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RESUMEN

Se ha observado que el sistema transmisor de sefiales
mitogénicas que utiliza al Ca®"' como segundo mensajero y a la
calmodulina (CaM) como mediadora de sus efectos, presenta
modificaciones en las proteinas blanco de Ca?'-CaM en forma
coordinada con el nivel de CaM. En algunos d6rganos, como cerebro y
testiculo, se ha observado un aumento en el contenido de CaM
durante el desarrollo postnatal, pero no se han identificado los
cambios en el sistema Ca’?"-CaM-proteinas aceptoras.

Con base en estas observaciones, se estudid el sistema CaM~
proteinas aceptoras de Ca?'-CaM en el testiculo de la rata en
desarrollo. El contenido y distribucidn subcelular de CaM, asi como
el de sus proteinas blanco se correlaciond con la velocidad de
crecimiento y con la diferenciacidén alcanzada por el epitelio
germinal.

Se observaron tres incrementos en el nivel testicular de CaM:
entre los 5~10 dias, a los 24 y a los 32 dias de edad. El segundo
y tercer incrementos se presentaron en la fase exponencial del
crecimiento testicular. El primer incremento coincidié con la
proliferacién de las espermatogonias y de las células de Sertoli.
El sequndo, con la evolucidén de los espermatocitos hacia los
iltimos estadios de la primera profase, la terminacién de la
divisidén meidtica y la aparicién de las espermatidas. El tercero,
con la diferenciacidén de las espermidtidas hasta la fase acrosomal.
La fase estacionaria del crecimiento testicular coincididé con una
disminucién en el contenido de CaM y con la aparicién de
espermatozoides en el epitelio germinal.

La evolucidén de los espermatocitos a través de la primera
profase meidtica se asocid con un aumento en el contenido de CaM.
Los espermatocitos en estadio de paquiteno mostraron los niveles
mas altos de esta proteina. La relacidn proteina total/CaM fue
gimilar en los espermatocitos y espermatides tempranas. Los
espermatozoides del epididimo y la poblacidén de espermatogonias-—
espermatocitos leptoteno, mostraron el contenido mas bajo de
calmodulina.

Las proteinas blanco de CaM en la poblacidén de espermatogonias
y células de Sertoli, fueron cualitativa y cuantitativamente
diferentes a las detectadas en los espermatocitos y espermatidas.
Sin embargo, estos dos tipos c¢elulares mostraron un perfil
semejante de proteinas aceptoras de Ca?*-CaM, aunque el nivel fué
mias alto en los espermatocitos paquiteno.

Las proteinas aceptoras de CaM dependientes de Ca*", de la



matriz nuclear y del citosol de los espermatocitos paquiteno, se
purificaron por cromatografia de afinidad y se determindé la
presencia de protein-cinasas dependientes de Ca*"-CaM.

Los espermatocitos primarios presentaron tres tipos de cinasas
de proteinas: la cinasa de caseina tipo I, localizada tanto en el
nicleo como en el citoplasma y dos cinasas dependientes de Ca?*-
calmodulina. La protein-cinasa tipo IT, localizada en el citosol y
la cinasa tipo I localizada en la matriz nuclear. Dos sustratos
fosforilables, ademas de la protein-cinasa 1II, posiblemente
relacionados con el citoesqueleto, fueron purificados
simultaneamente del citosol de los espermatocitos primarvios.

La caracterizacidén del sistema CaM-proteinas blanco se estudid
también en el espermatozoide durante la capacitacidén y la reaccidn
acrosomal. La expresién de la reaccidn acrosomal se correlaciond
con cambios en la localizacidén de CaM. Después de la reaccidn
acrosomal, CaM se localizd en la regidn postecuatorial, involucrada
en la interaccién con el dvulo. La purificacidén de las membranas
liberadas durante la reaccidn acrosomal, asi como de las cabezas de
los espermatozoides que ya habian sufrido la reaccidén acrosomal,
permitié la identificacién de las proteinas capaces de
interaccionar con CaM en estas regiones del espermatozoide. Se
demostré la presencia de proteinas que podia unir a CaM en forma
dependiente e independiente de Ca?t, tanto en las vesiculas
derivadas de la reaccidn acrosomal como en los restos membranales
que quedan en la regidn subecuatorial y en la teca perinuclear de
los espermatozoides que habian sufrido la reaccidén acrosomal.

Se discute la posibilidad de que la expresidn genética en los
espermatocitos y espermatidas pudiera ser controlada a través de
las protein-cinasas activadas por Ca?*~CaM. También se discute el
papel de CaM en el control del citoesqueleto de las células
germinales en diferenciacidn y en el mantenimiento de dominios bien
definidos en el espermatozoide.
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INTRODUCCION

I Cca?*, calmodulina y el acoplamiento estimulo-respuesta

Aunque desde 1883 Sidney Ringer habia demostrado el papel del
calcio en la contraccidén muscular, fue hasta 1957 que Hodgkin y
Keynes demostraron la existencia de proteinas receptoras de calcio
localizadas tanto en células musculares como no musculares
(revisado por Campbell, 1983). En 1968, Ebashi v Endo y en 1971,
Greasser y Gergely, fueron los primeros en purificar una proteina
intracelular capaz de unir calcio y en definir su papel como
mediadora en una funcién calcio~dependiente: la troponina C era la
proteina a la cual se unia el calcio y la que mediaba los efectos
de este idén en la contraccidén muscular.

La demostraciéon de que cambios transitorios en la
concentracién intracelular de CCa?' podian disparar funciones
celulares diversas, algunas muy complejas, como la proliferaciodn
celular, subrayé la necesidad de identificar el mecanismo de
acoplamiento entre las seflales externas que inducen estos procesos,
el incremento en la concentracién de Ca?' y las proteinas
regsponsables de la respuesta bioldgica final.

En 1970, dos grupos de trabajo independientes, el de Cheung y
el de Kakiuchi y colaboradores reportaron que el cerebro contenia
una proteina capaz de unir Ca?' y de estimular la actividad de 1la
fosfodiesterasa del AMPc. Incialmente, esta proteina recibidé el
nombre de receptor dependiente de Ca®' (CDR) y posteriormente se
denomindé calmodulina (CaM). Wolff vy Siegel reportaron su
purificacién 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 demostrd
que CaM es una proteina ubicua, altamente conservada a lo largo de
la escala filogenética y como la proteina aceptora de Ca?" mas
abundante en células no musculares (Cheung, 1980; Means y Dedman,
1980).

CaM es una proteina constituida por 148 aminoadcidos, con un
peso molecular de 16 700 daltones, con un alto contenido de
aminoacidos acidicos, lo que le confiere un pl de 4. Puede unir
cuatro dtomos de Ca?’ en dominios que presentan una conformacién de
hélice~asa~hélice conocida como EF, que se repiten cuatro veces. La
porcidén NH, terminal contiene a los dominios I y II y la mitad COO™



Fig. 1 A) Estructura primaria de la calmodulina bovina aislada
de cerebro. Tomado de Watterson et al., (1980). J. Biol. Chem.
255:462-475.

B) Secuencia de aminoacidos de los dominios que unen Ca?*t.
Tomado de Geiser et al., (1991). Cell 65:949~959.
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alberga a los dominios III y IV (Fig. 1 A). Las asas a las que se
une el Ca’’ estan cargadas negativamente v estdn constituidas por
doce aminoacidos, seis de los cuales participan en la formacién de
complejos multidentados con calcio. Los aminoacidos que ocupan las
posiciones 1, 3, 5, 7 y 9 del asa contribuyen con cinco de los
siete ligandos de oxigeno que coordinan al calclo. El aminodcido
que ocupa la posicidn 12, generalmente glutdmico, contribuye con el
62 y 72 ligandos. Aspartico o asparagina ocupan las posiciones 1,
3y 5 (Babu y cols., 1988) (Fig. 1B). En ausencia de otras
proteinas o de farmacos, se observa cooperatividad positiva entre
los cuatro sitios que unen Ca*' y que la afinidad de los dominios
IIT y IV de la mitad COO™ es mayor a la de los dominios I y II, lo
que define gu orden de saturacidn (Cox, 1984). En presencia de
proteinas o drogas cue se unen a CaM, la afinidad de los cuatro
sitios por Ca®' es muy semejante y se comportan como una unidad
(Vogel y cols., 1990; Weinstein y Mehler, 1994).

Conformacion de CaM

CaM puede considerarse como una proteina simétrica con dos
lébulos conectados por un segmento central con conformacién alfa
hélice. Cada 1ldébulo presenta dos estructuras hélice-asa-hélice,
puede unir dos atomos de Ca®t y constituye un dominio hidrofébico.
La longitud de la molécula es de 65 A (Fig. 2).

CaM presenta siete regiones c¢on alfa hélice, en los
aminoacidos 7-19, 29-40, 46-55, 65-92, 102-112, 119-128 y 138-148,
Las dos asas que unen Ca®’ de cada dominio son antiparalelas y dan
lugar a pequefias regiones, de tres aminodcidos, con conformacién -
plegada (Babu y cols., 1988). La cooperatividad positiva entre los
sitios da como resultado un cambio conformacional muy acentuado
después de que el seqgundo calcio se ha unido, aumenta el contenido
de alfa hélice y se exponen los dominios hidrofébicos (Klee, 1977;
Richman y Klee, 1979; LaPorte vy cols., 1980; Crouch y Klee, 1980;
Tanaka e Hidaka, 1980; Gopalakrishna y Anderson, 1982).

La estructura alargada cque CaM presenta en ausencia de
proteinas aceptoras, cambia a una conformacidén mds compacta cuando
se asocia a alguna de sus proteinas blanco, debido a la
flexibilidad y a la longitud de la hélice central, ocho vueltas,
que permite el acercamiento de los dos dominios hidrofébicos (Babu
y cols., 1985; O’'Neil y cols., 1990; Meador y cols., 1992, 1993).



Fig. 2. Conformacidn de Calwmodul ina, Par esbercoscopico. Tomado de

Babu et al., (1988). tn "Molecular Aspects of Cellular Regulation™,
Vvol. 5. Calmodulin., Bditado por P. Colhen v C. 8, Klee, Blsevier

4

Publishing Co. ppB83-~90,

Azl obscuro: arginina vy lLisina., Rojo: aspavtico vy glubamieo.
Amarilloshistidina, tirosina, soving vy breonioa,

Morado: asparagina y glubamina, Axul olavoe: glicina, alanina v
prolina. Verdo: el Lonina, valina, besner bova, rtasoleucina v
fenilalanina.
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Proteinas bhlanco de CaM

La actividad de mas de veinte enzimas, incluyendo a proteinas
cinasas y fosfatasas de proteinas, es estimulada por CaM en forma
Ca’t~dependiente (revisado por Cheung, 1980; Means y Dedman, 1980;
James y cols., 1995). Se ha demostrado que el compleijo Ca*"-CaM se
une a las proteinas que tienen secuencias de aminodcidos polares y
bdsicos alternando con aminoacidos hidrofébicos capaces de
constituir regiones con alfa hélice. Los aminodcidos hidrofdébicos
v los residuos basicos y polares ocupan posiciones opuestas en la
hélice (Fig. 3). La unién del complejo Ca®*'-CaM con la proteina
blanco se mantiene por interacciones con los dos dominios
hidrofébicos de CaM y por interacciones electrostaticas (0O'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 hidrofdbicos y estan directamente
relacionadas con la actividad de Ca®*-CaM (Vogel y cols., 1990)
(Fig. 4). Aunque los residuos de lisina, histidina y tirosina se
encuentran expuestos en el complejo Ca®*~CaM, parecen estar lejos
de los dominios hidrofébicos y no intervienen en la interaccidn con
otras proteinas o con compuestos hidrofébicos.

Algunas de las proteinas blanco, como la fosfodiesterasa o la
fosforilasa b cinasa, requieren interaccionar con toda la molécula,
tanto la forma parcialmente saturada con tres dtomos de Ca*t, como
la completamente saturada, CaM«Ca2+4, son las ¢ue participan en este
proceso (Cox, 1984). Sin embargo se ha demostrado que algunas
proteinas son capaces de ser activadas por fragmentos de CaM, vya
sea la mitad COO- o la mitad NH,, (Kuznicki y cols., 1981; Newton
y cols., 1984; Ni y Klee, 1985).

Por otra parte también se ha demostrado que alqgunas proteinas
pueden unir y adn ser activadas por CaM en ausencia de Ca®"
(Kilhoffer y cols., 1983). Se ha sugerido que las proteinas cue no
requieren Ca?' para asociarse a CaM, posiblemente estén
relacionadas con la distribucidén intracelular de CaM y con la
requlacién de otras proteinas aceptoras de CaM dependientes de Ca®"
(Andreasen y cols., 1983; Cimier y cols., 1985; Kilhoffer y cols.,
1983; Aitken y cols., 1988).

Proteinas cinasas activadas por Ca?‘-CaM (CaMK)

La fosforilacién de proteinas dependiente de Ca?'~CaM

{L
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Fig. 3. Representacidn de la estructura helicoidal reconocida por
calmodulina en las proteinas blanco. Aminodcidos polares basicos
alternados con aminoacidos hidrofdbiceos, 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.

(b)




Fig. 4. Estructura de Calmoduling
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realizada al menos por ocho proteinas 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) vy la
CaMK III (Nairn y cols., 1985; Nairn y Palfrey, 1987) fosforilan
sustratos especificos: fosforilasa b, la cadena ligera de la
miosina y el factor de elongacion 2, respectivamente, CaMK I
(DeRemer y cols., 1992, 1992a) y CaMK V (Mochizuki yv cols., 1993),
fosforilan a la sinapsina 1 en el sitio 1 y a la proteina que une
AMPc (CREB). Estas dos cinasas y la CaMK 1V son reguladas por
fosforilacién a través de otra proteina cinasa activada también por
Ca?*-CaM (Selbert y cols., 1995). CaMK IV (Miyano y cols., 1992) vy
CaMK II (revisado por Cohen, 1988) son proteinas capaces de
fosforilar numerosos sustratos.

Se ha propuesto que las proteinas activadas por Ca‘'-CaM
poseen una secuencia inhibitoria interna, 1lejana al sitio
catalitico pero superpuesta a la regién donde se une Ca?*-CaM. Este
efecto inhibitorio puede ser abolido por la unién de Ca?'-CaM, por
la eliminacién de esos aminoacidos mediante una protedlisis
limitada o por fosforilacién. En los dos iltimos casos, se
produciria una enzima independiente de Ca’t-CaM (revisado por James
y cols., 1995).

I Calmodulina y proliferacidén celular

La participacién de CaM como mediadora de Ca®’ en el control
de la proliferacidén celular ha sido demostrada por los resultados
obtenidos con enfoques experimentales diferentes:

-Experimentos in vivo utilizando animales con hepatectomia
parcial demostraron que la sintesis de DNA y la proliferacioén de
las células residuales era precedida por un aumento transitorio en
el contenido de Ca®?' y de CaM. Si cualquiera de estos eventos era
bloqueado, por paratiroidectomia o por administracion de drogas
antiCaM, no se observaba la recuperacién de la masa hepatica
(MacManus y cols,, 1981; Pifiol y cols., 1988). También se demostrd
que la actividad de la DNA polimerasa Y era estimulada por
Ca’*-CaM y no se presentaba en animales tratados con agentes
antiCaM (Lépez-Girona y cols., 1992, 1995).

-Experimentos in vitro con diferentes tipos celularesg
demostraron que el inicio de la fase § y la mitosis eran bloqueados



por la adicién de compuestos antiCaM (Chafouleas y cols., 1982).

~Empleando levaduras mutantes se demostrd que la pérdida del
gene que codifica a CaM produce células no viables para la mitosis,
demostrando asi que CaM es una proteina esencial para la
proliferacién celular. (Davis, 1986; Geiser v cols.,, 1988),

~La posibilidad de controlar la expresion del gene (ue
codifica a CaM, y por lo tanto el nivel intracelular de la
proteina, permitié definir que bajos niveles de CaM producen una
segregacién anormal de los cromosomas y pérdida del material
genético (Takeda y Yamamoto, 1987; Ohya y Anraku, 1989), en tanto
que niveles altos podian acortar la fase G, (Rasmussen y Means,
1987, 1989).

Concentracion de calmodulina

El nivel intracelular de CaM se duplica en la transicién G,/S
(Chafouleas y cols., 1982), pero la relacidén CaM/proteina total no
se modifica ( Veigl y cols., 1984). Niveles elevados de (CaM puecden
acelerar el ciclo celular a través de disminuir la duracidén de la
fase G, (Rasmussen y Means, 1987, 1989). En celulas inducidas a
multiplicarse, por ejemplo después de hepatectomia parcial, el
contenido total de CaM se incrementa en forma transitoria,
observandose que el nivel nuclear de CaM se eleva porque tan pronto
es sintetizada, CaM migra al nicleo (Serratosa y cols., 1988; Pujol
y cols., 1989),

Proteinas blanco de CaM involucradas en la division celular

Se ha demostrado que CaM participa en el rompimiento de
membrana nuclear durante la profase (Baitinger y cols., 1990), en
la transicidén metafase/anafase (Lorca y cols., 1991, 1993, 1994;
Morin y cols., 1994) y en el control de la expresion de los genes
de las proteinas cinasas dependientes de ciclinas, de las ciclinas
y de las enzimas pre-replicativas (Colomer y cols., 1994), a través
de la fosforilacidn de proteinas efectoras catalizada por la CaMK
IT dendiente de Ca?*-CaM.

Localizacion de CaM

En células en divisién, CaM se localiza en el huso mitotico,
especialmente en los microtibulos 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 tensidén, a las mitocondrias, a los centriolos (Pardue y cols.,
1983; Dedman y cols., 1978) y en el nucleo de diversos drganos
(Harper y cols., 1980). Se ha sugerido que los cambios localizados
en la concentracién de Ca?' pueden modificar la distribucion
intracelular de CaM. También se ha demostrado que CaM es
transportada al nicleo mediante un acarreador y que este transporte
no requiere de enerqgia (Pruschy y cols., 1994).

En diversos tejidos normales la mayor parte del contenido
intracelular de CaM se recupera en la fraccidn citosdlica y un
porcentaje pequefio se encuentra asociado a la porcidn particulada
(Van Eldik y Burgess, 1983).

II1I Diferenciacién del epitelio germinal testicular

El epitelio germinal testicular muestra cambios cualitativos
y cuantitativos muy importantes durante el desarrollo. En la rata
recién nacida, los thbulos seminiferos estan constitulidos por
gonocitos y células de soporte que daran origen a las
espermatogonias y a las células de Sertoli, respectivamente. Las
espermatogonias tipo A pueden reconocerse desde los 4 dias de edad.
Las espermatogonias se multiplican por mitosis y su diferenciacidn
da origen a las espermatogonias intermedias, que a su vez producen
las espermatogonias tipo B (Clermont vy Perey, 1957). Las
espermatogonias tipo B dan origen a los espermatocitos, que se
multiplicaran por meiosis.

La profase de la primera divisidn meidtica tiene una duracidn
aproximada de 12-14 dias. Los espermatocitos en estadio
preleptoteno aparecen a los 12 dias de edad, alcanzan el estadio
zigoteno a los 14 dias; el estadio paquiteno se inicia a los 1%
dias y se prolonga hasta los 24 dias de edad. Las siguientes etapas
de la primera y segunda divisidén meiética transcurren rapidamente
en algunas horas. Las espermatidas aparecen a los 26 dias de edad,
no se dividen y su diferenciacidén requiere de un tiempo prolongado,
ya que los espermatozoides aparecen a los 45 dias de edad (Clemont
y Perey, 1957).

La densidad que alcanzan los distintos tipos celulares en =l
epitelio germinal se modifica durante el desarrollo. En la rata
Sprague Dawley las espermatogonias alcanzan la maxima densidad
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entre los 10 - 20 dias de edad. Los espermatocibos primarios son el
tipo celular predominante a los 25 dias y las espermatidas alcanzan
su maxima densidad a los 40 dias de edad y su proporcidn dentro del
tibulo permanece constante durante la vida adulta (Zhengwei v
cols., 1990).

Desarrollo testicular y CaM

A diferencia de otros tejidos, la relacidn CaM/proteina total
aumenta durante el desarrollo testicular (Smoake y cols., 1974), La
fase de incremento coincide con la etapa de aparicidén de
espermatocitos y de espermdtidas (Smoake y cols., 1974; Lagace y
cols., 1981; Trejo y cols., 1985; Slaughter y cols., 1987). Se
observd que los espermatocitos y espermatidas aislados de testiculo
inmaduro presentaban niveles elevados del RNA mensajero de esta
proteina (Trejo y cols., 1985). Estudios posteriores demostraron
que las células espermatogénicas poseen tres genes que codifican a
CaM vy se sugirid que las variaciones en el contenido de CaM podrian
estar relacionadas con la expresién diferencial de los genes que la
codifican (Slaughter y cols., 1987; Slaughter y Means, 1987, 1989).

Mediante técnicas de inmunofluorescencia indirecta se observéd
que la localizacién de CaM se madificaba dependiendo del estadio
alcanzado por las células germinales. En los espermatocitos en el
estadio preleptoteno la inmunofluorescencia se localizaba
principalmente en el nicleo (Fig. 5b). En los espermatocitos en
estadio paquiteno temprano, CaM se distribuia en el citoplasma
(Fig. 5d), pero en la fase tardia de este estadio (Fig. 5f) y en el
estadio de diploteno (Fig. 5h), nuevamente se concentraba en el
niicleo. CaM permanecid asociada al nicleo después de la meiosis,
las espermatides tempranas, fase Golgi, mostraron una clara sefial
inmunofluorescente nuclear (Fig. 5j). Durante estadios posteriores
de la espermiogénesis se observo la asociacidn de CaM a diferentes
estructuras. Espermatidas en la fase acrosomal y en la de
maduracién presentaron a CaM localizada en el citoplasma, asociada
al flagelo en formacién y al acrosoma. En el espermatozoide aislado
de epididimo de rata adulta, se observd la distribucién de CaM a lo
largo del flagelo y en la gota citoplasmica (Fig. 6a y b). También
se observé que CaM parecia concentrarse en la punta del acrosoma y
en el nicleo del espermatozoide (Fig. 6c¢,d,e) (Lagacé y cols.,
1981; Trejo y cols., 1985; Moriva y cols., 1994},
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CaM v espermatozoide

La demostracidn de que los espermatozoides de vertebrados e
invertebrados contenian CaM (Jones y cols., 1978), localizada en el
acrosoma, en la regidén ecuatorial-subecuatorial de la cabeza y en
el flagelo (Jones y cols., 1980; Camatini y <cols., 1986),
sugirieron la participacién de CCaM en los procesos Ca?’-
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 reacciodn acrosomal, en la movilidad flagelar y
en la fertilizacién, 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 reaccién
acrosomal y la fertilizacidn, en tanto que a dosis elevadas
aceleraron la liberacidn del contenido acrosomal (Lenz y Cormier,
1982). En el espermatozoide de erizo de mar, W-7 inhibid la
reaccidén acrosomal (Sano 1983), pero en el espermatozoide de cuyo
tuvo un efecto inductor (Nagae vy Srivastava, 1986). ILa
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 ldnica de
los efectos producidos. Por otra parte, los espermatozoides de
mamifero requieren de un proceso capacitante para expresar la
reaccidén acrosomal, durante el cual la permeabilidad de la membrana
al Ca®*t aumenta. Los resultados observados podrian reflejar los
efectos de las drogas anti-CaM sobre la capacitacidén y/o sobre la
fusién de membranas y la liberacidén del contenido acrosomal.
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PLANTEAMIENTO DEL PROBLEMA

A diferencia de otros tejidos que mantienen la relacidn
proteina total/CaM constante durante el desarrollo y de tejidos
experimentalmente activados a proliferar, que presentan un
incremento transitorio en el contenido de CaM, el testiculo de la
rata presentd una elevacidn sostenida en la relacidn proteina
total /CaM.

La fase de incremento en el contenido testicular de CaM se
presentd entre los 20 y los 35 dias de edad, periodo en el cual los
espermatocitos primarios completan la divisidon meidtica y aparecen
las espermatides.

Se ha observado que altos niveles de CaM aceleran la
proliferacidn celular, sin embargo no se determiné si la velocidad
de crecimiento del testiculo estaba relacionada con el contenido de
CaM. Tampoco se determindé la contribucién de cada tipo celular al
contenido total de CaM.

En otros sistemas celulares se ha demostrado que existe una
sintesis coordinada de CaM y de sus proteinas blanco, que se
traduce en cambios funcionales del sistema Ca?*~CaM~proteinas
aceptoras., Esta situacidén no fue definida en el testiculo en
desarrollo ni en las células germinales en los distintos estadios
de diferenciacién.

La migracién de CaM al nicleo de los espermatocitos primarios
en estadios tardios de la primera profase meidtica, semejante a la
migracién de CaM observada en c¢élulas activadas a dividirse,
sugiere la participacién de CaM en los procesos cromosémicos que se
realizan en los ldltimos estadios de la primera profase meidtica,
por lo que se requiere identificar a las proteinas capaces de unirc
a CaM en el nicleo de los espermatocitos primarios y estudiar su
funcién.

El efecto inhibidor o estimulador de la reaccidén acrosomal
observado con drogas anti-CaM como TFP o W-7, parecen ser debidos
a la perturbacién de la permeabilidad de la membrana del
espermatozoide y no puede ser explicado considerando los efectos de
estos compuestos sobre CaM. La localizacidén de CaM en el acrosoma,
en la gota citoplasmica y en el flagelo del espermatozoide, sugiere
la existencia de proteinas aceptoras de CaM relacionadas a la
reaccidén acrosomal y al movimiento flagelar. La dependencia de Ca?t
de la reaccidén acrosomal y los cambios en la permeabilidad al Ca?*

que se presentan durante la capacitacidén y la reaccidn acrosomal
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del espermatozoide, podrian modificar la localizacidén de CaM vy
poner de manifiesto proteinas blanco de CaM dependientes de Ca®*.
relacionadas con la fusidon de membranas que se requiere para
liberar el contenido acrosomal.
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OBJETIVOS

Obietivo general

Determinar las funciones que realiza CaM durante la
diferenciacién del epitelio germinal mediante la identificacidn de
sus proteinas blanco en las células germinales aisladas.,

Obietivos especificos

1.~ Determinar si el contenido y distribucién subcelular de CaM asi
como de sus proteinas blanco estan relacionados con la velocidad
del crecimiento del o6rgano.

2.- Determinar la contribucidén de cada tipo celular al contenido
total de CaM y definir si el estadio de diferenciacién alcanzado
por las células germinales se relaciona con la presencia de
proteinas aceptoras especificas de CaM.

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

4,. Definir si los espermatocitos poseen actividad de proteina
cinasa activada por Ca?*-CaM.

5.- Definir si durante la capacitacidén y reaccion acrosomal del

espermatozoide se pueden identificar proteinas aceptoras de CaM que
participen en esos procesos.
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RESULTADOS

Para alcanzar el primer objetivo de esta tesis, determinar la
relacién entre el contenido de CaM y la velocidad de crecimiento
testicular, se registrdo la evolucidén del peso del testiculo, se
determiné la relacidén mg proteina/qg teijido, el contenido de aqua,
se cuantificé el nivel de CaM y se determind la relacidén proteina
total /CaM. El nimero de animales sacrificados para cada edad,
varié entre 50 y 4 ratas macho. El peso testicular se obtuvo
dividiendo el peso total del tejido obtenido entre el nimero de
testiculos disecados. El contenido de agua se determind tomando el
peso himedo y el peso seco de 2 a 4 testiculos a cada edad. El
contenido de proteina y el nivel de C(CaM se determinaron en
alicuotas del homogeneizado total testicular a las diferentes
edades, de 5 a 60 dias, con intervalos de 2 a 5 dias. Como medio de
homogeneizacién se empled una solucion salina amortiguada con
boratos que incluyd EGTA y SDS. El homogeneizado fue sonicado
durante 2 min a 4°C para asequrar la completa extraccién de CaM.

Para definir si la velocidad de crecimiento modificaba la
distribucién subcelular de CaM, se analizdé el contenido de esta
proteina en seis fracciones subcelulares obtenidas a partir del
homogeneizado total de testiculo de rata adulta y de testiculo de
rata de 20 dias, correspondientes a la meseta y a la fase de
crecimiento exponencial del testiculo. Cada una de las fracciones
fué resuspendida con la solucidén salina y sonicada de la forma
descrita para el homogeneizado total.

El contenido de CaM fué determinado por radioinmunoanalisis
utilizando como estadndar CaM purificada de testiculo de toro
marcada con '2°-I. Los anticuerpos anti-CaM bovina fueron inducidos
en borrego y purificados por cromatografia de afinidad. Los
resultados indican que la velocidad del crecimiento testicular esta
relacionada con el contenido de CaM, durante la fase de crecimiento
exponencial el contenido de CaM aumenta. Sin embargo, la velocidad
de crecimiento no modificé la distribucidén subcelular. E1 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, alicuotas de los homogeneizados de testiculo
de rata de 5, 20 y 40 dias de edad fueron separadas por
electroforesis y la presencia de las proteinas aceptoras de CaM

dependientes de Ca?' fue determinada por la técnica de overlay
: E Y
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utilizando '?°I-CaM y autoradioqrafia.

Los resultados senalan gue durante la fase de crecimiento
exponencial, a los 20 dias de edad, se observan niveles mas altos
de proteinas capaces de unir a CaM en forma dependiente de Ca®",
pero no se apreciaron cambios cualitativos significativos.

Por otra parte la velocidad de crecimiento no modificd el
patrén de distribucidn subcelular de las proteinas aceptoras de
CaM, yva que a 13 o 20 dias de edad el perfil de proteinas capaces
de unir a CaM en forma dpendiente de Ca®* fué muy similar al
observado en la edad adulta. Varias proteinas de peso molecular
alto predominaron en las fracciones membranales mas ligeras y en el
citosol. Las proteinas de bajo peso molecular, predominarcon en la
pastilla nuclear obtenida a 770 x q.

Para alcanzar el segqgundo obijetivo, determinar la contribucién
de cada tipo celular al contenido total de CaM y definir si las
proteinas aceptoras de CaM se modificaban durante la diferenciacidn
de las células germinales , se obtuvieron poblaciones enriquecidas
en espermatogonias y células de Sertoli, en espermatocitos
primarios y en espermatidas, a partir de testiculo de rata de 12,
21 y 38 dias de edad, respectivamente y se determindé su contenido
de CaM.

Los espermatocitos primarios mostraron un contenido mayor de
CaM, expresado como pg CaM/célula, que el observado en las
espermatidas. Sin embargo, la relacidén proteina total/CaM fue
semejante en ambos tipos celulares. lLos espermatozoides, las
espermatogonias y las células de Sertoli presentaron la relacidn pg
CaM/célula mas baja.

Las espermatogonias y las células de Sertoli mostraron
diferencias cualitativas y cuantitativas en las proteinas aceptoras
de CaM respecto a las células germinales en meiosis vy
postmeidticas. Sin embargo, los espermatocitos y espermatidas
presentaron un patrén semejante de proteinas capaces de unir a CaM
en forma Ca?t-dependiente.

Para identificar las proteinas nucleares a las que se une CaM
en estadios tardios de la meiosis, los nlicleos de los
espermatocitos primarios en estadio paquiteno tardio fueron
purificados y la presencia de las proteinas aceptoras de CaM fue
determinada tanto en el nicleo como en el citoplasma. En ambas
fracciones se encontraron proteinas que unieron a CaM sdélo en
presencia de Ca’*, pero a diferencia del citoplasma, el nicleo de
los espermatocitos presentd proteinas de bajo peso molecular que no
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¢t para unir a CaM.

requirieron Ca

Los resultados se muestran a continnacién en el trabajo
"Characterization of the calmodulin-acceptor protein system in
developing rat testis" sometido a consideracién del comité
editorial de la revista Molecular Reproduction and Development.
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ABSTRACT

In order to characterize the calmodulin-acceptor protein
system in male germinal cells, the specific content as well as
the subcellular distribution of calmodulin (CaM) and Ca®’-
dependent calmodulin-binding proteins (CaMBP) were determined
at several stages of rat testis development. Three specific
rigses in CaM were observed, the first between 5-10 days, the
second one at 24 days and the third one 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 paralleled by
completion of meiosis and by differentiation of spermatids,
respectively. A decrease in CaM content was observed at the
plateau 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. Sertoli cells plus spermatogonia
population and epidydimal spermatozoa showed the lowest level.
In immature and adult rat testis CaM and Ca?*'-CaMBP were mainly
associated to nuclear and cytosol fractions. A similar pattern
of Ca?*-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 Ca?*-dependent
CaMBP but also showed Ca?'-independent CaMBP, whereas the

cytosol only showed Ca’*-dependent CaMBP.
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ABSTRACT

Calmodulin (CaM), the ubiquitous Ca®'-binding protein, has
been involved in the control of cell cycle progression. Mitosis and
chromosome segregation depend on adequate CaM level. Increased CaM
content reduces the length of G,, whereas low CaM level or CaM gene
deletion causes abnormal chromosome seqgregation and non viable
cells at mitosis. Changes in CaM-binding proteins (CaMBP), in
coordination with increased CaM level, have been observed in cells
induced to proliferate.

Although the testicular content of CaM increases during
development, the contribution made by specific germ cells, the
relationship between CaM content and growth rate, the identity of
the effector proteins or CaMBP have not been defined., To accomplish
this, testis CaM content was determined in developing rats from 5
to 60 days and in isolated germ cells at specific staqges of
differentiaton. The subcellular distribution of CaM and Ca®*-
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 spermatogonia and Sertoli cell
proliferation. The second and the third increases 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 Ca?*-
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. To better
identify the CaM targets, pachytene primary spermatocytes were
fractionated and the Ca®*-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 I and two protein kinases stimulated by Ca?*~CaM.
Ca?*-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 several substrates should be included to clearly
define the type of kinases found.

In the sperm, CaM was localized in the acrosome and along the
tail. 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
subequatorial region of the head, which has been involved in sperm-
egqg interaction. To define whether specific CaMBP were present in
the acrosome and in the subequatorial region of the head, the
vesicles released after 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 Ca?®".
Several Ca?'-independent CaMBP were identified in the membrane
vesicles released and in the membrane material recovered from
acrosome reacted sperm heads, but not Ca’*-dependent CaMBP.

The role(s) that CaM might play in germ cells is discussed.
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INTRODUCTION

Evidence obtained under different experimental conditions
indicates that calmodulin (CaM) is involved in the control of cell
growth and differentiatioﬁ. A wave 1in CaM level precedes the
syntesis of DNA in cells induced to proliferate (MacManus et al.,
1981; Pinol et al., 1988)., Cell c¢ycle progression rate,
specifically the lenght of G,, appeared to be responsive to CaM
concentration (Rasmussen and Means, 1987, 1989). Its localization
in the mitotic spindle (Welsh 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) point out the importance of CaM in the control
of chromosome behaviour.

CaM has also been identified as a factor involved in the
reinitiation of meiosis in female germ cells. G,/M transition and
maturation phase (Cartaud et al., 1980; Wasserman and Smith, 1981)
as well as metaphase/anaphase transition can be triggered by Ca?*-
CaM (Lorca et al., 1991, 1993, 1994; Morin et al., 1994). In male
germ cells meiosis 1is not blocked at any stage, appearance and
evolution of primary spermatocytes through prophase I 1is
accompained by an increase in both 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 rise in CaM level during
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meiosis in the male has not been defined. Whether the change in
testis CaM content was paralleled by modifications of the targets
involved in a specific CaM-mediated calcium response pathway, as
previously observed in other cell types (Van Eldik et al., 1990),
was pursued in this paper. Subcellular distribution of CaM and CaM-
binding proteing (CaMBP) were determined at several 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 on the identification of
nuclear and cytosolic Ca?t-dependent CaMBP in primary spermatocytes

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

Minimum essential medium (MEM), without calcium, supplementec
with Earle salts was from Gibco, BRL. Collagenase form II was from
Koch-Light Laboratories, Ltd. Dextran T-500, CNBr-activivated
Sepharose 4B and [Ficoll were from Pharmacia Fine Chemnicals,
Acrylamide, bisacrylamide, Temed, molecular weight protein
standards, sodium dodecyl sulfate (8DS), ammonium persulfate, Tris
(hydroxymethyl) aminomethane were from BioRad. Phenyl sepharose,
sucrose, soy bean  trypsin inhibitor (type I) (SBTI),
phenylmethylsulfonyl fluoride (PMSF), ethyleneglycol- bisg(B-
aminoethyl ether) N,N,N’, N’,-tetraacetic acid (EGTA),
ethylenediamine-tetraacetic acid, tetrasodium salt (EDTA), calcium
chloride, bovine serum albumin (BSA), imidazol, boric acid, sodium
borate, sodium chloride, dithithreitol (Cleland’s Reagent) (DTT),
sodium chloride, adenosine~5’~monophosphate (AMP), glucose-6-
phosphatase (G6P), sodium succinate, Ne~CBZ-arg-arg-4-methoxy-p-
naphthylamide, p-nitrophenyl phosphate, and N-2~
hydroxyethylpiperazine~N’~2~ethanesulfonic acid (HEPES) were from
Sigma Chemicals, St. Louis Missouri, U.S.A.

Animals. Sprague Dawley male rats were used in all
experiments. Following 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 cell populations were obtained
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as previously described (Aleman et al., 1978). Primary
spermatocytes alb leptotene-zygoltene or pachytene stages were
obtained from 12-15 and from 21~25% day old rat testes,
respectively; spermatids were obtained from 38 day old animals.
Leptotene-zygotene primary spermatocytes were recovered in the
Dextran-MEM layer with a density of 1.0816 {g/ml). Pachytene
primary spermatocytes and spermatids in the 1.038 and 1.053 (g/ml)
density layers. Cells were resuspended with DPBS (136 mM NaCl, 2.6
mM KC1, 1.4 mM KH,PO,, 0.49 mM MgCl,, 0.68 mM CaCl, pH 7.2) to
eliminate Dextran ©T-500. The number of c¢ells obtained was
determined in triplicate aliquots, using a Neubauer chamber. Smears
of isolated cells were fixed under PBS-3% formaldehyde vapours and
stained with PAS-hematoxylin. Cells were identified according to
Leblond and Clermont (1952), counting at least 500 cells per
experiment. Values shown are the means and standard deviation of
three different experiments. At 12~15 days the germ 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 cells 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 + 1.06 % leptotene primary spermatocyﬁes, 1T.41
t 3.02 % spermatogonia, 1.73 t 0.7 % Sertoli cells and 2.54 t 0.005
% Leydig cells. The spermatid enriched population obtained from 38
day-old rat testis was integrated by 59.16 t 8.57 % Golgi phase

spermatids, 14.57 % 5.16 % acrosome and elongating spermatids,
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25.42 * 3.53 % primary spermatocytes, and 2 * 2,82 % spermatogonia.
Spermatozoa were obtained from caput, body and cauda of epididymis.
Caput and body epididymal spermatozoca were obtained by mincing
these regions in separate flasks containing PBS. The supernatant
was filtered through cheese cloth and then centrifuged to 1900 x g
10 min at room temperature. Spermatozoa from the cauda of
epididymis were obtained by perfusion with PBS.

Rat testis subcellular fractions. Testicular subcellular
fractions were obtained from 13, 21 and 38-day old and adult rats.
A 10% (w/v) tissue homogenate was prepared in ice-cold 0.25 mM
sucrose, 20 mM Hepes, pH 7.2, using a Potter-Elveijhem homogenizer
with a loose teflon pestle., Six subcellular fractions were obtained
by differential centrifugation of the homogenate at 770 x g for 10
min (P;), at 6 000 x g for 20 min (P,), at 12 500 x g for 40 min
(P3), at 24 000 x g during 40 min (P,;) and at 150 000 x g for 60
min (P;) and the final supernatant. The activity of several marker
enzymes such as succinic dehydrogenase (Ackrell et al., 1978), acid
phosphatase (Hollander, 1971), cathepsin B (Smith and Frank, 1975),
glucose-6-~phosphatase (Schulze et al., 1985), 5’—-nucleotidase
(Emmelot and Bosg, 1966), and of alkaline phosphatase (Perkarthy et
al., 1972) were determined to identify each subcellular fraction.

125y~calmodulin probe. Bovine calwodulin was purified from
bovine testes as Gopalakrishna and Anderson (1982) and labeled with
1257 using the Bolton-Hunter reagent as described (Chafouleas et
al., 1979).

Antibodies. CaM monospecific antibodies were produced in sheep
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and purified by affinity chromatography as previously described
(Dedman et al., 1978).

CaM content. CaM level was determined by radioimmunocassay
(Chafouleas et al., 1979) 1in the following samples. A) Total
homogenate of developing rat testis. Testicular tissue from 5 to 60
day old rats (10 to 2 animals), was homogenized with borate saline
(100 mM boric acid, 25 mM sodium borate, 75 mM NaCl, pH 8.4), 2 mM
DTT, 1 mM EGTA, 0.1% (v/v) SDS, using a Potter-Elveijhem 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 microcentrifuqged for 5 min. Supernatants were saved
and frozen 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 saline solution plus 1 mM EGTA, 0.1% 5SDS and 2 mM DTT. The
cytosolic fraction was supplemented with SDS and DI'T to obtain 0.1%
and 2 mM final concentration. Sonication and heat treatments were
performed in all fractions as described above. C) Isolated germ
cells. Aliquots of 10° cells were homogenized with borate saline-
EGTA-SDS-DTT and processed as described for tissue and subcellular
fractions.

Electrophoresis. Aliquots, 80 pug of protein, of testis
homogenate, isolated primary spermatocytes and their subcellular
fractions were fractionated by SDS-polyacrylamide slab gel

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

Identification of Ca®’"-dependent and Ca®’"-independent CaMBP.
The identification of Ca*"~dependent and Ca**-independent CaMBP was
made by *?°I-CaM overlay in the presence of 2 mM CaCl, or with 4 mM
EGTA (Glenney and Weber, 1980) in the following samples: A)
Testicular tissue. Rat testils, 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 equivalent protein aliquots were
separated in 10% polyacrylamide gels. B) Subcellular fractions. C)
Isolated primary spermatocytes and spermatids. D) Purified nuclear
and cytoplasmic fractions from primary spermatocytes.

Nuclei purification from isolated primary spermatocytes.
Pachytene primary spermatocyte huclei were obtalned following the
techingque 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/ml SBTI, using a
Potter Elvejhem glass homogenizer with a loose teflon pestle.
Cellular homogenate was centrifuged at 800 x g 10 min at 4°C. The
supernatant was saved and the pellet was rehomogenized and
centrifuged as described above. The pellet was resuspended with 4
ml of chilled 20 mM imidazol, 4 mM EDTA, 100 ug/ml SBTI, pH 7.2.
After 10 min the suspension was layered on top of 0.88 M sucrose,
20 mM imidazol, 1 mM EDTA, 100 ug/ml SBTI, pH 7.2 and centrifuged
at 800 x g 10 min at 4°C. The nuclear pellet was resuspended with

0.25 mM sucrose, 5 mM MgS0,, 1 mM PMSF, 50 mM Tris~HCl pH 7.4,
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aliquoted and kept at -80°C. To define the contamination of the
nuclear fraction with cytosolic and endoplasmic reticulum proteins,
the activities of lactate dehydrogenase (LDH) (Machado de Domenech
et al., 1972) and glucose-6-phosphatase (Schulze et al., 1985) were
determined in the cell 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.



RESULTS

Testis growth and CaM content. Previous observations showed
that CaM gradually increased during testis development (Smoake et
al., 1974; Lagacé et al., 1981; Feinberqg et al., 1983; Trejo et
al., 1985; Slaughter et al., 1987). However, the relationship
between testis growth rate and CaM content was not defined. To
accomplish this, individual testis weight, total protein as well as
CaM content per g of tissue were determined in developing rats from
5 to 60-days old, at 2 day intervals. Fig. 1 shows that testis
welght 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 change (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 Sertoli 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. Primary spermatocytes are clearly
observed in the 15-day old rat testis (Zhengwel et al., 1990). The
second increase in testicular CaM content was detected in 24 day
old rats and this level 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 epirthelium (Zhengwei et al., 1990). The third rise
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 (Clermont and Perey, 1957). Spermatogonia and primary
spermatocytes reach the cell density that will be preserved in the
adult germinal epithelium (Zhengweli et al., 1990). Plateau phase of
growth, spermatid maturation and spermatozoa appearance in the
germinal epithelium at 45 days, were colncident with decreasing
level of testicular CaM. Whether the elimination of cytoplasmic
components during last stages of spermatid maturation as well as
spermatid degeneration (Clermont and Perey, 1957) cause the
decrease 1in CaM between 40-45 days remains to be defined.

CaM content in isolated germ cells. Spermatogenic cells at
specific stages of differentiation were isolated to determine their
CaM content on cell and protein basis. The earliest meiotic cells,
leptotene and zygotene primary spermatocytes isolated from 15 day
old rats, showed a CaM level 10 times higher than the content
determined in spermatogonia and Sertoli cells isolated from 12 day
old rats. Pachytene primary spermatocytes, from 21 day old 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 protein. CaM content increased from 0,048%
in spermatogonia and Sertoli cells to 0.23% in early primary
spermatocytes and to 0.31% in pachytene primary spermatocytes. In
gpermatids the total protein content decreased and CaM level
attained the 0.45%. The present results support and extend previous
reports in which CaM content was estimated on cell basis by
stimulation of Ca®*-calmodulin dependent enzymes using germ cell
extracts (D’Agostini et al., 1983; Feinberg et al., 1983).
Ca2+~dependent CaMBP in developing rat testis. Rat testis at
basal, logaritmic and plateau stages of the qgrowth curve were
seiected to define whether CaM content was related with changes in
CaM targets. Ca?*-dependent CaMBP were detected in rat testis
homogenates at 5, 20 and 40 days by '?°I-CaM overlay (Glenney and
Weber, 1980). In spite of the differences in CaM level, a similar
pattern of Ca?'-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 M. = 140, 60, 47, 23-22, 21, 18, 17 and 14 kD. A 27
kD protein was detected only at 20 and 40-day old 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 spermatid: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 Ca”"-dependent CaMBP are related to the
growth rate and to the cell types present in the germinal
epithelium rather than to the total CaM content.

Subcellular distribution of CaM and CaMBP. To define whether

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. At
both stages of development, 10% of the total CaM content was
recovered in P, (6 000 x ¢g), the mitochondrial-lysosomal fraction.
A 2-3% of CaM was recovered in each one of the vesicles derived
from the endoplasmic reticulum and plasma membrane sedimented in
P,, P, and Pg (Fig. 4).

The subcellular localization of the Ca**-~dependent CaMBP was
studied at 13, 20, 37-days and adult rat testis. Proteins were
separated in 6.5% polyacrylamide gels to better visualize the high
molecular weight proteins and in 13% polyacrylamide gels to resolve
the dense label observed in the region of low molecular weight.
Electrophorus electricus CaMBP purified by affinity chromatography
were included as internal control to asses the identification of

the testis CaMBP (Kaetzel and Dedwman, 1987). The distribution
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profile of Ca?'-CaMBP was similar at all the ages studied, however
a higher content was observed in 13 bto 20 day old rat testis, when
meiotic cells are the major cell type in the germinal epithelium.
High molecular weight Ca’t-CaMBP with an apparent M. = 260, 210, 170
and 150 kD, were mainly localized in the c¢ytosol and in the
membrane vesicles pelleted at 24 000 (P,;) and 150 000 x g (Pg)
derived from endoplasmic reticulum and plasma membrane (Fig. 5A).
P, and Py were also enriched in a 35 and 27 kD proteins (Fig. 5B).
A 60 kD Ca?*-dependent CaMBP was detected in all fractions but
seemed to predominante in the cytosol (Fig. 5A). Two proteins with
an apparent molecular weight of 17 and 13 kD were only observed in
P, (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 mewmbrane fractions P, and P..
Ca’t~dependent CaMBP in isolated primary spermatocytes and
spermatids. In order to define whether meiotic and postmeiotic
cells show specific CaMBP, pachytene primary spermatocytes and
spermatids were isolated and their Ca?'-CaMBPs were identified
(Fig. 6). Similar high and low molecular weight Ca**-dependent caM-
acceptor proteins were detected in both cell types, M, = 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 Ca?t-CaMBP

detected in isolated germ cells from 12 day old rat testis,
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enriched in spermatogonia plus Sertoli cells, and those CaMBP shown
in pachytene primary spermatocytes (Fig. 6 lanes 1,2).

CaMBP in purified nuclei from primary spermatocytes. Since CaM
binds to the nucleus at later stages of the first meioltic prophase,
isolated primary spermatocytes at pachytene and later stages were
selected to identify the nuclear CaMBP. Several Ca®*-dependent
CaMBP were detected in the purified primary spermatocyte nuclear
fraction M.= 200, 120, 100, 82, 74, 56, 52, 43, 37, 35, 32 and 29
kD. The 56 kD band was predominant 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 rat
testis (Fig.5). The possibility that these proteins represent a
contamination with cytosolic proteins seems unlikely, since the
percentage of lactate dehydrogenase activity recovered in this
fraction was 2.93 t 5 (n=3). However, 43 * 3 % of glucose~6-
phosphatase activity was recovered in this fraction, indicating a
high contamination with endoplamsic reticulum proteins. This
explanation is supported by the similar molecular weight CaMBP
detected in the membrane vesicles pelleted at 24 000 (P,) and 150
000 x g (Pg) (Fig. 5).

The presence of Ca*'~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 increase in CaM content expressed on CaM/protein
basis observed at three specific stages of testicular development
confirmed and extend previous observations (Smoake et al., 1974;
Lagacé et al., 1981; Feinberqg et al., 1983, 198%; Slaughter et al.,
1987). However, these results stand in contrast to a transient
increase of CaM observed in cells induced to proliferate (MacManus
et al., 1981; Pinol et al., 1988), and with cycling cells which
double their CaM content at the G,/$ transition (Chafouleas et al.,
1982), but maintain a constant CaM/total protéin ratio (reviewed by
Veigl et al., 1984). The first rise in CaM, between 5-10 days,
takes place during spermatogonia and Sertoli cell proliferation
(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 increase in primary
spermatocyte number up to 35 days supports this interpretation
(Zhengwel et al., 1990)., Synthesis of CaM during meiocsis appears to
be a common feature of both male and female meiotic cells. 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 to be defined.

The relevance of primary spermatocytes at pachytene stage as
the cell type in which specific testis gene expression takes place
is supported by numerous reports (reviewed by Eddy et al., 1993;

Hecht, 1993). The higher Ca*'~dependent CaMBP level detected at 20
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days, when germ cell differentiation have reached the pachytene
stage further support the iwmportance of this meliotic stage.
However, a similar Ca?'-CaMBP pattern was observed in both isolated
primary spermatocytes and spermatids, some bands showed a stronger
label in meiotic cells. These results may indicate common CaM
targets in both cell types, although the role they play remains to
be defined. It seems likely that the 33 kD Ca®*'~dependent CaMBP
detected in the spermatid-enriched population correspond to
calspermin, the specific Ca?*-CaMBpP of the testis expressed in
postmeiotic cells (Ono et al., 1984, 1987, 1989),

Cytosol appeared to be one of the major subcellular
compartments where CaM and Ca“?*-CaMBP are distributed in rat testis
at different developmental stages. Testis cytosol was enriched in
high molecular weight Ca®"-CaMBP thal resemble the subunits of
cytoplasmic dynein, a major microtubule-associated protein in tat
testis (Neely et al., 1990). It seems very likely that the 400 kD
and the 80 kD Ca?*-CaMBP detected by Sobue and Kakiuchi (1980) in
adult rat testis cytosol correspond to cytoplasmic dynein subunits.
Although changes 1in isotypes and organization of the major
cytoskeletal constituents have been observed during spermatogenesis
in both male germ cells and Sertoli cells (Lewis and Cowan, 1988;
Kim et al., 1989; Vogl, 1989), the role of CaM in the requlation of
this process has not been defined.

The possibility that some of the Ca‘*~dependent CaMBP detected
in the purified nuclei were related to nuclear cytoskeleton is very

likely. The contamination with soluble proteins and therefore with
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cytoplasmic cytoskeleton was very low or undetectable by enzymatic
methods. Furthermore, myosin and actin have been immunolocalized in
the nuclei of primary spermatocytes (Martino et al., 1980), and
changes in myosin ligh c¢hain kinase, -gpectrin, actin and
caldesmon have been detected in the nuclei of proliferatively
activated rat liver cells (Bachs et al., 1990). The contamination
of the purified nuclei with endoplasmic reticulum proteins makes
difficult to define whether the nuclear membrane, still assembled
in primary spermatocytes, and endoplasmic reticulum show common
Ca?*-CaMBP,

The nuclear compartment of 1isolated pachytene primary
spermatocytes also showed proteins able to bind CaM in the absence
of Ca?*, A similar result was not observed in any other subcellular
fraction. Ca?t-dependent, Ca’t-independent and Ca?'~inhibited CaMBP
have been reported in different cell types (Glenney and Weber,
1980; Cimier et al, 1985; Andreasen et al, 1987; Hernandez et al.,
1994), but not in dividing cells. The present resuslts support
previous observations suggesting the existence of Ca®*-independent
CaMBP in dividing cells since Ca?'-chelating agents did not affect
CaM localization in the kinetochore microtubules (Sweet et al.,
1988). Whether the low molecular weight CaMBP able to bind CaM in
the presence of EGTA could be involved in the association of CaM to
nuclear structures remains to be defined.

The Ca?*~dependent binding 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. Studies are in progress to stablish the
identity and functions mediated by the CaM~CaMBP system in primary

spermatocytes.
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CONCLUSIONS

Testis growth rate, 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
Ca?*-CaMBP were detected in rat testis with higher level during the
exponential growth phase. Primary spermatocytes and early
spermatids showed a similar pattern of Ca?'-dependent CaMBP,
suggesting common CaM targets in meiotic and early postmeiotic
cells. Ca®*-independent CaMBP were detected in  primary
spermatocytes nuclei. The role played by both Ca?*~dependent and

Ca?*~independent CaMBP remains to be defined.
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Text. Fig. 1. Correlation between CaM:total protein ratio, testis
growth and germinal epithelium differentiation in developing rats.
Testis from 5 to 60 day old rats were homogenized in borate saline
solution pH 8.4 supplemented with 2 mM DTT, 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 in triplicate 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 male rats. Protein

content was determined by the Hartree method (1972).
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Text Fig., 2. Calmodulin content in 1isolated germinal cells.
Spermatogenic cells were purified from ralt testis as described
(Aleman et al., 1978). Spermatogonia plus Sertoli cell populatioun
was obtained by collagenase and mechanic disruption of testis from
12 day old rats. Leptotene-zygotene primary spermalocytes,
pachytene primary spermatocytes and spermatids were isolated from
12-15, 21 and 38 day old rats, respectively, using Dextran T-500-
MEM gradients. Spermatozoa were obtained from adult rat epidydimis.
Cells were homogenized with borate saline pH 8.4, containing 2 mM
DTT, 1 mM EGTA, 0.1% SDS, sonicated and heated as described in
Materials and  Methods. CaM content was determined by
radioimmunoassay in triplicate aliquots. Data shown are the means
and standard deviation from 4 different experiments. (8SG+8C)
spermatogonia and Sertoli cells. (LZPS) leptotene and zygotene
primary spermatocytes. (PPS) pachytene primary spermatocytes. (St)

spermatids. (82} epididymal spermatozoa.
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Text Fig. 3. Ca?"~CaMBP during rat testis development. Testicular
tissue from 5, 20 and 40 day old rats was homogenized with sample
buffer previously heated at 95°C. Aliquots of 80 ug of protein were
separated in 10% PAGE-SDS. Gels were overlaid with '?51-CaM, 10° dpm
per lane, in the presence of 2 mM CaCl, or 4 mM EGTA. After
overnight incubation at 4°C, non bound CaM was eliminated by
extensive washing with buffer containing CaCl, 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 (4)

and (5) 40 day old rat testis.
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Text Fig. 4. Subcellular distribution of CaM in immature and adult
rat testis. 20 day old and adult rat testis were homogenized with
0.25 M sucrose, 20 uwM Hepes pH 7.2 using a Potter-Elvijhem
homogenizer. Six  subcellular fractions were obtained by
differential centrifugation and asgsayed for (CaM content.. Pellets
were resuspended in borate saline pH 8.4, containing 2 mM DIT, 1 mM
ECTA, 0.1 % SDS, sonicated and heated as described for tissue and
cell samples. DTT, EGTA and $DS 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 mitochondrial~lyzosomal
fraction (P,). (3) 12 500 x g heavy endoplasmic reticulum fraction
(P5). (4) 24 000 x g endoplasmic reticulum-plasma membrane fraction
(P,). (5) 150 000 x g light microsomal fraction (Pg). (6) final
supernatant. Open circles CaM content in 20 day old 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 1in each

fraction from adult rat testis.
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Text Fig. 5. Subcellular distribution of Ca’'~dependent CaMBP in
immature rat testis. 13 day old rat testis were homogenized with
0.25 mM sucrose, 20 mM Hepes and fractionated by differential
centrifugation. Alicquots of 80 ug of protein of each fraction were
resuspended with sample buffer and electrophoresed in 13 or 6.9 %
PAGE. Gels were overlaid with 1%°1~caM, 10° dpm per lane, in the
presence of 2 mM CaCl, or 4 mM EGTA. Non-bound CaM was washed out
and CaMBP were detected on Kodak film by autoradiography. (E)
Electrophorus electricus Ca?t-CaMBP, (H) Testicular homogenate. (1)
770 x g crude nuclear pellet (P;). (2) 6 000 x g mitochondrial-
lyzosomal fraction (P,). (3) 12 500 x g heavy endoplasmic reticulum
(P). (4) 24 000 x g endoplasmic reticulum~-plasma membrane pellet
(Py). (5) 150 000 x g microsomal fraction (Py). (6) Cytosol. (A) 13

% (B) 6.5 % polyacrylamide gels.
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Text Fig 6. Ca’*-dependent CaMBP in isolated germ cells. Germinal
cells were resuspended in sample buffer and separated on 13 and 6.5
% PAGE. Results obtained from 4 different experiments are shown.
6.5 % polyacrylamide gels: lane (1) Spermatogonia-Sertoli cell
population from 12 day old rat testis. Lanes (2) and (3) Pachytene
primary spermatocytes from 21 day old rat testis. TLane (E)
Electrophorus electricus Ca?'-CaMBP. Lanes (4) (5) and (6)
Spermatids isolated from 38 day old rat testis. 13% polyacrylamide

gels: Lane (7) Primary spermatocytes. Lane (8) Spermatids.
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Text Fig. 7. Ca®*-dependent and Ca®‘~-independent CaMBP in purified
nuclei from primary spermatocytes. Pachytene primary spermatocytes,
obtained from 25 day old rat testis, were fractionated to purify
the nucleli as described in Materials and Methods. Aliquots of 80 ug
of protein were separated on 10 % polyacrylamide gels. CaMBP were
detected by overlay with '?°I-CaM in the presence of 2 mM CalCl, 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 recuperdo en dos fracciones, la nuclear vy la
citosdlica. La deteccion de diversas proteinas capaces de unir a
CaM en forma dependiente de Ca®" en las dos fracciones, sugiriéo que
estos dos compartimentos estaban enriquecidos en CaM y en sus
proteinas blanco.

La migracion de CaM al nicleo y el rearreglo de las proteinas
aceptoras de CaM relacionadas al esqueleto nuclear, observados en
los hepatocitos inducidos a multiplicarse;, plantearon la
posibilidad de que algo semejante ocurriera durante la migracidn de
CaM al nicleo de los espermatocitos primarios en estadios tardios
de la primera profase meidtica.

Se decidid entonces delimitar el tercer obijetivo de esta tesis
aislar y purificar 1las proteinas blanco de CaM en los
espermatocitos primarios, a la purificacidén de las proteinas
aceptoras de CaM de la matriz nuclear y compararlas con las
aceptoras de CaM del citosol.

Para aislar las proteinas de la matriz nuclear, los Aacidos
nucléicos fueron hidrolizados con DNasa II y RNasa A. Los productos
de la hidrélisis enzimatica y parte de las proteinas asociadas a
los acidos nucléicos, fueron separadas por centrifugacidén a 800 x
g y recuperadas en el sobrenadante. La pastilla fue extraida con
NaCl 2 M y el material no solubilizado fué separado por
centrifugacién. Las proteinas de la pastilla o matriz nuclear
fueron solubilizadas con Triton X-100, se agregd CaCl,, a una
concentracién final de 500 uM y se adicionaron a una columna de
Sefarosa-~CaM. Las proteinas aceptoras de CaM dependientes de Ca®*
fueron eluidas empleando EGTA.

Para purificar las proteinas aceptoras de CaM del citosol fué
necesario eliminar la CaM enddgena presente en esta fraccidn., Para
ello, la fraccidén soluble de los espermatocitos primarios, obtenida
por centrifugacién a 120 000 x g durante 60 min, fué fraccionado
por cromatografia de intercambio idénico usando DEAE-celulosa. A la
fraccidn eluida con 80 mM de NaCl se le adicioné CaCl,, para
obtener una concentracidon final de 500 uM y se usd como fuente de
las proteinas aceptoras de CaM. Las proteinas capaces de unir CaM
en forma Ca?'-dependiente fueron purificadas por cromatografia de
afinidad en una columna de Sefarosa-CaM.

Las proteinas aceptoras de CaM dependientes de Ca’" de la
matriz nuclear y del citosol fueron analizadas por electroforesis
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en geles de poliacrilamida al 10%. Los resultados sefnalan la
purificacion parcial de seis proteinas aceptoras de CaM de la
matriz nuclear, en contraste con la diversidad de proteinas
aceptoras de CaM presentes en el citosol.

La matriz nuclear de los espermatocitos no muestrd proteinas
de alto peso molecular, como las del citosol. La semejanza del peso
molecular de alqunas de las proteinas aceptoras de CaM del citosol
con proteinas definidas del citoesqueleto besticular, reforzaron la
posibilidad de gue estas proteinas estuvieran relacionadas al
citoesqueleto de los espermatocitos primarios. Existen
evidencias experimentales que sefalan la participacidn de CaM en el
control de la organizacidn de los elementos del citoesqueleto a
diversos niveles. Por una parte, aumentando la sensibilidad de los
microtibulos al Ca?%, requlando asi su polimerizacidn-
despolimerizacidn. Por otra parte, mediante la fosforilacion de
proteinas asociadas a los microtibulos, catalizada por la proteina
cinasa dependiente de Ca?*-CaM tipo II, modifica la interrelacién
entre los distintos elementos del citoesqueleto,

Con base en estos antecedentes y los resultados obtenidos se
planteé el cuarto objetivo de esta tesis definir si los
espermatocitos primarios poseen actividad de proteina cinasa
activada por Ca?*-CaM.

Para contestar esta pregunta se tomaron alicuctas de los
nicleos purificados y del citoplasma de los espermatocitos
primarios y se determiné su capacidad para fosforilar a la caseina
copolimerizada con la acrilamida. Los geles fueron incubados con
32p-ATP en presencia de Ca’*-CaM o de EGTA y la incorporacién de 32p
a la caseina fué determinada por autoradiografia.

Se detectd la presencia de una proteina cinasa con un peso
molecular aproximado de 37kD, presente tanto en el nicleo como en
el citoplasma de los espermatocitos primarios. La actividad de esta
cinasa fué mayor en presencia de Ca?*'-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 caseina solo en presencia de Ca?t-CcaM. El peso molecular de
estas bandas y su dependencia de Ca?*-CaM sugirié la presencia de
la proteina cinasa tipo II en el citoplasma de los espermatocitos
primarios.

La proteina cinasa asociada a la proteina de 37 kD podria
deberse tanto a la actividad de la caseina cinasa tipo I como a una
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cinasa dependiente de CaM tipo I. Ya que la actividad de la caseina
cinasa I no es estimulada por Ca®"-CaM y tampoco es inhibida por
drogas anti-CaM, su participacidn pudo descartarse utilizando como
fuente de enzima a las proteinas aceptoras de CaM dependientes de
Ca?" purificadas por cromatografia de afinidad tanto de la matriz
nuclear como del citosol.

Estos dos grupos de proteinas mosbraron una capacidad
semejante para fosforilar a la caseina en presencia de Ca*'-CaM.
Cuando las proteinas aceptoras de CaM purificadas del citosol
fueron incubadas en ausencia de sustratos exdgenos, se observd que
una banda de peso molecular mayor a 200 kD era fosforilada en
presencia de Ca?*-CaM y en presencia de Mg?"-EGTA. Tanto la
fosforilacidn de esta proteina como la fosforilacién de caseina fue
completamente inhibida con TFP a una concentracién de 50 uM, El
peso molecular de la proteina fosforilada recuerda el peso de las
proteinas asociadas a los microtibulos tipo 1 y 2, pero se necesita
repetir su fosforilacién y su separacién en geles con menor
porcentaje de acrilamida para definir su peso molecular y su
identidad. También se observé que en presencia de Mg?*~EGTA se
puede fosforilar esta banda y otra de 18 kD. Estas observaciones
seflalan que la proteina cinasa del citosol vy dos sustratos
enddgenos, son proteinas que unen a CaM en forma Ca2+mdependiente.

A diferencia del citosol, la actividad de la proteina cinasa
de la matriz nuclear de los espermatocitos primarios no fué
totalmente inhibida por TFP, A la misma concentracidn, 50 uM, esta
droga con actividad anti-CaM, solamente inhibidé el 60% de la
incorporacién de 3?P a la caseina. Estos resultados podrian deberse
a una hidrolisis parcial de la cinasa durante su purificacién,
ocasionando la pérdida del dominio que une a CaM y del dominio
inhibidor presente en las proteinas activadas por Ca?t-CaM. Ninguna
de las proteinas aceptoras de Ca’*-CaM purificadas de la matriz
nuclear fué fosforilada por la proteina cinasa presente.

Los resultados sugieren que los espermatocitos primarios
poseen dos tipos de cinasas activadas por Ca?*-CaM con diferente
localizacidén intracelular. La proteina cinasa tipo II se localiza
en el citosol, en tanto que la matriz nuclear presenta la proteina
cinasa tipo I. Sin embargo se requiere realizar mas experimentos
para demostrar claramente esta interpretaciodn.

Estas observaciones son presentadas a continuacién en el
trabajo "Ca®*-Calmodulin-stimulated protein kinases in the nuclear
matrix and cytosol from pachytene primary spermatocytes”,
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ABSTRACT

Pachytene primary spermatocytes showed both casein kinase
and Ca?*-CaM dependent protein kinase activities. Purified
nuclei and cytoplasm contained casein kinase activity
associated to a 37-34 kD protein. Ca®*-CaM-dependent protein
kinase activity was detected in two cytoplasmic proteins M.= 54
and 52 kD. To identify the protein kinase activities, ca®"-
dependent calmodulin-binding proteins (Ca®*-CaMBP) were purified
by affinity chromatography from cytosol and nuclear matrix. The
main cytosolic Ca?*-CaMBP had an M.= 90, 60, 54, 30, and 24 kD.
These Ca?*-CaMBP contained both Ca®*-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 Ca®*'-CaM dependent
manner. 50 uM trifluoroperazine (TFP) completely block the Ca?*t-
CaM kinase activity and the phosphorylation of endogenous
substrates. The results indicate that the cytosolic protein
kinase activity is related to the Ca?*-CaM dependent protein
kinase II. The major Ca?*-CaMBP purified from nuclear matrix
showed an apparent M.= 66, 34, 31, 28, 27 and 18 kD. A protein
kinase activity was present in these Ca?'-CaMBP but was not
stimulated by Ca®‘'-CaM. However, 50 uM 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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INTRODUCTION

Progression of primary spermatocytes through meiosis was
paralleled by an increase in calmodulin (CaM) content (Trejo et
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 to the changes in
concentration and localization of CaM in liver cells induced to
proliferate (MacManus et al., 1981; Pifiol et al., 1988).
Quiescent- and proliferatively activated liver cells showed
differences in the nuclear matrix proteins able to bind CaM in
a Ca’*-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 cell
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 division 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 thig, isolated nuclei from pachytene
primary spermatocytes were further fractionated to purify those

nuclear matrix proteins able to bind CaM in a Ca?*-dependent
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manner. Ca’*t-dependent calmodulin-binding proteins (CaMBP} were
also purified from pachytene primary spermatocyte cytosol
depleted from endogenous CaM. Since protein
phosphorylation/dephosphorylation is one of the pathways by
which CaM mediates Ca®‘'-signalling of cell growth (for reviews
see Lukas et al., 1988; Kincaid, 1993; Takuwa et al., 1995),
the presence of Ca’*~CaM-dependent protein kinase activities was
screened 1in purified nucleli and cytoplasm of primary
spermatocytes as well as in the Ca’"-dependent CaMBP purified
by affinity chromatography from nuclear matrix and £from

cytosol.



MATERIALS AND METHODS

Minimum essential medium (MEM) , without  calaium,
supplemented with FEarle salts, molecular welght protein
standards (normal and prestained standards), acrylamide,
bisacrylamide, Temed, molecular weight protein standards,
sodium dodecyl sulfate (SDS), ammonium persulfate, Tris
(hydroxymethyl) aminomethane, and synthide were purchased from
Gibco, BRL. Collagenase form II was from Koch=-Light
Laboratories, Ltd,. Dextran T-500, CNBr-activivated Sepharose
4B and Ficoll were from Pharmacia Fine Chemicals. Sucrose,
casein, bovine serum albumin (BSA) fraction V, soy bean trypsin
inhibitor (SBTI), deoxyribunuclease II (DNase II) type IV,
ribonuclease A (RNase), ethylenglycol-bis~(amino~ethyl
ether)tetracetic acid (EGTA), DL-dithiothreitol (DTT), N-2-
hydroxyethylpiperazine~N’~2~-ethanesulfonic acid (Hepes), p-
nitrophenylphosphate, phenyl sepharose, DEAE-cellulose, were
from Sigma Chemicals. NaCl, KCl, KH,PO,, MqCl,, CaCl,, imidazol,
sodium citrate, were from Merck. 32pP-ATP was from NEN.

CaM purification. CaM was purified from adult bovine
testis by affinity chromatography on phenyl-sepharose as
previously described by Gopalakrishna and Anderson (1978).

Isolation of nuclear matrix from pachytene primary
spermatocytes. Primary spermatocytes at pachytene stage were
obtained from 21-25 day old rat testes following the technique
previously described (Alemdn et al, 1978). Nuclei were purified

following the technique of Birnie (1978) with some
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modifications (Trejo et al., submitted). To obtain the nuclear
matrix, primary spermatocyte nuclear pellet was incubated with
250ug/ml of DNase T and 250 ug/ml of RNase A for 60 min at 4°C
and extracted with 2 M NaCl as described (Bachs et al., 1990).

Purification of ca?'-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 KCl, 0.2 mM MgS0,, 50 mM
Tris.HCl, pH 7.4, 1 mM PMSF, and 1% (w/v) Triton X-100. The
solubilized material was adjusted to 500 uM CaCl, and applied
to a CaM-sepharose column. Ca?‘-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 c¢ell homogenate at 800 x g, was
centrifuged at 20 000 x g for 20 min 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 (Miyvakawa et al., 1989),
The fraction eluted with 0.08M NaCl was made 1 mM CaCl, and
applied to a CaM-Sepharose column, Ca’*~dependent CaMBP were
eluted with 20 mH Hepes pH 7.0, 10 mM A~-mercaptoethanol, 200 mM
NaCl and 2 mM EGTA. Eluted proteins from both nuclear matrix
and cytosol were dialyzed with 20 mM 7Tris pH 7.0, and
concentrated using polyethylen glycol 8 000, Purified Ca’*-CaMBP
were aliquoted and kept at ~-80°C.

Detection of protein kinase activity in substrate
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polyacrylamide gels. Aliquots containing 80 upg of protein of
purified nuclei and cytoplasm isolated from pachytene primary
spermatocytes were used to detect protein kinase activity in
casein containing gels as previously described (Miyvakawa et
al., 1989) with some modifications. After extensive washing of
the gel with 40 mM Hepes pH 7.5 for 6 hours, gels were
incubated overnight at 4°C with 25 mM Hepes pH 7.5, 5 mM MgCl,
and 25 uM ATP containing 3?P-ATP (20uCi) in the presence of 1
mM CaCl, and 4 ug/ml of CaM or with 1 mM EGTA in a heat sealed
Scotchpak pouche. Gels were dried under vacuum and labeled
bands were detected by autoradiography on Kodak f£ilm.

Protein kinase assay. Protein phosphorylation was
determined using casein as substrate according to Miyakawa et
al (1989). Aliquots of 50 or 25 ug protein of the Ca?*-dependent
CaMBP purified from cytosol and nuclear matrix, respectively,
were incubated with 20 mM Tris pH 7.0, 10 mM MgCl,, 1 mM DTT.
1 mM EGTA or 1 mM CaCl, plus 10 ug CaM with and without 50 uM
TFP. The final incubation volume was 0.25 ml. Reaction was
started by addition of 2 mM ATP containing 2 puCi 3?p-ATP. After
10 min of incubation at 28°C, reaction was stopped by adding 2
ml of ice~cold 6% HC10,. Precipitated proteins were pelleted by
centrifugation of samples at 3 000 x g for 15 min at 4°C.
Supernatant was discarded and pellet was washed twice with 2 ml
of 6% HClO,, 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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Analysiscxfphosphorylated;moteins.}X}Ca2+*CaM*dependant
phosphorylation. Cytosolic Ca*'~CaMBP, 50 pug protein, were
incubated in the absence of exogenous substrates with 20 mM
Tris, pH 7.0, 10 mM MgCl, supplemented with 1 mM CaCl,, or with
1 mM CaCl, plus 10 pg CaM in the presence and in the absence of
50 uM TFP as described (Miyakawa et al., 1989). B) Ca®'-CaM-
independent phosphorylation of endogenous substrates. Cytosolic
and nuclear matrix Ca®*-dependent CaMBP were incubated in the
incubation medium described above but neither Ca®*- nor CaM were
added. In both experimental conditions protein phosphorylation
was started by addition of 2 mM ATP plus 2 uCi 32P-ATP. After
10 min incubation at 28°C, 2 ml of ice~cold 6% HClO, and 50 ug
bovine serum albumin were added. After 15 min on ice, proteins
were pelleted by centrifugation at 3 000 x g for 15 min and
washed three times with 2 ml of ethanol. Pellet was solubilized
with 50 pyl 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 staining (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).

748



RESULTS

Detection of protein kinase activity in purified nuclei
and cytoplasm of primary spermatocytes. The presence of protein
kinase activity in pachytene primary spermatocytes was screened
using substrate gels. Purified nuclei and crude cytoplasm
fractions were separated in casein-10% PAGE and incubated with
32p.ATP either in the presence of Ca*"-CaM or Mg' -EGTA. In the
presence of ca’'-caM three proteins with an apparent M.= 37, 55,
and 52 kD showed protein kinase activity (Fig. 1). The 37 kD
band showed a strong casein-~kinase activity in both purified
nuclei and cytoplasm incubated in the presence of Cca?t-CaM,
however, a difuse label associated to this band was also
observed in the presence of Mg?'-EGTA (Fig. 1). The proteins
with M= 55 and 52 were only detected 1in the cytoplasm
incubated with Ca’*-CaM (Fig. 1). The molecular weight of these
proteins resemble the molecular weight of ca’*-CaM protein
kinase II subunits detected in many tissues (Cohen, 1988}, but
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
Ca’*-CaM and has been observed in testis nuclei and cytosol
(Yutani et al., 1982; Singh and Huang, 1989). However, it may
also reflect the activity of a Ca?*-CaM kinase I (DeRemer et
al., 1992). To identify the type of Ca**'-CaM-dependent protein
kinase present in these cells, c¢ytoplasm and nuclei were

fractionated, cytosolic and nuclear matrix Ca®*-CaMBP were
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purified and thelr protein kinase activity was tested.
ca?*-dependent CaMBP purified by affinity chromatography
from cytosol of pachytene spermatocytes. Crude cytoplasm
obtained after centrifugation of cell homogenate at 800 x g for
10 min (twice), was centrifuged at 20 000 x g for 30 min and at
125 000 x g for 60 min at 4°C to separate membrane vesicles
from soluble proteins. After endogenous CaM depletion by DEAE
chromatography, several Ca®t~dependent CaMBP were purified from
pachytene spermatocyte cytosol on a CaM-Sepharose column. The
apparent M. of the major EGTA-eluted proteins was 90, 60, 354,
30 and 24 kD (Fig. 2 lane 1). Some minor proteins were also
purified M.= 120, 110. 84, 64, 38, 35, 34, and 18 kD.

Protein kinase activity in cytosolic ca?t-caMBP. Ca’*t-
CaMBP purified £from pachytene primary spermatocyte cytosol
showed protein kinase activity using casein as substrate. The
activity shown in the presence of Mg''~EGTA was stimulated 2
fold by Ca?*-CaM and almost completely inhibited by 50 uM TFP
(Fig. 3).

Ca’*-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 Ca’**-CaMBP purified
from this nuclear fraction had an apparent M. = 66, 34, 30, 27,
26, and 18 kD. Two minor bands M.= 55 and 52 were also detected
(Fig. 2 lane 2).

Protein kinase activity in the nuclear matrix ca?*t~caMBp.
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When Ca“’~dependent CaMBP from nuclear matrix of primary
spermatocytes were assayed for protein kinase activity, the
incorporation of 3?P to casein in the presence of Mg™ -EGTA was
three times higher than the level reached by the cytosolic
protein kinase activity. Although Ca®*" addition stimulated in
30% the activity, it was not further increased by Ca®'-CaM.
However, an inhibition of 60% was produced by 50 uM TFP in the
presence of Ca**'-CaM (Fig. 4). These results could 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 ca?*t-
CaM. Although the molecular weight of the nuclear matrix Ca?t-
CaMBP resemble the molecular weight of casein kinase I and II,
a possible contamination with these enzymes does not seem
likely. Binding of these enzymes to Ca®**'-CaM has not been shown,
they are not activated by Ca’t-CaM and phosphorylation of somes
substrates by casein kinase IT was inhibited in the presence of
Ca’*-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 Ca?"-
CaMBP, stored at -80°C.

Phosphorylation of endogenous substrates. To determine
whether Ca?*-CaMBP purified from primary spermatocyte cytosol

and nuclear matrix contained both protein kinase and endogenous
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subtrates, these proteins were incubated with 22P-ATP in the
absence of exogenous substrates. In the presence of Ca’" or with
Ca?*-CaM, cytosolic Ca“"-CaMBP showed a radiocactive labeled band
of high molecular weight > 200 kD (Fig. 5 lane 1). The
radicactive label was not obhserved when 50 uM 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 Mg*"+ EGTA (Fig. 6 lane C).
Nuclear matrix Ca?*-caMBP incubated with Mg?*-EGTA in the
absence of exogenous substrates did not show any labeled band
(Fig. 6 lane N). These results 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 with substrate gels indicate that
pachytene primary spermatocytes show casein kinase and two
different Ca?*-CaM dependent protein kinase activities. In the
rat testis, casein kinase T is mainly localized in the nuclei
and casein kinase Il predominates in c¢ytosol (Yutani et al.,
1982; Singh and Huang, 1989). It seems very likely that the
casein kinase activity associated Lo the 37 kD protein in
nuclei and cytoplasm fractions of pachytene spermatocytes,
detected in substrate gels, may be related to casein kinase I.
However, the activity of this enzyme was not further observed
in purified Cca’'-CaMBP. Casein kinase I nor casein kinase I1I
activities are Ca’" or Ca’?*-CaM dependent and trifluoroperazine
has not been reported to inhibit any of them (reviewed by
Hathaway and Traugh 1982; Pinna 1990; 1Issinger 1993).
Furthermore, no labeled proteins were observed when nuclear
Ca’*-CaMBP were incubated with Mg?* -EGTA.

Ca?*~CaMBP purified from nuclear matrix showed protein
kinase activity in the presence of Mg''-EGTA or Ca?*-CaM. Ca®*-
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 Cca®*-CaM. Activation of the
kinase by partial proteolysis during isolation procedure could
cause this result. This explanation is supported by the
differences in molecular weight of the labeled band in the

casein-polyacrylamide gels incubated with Ca?'-CaM and the
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proteins purified by affinity chromatography. The 34 kD
polypeptide may be responsible for the protein kinase activity.
These results suggest the presence of Ca“‘'-CaM kinase I in the
nuclear matrix of pachytene primary spermatocytes.,

The cytosolic Ca?'~CaMBP showed a protein kinase activity
enhanced two-fold by Ca?"-CaM and almost completely inhibited
by 50 uM TFP. It seems very likely that the 60 and 54 kD
proteins purified on CaM~Sepharose column are responsible for
the cytosolic protein kinase activity. This interpretation is
supported by the demonstration of mRNA for B, , and isoforms
of Ca?*~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 Ca®*-dependent manner. A high molecular weight
Ca?*-CcaMBP (>200 kD) was phosphorylated by the cytosolic kinase
in a Ca®*-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 Ca?*-CaM-dependent protein
kinase II in the presence of Mg'"-EGTA produced an "hyperactive"
enzyme (Lickteig et al., 1988). It seems very likely that the
conditions used in this experiment induced the Ca?**-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 Wolff, 1984) and
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of myosin light chain, respectively (reviewed by Wiche, 1989).
MAP~2 phosphorylation by Ca®'-CaM protein kinase II has been
observed in other cell types (Goldering et al., 1983). in vitro
studies have shown that phosphorylated MAP-2 modified
microtubule assembly/disassembly and decreased its interaction
with actin (for review see Gratzer and Baines, 1988; Wiche,
1989). On the other hand, cells with high CaM content due to
overexpression of CaM gene, showed c¢hanges 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). These 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 al., submitted) and Ca?*-CaM
protein kinase activity. One of the major cytosolic Ca?*-CaMBP
detected in this paper M.= 90 resemble the molecular weight of
a subunit of the cytoplasmic dynein (Neely et al., 1990).
Whether this Ca?*-CaMBP is related to the microtubule-associated
motor protein remains to be defined.

Nuclear matrix of several cell types 18 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 80-60 kD, low
molecular weight proteins reached the minimal proportion

(Berezney and Coffey, 1975). Ca?'-CaMBP purified from pachytene
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spermatocyte nuclear matrix did not include high molecular
weight Ca®"-CaMBP similar to those found in hepatocyte nuclear
cytoskeleton (Serratosa et al., 1988; Bachs et al., 1990).
Nuclear matrix Ca®"-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 clearly
observed and two minor proteins of 55 and 52 kD were also
detected. The 66 kD Ca**t-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 spermatid maturation (Kierzebaum
and Tres 1975), and translation of stored mRNA by spermatids
has also been shown (reviwed by Schafer et al., 1995). CaM has
been involved in the control of gene expression through
phosphorylation of transcription factors by Ca*'-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 Ca?*-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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Protein Kinase in Pachytene Primary Spermatocytes
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Text Fig 1 Detection of protein kinase activities in pachytene
primary spermatocytes. Pachytene spermatocytes, isolated from
25 day old rats, were homogenized with 0.25 M sucrose, 20 mM
imidazol pH 7.2, 1 mM EDTA and soy bean trypsin inhibitor 100
pg/ml. Cell homogenate was centrifuqged at 800 x g for 10 min at
4°C, twice. The supernatant was saved and without further
fractionation was used to detect protein kinase activity.
Removal of cytoplasmic proteins from crude nuclear pellet was
carried out by hipotonic treatment and centrifugation on 0.8 M
sucrose (Birnie et al., 1978; Trejo et al., submitted).
Aligquots of 80 ug of protein of cytoplasm and purified nuclei
were separated on casein-10 % PAGE. After electrophoresis gels
were incubated overnight at 4°C with *2-P-ATP in the presence
of Ca?*-CaM or with Mg™ - 2 mM EGTA. Protein kinase activity 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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Pext Fig 2. Cytosolic and nuclear matrix Ca?'-~dependent CaMBP.
Soluble fraction of primary spermatocytes obtained by
centrifugation at 120 000 x g for 60 min at 4°C was the source
of Ca®t-CaMBP. Endogenous CaM was removed by  DEAFR
chromatography. Proteins eluted with 0.08 M NaCl were further
purified on CaM-Sepharose column equilibrated with CaCl,. Ca®"-
dependent CaMBP were obtained by elution with 2 mM EGTA.
Nuclear matrix proteins were isolated from pachytene primary
spermatocytes after hydrolysis of nucleic acids with DNase IIT
plus RNase A and extraction with 2 M NaCl as described in
Materials and Methods. Solubilized proteins were adjusted to
500 puM CaCl, and onto CaM-Sepharose column. Ca?*-dependent
CaMBP were eluted with 2 mM EGTA. Aliquots of ug protein were
separated in 10% PAGE and stained with silver (Morrisey, 1981).
Lane 1 Ca?*-CaMBP from nuclear matrix. Lane 2 Ca*"-CaMBP from

cytosol.
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Fig. 3. Protein kinase activity of coytosolic Ca’"-CaMBP.
Aliquots of 50 ug protein of affinity purified cytosolic Ca?’-
dependent CaMBP were incubated with 20 mM Tris pH 7.0, 10 mM
MgCl,, 1 mM DTT, 1 mM EGTA, and 100 png of casein. When
indicated 1 mM CaCl, or 10 pg CaM or 50 uM TFP were added.
Reaction was started by addition of 2 mM ATP containing 2 uCi
32p.aTP, After 10 min of incubation at 28°C, 2 ml of ice cold
HC1l0, was added. Samples stand on ice for 15 min and
precipitated proteins were recovered by centrifugation at 3 000
x g for 15 min at 4°C. Pellet was washed twice with HCL1O, and
three times with 2 ml of absolute ethanol. Pellet was
solubilized with 100 ul of 1% SDS and 2 ml of scintillation
cocktail and counted., Data shown are the means of 2 different

experiments with determinations in duplicate.
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Fig. 4 Protein kinase activity of nuclear matrix Ca**-CaMBP.
Aliquots of 25 ug protein of nuclear matrix Ca**-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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Ca’*-CaM-dependent phosphorylation of cytosolic substrates
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Fig 5. Ca’*-CaM~dependent phosphorylation of endogenous
substrates. Aliquots of 50 pg protein of cytosolic Ca®*-
dependent CaMBP were incubated as described in Fig. 3, except
that casein was not added. Reaction was started with 2 mM ATP
plus 2 uCi 3?p-ATP. After 10 min of incubation at 28°C, reaction
was stopped with 2 ml of ice-cold 6% HClO,. Bovine serum
albumin was added, 50 pg, as carrier. Precipitated proteins
were washed with HClO, and absolute ethanol as described in
Materials and Methods and solubilized with 50 ul of sample
buffer, heated 2 min at 95°C and separated on SDS-PAGE. Lane

(1) ca?* + Mg?*. Lane (2) ca’*+ Mg?* + CaM + 50 uM TFP.
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Fig. 6. Ca®*-CaM independent phosphorylation of endogenous
substrate. Cytosolic and nuclear matrix Ca‘‘-dependent CaMBP
were incubated with 20 mM Tris pH 7.0, 10 mM MgCl,, 1 mM EGTA
and 2 mM ATP plus 2 uCi *°P-ATP. After 10 min of incubation at
28°C, 2 ml of 6% HClO, and 50 ug of bovine serum albumin were
added. Pellet was washed and resuspended with sample butfer as
described in Fig. 5. (PM) molecular weight protein standards.
(N) nuclear matrix Ca®*'-dependent CaMBP. (C) Cytosolic Ca?*'-

dependent CaMBP.
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RESULTADOS

En el espermatozoide la reaccidn acrosomal, la movilidad
flagelar y la fertilizacidn del dvulo son procesos dependientes de
Ca?*. Para la expresién de la reaccién acrosomal se requiere un
aumento en la permeabilidad de la membrana plasmatica y acrosomal
al Ca’*. En el espermatozoide de los mamiferos, esta caracteristica
se alcanza durante el proceso conocido como capacitacion. La fusidn
membranal y formacién de vesiculas mixtas de membrana plasmatica y
membrana acrosomal externa y la liberacidn del contenido acrosomal,
son dependientes de Ca?" y son uno de los resultados de la
capacitacién. La relevancia de los flujos de Ca?' en la reaccién
acrosomal puede ser puesta de manifiesto .utilizando un iondforo de
Ca?* como A23187, que dispara la fusién membranal y la liberacidn
del contenido acrosomal en espermatozoides no capacitados. S8in
embargo, el papel de CaM como mediadora de los efectos del Ca?t en
este proceso no se ha definido.

Para alcanzar el quinto objetivo de esta tesis definir si
durante la capacitacidén y reaccién acrosomal del espermatozoide se
pueden identificar a las proteinas aceptoras de CaM que participan
en estos procesos primero se estudid la localizacidén de CaM durante
la capacitacidn in vitro del espermatozoide para definir si los
cambios en la permeabilidad al Ca’' que se presentan durante este
proceso se asocliaban con cambios en la localizacidén de CaM, Se
compard la localizacidén de CaM en espermatozoides no capacitados
con la distribucidén de CaM en el espermatozoide que habia sufrido
la reaccién acrosomal. Ya que el A23187 induce la entrada de Ca?',
su adicién al medio de incubacién permite sincronizar a una
poblacién de espermatozoides en la realizacién de los eventos
dependientes de Ca®' y estudiar las modificaciones en el sistema
Ca’*-CaM-proteinas aceptoras que se presentaran durante la reaccidn
acrosomal .

Se observaron cambios en la localizacidn de CaM asociados a la
progresién de la reaccidn acrosomal, expresada después de la
capacitacidén o por adicidén de A23187. De una localizacién difusa en
el espermatozoide no capacitado, evoluciond a una localizacidn mas
definida en el acrosoma y en el flagelo. Aunque parte de la CaM se
liberé junto con las vesiculas acrosomales, otra parte quedd
asociada a la regidén subecuatorial del nicleo 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 pig
spermatozoa" realizado en colaboracion con la bra. Adela Mijica y
publicado en la revista Molecular Reproduction and Development
26:365-376 (1990).

Los cambios en la localizacidén de CaM sugivieron que los
dominios del espermatozoide podrian tener proteinas aceptoras
distintas para esta proteina. La asociacidn de CaM al acrosoma y su
liberacién junto con las vesiculas de la reaccidén acrosomal,
sefialaron la importancia de identificar a las proteinas aceptoras
de CaM en este dominio del espermatozoide. La localizacidn de CaM
en la reqgién subecuatorial sugeria que esta zona, involucrada en el
contacto évulo-espermatozoide podria estar especialmente
enriquecida en proteinas aceptoras de CaM.

Con base en estas observaciones, se decidid recuperar las
vesiculas membranales derivadas de la reaccidn acrosomal. Para
ello, se indujo la reaccidédn acrosomal en una poblacién de
espermatozoides con A23187. También se aislaron y purificaron las
cabezas de los espermatozoides que habian sufrido la reaccidn
acrosomal y se usaron para obtener las proteinas de la porcién
subecuatorial e identificar a las proteinas que unen a CaM en esta
regidén. La presencia de las proteinas aceptoras de CaM en todas las
fracciones obtenidas del espermatozoide, se realizd 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 proteinas capaces de unir a CaM de estas fracciones se compard
con el patrdén obtenido usando las membranas del espermatozoide
intacto.

Se observd que el espermatozoide contiene numerosas proteinas
que unen a CaM tanto en forma dependiente como independiente de
Ca?*, localizadas tanto en las vesiculas derivadas de la reaccidén
acrosomal como en las proteinas solubilizadas de la reqgién
subecuatorial de la cabeza del espermatozoide que ha experimentado
la reaccidén acrosomal.

Observaciones similares han sido descritas por distintos
autores empleando técnicas afines, lo que sugiere que el método
empleado tiene limitaciones en la deteccién de las proteinas
aceptoras de CaM dependientes de Ca?', posiblemente debido a un
requerimiento de concentraciones especificas de Ca‘l,

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
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acrosome reacted sperm heads" realizado en colaboracidn con Enrique
Hernandez, Ana Maria Espinoza, Arturo Gonzalez y Adela Mujica vy
fueron publicados en la revista Cell and Tissue 26: 849-865 (1994).
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Changes in Calmodulin Compartmentalization
Throughout Capacitation and Acrosome Reaction
in Guinea Pig Spermatozoa

RAQUEL TREJO' AND ADELA MUJICA®

'Sec. Regulacion Metahdlica, Unidad de Investigacion Biomédica. Instituto Mevicano del Sepura Social;
Departamento de Biologia Celular, Centro de Investigacion v de Fstudios Avanzados del Instituto Politéenico
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ABSTRACT  Colmodulin has been postu-
lated as o mediator in the calcium-dependent pro-
cesses that culminate in the acrosome reaction.
Changes in calmodulin compartmentahzation as a
consequence ol the increased permeability 1o ex.
traceliular calcium during capacitation and ac.-
rosome reaction have been suggested. In the
present sludy the lemporal localization of calmaod-
ulin in guinea pig spermatozoa was studied during
in vilro capacitation and acrosome reaction by in-
direct  immunolluorescence.  Capacitation  was
achieved by incubation in Tyrode medium supple-
mented with pyruvale, lactate, and glucose in the
presence and in the absence ol calcium. Acrosome
reaction was elicited in three dierent conditions:
1} by transler to minimal culture medium containing
pyruvale and lactate (MCM-PL} after in vilro ca-
pacitation, 2} by 0.003% Trton-X 100 lrealmeni,
and 3) by A 23187 addition to sperm samples in-
cubaled in MCM-PL. During capacitation, calmod-
ulin was observed both in the acrosome and in the
flagellurn; this localization seemed 1o,be indepen-
dent of the presence of extracellular calcium and of
exogenous substrates. Throughout the acrosome
reaclion, diferent stages ot calmodulin compart-
mentalization were observed. It became clustered
around the equalorial region just belore or o little
oller the acrosome reaction had occurred. Later, il
was observed around the poslacrosomal region in
the acrosome-reacted sperm. The changes in
catmodulin distribution were found to be depen:
denl on the stage in the acrosome reaction.

Key Words: In vibvo capacitation, Sperm  do-
mains, Calcium

INTRODUCTION
Different cell surface domains have been detected in
mammalian spermatozoa by freeze-fracture studies

(Friend, 1982), immunofluorescence labelling (CGaunt

et al., 1983; Myles et al, 1981; Primakoff and Myles,
1983), lectin binding (Koehler, 1978; Nicolson and

¢ 1990 WILEY-LISS, INC.

Yanagimachi, 1974; Nicolson et al., 1977), and probes
for anionic lipids (Bearer and Friend, 1980, 1982). Al
though no major morphological changes have heen ob-
served (Bedford, 196M, removal of surface components
(Eng and Oliphant, 1978; Rulo ot al., 1982 and migra-
tion and redistribution of plasma membrane proteins
have been reported as oceurring during the capacita-
tion of spermatozon from different species (Saxena et
al., 1986a,c; Feuchter et al,, 1986; Langlais and Rob.
erts, 1985). The acquisition of an increased permeabil-
ity to extracellular calcium is a major consequence of
these biophysical and biochemical changes in the
sperm plasma membrane, Capacitation has been pos-
tulated as a reversible phenomenon until the intracel
lular concentration of calcium reaches the threshold
level required to activate the process of acrosome reac
tion. Dilterent approaches have been developed to de-
fine whether calimodulin as a primary calcium-binding
protein (Means and Dedman, 1980; Cheung, 1980} pir-
ticipates in the acrosome reaction.

Phenothiazines (Levin and Weiss, 1979} and naph
thalene sulfonamides (Hidaka et al,, 1979, 1980) have
been employed (o test the funclioning of calmodulin.
but the effects of these drugs on the acrosome reaction
were too complex to be atiributable exclusively to
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 fractions has been
determined  with  immunocytochemical  techniques
(Olson et ul., 1985, Noland et al., 1985; Wasco and Ovr,
1984). In these experiments, calmodulin was seen to be
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CALMODULIN DURING CAPACITTATION AND ACROSOME REACTION

assoctaled with defined vegions of the head aind ta cpe
cific parts of the fagetium Clones et al, 1980, Feinbery
et al., 1981, Gordon et al, 1943; Moore and Dedman,
F384, Camatini et al., 1986). It was suggested Lhat this
restricted localization of calmodulin might be relatoed
to intracellular calcium concentration gradients (Ca-
matini et al., 1986a; Olson et al., 1985},

After due consideration of these different observa-
tions, we formulated the hypothesis that calmoduhin
distribution in spermatozoa might represent transient.
stages of association that evalved as a result of an in-
creased calcium influx during the course of capacita-
tian and the acrosome reaction (Singh et al., 1978). The
first. step i pursuing this hypothesis was to study the
ternporal sequence of calmodulin localization through-
out in vitro capacitation and during the acrosome re-
action. Guinea pig spermalozoa were incubated in twao
chemically defined capacitalivg medin: Tyrode's me-
dium plus pyruvate, lactate, and glucose CI'-PLG) (Mu-
jica and Valdés Ruiz, 1983) and minimal culture me-
dium plus pyruvate and lactate (MCM-PL) (Rogers and
Yanagimachi, 1975; tluang et al., 1981, Coronel and
Lardy, 19871 Acrosome reaction was elicited in Lthree
different conditions: 1) by transfer to MOM-PL after in
vitro capacitiation of sperm in 'T-PLG medium (Mujice
and Valdés Ruiz, 1983), 2) by treaiment with 0.003%
Triton-X 100 (Singh et al.,, 1978} and 3) by addition of
A 23187 (Talbot et al., 1976) to sperm samples incu-
bated in MCM-PL. '

Our results suggested that calmodulin was preferen.
tially associated with the acrosome and with the la-
gellum structures in T-PLG-capacitated spermatozon,
During the process of the acrosome reaction, calmodu-
lin became compartmentalized to the equatorial and
postacrosomal regions of the sperm head. This pattern
of localization was obtained in the three experimental
contlitions tested. ‘

MATERIALS AND METHODS
Chemicals

Analytical-grade chemicals were utilized. Sodinm
pyruvate, lactic acid, and dimethyl sulfoxide (DMSO)
were from Sigma Chemical Co. (5t Louis, MO); 'Triton
X-100 was from BDH Chemicals Ltd.; Nembutal
Anestesal was from Smith Kline Norvden de Meéxico
D.glucose was from J.T. Baker (Xalostoe, Mexicok A
23187 was from Lilly Laboratories; and fluorescein-
conjugated rabbit anti-sheep lgG was [rom Cappel Or-
ganon Teknica Laboratories.

Source of Proteins and Antibodies

Calmodulin was purified from bovine testicular tis-
sue as Dedman and Kaetzel (1983) reported by affinily
chromatography on pheuvol sepharose as Gopala-
krishnia and Anderson (1982) described. Polyacryl-
amide gel electrophoresis in the presence and in the
absence of CaCl, and the absorbance spectrum in the

d67

altvaniolet repion were used as criteria for endhnoduhin
purtly.

Polvelonal antibodies against cadmodulin were pre-
pared in sheep following a common immunization pro-
sram and were purified by alfinitv chromatography on
a calmodulinsepharose column as Dediman et al
9781 recomumended. Antibodies titer, anticalmodulin,
and fluoreseein-conjugated rabbit anti-sheep lgG o wern
determined by enzymedinked innmanosorbent assas
tIELISA),

Incubation Media

T-PLG, pH 7.6, was prepared according to Rogers
and Yanagimachi (1975 as modified by Mujica and
Valdés Ruiz (1983). In some experiments, CaCl, was
omitted, MCM-PL, pH 7.8 (Rogers and Yanagimachi,
1975), and 164 mM NaCl were used. All the solubions
and media employed were fresh and had been tittered
through 0.45 pm Millipore filters before use.

Sperm Preparation and Incubation Procedure

Spermatozon were obtained from the vasa delerentin
of two to five adult guinea pigs anaesthetized with
Nembutal (50 mg/kg) and killed by cerviea! dislocation.
Dissected ductus were perfused with 154 mM Na('] 2
mbduet) at 37°C; immotile or contaminated samples
were discarded. Pooled spermatozoa were washed twice
with half the original volume of 154 mM NaCl and
spun al, 600g 4 min. Sperm concentration was deter-
mined during the second saline wash; 50 pl alignots of
the sperm suspension were diluted to 1 ml with .1
Triton-X 160 and counted in a Newbawer chamber.

Spermatozoa pellets were resuspended in the differ-
ent media to a final concentration of 35 = 10% cells/ml
and incubated under air atmogphere at 37°C for the
appropriate time. It was variable for ench experimental
condition (see text). Throughout the incubation, ali-
guots of sperm suspensions were examined by light mni-
croscopy for motility and acrosome reaction occurrence.

A23187 sperm treatment. Ten microliters of 19 pM
A 23187 in DMSO was added per milliliter of MCM-PL
sperm suspension. The final concentration was 190 nM
and 1% for A 23187 and DMSQ, respectively.

Detergent sperm  treatment. Triton-X 100 at
0.003% (w/v) final concentration in MOM-PL was used
to resuspend and to incubate the sperm pellet after the
saline washes,

Estimation of the Acrosome Loss

The percentage of spermatozoa without acrosome
was determined in sperm samples fixed in 3% formal-
dehyde-DPBS (136 mM NaCl 2.6 mM KCL 4 mM
KH.,PO,; 8 mM Na,HPO,; 0.49 mM MgCl,: 0.68 mM
CaCl,, pHt 7.2). At least 300 cells were counted in du-
plicate samples,
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Indirect Immunofluorescence Procedure

Sperm suspension aliquots were fixed in 3% formal-
dehyde-DPBS for 90 min at room temperature. At the
end of this period, the fixative was removed and the
cells were washed four times with 4 ml of DPBS and
were incubated 10 0.05 M NHLCH or 10 min and rinsed
with DPBS. When sperm cells were resuspended in
DPBS and smeared on microcovershides ¢LD > 22 iy,
the salt erystals that had formed after air-deying had o
negative effect on spermatozoa distribution and nior-
phology. A final distilled water wash was then .
cluded. Spermatozoa resuspended in distilled water
were used to prepare the smears. After being air-dried
at reom temperature and being given a DI'BS rinse,
sperm were permeabilized in absolute acetone at
=20°C for 7 min. DPBS was then used to eliminate the
solvent. Twenty-five microliters of anticalimodulin an-
tibody (O.D. = 0.3) were added to each microcoverslide
following the procedure developed by Dedman et al
(1978) and were incubated at roomn temperature for 60
min. Exhaustive DPBS washed cells were incubated
with 25 jul of fluarescein-labetled rabbit anti-sheep lgG
diluted with DPBS 11156 at roomn temperature and in
the dark. Glycerol-DPBS, 9:1, ptl 8, and nail polish
were used to mount and seal the preparations. Cells
were viewed through an American Optical H 120 mi-
croscope adapled for epi-illumination. Images were re-
corded on Kodak Tri-X film 400 ASA.

RESULTS
Calmodulin Localization in Sperm During In
Vitro Capacitation

Sperm samples were incubated at 37°C under several
conditions: in Tyrode plus caleium T-PGL + Ca® ),
Tyrode without caleium (T-PLG -~ Ca® "), MOUM-PL,
and 154 mM NaCl. To define the moment when sper-
matozoa reached the capacitated stage, aliquots of the
sperm suspensions were transferred to fresh MCM-PL
lo test whether sperin were able to express the ac-
rosome reaction in a synchronized manner a few min-
utes after transfer. Between 70 and 80% of the guinea
pig spermatozoa population incubated in T-PLG +
Ja®’ were able to show the acrosome reaction sirul-
taneously in the first 15 min after transfer to MCM-PL.
A similar percentage of acrosome reacted sperm was
oblained after in vitro capacitation in T-PLG - Ca® '

In MCM-P1, spermatozoa required 60--90 min of in-
cubation before the acrosome reaction could be ob-
served. Under these conditions the number of ac-
rosome-reacted sperm increased gradually, and the
maximum percentage was observed after 2.-3 hr of in-
cubation.

Aliquots of sperm suspension incubated up to 72 min
in 154 mM NaCl without calcium showed a 6% increase
in acrosome loss within the first 15 min of transfer to
MCM-PL. NaCl-incubated spermatozoa were therefore
considered to be noncapacitated control sperm, but ex-
clusively tor this range of time.

Colmodatin imomuanolocalization was observed in
sperm samples fixed during the incubation in the four
media. Howas found that with an incubation period of
up to 30 min more than 909 of the examined cells
presented a unifornpale fhaorescence in the entire cell
suwrface (K TAL A very small number of eells, fewer
than 4% presented a shightly Bright equatorial band.
Almost the entire population presented its acrosome
intact.

Between 30 and 72 min of incubation in T-PLG
Ca’ ' Land in NaCl acrosome foss was observed i 1207
This proportion inereased to 23% in T-PLG 1 Ca””
and in MCM-PL media, Most of these cella showed a
fluorescent equatorial helt. The fluorescence of the fla-
gellum secemed Lo inerease in the middle piece after 72
min of incubation in T-PLG + Ca®' or in T-PLG
Ca™" (I 1),

Calmodulin Localization in Sperm Throughout
the Acrosome Reaction

Synchronized acrosome reaction. Samples ot 1
PLG-capacitated spermatozoa transferred to MUM-1'L,
were fixed at several time intervals, and calmodulin
distribution was studied by immunofluorescence. Dec.
oration patterns were defined after connting at least
400 cells from two different experiments at each of the
infervals of time selected (Table 1),

From 30 sec to 3 min in MUM-PL, about 80% of
sperm cells showed intact acrosome (Fable 1aby, sur
rounded hy fine britliant points, sometimes more evi-
dent at the apicad surface. Pewer than 5% presented g
fluorescent ring on Lhe lower ane-third of the head and
a faint acrosome (Table ic). The flagellnm was
brighler in the middle piece. Spermatozoa without ac-
rosome vepresented H-89% of the total (Table 1d-f);
most of them were decoraled with an equatorial fluo-
rescent belt (Table Ld).

AL 5 min, 48% of sperm population showed no ae-
rosome and presented several decoration patterns, The
most conmonly observed was a fack of fluorescence in
the head, accompanied by bright flagellum (Table le).
Spermatozoa without acresome but with eqguatorial
decoration increased Lo 115 In 3% of acrosome-reacted
sperm, a different calmodulin distribution was observ-
able, and the immunofluorescence was localized in the
postacrosomal region (able t),

Between 10 and 15 min after transfer to MCM-P'1,
acrosome-teacted sperm rose to over 909 . The major-
ity, 80% , did not show fluorescence in the head, but the
tanl was clearly brilliant (Table 1o, Fig, AB). The num-
her of spermatozoa decorated in the equatorial region
did not change. Over longer periods of incubation in
MCM-P1,, the percentage of acrosome-rencted sperm
decorated with a continuous (luorescence from the
postacrosomal region to the attachment of the {lagel-
lam incrensed from 3% Lo 95% (Table 1. Fig 4c).

The comparative analysis of the tmmunolinores
cence localization of catmodulin and acrosoinme reaction
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TABLE 1

CALMODULIM LOCALIZATION THROLGHOUT

SYNCHROMHOLUS

ACROSOME REACTION ELICITED BY TRANSFER TO MCM-PL,
(%)

IMMUNOFLUORESCENCE PATTEANS

Time atter

Tronster Yo

MCM - PL
min
0.5 79 4 4 2 30 80 03 03
_— e RS U SUUESISEIPY SHNUIINUIHUNE SRR,
! 797 , 12 4 26 46 01 095
o6 O 19 6 4 4 80 04 I O
X ;j e IS S S SN WU |
168 116 318 1o 34 32
} DR S o S ROV NS SO
10
5 4 022 9 104 798 1)
—— '5 . TR WS GO (I S
38 - 3 1Q 80 20
20 0 25 0.4 1.5 95.6
T R R VUPURIN SUNSSUI B

Washed guinea pig spermatozon were enpacitaled in T-PLG medinm without
cadcium by incubation al 37°C for 72 min. The cella were collected by con-
trifugation, resuspended in MCM-PL medium, and returved to the bath
(37°Cy for acrosome reaction to be expressed. Aliquot samples were formal-
dehyde fixed at the time intervalg indicated. Sperm calmodutin distribution
was sbudied with indirect immunofluorescence. From 400 to 1,000 cells were
assessed at each of the intervals of time selected.

4

occurrence in samples of noncapacitated spermalozoa
incubated in 154 mM NaCl after transfer to MCM-PL
helped us to identify these calmodulin binding sites
probably not dependent on the expression of the ac-
rosome reaction (Table 2). From 30 sec to 15 min after
transfer to MCM-PL, 90% of the NaCl incubated sper-
matozoa showed acrosome and a decoration restricted
to the middle piece of the tail; the rest of the cell, the
acrosome and the principal piece, did not present flu-
orescence (Table 2a). Only 2% exhibited an equatorial
fluorescent band (Table 2¢). The proportion of sperma-
tozoa with brilliant ncrosome and postacrosomal deco-
ration was under 1% (‘Table 2b). Spermatozoa without
acrosome represented about 5%; most of them showed
equatorial decoration and only 1% presented a brilliant
postacrosomal fluorescence (Table 2d.f, respectively).
In order to define whether the localization of calmodu-
lin was dependent or not on the conditions necessary to
elicit the acrosome reaction, two different methods to
accelerate this process were chosen: treatment with

D.003% Triton-X 100 and addition of the calcium iono-
phore A 23187,

Accelerated acrosome reaction by Triton-X 1(H).
Recently prepared guinea pig spermatozoa were incu-
bated in MCM-PL and in MCM-PL + 0.000% Triton-X
100 (wiv) ag per Singh et al. (1978). Aliquots of the two
sperm suspensions were observed under light micros-
copy to define the acrosome reaction occurrence and the
motility quality. Figure 2 shows the results obtained in
two different experiments. The acrosome reaction in
detergent-treated spermatozoa was accelerated in both
cages. The maximum percentage of acrosome-reacted
sperm in0.003% Triton-X 100 + MCM-PL, was reached
70-90 min earlier, and the motility was similar to or
even better than that in control MCM-PL-incubated
sperm.

Samples of spermatozoa were fixed at the times of
maximum acrosotne renction to study calimodulin dis-
tribution; at 120 and 160 min for control; and at 50, 60,
and 105 min for detergent-treated sperm. It was tound
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Fig. 1. Indirect immunofiuoreseence Incalizatwn of caimodulin in
guinea pig sperimatozoa thronghout capacitation. A: Partiallv or non
capacitated. intaet gperm cells showed aniform pale fluorescence on
the acrosomal cap and along the flagella tarrowhead). From 30 min,

that, after 50 60 min of incubation, exclusively i T
ton-X 100+ MCM-PL, numerous {Tuorescent vesicles
accompanied the acrosome-reacted sperm. b was not
possible to define whether these vesicles represented
aggregates of acrosomal content or fragiments ol dis-
rupted acrosome, This material was nol ohserved in
samples obtained at 105 min of tweubation,

The head of the acrvosome-reacted sperm did not show
immunof luorescent labelling, but its flagelluim was
bright. This pattern was obsevved in control MOM-PL,
and i Triton-X 100-incubated spermatozoa. This dee
oratinn seemeaed 1o be equivalent to the one previously

vhaerved during the synchronous aevesome reacting of

sperm incubation in 154 mM NaCL T -PLG s ealopamy or MOAMBTL
B: Capacitated spermmatozon; the fluoreseenvce of the flagetivm seoned
to tnerease o the middle prece. Sperm incabation altor ¥2 min 1o
TPy with or without endesm, > 1, L0,

T PLG 4+ Ca”' capacilated spermatozon atter transto
to MOM-PL (Table ey,

Another experiment showed that the postacrozomad
decoration may be observed il the incubation in MOBM.
L ocontinues 530 min alter the acrosore renction
has tnken place. In the case of gpermatozon incubated
in 0,003 Triton- X 100+ MUM-PL, the locahzation of
ool luorescence 1o the equatorial region was evi
dent only i samples fixed before the maximum per
certage of aevosore reaction was reached,

A 28187 elicited acrosome rveaction, MOM-P'L
supplosrented with caleym onophore A 20 1RT . dise

solved i DMSO wos usaed to mmduce the acvosame e
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TABLE
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CALMODULIN LOCALIZATION IN NONCAPACITATED

CONTROL SPERMATOZ0A AFTER TRANSFER TO MCM-PL.
IMMUNOFLUORESCENCE PATTERANS (%)

Time after

Transler to

MCM-PL
min
0.5
I
!
I — e B e R -
5
96 .4 0.4 t.3 1.7 - 02
10
95.7 - 1.3 1.7 1.0 02
SRV SIS N NS S - -
'S . .
91.8 - 1.5 3.4 2.3 i O
L B IR -

Washed guinea pig spermatozoa were incubated in 154 mM NaCl solution at
37°C for up to 72 min. Cells were incubated and then collected by centrifu-
gation, resuspended in MUM-PL medium, and held at 37°C. Sperin suspen-
sion aliquots were fixed in formaldehyde at the indicated time intervals.
Calmodutin distribution pattern on sperm cells was assessed by indirect
immunofluorescence. At each time, more than 400 cells were observed to
determine the percentage for each figure,

action in noncapacitated guinea pig spermatozoa,
Three different concentrations of the ionophore were
tested. At a final concentration of 190 nM, equivalent
to 5.42 pmoles/10% spermatozoa and to a ratio of 422
pmoles/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 examination of the sperm samples by
light microscopy showed that the motility of the iono-
phore-treated sperm was simtlar to the motility of con-
trol samples incubated in MCM-PL alone or in MCM-
PL + DMSO. A true acrosome reaction, involving both
activation of motility with a whiplash [lagellar move-
meni and acrosome loss, occurred simultaneously at 40
min of incubation in A 23187-treated sperm and in the
two control samples. Spermatozoa with intact acrosome
after this treatment showed a pale fluorescence in the
acrosome, in the equatorial region, and in the middle
piece of the tail,

Sperm samples incubated for 20 min in MCM-PL

were treated with A 23187 at a final concentration of

1.225 uM, equivalent to 35 pmoles/10® and to 2,725
pmoles/mg of protein. Aliquots of this suspension were
fixed from 10 sec to 7 min after ionophore addition to

determine the percentage of acrosome loss and the im-
munofluorescence localization of calmodulin. Figure
3B shows that the acrosome-reacted sperm gradually
increased after a period of 1-4 min and the maximum
percentage of acrosome reaction was observed at 6 min.
Iinmunofluorescence of calmodulin in these samples is
shown in Table 3. At 10 sec, 85% of the sperm popula-
tion presented intact fluorescent acrosome and a bril-
liant middle piece (Table 3a-¢). In acrosome-reacted
sperm, a new pattern of decoration was observed. Bril-
liant points localized in the region previously oceupied
by the acrosome were observed in practically all the
spermatozoa that were examined (Table Je-g). Only
6% presented equatorial decoration (Table 3d,g). 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 value was reached at 7
min, when it represented 77% of the total acrosome-
reacted sperm (Table 3d,e.g, Fig. 4A),

Other important findings included changea in the
frequency of equatorial and postacrosomal decoration.
The fluorescent equatorial band in sperm with intact
acrosome (Table 3¢) showed an average value of 35%
from 10 sec to 2 min, which decreased to 21% at 4 min
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Fig. 2. Accelerated acrnsome reaction hy Triton X-100. Washed
guines pig spermatozoa were incubated in MCM-PL (&) ar MCM-PI,
plug 0.003% Triton X-100 c@i. A, B: Two separate experiments. Once
spontaneous acrosome reaction started in either sample incubation,
alignots were lormaldehyde-fixed to assess the acrosome reaction.

and to 157 a7 o The presenee of postacrosomal
decoration was found to be more related te the gperma-
tozan withoul acrosome: a gradual increase from 8% al
10 sec to 345 at -F nun was observed (Table 3e ). This
decoration represented only 3% in sperm with intact
acrosome (Table 3b), :

At higher concentrations of ionophore, 245 M,
equivalent to 70 pmoles/10% sperm and to 54144 pmoles’
mg of protein, a complete blockage of any type of flagel-
tar motion was abserved. This inhibitory effect on
sperm motility was also observed after 8 min on incu-
bation in the presence of 1.336 pM A 23187, Figure 4
shows the major sperm calmodulin immunoflnores-
cenee patterns ohserved throughout the acrosome reac-
Lion.

DISCUSSION

The localization of calmodulin in the acresome and
along the tail in guinea pig spermatozoa during in vitro
capacitation seemed Lo be independent of both extra-
cellular calcium and exogenous substrates, The deco-
ration pattern obtained in the four experimental con-
ditions tested 154 mM NaCl, T-PLG - Ca®*!' | T-0LG
Ca®', and MCM-PLL, did not show any differences (Fig.
). Calcium permeability in guinea pig sperm has been
[ound to be increased by incubation in MCM-PL (Singh
et al., 1978). Capacitation was also achieved by briefl
time incubation in T-PLG medium (Majica and Valdés
Ruiz, 1983). The presence or absence of calcimm during
sapacitation affects neither the *Ca uptake (Singh et
al.. 1978} nor the time of incubation required for the
acrosome reaction {o take place (Yanagimachi and
Usui, 1974; Mujica and Valdés Ruiz, 1983).

Singh et al. (1978) and Coaronel and L.aordy (1987,
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Fig. 3. A 23187-elicited acrosome reaction. A: Spermaiocon were

incubated in MCM-PL 8 and in this medium supplemented with

DMSO te1or caleium tonophore A 23187 (4) in DMSO 1A 23187, 5.42
pmoles 1" spermatozaa-mb B: Spermatozoa were preincubated for

200 min in MCM-PL medium before A 23187 was added 135 pmates 1"
spevovmlt. The percentage of acrosome-reacted sperne was assessed in
formaldehyde-fixed aliguots withdrawn al the indicated times,
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TABLE 3. CALMODULIN LOCALIZATION DURING
A23187 — INDUCED ACROSOME REACTION
IMMUNOFLUORESCENCE PATTERNS (%)

Time after
A23187
Addition
min
[ 0.16
S S - — SN SR RO S -}
05 .
42 43 0.5 38.26 714 -~ 4 59 T 14
>| : — . — BN AR S e
40 48 —— 3077 4 .04 323 14,77 6 a7
2 IR S - S _T\,M."._q,_ S ranmn v eni et ies e ermmed
25 .30 1.2 3gi5 2.4 0.8 12 54 i7 67
— o ) USSR SRSSUIUNUIVIY WU S R
4
9.08 2.13 21.39 2 .67 213 31.54 3368
? e ....__...i_,h...._ o s v et s
4 06 1 .52 1472 3 64 I 52 18 2 50 25
— . NS S R R

Spermatozoa were incubated for 20 minin MCM-PL, then supplemented with ealcium
ionophore A 23187 at 35 pmoles 10" spermiml. Aligquols were fixed alter jonophore
addition. Immunofluorescence localization of calmodulin in at least 200 cells was
evaluated at each of the intervals of indicated time, The percentage of each distribu-

tion calmodulin pattern is indicated.

9

when characterizing the calcium uptlake in guinea pig
spermatozoa during in vitro capacitation, identified an
initial calcium accumulation that was pirobably due to
calcium-binding to the sperm surface, which was in-
sensitive to mitochondrial inhibitors. The secondary
phase of calcium-uptake was seen to be dependent on
exogeneous substrates and selectively abolished by in-
hibilors and uncouplers of oxidalive phosphorylation,

It is possible that, during capacitation, and in the
absence of increased intracellular calaum levels, cal.
modulin becomes associaled with specific regions of
guinea pig sperm. This interpretation is supported by
the following observations: the presence of several
calmodulin binding proteins both in the outer acroso-
mal membrane complex (Olson et al., 1985) and in the
plasma membrane (Noland et al., 1985) of bovine sper-
matozoa; the ability of these proteins to bind calmodu-
lin in the presence of EGTA but not in the presence of
calcium; and the lack of change in the cytoplasmic con-
centration of free calcium after in vitro capacitation in
ejaculated rabbit spermatozoa (Mahanes et al., 1986).

The synchronous progression of the acrosome reac-

tion in T-PLG - Ca* ' -capacitated spern atter transler
to MCM-PL allowed us to sequence the localization of
calmodulin throughout this process. The clustering of
calmodulin in the equatorial region was a trapsient
stage appearing just prior to and lasting few minutes
after the acrosome reaction, possibly linked to the sec-
ondary phase of calcium uptake. ‘This stage was better
ohserved in A 23187-treated spermatozon, probably be-
cause the ionophore synchronizes more etficientiy the
whole aperm population at the stages of calcium entry
required for the acrosome reaction. It was suggested
that the ionophore enables the calcium tons to be trans-
ported to the site of action that is not accessible under
physiological conditions until capacitation has taken
place (Babeock et al., 1976, 1978, Coronel and Lardy,
1987). The distribution of calcium after A 23187 treat-
ment of spermatozoa was found to be nonrandom. Dur-
ing the earliest stages of vegiculation, calelum was con-
centrated tn the acrosome region just in front of the
equatorial segment (Watson and Plummer, 1986;
Plummer and Watson, 1985H). -

The absence of decoration in the nuclear vegion of the
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Fig, 4. Maar sperm calmadulin immunoeflusrescence patterns,
throughout acrosome reaction. A: FEquatorial decoration in sperm

without acrosome from A 2387 treated spermatozoa. B: Absence of

decoration in the nuclear vegion. This pattern is obhserved a fow min-
utes after the acrosome redactinn has taken place by transferving ea-

acrosome-reacted sperm was not a constant pattero. It
wag not observed in ionophoere-treated spermatozoa. It
remains 1o be seen whether the immunofluorescence in
the region previously occupied by the acrosome reflects
almodulin binding sites attached to the inner acroso-
mil membrane or whether il is just an incomplete exo-
eytosis of acrosomal content,

The localization of calmodulin immunofluoreseence
in the postacrosomal region of the head v acrosame-
reacted sperm may be the vesolt of modifications in
spermatozon domains. One possible explanation of this

pacitated sperm to MOMAPL medivm, CrLoeatication of cadmodulinto
the postacrosomal region. This calinoduline distribintion s presont i
sperm after 1530 min acrosome reaction veenrred, either by transfer
ol capacitated sperm to MCM-PL medinm or i noneapaeitatod sperm
by caleimn wnophore (A 23R treatment 1 ron

resull is that calmodulin diffuses free from the Pagel-
fum domaius and spreads {o the postacrosomal region,
ttis very likely that the propertics of this vepion
change alter the onter acrosomal membrane fuses with
the plasma membrane. Spermatozoa incubated in the
presence of 00037 Triton-X 100 0 MOM P dhid not
show any postacrosunal irmmunofluorescence, proba-
bly due to a pavtial extraction of cabimodulin-binding
membrane proteins, although the equatorial segent,
the postacvosorad sheath, and the widdle prece of the
tatd have all been shown to he vesistant to higher con
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centrations of delergent than those employed in this
work { Vishwanath et al., 1986; Woading, 19731

Mobhile and fixed proteins on the plasma membrane
of mammalian spermatozoa have been observed. Lat-
eral free diffusion within the plasma membrane over-
lying the posterior region of the tail has been detected
in an integral membrane protein (Myles et al., 1984,
Antibody-induced patching of two antigens originally
localized in the entive plasma membrane of the flagel-
lum (Gaunt el al,, 1983) and clustering ol a glycopro-
tein exclusively at the acrosome surface (O'Rand, 1977
have also been observed. The mobility of these proteins
was restricted to their specific domains, and patching
was not always induced in spite of the antibody speci-
ficity (Gaunt et al., 1983), It has been suggested that
barriers to diffusion exist in mammalian spermatozoa
(Cowan et al., 1987).

Jytoskeletal elements have been involved in the im-
mobilization and regionalized distribution of mem-
brane constituents (Golan and Veatch, 1980, Branton
ot al., 1981). The major role played by microfilaments
in the migration of plasma membrane proteins from
the head to the flagellum has been demonstrated
(Saxena et al., 1986b,c). The highly polarized organi-
zation of actin, myosin, vimentin, and nonerythroid
spectrin in spermatozoa suggested that different ey-
toskeletal-cell surface assemblies were involved in the
regulation of the acrosome reaction and fertilization
(Virtanen et al., 1984). Nonfilamentous actin and
calmodulin were clearly observed in the equatorial seg-
ment of boar spermatozoa (Camatini et al., 1986a,b).
The colocalization of actin and calmodulin suggests
that the aggregation state of actin may be controlled by
calmodulin either by decreasing the levels of {ree cal-
cium by means of its calcium binding properties or
through the activation of regulatory proteins of F actin
(Dedman et al.,, 1979; Means and Dedmap, 1980; Kak-
iuchi and Sobue, 1983).

The evolution of calmodulin compartmentalization
throughout the acrosome reaction confirmed our hy-
pothesis concerning transient calmodulin associations
dependent on the stage reached in the acrosome reac-
tion. However, the precise role of calimodulin in this
process was not defined by these experiments. Further
work is required to identify the proteins that can bind
calmodulin in a ealcium-dependent and -independent

manner as well as Lo delerniine the tateral diffusion of

calmodulin.
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CALMODULIN BINDING PROTEINS IN THE
MEMBRANE VESICLES RELEASED DURING THE
ACROSOME REACTION AND IN THE
PERINUCLEAR MATERIAL IN ISOLATED
ACROSOME REACTED SPERM HEADS

foovsords Avitosome reaction vesicles calmodulin bindiag sperim membsne protoms, cal
cinneandependent calmedudn hinding proteins s sporor memdnane solubiliotion

ABSTRACT . Cadmadodin has been soggested as e Ca 5 medidon mediverae collubivn s tions
pia it interaction with o numbey ol proteiss ina colcium dependent nsinnes . B pasticipation
in ihe aciosonie reaction has been sugpested based onits locilization iy The acroserie regio,
o the effects produced by cialmodulin amtagonists, and by the changes in cabnodudin come
partmcntation observed (o oceus thionghaeut gutiea pip acresome reaction. o deline the role
of calmodalin in the membrane fusion events it acour daving the acrosome veaction, 1he
iddentitication of catmodutin-binding proteins, by the overbay techinigue with biotinylated o,
untnoelificd catmoduding wos made in the lolowing spedm fractons: in the membnane vesides
tedewsed diring the acrosome weaction. e e remaining peringeleass priterial of sonmonre
eacted sperm heads and i ol membrioie e ton from intaet spermatozea. 1 he membrane
vesicles releised stfted the acvosome reaction showed o magor cainodulin hincing proteir.,
M6, 95 97 ancd 1O KD Hhe perinuctear mitesial sheveed a 310 308 and 97 kDacalmodulin:
binding poalypeptides. The wembrige Jvaction Trom imtiet spenn showed eteven cilimoduilin:
binding proteins, Ms between [T KD Most o the binding proteins detecied by this
method correspomdued to the cliss of calchm-inde pendent calimodilin-binding proteins bt
proteins which only interacted with eolmaduwlin i calcimm-inhibited mode were also observed
No-cadcinne-dependent calimodulin-binding profeins were detected inoany of the Baclions
studdicd . A possible vobe of these beadiag proteins in cstmodulin compartme slation is discissed.
Fhe potential sole ol these Binading peeteins i membene Tasion s momembeane pecepiog
locatiziaiom i the posticrosomal repioe eninn 1o be defied

Introduction -« fertilizing ability to spermatozoa. The acio-
some 1eaction, hyperactivated motility and
sperim-cgp fusion are Ca’'-dependent fune-
tions { Yanagimachi and Usui, 1974 Fraser,
1977, 1987a, 1987b: Aitkeneral., 1984, JO8K;
Yanagimachi 1982, 1988). Tven though cal-
modulin is the major Ca*t-acceptor protein,
identiticd both i the soluble (Jones er al.
1978) and in sperm mewbrane  fractions

Several lines of evidence suggest that calcium
plays amajor role in the processes that confer
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(Notand eral., 1985, Olsan et al., 1985, Wein-
man ef al.. 19805 Aitken er al. . T988), the
mochanism by which this protein might
transduce the calcinm signal imto a specilic
response, sitch as the acrosome reaction, is
still. unclear, The inhibitory effect of cal-
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modabm antiagonist< such as phenotinzmes
fhovin and Weiss, 1979 aond naphthatene
sulfonomudes (Hidaka er a0 TU790 1980 on
the acrosome reaction and on gamete fasion
wirs considered as an mdireet demonstiation
of calmodutin mvolvement in these processes
(Lenz and Cormier, FOS2: Sano, TIOR3 At
ke er al, TUSK; Dydan and (7 bav, TORK).
Althouph the interactions of these dips with
other protenss amb o wath membrane hipids
(Ulmekawa er al. VORA: Tanaka ef af. . U85,
Orepa of af 0 TIRSY offer altermative ainter:
pretations, the participation of caitmodulin i
membrane fision events s idso supgested by
the changes in calmodulin {ociahization
abserved throvghout the acrosome reaction
(trejo and Mujica, 1990, by the redis
tribution  of calmodulin,  femporally cor-
related with the onset of mvoblast fusion
(Bar-Sagi and Prives, 19830, and by ahe
changes in membrane fuidity after Ca ™' -
binding in the presence of cahwodudm (De
Lotenzo, 1980; Kopeikina-Tsiboukidou and
Deliconstantinas, 1986, 198U},

To understand the mechanism by which
calmoadulin may participate in the membrane
fusion events that occur during, the ncrosone
reaction. the isolation of the spermy ment-
brancsinvolved in this process and the identi-
fication of their calmodulin-binding proteins
were uidertaken in the present work. The
hypathesis that specitic catmoditho-binding,
proteins may be presentin the acrosomal and
postacrosomal  regions which  might  par-
ticipate in the fusion of the plasma and outer
acrosomal  membranes and in the  post
acrosomal localization of calinododin in acro-
some reacted spermatozaa was pursoed i
this work, We decided to study the foowing
sperat membranes: (a) the plasma and acro-
somal membrane  fraction obtained  {rom
ttact non-reacted  spennatozoa, () the
membrane vesicles produced by the fusion
of the plasma membrane with the outer acro-
somal membrane during the acrosome reac-
tion, and (¢} the perinuclear matenial
abtained from isolated acvosome-reacted
sperm heads. Biotinylated and unmodified
hovine calmodilinn were employed to overlay
nitrocellulose  blots  of  these  fractions
resolved by SDS-PAGE clectiophoresis,

Ouly calenmm-tndependent and calaum:
inhibited calinodulin binding proteins were
detected with both catmodulin probes. The
simitlarity in molecular weipht of some pep-
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tdes from the three fractions adier bangppests
the preseace of conmon modubator-biadeg
proferns an these membranes, The lack of
calemmedependence o wenict withy cad-
modalon soggeests that these protems auay
play s rode e calimoduhin compantmentation,

ALterials and Methods

Protem o gokd conjurate was o £y
Pabogatones (San Matco. Calo HISA) Rab
hitante sheep tpG labeled with peroxidase oy
with fheovescein was froame Cappel (Orpitnon
Teknika NV Helpiwm), Rabbit anti- poat
e fabeled  with peroxidase was from
HhvClone (Logan, liah, USA). Biotinyhited
calmodultn was frome Gibeo BRI (Gan-
theosharg, MDY Aceylamide, bisaervhionide
TEMED, molecabir wenght stomdards, and
mtroceHufose membiane were from BiolRad
(Rachmond, Ca,, USA) Sodinmdodecyl sul:
Fote (SIS and Trton X100 were rom BED
Chontical Lad (Poole, UK). Cvanogen bro
mide wmd dimethy! formamide were trom
Muerek (Schuchardt, Genmany), Acetonnile
and hydioquinone frone 4.1 Baker (VISA).
Phenyt methane-sullonyt Haonde (PNIST),
p-hydroxy-mercribenzoate (pHMBY, 1
chitoro- 3-tosybamido - 7-amino- -2 -hepta-
none (TLCK), leupeptin (acetyl-eu- fea-mge-
ahy, pamobenziamidine (pABA). N-ethyl
malcinide  (NEM), 3V V-dimunobenzidine
tetrahvdrochioride (DAL, Pween 20, bov-
ine serunm albunnn (BSA ), ethylene-diaamine-
tetracetic acid, disodimn salt (FDYTA). silver
lactate, ionaphore A2387 triflnoroperazine
(TEM, D -dithiothrettol (DT, tactic acid,
o-phenylendimmine, cetvbtrmethyl
ammoninm bromide (CTAB)Y. and plycine
were from Sigma Chemieal Col St Lonts,
Mu., USA).

Sowrce of antibodies

Goat anti-calmoduling polvelomtd antibody
was from Sigmia Chemical Coo (St Lowis,
Mo., USA). Sheep anticabmaodudin poly-
clonal intibodies were raised using, boviae
caliodudin purificd from testis as previously
deseribed  (Gopatakrishna and Anderson,
POR2: Dedman and Kactzel, TOSI) Hh g of
heated-cabimodalin (Yonn al BOTCY e sos
prended i T md of Freund’s complete ndjne
vant were anjected subentaneously the fust
time. Smg of calmodnlin re-suspended in
Freand's incomplete adjpvant were admin
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istered the sccond and thisd times. Anng
hodies were purificd by alfinig
chromatography on o calimodulin sepharose
colmmn as Dedman ef af. (1978) 1ecome
mended and titered by enzyme-linked imma:
noabsarhent assay (FHISA).

Spermatozou isolation

Sperm eells were obtained from the viasa
defterentianof adult gumea pigs anacsthetized
with Nembutal (50 100 mg/kp) and killed by
cervical dislocation. Dissected ductus wepe
perfused with unbutfered 130 mM NuClsolu-
tion (2 ml/duct)y at 37°C. Tmmaotile or con-
taminated samples were discarded, Pooted
speematozon were centrilunged at 600 x g for
Amin and washed twice with the same satine
solution. Sperme concentration was deter-
mined during the sccond wash, SO microliter
aliquots of the sperm suspension were diluted
with b ol 0- 15 Triton X- 100 and connted
in i Neubaner chamber. Spermatozoa pelicts
were resuspended (o 35 million celis per ml,
except  when  indicated.  with MCOM-PL
medium (see below).

Induction of synchronons acrosonme reaction
NaClwashed spermatozoa were incubatedin
3770 with minima! euttare mediom sup-
plemented with pyruvate and lactate (MOM-
PL) pEE7-8 (Vhijica and Valdes-Ruiz, 1983).
Alter 20 min, the caleium-ionaphore A23187
was added at -3 M final concentration,
Alter 5-10min, more than 909 of sperm
cells showed acrosome foss,

Recovery of imembrane pesicles released after

the acrnsome reaction

Oncee the acrosome seaction had ocenrred,
several protease inhibitors were added to
the MOM-PL mediam: mmM PMSE, 4 mM
pHMB, 4 mM pABA, 1M TLCK, 2mM
NEM and 5 uM leupepting Spermatozon
were separated by centrifugation at 3000 < o
for Yhmin at 4°C The supernatant was saved
and centrifuged at 100,000 < g for 60 min al
4°C The petfet was resuspended with T mM
EDYTA, SOmM Tiis. pEL7-5. contaimung pro-
tease mhibitors and 197 (w/v) SDIS final con
centration,

Prrification of acrasonie -veacted sperin hededs
A28 T-induced  acrosome-reacted  sperm,
resuspended with T EDYTA L pHES-0 and
supplemented with o cocktail of protease

ihihitors were sonteated o Smi at S e\
using i ictotip eqispped NModel 33-1 Hane
ot sonteator, as Oko and Clermaont (1988)
deseabed, Flhgelhnm and head sphit ap was
assessed by Heht microscopy . Adrer sonie
ation. the samples were centrduged  at
3000 < a4 C Tor dhain, The pellet, cons
taiiming separated heads and Magelfa, win
washed thiee times with the FIYTA - protease
inlbitors solution. Yo punly the sperm
heads, the washed pellet was resuspended
with Tml of 6576 suerose 0-02 M I'BS.
pH 720 The 002 M PBS was prepared by
diliting Tl ofa PRS stock sotution (110 tM
NaCl, 27mM KCL 1-amM KELPO,,
B 1 mM N PO with 6:5ml of distithed
witter. The re-suspended sperm heads were
laidbon top of asuerose discontinnons densily
prachent and centrifoged at 100000 > g foy
0 min at4°CLGrindieats were prepared with
03, 70k 757 (w/v) sucrose-I"BS S mleach,
Heads were recovered Trom the botton ot the
ibe . resuspended o Fml with SO0mM s,
pH 7-5. supplemenied with protease inhibi-
tors and washed three times by centiifugation
Al 2000 g for 15 min at 400 Ssunple pority
wirs nsessed by pliase contuast and election
IMICTOSCOPY.

Perinuclear material solubilization

Purificd acrosome-reacted sperm heads, S0
million heads/ml of SO mM Fris pHE9-0 phas
protease inhibitors, were incuabated in the
presence of 0-2ml 90 mM DT for 15 min,
then with (02 mt 1O CTA DB v distilled watey
as  described  (tlevnandez-Montes ¢f al.,
1973). Solubilized proteins ind free nueled
were separated by centrifugation at SHH X g
for 30min at 4°C, The ouclear pellet was
wishied with PBS and fixed in 2-59% ghatar-
aldehyde. The supernatant proteins werve
precipitated with 5 volumes of cold acetone
for 3w at - 207C and recovered by cen-
trifugation at S000 > g for 30 minat<°C. The
pellet was vesolubitized with 195 SDS 50 mb
‘Fris, plt7-5 and was resolved by SDS- 1077
polyacrylamide pel electrophoresis,

Memibrane solubilization from intact
mm-('u;mc'imr(’d spernuttozon

NaCl-washed  spermatozon woere pesns:
pended 1o Sthmillion/il with a0 TmM
EDTA solution, plLES-0, containing protease
inhibitors and sonicated for 30 see at 47C, as
previously described (Aitken er al. TU8K),
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Demembremnded spenn cells woere pelleted
by centrifupation af 3000 < o for e at
17C, The membrane Lraction s recoveted
frone the sapernatint by centpifugation ot
100000 > g for ohmin 47C The petler was
resuspended in 25040 of FmND DA
SN Tris, pHE7-5 supplemented with pro-
tease inhibrtors and 177 (wv) SIS,

Pdoctrophoresis and wesieris hlot of
SPCFIAiO o Profeing

Alignots  from bl the sperm fractions
obtained were  taken for protein deter-
minaition (bowry e ol 1951 and toy 107
polyacrylamide  pel  clectrophoresis as
Facnvli desceribed (1970) . Electrophoresis
was run at 25 my Tor  hr, Blectrotranster
of proteing to mtvocelulose paper (0225 )
was petlommed @t Y0 my dunmpe 3 hie ¢ Towhin
ot al . 1979) Calinodulin was transterred as
Fhncke (JURK) reported.

Ldentification of calmodulin hinding prowins
To block ihe non-specific catmodulin binding
sites, sperm membrane protein blot wasinen-
bated s 3770 with 25 i Fris, 150 mN Nl
phh 2 CIBS) supplemented with (:-057.
Tween 20 (1BS-T) and 5% (w/v) fat-free
milk. After hr, it was washed with S0 mi
of TBS-T. Calmoduatin punfied from hovine
testis (250 ) was dissolved erther in 30 ml
ol TRST plas 2 mM CalCl or in TBS-T plas
LM EDTAL Bach sample of sperm mem-
branes was blotted by duplicate, one was
overlaved with Ca’tcatmodulin: and the
other with EDVA-catmodulin, andincubitted
for 30 minat 37°C with gentle agitation, Noun-
bound calmodulin was discarded and the
nitrocellulose paper was washed for 10 min,
with 3 nd of 'TRS-T, three times. Goat or
sheep anti-calmodulin antibodics, dilnted i
TBS-T plus 37 (w/v) BSA to 1: 200 0r 1:30
respectively, were added to the blots cither
in the presence of 2mM CaCly or 4 mM
FIYTA, and incabated at 37°C 2 he with stir-
ring. ‘The excess of antibody was clilminated
and the nitrocellulose paper was washed
thice times with 50 ml of ‘TS for 10 wmin.
Giold-labeled protein AL dissolved 1200 10
TRS-T phlus 3% BSA was employed as a
sccond antibody. After 1 hr of incubation at
377C the excess of protein A was clininated
and the nitrocellutose paper was washed as
before. Since protein-A shows low alfinity
for sheep-lpgGoand goat-IgG (Johnston and
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Phaorpe. (92000 was necessary toouse the
mniuenogold sl er stoninge systeme (Dane
seher, TOS T Mocremans er ol 19S5 Brada
and Rath, [1980)

Fheidentfication of the calmoduotin hind-
e profeins wis abso assaved in the following
conditions: ta) wang vabbat TeGoant sheep
for ante-goad) Lo peroxidase conjugite as i
secord antibody and developed witly DAR
(e s and Cherwainski, TORY P andd
Bucher, 1980, (D) employing biotinylated
calmaodadin and the avidin-perovidhiese dey
cloping system, Three negative controls were
inchirded: (a) mcabation withont calmodulm,
(h) incabation with trifluoroperazine-treated
catmodutin, and (¢) using a0 prennmune
sernm as o fiest antibody. Rat liver mito-
chondviaceadimodidin bingding proteins.ident
ificd nnder owr expertmental conditions,
were inchuled as a fourth contiol 1o do
this . mttochondria were isolated e deseribed
(Pandlue e aloo TS}, resuspended o the
presence of SmAb PMSED 2Tmd THOK.
SmMENENM SiM pABA and 20 pM Ten-
pepting, incubated with 23 mN DT 1O min
at taony tempetature sid soneated i the

whole solubtlized mateval were resolved by
clectrophoresis and blotted to determine
thetr calmoduhin binding priteins,

Inununacytochentood localization of
cedmadudin

Aldiguots of isolated sperm head suspension
were fixed iy 37 formakdehyde-PRS (v/v) fon
Ohmin at room wmperatore and pelleted by
centrifugation at 600 < g for dmin. Pellets
were washed three times with PBS, then
incabated with S0mM NHLCHor 10 nan and
rinsed again with PBS. Atter adistifed watey
wash, they were re-snspended i distilled
watter and smreared on shides, After being air-
dried, the smears were incnbated for 60 min
at 37°C withe sheep polyclonal  anti-cal-
modulin anttbody diluted 150 i PBS-19
BSAL. Afterthreerinses with 'S the second
antibody ., rabbit anti-sheep ipG-FFTC con-
jugitte was added (o the smears and were
mcubated at 37°C Tor 60 nun. This was fol-
lowed by two rinses with PBS. The smears
were  monnted  usimg glyvecrol-PBS (v/v)
pHES-O and examied under a Zeiss pho-
tomicroscope cquipped for phase-contras
and Huorescence. Photographs were tiken
on Kodak Filny 'Tn X Pan,
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Samiple preparation for clectron nucroscapy
Aliquots of the washed cell fraction pellers
were dixed dor Q0 pin with 257 alatar:
aldehyde in (1 M cacodylate butter pbl7-3,
postiixed YO min in 0177 osminm tetroxide
and pracessed Ton observation it ool FEM
2000 EX clectron nitcroscope,

Resubts
Acrosome-reacted speri head purification
The speray eids from A23R7 inducedacro-
some-reicted  spermatozoa were isolaled
with o high degree of paity: no residual
fragments of Magella were observed ander
aptical  microscope  examination  of the
samples obtained from three ditferent expert-
mients. A representative  pluse  contrast
inage s shown in Figure Bae Whenexannned
for cahmodubin immunofluorescence, the iso-
Lated spernm heads showed a positive staining
in the postacrosomal region (Fig. th). This
result indicates that in spite of the somcition
treatment d gradient separation, s
repinn ol the acrosome reacted sperm pre-
served bound catmodulin CErejo and Majica,
1990). When the st antibody was adsorbed
with calmodulin, o negative reaction was
ohserved (Fig, hd). Ultrastructurl obser-
vation of these samples showed that the
plasma membrane and acrosome were absent
from spermatozoa after the sonication (Fig.
2a) and it was corroborated that the isolated
head prepar aion was free of flagella frag-
ments (Fig. 2h). Parvified heads obtained alter
the sucrose density gradient centrifugation
preserved an electron dense materiat in the
postacrasomal region and a fuzzy substance
i the mid-anterior nuclear repton or sith-
acrosomal layer (Iig. 2b). his enve fope s
lost after treatment with 1XYT1T-CFAB, pro-
ducing a tess candensed nude nuclei (Fig,
2¢).

Calmodulin-binding proteins detection by
immunoblot

Toassess the identification of the calmaodulin
binding proteins in the different fractions
obtaned from intact and acrosome reacted
spermatozon, several internal controls were
inchaded. One of them was to prove that
calimodulin was able to bind to the nitro-
cellulose paper and that it conld be detected
cither from o pure preparation or from a

mixture of pioteins. Feme 3 oshows the
nnnmnoblot of the havine calimoduhn used
o overlay the sperm fractions (lane C) and
of the guinea piyr endogenous calmodulin
from solubilized spermatozoa (lane 1), both
of ther were detected using the sheep ant-
cabmodulin antibody and developed hy the
rablit anti-sheep 1pGolabeled with peroxa-
dase Three nepative contiols were also
included:  overlay  with tifluoroperivzinge
freated calmoduling, overlay swithont adding
cabmodubin and overtny with preadsorbed
antibody, No Tabeled bands were ohserved
when nillvoroperazine- treated  calmodutin
wars used to overfay the sperm fractions (data
not shown), in accordince with previons
peports showing that this dhag hinds to cul
medalin in o Ci? ' dependent manoer and
that it Mocks any further interaction ol cal
modutin with other targets (Klee, TO88). A
lack ol eross-reictivity hetween the speem
membrane proteins and the antibodices wis
observed, no labeled bhands appeared after
overlay without adding calmodulinwhen pre-
adsorbed antibady was crployed (data not
shown), The tdentilication of the calmodulin
binding proteins in isolicted at liver mito-
chondria using unmoditicd  calmodubin to
overlay the blotted proteins, the sheep anti-
catmodnlin polyclanal antibody, the mhlllh
eled protein A and the silver slmnmg
developing system. was ing Imiml a8 i pmmvc
control (Fig. 4). Six major Ca*'-dependent
calmodulin binding proteins, M, = 63,506, 51,
A1, 38 and 35 k1> were detected, (fane O).
which resemble the molecular weight of the
afinity  purilicd  mitochondria calmodulin
binding proteins (Gazzotti ef al., 1984 Hat-
ase ef al, 1983 Pardue er al. | 1981). Besides
these bamds, several minor proteins able (o
bind calmodulin in the presence ol calctum
were also detected (lane ). Noolabeled
bands were seen in the absence of calcinm
{lanc 1),

Calmodulin binding proteins in solubilized
membrane fractions from non capacitated
Sprm

The multiple proteins that could be resoived
by PAGE of the membranes obtained from
mtact spermatozoa by somication and solu-
bilization with SDS are shown in Figure 5C.
This haction, constitnted by the plasima
membrane ind the oater and fnner acrosomal
membranes, showed several polypeptides



Fig. I Calinodnlin localization io isolated sperm heads by indivect immuvnofinorescence,
A2IRT indneed acrosome reacted spenmatozoa were sonicated wosplit wp heads sond Bagelia
mghisolated heads were recovercd alter centrifugition on sucvose density gradients: Actosonie
reacted isolated heads were fised with 3% formaldehyde-PBS. Calmoduding was Iocalized by
indizect immunolluorescence asing @ sheep polyclonal anticalmodulin antibody and an anti-
shicep G lnheled with dlnarescein, Ge) and (o) Phase conrtrast inages. () Calmaodutin impmo
localization in isolated sperm heads showing o pale flnorescence in the paostacrosomal region
and a strapger stain i the implantition fossa. (d) Negative control The seprosenrative invage
observed when purificd heads were incubated with preadsorbedd anticalimadulin onpibady and
when a preqmimune IpGosubstinated the anticalmodulin antibody. =630,

Fig. 2. Election microscopy tmages of acrosome aviacted isolited spenn heads. Onee e
actaseme reéaction hiad ocewrred by action of the calcivm wonophore A2VERZ o cockil o
pratease inhibitar was added 1o the spernidozon suspension belore sonication, an aligust of
the sonicated spemnttozen was tived with 2590 glataraldebyde. The Beads and thagetla were
separated by centnfugation. Heads were purificd psing sliscontinaous density suo ose pragdicom
and centrifugition m 00,000 % g for Zhin at 37°C and then fised, G Acrosomeaeacted
spermatozt alter sonication owing the absence ol the plasaeme mbape sdof the acosome.
(M) Jsolated heads atter centritugation on suctose phdicent showing po copbumiboation with
Ragela fragments or with ether structual elemients, Note that they presersed thein perinuciein
aterial, fo) Nucled obtained after DVE CLAR treatment of acrosome-reacted veolided beah
Ohserve that the perinuelear tuzey envelope wos fostatter this treatment and nude noclei were
obtained . Fig. 2o > 18,000, Fig, 2b s HROM0 Fign. e« 0,000
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able to hrnd oty Eated and armodiied eal
modudin probes in the presence (B, o, Tanes
B and L) and in the absence of caleiun hines
Cand F). Biotunylated calmoduling revealed
by the avidin-peroxidase method . was hound
toseverad peptides both i the presence (lane
B) and in the absence of Ca™' (lane O,
Although the calmodulin-binding proteins
detected s both conditions showed a similary
molecabir weight, in the presence of Ca't,
the proteins with M= 110 and 66 K1 showed
astronger label compared with the 7,45, 32
and 2114 kDa bands (Fane B). This niight
be due (o differences in the level of cach
binding protem. Lven though overlay with
biotinylated calmodulin hiad been employed
to detect the Ca?'dependent calinodutin-
hinding proteins i other tissues (Billingsiey
cf al.. 1985 Pennypacker et af., 1989), ta
rile out the possibility that this chemical
modification of calmodulin would not aflow
the detection of the Ca*-dependent cal-
modulin binding proteins, unmaodified cal-
madulin was averlaid to sperm protein blots
cither in the presence or in the abscence of
calcin, The  cidmaodulin -bindiag proteins
were revealed using  the  sheep anti-cal-
madulin and anti-IgG-horseradish peroxi-
dase system. [ the presence of calcinm, (wo
major proteins showed the ability to bind
calmodulin, M, = 47 and 45 kDa and several
ninor pate bands, HO, 66, 56 and a 32 kDa
(fane 1), In the absence of caicitm, besides

these hands, <everal Tow nolecabir wereht
pephdes were also detected (lane 1) Agom,
no Ca' ' dependent ealimodulin-binding, pro-
teins were detected in the membrane fraction
obtained  Trom tact spermatozos, The
results shown were ohserved in three expert
ments.

Althongh anly  Ca’vindependent cal-
moduhin binding proteins were shown using
the two calmodulin probes, not all the saoe
proteins were detected by the two methods
and when it was the case, the label strength
for cach band was not cquivaleat. This van-
ation may he the result of difterent affinity
for unmodified and biotimyhited cabmodutin
shown by the sperm membrane proteins,
since non-specific labeling wis ruled ont hy
two internal controls: when biatinyiated cal-
modulin was onntted and anly avidin-horse
radish peroxidase was used 1o overlay the
blots, no fabeled bands were detected, amd
also when a preimmune TgG, cither from
sheep or goat, substituted  the  anti-cal-
modulin . antibody,  no  labeled  Dinds
appeared (one expeniment, datinat shown).

Calmaodulin binding proteins in membrane

vesicles released after the acrosome reaction
‘The membrane vesicles produced by the
fusion of the plasma membrane and the outer
acrosomal menthrane during the A23IR7-
induced acrosome reaction were observed
under electron microscope el no con-

Fig. 3. tmmimoblot of calmodulin, Hovine calmodulin parified from testis wnd solnbilized
ron-capacitated spermatozon simples were resolved hy SDS-1277 polyacrylnnide pel clee-
vophoresis (Lacmmti, 1970}, tansferred to nitocellulose paper as Hineke (1988) reponed
anet stained with D-1% (w/v) amido black in 1078 (v/v) acetie acid, Incubation with sheep
anticalmodulin polyclonal antihody and rabibitanti-sheep G labeled with peraxidase. allowed
the delection of calmodulin in borh saniples. The typical results observed in three experiments
are shown. (Jane A) Putiticd hovine calmodulin. (lane B) Spoimatozon proteins stained with
anido black. (lane €) Immuneblot of purified hoviee cabmodudin. (lane 1Y) Immunodeiection
of enddopenons guinea pig sperm calmodubin,

Fig. 1. Identilication of calmodalin: binding proteins in ral iver mitochondiia by overlay with
unmodificd cabmodulin, Fsolated rat liver mitochondiia were sopicated and solubilized as
spermatozon samples. Solubilized proteins were resolved by SDS-PAGE and electrotrmslened
la nitrocellulose paper. Unmodificd native bovine colmodolin was overdayed o the botred
praleing, either in the presence or in the absence of Ca®* followed by incubation with sheep
anticaltodulin antidody amd with pold fabeled-protein AL The catmodulin binding proteine
were revealed by the gobi/silver skiin system. (Lane A) Molecnkar weight standards, (taine 1)
Mitochondrial poteins staiacd with amido black . (Lane C) Calmodadin-binding, pnotcins
tetected by calmadutin overlay in the presence of Ca®Cand (e D) in the abscoce ol Ca'?
Observe that severad Ca” ' -dependent calmodubin binding proteins were detected smd o Jabeled
hands appeared when calmodulin overdiy was made in e absence of Ca'' . Hhese results were
observed in two determinations from the sime mitochondrial sample.
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famination with other sper strnctines was
detected thig 7y The membiane veswle pro-
teins resolved by SDS-clectraphorests and
statned with amido black are shown in kg 5
bane 13

Differences in cahmodualin binding pro-
teins detection using hiounyhted or unmodi-
ficd calmodulin were  observed in this
fraction, also chavactenized by the tew pep-
tides abie to bind cilmodutin in s Ca™ ' nde.
pendent and in o Ca’ inhibited manner. 1t
wis nhserved, in three different experuments,
that two major peptides M, = PO and o6 k1

HY R ASDES P

bonud biotinvhded cabimodutin e the pres
cnce of Cad (e S e By and tom peptides
M= L0070 66, and A5 kD without Ca
(Fig, 8 bne Oy Fhe presence of Ca®' i
pendent ciimodulin-bindmg proteins, M,

oo and kDo was contivmed by overfay
with unmoditicd calmodulin i the preseoce
(Fie. S lane Tyamd i the absence of Ca
(Fig. 8 lane )y dlowever no Ca’-indigbited
cabmaodulin binding. proteins were detected
with  the unmoditicd probe. Thus, o-
tinylted catmodalin affowed the detection
ol two peptides M, = THO and 97 kDaable to

Fig. 5. Silver stain protein pattern of the sperm membrane fractions. Membrane vesicles

produced by the fusion of the sperme plisma membrane and the omer acrosonial menbipg
anel releised duning the A23R? mduced derovome reaction, were recovered by centeiligalion
Al AORLBO0 < g for 60 min at 4°C, The membrane fraction oblaincd by sonication of -
capacitated spermatozoa, @ mixtie of plasma membiane and outer and inner aciosomal
membrines, was also recovered by centrifugation ap TG0 % g0 Aliggoots containing S g al
prowein from these two membrane fractions were pesodved iy SPSAWE polyacivlamide god
clectiophoresis (acmmli, 1970) and strned by the siver methold ob Morrissey (1951 Rep
resetabive pattenns ot jeast three experiments are showa, (A} Moleoniar weightUsGuntasd
(1) vesivles releined sdter the actosome teaction sl {O) membsane backion oblaimed by
sonication of pon-capacilaled speimatozo,

Fig. 6. Identivation of the calmodwin-binding proteios inthe membiane fraction obtosed
from non-capacitiated spesmatozon. NaCl-washed spermatozoa were sonicated in the presence
of & cocktuil of protease nhibitors. The membrane fraction was pelieted by centrifugation
10,000 % g for 60 o 47°C and solubilized with SDS, Proteius were sepavaied by SDS-107%-
polyvacrylimile get clectrophoresis and blotted o nitrocelutose paper. Calmoduhin binding
proteins were detected by overbay cither with biotinylated calmuodulin (anes B aud C) in the
preseace and in the abaence of Ca™ | respectively, or with unmodificd sative calinodudin {Bmes
E and Fy with jed withouwr Ca® e | respectively. thanes A and 1), mobeenlar weipht standards,

Fig 7. Blectson mictoscopy image of Bsokiled scrosome teaction vesiches. Phe manbame
vesicles reteased dming the A2ZNWRT-induced actosome waction were recnvered apd fised with
ghstzecaildehyde o examine it ueder the dlectron mictaseope. Vesicles of difberent sizes were

obscrved and no other sperm strucities were apparent. <96, W\

Fig 8 ldentilication of calmadutin-binding profeins in the vesicles releaseddtter the avrosome
reaction. The proteins trom the meabiane vesicles produced by the fusion of the plasma
membrane and the duter acrosomal membrane were tested for their ability o bind cither
hiotinglted o1 wnmoditicd bovine calmodutin, both in the presence and in the absence of
catcium . The catmodulin binding proteins shown were observed in two different experinients.
(Lames A and 1) Molecutar weight standards, Lanes Boand C show the polypeptiddes abde o
bind biatinylated calmodufin ity the presence (ine BY and in the absence ol ealeinm (ane O).
Lancs B and I oshow the polypeptides to which namodified catmadubing wis bound i the

prescace (Yane By ond in the absence of calcium {fane ©).

Fig 9 Tdestificidion of 1the calmodulin-inding proteins in the perinuclear miatertal ol
actosome-reacted isolated heads. Parilied spen heads fronn A2RT-induced acrosomie-reacied
spermatozont were treated with D VT and €TAB 1o solubitize their fuzzy perisuciear cnvelope,
An abtguol ol thie solubifized material was resolved by SDSA05E polyvacriliside goeb efee-
tfrophoreses. hlotled o mitrocestose paper and teded tor iheir abiliy o bind imnsoditierd
Cobmodin . cithor i the preseice sand o e absence of cadeimm, (1 anes 1) Moleoukn wight
standinds. (Lase ) Amido black stain of the potineclean sofubilized prowins. Lane 3 chos
the potypeptides able 10 bind cadmodutin in the presence of Ca®* and i e 4 the proteions
which bound catmodulin in the presence of EDTPAL reveated by the double amibody system

These vesubls were obnerved in three diffcrept experine ms,
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Table 1. Calmiodulin hinding proteins in spermato>oa membiane.,

Species Authoy €

Fufl (e J 123

93
Boar {H + 67 65
Human () b il
Citines pip (3) b 1o 00

LIty 37 66

(1) Nolan ef af. (1985) ¢2) Olson of al. (1985) (3) Peterson er ol {1989) (1) Aitken er al. (1988) (5)

Present work

595
340

Retanve Molecabie Weights (Kia)

Ity 10

R Ml

20 IS to 10
RRER T} 217 [
2117
3 SRS B R DL S L i
-8 iR [ [
475 RN
47 45 32 221

(+) In presence of caleiwm (-} Withowt calcium, with EGTA

interact with calmodulin in a Ca®'-inhibited
muadle,

The calmodulin-binding  proteins  with
similar molecular weight detected in both,
solubilized  plasma and  acrosomal mem-
Branes from intact non acrosome-reacted
spermitozoa and in the solubilized mem-
brane vesicles released after the acrosome
reaction, are probably the same. These are
membrane proteins, a cyloplasmic origin
seems unlikely, which preserved their capa-
bility to bind calmodulin in spite of the pro-
teolytic enzyme release during the acrosome
reaction. The calmodulin-binding proteins of
low molecular weight detected in the mem-
brane fraction from intact sperm, might
belong to the inner acrosomal membrane, to
the plasma membrane of other regions of the
sperm not involved in the acrosome reaction
or ta have lost their ability to bind calmodulin
by the action of the prateases released during
this process.

Calmodudin binding proteins in the
solubilized perinuclear material

The perinuclear material remaining in the
sperm head after the acrosome reaction
includes the nuclear membrane, the post-
acrosomal famina and the perinuclear theca.
The latter is a complex structure charac-
terized by its resistance to extraction in non-
ionic detergents but solubilized by DT
CTAB. The posterior portion of this struc-
ture shows a great morphological stability
and a complex protein complement (Longo
et al., 1987). These chavacleristics were con-

firmed under the electron micrascope exam-
imrtion of the isolated acrosome-reacted
heads (Fig. 2b) and by the electrophoretic
pattern shown by the solubilized perinuctear
nuterial (Fig. 9 lane 2). However, only twa
palypeplides  showed  the ability (o bind
winodificd calmodulin in the presence ol
Ca’ty M, =43 and 34-31 kDa (lane 3) and
three inits absence, with molecular weights
97, 43, 34-31 kDa (lave 4),

The immunolocalization of calmaodulin in
the postacrosomat region of isolated acro-
some-reacted sperm heads (Fig. 1b), which
lack plasma membrane, confirmed previous
observations (‘Trejo and Majica, 1990) and
indicated that catmodulin was firmly associ-
ated with the postacrosomal matrix elements.
It seems very likely that from this region
proceed the 34, 43 and 97 kDa calimodulin
binding peptides detected in the solubilized
perinuclear material. Althaugh the 34 and
43 kDa proteins might be similar to the pro-
teins detected tn the two membrane fractions
analyzed, the 97 kDa band may alsa have an
equivalent in those fractions, but was the
only Ca’*-inhibited calmodulin binding pro-
tein detected n this fraction. These results
were observed in three different experi-
ments,

Biscussion

It had been observed that sperm contains
three different types of calmodulin binding
proteins:  Ca’*-dependent, Ca’*-indepen-
dent and Ca?'-inhibited calmodulin-binding
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protems Clash and Neans fos? it
NMooreand Dedman 19 Obon et al 198
Noland et al.. FIS30 Autken er al . JUSK,
Lectere er al 1989, 19090 NManjunath o of.
1993). In the memborane fractions studied
i the present paper. only two classes of
cahmodulin:-binding proteins were detected:
the  Ca’-independent calmodulin-binding
proteins, which bound ealmodnlim both i
the presence and o the absence of calaum,
and the Ca*inhibited calmodubn-hinding
proteins, which bound calmoduli only in the
absence of calcium. Polvpeptides of the third
class, the Ca?t-dependent calimadubin bind-
ing proteins were not detected. This resnlt
was carefully analyzed and the experimental
conditions were re-exanmined to rale ot the
possthility of artifactust results,

Although the bhiotinylation of calmaodulin
has allowed both, the detection of calcinenrin
in the nanogram range and s activation, as
well as, the identification of the catmodulin-
binding proteins in other tissies by the over-
lay procedure (Billingstey er al. . 1985), it is
known that some chemical moditications of
calmodulin affect its ahility to interact with
one cnzyme but not wilth other enzymes
(Walsh and Stevens, 1977 Thiry eral., 1983),
therelorve, unmoditicd calmodulin was also
cmployed to avoid a possible non detection
of other catmodulin-binding proteins. Since
the nse of unmadified calmadulin to overlay
mitochandrial blotted proteins aflowed the
detection  of  Ca'-dependent  modulator
binding proteins sitar to those previously
identilied by attinity chromatography (Gaz-
zotti et al., 984 Pavdue eral., 1981 Hatase
et al., 1983), and no Ca**-independent oy
Ca® -inhibited cabmodulin-binding proteins
were detected, the overlay with this cal-
modulin probe seemedd to rule opt a possibie
faiture in the identilication of the proteins
abfe to bind catmodidin in the sperm mem-
brane fractions studied. However, the detec-
tion of calmodulin-binding  proteins by
overlay procedures depends on the renatur-
ation of a previously denaturated protein by
detergent  (SDS) (Glenney and  Weber,
1980}, it is possible that the calmodulin-bind-
ing proteins detected in the sperm membrane
ractions represent only those polypeprides
which recovered, at least partially, their
native state and are present at a level within
the sensitvity range of this method.

On the other haud, the different proteins

deteoted by the two calimodtuling probes and
the fabel streneth with the two
methods Jueserse torther disensston, Te has
been reported that five of the seven Jysine
residues are locahzed in the NEL portion of
cabmodubing some of them have been
involved i the connection of the two hialyves
of the molecule (Newtoneral,, 1984y whether
the nueber and position of hintin moiceules
covalently bound to calmodulin modify its
conformanion change in the presence of cal-
ciiuny and therefore its interaction with other
cilmodulin-binding proteins hesides
calcineurin has not been detined. Previous
studhies lavve shown thit cabmodulin containg
multiple mteractive  sites for different
cnzymes (Kuznick of al.0 1981 Newton er
al IR Klevitand Vananan, T8 Patkey
cf al. . 1986). Based on thas, cabmodulin bind.
g proteins have been classificd m theee
gronps (Niand Klee, T985), One class of
calmodulin-binding proteins, like phosphao-
diesterase and cANP-dependent protein kin-
ase, interacts with both the COOH- and NIH -
terminal portions of calmodulin, A secomd
group of proteins interiaets with the COOHR-
terminal portion but fails to recognize the
NEE-terminad hall, calcineurin is o memher
of this class of proteins. A third class of
cabodulin-binding proteins, like the cal-
modufin-stimulated protein kinase, interact
only with the COOFterminal half bat this
interaction is reversed at higgh iome strength
even in the presence of Ca*! (Niand Klee,
TIRS). Whether the calmodubin-binding pro-
teins identified in the spermy membrane frac-
tions studicd using biotinybated calmodufin
belong, as calcineurin, to the class of proteins
able o interact with the COOL-haif of cal-
modulin remains to he claritied.

The ability to buel calimodulin in the
absence of calcium that have been observed
by dhfferent authors in whaole, intact solu-
bilized spermatozona or in subcellulin trac-
tons of mammalian spenmatozoa (Table 1),
is not restricted to thiscelf type. The LI kDa
protein - of  the  intestinal  brush-border
(Gleney and Weber, [1980), liver plios-
phorytase kinase (Cohenetal,, 1978), mscle
troponin 1 (Olwin ef qfl.. 1982), brain P57
(Andieasen er af . 198 Cimier ¢f al., TURS)
and bacterial adenylite cyclase (Gireenlee er
al., 1982; Kilhoffer er afl., 1983) can interact
with calmodufin in the absence of Ca’' and
it has been postulated that these proteins

ohecrved
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iy represent an additdond chss ol proteins
that wteracts with calmodubin in o smba
manner. Therelore, the O and the 97 Kn
proteins detected in the acrosome reaction
vesicles and the 97 kDo palypeptide ident-
thicd in the pennuctear materiad of acrosome
reacted isolated heads may be considered as
a members of this aroup.

The brain Ca*'-independent calmaodulin
binding protein, P-57. which shows Ingher
affinity far calmodulin in the absence of Ca®”
(Ky = 2 M) than in ats presence, has been
suggested as o targeting protein to localize
almadulin at specifie sites within the cell o
on the inner side of the membrane throngh
interaction  with cytoskeletal components
(Cimier e al. . 1985). 1t has also been pos-
tulated that at low free calcium coneen-
trition, a significant fraction of calmodulin
will be bound to P-37 {Cimber et af | 1985).
Whether the Ca™* -independent calmodulin-
binding proteins wdentificd in the membrane
fractions from guinea pig sperm have a simi-
Lar role shoukd be clarified.

Althongh  several Tactors have  heen
wvolved in the control of sperm donikins
(Myles cral. | 1984; Gaunteral. , 1983, Cowan
et al., 1987), sperm cytoskeleton may be
involved in their nintenance. Actin has
been locahized in dilferent regions of the
sperm {Clark and Yanagimachi, 1978; Lora-
Lamia ef al., 1986; Flaherty er al., 198065
Flaherty er al., 1988 Fouguet ef al., 1989),
but the appearance of calmodulin and F-actin
in the pastacrosomal sperm region, after the
acrosome reaction had taken place (Trejo
and Mujica. 1990; Moreno-Fierros e al.,
1992), suggests that calmodulin may  be

HERNANDEZ L1 AL

imvobved iy the stracturat ovganization of this
domain, known (o he involved i the sperm-
cop membrane fusion. Fhe adequate local-
zation of proteins and receptors involved in
cpg recopnition. postulated to be present in
the postacrasomal region (Pumakolt er al..
1987), might be dependent on eytoskeletal
elements. Calmodulin has been involved in
the control of eytoskeleton through the par-
ticipation ol proteins able to bind it (Kakiucli
and Sobe, 1R, Kakiuchi, 1983), whether
the calmodulin binding proteins detected in
the solubilized perinuclear material are
clements of the eytoskeletal-membrane com-
plex was not clarified in this work,

This is the first report wdentifying the cals
modulin bhinding proteins present i the
meimbiane vesicles reteased and in the pen-
nuclkear  wmaterial  from acrosome-reacted
sperm. Whether the Ca”’-independent cal-
modulin binding proteins detected i these
fractions are responsible for calmodulin com-
partmentation, or participate i membrane
fusion and inmembrane receptar localization
in the postacrosonil 1epion enuin 1o bhe
defined.
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CONCLUSIONES Y PERSPECTIVAS

A diferencia de lo observado en c¢élulas 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 testiculo en desarrollo
se asociaron a la aparicién de nuevas generaciones (e
espermatocitos primarios, a la realizacidén de la meiosis y a la
aparicidén de las espermatides tempranas. Esta situacién plantea la
necesidad de identificar las sefales que controlan la expresion 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 proteinas blanco observado durante la Ffase
de crecimiento exponencial del testiculo, sugiere la existencia de
mecanismos que coordinan al sistema CaM-proteinas aceptoras, que
dependen de la velocidad de proliferacidn, previamente propuesta
por otros autores en células transformadas.

La migracidon de CaM en espermatocitos primarios tardios y en
espermatidas tempranas sugiere que CaM podria estar mediando
funciones semejantes en el nicleo de estos dos tipos celulares.

Con base en observaciones que demuestran que la expresidn de
algunos genes es modificada a través de la fosforilacidn de
proteinas que se asocian al DNA y de factores de transcripcidn,
realizada por la proteina cinasa II dependiente de Ca?'-CaM y la
presencia de proteinas aceptoras de CaM en las particulas de RNA
heterogéneo nuuclear (hnRNA), se ha propuesto que CaM participa en
la requlacién de la expresidén genética a dos niveles, en la sinteis
de RNAm y en su procesamiento,

Estos dos procesos tienen singqular importancia durante la
espermatogénesis. Por una parte, durante la meiogisg,
especificamente en los espermatocitos primarios que han alcanzacdo
el estadio paquiteno, se expresan genes especificos de testiculo.
E1l RNAm puede ser traducido en la proteina 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 espermatidas también pueden expresar genes
especificos del testiculo, pero sdélo en estadios tempranos de su
maduracién. La sintesis de proteinas es muy activa en los
espermatocitos primarios y en las espermatidas en fase Gogi,
capuchén y acrosomal. Sin embargo, la sintesis de RNAm y de
proteinas disminuye hasta desaparecer en las espermatidas tardias.
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Una de las preguntas mas importantes que quedan por definir es
la participacién de CaM en el control de la expresidn genética de
las células espermatogénicas. La localizacidén nuclear de CaM y la
presencia de protein-cinasas dependientes de CCa’"-CaM en los
espermatocitos primarios tardios, refuerza la posibilidad de que
las células germinales masculinas pudieran presentar mecanismos de
requlacién genética dependientes de Ca®t-CaM.

El papel de CaM en las funciones nucleares puede extenderse
a la reparacién del DNA. Se ha demostrado que la administracidén de
drogas con actividad anticalmodulina potencian los efectos de
agentes quimioterapetticos que alquilan al DNA porque bloquean la
reparacién del DNA. Las proteinas dependientes de CaM que
participan en este proceso no han sido identificadas. lLos
espermatocitos primarios presentan grandes ventajas para el estudio
de la reparacién 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 manipulacién experimental
de este proceso en los espermatocitos primarios, podria dar
informacién aplicable a otros tipos celulares, incluyendo células
cancerosas, cuya reparacidn del DNA se ha alterado.

La demostracioén de que se requieren niveles adecuados de CaM
para una segregacidén equitativa de los cromosomas en las células
hijas, plantea la interrogante del mecanismo a través del cual CaM
pudiera controlar este proceso. La separacidén de las cromitides
hermanas y la transicidn metafase II/anafase II es inducida por
Ca?*-CaM en los ovocitos de rana a través de la estimulacidn de la
actividad del sistema proteolitico responsable de la degradacidn de
la ciclina (Lorca y cols., 1991, 1993, 1994). Sin embargo, el
comportamiento cromosémico cambia durante la meiosis. En la primera
divisién meidtica se separan los cromosémas homdlogos y en la
sequnda divisidén meidtica se separan cromatidas hermanas, como
sucede en la mitosis. Si CaM participa en la separacidn del par de
cromosomas homdélogos a través del mismo mecanismo que dispara la
segregacion de cromatides hermanas, no se ha determinado.

Ademas de las funciones nucleares, el papel de CaM en el
control del citoesqueleto de las células germinales queda abierto
a investigaciones futuras. Las proteinas 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 caracterizacion para definix
su identidad y determinar su funcidn. No existen reportes en la
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literatura donde se hayan estudiado las proteinas aceptoras de
Ca**t-CaM en estas células, con los cuales se pueda comparar la
informacién obtenida en este trabajo. Por otra parte, la
identificacion de los elementos que constituyen el citoesqueleto de
las células germinales es muy limitada. Aungue se han estudiado los
tipos de actina y tubulina presentes en las células
espermatogénicas, no se han caracterizado las proteinas asociadas
a los microtibulos ni la regulacion de estos componentes con los
otros constituyentes del citoesqueleto. Ademas de la constituciodn
del flagelo, el citoesqueleto dependiente de los microtibulos sufre
cambios muy importantes durante la diferenciacidon de las
espermatidas. La polimerizacidén de los microtibulos y la formacion
de los tubos caudales durante la fase acrosomal vy su
despolimerizacién durante las etapas de maduracién de las
espermatidas, requiere de estudio para definir qué senales se
asoclian para ensamblar y desensamblar estas estructuras y el papel
de CaM en estos procesos.

La participacion de elementos asociados al citoesqueleto en la
migracién de organelos durante la espermiogénesis y la formaciodn
del espermatozoide con dominios funcionales y estructurales
especificos, requiere de un estudio muy profundo. En etapas
tempranas de la espermiogénesnis, el reticulo endoplasmico forma
una doble membrana alrededor del flagelo en formacidn y alrededor
de los tubos caudales, pero al iqual que estas estructuras,
desaparece casi por completo en estadios de maduracidén mas
avanzados. Las mitocondrias migran de la periferia celular hacia el
flagelo y forman una sola estructura que rodea la porcién proximal
del flagelo del espermatozoide. Las vesiculas membranales con
restos c¢itoplasmicos migran a lo largo del flagelo y son
desprendidos como gota citoplasmica. El sistema de transporte
intracelular encargado de estas funciones no ha sido estudiado. La
importancia de este proceso en la produccion de gametos viables
subraya la necesidad de su caracterizaciodn.

El enfoque experimental desde el cual se abordd el estudio de
la participacion de CaM en la reaccion acrosomal del espermatozoide
de mamifero, no permitié identificar aceptores especificos de CaM
dependientes de Ca’*. Se requiere definir la causa de los cambios
en la distribucidon de CaM durante la reaccidén acrosomal. La gran
movilidad que muestra, abre la pregunta de si migra asociada a una
misma proteina o si por los cambios en la concentracién de Ca®",
puede asociarse a distintas proteinas que la reconocen parcial o
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totalmente saturada de Ca®". Cambios en la concentracién libre de
Ca’" limitados a regiones especificas, pudieran alterar su
asociacién a distintas proteinas en los dominios del
espermatozoide. Los estudios donde se demuestra que el uso de
drogas antiCaM pueden inducir la reaccidn 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 proteina en forma activa para disparar
una cascada de eventos que se apoya en otras proteinas no activadas
por CaM.

El objetivo principal de esta tesis definir el papel de CaM
en las células germinales masculinas a través de la caracterizaciodn
de sus proteinas aceptoras fue parcialmente alcanzado, hace falta
definir la funcidén de las proteinas aceptoras de CaM en las células
germinales.
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