomal y la fertilización, en tanto que a dosis elevadas 
aceleraron la liberación del contenido acrosomal (Lenz y Cormier, 
1982). En el espermatozoide de erizo de mar, W-7 inhibió la 
reacción acrosomal (Sano 1983), pero en el espermatozoide de cuyo 
tuvo un efecto inductor (Nagae y Srivastava, 1986). La 
inespecificidad de estos compuestos y sus efectos sobre la 
permeabilidad de la membrana, descartan a CaM como el blanco 
exclusivo de los agentes usados y por lo tanto como causa única de 
los efectos producidos. Por otra parte, los espermatozoides de 
mamífero requieren de un proceso capacitante para expresar la 
reacción acrosomal, durante el cual la permeabilidad de la membrana 
al Ca24.  aumenta. Los resultados observados podrían reflejar los 
efectos de las drogas anti-CaM sobre la capacitación y/o sobre la 
fusión de membranas y la liberación del contenido acrosomal. 
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PLANTEAMIENTO DEL PROBLEMA 

A diferencia de otros tejLdos que mantienen la relación 
proteína total/CaM constante durante et desarrollo y de tejidos 
experimentalmente activados a. proliferar, que presentan un 
incremento transitorio en el contenido de CaM, el testículo de la 
rata presentó una elevación sostenida en la rotación proteína 
total/CaM. 

La fase de incremento en el contenido testicular de CaM se 
presentó entre los 20 y los 35 días de edad, período en el cual los 
espermatocitos primarios completan la división meiótica y aparecen 
las espermátides. 

Se ha observado que altos niveles de CaM aceleran la 
proliferación celular, sin embargo no se determinó si la velocidad 
de crecimiento del testículo estaba relacionada con el contenido de 
CaM. Tampoco se determinó la contribución de cada tipo celular al 
contenido total de CaM. 

En otros sistemas celulares se ha demostrado que existe una 
síntesis coordinada de CaM y de sus proteínas blanco, que se 
traduce en cambios funcionales del sistema Ca24--CaM-proteínas 
aceptoras. Esta situación no fue definida en el testículo en 
desarrollo ni en las células germinales en los distintos estadios 
de diferenciación. 

La migración de CaM al núcleo de los espermatocitos primarios 
en estadios tardíos de la primera profase meiótica, semejante a la 
migración de CaM observada en células activadas a dividirse, 
sugiere la participación de CaM en los procesos cromosómicos que se 
realizan en los últimos estadios de la primera profase meiótica, 
por lo que se requiere identificar a las proteínas capaces de unir 
a CaM en el núcleo de los espermatocitos primarios y estudiar su 
función. 

El efecto inhibidor o estimulador de la reacción acrosomal 
observado con drogas anti-CaM como TFP o W-7, parecen ser debidos 
a la perturbación de la permeabilidad de la membrana del 
espermatozoide y no puede ser explicado considerando los efectos de 
estos compuestos sobre CaM. La localización de CaM en el acrosoma, 
en la gota citoplásmica y en el flagelo del espermatozoide, sugiere 
la existencia de proteínas aceptoras de CaM relacionadas a la 
reacción acrosomal y al movimiento flagelar. La dependencia de Ca2E  
de la reacción acrosomal y los cambios en la permeabilidad al Cae' 
que se presentan durante la capacitación y la reacción acrosomal 
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del espermatozoide, podrían modificar la localización de CaM y 
poner de manifiesto proteínas blanco de CaM dependientes de Ca2+. 
relacionadas con la fusión de membranas que se requiere para 
liberar el contenido acrosomal. 
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OBJETIVOS 

Objetivo  general 

Determinar las funciones que realiza CaM durante la 
diferenciación del epitelio germinal mediante la identificación de 
sus proteínas blanco en las células germinales aisladas. 

Objetivos específicos 

1.- Determinar si el contenido y distribución subcelular de CaM así 
como de sus proteínas blanco están relacionados con la velocidad 
del crecimiento del órgano. 

2.- Determinar la contribución de cada tipo celular al contenido 
total de CaM y definir si el estadio de diferenciación alcanzado 
por las células germinales se relaciona con la presencia de 
proteínas aceptoras específicas de CaM. 

3.- Aislar y 	purificar las proteínas blanco de CaM en los 
espermatocitos primarios. 

4/. Definir si los espermatocitos poseen actividad de proteína 
cinasa activada por Ca24--CaM. 

5.- Definir si durante la capacitación y reacción acrosomal del 
espermatozoide se pueden identificar proteínas aceptoras de CaM que 
participen en esos procesos. 
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RESULTADOS 

Para alcanzar el primer objetivo de esta tesis, determinar la 
relación entre el contenido de CaM y la velocidad de crecimiento 
testicular, se registró la evolución del peso del testículo, se 
determinó la relación mg proteína/g tejido, el contenido de agua, 
se cuantificó el nivel de CaM y se determinó la relación proteína 
total /CaM. El número de animales sacrificados para cada edad, 
varió entre 50 y 4 ratas macho. El peso testicular se obtuvo 
dividiendo el peso total del tejido obtenido entre el número de 
testículos disecados. El contenido de agua se determinó tomando el 
peso húmedo y el peso seco de 2 a 4 testículos a cada edad. EJ 
contenido de proteína y el nivel de CaM se determinaron en 
alícuotas del homogeneizado total testicular a las diferentes 
edades, de 5 a 60 días, con intervalos de 2 a 5 día. Corno medio de 
homogeneización se empleó una solución salina amortiguada con 
boratos que incluyó EGTA y SDS. El homogeneizado fue sonicado 
durante 2 min a 4°C para asegurar la completa extracción de CaM. 

Para definir si la velocidad de crecimiento modificaba la 
distribución subcelular de CaM, se analizó el contenido de esta 
proteína en seis fracciones subcelulares obtenidas a partir del 
homogeneizado total de testículo de rata adulta y de testículo de 
rata de 20 días, correspondientes a la meseta y a la fase de 
crecimiento exponencial del testículo. Cada una de las fracciones 
fué resuspendida con la solución salina y sonicada de la forma 
descrita para el homogeneizado total. 

El contenido de CaM fué determinado por radioinmunoanálisís 
utilizando como estándar CaM purificada de testículo de toro 
marcada con 125-1. Los anticuerpos anti-CaM bovina fueron inducidos 
en borrego y purificados por cromatografía de afinidad. 	Los 
resultados indican que la velocidad del crecimiento testicular está 
relacionada con el contenido de CaM, durante la fase de crecimiento 
exponencial el contenido de CaM aumenta. Sin embargo, la velocidad 
de crecimiento no modificó la distribución subcelular. El 80 % de 
la CaM total se recupera en el citosol y la pastilla nuclear. 

Para definir si al igual que en otros tipos celulares, las 
variaciones en el contenido de CaM se asociaban con cambios en las 
proteinas aceptoras, alícuotas de los homogeneizados de testículo 
de rata de 5, 20 y 40 días de edad fueron separadas por 
electroforesis y la presencia de las proteínas aceptoras de CaM 
dependientes de Ca24-  fue determinada por la técnica de overlay 
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utilizando 1251-CaM y autoradiografía. 
Los resultados señalan que durante la fase de crecimiento 

exponencial, a los 20 días de edad, se observan niveles más altos 
de proteínas capaces de unir a CaM en toma dependiente de Ca2+, 
pero no se apreciaron cambios cualitativos significativos. 

Por otra parte la velocidad de crecimiento no modificó el 
patrón de distribución subcelular de las proteínas aceptoras de 
CaM, ya que a 13 o 20 días de edad el perfil de proteínas capaces 
de unir a CaM en forma dpendiente de Ca2÷  :qué muy similar al 
observado en la edad adulta. Varias proteínas de peso molecular 
alto predominaron en las fracciones membranales más ligeras y en el 
citosol. Las proteínas de bajo peso molecular, predominaron en la 
pastilla nuclear obtenida a 770 x g. 

Para alcanzar el segundo objetivo, determinar la contribución 
de cada tipo celular al contenido total de CaM y definir si las 
proteinas aceptoras de CaM se modificaban durante la diferenciación 
de las células germinales , se obtuvieron poblaciones enriquecidas 
en espermatogonias y células de Sertoli, en espermatocitos 
primarios y en espermátidas, a partir de testículo de rata de 12, 
21 y 38 días de edad, respectivamente y se determinó su contenido 
de CaM. 

Los espermatocitos primarios mostraron un contenido mayor de 
CaM, expresado como pg CaM/célula, que el observado en las 
espermátidas. Sin embargo, la relación proteína total/CaM fue 
semejante en ambos tipos celulares. Los espermatozoides, las 
espermatogonias y las células de Sertoli presentaron la relación pg 
CaM/célula más baja. 

Las espermatogonias y las células de Sertoli mostraron 
diferencias cualitativas y cuantitativas en las proteínas aceptoras 
de CaM respecto a las células germinales en meiosis y 
postmeióticas. Sin embargo, los espermatocitos y espermátidas 
presentaron un patrón semejante de proteínas capaces de unir a CaM 
en forma Ca24.-dependiente. 

Para identificar las proteínas nucleares a las que se une CaM 
en estadios tardíos de la meiosis, los núcleos de los 
espermatocitos primarios en estadio paquiteno tardío fueron 
purificados y la presencia de las proteínas aceptoras de CaM fue 
determinada tanto en el núcleo como en el citoplasma. En ambas 
fracciones se encontraron proteínas que unieron a CaM sólo en 
presencia de Ca21-, pero a diferencia del citoplasma, el núcleo de 
los espermatocitos presentó proteínas de bajo peso molecular que no 

19 



requirieron Ca24* para unir a CaM. 
Los resultados se muestran a continuación en el trabajo 

"Characterization of the calmodulín-acceptor protein system in 
developing rat testis" sometido a consideración del comité 
editorial de la revista Molecular Reproduction and Development. 
Fecha de envío 2 de mayo de 1996 y registrado con el número 4456. 
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ABSTRACT 

In order to characterize the calmodulin-acceptor protein 

system in male germinal celis, the specific contert as weli as 

the subcellular distribution of calmodulin (CaM) and Ca2 -

dependent calmodulin-binding proteins (CaMBP) were determined 

at several stages of rat testis deveiopment. Three specifie 

rises in CaM were observed, the first between 5-10 days, the 

second one at 24 days and the third ono at 32 days. The first 

CaM increase preceded the proliferation of Sertoli cells and 

spermatogonia. The second and third rises occurred during the 

exponential phase of testis growth and were paralieled by 

completion of meiosis and by differentiation of spermatids, 

respectively. A decrease in CaM content was observed at the 

piateau phase of testis growth when maturation of spermatids 

takes place and spermatozoa appear in the germinal epithelium. 

On cell basis, pachytene primary spermatocytes showed the 

highest CaM content. Se:rtoii celis plus spermatogonia 

population and epidydimal spermatozoa showed the lowest level. 

In immature and adult rat testis CaM and Ca2f-CaMBP were mainly 

associated to nuclear and cytosol fractions. A similar pattern 

of Ca2+-CaMBP was obsrved at several stages of testis 

development. However, the level was higher when germinal 

epithelium have differentiated up to pachytene stage. Purified 

nuclei from primary spermatocytes showed several Ca2+-dependent 

CaMBP but also showed Ca2+-independent CaMBP, whereas the 

cytosol only showed Ca24-dependent CaMBP. 
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ABSTRACT 

Calmodulin (CaM), the ubiquitous Ca21--binding proteín, has 
been involved in the control of cell cycie progression. Mitosis and 
chromosome segregation depend ori adequate CaM level. Increased CaM 
content reduces the length of G1, whereas low CaM level or CaM gene 
deletion causes abnormal chromosome segregation and non viable 
cells at mitosis. Changes in CaM-bindíng proteins (CaMBP), in 
coordinatiori with increased CaM level, have been observed in celis 
induced to proliferate. 

Although the testicular content of CaM mareases during 
development, the contribution made by specific germ celis, the 
relationship between CaM content and growth tate, the identity of 
the effector proteins or CaMBP have not been defined. ryo aceomplish 
Chis, testis CaM content was determined in developing rata from 5 
te 60 days and in isolated germ cells at specific stages of 
differentiaton. The subcellular distribution of CaM and Ca2+-
dependent CaMBP was determined at the exponential and plateau 
phases of growth. 

It was found that rat testis development was paralleled by 
three rises in CaM content. The first rise was observed between 5-
10 days, coincident with sper.matogonia and Sertoli cell 
proliferation. The second and the third iricreases occurred during 
the exponential phase of testicular growth. The second CaM increase 
occured at 24 days, coincident with the last stages of meiosis and 
spermatids appearance. The third rise in CaM was observed at 34 
days when spermatids reach the acrosome phase. The plateau phase of 
growth, spermatid maturation and the appearance of spermatozoa were 
coincident with a decrease in CaM content. CaM content and Ca2+-
CaMBP were also studied in isolated spermatogonia, primary 
spermatocytes, spermatids and spermatozoa. Pachytene primary 
spermatocytes showed the highest CaM level, but the CaM/total 
protein ratio was similar in both spermatids and pachytene 
spermatocytes. 

The differentiation of germinal cells was accompained by 
changes in CaM localization, in pachytene parimary spermatocytes 
and in early spermatids CaM was localized in the nucleus. Te better 
identify the CaM targets, pachytene primary spermatocytes were 
fractionated and the Ca2+-CaMBP from nuclear matrix and cytosol 
were purified by affinity chromatography. Our results suggests that 
primary spermatocytes present three types of protein kinases, the 
casein kinase 1 and two protein kinases stimulated by Ca24--CaM. 
Ca24.-CaM kinase II was observed in the cytosol and the type I was 



found in the nuclear matrix. However, the use of specific 
inhibitors and severa' substrates should be included to clearly 
define the type of kinases found. 

In the sperm, CaM was localized in the acrosome and along the 
tau". However, the distribution of CaM changed during the acrosome 
reaction. CaM was released together with the acrosomal membrane 
vesicles. In acrosome reacted sperm, CaM was associated to the 
subequatoríal region of the head, which has been involved in sperm-
egg interaction. To define whether specific CaMBP were present in 
the acrosome and in the subequatorial region of the head, the 
vesicles released alter_ the acrosomal reaction were recovered and 
the membrane material remaining on acrosome reacted sperm heads was 
solubilized to assay the ability to bind CaM with and without Ca2+. 
Several Ca2 -independent CaMBP were identified in the membrane 
vesicles released and in the membrane material recovered from 
acrosome :reacted sperm heads, but not Ca24--dependent CaMBP. 

The role(s) that CaM mi.ght play in germ cells is discussed. 



INTRODUCTION 

Evidence obtained under different experimental conditions 

indicates that calmodulin (CaM) is involved in the control of ccli 

growth and differentiation. A wave in CaM level precedes the 

syntesis of DNA in celis induced Lo proliferate (MacManus et al., 

1981; Piñol et al., 1988). Cell cycle progression ratea, 

specifically the lenght of G1, appeared to be responsive to CaM 

concentration (Rasmussen and Mearas , 1987, 1989). Its localization 

in the mitotic spindle (Weish et al., 1978; Marcum et al., 1978) 

and the requirement of adequate CaM level for normal segregation 

(Davis et al., 1986; Takeda and Yamamoto, 1987; Ohya and Anraku, 

1989; Davis, 1992) poi.nt out the importance of CaM in the control 

of chromosome behaviour. 

CaM has also peen identified as a factor involved in the 

reinitiation of meiosis in female germ cells. G9/M transítion and.  

maturation phase (Cartaud et al., 1980; Wasserman and Smith, 1981) 

as well as metaphase/anaphase transition can be triggered by Cae _ 

CaM(Lorca et al., 1991, 1993, 1994; Morin et al., 1994). In malo 

germ cells meiosis is not biocked at any stage, appearance and 

evolution of primary spermatocytes through prophase 1 is 

accompained by an increase in hoth testicular CaM mRNA and CaM 

content (Lagacé et al., 1981; Feinberg et al., 1983, 1985; 

D'Agostino et al., 1983; Trejo et al., 1985; Slaughter et al., 

1987) and by an enhancement of CaM concentration in the nucleus 

(Moriya et al., 1993). 

The physiological meaning of the risc in CaM 	during 
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meiosis in the 'Bale has not been defined. Whether the change in 

testis CaM content was paralleled by modific:ations of the .1- argets 

involved in a specific CaM-mediated calcium response pathway, as 

previously observed in other cell types (Van Eldik et ¿si., 1990), 

was pursued in this paper. Subcellular clistribution of CaM and CaM-

binding proteins (CaMBP) were determined at severa' stages of 

testicular development. Rat primary spermatocytes and spermatids 

were isolated from developing rats as sources of meiotic and 

postmeiotic CaM targets. Emphasis was made cm the identification of 

nuclear and cytosolic Ca2+-dependent CaMBP in primary spermatocytes 

at later stages of the first meiotic prophase. 
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MATERIALS AND METHODS 

Mínimum essential mediutn (MEM) , w .ithout calcium, supplemented 

with Earle salts was from Gibco, BRL. CoLlagenase torm II was from 

Koch-Light Laboratorios, Ltd. Dextran T-500, CNBr-aetivivated 

Sepharose 4B and Fleoll were from Pharmacia Fine Chemicals. 

Acrylamide, bisacrylamíde, Temed, molecular weight proteín 

standards, sodium dodecyl sulfate (SDS), ammonium persulfate, Tris 

(hydroxymethyl) aminomethane were from BioRad. Phenyl sepharose, 

sucrose, soy bean trypsin ínhibítor (type 1) (SBTT), 

phenylmethylsulfonyl fluoride (PMSF), ethyleneglycol- bis(B-

aminoethyl ether) N,N,N', N',-tetraacetic acid (EGTA), 

ethylenediamine-tetraacetic acid, tetrasodium salt (EDTA), caleium 

chloride, bovine serum albumin (BSA), imidazol, l cric acid, sodium 

borate, sodium chloride, dithithreitol (Cieland's Reagent) (DTT), 

sodium chloride, adenosine-5'-monophosphate (AMP), glueose-6-

phosphatase (G6P), sodium succinate, 6CBZ-arg-arg-4-methoxy-8- 

naphthylamide, 	p-nitrophenyl 	phosphate, 	and 	N-2- 

hydroxyethylpiperazine-W-2-ethanesulfonie acid (HECES) were from 

Sigma Chemicals, St. Louis Missouri, U.S.A. 

Anlmals. Sprague Dawley mate :rats were used in all 

experiments. Foliowing weaning at 21 days, they were fed with 

Purina chow and water ad libitum. Rats were stunned, decapitated 

and exsanguinated. Testis were removed and received in the 

apropriate medium. Tunica albuginea and blood vessels were 

eliminated before cell dispersion or tissue homogenization. 

Cell populations. Isolated germ eell popuiations were obtained 
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as previously descri.bed (Alemán eta ale, 1978). Prímary 

spermatocytes at leptotene-zygotene or pachytene stages were 

obtained from 12-15 and from 21-25 day oid rat testes, 

respectively; spermatids were obtained from 38 day old animals. 

Leptotene-zygotene primary spermatocytes were recovered in the 

Dextran-MEM layer with a densily of 1.0816 (g/m1). Pachytene 

primary spermatocytes and spermatids Ln the 1.038 and 1.053 (g/m1) 

density layers. Cells were re suspended with DPBS (136 mM NaC1, 2.6 

mM KC1, 	1.4 mM KH2PO4, 0.49 mM MgC12, 0.68 mM CaC1, pH 7.2) to 

eliminate Dextran T-500. The number of eells obtained was 

determined in triplícate aiiquots, using a Neubauer chamber. Smears 

of isolated cells were fixed under PES -3% formaldehyde vapours and 

stained with PAS-hematoxylin. Cells were identified according to 

Lebiond and Clermont (1952), countinq at least 500 cells per 

experiment. Values shown are the means and standard deviation of 

three different experiments. At 12 15 days the gema cell population 

was constituted by 56.25 ± 5.27 % leptotene-zygotene primary 

spermatocytes, 2.44 ± 0.17 % early pachytene primary spermatocytes, 

7.22 	0.26 % spermatogonia, 18.81 ± 16.44 % Sertoli ce1ls and by 

15.17 ± 10.53 % Leydig cells. At 21 days the primary spermatocyte 

enriched population consisted of 81.38 ± 1.64 % pachytene primary 

spermatocytes, 3.14 I.  1.06 % leptotene primary spermatocytes, 7.41 

± 3.02 % spermatogonia, 1.73 ± 0.7 % Sertoli cells and 2.54 ± 0.005 

% Leydig cells. The spermatid enriehed population obtained from 38 

day-old rat testes was integrated by 59.16 ± 8.57 % Golgi phase 

spermatids, 14.57 ± 5.16 % aerosome and elongating spermatids, 
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25.42 ± 3.53 % primaty spermalocytes, and 2 :t 2.82 % spermatogonia. 

Spermatozoa were obtained from caput, bocly and cauda of epididymis. 

Caput and body epididymaL spermatozoa were obtained by mincing 

these regions in separate flasks containing PDS. The supernatant 

was filtered through cheese clon and Lhen centri:Uuged Lo 1900 x g 

10 min at room temperature. Spermatozoa from the cauda of 

epiclidymis were obtaincd by perfusion with PBS. 

Rat testis subcellular fractions. 	Testicular subcellular 

fractions were obtained from 13, 21 and :38-clay oid and adult rats. 

A 10% (w/v) tissue homogenate was prepared in ice-coid 0.25 mM 

sucrose, 20 mM Tepes, pH 7.2, using a Potter-Elvejhem homogenizer 

with a loose teflon pestle. Six subcellular fractions were obtained 

by differential centrifugation of the homogenate at 770 x g for 10 

min (12 1), at 6 000 x g for 20 min (P2), at 12 500 x g for 40 min 

(P3), at 24 000 x g during 40 min (P4) and at 150 000 x g for 60 

min (P5) and the final supernatant. The activity of several marker 

enzymes such as succinic dehydrogenase (Ackrell et al., 1978), acid 

phosphatase (Hollander, 1971), cathepsin 13 (Smith and Frank, 1975), 

glucose-6-phosphatase (Schulze et al., 1985), 5'-nucleotidase 

(Emmelot and Bos, 1966), and of alkaline phosphatase (Perkarthy et 

al., 1972) were determinad Lo identify each subcellular fraction. 

125I-Calmodulin probe. Bovine calmodulin was purified from 

bovine testes as Gopalakrishna and Anderson (1982) and labeled with 

1251 using the Bolton-Hunter reagent as descrIbed (Chafouieas et 

al., 1979). 

Antibodies CaM monospeeif i e at Lbodies were produced in sheep 
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and purified by affinity chromatography as prevíously described 

(Dedman et al., 1978). 

CaM content. CaM level was determined by radioimmunoassay 

(Chafouleas et al., 1979) in the folLlowing samples. A) Total 

homogenate of developing .rat testis. Testicular tissue from 5 to 60 

day oid rats (10 to 2 animals), was homogenized with borate 

(100 mM boric acid, 25 mM sodium borato, 75 mM 	pH 8.4), 2 mM 

DTT, 1 mM EGTA, 0.1% (v/v) SDS, us:Lng a Potter-Eivejhem glass-

teflon homogenizer. The homogenate was sonicated for 2 min at 4°C, 

using a microtip equipped Model B-12 Branson sonicator. Aliquots of 

1 ml were heated at 95°C for 2 min in a thermoblock, chilled on ice 

for 30 min and microcentrifuged for 5 min. Supernatants were saved 

and froten at -70°C until CaM content determination. B) Rat testis 

subcellular fractions. The pellets obtained by differential 

centrifugation of the testis homogenate were :resuspended with 

borate salive solution plus 1 mM EGTA, 0.1% SDS and 2 mM DTT. The 

cytosolic fraction was supplemented with SDS and DTT to obtain 0.1% 

and 2 mM final concentration. Sonication and hect treatments were 

performed in all fractions as described aboye. C) Isolated germ 

cells. Aliquots of 106  cells were hoinogenized with borate salmne-

EGTA-SDS-DTT and processed as described for tissue and subcellular 

fractions. 

Electrophoresis. Aliquots, 80 pg of protein, of testis 

homogenate, isolated primary spermatocytes and their subcellular 

fractions were fractionated by SDS-polyacrylamíde slab gel 

electrophoresis as described by Laemmli (1970). Electrophoresís was 
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run overnight at 25 volts. 

Identification of Ca2 -dependent and Ca2+-índependent CaMBP. 

The identifícation of Ca2 -dependent and Ca24--independent CaMBP was 

51  made by 12  -CaM overlay in the presence of 2 111M CaC12  or with 4 mM 

EGTA (Glenney and Weber, 1980) in the following samples: 	A) 

Testicular tissue. Rat LesLis, free from tunica albuginea and blood 

vessels, obtained from 10, 20 and 40 day old animals, were 

homogenized with sample buffer previously heated to 95 °C, to 

obtain a 10% (w/v) homogenate and equivaient protein aliquots were 

separated in 10% polyacrylamíde gels. B) Subcellular fractions. C) 

Isolated primary spermatocytes and spermatids. D) Puri:fied nuclear 

and cytoplasmic fractions from primary spermatocytes. 

Nuclei purification from isolated primary spermatocytes. 

Pachytene primary spermatocyte nuclei were obtained following the 

techinque described by Birnie (1978) with some modifications. 

Briefly, isolated cells were homogenized with ice-cold 0.25 mM 

sucrose, 20 mM imidazol pH 7.2, 1 mM EDTA, 100 pg/m1 SBTI, using a 

Potter Elvejhem glass homogenizer with a loose teflon pestle. 

Cellular homogenate was centrifuged at 800 x g 10 ruin at 4°C. The 

supernatant was saved and the pellet was rehomogenized and 

centrifuged as described aboye. The peliet was resuspended with 4 

ml of chilled 20 mM imidazol, 4 mM EDTA, 100 pg/m1 SBTI, pH 7.2. 

After 10 ruin the suspension was layered on top of 0.88 M sucrose, 

20 mM imidazol, :1 mM EDTA, 100 pg/m1 SBTI, pH 7.2 and centrifuged 

at 800 x g 10 mi n at 4°C. The nuclear pellet was resuspended with 

0.25 mM sucrose, 5 mM MgSO4, 1 mM PMSF, 50 mM Tris-UC1 pH 7.4, 
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aliquoted and kepí at -80°C. To define the contamination of the 

nuclear fraction with cytosoli.c and endoplasmic reticulum proteicas, 

the activities of lactate dehydrogenase (LDH) (Machado de Domenech 

et al., 1972) and glucose-6-phosphatase (Schulze et al., 1985) were 

determined in the ce11 homogenate, in the supernatant obtained 

after centrifugation at 800 x g, and in the pellet of nuclei 

obtained after centrifugation on sucrose 0.88 M. 

Protein determination. Protein was determined by the Hartree 

(1972) or Bradford (1976) method. 
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RESULTS 

Testis growth and CaM content. Previous observations showed 

that CaM gradually increased durtng testis development (Smoake et 

al., 1974; Lagacé et al., 1981; Feinberg et aL., 1983; Trelo et 

al., 1985; Slaughter et al., 1987). However, the relationship 

between testis growth cate and CaM content was not defined. To 

accoinplish this, individual testis weight, total, protein as well as 

CaM content per g of tissue were determined in developinq rats from 

5 to 60-days old, at 2 day intervals. Fig. 1 shows that testis 

weight increases exponentially from 5 up to 40 days but the protein 

content per g of wet tissue was constant from birth to adulthood. 

The water content per g of tissue did not chango (not shown). The 

CaM: total protein ratio increased in a step-manner along the 

logaritmic growth phase. The first rise was observed between 5-10 

days after birth and the level reached was maintained up to 20 

days. This period of testicular, development is characterized by the 

appearance and proliferation of spermatogonia and Sertoii cells 

(Clermont and Perey, 1957). Sertoli cell number per testis 

increases 4 fold between 5-10 days and spermatogonia proliferation 

peaks between 10 and 20 days. Prirnary spermatocytes are e:Lea/1y 

observed in the 15-day old rat testis (Zhengwei et al., 1990). The 

second increase in testicular CaM content was detected in 24 day 

old rats and this leves, was mantained up to 32 days. During this 

interval of time the last stages of meiosis are reached and haploid 

cells appear in the germinal epithelium (Clermont and Perey, 1957). 

At 25 days primary spermatocytes are the predominat cell type in 
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the rat germinal epLthelium (Zhenqwei et al., 1990). The third ríse 

in tetis CaM was observed at 34 days and was constant up to 40 

days. Within this phase of testis development, spermatid cell 

number increases, acrosome and cap phases of spermiogenesis are 

attained (Ciermont and Percy, 1957). Spermatogonia and primary 

spermatocytes reach the cell den íty that will be preservad in the 

adult germinal epithelium (Zhengwei @t. al., 1990). Plateau phase of 

growth, spermatid maturation and spermatozoa appearance in the 

germinal epithelium at 45 days, were coincident with decreasing 

level of testicular. CaM. Whether the elímination of cytoplasmic 

components during lasa stages of spermatid maturation as well as 

spermatid degeneration (Ciermont and Perey, 1957) cause the 

decrease in CaM between 40-45 days remains to be defined. 

CaM content in isolated gerin cells. Spermatogenic cells at 

specific stages of differentiation were isolated to determine their 

CaM content on cell and protein basís. The earliest meiotic cells, 

leptotene and zygotene primary spermatocytes isolated from 15 day 

oid rats, showed a CaM level 10 times higher than the content 

determinad in spermatogonia and Sertoli cells isolated from 12 day 

old rats. Pachytene primary spermatocytes, from 21 day oid rats, 

showed a 2 fold higher CaM content than early spermatocytes. A 

decrease in CaM level was observed in postmeiotic cells, spermatids 

isolated from 38 day old rats, showed 20% less CaM and epididymal 

spermatozoa from adult rats, presented eight times lower CaM 

content than pachytene primary spermatocytes (Fig. 2). These 

differences were also observed when CaM level was expressed as 
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percentage of germ cell pr_ot,ein. CaM content increased from 0.0413 

in spermatogonia and Serton cells to 0.23% in early primary 

spermatocytes and to 0.31% in pachytene primary spermatocytes. In 

spermatids the total protein content decreased and CaM level 

attained the 0.45%. The present resuras support and extend previous 

reports in which CaM content. was estimated on cell hasis by 

stimulation of Ca2+-calmodulín dependent enzymes using germ cell 

extracts (D'Agostini eta al., 1983; Feinberg eL al., 1983). 

Ca24.-dependent CaMBP in developing rat testís. Rat testis at 

banal, logaritmic and plateau stages of the growth curve were 

selected to define whether CaM content was related with changos in 

CaM targets. Ca24--dependent CaMBP were detected in rat testis 

homogenates at 5, 20 and 40 days by •125I CaM overlay (Glenney and 

Weber, 1980). In spite of the differences in CaM level, a similar 

pattern of Ca2+_CaMBP was observed at the three stages of testis 

development (Fig. 3). However, in the logaritmic phase of growth, 

the 20 day-old rat testis showed a higher content in the proteins 

with apparent Mr  = 140, 60, 47, 23-22, 21, 18, 17 and 14 kD, A 27 

kD protein was detected only at 20 and 40-day oid :rat testis. At 20 

days, primary spermatocytes and spermatogonia are the major cell 

types 	in 	the 	germinal 	epithelium, 	the 	primary 

spermatocytes:spermatogonia ratio is 0.59 (Zhengwei et al., 1990). 

At 40 days, both the plateau stage of growth and the highest 

testicular CaM level were reached. At this age spermatids are the 

predominant cell type, the spermatLd:primary spermatocyte ratio is 

1.65 and the primary spermatocyte : spermatogonia ratio is 2.38 
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(Zhengwei et al., 1990). The results obtained suggest that the 

changes in the level of Ca24--dependent CaMBP are related to the 

growth rate and Lo the cell types present in the germinal 

epithelium rather than to the total CaM content. 

Subcellular distribution of CaM and CaMBP. Po define whether 

the ehanges in testis CaM content: Gould be related to modifications 

in its cellular localization and/or in the level. of CaMBP, 

subcellular fractions from immature and adult rat testis were 

obtained and assayed for both CaM and CaMBP. 80% of the total CaM 

content of the developing and mature testis was recovered in P and 

in the final supernatant. However, in the testis from adult rats, 

50 % of the total CaM was recovered in P and in immature rat 

testis this percentage was recovered in the soluble fraction. AL 

both stages of development, 10% of the total CaM content was 

recovered in P 2  (6 000 x g) , the mitochondrial-lysosomal fraction. 

A 2-3% of CaM was recovered in each one of the vesicles der:ived 

from the endoplasmic reticuium and plasma membrane sedi~nted in 

P 3, P4  and P5  (Fig. 4) 

The subceliular localization of the Ca2+-dependent CaMBP was 

studied at 13, 20, 37-days and adult rat testis. Proteins were 

separated in 6.5% polyaerylamide gels to better visualizo the high 

molecular weight proteins and in 13% polyaerylamíde Beis to :resoive 

the dense label observed in the reTion of low molecular weight. 

Electrophorus eiectricus CaMBP purified by affinity ehromatography 

were íncluded as internal control. to asses the identification of 

the testis CaMBP (Kaetzel and Declinan, 1987). The distribution 



prof ile of Ca2+-CaMBP was similar at al_!_ the ages studied, however 

a higher content was observed in 13 Lo 20 day oid rat test:Ls , when 

meiotic cells are the majar ceLl type in the germinal epithellum. 

High molecular weight Ca2+-CaMBP 	an apparent Mr  = 260, 210, 170 

and 150 kD, were mainly locallzed n the cy;osol and in the 

membrane vesicles pelleted at 24 000 (P4) and 150 000 x g (P5) 

derived from endoplasmic retículum and plasma raembrane (Fig. 5A). 

P4  and P5  were also enriched in a 35 and 27 k[) proteins (Fig. 5B). 

A 60 kD Ca2+-dependent CaMBP was detected in all fractions hut 

seemed to predominante in the cytosol (Fig. SA). Two proteins with 

an apparent molecular weight of 17 and 13 kD were only observed in 

P1  (Fig. 5B). These results suggested that CaM had multiple 

targets, those with high molecular weight seemed to be mainly 

localized in the cytosol and those with a low molecular weight 

localized in the nuclear and light memb:rane frac-U.0ns P4  and P5. 

Ca24"~dependent CaMBP in isolated primary spermatocytes and 

spermatids. In (arder to define whether meiotic and postmeiotic 

celis show specific CaMBP, pachytene primary spermatocytes and 

spermatids were isolated and their Ca24--CaMBPs were identified 

(Fig. 6). Similar high and low molecular weight Ca24--dependent CaM-

acceptor proteins were detected in both cell types, Mr  = 220, 180, 

140, 120, 100, 90, 74, 55, 43, 40, 33, 17, 16 and 13 kD. Although, 

a more dense label was observed in some CaMBP in primary 

spermatocytes (Fig. 6). These results stand in contrast to the 

qualitative and quantitative differences between the Ca24--CaMBP 

detected in isolated germ cells f:rom 12 day oid rat testis, 
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enriched in spermatogonía plus Sertolí cells, and those CaMBP shows 

in pachytene primary spermatocytes (Fig. 6 lanes 1,2). 

CaMBP in pur.ified nuclei from primary spermatocytes. Since CaM 

bincls to the nucleus at later stages of the first meiotic prophase, 

isolated primary spermatocytes at pachytene and later stages were 

selected to identify the nuclear CaMBP. Several. Ca2+-dependent 

CaMBP were detected in the purified prímary spermatocyte nuclear 

fraction Mr= 200, 120, 100, 82, 74, 56, 52, 43, 37, 35, 32 and 29 

kD. The 56 kD band was preclominant in the cytoplasm and in the 

purified nuclei preparation. A group of proteins with low molecular 

weight 37-31 kD seemed to be only present in the nucleus (Fig. 7). 

The molecular weight of some of these CaMBP resemble the proteins 

able to bind CaM detected in the cytosol obtained from immature r_ at 

testis (Fig.5). The possibility that these proteins represent a 

contamination with cytosolic proteins scems uniikely, since the 

percentage of lactate dehydrogenase activity recovered in tisis 

fraction was 2.93 ± 5 (n=3). However, 43 ± :3 % of glucose-6-

phosphatase activity was recovered in thís fraction, indicating a 

high contamination with. endoplamsic retículum proteins. This 

explanation is supported by the similar molecular weight CaMBP. 

detected in the membrana vesicies pelleted at 24 000 (P4) and 150 

000 x g (P5) (Fig. 5). 

The presence of Ca21--independent CaMBP of low molecular weight 

was exclusively detected in the nuclear fraction obtained from 

primary spermatocytes (Fig. 7). 
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DISCUSSION 

The specific íncrease .in CaM (onLont expressed on CaM/proteln 

basis observed at three speci.fi.c stages of testicular develLopmnent 

confirmad and extend previous observations (Smoake It al., 1974; 

Lagacó et a/., 1981; Feinberg eL al., 1983, 1985; Slaughler eL al., 

1987). However, these results sLand in contrast Lo a transtent 

increase of. CaM observed in cells induced to prolLferate (MacManus 

eL al., 1981; Piñol et al., 1988) , and with cycling cells which 

double their. CaM content at the 01/S transition (Chafouleas et al., 

1982), but maintain a constant CaM/total prolein ratio (reviewed by 

Veigl et al., 1984). The first ríse in CaM, between 5-10 days, 

takes place during spermatogonia and SerboLi cell prolíferation 

(Clermont and Perey, 1952). The second and third rises in testis 

CaM may be related to spermatogonia renewal and appearance of new 

generations of primary spermatocytes. The marease in primary 

spermatocyte number np to 35 days supports this iIterpretation 

(Zhengwei et al., 1990). Synthesis of CaM during meiosis appears to 

be a common feature of both maie and temale meiotic cense However, 

in Xenopus oocytes CaM level only increased 70% during germinal 

vesicie breakdown (Cartaud et al., 1980). The relationship between 

CaM content decrease observed between 20-22 days and 40-45 days and 

germ cell degeneration remains lo be defined. 

The relevance of primary spermatocybes at pachytene stage as 

the cell type in which specific tesLis gene expression takes place 

ís supported by numerous reports (reviewed by Eddy et al., 1993; 

Hecht, 1993). The higher. Ca21--dependent CaMBP level detected at 20 



days, when germ cell differentiation have reached the pachytene 

stage further support the ímportance of this meLotic stage. 

However, a similar Ca24--CaMBP pattern was observed in both isolated 

primary spermatocytes and spermatids, some bands showed a stronger 

label in meiotic cells. These resuLts may incli.cate cornmon CaM 

targets in both cell types, although the role they play remains to 

be defined. It seems likely that, the 33 kD Ca21--dependent CaMBP 

detected in the spermatid-enriched population correspond to 

calspermin, the specific Ca24--CaMBP of the testis expressed in 

postmeiotic cells (ceno et al., 1984, 1987, 1989). 

Cytosol appeared to be ene of the major subcellular 

compartments where CaM and Ca2-1--CaMBP are dístributed in rat testis 

at different developmental Ttages. Testis cyLosol was enriched in 

high molecular weight Cae+-CaMBP that resemble the subunits of 

cytoplasmic dynein, a major microLubule-associated protein in tat 

testis (Neely et al., 1990). It seems very likely that the 400 kD 

and the 80 kD Ca24.-CaMBP detected by Sobue and Kakiuchi (1980) in 

adult rat testis cytosol correspond to eytoplasmic dynein subunits. 

Although changes in isotypes and organization of the major 

cytoskeletal constituents have been observed duríng spermatogenesís 

in both male germ celis and Sertolí cells (Lewis and Cowan, 1988; 

Kim et al., 1989; Vogl, 1989), the role of CaM in the regulation of 

this process has not been defined. 

The possibility that some of the Ca24--dependent CaMBP detected 

in the purified nuclei were related te nuclear cytoskeieton is very 

likely. The contaminatíon with soluble proteins and therefore with 
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cytoplasmic cytoskeleton was very low or undetectable by enzymatic 

methods. Furthermore, myosin aud actin have been immunolocalized in 

the nuciel of primary spermatocytes (Martino 	al., 1980), and 

chancjes in myosin licjh chain kiriase, 	-spectrin, actin and 

caldesmon have been detected in the nuciel of proliferatively 

activated rat liver cells (Bachs et al., 1990). The contamination 

of the purified nuclei with endoplasmic reticulum proteins males 

difficult to define whether the nuclear membrane, stili assembled 

in primary spermatocytes, and endoplasmic reticulum show common 

Ca2+-CaMBP. 

The nuclear compartment of isolated pachytene primary 

spermatocytes also showed proteins able to bind CaM in the absence 

of Ca2+ . A similar result was not: observed in any other subcellular 

fraction. Ca24--dependent, Ca2+_independent  and Ca2+-inhibited CaMBP 

have been reported in different cell types (Glenney and Weber, 

1980; Cimier et al, 1985; Anclreasen et al, 1987; Hernández et al., 

1994), but not in dividing cells. The present resuslts support 

previous observations suggesting the existence of Ca2+-independent 

CaMBP in dividing cells since Ca2+-chelating agents did not affect 

CaM localization in the kinet.ochore microtubules (Sweet et al., 

1988). Whether the low molecular weight CaMBP able to bind CaM in 

the presence of EGTA couid be involved in the association of CaM to 

nuclear structures remains to be defined. 

The Ca2+-dependent bindinq of CaM to the particulate fraction 

of adult rat testis was shown by Sobue et al (1979), but the 

binding proteins were not identified. This report is the first 
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showing the subcellular distribution of CaM, CaMBP and their 

relation with the growth rate and differentiation stage attained by 

the germinal epithelium. StudLes are in progress to stablish the 

identity and functions medlated by the CaM-CaMBP system in primary 

spermatocytes. 
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CONCLUS I ONS 

Testis growth rato, meiosis progresion and differentiation of 

spermatids were associated with an increase in CaM: total protein 

ratio. CaM content rised at three specific stages of development 

and the changes were not transient. CaM 

was mainly compartmentalized in the nuclear and cytosol fractions 

during the exponential and plateau phases of testis growth. Several 

Ca24.-CaMBP were detected in :r ate testis with higher level during I:he 

exponential growth phase. Primary spermatocytes and early 

spermatids showed a similar •pattern of Ca2+-dependent CaMBP, 

suggesting common CaM targets .in meiotic and early postrneiotic 

cells. Ca2+-independent CaMBP were detected in primary 

spermatocytes nuclei. The role played by both Ca2+-dependent and 

Ca2+-independent CaMBP :remains to be defined. 
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Text. Fig. 1. Correlation between CaM: total protein ratio, testis 

growth and germinal epahelium difterentiation in developing rats. 

Testis from 5 to 60 day oid rats were homogenized in borate 

solution pH 8.4 supplemented with 2 mM DTP, 1 mM EGTA, 0.1% SDS and 

sonicated for 2 min at 4°C. The homogenate was heated at 95°C for 

2 min, chilled on ice for 30 min and microcentrifuged. CaM content 

was determined by radioimmunoassay ln triplícate aliquots of the 

supernatant. Heated and unheated standards were used for 

calibration curves (Chafouleas et al., 1979). Testis weight values 

were obtained from pooled tissue from 50 to 10 mate rats. Protein 

content was determined by the Hartree method (1972). 
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Text Fig. 2. Calmodulin content in .isoiated germinal cells. 

Spermatogenic cells were purified from rat testis as described 

(Alemán et al., 1978). Spermatogonía plus Sertolí cell population 

was obtained by collagenase and mechanic disruption of testis from 

12 day old rats. Leptotene-zygotene priluary spermatocytes, 

pachytene primary spermatocytes and spermatids were isolated from 

12-15, 21 and 38 day old rats, respectively, usinq Dextran T-500-

MEM gradients. Spermatozoa. were obtained. troin adult rat epidydimís. 

Cells were homogenized with borate salino p11 8.4, containing 2 mM 

DTT, 1 mM EGTA, 0.1% SDS, son.icated and heated as described in 

Materials and Methods. CaM content was determined by 

radioimmunoassay in tripilcate aliquots. Data shown are the mearas 

and standard deviation from 4 different experiments. (SG+SC) 

spermatogonia and Sertoli cells. (LZPS) leptotene and zygotene 

primary spermatocytes. (PPS) pachytene primary spermatocytes. (St) 

spermatids. (SZ) epididymal spermatozoa. 
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Text Fig. 3. Ca24--CaMBP during rat testis development. Testicular 

tissue from 5, 20 and. 40 day old rats was homogenized with sampie 

buffer previously heated at 95°C. Aliquots of 80 pg of protein were 

separated in 10% PAGE-SDS. Gels were overlaid with usi  -CaM, 106  dpm 

per lane, in the presence of 2 mM CaC12  or 4 mM EGTA. After 

overnight incubation at 4°C, non bound CaM was eliminated by 

extensivo washing with buffer containing CaC12  or EGTA. CaMBP were 

detected on Kodak film by autoradiography. Lane (1), testis from 5 

day old rats.Lanes (2) and (3), 20 day old rat testis. Lanes 

and (5) 40 day old rat testis. 
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Text Fig. 4. SubeeLlular distribution of CaM in immature and aduit 

rat testis. 20 day oid and aduLt rat testis were homogenized wi_th 

0.25 M sucrose, 20 mM Hepes pH 7.2 using a Potter-Elvjhem 

homogenizer. Six subcellular fractions were obtained by 

differential centrIfugation and assayecl for CaM contenL. Pellets 

were resuspended :i.n loor. ate salino pH 8.4, containínq 2 mM DTT, 1 mM 

EGTA, 0.1 % SDS, sonicated and heated as described for tissue and 

cell samples. DTT, EGTA and SDS were added to the cytosol to obtain 

2 mM, 1 mM and 0.1% final concentrations, respectively. (1) 770 x 

g crude nuclear pellet (P ). (2) 6 000 x g mitochondrlal-lyzosomal 

fraction (P2 ). (3) 12 500 x g heavy endoplasmic reticulum fraction 

(P3). (4) 24 000 x g endoplasmic reticulum-plasma membrane fraction 

(P4). (5) 150 000 x g light microsomal fraction (P5). (6) final 

supernatant. Open circles CaM content in 20 day raid rat testis. 

Filled circles CaM content in adult rat testis. Open squares 

percentage of the total protein recovered in each fraction from 20 

day old rat testis. Filled squares protein recovered in each 

fraction from adult rat testis. 
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Text Fig. 5. Subcellular distribution of Ca2+-dependent CaMBP in 

immature rat testis. 13 clay old rat testi.s were homogenized wíth 

0.25 mM sucrose, 20 mM Hepes and fractionated by differential 

centrifugation. Aliquots of 80 pg of protein of each fraction were 

resuspended with sample buffer and electrophoresed in 13 o:t: 6.5 

PAGE. Gels were overlaid with 125 T-CaM, 106  dpm per lane, in the 

presence of 2 mM CaC19  or 4 mM EGTA. Non-bound CaM was washed out 

and CaMBP were detected un Kodak film by autoradiography. (E) 

Electrophorus electrices Ca2+-CaMBP. (FI) Testicular homogenate. (1) 

770 x g crude nuclear pellet (P1). (2) 6 000 x g mitochondríal- 

lyzosomal fraction (P2). 	(3) 12 500 x g heavy endoplasmic retícuium 

(P3). (4) 24 000 x g endoplasmic reticulum-plasma membrane peliet 

(P4). (5) 150 000 x g microsomal fraction (P5). 	(6) Cytosol. (A) 	13 

% 	(13) 6.5 % polyacrylamide gels. 

62 



1 E 3 4 E 6 E 7 8 

kD 

200- 

116- 

92- 

kD 

92-. 

66 

9 

14- 

1 

kp 



Text Fig 6. Ca24-dependent CaMBP in isolated germ cells. Germinal 

cells were resuspended in sample buffer and separated on 13 and 6.5 

% PAGE. Resuits obtained from 4 diflerent experiments are shown. 

6.5 % polyacrylamide Beis: larle (1) Spermatogonia-Sertoli cell 

population from 12 day old rat testis. kanes (2) and (3) Pachytene 

primary spermatocytes from 21 day old :rat testis. Lane (E) 

Electrophorus electricus Ca2 -CaMBP. Kanes (4) (5) and (6) 

Spermatids isolated from 30 day old rat testis. 13% polyacrylamide 

geis: Lane (7) Primary spermatocytes. Lane (8) Spermatids. 
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Text Fig. 7. Ca2+-dependent and Ca2 -independent CaMBP in purified 

nuclei from primary spermatocytes. Pachytene primary spermatocytes, 

obtained from 25 day oid rat testis, were fractionated to purify 

the nuclei as described in Materials and Methods. Aliquots of 80 pg 

of protein were separated on 10 % poLyacrylamide geis. CaMBP were 

detected by overlay with 1251-CaM in the presence of 2 Ira CaC12  or 

4 mM EGTA. Lane (1) Molecular weight standards. Lanes (2), (3), (8) 

and (10) purified nuclei. Lanes (4), (5), (7) and (9) supernatant 

obtained after centrifugation of the cell homogenate at 800 x g. 

Lane (6) Primary spermatocytes homogenate. Results from 2 different 

preparations of nuclei are shown. 
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RESULTADOS 
Como puede observarse en el trabajo anterior, el 80% de la CaM 

testicular se recuperó en dos fracciones, la nuclear y la 
citosólica. La detección de diversas proteínas capaces de unir a 
CaM en forma dependiente de Ca24-  en Las dos fracciones, sugirió que 
estos dos compartimentos estaban enriquecidos en CaM y en sus 
proteínas blanco. 

La migración de CaM al núcleo y el rearreglo de las proteínas 
aceptaras de CaM relacionadas al esqueleto nuclear, observados en 
los hepatocitos inducidos a multiplicarse, plantearon la 
posibilidad de que algo semejante ocurriera durante la migración de 
CaM al núcleo de los espermatocitos primarios en estadios tardíos 
de la primera profase meiótica. 

Se decidió entonces delimitar el tercer objetivo de esta tesis 
aislar y purificar las proteínas blanco de CaM en los 
espermatocitos primarios, a la purificación de las proteínas 
aceptaras de CaM de la matriz nuclear y compararlas con las 
aceptaras de CaM del citosol. 

Para aislar las proteínas de la matriz nuclear, los ácidos 
nucléicos fueron hidrolizados con DNasa II y RNasa A. Los productos 
de la hidrólisis enzimática y parte de las proteínas asociadas a 
los ácidos nucléicos, fueron separadas por centrifugación a 800 x 
g y recuperadas en el sobrenadante. La pastilla fue extraída con 
NaC1 2 M y el material no solubilizado fué separado por 
centrifugación. Las proteínas de la pastilla o matriz nuclear 
fueron solubilizadas con Triton X-100, se agregó CaC12, a una 
concentración final de 500 pM y se adicionaron a una columna de 
Sefarosa-CaM. Las proteínas aceptoras de CaM dependientes de Ca24-
fueron eluídas empleando FGTA. 

Para purificar las proteínas aceptoras de CaM del citosol fué 
necesario eliminar la CaM endógena presente en esta fracción. Para 
ello, la fracción soluble de los espermatocitos primarios, obtenida 
por centrifugación a 120 000 x g durante 60 mín, fué fraccionado 
por cromatografía de intercambio iónico usando DEAE-celulosa. A la 
fracción eluída con 80 mM de NaC1 se le adicionó CaC12, para 
obtener una concentración final de 500 pM y se usó como fuente de 
las proteínas aceptaras de CaM. Las proteínas capaces de unir CaM 
en forma Ca24.-dependiente fueron purificadas por cromatografía de 
afinidad en una columna de Sefarosa-CaM. 

Las proteínas aceptaras de CaM dependientes de Ca21-  de ta 
matriz nuclear y del citosol fueron analizadas por electroforesis 
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en geles de poliacridamida al.10%. Los resultados señalan la 
purificación parcial de seis proteínas aceptoras de CaM de la 
matriz nuclear, en contraste con la diversidad de proteínas 
aceptoras de CaM presentes en el cltosol. 

La matriz nuclear de los espermatocitos no muestró proteínas 
de alto peso molecular, como las del citosot. La semejanza del peso 
molecular de algunas de las proteínas aceptoras de CaM del citosol 
con proteínas definidas del citoesqueleto testicular, reforzaron la 
posibilidad de que estas proteínas estuvieran relacionadas al 
citoesqueleto de los espermatocitos primarios. 	 Existen 
evidencias experimentales que señalan la participación de CaM en el 
control de la organización de los elementos del citoesqueleto a 
diversos niveles. Por una parte, aumentando la sensibilidad de los 

9 
mic r otú bu 1 o s 	al 	Ca- -f-  , regulando así su polimerización-
despolimerización. Por otra parte, mediante la fosforilación de 
proteínas asociadas a los microtúbulos, catalizada por la proteína 
cinasa dependiente de Ca24"-CaM tipo 11, modifica la interrelación 
entre los distintos elementos del citoesqueleto. 

Con base en estos antecedentes y los resultados obtenidos se 
planteó el cuarto objetivo de esta tesis definir si los 
espermatocitos primarios poseen actividad de proteína cinasa 
activada por Ca2-f-CaM. 

Para contestar esta pregunta se tomaron alícuotas de los 
núcleos purificados y del citoplasma de los espermatocitos 
primarios y se determinó su capacidad para fosforilar a la caseína 
copolimerizada con la acrilamida. Los geles fueron incubados con 
32P-ATP en presencia de Ca2 -CaM o de EGTA y la incorporación de 32P 
a la caseína fué determinada por autoradiografía. 

Se detectó la presencia de una proteína cinasa con un peso 
molecular aproximado de 37kD, presente tanto en el núcleo como en 
el citoplasma de los espermatocitos primarios. La actividad de esta 
cinasa fué mayor en presencia de Ca2+_CaM,  pero también fué 
detectada en los geles incubados con EGTA. 

En el citoplasma, exclusivamente, se detectaron dos bandas con 
un peso molecular aparente de 55 y 52 kD, capaces de fosforilar a 
la caseína solo en presencia de Ca24--CaM. El peso molecular de 
estas bandas y su dependencia de Ca24. CaM sugirió la presencia de 
la proteína cinasa tipo II en el citoplasma de los espermatocitos 
primarios. 

La proteína cinasa asociada a la proteína de 37 kD podría 
deberse tanto a la actividad de la caseína cinasa tipo 1 como a una 
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cinasa dependiente de CaM tipo f. Ya que la actividad de la caseína 
cinasa 1 no es estimulada por Cae  -CaMy tampoco es Lnhibida por 
drogas anti-CaM, su participación pudo descartarse utilizando como 
fuente de enzima a las proteínas aceptoras de CaM dependientes de 
Ca2÷  purificadas por cromatografía de afinidad tanto de la matriz 
nuclear como del citosol. 

Estos dos grupos de proteínas mostraron una capacidad 
semejante para fosforilar a la caseína en presencia de Ca2 -CaM. 
Cuando las proteínas aceptaras de CaM purificadas del citosol 
fueron incubadas en ausencia de sustratos exógenos, se observó que 
una banda de peso molecular mayor a 200 kl) era fosforilada en 
presencia de Ca2+-CaM y en presencia de Mg2+-EGTA. Tanto la 
fosforilación de esta proteína como la fosforilación de caseína fue 
completamente inhibida con TFP a una concentración de 50 pM. El 
peso molecular de la proteína fosforilada recuerda el peso de las 
proteínas asociadas a los microtúbulos tipo 1 y 2, pero se necesita 
repetir su fosforilación y su separación en geles con menor 
porcentaje de acrilamida para definir su peso molecular y su 
identidad. También se observó que en presencia de Mg2+_EGTA se 
puede fosforilar esta banda y otra de 18 kD. Estas observaciones 
señalan que la proteína cinasa del citosol y dos sustratos 
endógenos, son proteínas que unen a CaM en forma Ca24--dependiente. 

A diferencia del citosol, la actividad de la proteína cinasa 
de la matriz nuclear de los espermatocitos primarios no fue 
totalmente inhibida por TFP. A la misma concentración, 50 pM, esta 
droga con actividad anti-CaM, solamente inhibió el 60% de la 
incorporación de 32P a la caseína. Estos resultados podrían deberse 
a una hidrólisis parcial de la cinasa durante su purificación, 
ocasionando la pérdida del dominio que une a CaM y del dominio 
inhibidor presente en las proteínas activadas por Ca2+-CaM. Ninguna 
de las proteínas aceptaras de Ca24.-CaM purificadas de la matriz 
nuclear fué fosforilada por la proteína cinasa presente. 

Los resultados sugieren que los espermatocitos primarios 
poseen dos tipos de einasas activadas por Ca2+-CaM con diferente 
localización intracelular. La proteína cinasa tipo Il se localiza 
en el citosol, en tanto que la matriz nuclear presenta la proteína 
cinasa tipo 	Sin embargo se requiere realizar más experimentos 
para demostrar claramente esta interpretación. 

Estas observaciones son presentadas a continuación en el 
trabajo "Ca2+-Calmodulin-stimulated protein trinases in the nuclear 
matriz and cytosol from pachytene primary spermatocytes". 

69 



Ca2+-Calmodulin-stimulated protein kinases in nuclear matrix and 
cytosol from pachytene primary spermatocytes. 

Raquel Trejo. 

Unidad de Investigación Médica en Enfermedades Oncológicas. 
Hospital de Oncología. Instituto Mexicano del Seguro Social. 
Apdo. Postal 12-1060. México D.F. México 03000. 

Telephone numbers (525) 578-6174 
(525) 627-6900 ext 4204 and 4323. 

Fax (525) 761-0952. 

Running title: Ca2F-CaM-protein kinase activities in primary 
spermatocytes 

70 



ABSTRACT 

Pachytene primary spermatocytes showed both casein kinase 

and Ca24.-CaM dependent protein kinase activities. Purified 

nuclei and cytoplasm contained casein kinase activity 

associated to a 37-34 kD protein. Ca24.-CaM-dependent protein 

kinase activity was detected in two cytoplasmic proteins Mr= 54 

and 52 kD. To identlfy the protein kinase activities, Ca2+-

dependentcalmodulin-bindingproteins (Ca2±-CaMBP) werepurified 

by affinity chromatography from cytosol and nuclear matrix. The 

main cytosolic Ca24--CaMBP had an Mr= 90, 60, 54, 30, and 24 k[). 

These Ca24.  CaMBP contained both Ca2 -CaM protein kinase, 

possibly associated to the 60 and 54 kD polypeptides, and 

phosphorylatable substrates. A protein with molecular weight 

higher than 200 kD was phosphorylated in a Ca24.-CaM dependent 

manner. 50 pM, trifluoroperazine (TFP) completely block the Ca2+-

CaM kinase activity and the phosphorylation of endogenous 

substrates. The results .indícate that the cytosolia proteja 

kinase activity is related to the Ca24.-CaM dependent protein 

kinase II. The majar Ca24.-CaMBP purified from nuclear matrix 

showed an apparent Mr= 66, 34, 31, 28, 27 and 18 kll. A protein 

kinase activity was present in these Ca2+-CaMBP but was not 

stimulated by Ca24.-CaM. However, 50 pM TFP inhibited 60% the 

activity. The protein kinase activity was possible associated 

to the 34 kD protein. No endogenous substrates copury with the 

enzyme. 
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Key words: Ca2+-dependent calmodulin-bindíng proteins, 

spermatogenic cells, casein kinase, meiotic malo 
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INTRODUCTION 

Progression of primary spermatocytes through meiosis was 

paralleled by an increase in calmodulin (CaM) content (Trejo 

al., submitted) and migration of CaM into the nucleus when 

pachytene and later stages of meiosis were reached (Moriya et 

al., 1990). This situation is similar Lo the changes in 

concentration and localization of CaM in liver cells induced to 

proliferate (MacManus et al., 1981; Piñol et al., 1988). 

Quiescent and proliferatively activated liver cells showed 

differences in the nuclear matrix proteiris able to bind CaM in 

a Ca2+-dependent manner (Serratosa et al., 1988; Pujol et al., 

1989; Bachs et al., 1990). Binding of CaM to chromosomes as 

well as the intranuclear localization of CaM were also 

investigated (Fields and Shaper, 1988; Wong et al., 1991; 

Portolés et al., 1994). 

Since CaM has been shown as an essential protein for ccii 

proliferation and normal chromosome segregation (Davis et al., 

1986; Takeda and Yamamoto, 1987; Ohya and Anraku, 1989; Davis, 

1992), identification of CaM targets in cells at divisíon may 

further contribute to define the mechanism of CaM action in 

these processes. Pachytene primary spermatocytes were selected 

in this paper as experimental model system of proliferating 

cells to identify the targets of CaM in both nucleus and 

cytosol. To accomplish this, isolated nuclei from pachytene 

primary spermatocytes were further fractionated to purify those 

nuclear matrix proteins able to bind CaM in a Ca2+-Ilependent 
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manner. Ca2+-dependent calmodulin-bindinq proteins (CaMBP were 

also purified from pachytene primary spermatocyte cytosol 

depleted 	from 	endogenous 	CaM. 	Since 	protein 

phosphorylatíon/dephosphorylation is one of the pathways by 

which CaM mediates 	 of cell growth (for reviews 

see Lukas et al., 1988; Kincaid, 1993; Takuwa el: al., 1995), 

the presence of Ca2+-CaM-dependent protein kinase activities was 

screened in purified nuclei and cytoplasm of primary 

spermatocytes as well as in the Ca2+-dependent CaME3P purífied 

by affinity chromatography from nuclear matrix and from 

cytosol. 
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MATERIALS Mil) METHODS 

Mínimum essentiaL meditara (MEM), without calcLum, 

supplemented with Earle salts, molecular weight protein 

standards (normal and prestained standards), acrylamide, 

bisacrylamide, Temed, molecular weight protein standards, 

sodium dodecyl sultate (SDS) , ammonium persulfate, Tris 

(hydroxymethyl) aminomethane, and synthide were purchased from 

Gibco, BRL. Collagenase fo.rm II was from Koch-Light 

Laboratories, Ltd,. Dextran T-500, CNBr-activívated Sepharose 

4B and Ficoll were from .Pharmacia Fine Chemicals. Sucrose, 

casein, bovine serum. albumin (BSA) fraction y, soy bean trypsin 

inhibitor (SBTI), deoxyríbunuclease II (DNase II) type IV, 

ribonuclease A (RNase), ethylenglycol-bis-(amíno-ethyl 

ether)tetracetic acid (EGTA), DL-dithiothreitol (DTT), N-2-

hydroxyethylpiperazíne-N'-2-ethanesulfonic acid (Hepes), p-

nítrophenylphosphate, phenyl sepharose, DEAE-cellulose, were 

from Sigma Chemicals. NaCI, KC1, KH2PO4, MgC12, CaC12, ímídazol, 

sodium citrate, were from Merck. 32P-ATP was from NEN. 

Cali purification. CaM was purífied from adult bovine 

testis by affinity chromatography on phenyl-sepharose as 

previously described by Gopalakrishna and Anderson (1978). 

Isolation of nuclear niatrix from pachytene primary 

spermatocytes. Primary spermatocytes at pachytene stage were 

obtained from 21-25 day old rat testes followíng the technique 

previously descríbed (Alemán et al, 1978). Nucleí were purified 

following the technique of Bírnie (1978) with some 
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modifications (`rejo et al., submitted). To obtain the nuclear 

matrix, primary spermatocyte nuclear pellet was incuhated with 

250pg/ml of DNase I and 250 1ig/m1 of RNase A for 60 min at 4°C 

and extracted with 2 M NaC1 as described (Bachs et al., 1990). 

Purification of Ca24.-CaMBP from the nuclear matrix and 

cytosol obtained from primary spermatocytes. A) Nuclear matrix. 

The insoluble, high-salt nuclear extracted fraction was 

incubated 30 min at 4 °C with 300 mM KC1, 0.2 mM Mg SO4, 50 mM 

Tris.HC1, pH 7.4, 1 mM PMSF, and 1% (w/v) Triton X-100. The 

solubilized material was adjusted Lo 500 pM CaC12  and applied 

to a CaM-sepharose column. Ca21"-dependent CaM-binding proteins 

were obtained by elution with 2 mM EGTA as described (Bachs et 

al, 1990). B) Cytosolic CaMBP. The supernatant obtained after 

centrifugation of the cell hornogenate at 800 x g, was 

centrifugad at 20 000 x g for 20 mi n and then at 120 000 x g 

for 60 min at 4°C. The final supernatant was the source of 

cytosolic CaMBP. Endogenous soluble CaM was eliminated by DEAE-

cellulose chromatography as described (Miyakawa et al., 1989). 

The fraction eluted with 0.08M NaC1 was made 1 mM CaC12  and 

applied to a CaM-Sepharose column. Ca2+-dependent CaMBP were 

eluted with 20 mii Flepes pH 7.0, 10 mM B-mercaptoethanol, 200 mM 

NaC1 and 2 mbl ECTA. Eluted proteins from both nuclear matrix 

and cytosol were dialyzed with 20 mM Tris pH 7.0, and 

concentrated using polyethylen glycol 8 000. Purified Ca2+-CaMBP 

were aliquoted and kept at -80*C. 

Detection of protein trinase activity in substrato 
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polyacrylamide gels. ALiquots containing 80 pg of protein of 

purified nuclet and cytoplasm isolated from pachytene primary 

spermatocytes were tosed to detect protein kínase activity in 

casein containing gels as previously described (Miyakawa et 

al., 1989) with some modifications. After extensive washing of 

the gel with 40 mM Hepes pH 7.5 for 6 hours, geis were 

incubated overnight at 4°C with 25 mM Hepes pH 7.5, 5 mM MgC12  

and 25 pM ATP containing 32P-ATP (20pCi) in the presence of 1 

mM CaC12  and 4 pg/ml of CaM or with 1 mM. EGTA in a heat sealed 

Scotchpak pouche. Gels were dried unde.r vacuum and labeled 

bands were detected by autoradiography on Kodak film. 

Protein kinase assay. Protein phosphorylation was 

determined using casein as substrate according to Miyakawa et 

a/ (1989). Aliquots of 50 or 25 pg protein of the Cae-f-dependent 

CaMBP purified from cytosol and nuclear matrix, respectively, 

were incubated with 20 mM Tris p11 7.0, 10 mM MgCl2, 1 mM DTT. 

1 mM EGTA or 1 mM CaC12  plus 10 erg CaM with and without 50 pM 

TFP. The final incubation volume was 0.25 ml. Reaction was 

started by addition of 2 mM ATP containing 2 pCi 32P-ATP. After 

10 min of incubation at 28"C, reaction was stopped by adding 2 

mi of ice-cold 6% HC104. Precipítated proteíns were pelleted by 

centrifugation of samples at 3 000 x g for 15 min at 4"C. 

Supernatant was discarded and peliet was washed twice with 2 ml 

of 6% HC1O4, and three times with 2 ml of absolute ethanol. 

Pellet was solubilized with SDS and counted in a Beckman LS 

6000 SE counter. 
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Analysisofphosphorylatedproteins. A) Ca -CaM-dependent 

phosphorylation. Cytosolic Ca2 -CaMBP, SO pg protein, were 

incubated in the absence of exogenous substrates with 20 mM 

Tris, pH 7.0, 10 mM MgC12  supplemented with 1 mM CaC12, or with 

1 mM CaC12  plus 10 pg CaM in the presence and in the absence of 

50 pM TFP as described (Miyakawa et al., 1989). 13) Ca2+-CaM-

independent phosphorylation of endogenous substrates. Cytosoltc 

and nuclear matrix Ca2+-dependent CaMBP were incubated in the 

incubation medium described ahoye but neither 	nor CaM were 

added. In both experimental conditions protein phosphorylation 

was started by addition of 2 mM ATP plus 2 pCi. 32P-ATP. After 

10 min incubation at 28°C, 2 ml of ice -cold 6% HC101  and 50 pg 

bovine serum albumin were added. After 15 min on ice, protein 

were pelleted by centrifugation at 3 000 x g for lb min and 

washed three times with 2 ml of ethanol. Pellet was solubilized 

with 50 pl of sample buffer and separated on SDS-10% PAGE. 

Electrophoresis. Electrophoresis was run overnight at 40 

volts using the buffer system of Laemmli (1970). Proteins were 

visualized with Coomassie blue or silver stainincj (Morrisey, 

1981) . 

Protein determination. 	Protein content of eluted 

samples from CaM-sepharose column was determined by absorbance 

at 280 nm using bovine serum albumine as standard. Purified 

nuclei and cytoplasm protein content was determined by Hartree 

method (1972). 
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RESULTS 

Detection of protein kinase activity in pur.ifiecl nuclei 

and cytoplasm of primary spermatocytes. The presence off: protein 

kinase activity in pachytene primary spermatocytes was screened 

using substrate gels. PurifLed nuclei and crucle cytoplasm 

fractions were separated in casein-10% PAGE and incubated with 

32P-ATP either in the presence of Ca2±-CaM or Mgf+-EGTA. In the 

presence of Ca2-1.-CaM three proteins w .Lth an apparent Mr= 37, 55, 

and 52 kD showed protein kinase activLty (Fig. 1). The 37 kl) 

band showed a strong caseín-kinase activity in both purined 

nuclei and cytoplasm incubated in the presence of Ca2 -CaM, 

however, a difuso label associated to this band was also 

observed in the presence of Mg24"-EGTA (Fig. 1). The proteins 

with Mr= 55 and 52 were oniy detected in the cytoplasm 

incubated with Ca2+-CaM (Fig. 1). The molecular weight of these 

proteins resemble the molecular weight of Ca2+_CaM protein 

kinase 11 subun.its detected in many tissues (Cohen, 1988), knut 

that have not been shown in rat pachytene primary 

spermatocytes. The protein kinase associated to the 37 kD band 

may be due to casein kinase activity which is independent of 

Ca2+-CaM and has been observed in testis nuclei and cytosol 

(Yutani et al., 1982; Singh and Huang, 1989). However, it may 

also reflect the activ .ity of a Ca2+-CaM kinase 1 (DeRemer eL 

al., 1992). To Identity the type of Ca2+-CaM-dependent protein 

kinase present in these celis, cytoplasm and nuclei were 

fractionated, cytosolic and nuclear matrix C 
	

CaMBP were 
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purified and theír protein kinase activity was tested. 

Ca24.-dependent CaMBP purified by affinity chromatography 

from cytosol of pachytene spermatocytes. Crude cytoplasm 

obtained after centrifugation of ceil homogenate at 800 x g for 

10 min (twice) , was centrifuged at 20 000 x q for .30 iwin and al 

125 000 x g ter 60 min at 4°C Lo separate membrane vesicles 

from soluble proteíns. After endogenous CaM depletion by DEAE 

chromatography, several Ca24--dependent CaMBP were purified from 

pachytene spermatocyte cytosol on a CaM-Sepharose columna The 

apparent Mr  of the malor EGTA-eluted proteins was 90, 60, 54, 

30 and 24 kD (Fig. 2 lane 1). Some minor proteins were also 

purified Mr= 120, 110. 84, 64, 38, 35, 34, and 18 kD. 

Protein kinase activity in cytosolic Ca24.-CaMBP. Ca2+-

CaMBP purified 2rom pachytene primary spermatocyte cytosol 

showed protein kinase activity using casein as substrate. The 

activity shown in the presence of Mg4F-EGTA was stimulated 2 

fold by Ca2+-CaM and almost completely inhibited by 50 pM TFP 

(Fig. 3). 

Ca24.-dependent CaMBP in the nuclear matrix of primary 

spermatocytes. Purified nuclei of pachytene primary 

spermatocytes were fractionated to isolate the nuclear matrix 

as described (Bachs et al., 1990). The major Ca2+-CaMBP purified 

from this nuclear fraction had an apparent Mr  = 66, 34, 30, 27, 

26, and 18 kD. Two minor bands Mr  55 and 52 were also detected 

(Fig. 2 lane 2). 

Protein kinase activity in the nuclear matrix Ca2 -CaMBP. 
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When Ca'{'-dependent CaMBEI from nuclear matrix of primary 

spermatocytes were assayed for proteja kinase actívity, the 

incorporation of 32P to casein in the presence ot Mcf+-EGTA was 

three times highe :r than the leveL reached by the cytosolic 

protein kinase activity. Although Ca24-  addition stimulated in 

30% the activity, it was not further iricreaseci by Ca24--CaM. 

However, an inhibítion of 60% was produced by 50 jiM TFP in the 

presence of Ca2+-CaM (Fig. 4). These results couid have been 

caused by partial hydrolysis of the enzyme during purification 

or by contamination with other protein kinases. The 34 kD 

protein may be a proteolytic product of the 37 kD nuclear 

kinase activity detected in susbrate gels incubated with Ca24-

CaM. Aithough the molecular weight of the nuclear matrix Ca2 -

CaMBP resemble the molecular weight of easein kinase 1 and 11, 

a possible contamination with these enzymes does not seem 

likely. Binding of these enzyrnes to Ca21--CaM has not been shown, 

they are not activated by Ca2+-CaM and phosphorylation of somes 

substrates by casein kinase II was inhíbited in the presence of 

Ca24.-CaM (Hathaway and Traugh, 1982; Pinna, 1990; Issinger, 

1993; Bosser et al., 1993). Furthermore, activity of casein 

kinase I is lost by freezing (Hattaway and Traugh, 1982) and 

phosphorylation of casein was determined in frozen-thawed Ca24.-

CaMBP, stored at -80°C. 

Phosphorylation of endogenous substrates. To determine 

whether Ca24.-CaMBP purified from prima .ry spe :rmatocyte cytosol 

and nuclear matrix conta:Lned both protein kinase and endogenous 
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subtrates, these proteins were incubated with 32P-ATP in the 

absence of exogenous substrates. Ir the presence of Ca24' or with 

Ca24--CaM, cytosolic Ca2+_CaMBP showed a r- dioactive labeled band 

of high molecular weight > 200 kI) (Fig. 5 lane 1). The 

radloactive label was not observed when 50 1.111 TFP was added to 

the incubation mixture (Fig. 5 lane 2). However, the high-

molecular weight protein as well as a 18 kD protein were 

phosphorylated in the presence of 	ECTA (Fig. 6 lane C). 

Nuclear matrix Ca2+-CaMBP Lncubated with Mg2+-EGTA in the 

absence of exogenous substrates did not show any labeled band 

(Fig. 6 lane N). These resuits indicate that substrates and 

protein kinase were not purified together from nuclear matrix 

and support the interpretation that the incorporation of 32P to 

casein was not due to casein kinase activity. 
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DISCUSSION 

The results obtained wah substrate Beis indicate that 

pachytene primary spermatocytes show casein kinase and two 

different Ca2÷-CaM dependent protein kinase activities. In the 

rat testas, casein kinase I is mainLy Localized iii the nuclei 

and casein kinase II predominates in cytosol. (Yutant eL al., 

1982; Singh and Huanq, 1989). It seems very Likely that the 

casein kinase activity assoc.iated Lo the 37 kD protein in 

nuclei and cytoplasm fractions of pachytene spermatocytes, 

detected in substrate cjeis, may he related tu casero kinase I. 

However, the activity of this enzyme was not further observed 

in purified Ca24--CaMBP. Casein kinase 1 nor casein kinase II 

activities are Ca24" or Ca2+-CaM dependent and trifluoroperazine 

has not been reported to inhibit any of them (reviewed by 

Hathaway and Traugh 1962; Pinna 1990; issinger 1993). 

Furthermore, no labeled proteins were observed when nuclear 

Ca2+-CaMBP were incubated with Mq21-  -EGTA. 

Ca24--CaMBP purLfied from nuciear matrIx showed protein 

kinase activity in the presence of Mg4"-F -EGTA or Ca24--CaM. Ca2+-

CaM did not stimulate casein phosphorylation but the inhibition 

observed in the presence of TFP suggests that part of the 

enzyme was able to interact with Ca2F-CaM. Activation of the 

kinase by partíal proteolysis during isolation procedure could 

cause this result. This expianation is supported by the 

clifferences in molecular weight of the labeled band in the 

casein-polyacrylamide ge 1 s incubated with Ca24--CaM and the 
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proteins purified by atfini _y chromatography. The 34 kD 

polypeptide may be responsible for the protein kinase activity. 

These results suggest the presence of Ca2+-CaM kinase 1 in the 

nuclear matrix of pachytene primary spermatocytes. 

The cytosolic Ca2±-CaMBP showed a protein kínase activity 

enhanced two-fold by Ca2+-CaM and almost completely inhibited 

by 50 pM TFP. It seems very likely that the 60 and 54 kD 

proteins purified on CaM-Sepha.rose column are .responsible for: 

the cytosolic protein kinase activity. This interpretation is 

supported by the demonstration of mRNA for B„ and isoforms 

of Ca2+-CaM-dependent protein kinase II in rat testis (Tobimatsu 

and Fujisawa, 1989). These polypeptides copurify with other 

proteins susceptible to phosphorylation and able to interact 

with CaM in a Ca24--dependent manner. A high molecular weight 

Ca2+-CaMBP (>200 kD) was phosphorylated by the cytosolic kinase 

in a Ca2+-CaM dependent manner and the phosphorylation was 

inhibited by TFP. This band and a protein with a molecular 

weight of about 20 kD were phosphorylated in the presence of 

Mg÷÷-EGTA. Autophosphorylation of Ca2+-CaM-dependent protein 

kinase II in the presence of Mg4"4.-EGTA produced an "hyperactive" 

enzyme (Lickteig et al., 1988). It seems very likely that the 

conditions used in Chis experiment induced the Ca24.-CaM-

independent autophosphorylation of the enzyme and allowed the 

phosphorylation of these two substrates. The molecular weight 

of these proteins resembles the molecular weight of microtubule 

associated proteins able to bind CaM (Lee and Woiff, 1984) and 
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of myosin light chain, respectively (reviewed by Wiche, 1989). 

MAP-2 phosphorylation by Ca e  -CaM protein kinase 11 has been 

observed in other cell types (Goldering et al., 1983). in vitro 

studies have shown that phosphorylated MAP-2 modified 

microtubule assembly/dlsassembly and decreased its interaction 

with actin (for review see Gratzer and Daines, 1988; Wiche, 

1989). On the other hand, celis with high CaM content due to 

overexpression of CaM gene, showed changes not only in 

microtubules but also in the organization of microfilaments and 

intermediate filaments as well as a decrease in the stability 

of B-tubulin mRNA (Rasmussen and Means, 1992). .'hese effects of 

CaM may have special physiological meaning in pachytene primary 

spermatocytes since these cells showed both the highest CaM 

content on cell basis (Trejo et a/., submitted) and Ca24--CaM 

protein kinase activity. One of the major cytosolic Ca24.-CaMBP 

detected in this paper Mr= 90 resemble the molecular weight of 

a subunit of the cytoplasmic dynein (Neely et al., 1990). 

Whether this Ca2-f-CaMBP is related to the microtubule-associated 

motor protein remains to be defined. 

Nuclear matriz of several cell types is mainly 

constituted by extensive granular and fibrous proteins, by 

residual nuclear envelope proteins and by residual highly 

condensed nucleoli. Proteins with molecular weight higher than 

100 kD predominate over proteins ranging between 8060 kD, low 

molecular weight proteins reached the minimal proportion 

(Berezney and Coffey, 1975). Ca2 -CaMBP purified from pachytene 
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spermatocyte nuclear matrix diA riot Include high molecular 

weight Ca24--CaMBP simnar to those found in hepatocyte nuclear 

cytoskeleton (Serratosa st al., 1988; Bachs st al., 1990). 

Nuclear matrix Ca2  +_CaMBP from primary spermatocytes was mainly 

constituted by proteins with a molecular weight of 34, 31, 27, 

28 and 18 kD. Although, a 66 kD protein was also cieariy 

observed and two minar proteins of 55 and 52 kD were also 

detected. The 66 kD Ca2±-CaMBP purified from the nuclear matrix 

pachytene primary spermatocytes resemble the molecular weight 

of one residual lamina polypeptide previously detected in liver 

cell nuclear matrix proteins (Berezney and Coffey, 1975). 

Gene expression and protein synthesis undergo remarkable 

changes throughout differentiation of the male germinal 

epithelium. Testis specific genes are triggered at pachytene 

and early spermatid stages of germ cell differentiation 

(reviewed by Eddy et al., 1993; Hecht 1993). However, gene 

expression is abolished during spermatidmaturation (Kierzebaum 

and Tres 1975), and translation of stored mRNA by spermatids 

has also been shown (reviwed by Scháfer et al., 1995). CaM has 

been involved in the control of gene expression through 

phosphorylation of transcription factors by Cae  -CaM kinase II 

(Kapiloff et al., 1991; Dash et al., 1991; Sheng et al., 1991; 

Wegner et al., 1992; Cornellussen et al., 1994) and by binding 

to proteins related to RNA processing and splicing (Bosser et 

al., 1995; Bachs et al., 1994). Whether the low molecular 

weight Ca2÷-CaMBP isolated from the nuclear matrix of pachytene 
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primary spermatocytes are related to these functions is 

currently investigated. 
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Text Fig 1 Detection of protein ktnase activities in pachytene 

primary spermatocytes. Pachytene spermatocytes, isolated from 

25 day old raes, were homogenized with 0.25 M sucrose, 20 mM 

imidazol pH 7.2, 1 mM EDT.A and soy bean trypsin inhibitor 100 

pg/ml. Cell homogenate was centrifuged - t 800 x q for 10 min at 

4°C, twice. The supernatant was saved and without further 

fractionatíon was used to detect protein kinase activity. 

Removal of cytoplasmic proteins from crude nuclear peliet was 

carried out by hipotonic treatment and centrifugation on 0.8 M 

sucrose (J3irnie et al., 1978; Trejo et al., submitted). 

Aliquots of 80 pg of protein of cytoplasm and purified nuclei 

were separated on caseín-10 % PAGE. Atter electrophoresis gels 

were incubated overnight at 4°C with 32-P-ATP in the presence 

of Ca2--CaM or with Mg++- 2 mM EGTA. Protein kinase actívity was 

determined by autoradiography of dried gels. Results from 2 

different preparations are shown. (C) and (C') cytoplasm. (N) 

and (N') purified nuclei. 
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Text Fig 2. Cytosolic and nuclear matri_x Ca2 -dependent CaMBP. 

Soluble fraction of primary spermatocytes obtained by 

centrifugation at 120 000 x g fo.r 60 ruin at 4'C was the source 

of Ca2+-CaMBP. Endogenous CaM was removed by DEAE 

chromatography. Proteins eluted with 0.08 M NaC1 were further 

purified on CaM-Sepharose column equilibrated with CaCl2. Ca2 -

dependent CaMBP were obtained by elution with 2 mM EGTA. 

Nuclear matrix proteins were isoLated from pachytene primary 

spermatocytes after hydrolysis of nucle:Lc acids with DNase II 

plus RNase A and extraction with 2 M NaC1 as described .in 

Materials and Methods. Solubilized proteins were adjusted to 

500 pM CaC12  and onto CaM-Sepharose column. Ca2f-dependent 

CaMBP were eluted with 2 mM EGTA. Aliquots of pq protein were 

separated in 10% PAGE and stained with silver (Morrisey, 1981). 

Lane 1 Ca24.-CaMBP from nuclear matrix. Lane 2 Ca2±_CaM.BP from 

cytosol. 
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Fig. 3. Protein kinase activity of cytosolic Ca2±-CaMBP. 

Aliquots of 50 pg protein of affinity purifled cytosolic Ca2+- 

dependent CaMBP were incubated with 21) mM Tris 	7.0, 10 mM 

MgC12, 1 mM DTT, 1 mM EGTA, and 100 pg of casein. When 

indieated 1 mM CaC1, or 10 pg CaM or 50 pM TFP were added. 

Reaction was sta:rted by addition of 2 mM ATP containing 2 jipi 

32P-ATP. After 10 mín of incubation at 28°C, 2 ml of ice coid 

HC144  was added. Samples stand on ice for. 15 min and 

precipitated proteins were recovered by centrifugation at 3 000 

x g for 15 niin at 4°C. Pellet was washed twice with HC104  and 

three times with 2 ml of absolute ethanol. Peliet was 

solubilized with 100 pl of 1% SDS and 2 mi of scintillation 

cocktail and counted. Data shown are the zneans of 2 different 

experiments with determinations in duplicate. 
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Fig. 4 Protein kinase activity of nuclear matrix Ca2-1-CaMBP. 

Aliquots of 25 vg protein. of nuclear matrix Ca21.-dependent CaMBP 

were incubated in the medium and conditions described in Fig. 

3. Data shown are the mean of duplicate determinations of one 

experiment. 
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Ca24--CaM-dependent phosphorylation of cytosolic substrates 
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Fig 5. Ca24--CaM-dependent phosphorylation of endogenous 

substrates. Alicjuot:s of 50 pg protein of cytosolic Ca24--

dependent CaMBP were incubated as described in Fig. 3, except 

that casein was not added. Reaction was started with 2 mM ATP 

plus 2 pCi 32P-ATP. After 110 min of incnbation at 28°C, reaction 

was stopped with 2 mi of ice-cold 6% HC104. Bovine serum 

albumin was added, 50 pg, as carrier. Precipitated p:roteins 

were washed with HC104  and absoluto ethanol as described in 

Materials and Methods and solubilized with SO pi  of sampie 

buffer, heated 2 mira at 95°C and separated on SDS-PAGE. Lane 

( 1 ) ca2+ 	mg2-1- Lane ( 2) Ca 2+-f- Mg2+ 	CaM + 50 1111 1TP • 
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Fig. 6. Ca24.-CaM independent phosphorylation of endogenous 

substrate. Cytosolic and nuclear matrix Ca2+-dependent CaMBP 

were incubated with 20 mM Tris pH 7.0, 10 mM MgC12, 1 mM EGTA 

and 2 mM ATP plus 2 pCi 32P-ATP. After 10 min of incubation at 

28°C, 2 ml of 6% HC104  and 50 pg of bovine serum albumin were 

added. Pellet was washed and resuspended with sampie buffer as 

described in Fig. 5. (PM) molecular weight protein standards. 

(N) nuclear matrix Ca2+-dependent CaMBP. (C) Cytosolic Ca24.-

dependent CaMBP. 
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RESULTADOS 

En el espermatozoide la reacción acrosomal, la movilidad 
flagelar y la fertilización del óvulo son procesos dependientes de 
Ca24-. Para la expresión de la reacción acrosomal se requiere un 
aumento en la permeabilidad de la membrana plasmática y acrosomal 
al Ca2+. En el espermatozoide de los mamíferos, esta característica 
se alcanza durante el proceso conocido como capacitación. La fusión 
membranal y formación de vesículas mixtas de membrana plasmática y 
membrana acrosomal externa y la liberación del contenido acrosomal, 
son dependientes de Ca2f  y son uno de los resultados de la 
capacitación. La relevancia de los flujos de Ca2  en la reacción 
acrosomal puede ser puesta de manifiesto .utilizando un 1°nál:oro de 
Ca2-1' como A23187, que dispara la fusión membrana' y la liberación 
del contenido acrosomal en espermatozoides no capacitados. Sin 
embargo, el papel de CaM como mediadora de los efectos del Ca2+  en 
este proceso no se ha definido. 

Para alcanzar el quinto objetivo de esta tesis definir si 
durante la capacitación y reacción acrosomal del espermatozoide se 
pueden identificar a las proteínas aceptoras de CaM que participan 
en estos procesos primero se estudió la localización de CaM durante 
la capacitación in vitro del espermatozoide para definir si los 
cambios en la permeabilidad al Ca21-  que se presentan durante este 
proceso se asociaban con cambios en la localización de CaM. Se 
comparó la localización de CaM en espermatozoides no capacitados 
con la distribución de CaM en el espermatozoide que había sufrido 
la reacción acrosomal. Ya que el A23187 induce la entrada de Ca21., 
su adición al medio de incubación permite sincronizar a una 
población de espermatozoides en la realización de los eventos 
dependientes de Ca2+  y estudiar las modificaciones en el sistema 
Ca24̂ -CaM-proteinas aceptoras que se presentaran durante la reacción 
acrosomal. 

Se observaron cambios en la localización de CaM asociados a la 
progresión de la reacción acrosomal, expresada después de la 
capacitación o por adición de A23187. De una localización difusa en 
el espermatozoide no capacitado, evolucionó a una localización más 
definida en el acrosoma y en el flagelo. Aunque parte de la CaM se 
liberó junto con las vesículas acrosomales, otra parte quedó 
asociada a la región subecuatorial del núcleo y al flagelo en los 
espermatozoides que ya perdieron el acrosoma. Los resultados se 
muestran en el trabajo "Changes in calmodulin compartmentalization 
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throughout capacitation and acrosome reaction In guinea p.ig 
spermatozoa" realizado en colaboración con la Dra. Adela Müjica y 
publicado en la revista Molecular Reproduction and Development 
26:365-376 (1990). 

Los cambios en la localización de CaM sugirieron que los 
dominios del espermatozoide podrían tener proteínas aceptaras 
distintas para esta proteína. La asociación de CaM al acrosoma y su 
liberación junto con las vesículas de la reacción acrosomal, 
señalaron la importancia de identificar a las proteínas aceptoras 
de CaM en este dominio del espermatozoide. La localización de CaM 
en la región subecuatorial sugería que esta zona, involucrada en el 
contacto óvulo-espermatozoide podría estar especialmente 
enriquecida en proteínas aceptaras de CaM. 

Con base en estas observaciones, se decidió recuperar las 
vesículas membranales derivadas de la reacción acrosomal. Para 
ello, se indujo la reacción acrosomal en una población de 
espermatozoides con A23187. También se aislaron y purificaron las 
cabezas de los espermatozoides que habían sufrido la reacción 
acrosomal y se usaron para obtener las proteínas de la porción 
subecuatorial e identificar a las proteínas que unen a CaM en esta 
región. La presencia de las proteínas aceptaras de CaM en todas las 
fracciones obtenidas del espermatozoide, se realizó por la técnica 
de overlay con CaM biotinilada o con CaM nativa, usando anticuerpos 
anti-CaM y un segundo anticuerpo acoplado a peroxidasa. El perfil 
de proteínas capaces de unir a CaM de estas fracciones se comparó 
con el patrón obtenido usando las membranas del espermatozoide 
intacto. 

Se observó que el espermatozoide contiene numerosas proteínas 
que unen a CaM tanto en forma dependiente como independiente de 
Ca2 , localizadas tanto en las vesículas derivadas de la reacción 
acrosomal como en las proteínas solubilizadas de la región 
subecuatorial de la cabeza del espermatozoide que ha experimentado 
la reacción acrosomal. 

Observaciones similares han sido descritas por distintos 
autores empleando técnicas afines, lo que sugiere que el método 
empleado tiene limitaciones en la detección de las proteínas 
aceptaras de CaM dependientes de Ca2+,  posiblemente debido a un 
requerimiento de concentraciones específicas de Ca2+. 

Los resultados fueron reunidos en el trabajo "Calmodulin 
binding proteins in the membrane vesicles released during the 
acrosome reaction and in the perinuclear material in isolated 

108 



acrosome reacted sperm heads" realizado en colaboración con Enrique 
Hernández, Ana María Espinoza, Arturo González y Adela Mújica y 
fueron publicados en la revista Cell and Tissue 26: 849-865 (1994). 
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Changes in Calmodulin Compartmentalization 
Throughout C apacitation and Acrosome Reaction 
in Guinea Pig Spermatozoa 
RAQUEL TU EJO I  AND ADELA M1:141 A'2  
i Spe, Regulación Metabólica, 11nidad (h.' Investigación Hioniedit.o. Instituto Mexicano jici Sepurvi S'ociar 
'Departamento de Biología Celular, Centro de Investigación (le h.ristudios Aranzl-ulos del Instituto Prilitecnico 
Nacional, Alexico 	Alexico 

ABSTRACT 	Colmoclulin hos been postu, 
!Med as a mediotor in the colcium-dependent pro - 
cesses that culminate in the (.ricrosarne reaction. 
Changes in calmodulin comportmentalization os o 
consequence of the, increosed penneerbitity to ex . 
tracellulor colciurn &ring capacitaban and oc-
rosorme renction have been sucjgested. In the 
present study the temporal locolizotion of colmod 
ulin in guinea pig spenuotozo° was siudied during 
in vitro copoeitotion and acrosome re oetion by in--
(.fireci immunolluareseence. Copocitotion w(is 
echieved by incubcition in Tyrode medium supple - 
rnented with pyruvate, lactole, and gluc:ose in the 
presence and in the obsence of calciurn. Acrosome 
reaction was elicited in three different conditions; 
1) by transfer to minirnol cubre rnedium cantoining 
pyruvote and lactate (MCM- Pf ) ofter ir) vitro co-
pocitotion, 2) by 0.003`',, lriton-X 100 treatmeni, 
crnd 3) by A 2318/ °definan to sperm somples in-- 
cuboied in MCM- 	During copacitation, calrnod- 
ulirl 	observed both in the,,  acrosome and in the 
flagellum; Chis localization seerned to,be indepen-
dent of the. presence of extracelluleir c:olcium and 
exogenous substrates. Throughout the acrosome 
reaction, difieren! stages ni colmodulin comport-
mente-bullo/1 were observed. it became clustered 
oround the &patona region ¡ust t-Lefore or o finte 
alter the acrosome reaction hod occurred. Laten, it 
was observed around the. postor:razono! region in 
the ocrosorne-reocted sperm. The chonges ir, 
coknodulin distrihution were found to be depen 
den1 on Ole stoge in the acrosome reaction. 

Key Words: In vitro capacitaban, `terma do-
Calcium 

Yanagi machi, 1974; Nicolson et al., 1.)77), and prohes 
miar anionic lipids (Beate'. and Friend, 1980, 1982. Al-
though no majo,- morphological changes have l'yen ob-
served (Bedford, 19691, rernoval uf surface componen( s 
(Eng and Oliphant, 1978; .11nii)et, al., 19821 and migra-
tion and redistribution of plasma membrane proteins 
have been reporte( as occurring during the capacita- 
tion 	spermatozoa from different species (Saxena el 
al., 1986a,c; Feuchter et al., 1986; Langlais and Itob-
('rts, 1985). '('he acquisition of an increased permeabil-
by tu extracellular calciuM is a inajor COTISViplenCe ot 
these biophysical and biochemical ehanges in the 
sperm plasma mord:mine, Capatitation has been pos-
tulated as a reversible phenomenon until the intracel 
hilar coneentration of calcita"' reaches the threshold 
leve? required to activate the proeess of acrosorne reac-
tion. Different approaehes ha Ve been developed to de-
fine whether calmodulin as a prirnary calcium-bindinp, 
protein (Mearas and Declinan, 1980; Cheung, 19801 pa r-
licipates in the acrosome reaction. 

Phenothiazines (Levin and Weiss, .1979) and naph-
d'alerte sulfonamides dlidaka et. al., 1979, 1980) have 
been employed to test the functioning oí calmodulin. 
hut the effects 	(Ileso drugs on the aerosoine tiniction 
were lo() complex to he attributahle exelusively trl 

calmodulin (Lenz and Cormier, 1982; Nagae and 
Srivastava, 1986; Umekawa et al., 1985; Tanaka et al,, 
1985, Van Belle, 1984). Calmodulin distribution both 
in the whole cell and in subcellular fructions has been 
determined with inurtunoeytochernical techniques 
(Olson et al,, 1985; Noiand el. al., 1985; %Vasco ami Orr, 
1.9841. In diese experiments, calmodulin was seen tu be 

IN'I'ROi)uC'VION  
Different col' surface domains have been detected in 

mammalian spermatozoa by freeze-fracture studies 
(Friend, 1982), immunofluorescence labelling (Gaunt 
et al., 1983; Myles et al., 1981; Priraakoff and Myles, 
1983), lectin binding (Koehler, 1.978; N icolson and 
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associated with detined regions ot the head and to lu-
cirte parts oí the flagollum Glories el. al.. 1980; Veittherg 
el. al., 1981; Gordon et al., 1983; Moore arid 1.1edi1)an. 
198,1; ('limatini et: ai., 1986), It. was suggested that this 
restricted localizat 	of 	 might be rola ted 
to intracellular ealeium concentration gradients Wa-
matini el, al., 1.986a; Oison et al., 1985). 

After 	consideration of these different observa.- 
tions, we formulated tiu hypothesis that calunodulin 
distribution in spermatozoa inight represent transient 
stages of association that. volved as a result of no in-
creased calcium influx during the morse of capacita-
tion and the. acrosome reaction (Singh et al., 1978). Tin.  
first, step in pursuing this hypothesis was t.o study the 
temporal serpience of calniodulin localizatien through-
out, in vitro capacitation and during the acrosome re-
action, Guinea pig spormatozoa viere incubated in two 

defined Gipacitating medía: Tyrode's mv -

diu111 plus pyruvate, !adate, and glucose (T-PLCI) 
jira and Valdés Ruiz, 1983) and minimal cultura me-
dium plus pyruvate and lactate (MCM-PL) (Rogers and 
Yanagimachi, 1975; Iluang et, al., 1981; Coronel and 
Lardy, 1987). Acrosome reaction was envite(' in lineo 
different conditions: 1.1 hy transfer to .11/1CM-1'L atter in 
vitro capacitation of sperm in T-1)1.4G median) (Mikjica 
and Valdés Ruiz, 1983), 2) by treatment with 0.003'1 
Triton-X 1001Singh ot aal., 1978); and 3) by addition of 
A 23187 aalbot et al., 1976) to sperm samples iircu-
bated in MC - • 

t1)i.ir results suggested that calmodulí 0 was preferen-
tially associated with the acrosomo and with t,he fi al -

gellum struvtures in T-PLG-capacitated spermatozoa, 
During the process of tlte acrosome reaction, cabía:1(111-
bn becamo compartmentalized lo the equatorial ami 
postacrosomal regions of the sperm head. This pallen) 
of localization was obtained in the three experimental 
contlitions testod. 	 4 

MATERIALS AND METLIDDS 
Chemicais 

Analytical-grade chemicals were utilizO(1. Sodium 
pyruvate, 'Lidie acid, and dimethyl sulfoxide (DMS()) 
wore from Sigma Chemical Co.(St. Louis, N10); Traen 
X-100 was from 131/11 Chemicals Ltd.; Neinbutal 
Anestesal was from Smith K line Norden de México; 
11.glucose WaS from J.T. 13aker (Xalostoc, Mexico); A 
23187 was from Lilly Laboratorios; and fluorescein-
conjugated rabbit anti-sheepIgG was from Cappel Or-
ganon Teknica Laboratorios. 

Source oí' Proteins and Antibodies 

Calmodulin watt purified from bovine testicular Lis-
sue as Declinan and Kaetzel (19831 reported hy affinit.y 
chromatography 011 pilotad sepharose cas Gopahx-
krishna and Anderson (1982) deseribed. Polyacryl-
amide gel electrophoresis in the presence and in the 
alisence of (1n(3, and the absurbance spectrum in the 

ATIoN ANt) Acitosomii: EAcTioN 	367 

1111rw. loba reu,ion 	tu-zed 	 caltn4tdullil 

l'olyclonal 	 calmodulin ‘vele pre- 

pared in sheep 	a common inunimization pro- 
gram and N.vere porífied hy allinity chromatography 
a 	Cail11Willtill-Stphat'llSe 	tl JOH aS Derimali pt ni. 
(1978) recommended. Antibodies titer, 
and f itioresceill-Cfakingated rabhit anti-sheep ig(i were 
determine( 	enzyme-linked inmamosorbent 
141,1 SA 1. 

Incuhation 

pli 7.6, was prepared according tu Roger.  
¿inri Yanagirruichi (P.--)75) as modified hy MUjica 1.ind 
Valdés Ruiz (1983). In sonw experiment s. 	;vas. 
omitted, MCM-1'i,, p11 7.8 ( Rogers and Yaringimachi, 
1975), and 15,1 niM Na(1 were tised. All the solo(n)te; 
and Inedia entployed ‘vere fre.sh and liad 1)een 
through 0,45 Kin N1illipore fillerstiefore use. 

Sperm Preparation and 1ncobation Procedure 

Spermatozoa were obtained from the vasa defrrentia 
of two tu live adult guinea pigs anaesthetized with 
Neinbutal (50 ingikg) and killed hy cervical dislocation. 
Dissected ductus were perfused with 154 itiM Na( (:►  
mliduct) at 37`12; immotile or containinated sarnple:: 
were discarded. Pooled spermatozoa were washed tw 
with half the original volinne of 154 mM NaC1 and 
111..ion al, 600g 4 min. Sperm concentration was deter-
mine(' (lining the second satine wash; 50 tal al iquots of 
the sperm suspension were diluted Lo 1 ml with 0.1 
Triton-X 100 and counted in a Newbawer chatnber. 

Sperrnatozoa pellets were resuspended in the diller 
ent medía to a final concentration of 35 x 106  cellstml 
and incuhated under asir atmosphere al 37"C fOr the 
appropriate time. lt was variable for each experimental 
condition (seo text). Throughout the incubation, ali-
quots of sperni suspensions were examí netl by light mi-
croseopy for niotility and acrosome reaction occurtence, 

A23187 sperm treatment. Ten microliters of 19n,111 
A 23187 in I)MS() was arded per rtiillilit.er of MCM-11., 
sperm suspension. The final concentration was 190 riM 
and 1% 1hr A 23187 and DMSO, respectively, 

Detergent sperni treattnent. Triton-X 100 at 
1J.003% (w/v) final concentration lo 	watt-; ttSV(1 

to resuspend and to inettbate the sperm pella atter tiw 
sallitie washes. 

Estiination of the Aerosome Loss 

The percentage of spermatozoa without acrosome 
was determined ira sperm samples fixed in 3'4 formal-
dehyde-DPLIS (136 inM Miel; 2.6 i1N1 Ktil; 1,4 'first 
K.112P0,1; 8 1TiM Na21-11)04 ; 0.49 triN1 MgC1.2; 0.68 mrsi 
("aCl2, pll 7.2). At least, 300 celis were emane/1 in do, 
plicate simples, 
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1ndireet Immunofluoreseenee Procedure 

Sperm suspension aliquots were fixed in 	I- 
dehyde-DP1IS for 90 ruin at r(x)in teinpeniture. At the 
end of this period, the fi xatí ve 	renn)ve(I and the 
eells were washecl tour' times with 4 oil of 1.)11:-1S and 
were ineuhated in 0.05 N1 N11111 for 10 min and t'irise(' 
with 1)1'11S. When sperin cells ‘vore re suspended in 
DPIIS and stneared on microcoverslides 111 	m'11), 
the salt erystals that, h<ld formed alter a ir-dryi ng had 
negative efket un spwinatozoa distribution and mor-
phology. A final distilled water wash was then in-
cluded. Spermatozoa resuspended in dist ¡Hect walPr 
were used to prepare the smears. Atter being air-dried 
at room temperature and being gi ven a 1)PUS riese, 
sperm were permeahilized in absolut O Itcotone 

20"e for 7 min. DPBS was then used to elíminate the 
solvent.. Twenty-Tive microliters of anticalmodulin an-
tibody 0,9. = 0.31 were added to oach micmcoverslide 
following the proeedure developed by Dedman et al. 
(1978) and were ineuhated at room temperature for 60 
min. Exhaustivo 1)1)13S washed cells were ineuhated 
with 25 p.1 of fluoresceinlahelled rahhit anti-sheup 
diluted with 1)1)115 1:15 at room temperature and in 
the dark. 	 9:1, pll 8, and nail polisli 
were used tu mnount and seal the preparations. Cells 
were viewed through an American Optical 1.1 120 mi-
crostope adapte( for epi-illumination, lmages were re- 
cot'ded on Kodak Tri- X film .400 ASA, 

ItESI.1111'S 

	

eslimodulin imealization in Sperm 	in 

Vitro Capacitation 
Sperm samples wereineuhated at 37'e under several 

conditions: in Tyrode plus calcium 	1 (.'ti' 
Tyrode without calcium tT-11.A1 	Ca'' 	MCM-11.,, 
and 154 ml\fl NaCI. Tu define the morment when sper-
matozoit reached the eapacitated stage, alíquots of the 
sperm suspensions were transferred to ftesh MCM-1'14 
Lo test whether spenn were able tu express the ae-

rosome reaction in a synehronized rammer a few min-
utes rlfter transfer. Between 70'4 and 80'4 of the guinea 
pig spermatozoa population ineubated in T4'1,0 1-
Ca24  were able Lo show the acrosome reaction simul-
taneously in the first 15 ruin atter transfer to MCM-Pli. 
A similar percentage 	acrosome reacted sperm was 
ohtained alter in vitro capacitation in T-Pfiti 

In MCM-P14, spermatozoa required 60-90 mili of in-
eubation hefore the acrosome reaction eould he ob-
served. Under these conditions the munher of ae-
rosome-reacted sperm increased gradually, and the 
maximum percentage was ohserved after 2-3 hr of in-
euhation, 

Miquots of sperm suspension incubated up tu '72 tilín 
in 154 naM NaCI without calcium showed a 6(7/ inereuse 
in acrosome loss within the first 15 mili of transfer tu 
MCM-1'L. Nael-ineubated sperinatozoa were therefore 
considered to he noneapaeitated control :Terni, but ex-
clusively for Chis range of time. 

CnInindnlin 	 DhSerVed iil 

SanI1-4S tixed during the incuba( i()11 in the tour-
iiuedia. li vas f01.111(1 tila( With un ineub;.tti0Y0 perjod (1t 

1..11.) 1.0 30 ruin more than 90", uf the examine(' cells 
presenled unikarn pale fluorescenee in the entire cell 
sur face  (Fig, 1A I.  A very small nornber 	celts, fewer 
[han 	1}re5ento.q1 a slightly 	equaloriai hand. 
Ahnost the entíre population presented its acrosome 
í Mart. 

1.4etwee11 30 and 72 min 	im..ohation in T-PI,CT 
and in NaC1, aertiSOITE! IOSS was observe(' in 12'.1. 

This proportion increased tu 2:1'11. in l'-11.,C; 	('a''  

and in MCM-IT media. NI(:): i of ileso Mis showed 
fluorescent equatorial belt. The fluorescenct of the tia. 
gellum seemed to inerease in the middle [apee al-ter '72 
mit] of ineuhation in T-Pl!(,U 1 ea' 	or in T-11.,“ 
(:,[12.' (Fig. tn). 

calmodudin Locatization in Spo.i.rm Tbrougliout 
the Acrosome Ileaction 

Synchronized acrosome reaction. 1..iamples 	T, 
11,G-ca1)acitated spermatozoa transferred tu MeM-
were lixed at severa' time intervals, and calmodulin 
distribution was studied hy inummoflisorescenco. Dee 
oration patterns were define(' alter counting at least 
400 cells 	two (hirviera experiments at each of the 
intervals of time selected dable D. 

F'rom 30 seo to 	min in 11/1.1M•11)1„, about 	of 
sperm eells showed intaet acrosome dable 1.11,b), sur • 
rounded hy fine brilliant points, soinetiines unto-e evi-
dent at i. he apiral surf:lee. Fewer (han fiq prewnted a 
fluoreseent ring on the lower ene-third of the bead and 
a faint acrosome dable 10. The flageihnn was 
brighLer in 11w middle piece, Spermatozoa without ae- 
rosorne represented 	of the total ('Fallo 1(1-1. 1; 
tuost of them were deeorated with un ('quatorial f !un-
rescent holt (Table 1d). 

Al, 5 mili, 489. of' sperm population showed 	ne- 
rosome and presente(' severa' decuration patterns. The 
most, commonly observe(' was hiel of f weseence in 
the head, accompanied by bright flagelluni t'fable 
Sperinatozoa without aerosome hitt, with equatorial 
decoration increased Lo 1 	. ln 3J of acrosome-reacted 
sperm, r1 different calmodulin diste ibution was observ-
nide, and the immunofluoreseence was localized in the 
postacrosomal region dable 1ft, 

Between 10 and 15 inin atter transfer Lo MCM-Pli 
acrosome-reacted spertn ruso lo over 90'4. l'he major-
ity, 80%, (lid not show fluoreseenee in the head, hitt the 
Mil was elearly 	dable le, Fig. 411). The 111.4111- 

ber Uf spermatozoa decorated in th(.. equatorial region 
not ehange. Over longer periods of ineuhation iii 

MCM-PL, the percentage of acrosome-reacted sperm 
deeorated with a continuous fluoreseence from the 
postaerosornal region tu the attaehment of the flagel- 
lom increased froto 3(;-1 to 95% 	tí, 	4c), 

The comparative alvalysr'; of the immunofinores- 
cence localization of calmodulin and acrosome react ion 



ALMODULIN 11111IINti CAPACITATION AND ACROSOME REA( 1. 10N 

tABIE 1 cm.moDuLIN LOCALIZATIOPi ItirtOugnOUT SsildelM0Nous 

licROSOut REACTION ELIC1TED SY TRANSFER TO MCM PL.  
lid MUNOFLUCIRESCENCE PATT1RNS t% I 

Time alter 

Tran‘for lo 

MCM 	Pi 

mi n 

0. 5 

3 

5 

10 

15 

30 

•111~ 
or'"' 

d 	 b 	 (1 	 e 

794 

797 	I 

660 

36 8 

54 

38 

42 

12 4 

196 

11. 6 

0.22 

2.5 

3.0 

2.6 

4.4 

3.8 

29 

3_1 

0 

8.0 

4.6 

8.0 

11 0 

104 

11.0 

1.5 

0.3 

0 	1 

04 

34 

79. 8 

80 

0.3 

0 5 

1 0 

32 

1.1 

2.0 

95.6 

Washed guinea pig spermatozna were capneitated in 'U-1'1,G medium without 
elticiuni 1>v inctihntion >>1 31 e for '72 min. The cens were collect“1 1iy yen-
triffigation, resuspended itt MCM-11., medium, and returned &o the tinth 
(37"() for aerosoine reaction to he expressed. Aliquot sampIes were fortivai-
clehyde fixed at the tinte intervais iníliented. Sperm eahnodutin distribution 
was studied with indirect immunothioresct.ince. From =100 to 1,000 cells were 
assessed at each of the intervals of time selected. 
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occurrerice in samples of noncapacitated speruiatozoa 
incubated in 154 mM NaCI after transfer to 
helped us 	identify those calmodulin binding sitos 
probably not dependen( 00 the expression of the ac-
rosome reaction (Table 2). From 30 sec to 15 mili alter 
transfer to MCM-1't., 90% of the Nael incuhated sper-
matozoa showed acrosome and a decoration restricted 
to the middle piece of the tail; the test of the cell, the 
acrosome and the principal piece, did not present f lo,-
orescence (Tahle 2a). Only 2% exhibited ara equatorial 
fluorescent bato! atilde 2c). The proportion oí' sperma-
tozoa with brilliant acrosome and postacrosomal deco-
ration was under 1% (Table 2b). Spermatozoa without 
acrosome represente(' about. 5%; most of theni showed 
equatorial decoration and only 1,' presente(' a brilliant 
postacrosomal fluorescence (Table 2d,f, respectively). 
In order to define wbether the localization oí' calmodu-
lin was dependen( nr not can the condi tions necessary to 
elicit the acrosome reaction, two different rnethods to 
accelerate this preces: were <losen: treattnent with 

I).003% Triton-X 100 and addítion of the calcium fono-. 
phore A 23187. 

Accelerated acrosome reaction by Triton-X 10(1. 
Itecentiy prepare(' guinea pig sperrnatozua were incu-
bated in MCM-Pli and in MCM-11. + 0.003% Tr uon-X 
100 (wfv) as per Si ngh et, al. (1978). A liquots of the two 
sperm suspensions were observe(' under 	micros- 
copy Lo define the acrosome reaction occurrence and the 
motility quality. Figure 2 shows the resuits ohtaiiwd in 
two different experimento. The acrosome reaction in 
detergent-tre,ated spermatozoa was accelerated in both 
cases. The maximum percentage of acrosome.reacted 
sperm in 0.003% Triton-X 190 + MCM- PL was reached 
70-90 ruin earlier, and the motility was similar to or 
oven better than and in control MCM-1'L-ineahated 
Spertn. 

San ples of spermatozoa were fixed at the tintes uf 
maximum acrosome reaction study eahnothffin 
trihution; at 120 and 160 otin for control; and at 50, 00, 
and 1.05 mili for detergent-treated sperm. It was round 
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F'jg, 1. hidirec t hhhhihotlhorp5..wprIre Incalization of ca11110(1111111 iri 
guinea pig sperinatozna throughout capacitation. A: I'artiali4 nr non,  

capautated. intact sperni {.1.11s shnwP(1 tunform ir.de fluoreA•ence nri 

the acrosoinal clip and along the flar;olla 	 Fruni :10 inih,  

sperrn inruhation in 154 naN1 Nnel. 'I' 1'1,1; #- (-diluyo 
11: 7aTiacit 	!;vertnatoina; the fluore!w(.1p.t= nl th 1 in¡n,ilid 	,,e,,tnnp,i 

iorrease n thP rnülrllr piecp. Spet n1 ineuhation after VI! non in 

T-111,1;. 	 -x• it bou( rale ni in 	l,111(1. 

that, aft.i..?r 150 -(i't lilrll of incuhation, exclusively iil 'Ud- 

ton- X 1()() 	 nunierons fltiorescent 
acconipanied the aeroscinie-reacted spertn. lt w:is 11(1( 

possihte to define Whether these 	represented 
aggregates uf aerosonutl confeti'. ot. fuignients of dis- 

rupted aerosonie. This 	 was 	observe(' in 

sample1-.; (.)1)11.1ined Bit, 105 inin oí itlenhation. 

The head uf the actosonie-reacted ;Tern] (lid tint ;;Itow 
itninunolluoreseent 	 sval-; 
hright. 	pattern was observed in e_otitroi Nit:N1-11, 
and (Ti Triton-X 1()()-inc1iba( e(l :1)erniat..o,011. This de(.- 
orahy)11  sy0,111)(41 	1)(,  erptivitient tr1 thiP 	pr4.,- lotv:1v 

th_triiw the synchronoth.; it(1.0:-“fitte. rt.‘Iter itui (11 

caliacitatpd Hpertnalozoa atter traw,tel 
lo MCM-1'l, (Tahle tel, 

Another experiment showed that, the po,;(acrosontal 
deeOration may i.e observed if the incithation in MCM 

contimus 15 -30 Mili a fiel' the n(1'0 501.11E' l'enCtinn 

talW11 plaee. 1n the en 5-'1V r11' S1 ►erInatni(E1 ¡MI:Water' 

in 0.00:V1' Triton-X 100 	MCM-E.1.., the iocalization irf 
ituniunn(luotw,..cence in (114..!. equatoriaingion \vas evi- 
dent 	 SatillileS CIXed tieforp the MaX¡rnyinl per 

ceo( age 	acrosoine react ion 	reachecl 
A 2:1187-elitited nerosorne relletion. 

,r...uppteinented \vith 	 iírnopYuwe A `,.),31S7._ 
ed O 11,1\1`-',.(). 	u:;(1 lo induce tlip rwrosione 



Time M'ir 

Transfer lo 

MCM-PL 

min 

0 5 
0 2 

0.2 

02 

0.2 

1.0 

0. 5 0,1 

0.2 

5 
0,4 

10 
1.0 

15 
2.3 

96.2 

98.0 

96.4 

95.7 

91.8 

1.0 	1 8 

O3 	I.2 

1,3 	1.7 

I.3 	1,7 

1.5 	3,4 
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TABLE 2 CALMODULIN LOCALIZA PON IN NONCAPAWATED 

CONTROL SPERMATOZOA AFTER TRANSFER TO MCM - PL. 

IMMUNOFLUORESCENCE PAT TERNS 1%1 

Vashed guinea pig spermatozoa were incubated in 154 infq NaCi solutiun at 
37"C for up lo 72 min. Culis were incubated and filen collected hy centrifii-
gation, resuspended in MCM-P1., medium, and beld at 37T. Sperm suspen-
sion aliquots were film(' in formaidebyde at the indicated time intervals. 
Calmodutin distribution pallen) un sí-herrn ceils was assessed k,y indirect 
immunofluoreseence. AL eavh 1,1010, more Ovan 11)U cells svere observe(' lo 
determine the percentage 	encb figure. 

action in noneapaeitated guinea pig spermatozoa. 
Three different concentrations of the ionophore were 
testa. At a final concentration of 190 nM, equivalent 
to 5.42 pmoles/10" spermatozoa and Lo a ratio of 422 
prnoles/ing of protein, the ionophore accelerated the ac-
rosome loss (Fig. 3A), reaching the highest value at 6 
min after being added, but without activation of sperm 
motility. The examinador] of the sperm samples hy 
light microscopy showed that the motility of the iono-
phore-treated sperm was similar tu the rnotility of con-
trol samples incubated in MCM-1'I, alome or in MCM- 
PIL 	UMSO. A trae acrosome react ion, involving hoth 
activation of motility with a whiplash flagellar move-
'Tient and acrosome loss, occurred simultaneously at 41) 
ruin of incubador% in A 23187-treated sperm and in the 
two control samples. Spermatozoa with intact acrosome 
after this treatment showed a palo fluorescence in the 
acrosome, in the equatorial region, and in the middie 
piece of the tad, 

Sperm simples incubated for 20 min in MCM-PL 
were treated with A 23187 ata final concentrution of 
1.225 p.M, equiyalent tu 35 pmoles/10" and to 2,725 
pinoles/mg of protejo. Aliquots of this suspension were 
fixed from 10 seca Lo 7 mit] after ionophore addit ion Lo  

determine the percentage of acrosornt loss ami the im-
munaluorescence localization of eahnodulin. Figure 
3B shows that the acrosome-reacted sperm gradually 
increased after a period of .1-4 rulo and the maximum 
pereentage of acrosome reaction was observed at 6 min. 
immunofluorescence of caimodulin in these samples is 
shown in Table 3. Al 10 sec, 85% of the sperm popula-
tion presented intact fluorescent acrosome and a hril-
ltant middle preve (Tabie 3a—e). lo acrosome-reacted 
sperm, a new pattern of decorador] was observed. Bril-
liant points localized in the region previously occupied 
by the acrosome were observed in practically ftll the 
spermatozoa that were examined (Table 3e--g 1. Only 
6% presented equatorial decorador] (Table 34). The 
frequency of this pattern increased in sperm samples 
incubated for a period of up to 7 min in the presence of 
the ionophore. The maximum vaiue was reached at 7 
min, when it represented 77% of the total acrosome-
reactor! sperm (Tolde 3die,g, Fig. 4A). 

Other important findings inchnied changem tu thc+ 

frequency of equatorial and postaerosoloal deeoration. 
The fluorescent equatorial hand in sperm with intact 
acrosome alible 3c) showed an average value of 
from 10 see to 2 min, which decreased to 21% at 4 mi n 
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Fig. 2. Accelerated acrimonie rimaron by 'Frito)) 	Washed 
guinea pig sperniatozoa were incubare(' in 11,1CM-P1., 	or MCM-11, 
plus 0.003q Triton X-100 1.1. A, 	Two sejoarar e experiments. Once 
spontaneous acres roe reaction starter] in either somple ineubation, 
aliquots were 1111rnaldebyde-fixed to assess the acrosoine reaction.  

and ro I ri'; VII 7 inin Die 11re!--4.11(11 oí 1+w:rail-emana' 

(Iecorarlo') ww-;. 	to he 11)01(1 relat‹.q1 lo thy speuma- 
limera v.rithoul ¿len -Home: ri g,ra(lua) inerease franifi'.4 al. 
10 see 	at. -I min WaS ohserved (Tabla 3(',f )• This 
decora tion represented rally .̀..3(4 in sperm with hilad 
ne)'osc.ime dable 310. 

At higher concentrations of ionophore, 2.45 ;dm, 
equivalen' to 71) pinoles/10'i sim..rrit and fu 5,111 paiolesi 
nig of protein, a complete hlockage of any type al flagel-
lar mution was ohserved. This inhihitory citad, mi 
sperm motility was aiso ohserved after 8 min un incu-
bation in the presence of 1.336 f.LM A 23187. Figure él 
shows the majo,. sperm calinodulin itunninoflopres-
canee patterns observad throughout the arrosoina reac-
tion. 

DISCUSSION 
The Icwaiization oí caimodulin in the acrosome and 

ltiong the 11111 in guinea pig spermatozoa during in vitro 
capacitation seeniad to he independent of bot h ex tra-
cellular calcium ami exogenous suhstrates. The deco-
ration pattern ohtained in the four experimental con- 
ditions tested 154 iuM Nael, T-PM.; 	('a2  ,'I`-I'1,(; 
Ca2  1 and Me 	did not, show any differences (Fig. 
1). Caicium permeahility in guinea pig sperm has leen 
found to he increased hy incubation in MCM-11)1, (Singh 
el. al ., 1978). Caprtcitation was also achieved hy brief 
lime incuhation in T-111.,(1 medium ( Mi jiea and Valdés 
Ruiz, 1983), The presence or &mente oí ca Icium during 
capacilation affects neither the "-Va uptake (Singh et 
al., 1078 nor the tilne of incuhation required ibr the 
acrosome reaction to take place Yanagimachi ami 
tisui, 1974; MUjica and Valdés Ruiz., 10831. 

Singh el al. ( 1978) and C(ironel and I.ardy (11)87). 

o 

20 

Fig. 3. A 23187-elieited acrosonie reaction. A; Sperninrozon were 
incubared in MCM•PI, tul and in thls nredium supplernented with 
E/MSOr•r or eniciurn )(ampliare A 2318711) in 1.)15.1S0 1A 23187, 5.42 
prnoles..'Irr sperrnatozon,mll 13: Speriontoloa were preineubat(,(1 liar  

20 ruin in MCM-111., meditan before A 23187 was added 135 pntoksi10" 
sperrainill. 'rho pereentage of acrosoioe-reacted hverni WtI8 11Ssew4ed ill 

fortualdehydedixed al hiatos 'withdrawn al. the indicare(' times. 
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TABLA 3. CALMODULIN LOCALIZATION DURING 

A23187 -1NDUCED ACROSOME RE ACT ION 

IMMUNOFLUORESUNCE PATTERNS i % 

Time &ler 

A23187 

Addition 

min 

    

 

a 

   

   

y 

      

       

3.2 
0.16 

47.69 35.32 0.45  7.79 

0 5 
42.43 

5 . 5 

7.11 4 59 714 38.26 0.5 

1 
40.46 31.77 4.04  3.23  14,77  6 4 7 

2 
25.30 2.4 36.15 1.2 12 54 0.8 17.67 

4 
9.08  2.13 21.39 2 .67  2.13  31.54  33.68 

7 
14.72 1,52 4.06 50.25 18 2 1 52 9.64 

Spermatozoa were ineuhated for 20 ruin in 	then supplemented with ealeitim 
ionophore A 23187 at 35 pinoles/10h spermitnl. Aliquots were fixed taller ionophore 
addition, 1111111U110fluoreseence 1ocalization 	calroodulin in at least 200 cells was 
evaivated at each of the intervals 	intheated time, 'l'he pereentage of each (listribu- 
tion ealmothilin pattern is incheated. 

when characterizing the calcinan uptake in guinea pig 
spermatozoa during in vitro capacitation, identified. an 
initial ealeium aceumulation that was probably (fue to 
caleium-binding to the sperm surfaee, which was in-
sensitive to tnitoehondrial inhibitors. The secondary 
phase of ealcium-uptake was seco to be dependent can 
exogeneous substratos and selectively abolished by in-
hibitors and uncouplers of oxidative phosphorylation. 

It is possible that, during eapaeitation, and in the 
absenee of inereased intraeellular ealcium levels, cal-
tnodulin beeomes associated with speeifie regions of 
guinea pig sperm. This interpretaba] js support.ed by 
the foliowing observations: the presence of several 
ealmodulin binding protejas both in the outer acroso-
mal metnbrane complex fOlson et, al., 1985) and in the 
plasma membrane (Noland et al., 1985) of bovino sper-
matozoa; the ability of diese protejas to bind calmodu-
lin in the presence of EGTA but not in the presence of 
ealeium; and the lacé of chame in the cytoplasmie con-
centraba] of free ealcium after in vitro capacitaba] lo 
ejaeulated rabbit spermatozoa (Mahanes et al., 1986. 

The synehronous progression of the acrosome reac- 

tion in T-lifiG 	Ca2.1- -eapacitated sperm alter transfer 
allowed us to sequenee the localization of 

ealmodulin throughout Chis procese. The clustering of 
ealmodulin in the equatorial region was a transicnt 
stage appearing just prior to and lasting few n'imites 
altor the acrosonue reaction, possibly iinked lo the see-
ondary phase of ealeitua uptake. 'fhis stage was better 
observed in A 231. 87-treated spermatozoa, probably be-
cause the ionophore synehronizes atore efficiently the 
whole sperm population at the stages of ealcium entry 
required fiar the acrosonie reaction. It was suggested 
that the ionophore enables the ealciurn joras to be traes'- 
poned to the site of adía] that is not accessible under 
physiological conditions until eapacitation has taken 
place (Babcock et al., 1976, 1.978; Coronel and Lartly, 
1987). The distribution of ealeium alter A 23187 trent-
tnent of spermatozoa was fanal to he nonrandom. Dur-
ing the earliest atines of vesieulation, 
centrated in the acrosome region just in front of the 
equatorial seginent Watson and Plummer, 1986; 
Plummer and Watson, 1985). 

The absenee ofdecoration in the nuclear region of the 
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-1. Majar gperm calinothilin immunofluoresetiTire patterns, 
throughout acrosome reaction. A: Equatoria1 clecoration iii sperin 
without acrosome from A 23187-trent el.' spolnatozoa. L Alislmice of 
(lecoration in the nuclear region. This pattern is observe(' a few inin.-
ntis raer tlw acrosonny rfaction has taken place hv transfprring va- 

pacitated sperm to MC111-11., ni(sliniti. 	1.oralizat 	of niktiniiti lin in 
thit postacrwornal region. 	 111::itribin ion k protiimt 

alter 15 30 ruin acros(31110 m c't ion ovenrreth pitlier by I. tint4V1' 
tollitf_111 19. tm,41itini or 	non-cimacitaft(11,..fwrin 

by (•ateittni ionophore (A 23 PI 	t reatinent 	1 100. 

aerosome-reacted sperm was not i1 constant pat tem. It 
was not observed in ionophore-treated spt.Tinatozoa, f t 
retnains to 1.)V seen whether the immunoffuores,cence in 
the region previously ocenpied by the acrosome reffects 
calmodulin hinding sites attached tu the inner acroso-
mal me tnbrane or whether it, iskust an incomplete exo- 

eytosis 	IICTOSOM411 emiten t, 
The localization of enimodulin inununotluoreseence 

in the postacrosomal region oí the head in acr05(ffile-
reacted sperm inav be the yeso ft. of modincations 
spermatozoa doma ins. Une possible explanation ttf thi  

result is that. calmodulin difhises tuve from the flavi,e1-
film doinains and spreads to the po,aacrwoinal region. 
ft is very fikely that the preper1ies 	this rep,- ion 
change atter Ole (O 	acrosonia1 nierohrano t'uses -svit h 

the plasma illeillbl- atit'. SpVilfilatOZOil 	 the 
presence of' 0,00:1(4 'Frit on- X Pin 	l'1, (lid not 
:-.1110‘.‘,  any postacto3(nnal im))lunotIktore..,5certee. proba-

(hte toa pardal extrnetion uf 
n-winbrane proteins, aithup,,11 the ecitintorint 1,,e11,ownt, 
the poMaiTosornal sheath, and the middle Inece uf thv 
tail have ajl beca shown lo be reskInnt to int;her comí 
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centrations of' 	than thosp pruployea i n  lis 

work 1Vishwanath et al., 1.986; W(wding, 197:11. 
Mobile and fixed proteins un the plasma lumbral° 

of rnammalian spermatozoa have heen observed, Lat-
eral free tliffusion within the plasma membrane over-
lying the posterior regios of the tail has live]] detected 
in an integral membrane protein (Myles et al,, 198,1). 
Antibody-induced patching oí two antigens originally 
localized in the entire plasma mentbrano oí the flagel-
lum (Gaunt et al., 19831 and clustering of a glycopro-
tein exclusively at the acrosome surface (O'Rand, 1.9771 
have also peen observed. The rnohility of (hese proteins 
was restricted to their specific domai os, and patching 
was not always induced in spite of the antibody speci-
ficity (Gaunt et al., 1983), ft has ()yen suggested that 
barriers to diffusion exist in mann-naba]] spermatozoa 
(Cowan et al., 1987). 

Cytoskeletal elements have peen involved in the im-
rnobilization and regionalized distribution of mem-
brane constituents (Golan and Veatch, 1980; Branton 
et al., 19811. The major role played hy microfilaments 
in the migration of plasma membrane proteins from 
the head to the flagellum has leen demonstrated 
(Saxena et al., 1986b,c). The highly polarized organi-
zador] of actin, niyosin, vimentin, and nonerythroid 
specti'in in spermatozoa suggested that different cy-
toskeletal-cell surface assemblies were itwolved in the 
regulation of the acrosome reaction ami fertilizador] 
(Virtunen et al., 1989. Nonfilamentous actin and 
calmodulin were clearly observed in the equatorial seg-
ment of boar spermatozoa (Carnatini et al., 1986a,b). 
The colocalization of actin and calmodulin suggests 
that the aggregation state of actin may he controlled by 
calmodulin either by decreasing the levels of free cal-
cium by means of jis calcium binding properties or 
through the activation of regulatory proteins of F actin 
(Declinan et al., 1979; Means and Dedmalt, 1980; Kak-
iuchi and Sobue, 19831. 

The evolution of calmodulin compartmentalization 
throughout the acrosome reaction confirrned our hy-
pothesis concerning transient calmodulin associations 
dependent on the stage reached in the acrosome reac-
tion. However, the precise role of calmodulin ín this 
process was not, defined by these experiments. Further 
work is required to identify the proteins that can bind 
calmodulin in a calcium,dependent and -independent 
manner as well ras tu detertniiw the lateral di fínsion of 
eal mochil n. 
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CALMODULIN BINDING PRO FEINS IN THE 
MEMBRANE VESICLES RELEASED DURING THE 
ACROSOME REACTION AND IN THE 
PERINUCLEAR MATERIAL IN ISOLATED 
ACROSOME REACTED SPERM HEADS 
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icacied 	'wad,: and in total mcnilirane ;tenni' how inIact ,iin.i. riratoron. 1 lit nicmlnanc 
the acitisonn. reaciion 	 maj(i' calmodulin 

I\ I,.., n(í,95,97 and 111) k I )a. 1 	pl.rinuck.ar  material slunkeil a 31 .i1.L3;igt{197 k 1):1 calinoilnliti- 
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Introduction * 

Se Vell'1.11 linos uf eVidelliCe sfiggest 1 ha t ealeítim 
plays a tnajor role in the processcs that c(nier 

' 1 )cinnliliwillo 	(le 	 ( 	 ','Id 

'1DrIlatiamenti ) 	l'alología 	 Ccotio (h: 

ltivesligación y Fslittlios Avanzados del histilitto Poli-

técnico Nacional Apatiailo Posad' 1 1 / 10.070011 Nléxico, 

D.I'. Nléxico 

1 Unidad de Investigación Clínica en Unterincilathr:s 
()neológicas. 1 NISS. 

1 Piewin adilicy,: 1 >O i,,11 ni de Ink.eqii.aciitil 
l'hin:no Nacional de 1 'an«.I 

respontictice tu: F.. (1. I lernanitei. 

ileccivcif 15 1)eccinllet , 1;19_3 
cecino.' 1 hule, pin.i 

ability tu sperinatozon, 	acto- 
some leaction, hyperactivatcd imitility and 
sperni-cgg, fusion are Ca 2 f -dependclit bine-
tions (Yanagiinachi and Llsui, 1974; Frascr, 
1977, 1.987a, 19871); A itk en et rll, , 1984, 1988', 

Yanaginnachi 1982, 1988), [ven thotigh cal-
modulin is the inajor Ca 1 '-acceptor protejo, 

identiried both in the soluble (Mies et al., 
1978) and in sperin nicinhrane fractions 
(Notand el rll, , 1985; (.)Ison el al, ,198.5;k51  do. 
man e! al., 19Hri; Aitken el al., 19881, ihe 

by svhich Iiik phficiit inight 
transduce the calcium signa! int° a specilic 
response, such as the acrosome reaction, is 
still mielen, The inhihitory cífect uf cal- 
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1%14111(11in 

( 1 (2 Vill 	VV'eiS'.;, 	1O79 ) 1111(1 11:t111111131vIli' 

( lillakIt et al., 1970, 
the Itero1 /4it)the tenctitsti and on gann..te 1 iision 
LVilti 	 ;in indireet denion,:ti anon 
oicalinodulin imolvement tti (hese 	oee,si.", 
(1 Ali/ and ( 'orinici 	Sano,  19.41..11: lAtl 

ken el al., 	1.ydan and (VI )ay. 1988). 
A11110401 the 	 of diese di iigs \vil!) 
other pri nein% íind 	inembrane 
(1 bliekaWa el al., I98:S: Tannka el al.. 1 ,.)45 

Irrego el g/.. 1985) otter alteinative itltel 
pretations, the participatitin 	calmodotin iii 
menthrane hision eyents IS dist) siwgested 
the chang,es in calmodulin locali/ation 
ohserved throughout the íterosome react ion 
(Trejo and Nit'ijica, 1990). h' the redis- 
tribution ot calmodulin, temporally 	n- 
Fel:1Rn ‘vith the onset of invoblwn hision 
liar-Sagi and l'iives, 198,1), and 115.,  late 

changes in inenthrane nuidity alter ("a 
hin(ling in the presence of ealmodulin (1 )c 
Lorenz(r, R)80'. l'opcikinit-Tsibotikidoil and 
Deliconstantinos. 198(5, 1989), 

'ro tinderstand the mechanisin 	\VI-lir:II 

Calitttultilill Mas' patticilEtte in tIlC itteti1111-;~ 

evento (hal iwein 	the :wrosonie 
reaction, the. isolation of the sperni mem 
hraties inyolved in Chis patcess and the i(lenti-
lication Of their calinoclulin-binding proteins 
were undertaken in the present work.. T'u: 
hypothesis that specitie caliiiiiditlin-hinding 
proteins may he present in the acrosomal and 
postacrosomal regions sylneh Might par - 
ticipate in the fttsion oí the plasma and ()oler 
acrosomal membranes and in the post-
acrostimal localization oí calmodulin in acrl 
some reacted spermatozoa vas ptirsiR..11 in 
Ihis work, \Ve decided to study the fotiowing 
Tern! inembraites: (a) the plasma and acto-
somal membrane traction obtained from 
intact non-teacted spettnatozoa, (h) the 
tnetubrane vesicles producen hv the litsion 
oí the plasma menthrane with the outer 
sima nienibraite dtiring the acrosome reac-
don, and (e) the perintwlear material 
obtaineel from isolated acrosome-reacted 
sperm heads. Iliotinylated aml umnoditied 
I-tovitte calmodulin s.vere eityloycil to overlay 
nítrocellulose blots 	diese tractions 
resolved hy SDS-PA(1 eli....etropitoresis, 

Only caleitint-indepeinlent and calcitim- 
inhiliited 	 hinding proteins svcre 
detecte( with both cahnotlitlin prohes. `1-he 
similarity iir pudenda!' weight ot some pep-- 

t ¡de-. illan th thtcy itaction,,,,htlinakupPL-t, 
thk .  ptew( ►i.e 4)1 C1 ff 1)111011 Plk)(1111,11111 	sillt1111p, 

19011.111'.; ift 	111t'tit,' 	1)11:1111)1iInt, 	l ht' 	1;11:k 111 

;111'itliii 111TC114.111:t.' 141 	;hl \Vitll Cal 

111111 	111("st• 	 Hut \ 

\ a Hl(' il1 	 <11111pal 1111(111a1i1111, 

NIaterials ami Mrilinds 

g.old connwate was nom 1...N. . 
1 aium atol 	(San Nlateo, ( 'a,. USA 
hit anft L'Aieep 	; labeled xvith pei oxidase or 
xvith iluoiescein \vas (ron, ( 	gano') 

ekitika N.V., ltelgitim). IZabbit anti, goat 
labdcd \vith pci oxidase \vas from 

1 lyt 'Ione ( 1 	'tan, USA), Biotinviated 
was tioin Gibco 1111 . (Gai 

thetsbni 	N1D). Aerylainide, hkaci vlaini(.ie. 
TTNIFI ). tittllectilar weight ..itatalat(1,,, and 
ttittocelltzlose ittembtatte \vete how llioRael 
(Riclitho11(1,( 	, t tsA), sodium  dodecy t stt i. 

tate (SI )S) and Triton 	Inn \vele (ioni 1 1 1) 
Chenneal Ltd. l'oole. 	). 'vanogen hi o 
:nide aml dintethyl 	 l5VIC 

Fe(: 	 (ieintanv). 
and hydioquinone (r errar .1. '1. Ilaket (EISA). 
Pheny..1.11)elhatte sttliohyl 111totti.le (1'111S1'), 
t)-hy(iroxv-therettribesmoate 	(1)11N111). 	1 - 
(+doro-3- tosylantido- 7- 	1,- 2 - 
norte (TUCK), letpeptin (acetyl-leti- len- 

al),  l'inlhlobenzantkittle tpAllA). N-ethyl ,  
mitleintide (NFIv1), 
tetraltvdrt reltiori(le (1)1111),Tween Ytt. bov. 

serum altitunin (USA), ethyletw-(liamine-
tetracetic aelcl, tlisii Iltlltt salt (VI) l'A). !nivel' 
lactate, iottophore /C3 1 1{7., trithioroperazine 
(TH)), DI .-dithiirthicitol (1)1 	tutte aeid, 
0-phenylendiamine, 	cet vi.trittieth 
anumminin bromide (('.I'i\ 11). and glYeíne 
weie 	Sigitta 	 Co. iSt. 1 Amis. 

USA). 

Source of aittilnulie„s 

Goal anti-cainiodulin polvelonal antibody 
uvas [Hun Sigma ( .1temical ( 'o. (Si, Louis, 

t.1S,A). 	auft catmodulin pot v• 

clonal 	 we re raised using hovine 
calmodulin pitritied from tt.u,ais as pr(._vionsly 
deserilied (Gopalakrislina and A inler,,on, 
1982., I )tninait ami Kaetzel. 198.1). 	mg ot 
heated‘calmodtilin 	1 finft 	90-( ') ft. ,;(1% 

Pended ¡II 1 1111 (11 
Vallt \Vett' 	142(1C1.1 Slibell1:111COINly (111," tiiSt 
1 ¡Int:. 5 	OÍ cal 	1 C.StiTClittt'd in 

kkeIC 11(1111ill 



(f,111.111()1)1.1.11'4 1111`.11)11q(i ('11.1)1 	 1' 

istered the sccond and 1lnid 
hodit% 	were 	puritied 	hy 
chronuttograpliv on a calinodulin ,,;(1111a10,,e 
colmen] as 1 retinta,' et al. 	1'H 	ce(itn- 
Prended and titered 	ennitte-1011['[1 taima- 

noallsorbent 	(11.ISA 

,S'permarrizoir isrdari(in 

Sperni celis fuere olltained troto 	vasa 
(letterentia cif.iclillt guinea pigs anaesilletized 
with Nembutal (50- 100 ing/kg.) and killed 
cervical dislocat 	1.)iStiCeiC(1 	54"Civ 

pertrise(1 with unbuffered 150 inNi Mi( '1 sola--
non (2 nil/duct ) al 31"C. Imtan de  ()r con. 
laininated samples \vete discarded. l'ooled 
spernimozoa kvere centrittige(1 	600 x  g for 
4 unn and lvwdleil twiec with the sana.' 
solution. Sperni coneentrad(m was (tete r-
suined ilaring the second wash. 50 microliter 
aliquots oí the sperin susp(...nsion \s.ere. dilate(' 
svith 1 inior 	1(7,',  Trinar X.-010 and counte(1 
in a Nettbaner .  Sic rinalozoa pelleis 
were resuspended (o 35 millar!) cells per mi, 
except when indicate(I, with fv1('N1-11. 
inedium (see bel(1w). 

lifilfillfillf 	Sylfi"1111111DILS Mj()S(1111i' 1CM11;011 

NaLl-washed sperniatozoa \ven.,  incubare(' al 
371: with 'Infinita' culi me inedium stip-
pletnemed with pyruvale and lact ale (N1CM- 

pl 1 7.8 (Mtijica and Valdes-Rutz. 1983). 
Atter 20 mili, the calcium-ionophore A23187 
‘VIIS atlttctl íit 	 Final concentra [ion. 
Atter 5-10 min, more than 90`,"-'c oí sperm 
cells sin 	acrommie loss, 

i?errinery ofmembrame irleNicies reicirved (die/ .  
the acrosome reacrion 

()ice the zterosome reaction liad occurred, 
several [trincase inhillitots vete ad(led lo 
the kit 	nte(lium: 	inK1 	infvl 
pl IN111, mM pA HA, 1 ;11Ni TE('K, 2 141 
NEM 	and 5 piV1 leupeptin. Sperinat( vita 
were separated by centi ifitgation al 3000 x g 

31) min al 	The supernatant was saved 
and eentriftiged al 100,000 x ,. for 	min al 

The peilet was restispende(t with 1 niki 
11)'1'A, 50 inkl Ttis. p11 7.5, containing ()vo- 
lcase inhihitors 1111(1 	( \v/v) SI )S final con- 
cenit ation. 

r fi, 	 f)f (le? <MI In le 're fi( fnTe, III hi'itil.t 

1{q-iiitliiec.,(1 aerosol] w .reacteti Tern', 
restispelideLl with I iiiN1 FP 	pl 1 5-0 and 
supplemented With 	 (ti iliotelkSe  

1.5 Cit .  !,1)111c3tc(11iii 	1 mIlmil 	;11A 

111ill c.1111;11111.41 NIM11.1 

)i-;i) and ( 	mon( 	1(I-;i 
1.1agellitin and head 	tip w 

miculselly . 	solvii 
atioa. 	the !.;tali)les \ken.. ccat tilagcd 	al 

3000 	at •I' 	(oí 	iiihr, 1 he pellet , etal. 
taining sepai¿tied heads anti 11;111(11a. wat; 
55a'-;111,'(.1 IttlCC lilucs y5itlt 1114.' 11:1)-1.A, 

SO11111011. 	ptil ¡IV 	lile 	9111111 

Ill'a(K (lie 	 ‘Vilti I Ci.;11tilleildV1.1 

tul 	of 	stierose O 1)2 NI IMS. 
p11 7.2. 1 he 11.1)2 N.1 MIS was p1.- Cpilted 

diltiting 1 ini ora PlIS stock solution (1111111N1 

N:1( '1, 	2.7 111111 	1K( '1, 	1.5 nikl 	V.111)()1 , 
8.1 	Na,111I.).4 ) with (t-5 ini oí.  distilled 
water. The re-suspended Tern' hea(ls weie  

laíd ini top oil a saciase disconiintions (lensitv 
)!radient anal centriingeil ;11 100.000 	hu 
'10 ruin al 	1;radients were prepared \vith 
(-15, 711 and 	(w/v) suci ose-- MIS 41111k...u:h. 
1 leads \vere recovere(I lHall the ht111cut tt(the 
Mire. resaspetuk(1 to 1 ntl with .50 inN1 Tris, 
1111 7.5. silpplemented with prolease inhilli-
tors and waslied (bree hines by c(critiíhaya ion 
al 300n 	rnr 15 n'in al .1"t Saniple porilv 
was assessed 	phiv,e culi( al.,1 and +lec, toa 
alictom.:(11)y. 

Perinuelear material .solabili zati 

Purilied acrosome-reacted sperni heads, 
million lteads/ntl of 50 niN1 Tris pl I 9.0 plus 
protease ihhihitors, were inehhated in the 
presence oí U•2 mi 90 inkl 1Y 1T fui 15 min. 
then with 	ml 	 wnlet 
as describe() (Hernández-Willes el al., 
197.3). Soluhilized proleins and free nuelei 
sver(,Y separated by centritugation al 5000 -y, 12, 
for 30 inin al l' e, The nuclear pellet sus 
washed with PlIS and lixed in2•5',vc glatar-
aidchyde. The supernalant proteins were 
precipitated with 5 volantes t1f c(ild acetoue 
for 3 hr al -- 20"C and recuvered hy cen-
trifuga non al 5(100 7<  g for 31) mili al 4'1'. The 
pella was resolubilized with 	SUS, 50 in N1 
Tris, pl 1 7.5 and was resolved hy SDS-Itri 
polvacrylantide 17,e1 eleetrophoresis, 

%tem/trata- StihibiiiZ.(Ilitill 

11011-Cai.Plidiaietí ,5"/Ier7ltair17_0i1 

	

Nii(1-wasAIC(1 	111:111)/11,1 
	

I e‘,11',,, • 

pended 	(t) 	50 Illiiii011/1111 	tvitIt 
	

1 111 N.1 

FUI A SOIllti011, 1111  5*(),'C011tliiiling,i)Wit,W5(' 
inliililtiry and sonicated for 311 set: al 1-e, as 

previously (lescril)ed ( Aitk en el al. , 1914H). 



i./ 

C1:110 H141;10(111 al .3000 	lin 10 mili in 
he inembrane 	\‘ as recoveied 

'ronl 	 hy ami; 	at 
1011.000 "i< 	for 00 n'in 	The pelle( \(-ds 
lestispem1(;ti in 250 Jrl ol 	f InNI 11) I A , 

7.5 supplenwined 11ith pro- 
(case inhibilms ami I 	(sv/\) SI )5. 

dind ire.sictri Noi 

sp('rntruf):‹W 

illitlllcilti 	11.0111 	;In 	the 	 iroction: 
ohlained were taken fOI proteiti (1c0.4 
ininoinin (1..okyry ei ril. , 1951) ami 

polvaerylai111c1(.' 	gel 	eleciroplioresis 
1.aenunli (lescribed (1{)'7(1). 'leer ropllore!,is 
was HM al I 	mv lcll .i lir, liecilobanster 
nl inoteins 0) 	 pape'. (0..'.5 yin) 
kv;'; pe:1(111w', al 90 inv 'Intim!, 3 hl ( lokvbin 
et al.. J1)/1)). Cilimothiliit \va!, Iranslerred as 
1 lineke ( I988) reporied. 

hicntifirraion calniodulin 	profeiIIN 

1 • ( 1 i; 	filie 11011-tirCeilie 
sites, sperni niembrane protein 111(1 wa 11H 

' 	 150 inkl No(1 

1)11  J i (IBS) supplemented 	11•1):7r» 
TIveen 20 (TIIS-T) and 	( w/v) 

/10C1' 1 lir, 0 lvas washed 	51) tul 
oí IIIS-T. 	 purified troni hovine 
tes(is ( 251) pp,) was (lissolved eillier in .10 ntl 
OI TI1S-T plus 2  Inkl 	 THS-T phis 

itikl 1A)TA. 	sainple or.  sperm 
vas 	 hy 	 une' l'as 

ov1.9- laveci svith 	 ílild time 
(,Oler wil h 	)1 i1-caltillidtilin, and incubare(' 
for 3(1 mili al 37"C with genlie a gintli(in M'u- 
knut(' calniodulin was (liscar(.1e(I and the 
nitrocelltilose pitper was washed for 10 min. 
1011 511 	 limes. (h 	or 
slicep onli-ealmodulin 	 diltile(1 in 
'113S-1' 	(wiy)11SA to 1 :1ou ni-  1 : 
respectively, svere mide(' 10 the blors d'he"-
in the presence oí 2 IBM CaCl2  or 4 inNi 
F.I.Y1../1, and ineril-mteci al 37"C 	lir svirli s1ir- 

rir}).?. The excess oí ítittibody was eliminare(' 
miel the nitr(wellulose pape:.  ovas washe(f 
'bree times with 50 	111S-T for II) min. 
Gold-lobeled inotein A, dissolved 1 :10 in 
TUS-'1' plus 3`..'4,  LISA was eniployed as a 
sceond anijhody, Atter I lir or (lb:Himno(' al 
37"C the execy; 	prowin A 'vos clieninaled 
aiul 1lic nilrocelltilose papen was washed 
before. Sinee pr(mein-A shows kysv affinity 
for slieepigG an(.I goat-1gt; 

11('{;315 ti' (V,(' 

1111111111111¡!mid 	(11 	,1;11[1.1111.! 	 (1 ) ;111 - 

Witcl, 	 19' 	 111- ada 
and 	 1, 

111e idenlificiiiion vil tlit: 
‘1 	assa e', in 	iollos.‘ nig 

cominions: (;i) !p.:un!, labhil 112.( 
(nt 	goal) 1g( i peloxidase 	 ;u. 'a 

(ieveloped 1V101 1)All 

(1)e 10;is and Che; 	19S.1; I laul i and 
Ilucher, 110)), (b) employing 
ealmodulin and the avidin, pcioxidaw de\ - 
elopinukSle111. i tirCe 11(Tali1'e 	Wt.lt• 

svirlumn 
(h) n'embobo!' 	lrilltioropesozine-liemed 
calmodtilin. and (c) usinp a preillinnine 
selinn as zt Iirtil antibodv. !Zar liver mito,  

earniodulin bindirip pioreins, ideiw 
ilied undei oil+ e5pe1inienral 
IVely 	 a r(PIII01 	Inj 	do 

Illit0C11(11101iii \vere isolaied as dese! (he', 
(l'oldne 	1 ( )'11 	Ue MIT(' ilde ti in (lit' 

PI e Se ih'e nf 5 HIN! PMS1', 2 niNI 
.5'41 NI....N11, 	inIVI pAil A and '20 /Al len - 
Kptin, incubar('(' \vid' 25 t'IN, 1)11', II) inin 
at ¡nom tumpernitive and ,,orilented in the 
inesence 	(wiv) SI >S, M'opon!, ot 

nialei int '‘..er‹.e resolved by 
clecirophoic,:;is and Holte(I tu) determine 
their cnintothilia biuding 

humunorpochentii(11 If)cull:.'irlion o(' 

Aliquois iii isolale(1 sperm hea(I suspension 
a'i're rixed ni 3r; lo: inolddivde-PlIS (y/y) rol 
00 mili al rooin lenilwraiitre and pended by 
centrittigolion al r3(10 	tor 4 min. Pillos 
were waslwd (bree limes 	 the,: 
incubare(' vvith 50 niN1 NI f.i( lor 	Irún and 

Wi01 PHS. Aireo a distilled water 
wash, tiwy kVe1(.. UC -Sil5pC11(1(.'d il) tfistllli (I 
xvoler and sineaied on sli(les. Alter being air 
di ied, the sinears were incubare(' for 1)0 inin 
at 17"C with sheep polvchnial ann-eal- 

antibody Mute(' 1:50 in 1)13S-1'?.. 
(luce ilnses 	1114S, the second 

antihody, iabbit anii-sheep ip,(i-FIT(' con-
¡ligare was added lo the sineats and xvere 
inetiho(et1 at 37'1,` fui (,l) min. 	was fol- 
1oxve(1 	1w() rinses kvilh PUS. The ',anean; 
vese 'inmute(' iisin)! glyceiol-PUS ( 51y) 
pl l 8,0 and examine(' tindk.9' a 7.eiss plio 
loinieroseope equipped for phase.conirost 
aml Iltioreseenee. 1>IB0ogriiplis Nyere lakeri 

on Kodak Hin( Tri X Pan. 



( y\1 N11 )111'1 	111:,1 51N( 	1 ,1“)1 I IN.;, ; I . 	ut i 	\ FI( 

,SaPTIVIC 1)1'414111111( 1 1i 	 !111( - 1(1“14fr‘ 

irllllllrlls (}1. 	tvakdivki 	 [yclick 

\s'erC Iixccl ha" 	111111 	 (.11111ar- 

al(lellyde in 0.1 Ni cao)dviate butWi pl17 ,  t. 

postnxet1 9t( tltin in d. 1 '';" ()s'unan tenoxide 
and prt)cessed lot tobser\ i1ltln in a .1e(11 .11..N1 

.'_01)0 EX electro,' inicrostTop4J. 

IZCSItils 

f CriCird 	¡U 11/ piltilir(ilir , 11 

TIIC S1111. 111 he MIS ti( fin 	3181. 	 1- 

some-reactet.1 spermatozoa w- ere isolnied 

with a liigli degree of putity: no residual 

fragnients 	 \vete ohserved 
optieal inicroscope ex;intination oí the 

sítinples 	 114,111 11111T (1111"ek:111 
((lents. A represeniative pitase contras' 
image is shown in Figure la. When examined 
for calmodulin ininuntofluoreseenee, t lle ¡So-

late(' sperm heads shosved a positive staining 
in the postacros(mal regical (Fig. 11)). '1`111S 

resalt 	 111at 111 Spile nl Iliesollkal1(111 
lreillinci11 ;111(1 !zumben, c‘par:11.1(1n, 11iis 

1'111)011 (11 1110 aullisoine -11.•aciecl 	pre- 

servell hound ealmodulin ("lie jo and M'inca, 

199(t), \Viten the first antibody WaS adSol'iled 

11'1111 Ca11110(111111L a nep,ative. reaction was 
oliserved (Fig. 1d). 1.11trastruct u val obser-

valion 111 these samples showed that the 
plasma menthrane and acrosome were (Ibsen( 

from sperrnatozoa atter the saneado(' (Fig. 

2a) and it svas corrohorated that the isolatetl 

head prcpa rad' tit was free uf flagella frag-
metas (Fig. 2h). Puriliecl heads oltiaineclaher 

the sucrose density gradieni centrifugada' 
preserved an electron dense material itt the 

postacrosonial region and a futzy substance 
in the rail)-anterior nuclear region or sub-

acrosontal layar (Fig. 2h). `Ilis envelope is 

lost alter trcatment \vid) 	TA11, pro- 

ducing al It.',ss (ontlensed titule ringle") (Fig. 

2c). 

Cahnotittiiii-binding profrins (lotee/ion by 
immuirobini 

asscss the i(lentitication of the calniodulin 
hincling proteins in the clifferent fractions 
ohtained from intact (ind atr(1S1)111C reacted 

spermatozoa, sevet al interna! controls were 
inehnled. ()n(' of them was tu prove that 

calmodulin was afile to Huid lo the nitro-
cellulose paper and that it could he dewctecl 

either from a Imre preparada' or dont a 

`.;r1 	\ 1 	1/( t.\ 

\ tul e lit 	po ne(11‘;. 	[11.91112 	sho+1,e, 111(.• 

1 1 11 1 11111 1 ohloi ()i 111e hm in(' vallfludnial 11,-,c(1 

((1 ()v(.1 	1111. ' 11(.1 111 itat:11(ais (lane 	and 

of the turinca 	emlogenous e:MI(0(1111"11 
hom solubilized speintatitr,oa (hule 1)), 1)1)111 

crl l'Hm \Neve (1111,..'(.1c(1 	 ;11111_ 

ualin()(1111111 a11111)( )(IV ;111(1 (1( . Wilped 11V lile 

iabla1 	1- shecii 10; (abele(.1 1v1111 11f:11$\i- 

(VX-•(: 	1lirce 	it(12,;111vt,.. c(aif mols 1vete 	al c) 

111(•11141(_11: 	(lk (l'ay 	lvilh 	11 inwa(pci;Liiiie 

11e;i1ell 	 11\•eliay v11111(fill a(1(111112. 

Calliaidt11111 	oveilay 	pieadsoilled 

antihody. No laheled hands \vete ohset ved 

)1 11111 dilluolopetazine-treated ealinodulin 

was used in ove' lay I he spel in ft aenons (data 

n(1( shown). in liceo! dance with previow, 
repknts showing that ibis di og hinkk 10 cal. 
ili(1d(11(il in a Ca' .dependent manitei and 
that it liloeks ;In!'  IiirlIter 111111;1c:1(M 111 cal 

luo(1111)11 	 larryl% Mee, 19( ,̀11i). A 

lack 01.  CroSS-VGIC1iVity 	 111C 

membrarie proteins and the antihdit'S vas 
oliserved, no laheled hatick appeared atter 

overlay kvithatt addingCallnothilin tylicii pi e 

a(h.loulw(1 aiai11)0(ly \vas (,»Inployl.s(1 1(1;11:1 

%11(\v11), The identificado(' ot the calmodulin 
hindiug pioteins in isolatcd Jai liver mito. 
cliondria using onmodilied ealmmlulin tu 

overlay tuve hlotte(I proteins, the sheep anti-
ealtnochilin polyelonal antihmly, the gold 

protein 	ancl the siker smining as 

cleveloping system, was included as a positive 

control (Fig. 4). Six. rito jur Ca l. 1 -tlependent 

calmoclulin hinding prowins, N`1(  ---, 63, 56, 51, 

41, 38 and 35 kl) sverc detecte'', (lane ('). 

which resemble the molecular weight of the 

aflinity 1'ui'ilicd mitoeltondria ealmodulin 
bin(ling pr()teins ((iazzotti ei al., 1981; 

ase et al. , 1983; l'ardtic et al. , 1981). Hesites 

these hands, seveial 'pintor ptoteins ahle 

hind calmodulin in the presence of calcium 

were alsu (.1(..tected 	( '). No labeled 

hamls were SeCT1 it1 ihe ahsence of ealeitint 

(how 1)). 

prolebts• i1t .50hibiliZ:ed 
11-0171 110,1 nipaellaferi 

Sp(7111 

LhL  tnultiple proteins that could he resolved 

by PAGE of the inenthraws ()Hable(' fuoui 
Mute( sperinatozoa Ity sonication and so111-

bilizal ion with S1 - )S ame shown in Figure ti('. 
This Itaction, eonstitutet.1 hy the plasma 

membratte arel the alter and inner acrosomal 

meinhranes, shokved severa' polypeplides 



Fig. 1. (7alinothilin localization in isola1ed Ileon 'wad!: Ilv Entines:1 iinnittuoiliiote,,unce. 
/1.I3187 inthiced iielosome (cauce! spertitatozoa s‘ete sonicated (i, 	lieach- ;Inri 113gella 
and isolated headssvere tecovereil alta eenn iftwal 	un stierose 
reinled istilalttll  lica(1.;  sucre  rile(1 	 founaldelts.de-PlIS. Calinodulin svas 	 by 
inditeet inuhtitioillionescente nsinkt i sheep polclonal 	 nitlibode ,1111.1 	,inti- 
%heep 101 'ahelea ;s'ah Ililorewein. (a) ami (c) 	conita%t 	(1s) E 'almoilolin inutlinlu 

localiiaiion in h,ohited sperin Iicid. sliowing a paíc l'ami:su:Eire in Ihe 	 rer1011 
and a stronge: stain in the implantation frisia. (ti) Negaiiv‹.: cotillot litc• trpiesenEdiive image 

Ivilen purifiet1 heads vcrc hin/1131rd Will) ineadmsibed anticalniodulin 	 mit( 
\viten a pleinunune 	stilislitilleci the antiealiwidulin antibuldv. Y', (Y 111. 

	

Vleetion rnicrtiscliiiti ¡muges o( aciol,onteleacied 	!Tela: lieink11n1.c.' lila 
actosoine reaction Iiatt oreiti red hs,,  itction of the eakitini 111110phofe 	 (olukui¡I 
prosease 	 xyas added 10 lile ',pe/11E110103 N1111e115111n 111.1-(dif solijeali01), ;-101 

the 

	

	 SPe111E1101.03 kVilS liXed \Vill1 2.5'; ghilaraldeli‘de. Che Israel; and !laguna k% 1.1 c' 

115` CCrlilifligiltitoll_ 1 kath SVcre pi/ir/cc' te;iiig, a irise+ nitinuote,... ¡le tisit mil 1 o,,e t l;lclicaht 
and eentiihtgation al 11)0,0110 x g rol 	 1"(' and then tiNecl. (a) ,‘cto,a,ine-teJeird 

Turulato/Ha líter 	 dlitsvinr, 	 iii thl pl,e.tna inentlsi ;n'u and id thu 
(11) kolaled lieads 	centlitugation tal .aictose 	 ito coinantiomion 

nagelhi fragrihcnt4ni NVi1111/111e1- 	 1...lente.tw;, Note lhat the\,111e%ett 	Iht'il 1)1.1'1;11111CM 

inliledal, 	Nlidej f)hillint'(1,111Ct 1)1 1 ( " 1 ,11i 114:;t1Inen1 <1.1 	 C.11.:11:(1 hid;k111.1 

ObSC)Ve 111111 the 111111111eleal Itii t eirsclope lv t. it, 	Alter rhÍ in:atinen' dott 	 ss:vii,  

oblained. Hg. '2:1 v.18,111111, Fig. 211 	211,(100.. Hg. 	211,000. 



L.11 	iNi 111l,dVai 1)1Z4 )1111\1; f':•; 	 k".1.\ 	)/( P\ 

ahle 1() Itincl hitilinvlated 	intrhuihlied 
modulin prolles in the presence ( 	(), 

I.1 and V.) and in Ihe alisen('e or calcit') (Iones 

' and I:). Iflotinylated 	 revealed 

hv Ihe avidni-peroxidase 1111:1110(.1. utas 

lt ► Sevcral pel)11(ICS 1)11111111 the 1)1 

I3) and in the alisenee 	La' flalw ('). 

Alihoubdi the calmodulin-hboling proteins 

deteeted irl hoili condilions showed ¿t 

inolueular weight, in the in esenee ol ( '114 , 

ihe pr(iteins with (5.1, = 11(1 and tir) k I.) shosved 

a shonger lahel compare(' wilh the ,,17, 45..12 

and 21.-14 kDa hands (lave 11). This tinglil 

he ilue in differences in lha leve! oí L.1(11 

hinding prolein. Uven though overlay with 

bionnylated ealmothilin liad In.'.ett employed 

lo dett..et the Carf-clependent ealmodulin-

binding proteins itt (itlid..r ayoies (13i1lingsley 

et al., 1 (J85; Pennypacker el al., 1989), lo 

tulle out the possdnlity that Ihis cheinical 

modinealion ()I' ealmotfulin svould not alloNv 

Ihe deteetion of die Ca 24'-der)endent eal- 

modulin hinding 	 unino(.1ified eal- 

modulin was overlakl lo sperm protein1)1()Is 

enher iii die presence or in the 	 uf 

t'ah111W. 'Ihe calmodidin 	 moteins 

were revealed using the sheep anti-eal-
modulin and anti-ig-G-hotseradish peroxi-

clase system. 111 the presence (tic:alela:u, Iwo 

major proteins showed the ahility lo 1)ind 

calnmdulin, 111, = 47 and 45 kDa and severa' 

mimo.  pale h tuids, 11(1, 66, 5(i and a 3' 1:1);1 

(lime 11)). In the al)senee 	caleium, besides  

1111"...1' 	 low inolcculai 	41190 
reptnies \vele 	(itlec(ed ( larte I: ), 

no ( 	•derendent calinottulin-innding in o- 
leirp; \ven.: detecIed in the ntenibranc traction 
obtained floin inta(- t Terrualo7 	.1 he 

res" 11015'11 \Vele kIlltielked 111 (bree i'Mn.‘11 

Ahhough only 	.independeru cal. 

hiroling proichis \vele shown using 

ille two calmoditlin 	mit ;III die sante 

poiteins ;vete deteele(1 1)5/ the tsvo 

and SYlicil 11 was 11)C cure, tete Libe' slrengili 

for cae,' han(' 15'ilS mit equivalen'. This vari-

1Iti()11 may he (he result oí Meren( offitiiiv 

for uniumlilied and biotinvloted Cd111111(1111ill 

S11055711 	the sperni niendirane ploteins, 

sinee non-speellie 	 xvtis ralee' oni Ity 

tsvo inlei 	°Hui ols: when biotitivlated 

inodulin was (milite(' and onlv 

tadish peroxidase was use(' to ()verlas the 

lilols, ttli 1ahelet1 hands were deteeled, and 

;liso when a preinumine Ig(1, either frotis 

s'ice') (ir goal, subsiduted (he anli-crup 

modulin antil)ody, tu) labeled hands 

appeared ((te 	itnent , ((alano( sh(tNvii), 

bin(ling Irrr ,leirr.t in ,,u ,,il,,ui n' 
oesieles releasefl aper the acto.sonie rcfrrr tina 

The membrane vesicles produce(' hy tlw 

Insion ()f the plasma menihrane and Ihe outer 

aerosotnal inembrane (lining the A23187- 

induced aerosorne 	 %vete (ffiserved 

under electron mieroseope and 110 Con- 

.1. Inunititoblot oí" cahnodulin, itovine ealmodulin purified ñon( testis and solubilized 
ruin-eapachaied sperinatoma samples were resolved hv S1)S-1 	polyacrylantille gel dee. 
trophoiesis (Laeinunli, 1970), liansferted lo tinrocellidose palier as Iiineke (1988) reporte(' 
and siained with 11.1% (tv/) ¡unido Hack hi 1111:/,  (vis') acetie acid, fnenbation with Oree() 
andealnuultilin polvelottal antitiody íitid tahhit anti-.sheep igt„i labek.(I svith peroxidase, allowed 
Ihe clefeclion nf calmndillni in hollt sílinples. 'Che typieal results observe(' in linee exile rilnenlY. 
ate shown. ('aire A) Purifica bovine 	 (lana ti) Si/mudo/Pa protehis stained svitli 
¡unido black. (lave 	Introinnoblot oí purifie(t 1/oville calmodulin. (larte I)) fanntinodetectiort 

endogenous guinea pig s'ue'ro( eahnodulin. 

t'it. 1. klentilication oí 	 proteins in tal livet initoehondria by ove rlay with 
unnioditied calinodulin, ',adate(' lit litio mitoctiondiia (vete si nicated and solubilized as 
sin:In/ah rioa san/pies. 	 proleins were resolved hy Si )S-11/1( W: and electrotransler itil 
tu nitrocelltilose papel. Untitodilied native bovine ealniodulin ssas overlayed tu the hhitted 
prolehol, en her in the presence nr tti die absenee oí ea' billowed by inctibation with shcep 
anticalmodulin antibody and with gold ialrele((-protein A, 1 he ealinoduliti binding proleins 
stic revealed by die )11/h1/siker siaiii system. fi .;une A) kioleeniar weight elcnutarti,. (hule III 
Mitochoridirial iiiiitchis mainel! with lumia° dibic k, (Lane (') 	 pdtptchts 
(Ivtected

' 
 ralnulctuliu 
 

( rveilav in the ptesedice n1 t'a"' luid (bine 1)) hl the ah%cdice 	'id' , 
(»sed- ve thitt wvei 	. ., depenclent calinodubdi binding proteins wel e detecte(' and no labeled 
hands appeare(I when cahnodulin overlay was !nade in the absenee nl 	These results were 
observe(' in two dekriniitations "ron/ the same initochondrial sarnple. 
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Ws: 	/ 1 1 ,11 

H1111111311(111 with 	̀,111.'1111 	oriol (.!. 

(Ir:Web:ti I i r. 7). 1 lie 	 o 

leins resolved 1)v SI)S-electroillioiesk 
stainell kvitit ',unido Hack are 	 5 
'dile U. 

1 )illeiewe 	in caltnodolin 	pin- 

teins 	tect ion iising biotinvInted cit uninodi- 
tied 	 \vcre observed in 
traction, 	Chal deleri/(1.11 	 le\v prp 
ti(les tibie bi hind 	 ;1 Ca l ' lude. 
pende:ir ami in a E. 	 inannet. It 
\vas observed, 	11 1-121... 	ITC1C11 CX1)(41111(11 1S, 

(11"() 	¡Oí. peptitle; 	I 10 and (4) k1 va 

Horribt h1o1ir1i,1;11ed 	 1 .1 II 111 

ence 1rl ( . a' 	1.ii 	laile 11) atol 11 it i pepoile, 
NI, 	111. 97. (no, and 15 Wa \‘itliout 

(Hg. s 	̀) 1 he iirewrice 
penden( calmoitillin bni(tin!..! 	 NI, 

o(r and 	)ii, 	 0\ (.11,1y 

ealitiodulin in the iire',enek_. 
(Hg. S lune I) ;irla' in the a131,;ente 	La''' . 

I.). I 1(i\evei 	111 Ca 

	

'' 	ialilikiilt't! 

calinodulin 	 \vele ilete.cted 
uninodilied 1)11ilie. 

tinylate(I 	 allo‘ved the detection 
tll twei peptitles NI, 	I 1(1 ;hita 1)7 k I );i nble ro 

Vig. '. Sil,. el Main prolein radern 4/1 Ole Spellil III II1lnallc 11;14:1141 

ittoduveil ily 11w lomo') 411 the spetut 1)1;Isol3 menthianc 34111 the /miel ',Hl 

ami release(' din itig the A231M7 indriced aerominte reaclion, wer recovered by ceo' r itgai ion 

itt 100,1100 x 	ful 60 ruin 	 rnentbrrine fraciton obtairred hy ,..onieation oí non- 
efflaertated sperrnatozoit, 	mixture cii plasma illeininaln: :111(1 011111 and innt.`1 al:1415,011131 

Inenthraneti. 5Ví5 iilsO reCOVeled 	CCIlitittlÉiniOn al 1 011,0011 	g. Aliquois conritining 	or 
protein from 'bese Iwo niertibranc Iraclions ((ere resolved by St)S-Irry'r polynerylaraide gel 
eleulioldroresis 11.41111111/1/, 1971)) nnll 5tatneti by die silver Ilie111,.41111 Klor rissey 1981) Rey 
re'alrlalive palier rus II r [ni al leirq (Ince emwrinwnl., 	 A) Alrilertilor wergbi 
( I 1 ) 	relew,ed oiler ihe acromnin• tear.lion and 1( .1 inernironw b irubno obr ar ired by 

sorriLalion 01. 	aipacilated 

Hg. 6. 	 nl tlw calmodulin-bindirtg 'l'olerle.; in 'lie incluir' arre ir action 011(ariwil 
how non-capacitated speoulatozoic NaCkvirslw.d 1)erinatrizoa V4CI e SlIniCale(1 in thc Inetienee 

4 //. cl cue k lllil 4 /1 1t1-411eil/W ¡n'II/111(MS. .11w Ineinbrane IracIirm wits pelieled by cern' ibsgalion al 
Inn,11110 x. g for (Minio at 1 .̀.C.' and sobil)ilized witit Si)S, Proleins were sepa valed hy SI)S.-10''1.-
polyacrylairlide gel elerlropiroresk and !done(' lo niiroecllulry..J.• papel. ffillmodulin 
purleins werc detecled iry 01,1.3111y eilber with biotinyirited calinoiltilin (Iones 11 anti ') ir) die 
l¥re,,cnce ítrid in iltr: abwrwe oí 	re%pectively, or wilh unntorlilied rittlik- e calmo( inirit 

arl(1 U) with atad w.dirotil 	respeetively. Il mies A and 11), !unicelular weigid 

Fig 7. Ilectron niteroscolly image oí i,rlialed 	 renetion vesieks. 1 he rnentbratte 
vesie1(..s releie,ed Ilining Ihe A2,1 1 i47-indtreed acrosoine reaclion viere lecovered and 1im:(I w ilh 

glutaii1141chy(le to eNntnine il mide) lile eleclron rnietowoile. VeNieles nf drítur (In !;ires acere 
(117,512 Ved and no (11111.1 tiln.'1111 	 \11."Cle 	 Y.9n,(100, 

bkoliblittion nf LaInvoiltditi-trinding proleins in Ote vc!,icles release(' alter tire 
I Ciiel 	 pioteins froin ihe inetnbianc vesides prridticed by lib.' insion oí lhe pma lan 

ritentbrane arad 111E Argel. acroqoinal meininane 	leqed for !herr abilny 10 piar' eidier 
biolinylaled ur drunrititlied hri Iiic calnrodulin, bodi in the piesclie: unid in the akence uf 

caleittni .11w 	 binding proteins shokkii wett: ohl-',etved In tWO Ilifiefent 

(1.311L,, A and 1)) rliolecular weight s'unid:n(1s, 1.atie:; 11 and (' shox1/4 ihe. polvpcplidr,.s able to 
bind inotinylated e:111110(101in in Ilie presence (bine I11 and in !be .11(switr.:t.. oí ¿alciriiii (bine 
lunes 	ancl I show 11te yotylleptitles ttr which tinolottilted ealunottolin evos houttil in the 

ptest:nee (bine F.) ami in the illEienCe oí CiliCitiM (Line U). 

hicillifleation cll ihe calmodulin-bintling Ilrut ills in lbe 'turnia« leal material tul 
Irciosorne•reaeledisolined }watts. l'urilieri 	Ireatls from ,A2.1 1117-inkluced aumsoine.. t t,•acirsd 

spei inatitioa Isele trealr.srl willi 1)11 mil 1-1 	lo solubilire Iheir futzs pedinielear envelorle. 

An 	ol 	 ntaleital s.k.;u•-• resolved 	 r,11..e- 

lrophore.,i% hlulletf tn irinnrellulnse paper and rested lit liben 	111 tsiml nnirrinlitted 

viiirer in tire pre,.virct- :inri 	iricsunrc mil ualrnirri, ti une,, I1 Mole‘ Ilfal VII ¡Olí 

,1311din (1%, 1t.ane 	 (11 lhe re 1 iillOtkal N1111$11ilif 	Itl ' ,Will': 	':1111 

thc I" 	 bina VaillMdillin iti thc rneSI:nee 11r 	inri ro Irme I (he piedeiris 
tapa' li bound ertinto(Itilin in tlw presence oí Lir LA. ir terne« iry tire «.mulle iintrimrly 

resuits were ol-rser ved in duce 	 experinients 
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2.2 I 1 

.11]1) 	 111 1(1,-(ÁNDI•/ 1.1 11 

(1) Nt,lan  el al. (1985) (2) crisol, el Hl, 	9¿(5) (.1) Peterson et al. (198) (.i) Ailkeil e! al. (19810 (5) 
Present work 
(•t-) In presence of calcita(' 	) \ViiIu 	caleium, with 1.GLA 

interact with calarodulin in 	( ."(12 '-inhibile(1 
mole, 

'The calmodulin-binding proteins with 
sirililar molecular weiglit deteeted in huth, 
sohtbilized plasma and actostunal mem - 
branes how Ulule, non ;icrosoine-reacied 
spermatozoa and in the solubilized mem- 

vesieles release(' alter the aerosome 
reaction, are prubahly the sane. These are 
inembrane proteins, a cyloplasinie origin 
seems unlikely, which preserve(' their capa-
bility lo bind calmodulin ili spite oí the pro-
teolytic enzynte release during the acrosome 
reaction. The ealmodulin-bintling proteins 
htsv molecular weight detecte(' in die mem-
brane fraction trom intact sperm, nighl 
belong to the inner acrosontal membrane, (o 
the plasma rnemhraiie of (alter regions of the 
sperrn not involved in the acrosome reaction 
or to have lost their ability to Nud calmodulin 
hy the ;teflon of the proteases release(' during 
Ibis process. 

Calmodulin binding protejas in the 
solubilized perinuclear material 

fue perinuclear material remaining in the 
sperm head alter the acrosome reaction 
includes the nuclear membrane, the post-
acrosontal lamina and the perinuclear theta, 
The 'atter is a complcx structure chante-
terized hy its resistance to extraetion in non-
ionie detergents huí solubilized hy DTT-
CTAB. The posterior portion of (his strue-
tare shows a great morphologjeal stability 
and a complex protein complement (Long() 
et al. , 1987). ')'hese eharacteristies were con- 

(irme(' ander the eleetron mieroscope exam-
ination of the isolated acrosome.reaered 
heads (Fig. 2b) and by the eleetrophoretic 
palier n show') by the solubilized perinuclear 
material (Fig. 9 lane 2). 1 10WeVel", only two 
polypcptides showed the abibt y II) hin(' 
unmodiiied ealmodulin in the presence (11 

= 43 and 34-31 k Da (Imre 3) and 
(hice in ils absence, with molecular weights 
97, 43, 34-31 kDa (lave 4), 

`Pite immunolocalization of ealmodulin in 
the postacrosonial region oí isolated acro-
some-reacted sperm heads (Fig. lb), which 
lack plasma membrane, confir111et1 previous 
observations (Trajo and Mtiqica, 1<1()0) and 
indicated that ealmodulin was tirmly associ 
ated with the postacrosomal matriz elements, 
it seems very likely that from ibis regios 
proceed the 3,1, €13 and 97 kDa ealmodulin 
binding peptides detecte(' in the sohthilized 
perinuclear 	Although the 34 and 
43 k Da proteins might be similar to the pro-
teins dc.qeeted in the two membrane fractions 
analyzed, the 97 k Da batid may also llave ari 
equivalen( in those fractions, but was the 
onty Ca'-inhibited calmodulin binding pro-
teiu detecte(' in this fraction. 'Diese tesults 
were observed in duce different experi-
nrents. 

Diselassion 

It 	heen observe(' that sperm contains 
three different types of ealmodulin hinding, 
protejas: Ca24 -dependent, Cal-Lintlepeo-
den( and Ca''inhibited ealmodulin-hinding 



CA1 Nitilfi 	111Milli,i(*. 	 ( d 

( 1;1.1 and 	 1 

111(,(,1 c` and 1)1,11111311, 1 1P', 4. ( 	19 f,l , 

Noland 	 1 4.)S5 -, Art keit (./ 
1.eclerc et al,, 191;9, 199(1; Manjunath 	al„ 

19(13). ln the ineniluarie frac tions stlidied 
in the riyesen( papel'. only t\\• classes ol 
entmodulin-binding proieins kvere 

the 	(fan -indepentleni ealniodulin-binding 
proteins, iA.Itich 111)1111(1 calmodulin hitt)) in 
the presence and in the allsence of calcitun, 
and the (...'rt't-inhibitcd 
proteins, which bound calmodttlin only itl Elle 

abSCIWC Of e.alciurn. Poi \ peptilles 	the nind 
class, the CrCL-dependent ealmodulin 1)111d- 
in 111'(11CiIiS SVCFC 1101 	 ICSIiit 

was carehilly analyzell and the. experimental 
conditions were 	 lo vide otit the 
possibility of 	 lesuirs. 

/11thoint_li the biorinylarion (it eahianhilin 
has allovved Iloth, the deteciion oí calcineurin 
in the nanograin uttige an(I ilti activation, ati 

well as, the identilication of lite erinuoduliii-
hinding proteins ln (libo tissnes by Ihe over- 
lay proccilure (13illingsley 	al., 1985), it is 
known that sume chemiettl inodilications uf 
e:11111(1(1unit affect its ahilily tu iniciad( with 
une enzyine but mit svith 	en/yutes 
(Walsh 411)(1 SteVellti, 1977; 	et al., 1985), 
there kire, unmoditied calmoduliii was also 
eniployeil to avoid tl possillle non deleetion 
of other calmo(Inlin-binding proteins. titilee 
the tuse of unnioditied calmodulin lo (151.1.1ay 
initocliondrial blotted proleins anime(' ihe 
deteetion ()f 	--(lependent modulator 
binding proieins similar (o (hose previonsly 
identilied by allinity ilyounatography (tirtz- 
zot ti e! al. , 198,1; l'ardite 	, 1981; l'atase 
e! al., 1983), and no (.:a2 '-independent or 

calm)dulin-binding proteins 
\N'ere (letected, the overlay with (bis cal-
modulin probe setimed tu rule ()In a possible 
[afluye in the i(lentilicanon of the proteins 
afile tu bincl calmodulin in the Tern' 'nem-
inane fractions stmlied. 1.lowever, the detec-
non of calmodttlin-bincling proteins hy 
overlay prt/ceclures depcm(ls un the renatnr- 
alioli 	a previotisly clenaturated protcM hy 
detergent (SI)S) (Cilenney andWeber, 
198(1), it is possible that 	‘7 the alino(hiliii-bind- 
ing proteins(letecte(1 in the spet inembrane 
fractions represen( (m'y those polyKpirdes 
whiclt recovered, al iertst partially, [huir 
native state and are riresent al a leve) \vithin 
the sensitivity range ()f Ibis tnethocl. 

On the ()tlier l'ami, the different proteins 

(Lb:4:11'11 	 h‘ks 	 and 
rlii, 	 ob,dlyed with thi-
ntetliods kleM:P.1: 1111011.1 

beell teporicil that lije oí (he se.ven lvsine 
Ir sidnes are localired in the NI Ir  poilion 
(' i ln1tx11t11tl. 	some 	oí Hien] 	Ita\,e 	been 
involked in the connt...ction of (lie (\yo halves 
of the inolecule ( Newton eral. , 	\vi - 112(11er 

the nurnher and position ni hiotin moiectile!; 

covniently hound t() 	 1110dily jis 
conformaron] chante ¡II tito plCtiCileC (1f cal- 
cium and theyeline its inieraction 	other 

Fivolcins 	besides 
ealeinetti in has no( been delined, Previons 
sillines have sho‘vii that calinothilin comidos 
multiple interactivi,„'. siles for difterent 
enzyines (ktitni(.7ki et al., 1981; Nesvion 
oil , 	Klevit and 	 1981; Pliikey 
et al.. 199)). 1tased uit (bis. calmodulin bind• 
Mg, proients have Iteen classilied in linee 
1.2roups (Ni an(.I Klee, 1(185). (./ne class oí 
eanuodulin-ninding proteins, like phosph()-
diesterase and el\ P-clepern.lent ponen' kin-
ase, interaets with both the ("0011- and NI I,-
termina) portions oí calmodulin. A second 
1.1roti1) uf proteins interacts with the C0011-
terminal portion but fans hl lecognize the 
NI Irterminal batí, calcineutin is a member 
of Chis class uf proteins. Al third class ni 
calmochilin-binding proteins, like the cal-
modulin-stimulate(1 protejo kina-se, interact 
only with the C0011-terminal litill but Ibis 
interaction is reversed at hi li iunic strength 
even ili tlw presenw uf Ca-' (Ni and Klee, 
1(185). \Vhclhcr the calmodulin-bint.ling pro-
tenis identilied in the sper in membrillo: frac-
tknis studied using bionitylatell calniudulin 
belong, as ca 'einem in , (o the class uf proteffis 
tibie tu iniciad svith Ihe C0011-hall oí cal-
modulin rentaitis tu he clatined. 

The abilitv tu binó calmoclulit" in the 
alisence of calcium that have hect' observe(' 
by different autIl()rs in wholc, fintad i 

sperniatoz()a or in sul)celltilar frac-
tions of numunalian spermatozoa (Table 1), 
is not restricte(1 to tllisccll type. The 110 kl:›a 
protein uf ihe ititestinal brusli-buriler 
((ilenev and Wel)er, 1980), liver pitos-
plutrylase kinase ((:olien et al, 1978), muscie 
troponin i (Olwin el al., 1982), brain 1'-57 
(i\tulteasen (1 al., 1983; 'imier el al., 1985) 
an(I bacteria' adettyltite cvelase ((ireenlec el 

al„ 1982; Kilhoffer et al., 1983) can interact 
with ealmodulin in the ansence of C'a'' and 
it has been postulated that these proteins 
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titay rcpre!,.ent an additional clay; r,l proteja,. 
that interaus with 1.1tIntoduliti in a sinitlat 
Illi.11111CF. Theretore, the 110 and the t)7 1~1.)a 
proteins detecte(' in the acros(rnie reaction 
vesicles and the 97 kl)a polypeptide nieta-
ilied in the perinticle.ar material 01 acrosome 
reacted isolated heads may he considere(' as 
a member% of this group. 

'Lite hrain Ca21 -independent calittodulin 
hinding protein, 1'-57, which shows higher 
affinity for calinoiltilin in the absence 
(Kti 	211M) than in its presente, has Irecti 
suggestetl as a targeting protein lo localize 
cahnodulin at speeilie sites within the cen oí' 
on the Muer sitie oí the inembranc through 
interaction with cytoskeletal coniponents 

et al., 1985). It has :liso peen pos- 
(n'ate(' that 	loski tree calcium coticen
(ration, a signilicatit traction id ealmodulin 
will he hunud to 1)-57 (('iniler el al., 1985). 
Whether the (.'_a2 +-inelkarencletit caltnodulin-
hinding proteins identilied in the meinhraire 
fraetions trom guinea pig sperm have a simi-
lar role should he clac ilied. 

Ali Iti)tigli 	si'Ve1;11 	fatuos 	have 	beC11 

inViVIVed in the control oí ~poni dontains 
(Nlyles el al., 198,1; (iatint el al., 1983; Cowan 
el al., 1987), sperm cyttiskeleton may he 
involved in their maititcnance. Actin has 
peen localized in diíterclit regions oi the 
sperni (Clark and Vanagitnachi, 1978; Lora-
Lamia el al. , 1986; Flaherty el al. , 1986; 
Haherty el al. , 1988; Fottquel el al. , 1989), 
btit the appearance uf calmodolin and F-actin 
in the postacrosomal sperni region, atter (he 
acrosome reaction ha l taken place (Trejo 
and Mülica, 1990; Moreno-Fierros et 
19(.12), suggests that 	 inay he 

iip,ol ved 111 11112 st I ritirl 	orgalli:'.antli ()i this 
(101113i11, knoW11 1(1 be ilIVOIVet! in the Spk.1111- 

egg 	 filtii011. The adequate bical 
ization r,l proteins and reeeptors iTIVOlved in 
cgc reeognition, postulated 14.1 he present in 
the postlicrosornal reg:14111 (Primakoif el al,. 

1987), utight he depentIent (ni cytoske1etal 
elements. (..'altriodulin has peen involved in 
tlw control ni cytoskeleton through the par-
licipation ‹.)1 proteins ahlc tu bind it ( Kakiitchi 
and Soluie, 1983; Kakilichi, 1985), whether 
the calmudulin hinding proteins detected in 
the solithilized perinuclear material are 
elunents of the cytoskeletal-Inctialrane com. 
plex was not clarified in this work. 

This is the lirst report identifying the cal 
nllrlltllitl binding proteins ptesent in the 
inembiane vesicles relea%ed and in tlie peri-
nuclear material from aerosoine-reaeted 
wenn. Whether the (.'a'-independcrit cal-
modttlin hintling proteins detected in diese 
fractions are responsible for calniodulin com-
partmentation, or participatc in membrane 
tusion and in me tuhranc receptor localization 
in the postacrosomal lepron remain lo he 
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CONCLUSIONES Y PERSPECTIVAS 

A diferencia de lo observado en células inducidas a 
proliferar, los cambios en el contenido de CaM testicular no fueron 
transitorios y no se asociaron a una fase pre-replicativa de DNA. 
Los incrementos en el contenido de CaM del testículo en desarrollo 
se asociaron a la aparición de nuevas generaciones de 
espermatocitos primarios, a la realización de la meiosis y a la 
aparición de las espermátides tempranas. Esta situación plantea la 
necesidad de identificar las señales que controlan la expresLón de 
los genes que codifican a CaM durante la meiosis. 

Por otra parte, el paralelismo entre el aumento en el 
contenido de CaM y sus proteínas blanco observado durante la fase 
de crecimiento exponencial del testículo, sugiere la existencia de 
mecanismos que coordinan al sistema CaM-proteínas aceptoras, que 
dependen de la velocidad de proliferación, previamente propuesta 
por otros autores en células transformadas. 

La migración de CaM en espermatocitos primarios tardíos y en 
espermátidas tempranas sugiere que CaM podría estar mediando 
funciones semejantes en el núcleo de estos dos tipos celulares. 

Con base en observaciones que demuestran que la expresión de 
algunos genes es modificada a través de la fosforilación de 
proteínas que se asocian al DNA y de factores de transcripción, 
realizada por la proteína cinasa II dependiente de Ca21--CaM y la 
presencia de proteínas aceptoras de CaM en las partículas de RNA 
heterogéneo nuuclear (hnRNA), se ha propuesto que CaM participa en 
la regulación de la expresión genética a dos niveles, en la sínteís 
de RNAm y en su procesamiento. 

Estos dos procesos tienen singular importancia durante la 
espermatogénesis. Por una parte, durante la meiosis, 
específicamente en los espermatocitos primarios que han alcanzado 
el estadio paquiteno, se expresan genes específicos de testículo. 
El RNAm puede ser traducido en la proteína correspondiente en el 
propio espermatocito o bien ser almacenado y procesado después de 
la meiosis, hasta que se alcanzan estadios definidos de la 
espermiogénesis. Las espermátidas también pueden expresar genes 
específicos del testículo, pero sólo en estadios tempranos de su 
maduración. La síntesis de proteínas es muy activa en Los 
espermatocitos primarios y en las espermátidas en fase Gogi, 
capuchón y acrosomal. Sin embargo, La síntesis de RNAm y de 
proteínas disminuye hasta desaparecer en Las espermátidas tardías. 
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Una de las preguntas más importantes que quedan por definir es 
la participación de CaM en el control de la expresión genética de 
las células espermatogénicas. La localización nuciear de CaM y la 
presencia de protein-cinasas dependientes de Ca21- CaM en los 
espermatocitos primarios tardíos, refuerza la posibilidad de que 
las células germinales masculinas pudieran presentar mecanLsmos de 
regulación genética dependientes de C324-CaM. 

El papel de CaM en las funciones nucleares puede extenderse 
a la reparación del DNA. Se ha demostrado que la administración de 
drogas con actividad anticalmodulina potencian los efectos de 
agentes quimioterapeúticos que alquilan al DNA porque bloquean la 
reparación del DNA. Las proteínas dependientes de CaM que 
participan en este proceso no han sido identificadas. Los 
espermatocitos primarios presentan grandes ventajas para el estudio 
de la reparación del DNA. Alrededor del 0.1 al 0.2 % del DNA total 
es replicado mediante este mecanismo durante el estadio de 
paquiteno (Stern, 1986). El estudio y la manipulación experimental 
de este proceso en los espermatocitos primarios, podría dar 
información aplicable a otros tipos celulares, incluyendo células 
cancerosas, cuya reparación del DNA se ha alterado. 

La demostración de que se requieren niveles adecuados de CaM 
para una segregación equitativa de los cromosomas en las células 
hijas, plantea la interrogante del mecanismo a través del cual CaM 
pudiera controlar este proceso. La separación de las cromátides 
hermanas y la transición metafase II/anafase II es inducida por 
Ca24.-CaM en los ovocitos de rana a través de la estipulación de la 
actividad del sistema proteolítico responsable de la degradación de 
la ciclina (Lorca y cols., 1991, 1993, :1.994). Sin embargo, el 
comportamiento cromosómico cambia durante la meiosis. En la primera 
división meiótica se separan los cromosómaa homólogos y en la 
segunda división meiótica se separan cromátidas hermanas, como 
sucede en la mitosis. Si CaM participa en la separación del par de 
cromosomas homólogos a través del mismo mecanismo que dispara la 
segregación de cromátides hermanas, no se ha determinado. 

Además de las funciones nucleares, el papel de CaM en el 
control del citoesqueleto de las células germinales queda abierto 
a investigaciones futuras. Las proteínas aceptoras de CaM 
purificadas del citosol de los espermatocitos primarios en este 
trabajo, parecen ser parte del citoesqueleto de estas células. Sin 
embargo, se requiere profundizar en su caracterización para definir 
su identidad y determinar su función. No existen reportes en La 



literatura donde se hayan estudiado Itas proteínas aceptaras de 
Ca2+-CaM en estas células, con los cuales se pueda comparar la 
información obtenida en este trabajo. Por otra parte, la 
identificación de los elementos que constituyen el citoesqueleto de 
las células germinales es muy limitada. Aunque se han estudiado los 
tipos de actina y tubulina presentes en las células 
espermatogénicas, no se han caracterizado las proteínas asociadas 
a los microtúbulos ni La regulación de estos componentes con Los 
otros constituyentes del citoesqueleto. Además de la constitución 
del flagelo, el citoesqueleto dependiente de Los microtúbulos sufre 
cambios muy importantes durante La diferenciación de las 
espermátidas. La polimerización de los microtúbulos y la formación 
de los tubos caudales durante la fase acrosomal y su 
despolimerización durante las etapas de maduración de las 
espermátidas, requiere de estudio para definir qué señales se 
asocian para ensamblar y desensamblar estas estructuras y el papel 
de CaM en estos procesos. 

La participación de elementos asociados al citoesqueleto en la 
migración de organelos durante la espermiogénesis y la formación 
del espermatozoide con dominios funcionales y estructurales 
específicos, requiere de un estudio muy profundo. En etapas 
tempranas de la espermiogénesnis, el retículo endoplás.mico forma 
una doble membrana alrededor del flagelo en formación y alrededor 
de los tubos caudales, pero al igual que estas estructuras, 
desaparece casi por completo en estadios de maduración más 
avanzados. Las mitocondrias migran de la periferia celular hacia el 
flagelo y forman una sola estructura que rodea la porción proximal 
del flagelo del espermatozoide. Las vesículas membranales con 
restos citoplásmicos migran a lo largo del flagelo y son 
desprendidos como gota citoplásmica. El sistema de transporte 
intracelular encargado de estas funciones no ha sido estudiado. La 
importancia de este proceso en la producción de gametos viables 
subraya la necesidad de su caracterización. 

El enfoque experimental desde el cual se abordó el estudio de 
la participación de CaM en la reacción acrosomal del espermatozoide 
de mamífero, no permitió identificar aceptores específicos de CaM 
dependientes de Ca2+. Se requiere definir la causa de los cambios 
en la distribución de CaM durante la reacción acrosomal. La gran 
movilidad que muestra, abre la pregunta de si migra asociada a una 
misma proteína o si por los cambios en la concentración de Ca2+, 
puede asociarse a distintas proteínas que la reconocen parcial o 
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totalmente saturada de Ca2 . Cambios en la concentración libre de 
Ca21-  limitados a regiones especificas, pudieran alterar su 
asociación a distintas proteínas en, los dominios del 
espermatozoide. Los estudios donde se demuestra que el uso de 
drogas antiCaM pueden inducir la reacción acrosomal, sugieren que 
el contenido de CaM del espermatozoide es muy alto, ya que no es 
neutralizado por la concentraciones de droga empleadas. O bien que 
basta un nivel bajo de esta proteína en forma activa para disparar 
una cascada de eventos que se apoya en otras proteínas no activadas 
por CaM. 

El objetivo principal de esta tesis definir el papel de CaM 
en las células germinales masculinas a través de la caracterización 
de sus proteínas aceptoras fue parcialmente alcanzado, hace falta 
definir la función de las proteínas aceptoras de CaM en las células 
germinales. 

1 1 :3 



BIBLIOGRAF JA 

Aitken, R.J., Clarkson, j.S., Hulme, M.3., Henderson, C.J. (1988). 
Analysis of calmodulin accepto:r proteins and the influence of 
calmodulin antagonsits on human spermatozoa. Carrete Res. 21:93-111. 

Andreasen, T.J. , Luetje, C.W. , Heideman, W. , Storm, D.R. (1983). 
Purification of a novel calmodulin bíndíng protein from bovi ne 
cerebral cortex membranes. Biochemist:ry 22:93-111. 

Babu Y.S., Sack, J.S., Greenbough T.j, Buqg, C.E., Menas, A.R. 
Cook W.J. (1985). Three-dimensional structure of calmodulin. Nature 
315:37-40. 

Babu, Y.S., Bugg, C. E. , Cook, W.J. (1988). Three-dímensional 
structure of calmodulin. En "Molecular Aspects of Cellular 
Regulation". Vol. 5. Calmodulin. P. Cohen & C.B. Klee (Eds). 
Elsevier Science Publishing Co. Netherlands. pp83-89. 

Baitinger, COI Alderton, J., Poenie, M., Schulman, H., Steinhardt, 
R.A. (1990). Multifunctional Ca241calmodulin-dependent protein 
kinase is necessary for nuclear envelope breakdown. J. Cell Biol. 
111:1763-1773. 

M., Anelli, G., Casale, A. (1986). Immunocytochemical 
localization of calmodulin in intact and acrosome-reacted boas. 
sperm. Eur. J. Cell Biol. 41:89-96. 

Campbell, A.K. (1983). Intracellular calciura. lts universal role as 
a regulator. John Wiley and Sons Ltd. 

Chafouleas, J.G., Bolton, W.E., Hidaka, H., Boyd, A.E. III, Means, 
A.R. (1982). Calmodulin and the cell cycle: involvement in 
regulation of cell-cycle progression. Cell 28:41-50. 

Cheung W.Y. (1970). Cyclic 31 ,5'-nucleotide phosphodiesterase: 
demonstration of an activator. Biochem. Biophys. Res. Commun. 
38:533-538. 

Cheung W.Y. (1980). Calmodulin plays a pívotal role in cellular 
regulation. Science 207:19-27. 

Cimier, R.M., Andreasen, T.J., Andreasen, K.I., Storm, D.R. (1985). 
P-57 is a neural specifíc calmodulin binding protein. J. Biol. 
Chem. 260:10784-10788. 

Cohen, P (1988). The calmodulin-dependent multiprotein kinase. En 
"Molecular aspects of cellular. regulation". Vol 5 Calmodulin. Eds. 
P. Cohen y C.B. Klee. Elsevier Science Publishing Co., Inc. 
Netherlands. Cap. 8. pp 145-196. 

Colomer, J., López-Girona, A., Agell, N. , I3achs, 0. 81994) 

114 



Calmodulin regula.tes the expression of CDKS, cyclins and 
replicative enzymes during prolíferatíve activation of laman T 
lymphocytes. Biochem. Biophys. res. commun. 200:306-312. 

Cox, J.A. (1984). Sequential events in calmodulín on binding with 
calcium and interaction with target enzymes. .Federation Proc 
43:3000-3004. 

Crouch, T.H., Klee, C.B. (1980). Possítíve cooperativa binding of 
calcium to bovina brain calmodulin. Biochem 19:3692-3698. 

Davis, T.N. (1986). A temperatura-sensítive calmodulin rnutant loses 
viabílity durinq mitosis. J. Cell. Biol. 118:607-617. 

Davis, T.N., Urdea, M.S., Masiarz, P.R., Thorner, J. (1986). 
Isolation of the yeast calmodulin gene: Calmodulln ts an essential 
protein. Cell 47:423-431. 

DeRemer, M.F., Saelí, R.J. 1  Edelman, A.M. (1992). Ca2+-calmodulín-
dependent protien 'di-tase la and ib from rat brain. E. 
Identífication, purification, and structural comparísons. J. Mol. 
Chem. 267:13460-13465. 

DeRemer, M.F. , Saeli, R.J., Brautigan, D.L., Edelinan, A.M. (1992a). 
Ca2f-calmodulin-dependent protien kinase la and Ib from rat braín. 
II. Enzyrnatic characteristics and regulation of activíties by 
phosphoryiation and dephosphorylation. J. F3iol. Chem. 267:13466-
13471. 

Ebashi, S., Endo, M. (1968). Calcium ion and musci.e contraction. 
Prog. Biophys. Mol. Biol. 18:123-183. 

Gopalakrishna, R., Anderson, W.B. (1982). Ca2+-induced hydrophobic 
cite on calmodulin: Application for purification of calmodulin by 
phenyl-sepharose affinIty chromatography. Biochem. Biophys. res. 
Cominun. 104:830-836. 

Greaser, M.L., Gergely, J. 81971). Reconstitution of troponin 
activity from three proteín components. J. Biol. Chem. 246:4226-
4233. 

Hodgkin, A.L. , Keynes, R.D. (1957). Movements of labeled calcium in 
squid gíant axons. J. Physiol. 138:253-281. 

James P., Vorherr, T., Carafoli, E. (1995). Calmodulin-binding 
domains:just two faced ox multí-faceted?. TIBS 20:38-42. 

Jones, H.P., Bradford, M.M., McRorie, 	Cormier, M.J. (1978). 
High levels of a calcium-dependent modulator protein in spermatozoa 
and its sirnilarity to brain modulator protein. Biochem. Biophys. 
Res. Counnun. 82:1264-1272. 

115 



Jones , H P 	Lenz , R W 	P ev t z , .B . A . , Cormier , M.17. (1980) 
Calmodulin localization in mammallan spe:rmatozoa. Proc. Nati. Acad. 
Sci. USA 77:2772-2776. 

Kakiuchi, S., Yamasaki, R., Nakajima, H. (1970). Properties of a 
heat-stable phosphodiesterase activating factor isoiated from brain 
extract. Studies on cyclic 3',5'-nucleotide phosphodiesterae II. 
Proc. Jpn. Acad. 46:587-592. 

Klee, C. B. (1977). Conformational transition accompanying the 
binding of Ca2+  to the proteín acitvator of 3',5f-cyclic adenosine 
monophosphate phosphodiesterase. Biochem 16:1017-1024. 

Kilhoffer, M-C., Hope, G. , Woiff, J. (1983). Calcium-independent 
activation of adenylate cyciase by calmodulin. Eur. J. Biochem. 
133:11-15. 

Kuznicki, J., Grabarek, Z., Brzeska, H., Drabikowski, W. (1981). 
Stimulation of enzyme activities by fragments of calmodnlin. FEBS 
Lett 130:141-145. 

Lagacé, L. , Chafouleas, G. , Trejo, R. , Deihumeau-Ongay, G. , Dedman, 
J.R. (1981). Calmodulin levels during rat testis development and 
intracellular localization. Biol. Reprod. 22 (Suppi. 1):53A. 

LaPorte, D.C., Weinman, B.M. , Storm, D.R. (1980). Caicium-induced 
expossure of a hydrophobic surface on calmodulin. Biochem 19:3814- 
3819. 

Lee, J.C., Edelman, A.M. (1995). Activation of Ca21--calmodulin- 
dependent protien kinase Ia ís due to direct phosphoryiation by its 
activator. Biochem. Biophys. res. Commun. 210:631-637. 

Lenz, R.W., Cormier. M.J. (1982). Effects of calmodulín-binding 
drugs on the guinea pig spermatozoon acrosome reaction and the use 
of these drugs as vaginal contraceptive agents in rabbits. Ann New 
York Acad. Sci. 383:85-97. 

López-Girona, A., Colomer, J. , Pujol, M.J. , Bachs, 0., Ageli, N. 
(1992). Calmodulin regulates DNA polymerasek. activity during 
proliferative activation of NRK cells. Biochem. Biophys. Res. 
Commun. 184:1517-1523. 

López-Girona, A., Bachs, 0., Agell, N. (1995). Cairnodulin gis 
involved in the induction of DNA polymerases and J activities 
normal rat kidney celis activated to proliferate. Biochem. Biophys. 
Res. Commun. 217:566-574. 

Lorca, TO, Galas, S., Fesquet, D., Devault, A., Cavaclore, j-C., 
Dorée, M. (1991). Degradation of the proto-oncogene product p39m" 
is not necessary for cyclin proteolysis and exit from melotie 
metaphase: requirement for a Ca2+-calmodulin dependent. event. EMBO 

116 



1 10:2087-2093. 

Lorca, T. , Cruzaleguí, F.H., Fesquet, 1). , Cavador, J-C. Méry, J., 
Means, A.R., Dorée, M. (1993). Calmodulín-dependent probein kinase 
II mediates inactivation of MPF and CSF opon fertílization of 
Xenopus eggs. Nature 366:270-273. 

Lorca, T., Abrieu, AO, Means, Ad, Dorée, M. (1994) Ca2+  
ínvolved through type II calmodulin-dependent protein kinase 11 
cyclin degradation and exit from metaphase. Blochim. Bíophys. Acta 
1223:325-332. 

Means, A.R., Dedman, J.R. (1980). Calmodulln, an íntracellular 
calcium receptor. Nature 285:73-77. 

Meador, W.E., Means, A.R., Quiocho, F.A.(1992). Target enzyme 
recognition by calmodulin: 2.4 Á structure of a calmodulin-peptide 
complex. Science 257:1251-1255. 

Meador, W.E., Means, A.R., Quiocho, P.A. (1993). Modulatíon of 
calmodulin p1asticity in molecular recognítion on the basis of X- 
ray structures. Science 262:1718-1721. 

Miyano, O, Kameshita, I., Fujisawa, H. (1992). Purification and 
characterization of a brain-specif ic multífunetional calmodulín- 
dependent protein kínase from rat cerebellum. J. Biol. Chem. 
267:1198-1203. 

Mochizuki, H., Ito, T. , Uidaka, B. (1993). Purification and 
characterization of Ca2+/Calmodulin-dependent protein kinase V from 
rat cerebrum, J. Biol. Chem. 268:9143-9147. 

Morin, N., Abrieu, A., Lorca, T., Martin, P., Dorée, M. 81994). The 
proteolysis-dependent metaphase to anaphase transistion: 
calcium/calmodulin-dependent protein kinase II mediates onset of 
anaphase in extracts prepared from unfertilized Xenopus eggs. 
EMBO J 13:4343-4352. 

Moriya, M., Katagir, C., Yagí, K. (1993). Immuno-electron 
microscopio localization of calmodulin and calmodulin-binding 
proteins in the mouse germ cells during spermatogenesis and 
maturation. Ce11 Tissue Res. 271:441-451. 

Nagae, T., Srivastava, P.E. (1986). Inductíon of the acrosome 
reaction in guinea pig spermatozoa by calmodulin antagoníst W-/. 
Gamete Res. 14:197-208. 

Nairn A.C., Bhagat, B., and Palfrey, H.C. (1985). Identification of 
calmodulin-dependent protein kinase III and its major M. 100,000 
substrato in mammalian tíssues. Proc. natl. Acad. Scí. '82:7939- 
7943, 

117 



Nairn, A.C., Palfrey, H.C. (1987). Identification of the major M. 
100,000 substrate for calmodulin-dependent protein kinase In in 
mammalian celis as elongation factor-2. J. Mol. Chem. 262: 17299-
17303. 

Newton, D.L. , Oldewurtel, M.D. , Krinks, M.H., Shiloach, J. , Klee, 
C.B. (1984). Agonist and antagonist properties of calmodulin 
fragments. J. Biol. Chem. 259:4419-4426. 

Ni, W-C., Klee, C.B. (1985). Se1ectime affínity chromatography wfth 
calmodulin fragments coupled to sepharose. J. Biol. Chem. 260:6974-
6981. 

Ohya,Y., Anraku, Y. (1989). A galactose-dependent cmd.i mutant of 
Saccharamyces cerevislae: involvement of calmodulin in. nuclear 
divísion. Curr. Genet. 15:113-120. 

O'Neil, K.T., Delirado, W.F. (1990). How calmodulin binds its 
targets: sequence independent recognition of amphiphilic -helices. 
TIBS 15, 59-64. 

Piñol, 	Berchtold, M.W., Bachs, O., Heizmann, C.W. (1988). 
Increased calmodulin synthesis in the pre-replicataíve phase of rat 
liver regeneration. FEBS Lett. 231:445-450. 

Pujol, M.J. , Soriano, M. , Aligué, R. , Carafoli, E. , Bachs, O. 
(1989). Effect ofN-adrenergic blockers on calmodulin association 
with the nuclear matrix of rat liver cells durinq proliferatíve 
acitvation. J. Biol. Chem. 264: 18863-18865. 

Richman P. G., Klee C.B (1979): Specific perturbation by Ca2.1-  of 
tyrosyl residue 138 of calmodulin. J. Biol. Chem. 254:5372-5376. 

Selbert, M.A., Anderson, K.A., Huang, Q-H., Goldsterin, E.G., 
Means /  A.R., Edelman, A.M. (1995). Phosphorylation and actívation 
of Ca44.-calmodulin-dependent protein kinase IV by Ca24.-calmodulin-
dependent protein kinase Ta kínase. J. Biol. Chem. 270:17616-17621. 

Sano, K. (1983). Inhibitiori of the acrosome react ion of sea urchin 
spermatozoa by a calmdoulin antagonist, N-(6-aminohexyl)-5-chloro- 
l-naphthalenesulfonamide (W-7). 3. Exptl. Zool. 226:471-473. 

Serratosa, J., Pujol, M.J., Bachs, O., Carafoli, E. (1988), 
Rearrangement of nuclear calmodulin during proliferative liver cell 
activation. Biochem. Biophys. res. Commun. 150:1162-1169. 

Slaughter, G.R., Neediman, D.S., Means, A.R. (1987). Developmental 
regulation of calmodulin, actin, and tubulin RNAs during rat testis 
differentiation. Biol. Reptad. 37:1259-1270. 

Slaughter, G.R., Meistrich, M.L., Means, A, R. (1989). Expression of 
RNAs for calmodulin, actíns, and tubuLins in rat test.is cells. 

118 



Biol. Reprod. 40:395-405. 

Slaughter,G.R., Means, A.R. (1989). Analysis of expression ot 
multiple genes encoding calmodulin during spermatogenesis. Mol. 
Endocrinol. 3:1569-1578. 

Smoake, J.A. , Song, S.Y., Cheung, W.Y. (1974). Cyctic 3',5'- 
nucleotide phosphodiesterase distribution and developmental changos 
of the enzyme and its protein activator in marrimallan tissues and 
cells. Biochim. Biophys. Acta 341:402-411. 

Stern, H. (1986). Meiosis : some considerations. j. Cell Scl. Suppl. 
4:29-43. 

Takeda, T. , Yamamoto, M. 81987). Analysis and in vivo disruption of 
the gene coding for calmodulin in Schizosaccharomyces pombe. Proc. 

Acad. Sci. USA 84:3580-3584. 

Tanaka, Tef Hidaka, H. (1980). Hydrophobie regions function in 
calmodulin-enzyme(s) interaction. J. -Mol. Chem. 255:11078-11080. 

Trejo, R. , Turner, R. , Dedman, J.R. (1985). Changes in calmodulin 
mRNA during rat spermatogenesis. J. Cell 13io1.101:369a. 

Rasmussen, C.D., Means, A.R. (1987). Calmodulin ís involved in 
regulation of cell proliferation. EMBO J. 6:3961-3968. 

Rasmussen, C.D. , Means, A.R. (1989). Calmodulin is required for 
cell-cycle progression during G1  and mitosis. EMBO J. 8:79-82. 

VanEldik, L.j., Burgess, W.H. (1983). Analytical subcellualr 
distribution of calmodulin and calmodulin-binding proteins in 
normal and virus-transformed fibroblasts. J. Biol. Chem. 258:4539- 
4545. 

Veigl, M.L., Vanaman, T.C. , Sedwick, W.D. (1984). Calcium and 
calmodulin in cell growth and transformation. Biochim. Biophys. 
Acta 738:21-48. 

Vogel, H.J., duque, E.M., Biraoki, T. (1990). Characterization of 
the surface of calmodulin by NMR. En " The biology and Medicine of 
Signal Transduction". Ed. Y Nishizuka y colaboradores. Rayen Press, 
New York. pp254-259. 

Walsh, M.P.f  Vailet, B., Autric, F., Demaille, J.G. (1979). 
Purificataion and characterization of bovine cardiac calmodulin-
dependent myosin light chaira kinase. J. Biol. Chem. 254;12136-
12144. 

Weinstein, H., Mehler, E.L. (1994). Ca2+-binding and structural 
dynamics in the functions of calmodulin. Annu. Rey. Physiol. 
56:213-236. 

119 



Werth, D.K., Hathaway, D.R., Watanabe, A. (1982). Regulation of 
phsophorylase binase in rat ventricular myocardium. Role of 
calmodulin. Circ. res. 51:448-456. 

Wolff, D.J. , Siegel, F.L. (1972). Purification of a calcium-binding 
phosphoprotein from piel brain. J. atol. Chem. 247:4180-4185. 

:120 


	Portada
	Resumen
	Índice
	Introducción
	Planteamiento del Problema
	Objetivos
	Resultados
	Conclusiones y Perspectivas
	Bibliografía



