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INSTRUCCIONES PARA LOS AUTORES

INFORMACION GENERAL

Envie el original y un duplicado del manus-
crito a
Editor, Archivos de Biologia y Medicina
Experimentales
Casilla 16164, Correo 9
Santiago, CHILE

El texto deberd ser escrito a mdquina a
doble espacio en toda su extension, lo que
incluye referencias, tablas, notas al pie de
pagina y leyendas, en hojas de 21 por 27
cm (tamafio carta) con un margen de 2,5
cm por lado. El texto debe ser tan corto
como sea posible. Comience en hoja separa-
da cada uno de los siguientes items: a) Ti-
tulo del trabajo, nombre de los autores,
Institucidon en que se efectud el trabajo
(Laboratorio, Departamento, Instituto,
etc.) seguido de su direccidon postal y el
subtitulo (no mds de 60 caracteres inclu-
yendo los espacios); b) resumen; c) texto;
d) referencias; e) notas al pie de pégina;
f) leyendas de figuras (pueden agruparse en
una o mds paginas); g) cada una de las
tablas. Numere sucesivamente todas las
paginas del manuscrito, empezando por
aquella que contiene el titulo. Indique la
localizacién apropiada en el texto de tablas
y figuras mediante notas marginales.

Los manuscritos deben escribirse en co-
rrecto espafiol,evitando el uso de neologis-
mos técnicos o abreviaturas que no sean las
internacionalmente aceptadas.

La adopcion del idioma inglés, por la
mayoria de las publicaciones cientificas en
el momento actual, hace aconsejable la

recepcidon y consideracion editorial de ma-
nuscritos en ese idioma. Estas contribucio-
nes deben cefiirse estrictamente a las nor-
mas usuales y aceptadas de la gramaitica
inglesa.

ORGANIZACION DEL MANUSCRITO

Se sugiere que cada trabajo conste de las
siguientes secciones: a) Abstract, en inglés;
b) Introduccidon; c¢) Métodos;
d) Resultados; e) Discusion; f) Referencias.
En algunos casos puede ser aconsejable la
combinacién de Resultados y Discusion en
una sola seccién, especialmente si se trata
de comunicaciones breves.

1. Titulo. Es necesario que el titulo sea
informativo. No debe incluir férmulas qui-
micas ni abreviaturas. Debe tenerse en
cuenta que el titulo de un trabajo es usado
frecuentemente para la construccion de
indices de materias. Si el trabajo se presen-
ta en castellano, al titulo debe seguir su
traduccion al inglés y viceversa.

2. Autores. Puede producirse confusion
si los autores se identifican sdlo mediante el
apellido y la inicial de su nombre. Los
Archivos recomiendan seguir las instruccio-
nes de algunas comisiones internacionales
que sugieren usar el primer nombre comple-
to. Por ejemplo, use Juan Pérez en lugar de
J. Pérez. Puede ser apropiado usar ademds
la inicial del segundo nombre. Por ejemplo,
Juan C. Pérez en vez de J.C. Pérez.

3. Todo trabajo debe comenzar con un
resumen breve que presente clara y concisa-
mente el plan, procedimientos y los resulta-
dos significativos de la investigacion que se
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describe. El resumen debe ser comprensible
en si mismo sin referencia al resto del
trabajo. Debe ser entendible para el lector
no especializado y por lo tanto se evitarin
términos excesivamente técnicos y abrevia-
turas.

4. La Introduccién debe exponer el pro-
posito de la investigacion y su relacién con
otros trabajos publicados, pero no convertir-
se en una revision exhaustiva de la literatu-
ra existente.

5. La descripcion de los Métodos debe
ser breve, pero adecuada, para permitir la
repeticion del trabajo por otros investigado-
res.

6. Los rReEsuLTADOS puedén presentarse
en tablas o figuras (véase mds abajo) pero so-
lo si es estrictamente necesario. Muchos
hallazgos pueden describirse en palabras sin
necesidad de tablas o figuras. La piscusion
debe ser concisa y referirse a la interpreta-
cion de los resultados presentados.

7. Las REFERENCIAS pueden presentarse
de dos maneras alternativas: 1) Se indicarin
en el texto por un ntimero entre paréntesis
correlativo al orden de aparicion. Al final
del texto se agruparin abreviindolas segin
los siguientes ejemplos. Incluya las paginas
INICIAL Y FINAL. '

Aebi, H., Koblet, H. Wartburg, J.E., Helvet.
Physiol. Pharmacol. Acta 15: 384-392,
1957.

Jellinek, E.M. The Disease Concept of Al-
coholism. New Haven, Hillhouse Press,
1960. _

Richter, C.P. En Neuropharmacology.
Transactions of the Third Conference
(Abramson, H.A., Ed.). New York, Jo-
siah Macy Jr. Foundation, 1957, pp.
39-63.

2) Se indicarian en el texto con la men-
cion de los autores y el afio de la publica-
cién entre paréntesis, e.g. ‘... para la
medicion de proteinas (Lowry et al.,
1951).” o “de acuerdo con las indicaciones
de Miller (1959).”. Al final del texto se
agruparan por orden alfabético y, si hay
mas de una cita del mismo autor, segin la
antigiiedad de la cita. Se incluiri el titulo
completo del articulo citado. Incluya las
paginas INICIAL Yy FINAL.

Lowry, O.H., Rosebrough, N.J., Farr, A L.
y Randall, R.J. (1951) Protein measure-
ment with the Folin phenol reagent. J.
Biol. Chem. 193, 265-275.

Miller, G.L. (1959) Protein determination
for large number of samples. Anal. Chem.
31, 964.

Cite en las REFERENCIAS articulos que ha-
van sido aceptados para publicacién; el
nombre de la revista deberd ir seguido por
las palabras “en prensa” y por el afio
probable de publicacién. Incluya en el
texto entre paréntesis, o en una nota al pie
de pdgina, no en REFERENCIAS, cualquier
menciéon a ‘““manuscrito en preparacion’,
“experimentos no publicados™, “comunica-
cioén personal”. En este dltimo caso, verifi-
que la redaccion de la comunicacién perso-
nal con la persona que proporcioné la
informacién y obtenga su aprobacion para
usar su nombre en relacion a la cita. Es de
responsabilidad de los autores obtener au-
torizacion especifica de toda ‘“‘comunica-
cion personal’” como también de los ‘“Agra-
decimientos”. Se da por entendido que los
autores han enviado copia del manuscrito a
las personas mencionadas y que se ha
obtenido su aprobacién especifica; los edi-
tores pueden requerir copia de tal autoriza-
cion.

8. No pueden insertarse en el texto
resultados obtenidos después de presentar
el manuscrito. Asimismo, no se aceptaran
cambios sustanciales en las conclusiones
que se basen en nuevos resultados de los
autores o de otros investigadores. No obs-
tante, si a juicio de los editores tales
adiciones son necesarias, podrin agregarse
en una nota antes de las referencias.

9. Deberan incluirse los nombres latinos
binomiales subrayados de los organismos de
experimentacion, excepto los de los anima-
les comunes de laboratorio. No use abrevia-
turas si son mencionados en el titulo y en
el resumen. Es conveniente indicar el lugar
de obtencion de los animales. Para los
efectos de nomenclatura deberdn seguirse
las reglas establecidas en el “International
Code of Zoological Nomenclature”. Deben
incluirse también los nombres latinos bino-
miales de todas las especies de plantas y
microorganismos que se mencionen. Las
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variedades y fuentes de obtencion deben
especificarse.

Al referirse a experimentos en genética
bacteriana deberdn seguirse las recomenda-
ciones propuestas por Demerec, M., Adel-
berg, E.A., Clark, AJ. y Hartman, P.E.
(Genetics 54: 61-76, 1966).

La Sociedad de Biologia de Chile y el
Comité Editorial de Archivos hacen suyos
los principios expresados en la Declaracion
de Helsinki (1964). Los autores que descri-
ban experimentos en humanos deberdn
asegurar que su trabajo concuerda con tal
declaracion e incluir en el texto una nota
que especificamente indique que los sujetos
han expresado su consentimiento informa-
do a su participacién en el trabajo.

10. La denominaciéon de las drogas que
se mencionen se ajustard al criterio estable-
cido en Pharmacalogical Reviews.

11. Las enzimas deberdn identificarse en
su primera menciéon de acuerdo con la
Enzyme Commision de la International
Union of Biochemistry.

PREPARACION DE TABLAS

1. Las tablas se enumerarin en forma
correlativa con nimeros romanos. Cada
tabla debe tener un tftulo explicativo y
suficiente detalle experimental como para
ser comprensible sin referencia al texto. El
encabezamiento de cada columna debe
expresar claramente su contenido y la
unidad. No se incluiran datos que puedan
ser deducidos aritméticamente de otros
contenidos en ella. Si una condicién experi-
mental, por ejemplo, nimero de animales,
dosis, concentracion de un compuesto, etc.,
es la misma para todos los experimentos
presentados, proporcione esa informacion

en una nota al pie de la tabla y no en una
columna de numeros iguales en la tabla.
Para conservar espacio, no tabule repetidas
observaciones individuales y prefiera el
empleo de valores promedio y alguna medi-
da aceptable de dispersion (desviacion es-
tandar, rango), indicando el ndmero de las
observaciones individuales que contribuyen
a la estadistica. Cualquier comentario con
respecto a la significacion de las medidas
debe ir acompafiado de los valores de
probabilidad deducidos de algin anilisis
estadistico.

PREPARACION DE ILUSTRACIONES

Cada figura debe' ir acompafiada por un
titulo y una leyenda explicativa. Las leyen-

~das de varias figuras pueden escribirse en la

misma hoja. Cada leyenda debe describir el
suficiente detalle experimental como para
que la figura sea comprensible sin referen-
cia al texto. Identifique cada figura en el
margen o dorso, con los nombres de los
autores y el nimero que le corresponde.

Las ilustraciones pueden ser dibujos ori-
ginales o fotografias de muy buena calidad
en papel brillante. Cada copia del manuscri-
to debe acompafiarse de una copia de las
figuras.

Los dibujos originales deberdn prepararse
con tinta china en papel de buena calidad.
Numeros y letras deberdn dibujarse con
normoégrafo o materiales transferibles (Le-
traset o similar). El tamafio de los gréificos
y de las letras y simbolos debe calcularse de
manera que la figura pueda ser reducida a
un ancho de columna (7 cm). Letras y
numeros deberdn dibujarse de modo que
tengan al menos 1,5 mm después de la
reduccion.
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Biologia y Medicina Experimentales rinde homenaje a la memoria del profesor Dr. Osval-
do Cori Moully, maestro y formador de la mayoria de los bioquimicos del pais y destaca-
do miembro fundador de nuestra Sociedad.

Esta es una coleccién de trabajos de investigacidon en el irea de la bioquimica que han
sido realizados por muchos de sus discipulos y constituyen un modesto homenaje pero,
sin duda, el mis apropiado para quien dedicara toda una vida a la investigacion cientifi-
ca, a la formacién de jovenes investigadores y a dar impulso a proyectos y politicas para
el fortalecimiento de la estructura cientifica nacional. Sin lugar a dudas, personalidades
como la del profesor Cori son caracteristicas de los grandes hombres de ciencia.
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Introduccion

Aun tenemos Bioquimica, ciudadanos..., asi
versa la dedicatoria que Osvaldo me escri-
bid en septiembre de 1981, en un articulo
publicado en Trends in Biochemical Scien-
ces junto a Rafael Vicuiia. Esta frase es, a
mi juicio, una brevisima muestra de la
titanica labor de Osvaldo Cori por la inves-
tigacion y la ensefianza de la Bioquimica
en Chile. Esta ‘““cruzada’ que Osvaldo man-
tuvo toda su vida, la de mantener, educar
y predicar la responsabilidad de los cienti-
ficos para con la ciencia y la poblacién de
Chile, hicieron de €l un ser querido por
algunos e incomprendido por otros.

No pretendo enumerar los logros cienti-
ficos y educativos de Osvaldo, para eso
existen sus trabajos publicados. S6lo unas
palabras para quienes no lo conocieron.
Recibe el grado de médico cirujano, pero
desde muy temprano en esos estudios su
inclinacién era la investigacion cientifica.
Ingresa a la Citedra de Fisiologia donde
inicia los primeros pasos de lo que mads
tarde serd su carrera como bioquimico.
Mids de alguna vez él1 dijo: *“‘La Gltima vez
que vi un enfermo fue para mi examen de
grado”... La medicina en Chile, en esos
afios, era el camino natural para llegar a la
investigacion cientifica. El hecho de que
la medicina fuese el Gnico sendero disponi-
ble para los estudiantes con inclinaciones
por la investigacion lleva a Osvaldo a im-
pulsar lo que fue uno de sus mayores logros
como universitario: la creacién de la carrera
de Bioquimica. No es exagerado decir que
las nuevas géneraciones de bioquimicos en
Chile le deben su status a la visionaria tarea
del Dr. Cori. Los primeros adiestramientos
de bioquimicos se inician en la Facultad
de Quimica y Farmacia, Universidad de
Chile, en 1957. Los primeros graduados de
la carrera de Bioquimica en 1962 y las pos-
teriores generaciones son la semilla, junto a
la “vieja guardia de bioquimicos’, para la
creacién, al principio de la década del se-
tenta, de los primeros programas de docto-
rado en Chile. En la continua basqueda de

expandir los horizontes del bioquimico,
Osvaldo participa activamente en la educa-
cion del legislador y gobernante...; él decia:
“cada vez que hay cambio de gobierno, te-
nemos que ir a conversar con el Ministro de
Educacion y plantearle la importancia del
desarrollo cientifico en Chile”, y asi lo hizo.
Esta aparente indefinicién politica trajo
mas de algiin sinsabor a la pipa que fumaba.
En esta constante lucha por la educacion
del significado de la ciencia a la comunidad
no cientifica lleva al Dr. Cori a relacionarse
con todas las universidades chilenas, las
cuales, finalmente, cooperan a la creacidon
de la Comision Chilena de Investigacion
Cientifica y Tecnologia en 1967. Osvaldo
participa activamente y en esa época llega
a ser vicepresidente de esta organizacion.
Afios mds tarde es nombrado su presiden-
te, cargo que tuvo hasta el momento de su
fallecimiento.

Volvamos un poco al pasado, a esos afios
de Osvaldo en que sale de la Facultad de
Medicina con una ensefianza de quien fue
su tutor, y a quien jamas olvidar4, el profe-
sor Francisco Hoffmann.

Un paso decisivo en su vida profesional
fue el hacerse cargo de la Catedra de Bio-
quimica de la Facultad de Quimica y Far-
macia. Es ah{ donde termina de abandonar
la Fisiologia para imponer un tinte quimi-
co-bioquimico a su investigaciéon. En su
capacidad de profesor de esa Facultad y
activo investigador con un laboratorio ple-
torico de actividad, me asocid a su grupo
en enero de 1968. Menciono esta fecha
para poner en perspectiva los futuros co-
mentarios que haré. Me voy a referir a
Osvaldo Cori como un amigo-educador,
como un verdadero maestro, el cual me en-
sefid mucho mas alla del metabolismo inter-
mediario y las reacciones quimicas celulares.
He decidido contarles algunas anécdotas de
su laboratorio para ilustrar el grado de
amistad, comprensibn y entereza que
Osvaldo, como hombre, tenia para quienes
éramos sus discipulos. Al llegar al laborato-
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rio de Osvaldo, en el segundo piso, existia
la sala de seminario-comedor-preparacion
de clases-biblioteca-sala de café-sala de
juegos y la funcionalidad mas temida de to-
dos, sala de exdmenes finales. Osvaldo se
sentaba a la cabecera, a su mano derecha
la 0o el ayudante mds antiguo. Siempre
proximo a él estaban los maés ““viejos”. A
continuacion, los alumnos tesistas mante-
niendo la distancia adecuada. En el extre-
mo opuesto, el ultimo estudiante que tan
sOlo esperaba temporalmente haciendo una
pasantia en el laboratorio. Esta jerarquiza-
cion de los puestos permitia a los mas cer-
canos a Osvaldo una fructifera discusion
cientifica, politica, artistica. Por otro lado,
el suefio del estudiante que entraba al la-
boratorio era el ‘‘avanzar’” hasta llegar a
sentarse al lado del Dr. Cori; esto implicaba
que uno ya podria ser escuchado... Los
almuerzos asi eran siempre “presididos’
por Osvaldo. Su almuerzo consistia en for-
ma diaria de las asi famosas “‘galletas de
Osvaldo”. Tienen que haber sido de un alto
valor nutritivo. Fue curioso observar los
momentos en que ocurria la transicion,
del trato formal de “Dr. Cori” a Osvaldo.
Tal situacioén tenia lugar mas o menos al
llegar al tercio proximo a la cabecera de la

mesa. Era un paso dificil, pero era el signo
inicial que el Dr. Cori le daba al estudiante
un futuro amistoso o tormentoso en sus
relaciones.

Me hubiese gustado reproducir, final-
mente, algunas cartas que él me escribi6. La
verdad es que habria que censurar ciertos
pasajes de ellas, pues Osvaldo manejaba el
idioma castellano en toda su extensién y
propiedad, usando ocasionalmente palabras
fuera de salon,

Quisiera terminar estas palabras recogien-
do el sentir de todos quienes conocimos a
Osvaldo Cori mds alli del profesor. Para
muchos de nosotros sigue siendo lo que él
firmaba en sus cartas en vez de su nombre:
“el chufinga”. Es por eso que finalizo este
escrito diciéndole al “‘chufinga™ que su la-
bor y su comprensién como investigador
se proyectard mds alld de la generacion que
directamente tuvo la suerte de cooperar
con él. Para ti, Osvaldo, un adib6s con la
simpleza que tG comprendes de un verda-
dero amigo.

CARLOS GEORGE-NASCIMENTO
California, Enterville
USA
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Reactions in aqueous colloidal assemblies*

Reacciones en agregados coloidales en agua

CLIFFORD A. BUNTON

Departament of Chemistry, University of California,
Santa Bdrbara, California, 93106, USA

Micelles, formed by self assembly of aqueous surfactants, can bind reactants and control rates
and products of reaction. Binding to ionic micelles is governed by coulombic, dispersive
and hydrophobic interactions, and typically cationic micelles speed, and anionic micelles
inhibit, bimolecular reactions of anionic nucleophiles. The rate enhancements are due largely
to concentration of two reactants at the micellar surface, but micelles can also control rates
of spontaneous reactions. These rate effects can be analyzed by estimating reactant concen-
trations at the micellar surface. Other colloidal assemblies, such as microemulsion droplets
and synthetic vesicles, behave similarly to micelles in their effects upon chemical reactivity.
These colloidal species can also influence product-regio-and stereoselectivity in chemical

reactions.

Biological reactions occur at interfaces,
and the high rates and specificities of these
reactions has prompted a search for model
systems which mimic, at least to some
extent, the biological catalysts, The term
“Biomimetic Chemistry” has been coined
to describe this general subject, and “Mem-
brane Mimetic Chemistry” is that aspect
of the subject which is related to reactions
at interfaces between colloidal particles or
membranes and solvents (Fendler, 1982).

Many enzymic reactions take place in
hydrophobic pockets of the protein, and
one approach to the development of model
systems is to examine reactions in submi-
croscopic particles which provide a hydro-
phobic environment distinct from the
bulk solvent. Some of these materials are
of biological origin, for example cyclo-
dextrins are cyclic glucose oligomers which
have a hydrophobic cylindrical cavity
whose dimensions increase with increasing
numbers of glucose units from six to eight
(Komiyama and Bender, 1984). Appropri-
ately sized substrates can enter; and react
in, this cavity and cyclodextrins can
catalyze reactions, often with a degree
of specificity (Breslow et al., 1983; Forna-
sier et al, 1987; Menger and Ladika,
1987).

Synthetic cavitands are cyclic ethers
or amines which provide cavities which

take up solutes with a high degree of
specificity (Cram ef al, 1984; Schneider
et al, 1987). Other general classes of
biomimetic agents are assemblies of syn-
thetic or naturally occurring amphiphiles.
Anphiphiles have both polar or ionic
residues and apolar, hydrophobic, groups
(Lindman and Wennerstrom, 1980). Syn-
thetic surfactants are typical amphiphiles,
and some single chain surfactants are shown
below.

Cis Hi; N Me; Cl, cetyl (hexadecyl)
trimethylammonium  chloride, CTACI
C,s H,s N Me; Br, myristyl (tetradecyl)
trimethylammonium bromide, MyTABr
C,, H,s; OSO; Na, sodium lauryl(dodecvl)
sulfate, SDS, NaLS.

The long chain alkyl groups are generally
CioH,, or longer, and surfactants are
monomeric at low concentrations in water,
but above the so-called critical micelle
concentration, cmc, they self assemble
in water to form micelles.

The cmc in water decreases with increas-
ing length of the alkyl group and is ca.
103*M for C,¢ surfactants (Mukerjee and
Mysels, 1970). Added salts decrease the
cmc of ionic surfactants by decreasing the
coulombic repulsions between the head
groups.

Surfactants which have two hydrophobic
alkyl groups, C,4 or longer, are generally

* This article is dedicated to the memory of Dr. Osvaldo Cori, who was for many years my valued coworker and
very close friend.
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insoluble in water, but they form bilayered
vesicles on sonication or by solvent evapora-
tion (Fendler, 1982; Cuccovia et al., 1982).
Vesicles are especially interesting because
they have exterior and interior surfaces,
and can, in principle, compartmentalize
reagents (Moss and Hui, 1983; Moss and
Schreck, 1983; Moss ef al,, 1987B).

Micelles are in rapid equilibrium with
monomer, which enters the micelle at a
rate close to that of diffusion control,
and they have highly mobile structures
which depend upon the surfactant concen-
tration and the presence of ionic and
nonionic solutes (Lindman and Wen-
nerstrom, 1980; Lang and Zana, 1987).
Added solutes also enter the micelle at a
rate close to that of diffusion control.

Formation of an ionic micelle is illustrat-
ed in Scheme 1. In the presence of added
electrolyte, counterions of the electrolyte,
denoted by small closed circles, will ex-
change with the counterions of the sur-
factant, open circles, but the added coins,
denoted by open squares, will be repelled
by the micelle.

SCHEME 1
a ‘zr,\' o
° A X d

Monomeric surfactant Micelle + free and bound ions

It is relatively easy to control the rates
of reactions by the use of aqueous micelles
and considerable progress has been made
in delineating the factors responsible for
the rate effects (Romsted, 1984; Bunton,
1984; Bunton and Savelli, 1986).

The following discussion will consider
only relatively slow thermal reactions in
aqueous micelles, so that reactants in water
will be in equilibrium with those bound

to the micelle (Romsted, 1977, 1984).
Most quantitative treatments assume that
the micelle acts as a pseudophase and
provides a reaction medium distinct from
water.

The Pseudophase Model

The treatment of spontaneous reactions
is very simple if the substrate, S, is so
dilute that it does not perturb the structure
of the micelle, and its binding to the
micelle can be estimated (Sepulveda et
al., 1986).

The concentration of micellized, sur-
factant (detergent, D, ) is given by:

[Da]=[D] —cm (D

Where [D] is total concentration and that
of monomeric surfactant is the critical
micelle concentration, cmc. Reaction fol-
lows Scheme 2:

SCHEME 2

KS
S¢ + Dp &= SD,

1] !
kw Products kM

Where S,, is substrate in the water, K
is a binding constant and k’y, and k'y
are first order rate constants in aqueous
and micellar pseudophases. The observed
first order rate constant is given by:

kf = k', + K’y K, [Dy] 2)

1+ K [D;]
(Bunton, 1984; Romsted, 1984.)

It is easy to understand these micellar
rate effects, at least qualitatively. Polar
solutes, bind at, or close to, the micellar
surface, which is less polar than water
(Ramachandran et al, 1982). Therefore
aqueous micelles typically inhibit sponta-
neous deacylations and Sy reactions that
are speeded by polar, solvents, and assist
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decarboxylations and reactions that are
fastest in apolar solvents (Romsted, 1984;
Bunton and Savelli, 1986).

Eq. 2 hasto be modified for bimolecular,
nonsolvolytic, reactions whose rate depends
upon the concentration of a reagent,
e.g, a nucleophile, N, at the micellar
surface. This concentration is conveniently
expressed as a mole ratio of N to sur-
factant, so that:

Ky = ky [Nw] and (3a,b)

k’M = kM mNs
where my$ = [Ny] / [Dy] and W and M

denote aqueous and micellar pseudophases,
with N in excess over S:

ky = ky [Nyl +ky K [Nyl
1+ K, [D,]

4)

with constant [N] values of ky go through
maxima with increasing [D,, ], as predicted
by eq. 4. In favorable cases [Ny ] can be
measured experimentally, and eq. 4 fits
the data very well (Romsted, 1984 ; Bunton,
1984; Bunton and Savelli, 1986).

Eq. 4 has a simple form, but values of
ky cannot be compared directly with
those of ky, because concentrations are
expressed in different units (eq. 3a and
3b). But rate constants at the micellar
surface, k,™, M~'s-! are given by eq. 5:

k,m = ky Vi (5)
where Vy is the molar volume of the
region in which reaction takes place.

This volume could be that of the micelle,
or of a reaction region at the micellar
surface, and it probably depends upon
the surfactant and the nature of the reac-
tion. Estimates of Vy range from ap-
proximately 0-14-0-38 L (Martinek et al.,
1977; Quina and Chaimovich, 1979; Rom-
sted, 1984; Bunton and Savelli, 1986)
and I use the lower value.

Regardless of the chosen value of Vy
values of k, and ky for reactions of
organic nucleophiles generally are within
one order of magnitude, which suggests
that concentration of reactants at the
micellar surface is the main source of the
rate enhancements (Table I). We can draw
an analogy between rate enhancements
due to the binding of two reactants to a
micelle, and the high rates of intra- as
compared to inter-molecular reactions
(Kirby, 1980), which arise from bringing
reagents into close proximity (Page and
Jencks, 1971 ; Menger, 1985).

Another important conclusion is that
hydrophobicity of reactants affects reac-
tivity in micelles by changing the relative
concentrations in the aqueous and micellar
pseudophases, rather than by affecting
the second order rate constants at the
micellar surface.

The next question is that of binding
of hydrophilic counterions. In favorable
cases the concentrations at the micellar
surface can be estimated electrochemically,
or spectrophotometrically (Bunton et al,
1977; Sepulveda and Cortés, 1985; Abuin
and Lissi, 1986; Olea and Lissi, 1986).
But for some chemically interesting ions,
e.g., OH-, direct measurements are not
feasible. In addition the concept of ion

TABLE 1

Reactions of organic nucleophiles

Reaction Surfactant k [ky
CsH13C0,C¢HaNO,(4) + areneimidazolide ion CTABr ca. 10
CeH 3C0,C6H4NO, (4)  + areneimidazole CTABr ca. 10722
MeCO,CgHaNO, (4) +  PhS” CTABt 0-42°
CeH3F(NO3 (2, 9 + PhNH, CTABr 017°
CeH3F(NO, (2, 4) + PhNH, SDS 0-12°

8Martinek et al., 1977; bCuceouia etal, 1978; ®Bunton and Savelli, 1986.
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binding may have no strict physical mean-
ing, because for counterions that bind
largely coulombically concentration will
decrease gradually with increasing distance
from the micellar surface (Gunnarsson
etal, 1980).

It is not surprising that different ex-
perimental methods give different estimates
of the extent of ion binding. For example
ion-selective electrodes sense ion activities
in the aqueous media, whereas quenching
probes sense ions at or close to the micel-
lar surface. As a result electrochemical
and light scattering estimates of ion-bind-
ing may differ considerably (Sepilveda
and Cortés, 1985; Biresaw et al., 1985).

The first general treatment of micellar
effects was based on the assumption that
ions competed for the micellar surface
according to e.g. 6 (Romsted, 1984):

KN = [Nyl [Xu]/ Nyl XD (6)

where N~ and X~ are respectively reactive
and inert counterions. The second key
assumption was that, B, the fractional
coverage of the micellar surface by coun-
terions, was independent of their nature
or concentrations. (The fractional micel-
lar ionization, @ = 1 -§). It was then pos-
sible to calculate the concentration of N
at the micellar surface in terms of g and
K N. This treatment fitted a great deal
of experimental data for both reaction
rates and equilibria and in a slightly dif-
ferent form has been applied to mixtures
containing more than two competing
counterions (Quina et al., 1980).

Although this model fits a great of kinetic
data it has serious problems. First, it is
not readily applicable to mixtures of
counterions of different valence, although
it describes competition between chemical-
ly similar dianions (Lissi et al,, 1986)
and modifications of the simple model
have been discussed (Abuin et al, 1983;
Lissi et al, 1984). Second, it generally
fails for reactions of relatively concentrat-
ed counterions, and, reaction of OH-
in the water with micellar-bound substrate
has been postulated (Nome et al, 1982;

Stadler et al, 1984). Third, 8 depends
upon the counterion and is much higher
for Br~ (8~0:8) than for OH- ($=0-5)
(Athanassakis et al, 1985). The simple
model is predicted to fail if g for the
predominant counterion is very low, as
it is for OH™ (Hall, 1987). This conclusion
is consistent with evidence on reactions
in mixtures of hydrophilic anions (Broxton
and Sango, 1983).

A variant of the ion-exchange model
is based on the assumption that g is not
constant and that counterions bind to
micelles according to a Langmuir isotherm
(Bunton et al, 1981; 1983; Rodenas and
Vera, 1985) and seems to be better than
the original model in fitting rate data for
reactions in relatively concentrated OH-
(Cipiciani A., Germani R., Moffatt, J.R.
and Savelli G., unpublished results).

Coulombic contributions to ion-binding
can be calculated by solving the Poisson-
Boltzmann equation (PBE). This equation
can be solved analytically for plane surfaces,
but for micelles and similar colloids the
solution involves numerical integration and
equations based on the cell model of
solutions. (Mille and Vanderkooi, 1977;
Gunnarsson et al.,, 1980). The treatment
involves several assumptions, e.g., ions
are treated as point charges and the micel-
lar surface is assumed to be smooth and
uniform, but it can be applied successfully
to micellar effects upon ionic reactions
(Bunton and Moffatt, 1985; Rodenas and
Ortega, 1987), if a term for specific binding
is added (Bunton and Moffart, 1986,
1987).

These models share the assumption
that micelles act as a pseudophase, but
they differ in some key respects. Ion-
exchange equations are linear in concentra-
tion, whereas the PBE allows coulombic
and specific interactions to have different
dependence upon ion concentration. The
ion-exchange models assume a sharp cut-
off between the reaction regions provided
by the micelle and water, and the PBE
model does not involve this explicit assump-
tion. Despite these differences the various
models lead to similar general conclusions
about the source of micellar rate effects.
Some examples are given in Table II.
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TABLE II

Reaction of hydrophilic anions?

Reaction Surfactant
I i i}
(PhO),PO-OCgH4NO; (4) oH™® CTABr 0-15 0-2 012
o +OH P CTABr 19 3 16
NOz CTAC! 23 28 16
N02
Ph SO3 Me + C1I™° CTAC! 08 09
Ph SO3 Me + Br © CTABr 17 19

aMode,ls; I, ion exchange, II, Langmuir isotherm, III, by solution of PBE; bBunton and Moffatt (1986); CAl-Lohedan et al.

(1983); Moffatt (1987); Bunton and Moffatt (1987).

Reactions in functional micelles

Reactive groups can be incorporated into
the surfactant and its micellization generates
functional micelles which typically have
the reactive groups at their surfaces, and
often give large rate enhancements that
in favorable cases are comparable in mag-
nitude to some enzymic rate enhancements
(Kunitake and Shinkai, 1980). Typical
reactive groups include amino, hydroxyl,
thiolate, imidazole, oximate and hydro-
xamate, and they can react nucleophilical-
ly with a variety of organic substrates.

These rate enhancements are readily
understandable. The functional group
introduces a new reaction path, relative
to that in water, and it generally reacts
in its deprotonated form and -cationic
micelles should increase deprotonation.
Most importantly the concentration of the
functional group is very high at the micellar
surface, and this effect can be predicted
on the assumption that, as in nonfunctional
micelles, k,;™ ~ky. In a functional micelle
every surfactant head group carries a
reactive group which is typically a nu-
cleophile, N, and for fully micellar-bound
substrate the first order rate constant
is given by:

kp =ky=k,™/Vy (7N

because m® =1, eq. 3b, and if k" ~ky

kp ~ ky / Vi, @)

where ky is the second order rate constant
for the bimolecular reaction of the non-
micellized functional reagent in water and
on the assumption that Vy;~0-14 LM :

kp TkW 9)

Q

Deacylation, dephosphorylation and nu-
cleophilic attack upon nitrohaloarenes and
performed carbocations have been examin-
ed, and the rate enhancements fit the model
reasonably well (Fornasier and Tonellato,
1980; Bunton, 1984). These results show
how high reactant concentrations at a
surface give rate enhancements, and they
should also be important in enzymic
reactions.

It is difficult to develop a catalytic
system, because generally the functional
groups are stoichiometric reagents, and
turnover is slow. Two turnover catalysts
have recently been developed. lIodoso-
benzoate ions have the cyclic structure,
2, and acylation or phosphorylation is
rapid (Scheme 4) (Moss et al, 1983,
1986).

The first formed covalent intermediate
(3) is then rapidly decomposed and the
catalyst is regenerated.

The second system involves nucleophilic
attack by diolate ion which is in equilib-
rium with the gem-diol and the aldehyde
(Menger and Whitesell, 1985) (Scheme 5).
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SCHEME 4
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SCHEME 5
o they can discriminate between reactions
5 )p’( ov=0 of different molecularity. For example,
AMCH/ t i’ ! cationic micelles speed bimolecular E2
N o ot eliminations by OH~ from alkyl halides,
o T\L i\> 2o and inhibit spontaneous Syl reactions,
P\ and they can change the course of reaction
oH f20 ¢ f bstitution to elimination (Bunt
P Sis LA— =0 rom substitution to elimination (Bunton
o _— etal, 1974).

OH

Menger and coworkers (1987) have also
shown that cupric ion complexes of hydro-
phobic diamines are very effective dephos-
phorylating agents,

Rate effects depend upon the difference
in the free energies of initial and transition
states. The pseudophase model factors out
the free energy contribution of increased
reactant concentration and the rate constant
at the surface. An alternative approach
combines transition state theory with
solution thermodynamics to predict the
dependence of the rate constant of the over-
all reaction with concentration of the
reactive ion, and makes predictions about
micellar effects upon reactions of hydro-
philic counterions (Hall, 1987). These

two models are analogous to discussions

of enzymic catalysis in terms of substrate
binding to the active site in the proximity
of various functional groups which interact
with the substrate, or the alternative which
simply considers binding of substrate,
transition state and products (Knowles,
1987).

Effects on reaction products

Micelles, can give large rate enhancements
for many nucleophilic reactions but they
are poor enzymic models in that they
are generally very unspecific, although

Efforts to control product or regio-
specificity in a variety of reactions of the
same molecularity include halogenations
(Jaeger and Robertson, 1977; Onyivruka
et al.,, 1983; Bianchi et al, 1984), alkene
mercuration (Sutter and Sukenik, 1984),
borohydride reduction (Nikles and Su-
kenik, 1982) and oxidation (Jaeger and
Frey, 1982). Micelles can control the
direction of nucleophilic attack upon
carbocations formed by ionization of
chiral alkyl arene sulfonates or by deamina-
tion of chiral alkylamines (Moss et al,
1973; Okamoto et al, 1975; Sukenik
and Bergman, 1976).

Functional micelles derived from amino
acids give limited stereoselectivity in
deacylations of chiral esters (Bunton and
Savelli, 1986). Moss and coworkers (1987A)
have investigated this problem in great
detail, and have observed a high degree
of diastereoselectivity in deacylations, and
they have used molecular dynamics to
model the interactions of the initial and
transition states with the micelle, and
thereby rationalize the observed stereo-
chemical control. Micelles will also control
the stereochemistry of reduction of propel-
lane carbonyl derivatives by borohydride
ion (Natrajan et al., 1987).

These recent developments in micellar
control of stereochemistry illustrate the
potential of micelles and similar colloids
in the development of synthetic methods,
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and the way in which the surface of a sub-
microscopic colloid can control transition
state geometry.

ABBREVIATIONS

a: degree of fractional micellar ionization;: frac-
tional micellar coverage by counterions; f: 1—a;
cme: critical micelle concentration; [D]: stoichio-
metric concentration of surfactant (detergent);
[Dn]: concentration of micellized surfactant; KyN:
ion exchange constant for ions of the same charge;
K,: binding constant of solute based on concentra-
tion of micellized surfactant; kb: observed first-
order rate constant; ky,’: first-order rate constant
(s7!) in aqueous pseudophase; kw: second-order
rate constant (M1s™!) in aqueous. pseudophase;
ky’: first-order rate constant (s~') in micellar
pseudophase; kym: second-rate constant (s7!)
in micellar pseudophase with concentration ex-
pressed as a mole ratio; k,;™: second-order rate
constant (M-1s-1) in micellar pseudophase,
kM = ky Vum; VM- molar volume element of
reaction the micelle; my®: mole ratio of N in the
micelle; [ ]: molarity in terms of total solution
volume.
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Solvolysis of metal complexes of prenyl diphosphates.
Its role in monoterpene biosynthesis.

Solvolisis de complejos metalicos de prenil difosfatos.
Su rol en la biosintesis de monoterpenos.
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Solvolysis of [1—>H] GPP and [1—>H] NPP in sodium dodecyl sulfate is enhanced in the
presence of Mn?*, Elimination products, hydrocarbons, are favoured as compared with

those obtained in water.

In some reactions of the metabolism of terpenes, solvolysis is a competitive process.
Evidence is given that alcohols and hydrocarbons formed through a solvolytic reaction
could interfere both in the qualitative and quantitative determination of the biosynthetic

products.

INTRODUCTION

A wide variety of terpenic compounds
constituents of essential oils, are found in
the plant kingdom. Among them the major
and simpler, with the exception of isoprene
C;H;, are monoterpenes (C,o). It is
possible to find several functional groups
such as hydrocarbons C,,H;s, alcohols
C,oHisOH, aldehydes, ketones, esters,
ethers either cyclic or open chain.

The pattern of biosynthesis of these
compounds was hypothetically rationalized
on the basis of the known chemical struc-
tures and reactions well before any bio-
chemical studies were available (1). They
would arise through cyclization of nerol, or
alternatively of linalool, being the proposed
pathways, with some exceptions (2),
verified by latter work. Although it must
be considered that the amount of mono-
terpene in a plant in a determined phase of
biological cycle is genetically determined
(3, 4) and that an enzyme is involved, this
enzyme is only catalyzing a chemically
feasible reaction. Thus, «- and B-pinene
(Scheme 1) occur in almost all Pinus species
while limonene is the major compound in
Citrus limonum and Citrus sinensis (5). On
the other hand citronellal is predominant in

nE e

X=0H GOH X=0H NOH X-OH LOH X=OH TOH

X=HP,O3GPP X-HP, G2 NPP X-HP,GJLPP X:HP,05TPP

b Q

o¢ Pinene p Pinene Limonene
|
|
NS NS
™
Myrcene E Zoci
Scheme I

Eucaliptus citriodora and 1,8 cineole in
Eucaliptus globulus labilis (6).

On the basis of the first biosynthetic
experiments, neryl diphosphate, NPP, was
accepted as the more likely direct pre-
cursor for the biosynthesis of cyclic mono-
terpenoids (7-11). Chemical experiments
were in line with those results (12, 13).

Expressing adequately my admiration and affection for and my indebtedness to Osvaldo Cori I find beyond my abil-
ities. He alone can know its extent. Thanks Osvaldo.
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During the last fifteen years, however,
it has been shown that geranyl diphosphate,
GPP, is as good, or even a better sub-
strate than NPP (14-16). Isomerization
between them has been excluded (8,

17-19) and no free intermediates have

been isolated (20, 21). Conversion of
isopentenyl diphosphate, PP, into GPP,
NPP, or higher isoprenoids, is evidenced
by the presence of prenyl transferases
(22, 23). Cell free extracts from Citrus
sinensis or Pinus radiata seem to have
stereospecific prenyl transferases which
could generate these two isomers and the
corresponding C,; isomers (24, 25).

The E conformation of GPP around the
C,-C; double bond does not have the
appropriate structure for cyclization. The
formation of the cyclohexanoid ring from
an acyclic precursor requires proximity
between C;-C¢ to form the new bond.

GPP M; Complex

Scheme II

To rationalize this steric problem, a reac-
tion sequence in which the E isomer must
be transformed to a suitable intermediate
for cyclization was implied (8, 26). A new
version is in Scheme II. It must first react
with the enzyme with concomitant C-O
fission to afford an ionic species or a bound
linalyl intermediate. An enzyme bound
linalyl structure would permit rotation
around the C,-C; bond which enables
the GPP precursor to attain the appropri-
ate conformation for cyclization. Carbo-
cyclases from Citrus limonum have been
described that require bivalent metals
which would contribute to this process.
Nucleophiles such as cysteine and methio-
nine would stabilize either the ion pair
or the linalyl structure (27). LPP is ef-
ficiently converted to cyclic compounds
either in Citrus, Mentha or Salvia species
(21, 28-30).

H
o< -
)

*ENgu .
Limonene

Biosynthesis of a cyclic hydrocarbon from GPP through an ion pair or a linalyl structure.

Evidence for this stage of terpene metab-
olism comes from a study of the chemical
reactivities of GPP, NPP and of the tertiary
derivative LPP. (30-32). Some additional
properties of these compounds are here
reported. '

Experimental procedures

Tritium-labeled [1-2H] GPP, [1-*H] NPP
and [1-3H] LPP were prepared by phos-
phorylation of the corresponding labelled
prenols (33). Sodium dodecyl sulfate, SDS,
was recrystallized three times from ethanol.
The hydrolysis of the substrates in the pre-
sence of Mn?** was performed either in

water or in SDS in glass stoppered tubes in
3x10-3 M TES buffer pH 7 or 6.7 at 300,
containing the metal ion at the correspond-
ing pH. The reactions were stopped by
adding NaCl, thus disrupting the micelle
and vigorous stirring with 2 ml hexane
extracted the organic products. The pro-
duct concentration was estimated as has
been described (14, 31).

Carbocyclase was partially purified from
the flavedo of Citrus limonum and assayed
to obtain initial reaction rates for 3.5 min
at 300 in 50x10-3 M TES buffer pH 7in a
final volume of 1 ml (sp. act, 2-7 nmol/min/
mg). Hydrocarbons were separated from
prenols by absorbing the latter on silicic
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acid, and were identified by G.L.C. coupled
to a gas phase Geiger counter on Apiezon L
and BB’ - oxydipropionitrile columns (33).

RESULTS AND DISCUSSION
Chemical properties of allylic diphosphate:

Some of the significant chemical properties
of GPP, NPP and LPP are centered on their
diphosphate groups and on their allylic
character. Allylic esters hydrolyze with C-O
bond cleavage by an apparent acid-catalyz-
ed Sy mechanism (12, 13). The pKa value
of GPPH?- in 0.1 M KCl is 6.55 and pKa
values of NPP and LPP are in the same
range (30). Solutions of these esters are
markedly unstable at pH<7, the rate of
hydrolysis being pH dependent (30, 32).
The dianion is the major component at this
pH.

The tertiary allylic diphosphate, LPP, is
much more labile at neutral pH than the
primary isomers. Its rate constant, ko =
1,2x107% sec™! at 30° and pH 7, which
means that LPP is 67« hydrolyzed in
90 min.

As has been described for farnesyl
diphosphate and chrysanthemyl diphospha-
te (34, 35) bivalent cations such as Mg?**
and Mn2?* enhance the hydrolysis of these
allylic esters at pH 7 with C-O fission.
Although monometallic and bismetallic
species are formed, the actual reacting
species is the bismetallic complex RPPM,
(30-32).

From the pKa values of RPPH?" it may
be estimated that at pH 7 ca. 36% of the
esters are in the form of the dianion
RPPH2?-, which binds only weakly to the
metal ion. The trianion RPP3~ makes an
important contribution to the total binding
to form the monometallic species. Scheme
III includes the reactive species formed on
adding bivalent metal ions.

The apparent dissociation constant for
GPP-Mn,, Kdiss = 1,5x10-3 M, is lower
by two orders of magnitude than the re-
spective constants for NPP and LPP. Thus,
while GPP predominantly exists as a bis-
metallic complex, NPP and LPP exist as
mono and bismetallic species over a wide
range of metal concentration, probably due

Alcohols + Hydrocarbons

RPPHY £—— RpPP¥

Ka

JP'::;':"" ) jP‘:‘:&"

RPPHM "——K RPPM- ——— RPPM;

A /

Alcohols + Hydrocarbons

Scheme IIT

Binding of bivalent cations to differently protonated
ligand species.

to steric factors which hinder the binding
of a second metal ion (36). Considering
that an anionic surfactant effectively does
not bind negative substrates, such as RPP3~,
RPPH?~ and RPPM~ but could bind the
neutral RPPHM or the bismetallic RPPM,
the solvolysis of these species in SDS was
studied.

The dependence of the rate constant of
solvolysis of NPP on [Mn?*] in water and
in the presence of 30x10°®* M SDS is
shown in Fig. 1. In the absence of metal
ion the rate constant is the same either in
the presence of SDS or in water, but as
[Mn?*] increases, the rate constant increases

" azs
[Ma®] ¥

a0s o) 015

Fig, 1: Mn?* - cat%lyzed solvolysis of NPP in %rater 0-0
and in SDS 30x10™> M &-4; {NPP]=2.6x10~° M.
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but only reaches a limiting value in the
presence of SDS.

The metallic cation binds very strongly
to micellar SDS which will favour formation
of neutral or cationic complexes with a
prenyl diphosphate, the latter being respon-
sible for the plateau observed. Although
GPP behaves similarly to NPPin the absence
of metal, with increasing Mn** concentra-
tion saturation is reached in both water and
SDS (Fig. 2). If the micelle is only concen-
trating the components one would expect
to reach the same limiting rate constant at
high [Mn?*]. Therefore it is necessary to
explain this kinetic difference.

Table I shows the product distribution
obtained in these experiments. For GPP the
products are qualitatively and quantitatively
essentially the same in the presence and
absence of SDS but the percentage of cyclic
alcohols and hydrocarbons is greater than
from acid catalyzed solvolysis (12-13).

Nevertheless, in SDS for NPP there is a
remarkable enhancement of the cyclic
hydrocarbons limonene and terpinolene, as
compared with reaction in water. From
reported data (30) it is possible to calculate
that at pH 6.7 Kdiss NPPMn = 2.7x10°° M
and Kdiss NPPMn, = 0.9 M. So, in water
and at [Mn?*] = 0.25 M, only 28% of the
substrate is as bismetallic complex, and the

A e — B —
A/
A(/
~ &0 ,(
3 ]
" I
= |k
e
2 ol
™ /

T ™ —T

005 ors
[Mn?*] n

Fig. 2: Mn?* - catalyzed solvolysis of GPP in water O-O
and in SDS 30x10™3 M A-4; [GPP] =6x10"6 M.

rest is as monometallic complex. In water
the products are derived largely from the
monometallic species and do not differ
considerably from those obtained at acidic
or neutral pH. The products obtained in
the presence of SDS probably come largely
from the bismetallic complex which would
favour hydrocarbon formation. In the
bismetallic complex the two metal ions are,
certainly, disminishing the negative charge
of the leaving diphosphate group but, it is
possible that at the same time this group
may be protecting the cation from water
attack and assisting the elimination,

TABLE I

Solvolysis Products of Geranyl and Neryl Diphosphate*

2+

GPP - Mn* NPP - Mn
water SDS water SDS
Alcohols 96 95.2 94.6 75
*  Hydrocarbons 4 4.5 6.3 23.3
Linalool 72.5 70 16.5 14.3
Terpineol 34 3.2 65.8 62
Nerol - - 10.3 -
Geraniol 20 22 2 -
Myrcene 1.8 2.1 - -
QOcymenes 1.1 0.7 - -
Limonene 0.8 1.0 4.2 17.7
Terpinolene 0.2 0.7 2.1 5.6

* At 259, Tes 3x10™> M pH 6.7
[GPP]=11x10~® M and [Mn**]=40x10"> M.
[NPP] = 14x10~% M and [Mn?*]=25x10% M.
[SDS]=30x10" M.
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Solvolysis of LPP and its role
in the biosynthetic process

The possible intermediacy of linalyl diphos-
phate in the biosynthesis of cyclic mono-
terpenes was suggested on the basis of sea-
sonal fluctuation of linalool in Citrus spe-
cies (37). There are several reports of lina-
lool formation from mevalonic acid, or
from IPP or GPP (8, 28, 38, 39), but there
is also evidence against its participation. A
linalyl derivative is formed from [4 - % C]
IPP by enzymes from Citrus sinensis (8)
and from [1 - *C, 1 - *H] GPP by enzymes
from Mentha spicata (39). As shown above
and elsewhere (13, 36) the major product
of solvolysis of GPP in the presence of
bivalent metal ions is linalool. Thus the
observed linalool in the biosynthetic process
could have been a solvolysis product.

Together with the study of the biosyn-
thesis of cyclic hydrocarbons from LPP in a
partially purified enzyme from Citrus Ui-
monum, we studied the chemical reactivity
of LPP in the presence of Mn?* (30). LPP
increases its rate of solvolysis 6 fold at 300
in the bismetallic complex (KLPPMn, =
7.2x107% sec™!) which is the true substrate
of carbocyclase.

A serious difficulty is presented if this
reactivity of LPP is not properly consider-
ed. Fig. 3 shows the relationship between
the concentration of LPP and the rate of
hydrocarbon formation in the reaction
catalyzed by carbocyclase, and in its
absence. As the substrate concentration

increases, the enzymatic reaction rate
3
[ €
3 2
Y ~40 40 &
3% 3
=| " g »
G2 A2
[ [-3
20
g 5
i 3
& &

Fig. 3: Effect of the concentration of LPP over the rate of
LPP carbocyclase Ieaction A_Aand the rate of solvolysis
of LPP 0-0. [Mn**]=9x10% M.

reaches a typical saturation value, and the
non enzymatic reaction rate continues to
increases.

The formation of hydrocarbons at two
different points of the plot is shown in Fig.
4. At [LPP] = 0.5x10"¢ M (Fig. 4(A)), a
and B-pinene, limonene and vy-terpinene are
obtained whereas, at [LPP] = 31.8x10"¢ M
(Fig. 4(B)) there are, in addition, myrcene
and ocimenes, the latter coming from
solvolysis of LPP (Fig. 4C). Similar artefacts
could be obtained if the reaction is prolong-
ed beyond 10 min or if the enzymatic
activity is too low. It is possible that these
“unusual effects” were not perceived in the
experiments performed with enzymes from
Salvia officinalis (29).

Although the preferential incorporation
sequence LPP>GPP>NPP into some cyclic
monoterpenes in cell-free extracts is an

(A)

1000
cpm h
(8)

4000

cpm A
& et .

N
? 3}‘ | {A%ﬁ 15

E-2- .
Ocimene Limonene Terpinene

4000
cpm

A
%

ok p-

Pinene Myrcene Pinene

Fig. 4: Hydrocarbon formation from [1—3H] GPP by
carbocyclase from Citrus limonum and by non enzymatic
solvolysis at 3,5 min and 309. The upper tracings indicate
response of the radioactivity monitored by means of an
attached gas-phase Geiger counter, whereas the smooth
lower tracings indicate response to coinjected standards
detected by GLC.

(A) Carbocyclase reaction at [LPP}=0.5x107® M
(B) Carbocyclase reaction at [LPP}=30x10~° M
(C) Non enzymatic solvolysis at [LPP]=30x10'6 M
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argument for the role of LPP as a precursor,
the evidence is not conclusive. On the one
hand LPP may be a good alternative sub-
strate, and on the other, LOH that in some
occasions has been detected in . vitro, may
emerge from solvolysis of GPP and not
necessarily from LPP.

The nature of the direct precursor of the
LOH biosynthesized by some higher plants
is not known. Should GPP be the precursor
then, besides an isomerization to LPP with
subsequent hydrolysis by phosphatases
(cleavage of O-P), there may be other
explanations of its formation: attack by
water at the allylic center of GPP with
departure of the diphosphate group as in
an Sy 2’ reaction or through a cationic or
ion pair mechanism.

Abbreviations used. (See Scheme 1)

GPP  : Geranyl diphosphate C,, 22 E, &%
NPP  :Neryl diphosphate C,, 4% Z, A®
LPP  :Linalyl diphosphate C;, &' a8
RPP  :Free allylic diphosphate

RPPM :Monometallic complex of allylic

diphosphates

RPPM, : Bismetallic complex of allylic
diphosphates

GOH : Geraniol

NOH :Nerol

LOH : Linalool

TOH :a-Terpineol

SDS  :Sodium dodecyl sulfate

TES  : N-tris (hydroxymethyl) methyl-2-
aminoethane sulfonic acid.
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- Substitution and elimination reactions on phosphorylated
monoterpene precursors®

Reacciones de sustitucion y eliminacion en precursores
fosforilados de monoterpenos

M. CECILIA ROJAS and M. VICTORIA VIAL!

Laboratorio de Bioorganica, Profesor Osvaldo Cori
Departamento de Quimica, Facultad de Ciencias Universidad de Chile
Casilla 653, Santiago, Chile

Some chemical features of monoterpene diphosphates in neutral aqueous media have been
studied. Substitution by azide ion on the acyclic ester geranyl diphosphate (GPP) resulted in
the formation of a product that cochromatographs with standard geranyl azide, besides
alcohols normally detected under these conditions. Total rate was zero order on NaN3; con-
centration, consistent with an ionic mechanism in which the nucleophile attacks after the
rate-limiting step. Different ratios betwen the second order rate constant of azide and water
attack on the intermediate (k)N/kH) were obtained for GPP and GP, suggesting the participa-
tion of ion pairs.

The tertiary cyclic ester terpinyl diphosphate (TPP) was transformed into a-terpineol and a
great amount of hydrocarbons. The reaction was also zero order on NaN;. Addition of
MnSO, enhanced ten times the rate of TPP transformation, and showed saturating kinetics
which was interpreted as the formation of a TPP-Mn complex (Kd= 38 mM). This complex
seems to be TPPMn; since it is transformed into limonene by carbocyclase, an enzyme that
is known to utilyze only the bismetallic complexes of monoterpene diphosphates.

INTRODUCTION On the other hand, allylic derivatives are

reactive species with nucleophiles such as

Compounds biosynthesized from mevalonic  the double bonds characteristic of isoprenic
acid (terpenes or isoprenoids) play a wide structure (Fig. 1). Olefinic intermolecular
variety of functions in plants and animals

such as hormonal control, light uptake in “ n)-_-_-/"

. . . R - R 0w
photosynthesis or interaction of a plant >:__/—ow p— >=<
with its surroundings (1, 2). }.\ 2

Chemically speaking these molecules 'V +PPi
present some features that have encouraged
the study of their reactions, and explain b Substrates:
that the mechanims involved in terpene ""é
biosynthesis are unique within metabolism. :
Heterolytic reactions with C-0 fission and oreXa OFPK,
pyrophosphate elimination are common in ePru, e, LPP ¥y
this pathway, due to the fact that many
terpene precursors are allylic diphosphates
that may originate stable carbocations.
These are not usual intermediates in bio- @
chemistry; the participation of a cationic
intermediate has been clearly established Limenene
only for the reaction catalyzed by some Fig. 1: a) Nucleophilic substitution on allylic diphos-

glucosidases as lysozyme (3, 4). phates. b) Carbocyclase substrates and products.

* Dedicamos este trabajo a la memoria del Dr. Osvaldo Cori, como expresion de gratitud por las innumerables valiosas
experiencias que nos dio la oportunidad de vivir.
Permanent Adress: Departamento de Acuicultura, Instituto Profesional de Osorno, Osorno, Chile.
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attack on C; of an allylic diphosphate
results in isoprenic chain lenghthening
while analogous reactions with intra-
molecular double bonds form the different
sketetons of cyclic terpenes. The proposal
of ionic mechanisms for substitution reac-
tions in terpene biosynthesis seems reasona-
ble considering the chemical properties of
allylic derivatives (5, 6), and it has been
supported by the demonstration of a
mechanism of this type for the reaction
catalyzed by prenyltransferase (7). More-
over, some enzymes related to triterpene
and monoterpene metabolism, bind strongly
ammonium and sulfonium derivatives,
designed as analogs of presumptive cationic
intermediates (8, 9). Nevertheless we must
consider that the possibility of concerted
mechanisms for some reactions of terpene
metabolism cannot be excluded.

Mechanistic features common to the
biosynthesis of different terpenes, such as
the participation of ionic intermediates,
may be studied in a simple enzymic reaction
like cyclic monoterpene hydrocarbon
synthesis from neryl and geranyl diphos-
phate (NPP and GPP, Fig. 1b). The reaction
is an intramolecular nucleophilic substitu-
tion and is catalyzed by enzymes (carbocy-
clases) present in plant tissues that synthe-
size essential oils (11, 14). On the other
hand, investigation of the chemical prop-
erties of carbocyclase substrates, provide
additional information that help to under-
stand biochemical problems related to
terpenes. This point was clearly illustrated
by the demonstration of a bismetallic
GPPMn, complex as the reactive species in
the non enzymic hydrolysis of GPP in the
presence of Mn*? (10). This information
cleared the way for the understanding of
bivalent metal requirement by carbocyclase
and established that GPPMn, is the true
substrate of the enzyme (14). The participa-
tion of bismetallic complexes could be
limited to terpene biosynthesis and is
probably related to the ease of pyrophos-
phate elimiination in C-0 fission reactions
from allylic derivatives,

This report describes some evidence
about the involvement of ionic inter-
mediates in non enzymic substitution reac-
tions over monoterpene diphosphates

(GPP, TPP) as an approach to the under-
standing of carbocyclase mechanism.

MATERIALS AND METHODS
Radioactive substrates

Tritium labeled [1-*H] - GPP and GP were
synthesized as described (10, 11) and had a specific
radioactivity of 25,7 Ci-mol™!. Tritiated terpinil
dipohosphate, [3-*H] TPP (26,2 Ci-mol"!), was
prepared by phosphorylation of [3-*H] - TOH
obtained by .acid hydrolysis of tritiated neryl
phosphate esters (12).

Kinetic measurements (model reaction)

Transformation of [1 - 3H] - GPP, [1-3H] - GP
or [3 - 3H] - TPP to alcohols, hydrocarbons or
azide derivatives were followed by measuring the
liberation of hexane soluble radioactivity from the
water soluble substrates by conventional $-scintilla-
tion spectrometry (10, 13). The reactions were
carried out in 0.1 M TES-NaOH buffer at pH 7.0
and 400, Sodium azide (Merck) was added from a
stock solution at pH 7.0. Extraction controls
showed that 97% of the tritiated azide derivatives
were transferred to the hexane phase under ‘the
conditions employed.

Product analysis were carried out by radio-GLC
(11) using a 3 mtx 0,25 inch column with 3% SE-30
as liquid phase.

Enzymic reactions

Partially purified carbocyclase (specific activity
3-5 nmol-min~!-mg~') was prepared from the
flavedo of Citrus limonum (11). Incubations were
made in 0.1 M TES-NaOH buffer pH 7.0 at 300 in
the presence of [1 ~ *H] GPP or [3 - *H] TPP and
MnSQO,. Hydrocarbons were separated from prenols
in the hexane phase by adsorbing the latter on
s(;i]icic acid. Products were analyzed by radio-GLC
14).

Standard gerany! azide

Geranyl azide was synthesized and kindly supplied
by Dr. Hernan Pavez from Facultad de Ciencias
Quimicas y Farmacéuticas Universidad de Chile.
IR spectrum (between NaCl plates) showed absorp-
tions at 3.36; 3.41 and 3.5#}(IC-H); 4.75u (N3),
602 u (C=C) and 11.4u (H =C=CT). NMR
spectrum showed a contaminant that may be
attributed to linalyl azide or to alkenes (myrcene,
ocimene).

RESULTS

1. Water and azide ion substitution on
geranyl phosphate esters
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Tritiated geranyl diphosphate hydrolyzes in
TES buffer at pH 7.0 and 40° (Fig. 2a).
Figure 2b shows that when sodium azide is
added to the reaction mixture, a radioacti-
ve product that cochromatographs with
standard geranyl azide in GLC is formed.
The rate of appearence of this derivative
has a hyperbolic dependence on the con-
centration of NaNj.

Bon § b,

MM Substrate
LOH TOWH GOH &
(@
. orP
-»-..—J L....._J\M gy
b [-u] erp

j

& 8 12 16 2'0
Time (min)

Fig. 2: Radio-GLC of products formed from [1->H]
GPP. a) in 0.1M TES pH 7.0. b) equal conditions with
added 1M NaNj3. GLC conditions as described, oven
temperature 140°C. Upper tracing: detector response to
carrier monoterpenes. Lower tracing: radioactivity de-
tection by a gas phase geiger coupled to the chromato-

graph.

Total rate [rate of alcohols (ROH) plus
azide derivatives (RN;3) formation] does
not vary with N3 concentrations up to 2M
(Fig. 3), even when 75% of the products
are azide derivatives under the latter con-
ditions.

[ewng/lron]

-d‘GPP)(&) o
dt h 2
0s 1 2 P«au}m
041 . o o
[ ) ° ° L
0.24
as 1 15 2 1
[llu I,] (M)

Fig. 3: Effect of NaN3 on GPP hydrolisis. Insert: The
slope of the straight line corresponds to kn/ky © [Ha O]

Zero order kinetics on the nucleophile,
evidences a stepwise mechanism in which
the nucieophile attacks after the rate limit-
ing step, that corresponds to the ionization
of the substrate.

. kplt 0l ROH kN, k> k,
GPJ 1
k-1

kN [N3] RN, I = intermediate

The ratio between the second order rate
constants of N3 and water attack on the
intermediate (KN/KH) can be determined
from ROH and RN; concentrations:

KN [RN;][H; 0]
[ROH] [N5]

kH

A value of kN/kH of 69 was obtained for
GPP (insert Fig. 3) showing that the inter-
mediate makes little discrimination between
water and azide ion, compounds that differ
markedly in nucleophilicity (15).

The intermediate evidenced by the
unimolecular kinetics may be a free carboca-
tion or an ion pair in which the leaving
group still interacts with the organic moiety
after C-O fission. Determination of the
kn/ky ratio for a geranyl derivative
with another leaving group should throw
some light at this point. The geranyl
phosphomonoester (GP) reacts with NaNj,
to give the same azide derivative than
GPP. Likewise the reaction is zero order
on the nucleophile whereas it has a ky/
kg ratio of 9, clearly different than the
value of 69 obtained for GPP. This indicates
that different intermediates are formed
from both substrates (jon pairs) since a
single ky/kyg value would be expected
for the free geranyl cation arising from
GPP or GP.

II. Terpinyl diphosphate (TPP) as mono-
terpene hydrocarbons precursor in
enzymic and model reactions

a) Enzymic reaction

Partially purified carbocyclase from Citrus
limonum transforms the bis metallic com-
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plexes of GPP or NPP (13, 14), into li-
monene and g-pinene (Fig. 1). Neryi and
geranyl diphosphates have been isolated
and identified as normal intermediates of
terpene biosynthesis in plants (16), and the
complex NPPMg, has been proposed as
the direct precursor of monoterpenes
in vivo (13).

The same enzyme preparation catalyzes
the transformation of the cyclic diphosphate
TPP into limonene, with a specific activity
of 4 yM min~! mg~! whereas the specific
activity for limonene synthesis from
[1->H]-GPP is 0.28 uM min!'mg™!.
The interpretation of these findings is not
clear. TPP can be either a good substrate
analogue of carbocyclase or structurally
similar to a catalytic intermediate. Besides,
the possibility exists that TPP has a role
as monoterpene precursor in vivo although

it has not been detected in plants and no
proposals concerning its biosynthesis have
been made.

b) Model reaction

When [3—*H]-TPP is incubated at pH
7.0 and 409, it is transformed into a-TOH,
limonene and terpinolene (Table I). Sixty
two percent of the total products cor-
respond to hydrocarbons, in contrast
with the negligible amount of elimina-
tion products generated from the primary
allylic diphosphates (NPP and GPP). In
an aqueous media, alcohols are almost

the only products formed from primary
substrates in which substitution is not
hindered (GPP, NPP). On the other hand,
elimination competes efficiently with sub-
stitution on tertiary centers in which the

TABLE 1

Hydrolysis products and reactivities of monoterpene diphosphates?

Substrate Products (%) ks™H
LOH TOH NOH GOH Hydrocarbons
OH
OPP ‘ OH
o y/s
f OH
0 38 0 ] 62° 0,5x 1078
37 38 1,8 1,9 21 2,4x107*
OPP
74 3 0 23 0 9x1077
OPP

16 71 5 0 7 1,2x107°

a) 0.1M TES at pH 7.0 and 40°C.
b) limonene (41%) and terpinolene (21%)..
c¢) From ref. 17.

ABBREVIATIONS

GPP: Geranyl diphosphate; TES: N-[Tris (hidroxymethyl)]-2-aminoetanesulfonic acid; ROH: Monoterpene alcohols;
RNj: Monoterpene azide derivatives; GP: Geranyl phosphomonoester; TPP: Terpinyl diphosphate; NPP: Neryl diphos-
phate; LPP: Linalyl diphosphate; PPi: Inorganic pyrophosphate; RPPM,: Bismetallic complex of monoterpene diphos-

phate.
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F leaving group produces a considerable
~ steric hindrance, as is the case for the
tertiary derivative TPP.

Additionally, the great amount of hydro-
carbons provides an evidence for heterolytic
C-O fission as opposed to O-P bond cleavage
that would give rise to a«-TOH but not
to limonene and terpinolene.

The four isomeric diphosphates GPP,
NPP, TPP and linalyl diphosphate (LPP),
exhibit relative reactivities according to the
stability of their corresponding carboca-
tions. The positive charge is better stabiliz-
ed by allylic delocalization in a geranyl or
neryl cation than in the tertiary non
allylic terpinyl center. Both factors are
present in the tertiary allylic diphosphate
LPP, compound that has a rate constant
several orders of magnitude higher than
that of NPP, GPP, or TPP.

Chromatographic analysis of the products
formed form TPP in the presence of 1M
NaN; shows the appearence of a product
with a longer retention time than standard
geranyl azide (Fig. 4) which can be tenta-
tively assigned to terpinyl azide, the only
substitution product expected for this
substrate. The reaction, carried out at
constant ionic strength is zero order on
the nucleophile.

$ $$0H

T,

[3- *u]-Tep

& &8 12 16
Time (min)
Fig. 4: Products formed from [3—>H] —TPP in the pre-
sence of 1 M NaNj; (radio-GLC analysis). Upper tracing:
radioactivity, Lower tracing: carrier monoterpenes.
1 =limonene; ter = terpinolene.

IIl. Effect of Mn? on terpinyl diphos-
phate transformations

The rate of TPP transformation into

a-TOH and hydrocarbons in the model

29

reaction increases hyperbolically with ad-
ded MnSO, (Fig. 5). The saturation kinetics
can be explained as complexation of TPP
into a more reactive species whose dis-
sociation constant (K3g) can be obtained
by linearization of these data (insert
Fig. 5; K4 = 38 mM). This species probably
is the bismetallic complex TPPMn, since

GPPMn,, NPPMn, and LPPMn, have
been demonstrated to be the reactive
species in analogous reactions (13, 14,
17).
l__ | K 1
kyky "f"l"‘:"‘l [qu _‘_ /
- ¥
H T+ s
> a7 03 (it
0.021
0.014
100 200 300
Mo S0] (mM)

Fig. 5: Effect of MnSO4 on TPP transformation in TES
buffer at pH 7.0. The data fit the equation:

k1K, + kp [Mn'?]

rate

Iate (see referencel7)

{Tep] Ky + [Mr*?]

kY = observed first order rate constant.

ky = rate constant for the TPPMn complex. (k; =
107871

k, = rate constant for the TPPMn, complex. (k, =
5,7x1076s71)

K, = diss. constant for TPPMn,.

Insert: linearization of the data in the double reciprocal
plot.

The kinetic rate constant of the com-
plexed TPP species is obtained from rate
data extrapolated to high Mn*? concentra-
tions at which all the substrate is metal-
bound. A value of 5,7 x 10-%s7!, ten times
higher than the kinetic constant for the
free terpinyl diphosphate ester was obtain-
ed.

The demonstration that the reactive
species on Fig. 5 is a bismetallic complex,
can be accomplished by determining if
its Kg agrees with that of the TPP complex
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utilized by carbocyclase. This - enzyme
presents the peculiarity of recognizing as
substrates only the bismetallic complexes
of - the monoterpene diphosphates GPP,
NPP and LPP (13, 14, 17).

Enzymic rate data for the transforma-
tion of TPP into limonene are shown in
Fig. 6 as a function of Mn*? concentration.
Calculated TPPMn and TPPMn, concentra-
tions are plotted in the same figure. The
dissociation constant of 38 mM (Fig. 5)
was attributed to TPPMn, while a Kq of
40 uM was assumed for TPPMn, similar
to the Kd value of LPPMn (17). The insert
in Fig. 6 shows the rate data plotted as a
function of the calculated [TPPMn,].
Carbocyclase reaction rate correlates only
with the concentration of this species,
giving a hyperbolic curve, from which a
Km of 22 nM can be calculated. This
value is similar to the Kpy value already
reported for carbocyclase with LPPMn,
as substrate (17). Moreover the same K,
value for TPPMn, is obtained from enzymic
rate data determined at variable TPP
concentrations, supporting the proposal

o ¢ ase

g [rrrmn)in

e

E 3 =

b X

X 24 8 X

2

s s 3

; , :-Gl
v 1 E 4o

i “toos
x 2
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w

100 200 300 400
Mn SO)(mwu)
Fig. 6: MnSQ4 saturation curve for the enzymic trans-
formation of TPP into limonene. TPP = 10 uM. &—@
observed rate (left ordinate); a4 calculated [TPPMn]
(right ordinate); &—4A calculated [TPPMn;] (right or-
dinate),

that TPPMn, is the complex evidenced in
Figure 5.

DISCUSSION

Nucleophilic substitution on GPP by water
or azide ion occurs through a stepwise
mechanism in which the limiting step is
the ionization of the substrate to give an
ion pair intermediate. The positive charge
is delocalized in the allylic portion of the
ion pair since tertiary and primary alcohols
are formed (Fig. 2). There is no certainty
that geranyl azide separates from the
isomeric linalyl azide under our chromato-
graphic conditions, thus, the data present-
ed did not let us find out the position
of Ny attack on the intermediate.

The ky /ky ratio for geranyl derivatives,
show that the intermediate has very low
selectivity to reaction with different nu-
cleophiles in constrast with ky/kyg values
of about 5 x 10° described for extremely
stable free carbocations (18). The interpre-
tation of ky/ky values in ion pair mech-
anisms is difficult, since many factors
may influence both second order rate
constants, such as stability of the cationic
moiety, electrostatic repulsions and steric
hindrance.

The cyclic monoterpene diphosphate
TPP, has a structure much more ap-
propriate than GPP for limonene synthesis
in both enzymic and model reactions.

In the presence of Mn?*, TPPMn,
seems to be the reactive species for both
processes. Relative utilization of TPPMn,
and GPPMn, in the model reaction closely
parallels the ratio of Vmax obtained with
both substrates in the enzymic transforma-
tion (Table II). The E conformation of
GPPMn, does not allow the formation of
a C, - Cs bond and thus, the allylic cation
must rotate before cyclization. The energy

TABLE I
'REACTION ENZYMIC MODEL
Vmax (M min-1mg-1) k (1)
TPPMn, — limonene 4 1,68 x 1076
GPPMn, — limonene 0.28 1,7x1077
TPPMn,/GPPMn, 14 10
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barrier for this rotation has been reported
to be between 11 and 29 Kcal - mole!
(19, 20), whereas limonene synthesis from
TPPMn, is a facile reaction, that involves
only proton elimination after the ioniza-
tion step.

Finally, the great proportion of hydro-
carbons formed from TPP in the model
reaction, reflects leaving group protection
from nucleophilic attack and gives ad-
ditional evidence for the participation of
ion pairs in the hydrolytic decomposition
of monoterpene diphosphates. The findings
reported here for an aqueous media, are
not necessarily valid for enzymic reactions
in which the limiting step as well as the
mechanism can change. Thus, the role of
ionic intermediates in monoterpene biosyn-
thesis remains to be established.
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Initial stages of the oxidate-catabolism of monoterpenes
and 2-phenylethanol in Rosa damascena Cultures.

Etapas iniciales del catabolismo oxidativo de monoterpenos
y 2-feniletanol en cultivos de Rosa damascena.
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Tracer studies revealed that uptake of 2-phenylethanol, geraniol, nerol and citronellol of
their $-D-glucosides into flowerheads of Rosa damascena led to rapid metabolic turn-over
to produce water-soluble degradation products. Feeding experiments with mevalonate also
demonstrated the instability of the monoterpene pool in vivo in this tissue. Use of micro-
somal preparations from tissue cultures of the rose indicated that the initial steps in the
degradation of 2-phenylethanol involved the sequential formation of its S-glucoside and then
styrene, styrene oxide and styrene diol. Geraniol and nerol were similarly monoepoxidised
and the oxirane ring then was cleaved to give diols or triols as products. Citronellol was not
metabolised by these preparations. The effect of specific inhibitors suggested that a cyto-
chrome C-oxidoreductase linked to a terminal peroxidase was involved in the epoxidation
system and that the subsequent hydrolytic or reductive ring opening was mediated by an
enzyme with a thiol group at the active site.

A brief parallel study showed that geraniol and nerol were oxidatively metabolised by micro-
somes from pig liver by an overall similar route, although now a cytochrome P-450 system

appeared to be implicated.

INTRODUCTION

Osvaldo Cori devoted the major part of
his scientific career to the elucidation of
the complicated enzymic pathways leading
to the biosynthesis of the lower terpenoids
in higher plants; and in this field he made
numerous original theoretical and technical
advances. The companion topic of the
catabolism of these metabolites is how-
ever virtually uncharted. Shortly before his
final illness, we planned a collaboration on
such processes in the Citrus and Pinus
species that he had studied so extensively;
and we aimed to use tissue culture as our
tool. The present paper outlines some
exploratory work on related topics that
we had in hand on a Rosa species, and is
dedicated to the memory of a most dis-
tinguished biochemist, an eminent leader
of Chilean science, and a much-valued
friend.

Although it is generally appreciated that
the pools of secondary metabolites such as
monoterpenes are not static in higher

* To whom correspondence should be addressed.

plants, there is little evidence as to the
mechanisms of the turn-over of these
substances or of exogenously-supplied
compounds such as pesticides. An obvious
possible route for such compounds as
possess alkenic unsaturation is vig epoxida-
tion, followed by hydration (to form
hydroxy substituted compounds showing
considerable water-solubility) and then
glycollic cleavage to fragments capable
of being g-oxidised to still smaller water-
solubles. The required relatively or even
virtually non-specific epoxidases and
epoxide hydratases that could catalyse the
initial steps have been characterised in
many preparations from mammalian liver
(Oesch, 1982; Hernindez and Bend, 1982)
but have much less frequently been demon-
strated in plants. For the latter, most
studies have probed the degradation of
pesticides (Earl and Kennedy, 1975;
Ross et al, 1978a) but there is much
contradiction in the details and the ap-
propriate activities were not present in
all of the (sometimes closely related)
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species tested (Mehendale et al, 1972).
In addition, cell-free extracts from whole
plants and in a few cases from tissue cul-
tures have been shown to epoxidise (and
sometimes further mretabolise) ethene
(Dodds et al, 1979), propene (Beyer,
1978), and stilbene (Ross et al, 1978),
and such an oxidative pathway is implicat-
ed in the biosynthesis of inter alia cutin
(Kolattukudy and Walton, 1972). Mono-
terpene epoxides sometimes occur in the
essential oils of higher plants (c.f. Hlu-
bucket et al, 1973) but the only enzymic
studies on the formation and metabolism
of these compounds consist of investiga-
tions of extracts of certain Compositae
species (Banthorpe et al, 1977) and brief
reports of such activities in extracts of
tissue cultures of Jasminum and Rosa
species (Banthorpe and Osborne, 1984;
Banthorpe et al, 1986a). These extracts
converted geraniol and nerol (together
with linalool the generally-accepted parents
of regular monoterpenes) as well as their
Cs-precursors into mono- and sometimes
di-oxides which were then converted into
diols (via reductive cleavage of the oxirane
ring) or triols (via analogous hydrolytic
cleavage). These hydroxylated derivatives
were then broken down via unspecified
pathways to water-soluble fragments. The
levels of such oxidative-degradation systems
were seasonably dependent (Banthorpe
et al, 1983a) and their occurrence may
mediate not only the seasonal but also
the diurnal or even hourly fluctuations in
the levels of monoterpenes in vivo. Such
variations of oil content and components
are well known to commercial growers
(Guenther, 1954) although few quantitative
investigations have been reported (c.f.
Burbott & Loomis, 1967).

In the present paper, we extend our
previous work of Rosa damascena to a
preliminary study on the nature of the
initial steps and of the oxidative enzyme
systems implicated in the turn-over of the
essential oil. It may be that such pathways
of metabolism are ubiquitous in oil-produc-
ing plants: it would certainly be surprinsing
if such detailed routes were restricted to
one Rosa species chosen for study merely
because of its commercial importance!

MATERIAL AND METHODS
Biological materials: substrates

Specimens of R. damascena were grown from
cuttings provided by the Royal Botanic Gardens,
Kew. Callus cultures from stem explants were
initiated and propagated by conventional methods
(passage time 7-8 weeks) on M and S medium at
270C under natural illumination (max. ca. 400
lux) in a South-facing aspect. Full details of the
growth patterns and morphology of similar callus
lines have been published (Banthorpe et al.,
1986a, 1987). The callus line used in the present
work was stable as regards morphology, ploidy
and examined biochemical properties over the
period of the experiments (ca. 2 yrs). Pig liver
was obtained (within 3 hr. of slaughter) from an
abbatoir.

[2—-14C]-Labelled geraniol, nerol and citronel-
lol (all 4-9mCi mmole~!) were prepared by stan-
dard methods (Banthorpe et al., 1983b). 2-Phenyl-
ethanol (0.1 mCi mmole!) was extracted from
the petals of a potted Rose specimen that had
been exposed to ['*C]-CO, (8 mCi; 3% CO,
in air) in a growth chamber for 3 months. P-
Glucosides of these alcohols were prepared (yields
5-20%) by the Koenig-Knorr method, and 2-
phenylethyl pyrophosphate was obtained (23%)
by a method adapted for the preparation of
terpenyl pyrophosphates (Banthorpe et al., 1983c¢).
All the possible epoxides and hydroxylated
products had been prepared for use as standards,
and their chromatographic and spectroscopic
parameters have been documented (Barrow,
1978; Osborne, 1979).

Turnover in vivo

Samples of the metabolites (0,1 g; 1 uCi) were
emulsified (Triton X-100 or Lulvol) in MES-HCl
buffer (0.2 cm3; pH 7.0; 0.1M) and taken up
into flowerheads under forced transpiration by
the inverted tube technique. After the appropriate
metabolism time, the petals were extracted
(hexane; 2 x 10 cm3®) and the extracts were
separated on TLC (SiGel H) with hexane: ethyl
acetate (1:1 v/v) and assayed for radioactivity.

Cell free extracts

Extracts from plants were prepared by a recipe
developed for the Compositae (Banthorpe et al.,
1977). Aliquots (5 cm3) were incubated at 270C
(2 hr; to plateau region) with the appropriate sub-
strates (0.4 mg; 1 uCi) that were emulsified (2%
Triton X-100, or lubrol) in MES-HCl (1 cm?3®)
at pH 7.2. The NADPH-generating system (when
used) involved addition of NADP (2 umole),
glucose-6-phosphate (20 umole) and glucose-6-
phosphate dehydrogenase (1 unit). Fractionation
using Sephadex G-100 followed a previous proce-
dure (Earl & Kennedy, 1975), as did the micro-
somal preparation from pig liver (Maynert et al.,
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1970). Each aliquot of the latter (5 em?®) was
supplemented with geraniol or nerol (1.5 mg;
1 uCi) in ethanol or dimethyl suphoxide (0.1
cm3) and after addition of the various co-factors
or inhibitors, the contents of each tube were
made up (to 10 cm3) with phosphate buffer
(pH 7.4; 0.1M) and incubated for 1 hr at 370C,

After incubation the water-soluble products
were extracted by previously worked-out tech-
niques (c.f. Banthorpe et al.,, 1977) and separated
and assayed by TLC on SiGel Hgp using (a) ether
and (b) hexane-ethyl acetate as eluants. In ad-
dition, identification and quantification was
sometimes made by GC on FFAP (10%; 5 m x
0.5 cm) or Carbowax 20 M (20%; 3 m x 0.5 cm)
at 140-1600 (programmed). The products from
the high-yielding extracts (from liver) were
routinely identified by GC-MS using authentic
compounds as standards. Fractions were tested
for chemical and radiochemical purity (& 98%
capillary GC on Carbowax 20 M; 50 m x 0.02 mm;
800C; 27 radioactive scanning) and assayed by
LSC using Butyl-PBD (0.8% in toluene) as
scintillant, 4 x 104 Disintegrations were accumulat-
ed so that 20 was * 1%,

RESULTS AND DISCUSSION

Our experimental material was Rosa da-
mascena Mill. cv. trigintipetala Dieck.
(damask rose), the source of the most
expensive rose oils of commerce, e.g.
attar of roses. The solvent-extractable
oil (0.3% wt/wer wt.) from the flower-
heads comprised 2-phenylethanol (65%)
citronellol (25%), geraniol (7%) and nerol
(3%) together with traces of 2(E), 6(E) -
farnesol. A further quantity of the alcohols
were bonded as the g-D-glucosides, mainly
(> 90%) as the 2-phenylethanol derivative
(Banthorpe et al,, 1987).

Turnover of oil components in vivo

Stem-feeding under forced transpiration of
emulsions of '*C-labelled 2-phenylethanol,
geraniol, nerol or citronello! or of aqueous
solutions of their g-D-glucosides to flower-
heads in different states of development,
and extraction after 1 to 24 hours metab-
olism periods gave erratic results. Up to
30% of the applied tracer was located
in non-terpenoid water-solubles, but no
epoxidised or hydroxylated monoterpenes
could be detected. Feeding of [C]-
mevalonate to flower buds at the state of
initial splitting of the calyx led to rapid
synthesis of monoterpenes and the pas-
sage of tracer into water solubles and
evolved CO, in a more reproducible man-
ner (Table I). The profiles closely resembl-
ed those in the only previous relevant
study carried out on buds of Rosa dilecta
(Francis and Allcock, 1969, Francis and
O’Connell, 1969). It was checked that
negligible amounts of monoterpenes were
lost from the flowerheads by volatilisation.
Stem-feeding of [!*C}]-phenylalanine gave a
similar time-profile with a maximum (ca.
6%) of incorporation of tracer at 10 hr,
and passage of considerable amounts
(ca. 4%) of applied tracer into water-
solubles (excluding the substrate amino
acid) and CQ, at this time. These incorpora-
tion patterns may mirror the operation
of salvage mechanisms that remove the
unphysiologically-large quantities of
exogenously-supplied metabolites which
flood the storage sites and could prove

TABLE 1

Formation of monoterpenes in flowerheads of R. damascena stem-fed with [2-14C]-mevalonate

% Incorporation(b)

Time, hr.(@)

Geraniol Nerol

Citronellol Water-solubles(¢) CO,

S
19
25
12

6

3

DO WN
-—y W

1
1

bMWD
[T - N S S
N B WO

—

(a) Time = 0 when aliquot was completely absorbed (time of uptake ~ 5 mins.).

(b) % incorporation of 3R-mevalonate. Monoterpenes were assayed as combined (free + glucosides). Standard errors
+20% recorded values.

(c) Extraction, see Experimental.
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toxic unless eliminated. They clearly are
consistent with the occurrence in vivo
of the enzyme systems mentioned in the
Introduction that mediate rapid turnover
of the components of the essential oil.

Turnover of oil components in vitro

Attempts to establish suitably active cell-
free extracts from petals of flowerheads
capable of sustaining thepresumed oxidative
processes revealed in the previous sub-
section failed, and consequently we in-
vestigated callus tissue cultures as a pro-
spective source of the enzyme systems.
We have previously shown that the enzymes
responsible for the formation of inter alia
geraniol, nerol and farnesol can be extract-
ed from callus of Rosa an other species
with levels of activity up to 400-fold those
in extracts from the parent plants (Ban-
thorpe et al, 1986a, b). This is probably
not the consequence of intrinsically higher
enzyme levels in the callus, but is due to
the less robust cell walls and lower levels
of phenolics (which complex with and
deactivate proteins) in the latter making
the extraction procedures less destructive.
The metabolic capabilities of extracts
(the S, supernatant) form a callus line
(that accumulated neither monoterpenes
nor 2-phenylethanol) towards the latter
substrate and some possible alternative
substrates are shown in Table II. The callus
culture had been maintained for 5 to 7
passages under strictly defined conditions
before harvesting (see Materials and Meth-

ods). Although the conversions recorded
are low (see later) and no fragmentation
or degradation to water-solubles could
be detected (despite addition of a variety
of possible cofactors and metal ions) the
pattern is significant. All the enzymic

- machinery was demonstrated to be present

whereby 2-phenyl ethanol is dehydrated
via formation of its g -D-glucoside, and then
the resulting styrene epoxidised and the
product hydrated (Scheme 1). 2-Phenyl-
ethanol- g-D-glucoside was detected in the
flowerheads, and control experiments
demonstrated that extracts of callus could
be obtained that could sustain its forma-
tion in adequate (ca. 8%) conversion from
2-phenylethyl pyrophosphate and UDP-
glucose. The breakdown of 2-phenyl-
ethyl- g-D-glucoside (I; Scheme 1) to form
styrene is unusual: g-D-glucosides usually
cleave with sugar-oxygen fission, but the
alternative  breakage found here is
presumably favoured by the presence of
the phenylethyl group which can readily
lose a proton concommitant with forma-
tion of the incipient carbocation to yield
the alkene in one E2-like step. The only
other known example of alkyl-oxygen
fission in glycosides appears to be that
of t-butyl- g-D-glucoside (Armour et al,
1961): here the incipient carbocation is
directly stabilised by the alkyl group.
The occurrence and extension of the path-
way of Scheme 1 in vivo could account
for the formation of benzaldehyde and
benzyl alcohol that have been recorded
in several rose oils (Guenther, 1954;

TABLE 2

Oxidative modification of 2-phenylethyl derivatives by cell-free extracts from callus of R. damascena

% Conversions(b)

Substrate(a)
Styrene Styrene oxide Styrene-1,2-diol Water-solubles
[14C]-2-phenylethanol 0 0 0 0
[34C}-2-pheylethyl-§-glucoside 5 2 2 0
Styrene - 2 1 0
Styrene oxide - - 3 0
- - 0

Styrene-1,2-diol -

(a) Substrates solublised with Triton X-100 (1 cm?® of 5% solution for § cm3 incubation aliquot: see methods) or

added in solution in dimethyl sulphoxide (20% v/v).

(b) Standard error ca. £ 50% of recorded value; 0 signifies < 0.01% if any incorporation; — signifies assay inapplicable.
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ethanol- g-D-glucoside was detected in the
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styrene is unusual: g-D-glucosides usually
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the alkene in one E2-like step. The only
other known example of alkyl-oxygen
fission in glycosides appears to be that
of t-butyl- g-D-glucoside (Armour et al,
1961): here the incipient carbocation is
directly stabilised by the alkyl group.
The occurrence and extension of the path-
way of Scheme 1 in vivo could account
for the formation of benzaldehyde and
benzyl alcohol that have been recorded
in several rose oils (Guenther, 1954;

TABLE 2

Oxidative modification of 2-phenylethyl derivatives by cell-free extracts from callus of R. damascena

% Conversions(b)

Substrate(@)

Styrene Styrene oxide Styrene-1,2-diol Water-solubles
[14C]-2-phenylethanol 0 0 0 0
[14C}2-pheylethyl-B-glucoside 5 2 2 0
Styrene - 2 1 0
Styrene oxide - - 3 0
Styrene-1,2-diol - - - 0

(a) Substrates solublised with Triton X-100 (1 cm3 of 5% solution for 5 cm3 incubation aliquot: see methods) or

added in solution in dimethy! sulphoxide (20% v/v).

(b) Standard error ca. £ 50% of recorded value; O signifies << 0.01% if any incorporation; — signifies assay inapplicable.
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CH,OH

PhCH,CH,O0H — PhCH2CH2-%~O O —= PhCH=CH,
HO
H OH
OH

Bugorskii et al,, 1978), although the latter
compound could also directly result from
g-oxidation of phenylpyruvic acid.

Unlike 2-phenylethanol, the mono-
terpene components of rose oil possess
unsaturated sites susceptible to facile
oxidative degradation and so may suffer
such processes without preliminary de-
rivatisation and modification. In the
event, all of our further studies utilised
these substrates. The crude cell-free extract
(S¢) that was active towards 2-phenyl-
ethanol also exhibited epoxidase and
epoxide hydratase activities towards
geraniol and nerol to form the 2,3-oxides
and diols and triols (Scheme 2; shown for
geraniol) but no other products. A more
detailed study showed that most (> 90%)
of the total activity resided in the micro-
somes (pellet; 105 x g: 2 hr) although the
balance was widespread across the lower
sedimenting and supernatant fractions
(owing to solubilisation with much deactiva-
tion during preparation?). A more efficient
final preparation could be achieved if the
crude homogenate was treated to remove
polyphenolics and low molecular mass
inhibitors by rapid anaerobic (under N,)
gel filtration through Sephadex G-100:
this is a technique previously applied to

SCHEME 2

, o
OH OH

(1)

PhCH—CH, ~<—— PhCH—CH,
Lo \/
OH OH o]

the extraction of aldrin epoxidase (Earl.
and Kennedy, 1975). On this column
the microsomal fraction containing the
oxidation-hydration activities was com-
pletely excluded and the eluate could
then be centrifuged to give the high-speed
pellet which could be resuspended for
enzyme assay. Such a procedure increased
the measured epoxidase-epoxide hydratase
activities by up to 8-fold compared with
when the pellet was obtained from the
crude homogenate. Unfortunately, it was
not checked whether a similar procedure
would have enhanced the similar enzyme
activities towards 2-phenylethyl- g-
glucoside, although the presumption is that
it would for the steps involving the micro-
somal enzymes (The glucoside formation
and elimination steps are probably mediat-
ed by soluble enzymes).

The results of the use of the ‘improved’
cell-free extract towards geraniol as sub-
strate are in Table III: very similar values
were obtained for nerol, although it is
noteworthy that citronellol (no AZ2:3-
bond) was uneffected by these systems.
The g-glucosides of geraniol and nerol were
also not accepted as substrates. Despite
the amelioration produced by the gel
filtration, the percentage conversions are

OH
OH
()

OH

OH

(111)
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TABLE 3

Oxidative modification of [!4C}-geraniol by cell-free extracts from callus of R. damascena

% Conversions(¢)

Conditions @) Recovery(b)

Epoxide Diol Triol
Standard = RP + NADPH (ImM)(d) 90 2.4 1.0 1.3
RP (—-NADPH) . 96 0 ] 0
Standard (-0, + N3) 99 0.2 0 0
Standard + Cu** (2mM) 98 0 0 0
Standard + Iodoacetamide (1mM) 94 2.8 0 0
Standard + SKF-525A (1mM)(®) ‘ 92 3.2 0 0
Standard + SKF-3301A (1mM)(D 93 3.5 0 0
Standard + Cytochrome C (0.1mM) 90 0.3 0.1 0
Standard + XCN (ImM) 93 0.1 0 0
Standard, Boiled Control 97 0 0 0

(a) For preparation of extracts and incubation conditions, see Methods.

(b) Recovery (%) of unreacted substrate (£ 5% of recorded value).

(c) Conversions into products in Scheme 2 (s.e. £30% of recorded values).

(d) RP =resuspended pellet (105 x g, 2 hr). Use of a NADPH - generating system gave essentially the same results.
(e) B-Diethylaminoethyldiphenylpropylacetate hydrochloride.

(f) 2,2-Diphenyl--(8-dimethylaminoethoxy)pentane hydrochloride.

very low compared with the analogous
reactions catalysed by liver extracts (next
section): it is known that the endoplasmic
reticulum of certain parenchyma cells are
rapidly desintegrated on sectioning where-
upon solubilisation of the microsomal
components occurs, and it is likely that
only a small proportion of the oxidate
apparatus of plant cells is retained after
the homogenisation and separation
procedures (c.f. Earl and Kennedy, 1975).

Salient features of Table III are: (a)
the requirement for NADPH and O,;
(b) the strict inhibition by Cu'™; (c) the
powerful inhibition by KCN which suggests
the implication of a terminal peroxidase;
(d) the effect of cytochrome C (see later)
and (e) the non-effect of the SKF drugs
and iodoacetamide on epoxidation, but
their inhibition of subsequent oxirane
cleavage. SKF-525A, in particular, is known
to effect epoxidation mediated by cyto-
chrome P-450 systems, and all three
reagents are known to inhibit enzymes
with thiol groups at the active site (see
later). There is no evidence that these ad-
ditives ?7??? acting as competitive in-
hibitors of the epoxidases. Other findings
not recorded in Table III are: (f) addition
of NAD*, NADP*, or NADH (0.1 to 1 mM)
to the NADPH-free system elicited no

activity; (g) addition to the standard
preparation of known inhibitors of liver
epoxide hydratase such as octen-1,2-
oxide, 3,3,3-trichloropropen-1,2-oxide,
stilbene oxide or metyrapone (all 0.1
to 5 mM) was ineffective; (h) addition of
FAD and FMN (0.1 to 1 mM) was inef-
fective; and (i) chelating and solubilising
agents such as deoxycholate (1 mM),
Triton X-100 (0.05%) and phenanthroline
(1 mM) that are known to damage cyto-
chrome P-450- dependent systems had
no effect.

Observations (a), (¢) and (d) closely
resembled those obtained for aldrin
epoxidase from pea roots from which it
has been argued (Earl and Kennedy, 1975)
that the epoxidation involved a NADPH-
cytochrome C oxidoreductase bonded to
peroxidase that acts as the terminal oxidase.
Also liked the previous workers, we detect-
ed appreciable levels of soluble peroxidase
in the various homogenates obtained after
differential centrifugation, and these activ-
ities may represent disintegrated and
solublised parts of the complex. We found
no evidence (see (e), (i)) for the implica-
tion of cytochrome P-450 and none for the
formation of hydroxylation products
mediated by cytochrome P-450, such as
the 10-hydroxy geraniol formed in cell-
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free extracts of Vinca rosea (Madyastha
et al, 1976). This last compound is
involved in the biosynthesis of iridoids
and terpene alkaloids, and the oxidation
system may well only occur in the relatively
few genera of plants that produce such
compounds.

Metabolism of geraniol by pig
liver preparations

Mammalian liver is a known site for me-
tabolism of pesticides and other xeno-
biotic compounds, and the sequence:
| alkene - epoxide —~ cis-diol: has been
. established for a variety of classes of sub-
. strates and detailed studies have been
E carried

out on the monoxygenases
. Involved, e.g. hepatic epoxidase (E.C.
1. 14, 1. 1), and on hepatic epoxide
. hydratase (E. C. 4. 2. 1. 63). These

| epoxidases are known to be cytochrome
. P-450 dependent (Oesch, 1982; Herndndez
' and Bend, 1982). Recently, liver prepara-
f tions have been reported to epoxidase
i and diepoxidase isoprene (Del Monte and
. Citti; 1985) and to hydroxylate geraniol
¢ and nerol at C-10 (Licht and Coscia,
 1978). We here outline a brief study of
the metabolism of geraniol by a fraction
¢ from pig liver for comparison with the
£ plant enzyme preparation.

Table 4 records the effect of variation
of incubation conditions utilising a S,
supernatant prepared by a standard recipe
(see Methods). This fraction gave es-
sentially the same results as when a
resuspended high-speed pellet (105 x g:
2 hr) of the microsomes was used, and no
advantage was found in using the anaerobic
filtration technique that was so efficacious
for the plant systems: presumably phenolic-
type inhibitors were not now present.
Unlike the situation for the plant enzymes,
now both the 2,3- and the 6,7- oxides.
together with some dioxide accompanied
by the plethora of derived diols, triols
and oligo-ols were found. But again there
was no detectable cleavage to water solubles
or other fission fragments. In the product
assay (Table IV) the mono-oxides were
individually characterised and determined
but the total of the hydroxy- compounds
is listed, although the product and isomer
ratios were in fact elucidated with the aid
of GC-MS and TLC and of authentic
samples of all the putative products.
Typically, the triols formed by cleavage
of the 2,3- or 6,7- geraniol oxides were the
predominant (ca. 90%) fractions of the
total hydroxy compounds.

A salient difference between the liver
and plant systems is the effect of the added
epoxides and metyrapone as inhibitors
of the epoxide hydratase (which allows

TABLE 4

Oxidative modification of [14C]-geraniol by cells-free extracts of pig liver()

% Conversions

Conditions

2,3-oxide 6,7-oxide Dioxidle  OH compounds(®)

}  Standard = S fraction ] 0 0 10
¢+ NADPH (1mM) 0 0 0 40
.+ NADPH gen, system. trace 0 0 60
: (~0,,+Nj) trace trace trace trace
i +octen-1,2-oxide (0.1mM) 10 18 3 10
i +octen-1,2-oxide (ImM) 12 19 6 0
L +3,3,3-trichloropropen-1-oxide (1mM) 10 15 3 0
| +metyrapone (1lmM) 13 20 1 0
.+ p-chloromercuribenzoate (0.1mM) 10 15 1 0

#+ N-ethylmaleimide (0.1mM) 8 10 2 0
. +iodoacetamide (1ImM) 21 10 1 0
¢ Boiled control (std.) 0 0 0 0

; @) Most headings refer to the legends to Table 3.

() For composition, see text. Total recoveries (products + unreacted substrate) were 88-96%.
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the epoxides to be identified as the pre-
cursors of the hydroxy compounds in the
liver system). This inhibition is charac-
teristic of the liver oxidation-degradation
systems dependent on cytochrome P-450
that have been previously characterised.
In addition, the detergent additives that
did not affect the plant enzyme systems
very much often reduced (to 10-50%)
the activities of the liver systems. Such
damage is characteristic of cytochrome
P-450-mediated systems (Gunsalus et al,
1975). However, Lubrol was one solubliser
that did not appreciably affect the activity
of the liver systems, and so this could be
used to emulsify additives (as an alternative
to the use of dimethyl sulphoxide -or
ethanol as a solvent for such putative
substrates).

General

The main conclusions from this work
are: (a) that the type of enzymes involved
in the initial steps of oxidative degradation
of endogenous monoterpenes (and perhaps
of other terpenoids) in the Rosa species
have been identified; and (b) that these
enzymes are quite different from the
corresponding systems in liver in not
being dependent on cytochrome P-450.
This is not unexpected as the latter path-
way is rare in higher plants.

The epoxide hydratases from both plant
and liver show all the characteristics, with
regard to their susceptibility towards
inhibitors, of enzymes with a thiol group
at the active site. No cofactor requirements
nor metal requirements save that of Mg**
have been found for this enzyme system
(unpublished observations) and if the
product from the Rosa preparations result-
ed from cis additon [as has been shown
for appropriate substrates in liver systems
(Oesch, 1982), and for the epoxide hydra
tase from Fusarium species (Kolattu-
kudy and Brown, 1975)] then a mechanism
involving double inversion in the ring-
opening process, such as in Scheme 3 may
occur,

Our in vivo studies indicated that ex-
ogenously-supplied or endogenously-form-
ed monoterpenes were rapidly turned-

over to give water solubles. These products
have not been isolated in our in vitro
systems which concentrated on the micro-
somal membrane-bonded enzymes involved
with the initial water-insoluble substrates,
We are currently investigating the later
stages of the pathway. Here water-soluble
substrates (triols, etc.) would be expected
to be accepted by enzymes from the
supernatant fractions of the processed
homogenate, and the reactions would be
anticipated to be dependent on specific
metal cofactors if the cleavage occurred
as in Scheme 4, analogous to that promot-
ed in cis-1,2-diols by lead tetracetate,
potassium permanganate, or osmium tetro-
xide. We are also studying the cleavage
of the aromatic ring of 2-phenylethanol:
this may be mediated by dioxygenases as
is the degradation of catechol by extracts
of a variety of plant tissue cultures (Ellis
and Towers, 1970; Ellis, 1971).
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Avian liver mevalonate S-diphosphate decarboxylase:
substrate an inhibitor activities of the phosphorothioate
analogues of adenosine triphosphate!

Descarboxilasa difosfomevalonica de higado de ave: actividades
como sustratos e inhibidores de los andlogos
fosforotioatos de adenosina trifosfato.

ANA MARIA JABALQUINTO and EMILIO CARDEMIL

Departamento de Quimica, Facultad de Ciencia, Universidad de Santiago de Chile,
Casilla 5659, Santiago 2, Chile.

The diastereoisomers of ATPaS and of ATPSS have been used as substrate analogues for
avian liver mevalonate 5-diphosphate decarboxylase. When the diastereoisomers of ATPaS
were used, no reversal of the stereospecificity was seen upon changing Mg?* for Cd?, thus
suggesting that the metal ion does not coordinate through the a-phosphoryl group of the
nucleotide. Reversal of the stereospecificity, however, was observed when using the diastereo-
isomers of ATPSS and upon changing Mg?* by Zn?* as the activating metal ion. Similar
competitive inhibition constants for the diastereoisomers of MgATPBS against MgATP
were found. It is proposed that the active metal-nucleotide complex in catalysis is the

A, 8-y MgATP complex.

Mevalonate 5-diphosphate (MVAPP)? de-
carboxylase (ATP : 5-diphosphomevalonate
carboxyl-lyase (dehydrating) EC 4.1.1.33)
catalyses the ATP-dependent decarboxyla-
tion of MVAPP in the presence of a bi-
valent metal cation:

2+

Me
MVAPP+ATP —isopentenyldiphos-

phate + P;+CO, + ADP (1)

The enzyme from avian liver is compos-
ed of two subunits of 43,500 daltons each
(Alvear et al, 1982) and, as most nucleo-
tide-utilizing enzymes, the true nucleotide
substrate is the metal-nucleotide complex
MgATP?~ (Jabalquinto and Cardemil,
1987). Steady-state kinetic experiments sug-
gest a sequential ordered mechanism for
substrate binding, with MVAPP adding first
to the enzyme (Jabalquinto, 1987), in
agreement with the stereochemical course

1
tion to the development of Biochemistry in Chile.

of the reaction with respect to phosphorus
(Iyengar et al, 1986; Jabalquinto et al,
1988).

Stereochemical and structural aspects of
metal-nucleotide-protein interactions have
been extensively studied for several enzymes
with the use of phosphorothioate analogues
of the nucleotide (Eckstein, 1983; Eck-
stein, 1985) and inert chromium and
cobalt - nucleotide complexes (Dunaway-
Mariano and Cleland, 1980; Cleland, 1982).
Substitution of a nonbridging oxygen by
a sulfur atom in the a- and g- phosphoryl
groups generates chirality at the phos-
phorus center, giving rise to a pair of
diastereomer, R, and S,,. Coordination of
the 8- and - phosphoryl groups in the
bidentate complex of CrATP creates a
chiral center at the g-phosphorus, and two
screw sence isomers® exist, A, or left-
handed, and A, or right-handed (Cleland,
1982) (Figure 1). For a given diastereomer,
the metal chelates differ in their geometric

This work is dedicated to the memory of Professor Osvaldo Cori, as a small recognition to his enormous contribu-

2 Abbreviations: MVAPP, mevalonate 5-diphosphate; ATPGS, adenosine 5’-0-(1-thiotriphosphate); ATPSS, adenosine
5%0-(2-thiotriphosphate); ATPYS, adenosine §*0-(3-thiotriphosphate); ADPSS, adenosine 5°-0-(2-thiodiphosphate);

HPLC, high pressure liquid chromatography.

The screw sence nomenclature is that of Cleland (1982).
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Fig. 1: Structure of f3, y-bidentate metal-ATP analogues.

configuration about the.phosphorus, de-
pending on the metal ions’s preference for
oxygen or sulfur ligands. From 3!'P NMR
studies, Jaffe & Cohn (1978) have shown
that Mg?* coordinates preferentially to the
phosphoryl oxygen whereas Cd?** prefers
to bind to sulfur. As a consequence of
this binding preference, any particular
diastereomer of ATPBS or ATPaS com-
plexes with Mg?* will have the opposite
stereochemical configuration of the metal
chelate, A or A, compared to that with
Cd?*, as seen in Fig. 1. Thus, the reversal
of isomer selectivity by an enzyme when
Mg?* is replaced by Cd?* indicates that
the metal ion is bound to that particular
phosphorothioate group (Cohn, 1982;
Jaffe & Cohn, 1979). In cases when the
enzyme under study shows no activity
with Cd?*, this approach can also be
employed by replacing Cd** for other
preferentially sulfur-interacting metal ion
like Zn?* (Smith and Cohn, 1982; Jaffe
etal, 1982).

In this communication, we analyse the
preference of avian liver MVAPP de-
carboxylase for sulfur-substituted ATP
diastereomers as substrates or inhibitors

for the reaction. The approach of the sub-
stitution-inert chromium- or cobalt-nu-
cleotide complexes (Cleland, 1982) could
not be employed since we had previously
seen that the monodentate or bidentate
complexes of CrATP are not inhibitors for
the enzyme (Cardemil and Jabalquinto,
1985). A preliminary account of this work
has been presented earlier (Jabalquinto
etal, 1986).

EXPERIMENTAL PROCEDURES

Materials. The purification of chicken
liver MVAPP decarboxylase and the enzymic
synthesis of MVAPP were as previously
described (Cardemil and Jabalquinto,
1985). Phosphoenolpyruvate, lactate dehy-
drogenase, pyruvate kinase, NADH, acetyl-
phosphate and g-mercaptoethanol were

from Sigma. Aldolase, triosephosphate-
isomerase, gliceraldehyde 3-phosphate de-
hydrogenase, phosphoglycerate kinase,

acetate kinase and myokinase were obtain-
ed from Boehringer Mannheim. (Rp)
ATPaS and (Sp)ATPaS were kindly provid-
ed to us by Dr. Fritz Eckstein. Thiophos-
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phate was a gift of Dr. Radha Iyengar.
All other reagents were of analytical grade.

ATPyS was synthesized enzymatically
from thiophosphate and ADP, as described
by Trentham and Webb (1980); ADP3S
was obtained from ATPyS in the reaction
of myokinase, as described by Shew
et al. (1984); (Rp)ATPSS was synthesized
from ADPBS and acetylphosphate using
acetate kinase, as described by Shew
et al. (1984); (Sp)ATPBS was synthesized
from ADPBS by means of the phospho-
glycerate kinase reaction, using the system
described by Webb and Trentham (1980).
The phosphorothioate analogues were
purified by DEAE Sephadex A-25 column
chromatography using triethylammonium
bicarbonate gradients. The purity of the
ATPBS analogues was examined by HPLC,
using a Waters Novapack C,z3 column
(3.9 mm x 15 cm).

Kinetic studies. Initial velocities using
ATP, ATPaS or ATPBS as substratesin the
presence of Mg?**, Zn** or Cd** were
determined by measuring the amount of
the inorganic phosphate produced, accord-
ing to Cardemil and Jabalquinto (1985).
The reaction mixture contained 0.30 mM
MVAPP, 100 mM KCl, 100 mM Tris-
HCI buffer pH 7.0 at 3.00 in a total volume
of 0.50 mL for the experiments using
ATP or 0.10 mL for the experiments with
the thioanalogues. The metal to nucleotide
ratio was maintained at 2:1 for Mg?*,
0.75:1 for Zn%** or 1:1 for Cd?*, in order
to avoid the inhibitory effects of Zn?*
and Cd** (Jabalquinto and Cardemil, 1987).
Apparent Kinetic constants were determin-
ed by varying the corresponding metal-nu-
cleotide complex between 0.5 to 3-4 times
Km. Because of the slower reaction rates
obtained with the analogues, the enzyme
concentration was higher than used in ex-
periments with ATP (2.5 to 10-fold for
ATPaS and 25- to 70-fold for ATPBS).
In preliminary experiments it was determin-
ed that the amount of inorganic phosphate
produced was a linear function of time.

Inhibitions studies with the ATPgS
isomers were carried out with the spectro-
photometric assay of the enzyme that
employs pyruvate kinase and lactate de-
hydrogenase as auxiliary enzymes (Car-

demil and Jabalquinto, 1985), and keep-
ing the concentration of Mg?>* 1 mM
above that of the concentrations of ATP
plus the corresponding ATPSS isomer.
The concentrations of the metal-nucleotide
or metal-thionucleotide complexes were
calculated (Storer and Cornish-Bowden,
1976) by using the stability constants
reported by Pecoraro et al. (1984) for the
corresponding Mg?* and Cd?** complexes.
For the Zn?** complexes, the value given
by Hubbard et al. (1985) for the ZnATP
was used, and considered to be the same

as for the Zn**-thionucleotide complexes. -

Data analysis, The obtainment of the
kinetic and inhibition constants (Km, V
and Kj) and their standard errors were done
by fitting the initial velocity data in the
absence or presence of a competitive in-
hibitor to eq. 2 or eq. 3, respectively,
with the NATO-1986 program vritten by
Dr. Athel Cornish-Bowden.

<
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RESULTS

ATPaS diastereomers as substrate
analogues of MV APP decarboxylase

The apparent kinetic parameters -of the
MVAPP decarboxylase reaction with the
Mg?* or Cd?* metal ion chelates are present-
ed in Table I. It is clear that Cd?* can
effectively replace Mg2?* in the reaction
with ATP as the nucleotide substrate, as
judged by the higher value of the first-
order rate constant V/Km obtained when
Cd?* is employed. For both metal ions,
higher V/Km ratios are obtained when
the (Rp) ATPaS stereoisomers are used,
thus implying that no reversal of the
stereochemical preference upon changing
the metal ion occurs, which suggests
absence of coordination of the metal ion
through the a-phosphoryl group of the
nucleotide.
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TABLEI

Kinetic parameters of MV APP decarboxylase with diastereomers of ATPQS

Metal nucleotide Apparent Km Apparent V AppV
complex (mM) (4moles/mg of App Km
protein per min)
MgATP 0.18 + 0.02 3.70 + 0.08 206 + 2.7
CAATP 0.05 + 0.01 2.30 + 0.10 460 + 11.2
(Rp)MgATPaS 0.35 % 0.03 1.61 * 0.06 46 * 0.6
(Sp)MgATPaS 495 % 0.06 2.00 + 0.13 04 £ 0.03
(Rp)CdATPaOS 0.11 + 0.03 1.58 + 0.01 144 = 4.0
(Sp)CAdATPaS 1.51 % 0.16 744 + 0.31 49 + 0.7

The apparent kinetic constante were determined as described in the Experimental Procedures. All values are informed

+ their standard errors.

ATPBS diastereomers as substrate
analogues and as inhibitors
of MV APP decarboxy lase

To study the possible interaction of the
metal through the g-phosphoryl group of
the nucleotide in the active metal-nucleotide
complex, the ZnATPS diastereomers were
used instead of the CAATPSS complexes,
since it was found that the non-enzymic
rate of hydrolisis of the CAdATPSS di-
astereomers were too high to allow reliable
determinations of the enzymic reaction,
which itself appeared to be very low in
the presence of the CAATPSS diastereomers
(results not shown).

Apparent Km and V values for the
ATPBS diastereomers are shown in Table
II. Kinetic constants could not be obtained
for the (Sp) ZnATPSS complex since it
followed non-michaelian kinetic behaviour
(not shown), and no enzyme activity could
be detected when (Sp) MgATPSS or (Rp)
ZnATPBS were tested as substrates. This is
in fact similar to the observation of Chiew
et al. (1987), who have found no activity
of hog liver MVAPP decarboxylase with
either Mg?* or Cd?* as activating metal
ions when the diastereomers of ATPSS
were used as substrates.

For the reasons given above, a comparison
of the relative efficiencies of the Mg?*
and Zn** complexes of the diastereomerers
of ATPBS as substrates for the MVAPP
decarboxylase can only be based on the
apparent V of the enzyme reaction. When

this is done, it is clearly seen that only
the (Rp) isomer of MgATPSS and the
(Sp) isomer of ZnATPSS are active as
substrates for the decarboxylase, thus
implying that the metal ion probably
coordinates through the g-phosphoryl group
of ATP in catalysis.

Since the diastereomerers of ATPgSS
elicit a low V compared to ATP, inhi-
bition Kkinetics could also be studied. The
inhibition kinetics were measured in the
presence of Mg?* as the activating metal
ion. Both diastereomers of ATPSS showed
linear competitive inhibition with similar
Kj values, as seen in Table II, suggesting
that both bind with near equal affinity.
Thus, it appears that although the A
screw sense isomer is much less active as
a substrate, it binds as well as or better
than the A screw sense isomer,

Effect bf position of sulfur substitution
on the kinetic parameters

The steady state kinetic parameters of the
Mg?* activated reactions of ATP and the
more active isomers ATPBS and ATPaS
are compared in Table III. The maximum
velocities decrease in the order ATP >
ATPaS >> ATPBSS, fitting the general
pattern (Ngoc et al, 1979) that upon
substitution of 0 with S in ATP, the rate
decreases progressively as the substitution
approaches the site of bond cleavage. The
Km increase is in the same order.
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TABLE II
Kinetic parameters and inhibition constant; of the diastereomers of ATPfS in the
MV APP descarboxylase reaction
Metal nucleotide Apparent Km Apparent V Ki
complex (mM) (4moles/mg of (mM)
protein per min)
L MgATP 0.18 * 0.01 3.70 + 0.08
. ZnATP 1.05 + 0.05 2.18 + 0.11
. (Rp)MgATPSS 743 + 0.07 0.03 * 0.002 0.61 + 0.03
- (Sp)MgATPJS ns? 042 + 0.03
i (Rp)ZnATPfS ns2 ndb
E  (Sp)ZnATPfS 0.08¢ ngb

. 2ns3, not a substrate. b nd, not determined. € non-hyperbolic kinetics. The value of V given corresponds to the initial

¥ welocity of the reaction at a concentration of the metal nucleotide complex of 5.9 mM.

For details see Experimental Procedures. All values are informed * their standard errors.

TABLE HI

Effect of position of sulfur substitution on the kinetic parameters of Mg2 *-activated
mevalonate S-diphosphate decarboxylase reaction

: Nucleotide

Km Vmax

(mM) (umoles/mg of protein per min)
. MgATP 0.18 £ 0.02 3.70 = 0.08
i (Rp)MgATPaS 0.35 * 0.03 1.61 * 0.06
L (Rp)MgATPfS 743 % 0.07 0.03 * 0.002

E  Data taken from Tables I and IL

DISCUSSION

¢ The purpose of the present study was to
E establish the absolute stereochemistry of
| the metal-nucleotide substrate at the active
- site of MVAPP decarboxylase, by using
i the approach suggested by Jaffe and Cohn
. (1978) that makes use of the diastereomeric
t phosphorothioate analogues of ATP.

{ The data in Table I show that with
- either Mg?* or Cd?>* the V/Km ratio is
i higher with the Rp isomer of ATPaS,
t although it is 12 with Mg?* and 3 with
t Cd?*. This lack of reversal suggests that
the a-phosphoryl group of the nucleotide
is not coordinated to the metal in the
chemical reaction on the enzyme but
that the reaction is more efficient with
the Rp isomer. This may be due to specific
hydrogen-bonding interactions with the
oxygen of the .a-phosphoryl group of this
isomer, which may not be possible when
sulfur occupies this position. Both isomers

bind with different affinities, and from
the Km values it can be inferred that the
Rp isomer binds about 14-fold more
tightly with either Mg?* or Cd?*. This
higher bonding affinity, however, is not
matched with higher values of apparent
V, which in fact are of the same order
for all ATP and ATPaS complexes.

The possibility that the lack of reversal
with the a-phosphoryl group could also
be the result of some constraint imposed
by the enzyme on the metal nucleotide
complex, forcing it to form the same
screw-sense isomer on the enzyme, even
at the expense of an unfavorable Mg-S
or Cd-0 coordination (Jaffe and Cohn,
1978) can not be discarded. ;

Our results with the ATPSS diastereomers
indicate that avian liver MVAPP de-
carboxylase is stereoselective for the A
screw sense (righ-handed) isomer of the
metal-nucleotide complex (Table II). For
phosphoenolpyruvate carboxykinase, which
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catalyses the somewhat chemically similar
decarboxylation reaction of oxaloacetate,
Lee et al (1985) have shown that the
preferred screw sense isomer of the metal-
ATP complex is the A (left-handed).
Other nucleotide-utilizing enzymes are
about equally divided in their preference
for the A or A isomers (for a review see
Eckstein, 1985) and it is not uncommon
to find that enzymes that catalyse similar
reactions show different stereoselectivities
for the isomer screw sence (Mejillano et
al, 1986). As opposed to the high pre-
ference for the A screw sense isomer for
catalysis by MVAPP decarboxylase, our
inhibition studies with the ATPSS isomers
indicate that the A screw sense isomer
binds equally well or better that the A
isomer. A situation similar to this has also
been reported for liver fructokinase (Pe-
coraro et al, 1985) and bacterial formyl-
tetrahydrofolate synthetase (Mejillano et
al, 1986), and the suggestion has been
made by Mejillano et al (1986) that this
effect could be explained by assuming
that the AMP portion of the nucleotide
substrate fits into a specific site, thus
placing the <y-phosphoryl group of the
correct screw sence isomer at the ap-
propriate distance from the catalytic
center. For MVAPP decarboxylase this
would mean that the phosphoryl group
of the A isomer may be somewhat removed
from the catalytic center where the chem-
ical reaction takes place.

The results presented in Table II indicate
a clear-cut reversal of stereospecificity
for the g-phosphoryl group upon changing
the activating cation from Mg?* to Zn?*,
and this reversal of stereospecificity pro-
vides strong evidence that the metal is
chelated to this phosphoryl group (Cohn,
1982; Jaffe et al, 1982). This fact, togeth-
er with the data of Table I which do not
support a cation-dependent reversal of
stereospecificity for the a-phosphoryl group
of the ATPaS steroisomers, lead us to
propose that the metal must be coordinat-
ed to the p-group but probably not to the
a-phosphoryl in the active substrate. Furth-
er, taking into account the lesser thermo-
dynamic stability of a p-monodentate
complex as compared to a six-membered

cyclic g, y-bidentate complex (Huang and
Tsai, 1982), we propose that MgATP?" is
bound as the A, f-y-bidentate complex in
the MVAPP decarboxylase reaction. Similar
arguments have been employed before for
suggesting B-y bidentate active complexes
for other enzymes (Eckstein, 1985).
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Subcellular distribution of enzymes of mono—
and sesquiterpene biosynthesis in plant tissues

Distribucion subcelular de las enzimas de la biosintesis de mono—
y sesquiterpenos en tejidos vegetales
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The biosynthesis of mono— and sesquiterpene precursors and components of essential oils,
has been studied isolating enzyme systems from soluble fractions.

Improved methods for preparing homogenates from plant tissues, together with a knowledge
of its ultrastructure, have allowed to determine that most of the processes of biosynthesis of
terpenes, are associated to membranous organelles.

The results obtained by different groups are discussed, in order to give an overview of the
subcellular distribution of enzymes and specialized organelles, that participate in the bio-

synthetic processes mentioned above.

E Terpenes belong to a family of compounds
. commonly known as ‘“‘secondary metab-
 olites” (Mann, 1978). They derive from
 isoprene, CsHg, and their chain length
¥ depends on the number of isoprene units
. incorporated into the molecule. Isoprenoids
are present in most living systems; the
| variety of molecules found in plants, which
t is much larger than those found in animal
 tissues, shows that there is no limitation for
- structural complications of the carbon
skeleton, or presence of different chemical
L functional groups in them (Cori, 1983).
: Their function inside the plant has not
L been completely understood, except in an
f ecological context or as intermediates in
i other metabolic processes (Seigler and Price,
t 1976). Some of them have been described
E as insect atractors or deterrents, or as
phytoalexins (Harborne, 1982); while others
carry out well known functions: abscisic
acid and gibberelins as plant hormones;
phytol as the side chain of chlorophyll and
steroids and carotenoids, as structural com-
ponents of membrane systems, etc.

Mono— and sesquiterpene hydrocarbons,
alcohols, ketones and aldehydes, are com-
monly found in essential oils from higher
plants. They are formed from mevalonic

acid (MVA*) (George-Nascimento -and
Cori, 1971), through several steps (Figure
1) that include the biosynthesis of phos-
phorylated intermediates (Bruemmer,
1975; Cori, 1983), which are the precursors
of the essential oils mentioned above.

The enzyme systems related to each of
the steps of biosynthesis of mono— and ses-
quiterpenes, have been studied in different
plant species, as well as in animal tissues
and microorganisms. Their properties and
methods of purification have appeared in
several reviews (Beytia and Porter, 1976;
Croteau, 1981; Poulter and Rilling, 1981;
Satter-white, 1985; Rilling 1985; Ogura et
al, 1985; Croteau and Cane, 1985; Cori
and Rojas, 1985).

However, there are few studies about
subcellular localization of these enzymes.
This fact can be due to some problems
that arise from working with plant tissues:
most of membranous systems are destroyed
during homogenization, which is made in
similar conditions to those used with animal
tissues. These procedures make difficult
the obtainment of clearly identified sub-
cellular fractions upon differential cen-
trifugation or density gradients. Other
problem has been an apparently lack of in-

Dedicatory: ‘It is more blessed to give than to receive” (New Testament: Acts, XX, 35) Thanks Osvaldo.
* Abbreviations: DMAPP, dimethylallyl pyrophosphate; FPP, farnesyl pyrophosphate; GPP, geranyl pyrophosphate;
GGPP, geranyl-geranyl pyrophosphate; IPP, isopentenyl pyrophosphate; MVA, mevalonic acid; NPP, neryl pyro-

phosphate.
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Fig. 1: 1 to 3: mevalonate kinase, mevalonate phosphate kinase and mevalonate diphosphate decarboxylase; 4: IPP
isomerase; 5: Cs prenyltransferase; 6: Cyo prenyltransferase; 7: Cy5 prenyltransferase; 8: Phosphatase; 9: Cyclase; 10:

Redox system; 11: Ketone synthetases.

Depending on the plant species 5, 6 and 7 could represent one or more enzyme species and their products could corres-

pond only to E-conformers or to E and Z conformers.

Monoterpene and sesquiterpene fractions contain examples of the chemical functions found in them, which are formed
by a large variety of isoprenoids differing mainly in their carbon skeleton.
(Cori, 1983; Croteau, 1981; Croteau and Cane, 1985; Poulter and Rilling, 1981; Rilling, 1985).

formation about the ultrastructure of the
tissues used to isolate plant enzymes. This
knowledge could improve homogenization
techniques to avoid the damage of organ-
elles thus obtaining better enzyme prepara-
tions.

Electron microscopy

Electron microscope studies on plant se-
cretory structures, began to identify the
sites of essential oil formation in higher
plants. These observations, along with
tracer studies of terpenoid biosynthesis,
were reviewed by Loomis and Croteau
(1973), where they indicate that glandular
structures that have been associated with
biosynthesis of mono— and sesquiterpenes,

could be recognized as oil cells, glandular
hairs, oil or resin ducts, or glandular epider-
mis.

Heinrich and coworkers, interested in
the ultrastructure of Citrus limonum and
Poncirus trifoeliata (Heinrich, 1969, 1970;
Heinrich et al, 1980), reported a com-
partimentation of the biosynthesis of
essential oils in Poncirus and Monarda
(Heinrich et al, 1982). These systems
produced an essential oil rich in mono-
terpenes in the exocarp, while the endocarp
mainly produced sesquiterpenes and ox-
igenated compounds. They also assumed
that plastids were the site of their biosyn-
thesis, on the basis of appearance of os-
miophilic material inside these organelles.
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A detailed ultrastructural study was also
made in Citrus deliciosa Ten (Bosabalidis
and Tsekos, 1982 a, b), to describe cell
differentiation and formation of the central
space that accumulates essential oils; but
the authors only gave information about
the presence of osmiophilic material inside
the tissue.

Biosynthesis of terpene hydrocarbons

Conversely, the biosynthesis of mono— and
sesquiterpenes precursors or components
of essential oils have been demonstrated in
different plant systems (Stanley, 1958;
Beytia et al, 1969; Cori, 1969; Banthorpe
and Le Patourel, 1972; Croteau and Loomis,
1972, Jedlicki et al., 1972; Chayet et al,
1973, 1977; Croteau and Karp, 1976, 1977;
Pérez et al, 1980, 1983; De la Fuente et
al., 1981 Banthorpe et al, 1983). Whereas,
in these reports there is no conclusive evi-
dence for the subcellular localization of
most of the enzymes described, nor a simul-
taneous study of the ultrastructure of the
plant systems used for the isolation of
enzymes.

Studies on Pinus pinaster showed that
monoterpene hydrocarbon biosynthesis
was photodependent, and occurred inside
leucoplasts from young epitelial cells of the
resin ducts. Sesquiterpene hydrocarbons
were formed in the endoplasmic reticulum
of non specialized cells (Carde and Bernard-
Dagan, 1982).  Ultrastructural results
(Bernard-Dagan et al, 1982) agree with
studies of incorporation of *C-MVA into
sesquiterpene hydrocarbons in this plant
species (Gleizes et al., 1980).

Monoterpene alcohols (Pérezetal , 1980)
and hydrocarbons (George-Nascimento and
Cori, 1971) are synthetized by cell free
extracts from Citrus sinensis flavedo, where
the enzymes appeared to be in a soluble
fraction.

Improved methods of homogenation and
centrifugation of Citrus flavedo, allowed
the obtention of intact chromoplasts that
formed limonene from #C-IPP (Pérez et
al., 1986, which agrees with the presence
of osmiophilic material inside these or-
ganelles in intact tissue (Pérez and Garrido,
1985). These results indicate that intact

chromoplasts from Citrus sinensis contain
the activities of IPP isomerase, prenyltrans-
ferase and cyclase. Similar results were
obtained with leucoplasts of Citrofortunella
mitis, where there was also agreement bet-
ween ultrastructural and biosynthetic
studies (Gleizes et al, 1983; Pauly et al,
1986).

Leaf epidermis, which constitutes the
major site of monoterpene biosynthesis in
herbaceous plants (Croteau, 1977), has
been a source for monoterpene cyclase
isolation (Croteau and Cane, 1985). This
enzymes has also been isolated from Citrus
limonum (Chayet etal ,1977), Pinus radiata
(Cori, 1969); Pinus species (Banthorpe and
Le Patourel, 1972; Banthorpe and Ekun-
dayo, 1976) and Tanacetum vulgare (Ban-
thorpe et al., 1976); and similarly to other
plant systems (Cori and Rojas, 1985),
cyclases have been assayed and purified
from soluble fractions, regardless of the
subcellular distribution they could have in-
side the cell. This fact can be explained due
to the low amounts of cyclase present in
plant tissues, and therefore isolation of the
enzymes from one subcellular compartment,
would probably have resulted in a low yield
of cyclase activity. Nevertheless, when
specific activity of cyclase in crude homo-
genates from Citrus sinensis, is compared
with that obtained in isolated chromoplasts,
it is obvious that these organelles provide a
better source of cyclase because of its higher
specific activity (Pérez et al., 1986).

Citrus sinensis homogenates form a-pine-
ne and limonene from NPP or GPP (George-
Nascimento and Cori, 1971), whereas isolat-
ed chromoplasts only form limonene from
the same substrates (Pérez et al, 1986).
Limonene is the only monoterpene hydro-
carbon found in the essential oil from
orange (Kefford and Chandler, 1970), and
therefore, the results obtained in crude
homogenates could corresponded to an
altered activity cyclase, because of its re-
lease from chromoplasts.

Changes in cyclising properties have been
observed in Pinus pinaster, where soluble
fractions could only form acyclic sesqui-
terpene hydrocarbons from FPP; while
cyclic hydrocarbons were synthetized by a
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38.000 x g pellet from the same substrate
(Bernard-Dagan et al., 1982).

It cannot be discarded that many enzymes
involved in cyclic terpene synthesis may be
solubilized during preparation of mem-
branes, changing some of their properties.

IPP [somerase and Prenyltransferase

Further studies on the capacity of leuco-
plasts from Citrofortunella mitis (Gleizes
et al., 1987), showed that these organelles
contained [PP isomerase and prenyltrans-
ferase activities. The latter could form GPP,
FPP and GGPP; and together with I[PP
isomerase, it was associated to the stroma
of the plastid. Chromoplasts from Citrus
sinensis contained stromal IPP isomerase
and prenyltransferases, which formed allylic
pyrophosphates up to FPP, but in contrast
with leucoplasts from calamondins, they
could synthetize carotenes (Bravo and
Pérez, 1987).

The presence of IPP isomerase and
prenyltransferase has been described in
other plastids. Chromoplasts from Narcissus
pseudonarcissus incorporate *C-IPP into
GGPP and p-carotene (Beyer et al, 1980;
Kleining and Beyer, 1985). IPP isomerase
and prenyltransferase were present in the
stroma (Kreuz ef al, 1982), while the

enzymes for f-carotene biosynthesis were .

associated with membranes, as has been
demonstrated in reconstituted systems
(Beyer et al., 1985).

Chromoplasts from Capsicum anuum
(Camara et al., 1983; Camara 1985)are able
to synthetize MVA, to activate MVA to
MVAP and MVAPP and to form [PP. When
these chromoplasts are incubated with
14 C-IPP, most of the radiactivity is found
in carotenes, indicating that IPP isomerase
and prenyltransferase are very active provid-
ing the precursors of carotenes. As in Citrus
sinensis and Citrofortunella mitis, these
enzymes are found in the stroma of plastids
(Gleizes et al., 1987). This same intraplastid
distribution has been described in Sinapis
alba L. (Lutke-Brinkhaus and Kleining,
1987), in Spinacia oleracea L. (Litke-
Brinkhaus and Kleinig, 1985; Kleinig and
Beyer, 1985; Block et al, 1980) and in
tomato (Spurgeon et al., 1984).

A special situation has been described in
Ricinus communis L. seedlings, where PP
isomerase and prenyltransferase are associat-
ed to proplastids, the latter forming FPP as
in chromoplasts from Citrus sinensis. Upon
infection of the seedlings by the fungus
Rhizopus stolonifer, a new prenyltransfera-
se activity appears inside the proplastids,
which forms GGPP that is the substrate for
casbene synthetase, also induced after
infection. Seedling response, also involves
the appearance of I[PP isomerase and
prenyltransferase (forming FPP), inside the
mitochondria.  Both activities are also
present in a soluble fraction, and the
authors cannot rule out the cytosol as the
source of these activities (Dudley et al,
1986).

IPP isomerase and prenyltransferase have
been found also in soluble fractions, obtain-
ed by differential centrifugation of Citrus
sinensis flavedo homogenates (Pérez, 1985;
Bravo and Pérez, 1986). They behave as
associated enzyme activities, eluting from
Sepharose 2-B as a protein of a relative
molecular mass of 480.000 (Vial et al,
1985). A soluble multiprotein complex
containing both enzyme activities, was
described in Gossypium hirsutum (Widmaier
et al,, 1980); thus indicating that another
form of compartmentation could exist,
in the form of associated enzyme activities
in a soluble fraction. These enzymes could
provide the precursors for cyclic sesqui-
terpene hydrocarbons (Bernard-Dagan et
al., 1982) or for steroids, that are synthetiz-
ed in the endoplasmic reticulum (Goodwin,
1981).

Prenyl alcohols, aldehydes and ketones

Prenols, wich are importants components
of essential oils, are formed through the
action of phosphatases, on mono— and
sesquiterpene pyrophosphates (Banthorpe
et al, 1975; Pérez et al, 1980). These
enzymes have been studied in several plant
systems as a consequence of their hydroly-
tic activity on substrates for prenyltransfe-
rase and cyclase. Most of them have been
found in soluble fractions, although they
have been described in every organelle, as a
contaminant enzyme. No specific phos-
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phatase has been found for any plant
system. However there must be a certain
degree of specificity, both for prenyltrans-
ferase and phosphatase (Banthorpe et al.,
1983), which must agree with the prenol
composition of the essential oil of a given
plant. Prenyltransferase from avian liver,
which normally catalyzes the addition of
IPP to an allylic pyrophosphate, has been
found to catalyze the hydrolysis of its
allylic substrate (Poulter and Rilling, 1976).
This is a possibility that cannot be discard-
ed for plant systems, where a phosphatase
activity of a prenyltransferase has not been
described yet.

Prenyl aldehydes and ketones are also
found in essential oils. While prenyl al-
dehydes are believed to be formed by redox
mechanisms of the corresponding alcohols,
as has been described in soluble fractions
from Pinus radiata (Jacob et al., 1972), Ci-
trus sinensis (Chayet, et al., 1973) and in
cell suspensions from Lavandula angustifo-
fia (Lappin et al,, 1987) and Vitis vinifera
(Ambid et al, 1983); ketones are formed
from the corresponding allylic pyrophos-
phates, through alcohols as intermediates.
These enzymic transformations have been
studied for thujane derivatives in Thuja,
Tanacetum and Juniperus (Banthorpe et
al, 1970, 1978) and for fenchane deri-
vatives in Foenimulum vulgare (Croteau
et al, 1980 a, b), always isolating the
enzymes systems from soluble fractions.

CONCLUDING REMARKS

Most of the studies on mono— and sesqui-
terpene biosynthesis have been made using
soluble fractions for the isolation of en-
zymes. Nevertheless, mono— and sesqui-
terpenes appear to be formed in specialized
compartments, depending of the final pro-
ducts or intermediates formed in them.
Joint studies of ultrastructure of plant
tissues, and enzyme activities of the iso-
prenoid pathway, indicate that mono— and
sesquiterpenes can be formed in more than
one compartment inside the cell. Chromo-
plasts, which from carotenes, have all the
enzyme systems for the transformation of
14 C-MV A or ' C-IPP to these tetraterpenes.

Chloroplasts also behave in a similar way.
Plastids from essential oil producing plants,
form monoterpene hydrocarbons, as has
been demosntrated in Citrofortunella mitis
leucoplasts and Citrus sinensis chromoplasts.
It is possible then, that plastids are always
the site of biosynthesis of lipophilic com-
ponents of essential oils along with other
membranous systems as endoplasmic re-
ticulum. These membranous organelles will
provide then the compartmentation neces-
sary to isolate these compounds, which

otherwise produce a great damage inside

the cell.

On the other hand, precursors of other
terpenes found in plants, as phytoalexins,
plant hormones, steroids, etc., must be
formed in other compartments, and the
soluble fraction cannot be completely
excluded. Although all terpene molecules
are highly hydrophobic, it is possible that
the enzymes involved in their metabolism
could be loosely bound to membranes, and
be released to a soluble fraction during
preparation of homogenates.

Further studies on the biosynthesis,
metabolism and subcellular localization of
enzymes related to terpenes, must bear in
mind that preparation of homogenates is
a crucial step to obtain perfectly identified
fractions through differential centrifugation
or gradient separations. The use of compo-
nents that could trap essential oils during
homogenation of plant tissues, is also
advisable to avoid rupture of membranes
systems that maintain integrity of organelles.
(Pérez et al., 1986).

The knowledge of the subcellular localiza-
tion of the metabolic pathways of terpene
biosynthesis and metabolism, will allow to
obtain enzyme preparations without alter-
ed activities and with higher specific acti-
vities; and to understand the function of
most of isoprenoids in the different tissues
of higher plants.
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Neuroguimica de la substantia nigra mesencefalica:
Interrelaciones entre aminoacidos excitatorios,
receptores del tipo N-metil-D-aspartato y sistemas
neuronales intrinsecos*
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Recent studies have demonstrated the existence of cortico-nigral fibers in the brain which
may use L-glutamic or L-aspartic acid as their transmitters. Such cortico-nigral neuronal
pathway seems to functionally interact with intrinsic neuronal systems in substantia nigra
(SN) by first activating different subtypes of excitatory amino acid (EAA) receptors.
Particulary interesting are results showing that activation of N-methyl-D-aspartate (NMDA)
subtype receptor may evoke the Ca’*-dependent release of dopamine from dendrites of
nigro-striatal neurons. In addition, NMDA and other EAA receptors may influence the
functional activity of gabaergic, glycinergic and peptidergic neurons located in SN. Acidic
aminoacid-containing neurons in SN may thus play a pivotal role in determining the outflow
information from SN to caudal motor-related as well as rostral limbic-related areas in the

brain.

Hallazgos recientes, provenientes de nues-
tro laboratorio, sugieren la existencia en
substantia nigra (SN) mesencefilica de ter-
minales nerviosos que almacenan y liberan
aminodcidos neuroexcitarios y que parte de
estos terminales corresponden a una via
neuronal excitatoria que se origina en la
corteza prefrontal (sistema o via neuronal
cortico-nigral) (1,2). Estos hallazgos re-
sultan particularmente interesantes, ya que
diversos estudios realizados los altimos 6 u
8 afios son coincidentes en el sentido de
que aminodcidos excitatorios, como el
acido glutamico (GLU) y el 4cido aspéartico
(ASP), constituyen los principales neu-
rotransmisores quimicos a nivel de sinapsis
excitatorias en el SNC de mamiferos (3, 4).
Los aminoicidos parecen ejercer su fun-
cibn neurotransmisora al actuar, al me-
nos, sobre 3 subtipos de receptores que,
en funcién de la afinidad relativa que ellos

presentan hacia diversos agonistas, han sido
clasificados como receptores del subtipo
quisqualato (Q), kainato (K) y N-metil-D-
aspartato (NMDA). De tal forma que los
aminodcidos excitatorios liberados desde
terminales nerviosos cortico-nigrales de-
bieran' interactuar funcionalmente con
receptores para estos aminoicidos locali-
zados en sistemas neuronales intrinsecos en
la SN. De hecho, en nuestro laboratorio
hemos detectado recientemente que ami-
nodcidos excitatorios liberados desde
aferentes nigrales parecen regular o modular
la liberacion de dopamina (DA) desde den-
dritas de neuronas dopaminérgicas nigro-
estriatales, a través de un mecanismo que
involucra receptores del subtipo NMDA
(5, 6).

La presente revision tiene por objeto
discutir evidencia experimental referente a:
1) la naturaleza quimica del transmisor ex-

* Este articulo estd dedicado, con mucho carifio, a la memoria del profesor Osvaldo Cori. El nos inici6 por el sorpren-
dente, y siempre bello, mundo de la Bioquimica; é1 también fue quien nos contagié su entusiasmo hacig la basqueda
incesante del conocimiento cientifico y nos ensefi$ la rigurosidad y el respeto asociado a la adquisicion de este co-

nocimiento. Por todo esto, gracias Dr. Cori.
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citatorio proveniente de la via cortico-
nigral; 2)la regulaciéon de su liberacion;
3) las caracteristicas bioquimicas y locali-
zacion de receptores de aminoacidos exci-
tatorios, a nivel nigral, especialmente los
del subtipo NMDA, y finalmente, 4) las in-
teracciones funcionales que los aminoé-
cidos excitatorios y sus receptores ejercen
con neuronas nigrales del tipo dopaminér-
gico y ademds con otros sistemas neuro-
nales existentes a nivel nigral.

A. La via neuronal cortico-nigral

A.1. Su relacion con aminodcidos neuro-
excitatorios

Investigaciones de naturaleza anatomica
coinciden sobre la existencia de una via
neuronal que se origina en la corteza sen-
sorial y motora y cuyos terminales ner-
viosos se localizan a nivel de las dendritas y
somas de la SN mesencefalica (7-9). La
existencia de esta via cortico-nigral plantea
la pregunta sobre su expresidén funcional, la
cual parece ser fundamentalmente de tipo
neuroexcitatoria. Asi, estudios de micros-
copia electronica (ME), realizados luego de
lesiones a nivel de corteza frontal, demues-
tran que los terminales nerviosos de la via
cortico-nigral exhiben caracteristicas mor-
folbgicas propias de terminales del tipo ex-
citatorio (10). Estudios electrofisiologicos,
realizados por Nieoullony cols. (1 1) también
apoyan la existencia de una via neuronal
cortico-nigral exhiben caracteristicas morfo-
investigadores han informado que la libe-
racion dendritica de [ Hldopamina, a nivel
de SN, aumenta marcadamente en res-
puesta a estimulos eléctricos aplicados en la
corteza motora del gato. Los experimentos
de Nieoullon y cols. sugieren que la via
cortico-nigral se proyecta directamente a
las células dopaminérgicas nigro-estriatales,
lo que coincide con los trabajos anatomicos
antes citados en el sentido de que termi-
nales de la via cortico-nigral forman si-
napsis tanto a nivel de la zona compacta
como reticulata de la SN (7, 8).

Tanto ablaciones corticales del tipo
fronto-parietal como lesiones electroliticas
bilaterales a nivel de corteza prefrontal de

rata resultan, respectivamente, en una
marcada reduccion en los niveles nigrales de
L-GLU endégeno y en la captacion de alta
afinidad Nad'-dependiente de L-GLU-“C,
por sinaptosomas preparados a partir de SN
(12-14). En base a estos resultados, Carter
ha propuesto que la via cortico-nigral
corresponde a una via excitatoria amino-
acidica de tipo glutamatérgica, aunque no
excluyo la posibilidad de que esta via sea
aspartérgica, ya que tanto el L-GLU como
el L-aspartato (L-ASP) son aminodicidos
que usan transportadores comunes para ser
incorporados en terminales nerviosos
(15, 16). Un criterio mas estricto e im-
portante para identificar a una substancia
quimica como neurotransmisor es su libe-
racion especifica desde los terminales en
presencia del estimulo nervioso o condi-
ciones despolarizantes (17). Al respecto,
estudios realizados en nuestro laboratorio
indican que el acido D-aspartico (D-ASP)
tritiado (un analogo no-metabolizable del
L-GLU) es captado por cortes nigrales y
luego liberado desde ellos, en respuesta a
despolarizaciones inducidas, ya sea por es-
timulo eléctrico o por Veratridina, y a
través de un proceso que es dependiente del
calcio extracelular (1). Ademas, la des-
truccion de la corteza frontoparietal re-
duce marcadamente la captacion y libe-
racion de D-ASP-[H3 | desde cortes nigrales,
en respuesta a un estimulo despolarizante
(1). Estos experimentos apoyan la propo-
sicion de que terminales cortico-nigrales
almacenan, liberan y utilizan aminodacidos
excitatorios del tipo L-GLU y/o L-ASP
como el posible neurotransmisor. Sin
embargo, el D-ASP-[>H] no discrimina
entre neuronas que almacenan y liberan
L-GLU y/o L-ASP. De tal forma que per-
siste la pregunta si es que la via cortico-
nigral corresponde a una via excitatoria del
tipo glutamatérgica, aspartérgica o mixta.

A.2. Regulacion presindptica de la via
neuronal cortico-nigral

Informacion existente a nivel del SNC in-
dica que sistemas neuronales, principal-
mente del tipo catecolaminérgico, colinér-
gico y gabaérgico, poseen mecanismos pre-
sindpticos que regulan la liberaciéon del
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neurotransmisor. Tal regulacién parece
ejercerse a dos niveles: 1) el transmisor li-

berado es capaz de controlar su propia li-

beracion actuando, ya sea en forma positiva
o negativa, a través de “autorreceptores”
localizados presindpticamente (18,19), y
2) los terminales nerviosos también poseen
receptores presinapticos o ‘‘heterorrecep-
tores”, que son sensibles y responden ante
la presencia de transmisores de naturaleza
quimica diferente al liberado por el ter-
minal nervioso (19). En general, existe es-
casa informacion sobre la presencia de tales
mecanismos en sistemas neuronales exci-
tatorios del tipo aminoacidico en el SNC de
mamiferos. En estudios recientes de Bustos
y cols. (20) se analiz6 la interesante. posibi-
lidad de que la liberacion desde sinapsis
CA;-CA, de hipocampo, de aminoacidos
endogenos de tipo excitatorio, como son el
L-GLU y el L-ASP, estuviera regulada por
la presencia de “autorreceptores’ para esos
aminoacidos. Se encontrd que receptores
de aminodcidos excitatorios del subtipo Q
y K inhiben la liberaciobn evocada de
L-ASP v L-GLU; en cambio, receptores del
subtipo NMDA so6lo potencian la liberacién
de L-ASP. Informaci6on concerniente a la
regulacidén de la liberacidon de estos amino-
icidos por ‘‘heterorreceptores” también
proviene fundamentalmente del hipo-
campo: en cortes del ‘‘drea dentada’ de la
regibn hipocampica de rata, agonistas de
receptores B-adrenérgicos estimulan (21)
mientras que agonistas de receptores de
adenosina inhiben la liberaci6n evocada por
despolarizacion de L-GLU radiactivo (22).
Con respecto a vias cortico-fugales amino-
acidicas excitatorias, las principales evi-
dencias provienen de estudios realizados en
neuronas cortico-estriatales y que sugieren la
existencia de receptores presinipticos o
“heterorreceptores’” dopaminérgicos loca-
lizados en los terminales de estas neuronas
(23-25). Sin embargo, existe total desco-
nocimiento sobre la regulacién presindptica
de la liberacion del transmisor desde la via
cortico-nigral. So6lo cabria citar experi-
mentos preliminares nuestros en los que
hemos informado que la liberacion evocada
de D-ASP-H® desde terminales cortico-ni-
grales es potenciada por la presencia de
agonistas de receptores dopaminérgicos

como son la apomorfina y el ADTN (26).
Estos hallazgos sugieren que la via corti-
co-nigral muy posiblemente estd sujeta a
regulaciones medidas por otros neuro-
transmisores (dopamina, GABA, glicina,
neuropéptidos, etc.) existentes a nivel de
SN.

B. Localizacién, caracteristicas y regu-
lacion de receptores de aminodcidos
excitatorios, especialmente del sub-

tipo NMDA, a nivel de substantia

v nigra.

Los receptores de aminoacidos excitatorios
del subtipo Q y K median principalmente la
respuesta excitatoria que evocan aminoa-
cidos como el L-GLU y L-ASP a nivel
postsindptico y que permite una ripida
despolarizacion inducida por influjo de
iones Nd" (27). La activacion de los recep-
tores NMDA evoca una mds compleja, pero
muy interesante respuesta a nivel efector,
respuesta que es basicamente voltaje-depen-
diente y bloqueada por concentraciones
fisiologicas de iones Mg**. Asi, en condicio-
nes de potencial de reposo, los receptores
NMDA no son activados funcionalmente
por aminoicidos excitatorios: en cambio,
en condiciones de ausencia de Mg?* externo
o en condiciones de despolarizacidbn neuro-
nal, los receptores NMDA son activados por
L-GLU y L-ASP, al desaparecer el bloqueo
gjercido por Mg?* a nivel del complejo re-
ceptor NMDA-ionéforo. La activacién de
los receptores NMDA se traduce entonces
en una notable “amplificaciéon” de la
respuesta neuroexcitatoria, inducida previa-
mente por receptores Q y K, permitiendo
una entrada masiva a la célula efectora no
sOlo de iones Na*, sino que también de Ca?*
(27). No es sorprendente entonces que los
receptores NMDA jueguen una importante
funciébn en memoria y aprendizaje, y que
ademas constituyan unaimportante etapa en
Jos mecanismos involucrados en la genera-
cidn y propagacion de descargas epileptifor-
mes en varios modelos experimentales de
epilepsia (28-30).

En lo que se refiere a la SN, experi-
mentos de tipo conductual, electrofisiolo-
gicos y con metodologia de radioligandos,
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sugieren la presencia, a nivel nigral, de uno
o varios sitios sensibles a la accién de ami-
noacidos excitatorios y que pudieran co-
rresponder a receptores para estos aminoa-
cidos. En nuestro laboratorio, y usando
L-GLU-*H como radioligando, hemos es-
tablecido la presencia en este nicleo ce-
rebral de, al menos, dos poblaciones de
sitios de uniéon especifica para L-GLU®H,
uno de alta afinidad (Kp, 139 nM; Bmax,
3,5 pmoles/mg proteina) y otra de menor
afinidad (Kp, 667 nM; Bmax, 15,1 pmo-
les/mg proteina) (2). La primera poblacion
de sitios aparentemente corresponde a
sitios receptores sensibles a quisqualato
(Q). Sin embargo, en estos experimentos no
fue posible identificar y, por lo tanto, ca-
racterizar receptores del subtipo NMDA.
Lo anterior debido al hecho de que en las
condiciones experimentales usadas fre-
cuentemente el L-GLU-3H se une princi-
palmente no a sitios receptores sino a sitios
que corresponden a un nuevo, y previa-
mente no descrito, sistema de captacidén
celular para este aminoicido (31). Sin
embargo, recientemente se han descrito
condiciones experimentales simples y
adecuadas para caracterizar, mediante me-
todologia de radioligandos, el receptor de
NMDA en membranas de cerebro anterior ¢
hipocampo (Bustos y Nadler, manuscrito
en preparacién). Ademds, se ha descrito un
nuevo antagonista del receptor NMDA
denominado CPP [3(2-carboxipipera-
zin4-il) propil-l-fosfonato] de alta afini-
dad vy selectividad y que ha mostrado ser
atil como marcador del receptor NMDA
(32, 33). De tal forma, que es posible ahora
realizar estudios bioquimicos con metodo-
logia de radioligandos, que permitan ca-
racterizar y estudiar la regulacion y la loca-
lizacién celular del receptor NMDA en
estructuras neuronales de la SN. De parti-
cular importancia resulta analizar si el re-
ceptor de NMDA en SN. esta sujeto a re-
gulaciones de tipo ‘‘alostérico™, semejantes
a las que la despolarizacion neuronal y li-
gandos como la glicina inducen sobre
receptores de aminoédcidos excitatorios
subtipo Q y NMDA, en cuerpo estriado ¢
hipocampo, respectivamente (34-36).
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C. Interacciones funcionales entre ami-
nodcidos excitatorios y sistemas neu-
ronales existentes en substantia nigra.

Existe escasa informacién con respecto al
papel funcional que aminoacidos excita-
torios y sus receptores pudieran ejercer a
nivel de la SN. En nuestro laboratorio
hemos detectado recientemente que ago-
nistas de receptores de NMDA estimulan la
liberacion de DA-*H captada previamente
por cortes nigrales (26, 5). A su vez, tal
estimulacibn es bloqueada por D-2-ami-
no-5-fosfono-valerato (APV) y Mg?* an-
tagonistas del complejo receptor NMDA-
iondforo. En estos experimentos se usd un
sistema de superfusibn que esencialmente
detecta liberaciéon dendritica de DA-*H
desde cortes de SN (37). De tal forma que
los resultados sugieren que aminoicidos
excitatorios, liberados desde aferentes ni-
grales, pueden regular la liberacion de
DA-*H desde dendritas de neuronas do-
paminérgicas nigrales, a través de un me-
canismo mediado por receptores del sub-
tipo NMDA. Esto plantea la posibilidad de
que DA liberada desde dendritas dopami-
nérgicas represente un puente de unidén
entre aferentes excitatorios a nivel de SNy
las vias neuronales de salida desde este
nticleo cerebral. De hecho, y en apoyo a lo
anterior, estudios electrofisiologicos su-
gieren que DA liberada dendriticamente,
pudiera suprimir o atenuar el efecto inhi-
bitorio que GABA produce sobre neuronas
eferentes de 1a SN (38).

A nivel de-la SN existe una gran cantidad
de somas neuronales y terminales nerviosos
ricos en mediadores quimicos como GABA,
glicina y varios neuropéptidos (substancia
P, colecistokinina, dinorfinas, enkefalinas,
etc.). De tal forma que se plantea la posibi-
lidad de que la activacidn de receptores de
aminodcidos excitatorios, especialmente del
subtipo NMDA, modulen no sélo la ex-
presion funcional de células dopaminérgi-
cas, sino también la de otras neuronas

existentes a nivel nigral. De hecho, en

experimentos recientes hemos encontrado
que el efecto potenciador que agonistas del
receptor NMDA producen sobre la libe-
racion de DA-H? nigral es abolido por la
presencia de TTX y estricnina. Y, ademas,
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que glicina estimula la liberacion de DA-H?
nigral en una forma revertida por estricnina
(5). De tal forma que interneuronas gli-
cinérgicas pudieran mediar una interaccion
funcional entre aminoicidos excitatorios y
dendritas dopaminérgicas en SN. Sin em-
bargo, es necesario suministrar mayor
evidencia experimental para establecer in-
teracciones, ya sea funcionales o farmaco-
légicas, entre aminodicidos excitatorios y
neuronas glicinérgicas y/o gabaérgicas en
SN.

Referente a interacciones entre sistemas

neuronales aminoacidicos y neuropeptidér-

gicos, a nivel nigral, la informacién también
es muy escasa. S6lo cabria mencionar el
trabajo de Torrens y cols. (39), quienes han
informado que el L-GLU, pero no el
D-GLU, inhibe la liberacion, evocada por
despolarizacidon con K, de substancia P
desde cortes de SN. Ademis, el dietil éster
del L-GLU, un antagonista de receptores
del subtipo Q, impidi6 la accioén inhibitoria
del L-GLU. Estos resultados sugieren que la
regulaciéon presinaptica de la liberacion de
substancia P nigral pudiera estar mediada
por receptores tipo glutamatérgico y/o
aspartérgico. En trabajos recientes de otra
indole, Meyer y cols. (40) han informado
que la administracion parenteral de dcido
kainico, un agonista de receptores de
aminodcidos del subtipo K, produce un
marcado aumento en los niveles end6genos
de colecistokinina en SN, los cuales per-
sisten hasta 10 dias luego de la adminis-
traciébn del agonista. Efectos similares se
producen sobre los niveles end6genos de
neurotensina en SN (41). De tal forma que
tales cambios pudieran deberse a interac-
ciones quimicas en SN entre aferencias ex-
citatorias cortico-nigrales, los diversos sub-
tipos de receptores de aminodcidos excita-
torios y sistemas neuronales ricos en neu-
ropéptidos.

De las evidencias experimentales pre-
sentadas se desprenden las siguientes ob-
servaciones:

1. No se ha caracterizado adecuadamente
la naturaleza quimica del transmisor exci-
tatorio que se libera desde terminales
nerviosos cortico-nigrales ;corresponde este
transmisor al L-GLU o L-ASP o a una mez-
cla de ambos?

2. Se desconocen los mecanismos pre-
sindpticos que regulan la liberacion del
transmisor desde la via cortico-nigral. Inte-
resa conocer si tales regulaciones se ejercen
a través de ‘‘autorreceptores” y/o ‘“‘hete-
rorreceptores’ presinapticos, considerando
que en SN existen altas concentraciones no
s6lo de L-GLU y L-ASP, sino también de
otros mediadores quimicos como dopa-
mina, GABA, glicina y varios neuropép-
tidos.

3. Aparentemente existen, a nivel de SN,
varios sitios receptores sensibles a la accién
de aminodcidos excitatorios. Sin embargo,
los estudios realizados no permiten definir
aun las caracteristicas bioquimicas, locali-
zacién celular y regulacion de estos recep-
tores. Se considera especialmente impor-
tante el receptor del subtipo NMDA, por su
eventual participacion en la generacion de
actividad convulsiva en el cerebro; actividad
que confluye y es modulada, en parte, por
un nicleo cerebral como la SN.

4. Aparentemente la actividad de neu-
ronas intrinsecas nigrales, como es €l caso
de las dopaminérgicas, puede ser regulada a
través de receptores de aminoicidos exci-
tatorios, especialmente del subtipo NMDA.
Es necesario confirmar y extender estas
observaciones, especialmente en lo que se
refiere a los mecanismos involucrados.
También es necesario investigar sobre las
eventuales interacciones, ya sea funcionales
o farmacologicas, que aminodcidos excita-
torios y sus receptores ejercen con neu-
ronas nigrales de tipo gabaérgico, glicinér-
gico y neuropeptidérgico.
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Se analiza la disquinesia tardia como patologia neurol6gica yatrogénica y se discuten las
controversias respecto a su etiologia, fisiopatologfa y farmacologia bioquimica.

Tardive dyskinesia is described as a distinct neurological entity. Its probable etiology,
pathophysiology and biochemical pharmacology are reviewed and discussed in the light of

the latest findings.
INTRODUCCION

La introduccién de los neurolépticos en
Francia en 1952, causante de uno de los
mayores avances en la psiquiatria moderna,
fue seguida, a fines de la década de los afios
50, de una serie de trabajos sobre movi-
mientos involuntarios en la esfera oro-
linguo-facial, que se asociaban al uso pro-
longado de estos firmacos. Este cuadro,
obviamente yatrogénico, fue llamado dis-
quinesia tardia (1), precisamente porque se
manifestaba largo tiempo después de dis-
minuir o suspender la administracién del
antisicético.

La descripcibn clinica actual de este
sindrome comprende movimientos invo-
luntarios de masticacion, inflado de meji-
llas, muecas, chasquido de labios, succion,
lamido, protrusion de lengua confinados al
drea oro-linguo-facial en adicibn a mo-
vimientos coreoatetoideos de dedos, ma-
nos, brazos, pies; movimientos balisticos,
en especial de los brazos e, incluso, hi-
perquinesias axiales y movimientos invo-
luntarios diafragmidticos (2, 3). Tanto el
tipo de los movimientos involuntarios
como su gran diversidad entre paciente y
paciente, asemeja el cuadro clinico a las

disquinesias inducidas por L—DOPA vy
otros cuadros coreicos.

Actualmente, esta riqueza de signos se
resume en cuatro tipos de movimientos
involuntarios: temblor, corea, tics y disto-
nias (4). Se reconoce también que los
pacientes mds en riesgo son de sexo feme-
nino, mayores de 70 afios, que han recibido
neurolépticos ‘‘incisivos’’ de mayor po-
tencia antisicOtica y capaces de inducir
parkisonismo agudo (butirofenomas, fe-
notiazinas piperazinicas, tioxantenos, etc.,
4, 5).

El cuadro de la disquinesia tardia se ha
unido en forma clasica a una hipersensibi-
lidad de receptores dopaminérgicos estria-
tales (6, 7, 8) inducida por el bloqueo
prolongado que ejercen sobre ellos los
agentes antisicéticos (9). Sin embargo, una
serie de preguntas y controversias parecen
indicar que esta teoria no siempre es vdlida
o bien es condicién necesaria, pero no su-
ficiente, para la expresiéon de la disquinesia
tardfa.

Estas controversias se podrian resumir en
la siguiente forma:

1. ;(Debe o no existir otra vulnerabilidad
neurolégica en el paciente que hace una
disquinesia tardia?

* Se dedica este trabajo a la memoria del profesor doctor Osvaldo Cori Moully, formador y apreciado amigo del autor.
El mejor tributo de sus discipulos es que su ética, rigor cientifico, humanismo y calidad humana puedan perdurar en

nosotros.
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2. (Es la disquinesia tardia parte de un
cierto tipo de esquizofrenia?

3. ;Se puede explicar el efecto diferencial
de algunos neurolépticos atipicos sobre
la produccién de disquinesia tardia por
su mecanismo de accion a nivel de dis-
tintos subtipos de receptores dopami-
nérgicos estriatales o limbicos?

4. La ubicacién anatémica estriatal in-
trinseca y el papel funcional atribuido a
los subtipos de receptores dopaminér-
gicos, ;puede explicar las diferentes
respuestas conductuales, farmacoldgicas
y bioquimicas a los agentes antisicoti-
cos?

5. (Depende la aparicién de la disquinesia
tardia s6lo de la alteraciéon de sensibi-
lidad de un cierto tipo de receptor do-
paminérgico o hay otros sistemas estria-
tales de neurorreguladores involucrados?

6. Si la disquinesia tardia involucra varios
de estos factores, ;qué hipétesis se
puede plantear para unificarlos?

En la préxima seccion se intentard de-
sarrollar y responder a estas interrogantes.

FISIOPATOLOGIA Y FARMACOLOGIA
BIOQUIMICA

El neoestriado, formado por el conjunto
del nicleo caudado y el putamen es el
centro modulador del circuito reverberante
llamado de los ganglios basales que de-
sempefia un papel clave en el control de la
motricidad y que funciona en base, fun-
damentalmente, a la inhibicién.

Si bien atn persiste la vision tradicional
de considerar el neoestriado, el globus pa-
llidus y los nucleos subtaldmicos con afe-
rentes estriatales provenientes de la corteza,
los nicleos taldmicos intralaminares y la
sustancia nigra, y salidas de sefial a partir
del globus pallidus interno y la sustancia
nigra pars reticular como “el sistema de
ganglios basales”, evidencias recientes im-
plican a estructuras limbicas como la sus-
tancia innominata, el nucleo accumbens y
el tubérculo olfatorio dentro también de
los ganglios basales. De esta forma, se consi-
dera que los ganglios basales se dividen en
un sistema dorsal y un sistema ventral, El
sistema dorsal es el tradicional, mientras el

sistema ventral que existe en paralelo in-
cluye el n. accumbens, la parte exter-
na del tubérculo olfatorio, parte del glo-
bus palido ventral, la sustancia innomi-
nata y nucleos preopticos., Los aferentes y
eferentes de ambos sistemas existen en pa-
ralelo con diferencias sutiles en su origen.
También los sistemas nigroestriatal y me-
solimbico-mesocortical poseen innervaciéon
cruzada. Esta anatomia particular puede
explicar hechos de la clinica en la relacién
entre control motor y actividad emocional,
asi como la accion de firmacos sobre
ambas funciones (10).

La clave de la accion de drogas sobre el
estriado y los resultados caracteristicos del
bloqueo dopaminérgico estriatal (Parkin-
sonismo); la estimulacién dopaminérgica
estriatal (Corea, disquinesia); el bloqueo
colinérgico (antiparkinsonismo; agrava Co-
rea y disquinesia) indican la estrecha re-
lacion entre acetilcolina, dopamina vy
GABA (icido gama-amino-butirico), este
ultimo mediador de los circuitos de retro-
alimentacioén estrionigral y de las salidas de
sefial del neoestriado. Aunque ésta es una
sobresimplificacion, pues no toma en
cuenta el papel de numerosos otros neu-
rorreguladores, como colecistokinina
(CCK), serotonina, encefalinas, sustancia P,
probablemente neurotensina, etc., provee
una base para probar la teoria de la hi-
persensibilidad dopaminérgica a la luz de
los hechos experimentales.

Entrando a intentar responder las con-
troversias enumeradas en la seccién pre-
cedente, tenemos:

1. La edad es el unico factor (enveje-
cimiento neurologico) que predispone a la
aparicion de la disquinesia tardia (11, 12).
Este hecho ha sido confirmado, compa-
rando grupos de animales senescentes con
animales jovenes, ambos expuestos a neu-
rolépticos por periodos de hasta tres meses.
Los animales viejos desarrollaron significa-
tivamente mds movimientos estereotipados
oro-linguo-faciales. En ambos grupos se es-
timaron pardmetros cinéticos de receptores
D, estriatales (3 H-piflutixol) y D, (H3-es-
piroperidol). Los animales viejos mostraron
niveles normales de receptores D; en den-
sidad y afinidad: los D, aparecfan con
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2. ;Es la disquinesia tardia parte de un
cierto tipo de esquizofrenia?

3. ;Se puede explicar el efecto diferencial
de algunos neurolépticos atipicos sobre
la produccién de disquinesia tardia por
su mecanismo de accion a nivel de dis-
tintos subtipos de receptores dopami-
nérgicos estriatales o lfmbicos?

4. La ubicaciébn anatémica estriatal in-
trinseca y el papel funcional atribuido a
los subtipos de receptores dopaminér-
gicos, ;puede explicar las diferentes
respuestas conductuales, farmacolégicas
y bioquimicas a los agentes antisicoti-
cos?

5. ;Depende la aparicion de la disquinesia
tardia sOlo de la alteracién de sensibi-
lidad de un cierto tipo de receptor do-
paminérgico o hay otros sistemas estria-
tales de neurorreguladores involucrados?

6. Si la disquinesia tardia involucra varios
de estos factores, ;qué hipétesis se
puede plantear para unificarlos?

En la pr6éxima seccién se intentard de-
sarrollar y responder a estas interrogantes.

FISIOPATOLOGIA Y FARMACOLOGIA
BIOQUIMICA

El neoestriado, formado por el conjunto
del nticleo caudado y el putamen es el
centro modulador del circuito reverberante
llamado de los ganglios basales que de-
sempefia un papel clave en el control de la
motricidad y que funciona en base, fun-
damentalmente, a la inhibicién.

Si bien aun persiste la visién tradicional
de considerar el neoestriado, el globus pa-
llidus y los niicleos subtaldmicos con afe-
rentes estriatales provenientes de la corteza,
los ntcleos talamicos intralaminares y la
sustancia nigra, y salidas de sefial a partir
del globus pallidus interno y la sustancia
nigra pars reticular como “el sistema de
ganglios basales”, evidencias recientes im-
plican a estructuras limbicas como la sus-
tancia innominata, el nicleo accumbens y
el tubérculo olfatorio dentro también de
los ganglios basales. De esta forma, se consi-
dera que los ganglios basales se dividen en
un sistema dorsal y un sistema ventral, El
sistema dorsal es el tradicional, mientras el

sistema ventral que existe en paralelo in-
cluye el n. accumbens, la parte exter-
na del tubérculo olfatorio, parte del glo-
bus pdlido ventral, la sustancia innomi-
nata y ntcleos predpticos. Los aferentes y
eferentes de ambos sistemas existen en pa-
ralelo con diferencias sutiles en su origen.
También los sistemas nigroestriatal y me-
solimbico-mesocortical poseen innervacion
cruzada. Esta anatomia particular puede
explicar hechos de la clinica en la relacién
entre control motor y actividad emocional,
asi como la accibn de fdrmacos sobre
ambas funciones (10).

La clave de la accioén de drogas sobre el
estriado y los resultados caracteristicos del
bloqueo dopaminérgico estriatal (Parkin-
sonismo); la estimulacidn dopaminérgica
estriatal (Corea, disquinesia); el bloqueo
colinérgico (antiparkinsonismo; agrava Co-
rea y disquinesia) indican la estrecha re-
lacion entre acetilcolina, dopamina vy
GABA (4icido gama-amino-butirico), este
altimo mediador de los circuitos de retro-
alimentacion estrionigral y de las salidas de
sefial del neoestriado. Aunque ésta es una
sobresimplificacién, pues no toma en
cuenta el papel de numerosos otros neu-
rorreguladores, como  colecistokinina
(CCK), serotonina, encefalinas, sustancia P,
probablemente neurotensina, etc., provee
una base para probar la teoria de la hi-
persensibilidad dopaminérgica a la luz de
los hechos experimentales.

Entrando a intentar responder las con-
troversias enumeradas en la seccién pre-
cedente, tenemos:

1.La edad es el unico factor (enveje-
cimiento neurolégico) que predispone a la
aparicion de la disquinesia tardia (11, 12).
Este hecho ha sido confirmado, compa-
rando grupos de animales senescentes con
animales jovenes, ambos expuestos a neu-
rolépticos por periodos de hasta tres meses.
Los animales viejos desarrollaron significa-
tivamente mads movimientos estereotipados
oro-linguo-faciales. En ambos grupos se es-
timaron pardmetros cinéticos de receptores
D, estriatales (3 H-piflutixol) y D, (H3-es-
piroperidol). Los animales viejos mostraron
niveles normales de receptores D; en den-
sidad y afinidad: los D, aparecian con
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densidad significativamente disminuida y el
ligamen no especifico aumentado (glio-
sis-pérdida neuronal) (13, 14, 15).

2. Se ha observado mayor disquinesia
tardia en enfermos esquizofrénicos croé-
nicos, de mala respuesta a neurolépticos,
donde prima lo ‘“‘defectual” y ‘“‘negativo”,
con dafio cerebral (hiperdilatacién ventri-
cular, pérdida neuronal), que corresponde a
la esquizofrenia tipo II de Crow (11) (16).
Este tipo de proceso se asemeja mds a un
cuadro demenciante, con compromiso
global cerebral que al tipo I, sicosis, donde
prima la ‘‘hiperfuncion dopaminérgica
Iimbica”’. (17, 18).

3. Algunos neurolépticos, precisamente
no aquellos de mayor poder antisicotico,
presentan nula o muy baja incidencia en
producir disquinesia tardia u otros cuadros
extrapiramidales. En efecto, clozapina y
tioridazina han sido llamados ‘‘neurolép-
ticos atipicos’” por no producir la cldsica
rigidez parkinsoniana de estos compuestos.
Durante un tiempo, al observar su gran
potencia anticolinérgica, se explicé que a
esto debfan su falta de inducciéon de extra-
piramidalismo (19), ya que su efecto
bloqueador dopaminérgico estriatal era
enmascarado por el bloqueo del receptor
muscarinico de las interneuronas estriata-
les. Sin embargo, se demostré posterior-
mente que la adicion de un anticolinérgico
central a un neuroléptico muy inductor de
efectos extrapiramidales no asemejaba el
efecto al de un neuroléptico atipico.

La explicacion estaria entonces en que
los neurolépticos atipicos bloquean dife-
rencialmente los receptores dopaminérgicos
Ifmbicos que los estriatales. Si bien al prin-
cipio hubo discrepancias entre varios au-
tores, la uniformidad de las técnicas de
ligamen-droga-receptor in vitro ha permi-
tido demostrar que los neurolépticos ‘““atipi-
cos” clozapina y tioridazina son equi-
potentes con haloperidol y flufenazina
sobre los receptores dopaminérgicos lim-
bicos, pero son mucho menos bloqueadores
a nivel de receptores dopaminérgicos es-
triatales, lo que explica su falta de toxi-
cidad extrapiramidal (21, 22).

Se ha podido demostrar, ademds, bio-
quimicamente que los neurolépticos atipi-
cos producen un mayor aumento del

recambio de dopamina a nivel limbico que
a nivel estriatal, mientras que los neurolép-
ticos cldsicos no discriminan (23, 24).

4. Una explicacion alternativa y/o
complementaria para la indemnidad del
sistema motor frente a los neurolépticos
atipicos en cuanto a la aparicién de dis-
quinesia tardia puede estar en la com-
prensiéon de los subtipos de receptores
dopaminérgicos, su respuesta frente a
agonistas y antagonistas, su relacién con
distintas vias neuronales y sus distintos
papeles funcionales. .

En experimentos con ratas lesionadas
unilateralmente con 6-OH-Dopamina (que
mostraban hipersensibilidad por dener-
vacién), para demostrar qué mecanismos
dopaminérgicos distintos (receptores) es-
taban asociados a la inervacion de inter-
neuronas GABA e interneuronas colinér-
gicas, se inhibid la transmision GABAérgica
con picrotoxina y la colinérgica con esco-
polamina,

La picrotoxina potencio la estimulacion
con pergolide (agonista D, preferente) (25),
que produce rotaciéon contralateral al lado
lesionado, pero inhibié la rotacion por
apomorfina. Exactamente al revés sucedi6
con escopolamina (26). Esto muestra que la
apomorfina y el pergolide afectan diferen-
temente a neuronas colinérgicas sensibles
a dopamina y a neuronas GABA sensibles a
dopamina. Atn mds, los receptores D, es-
tarian preferentemente en neuronas coli-
nérgicas y los D, en neuronas GABA. Pos-
teriormente, al elaborar una hipétesis uni-
taria, se verd la importancia que los recep-
tores D, estriatales, sensibles a concen-
traciones nanomolares de neurolépticos
aparezcan asociados a neuronas GABA.

5. Compromiso de otros neurotransmi-
sores en ganglios basales en la disquinesia
tardia.

Monos (Cebus apella) tratados croéni-
camente, ya sea con haloperidol decanoato
o flufenazina decanoato por un periodo de
3-6 afios, fueron sacrificados y sus cerebros
analizados en zonas discretas anatémicas,
encontrandose una alteracién (descenso) de
la actividad de la enzima glutdmico des-
carboxilasa (GAD) en tres dreas cerebrales:
globus pilido medial, niicleo subtaldmico y
sustancia nigra, sOlo en aquellos animales
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que desarrollaron espontdneamente dis-
quinesia tardia después del tratamiento
27).

Este hallazgo muestra que la enzima que
cataliza la formacion de GABA estaba
disminuida sé6lo en aquellos animales que
desarrollaron una disquinesia tardia per-
sistente.

La baja actividad de GAD en globus p4-
lido y la sustancia nigra puede relacionarse
con una disfuncién dentro de los sistemas
neuronales estrionigrales y acumbens-pa-
lidal. Estos sistema GABAGérgicos se afectan
profundamente con la administracion
prolongada de neurolépticos. Cuando las
neuronas GABA estriatales intrinsecas se
desinhiben por el bloqueo de la transmisién
dopaminérgica, debida a los neurolépticos,
las vras internucleares se inhiben (28).
Hasta dos meses posteriores a la suspension
del tratamiento, la supresidon de las neu-
ronas nigrales y palidales se manifesté en
los animales disquinéticos, pero no en los
controles (que no hicieron disquinesia, a
pesar de haber recibido neurolépticos de
igual manera). Es probable, y hay ante-
cedentes, que vias GABA inhibidas por
largo tiempo pueden degenerar. Asi, un
mecanismo neuroquimico importante en la
génesis de la disquinesia tardia seria la
desinhibicién de fibras nigrofugales (de
nigra reticular) por baja actividad inhibi-
toria (GAD baja). En apoyo a esto, la in-
yeccidén intranigral de antagonistas GABA
causa disquinesia oral (29).

Tanto en los animales de estos expe-
rimentos como en pacientes, los agonistas
GABA tienden a reducir la sintomatologra,
aunque por desgracia se requieren dosis
muy altas que producen ataxia (30, 31).

6. Resumen de contradicciones, coin-
cidencias e intento de hip6tesis unitaria.

Los contradictores principales de la teo-
ria dopaminérgica tUnica de la disquinesia
tardia argumentan (18) (32, 33):

a) La disquinesia tardfa clinica aparece
tarde; la hipersensibilizacion de recep-
tores dopaminérgicos estriatales es muy
rdpida.

b) S6lo el 20 por ciento de los pacientes

hacen disquinesia tardra; el 100 por
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ciento de los animales muestran hiper-
sensibilidad dominérgica.

¢) La hipersensibilidad dopaminérgica es
fugaz en los animales; en el hombre
persiste en un 40 por ciento aprox.

d) Los receptores D, estdn hipersensibles
en cerebros de esquizofrénicos con o sin
disquinesia tardfa al momento de fallecer

e) Los estudios en monos, que muestran
baja de la GAD, podrian traducir la hi-
persensibilidad dopaminérgica, pero
puede que la baja actividad de GAD sea
solo reflejo funcional de hiperactividad
dopaminérgica estriatal.

Los autores que postulan la hipersensibi-
lidad dopaminérgica como condicidén ne-
cesaria, pero no suficiente, para la disqui-
nesia tardia (34), postulan lo incontrover-
tible de la farmacologia de la disquinesia
tardfa:

a) Siempre asociada a uso crénico de neu-
rolépticos.

b) Agravada por agonistas dopaminérgicos.

c) Aliviada por neurolépticos o depleta-
dores de dopamina.

d) Agravada por bloqueadores muscarini-
cos.

Como hip6tesis unitaria de estas contro-
versias, se puede mencionar el mecanismo de
radicales libres (35). Se postula que el des-
balance de neurotransmisores no es suficien-
te para provocar una alteracion tan persisten-
te como la disquinesia tardia, que el aumen-
to del recambio (y la oxidacion por MAO-B)
de catecolaminas producidas por el feed-
back del bloqueo de neurolépticos lleva
al aumento de la producciéon de radicales
libres, como superdxido, perdoxido de hi-
drégeno, radical oxhidrilo, ademas que
tanto la L-DOPA como la dopamina
pueden autooxidarse a quinonas. Asi, la
generacion de radicales libres causaria un
dafio estructural estriatal que se reflejaria
en baja de GAD en individuos que hacen
disquinesias. Los mecanismos especificos
protectores de radicales libres, como super-
6xido dismutasa, catalasa, peroxidasa, glu-
tation peroxidasa y los inespecificos, an-
tioxidantes, como vitamina E, ascorbato,
disminuyen con la edad y quizds por ello
los ancianos son mas ldbiles.

Finalmente, se podria postular que la
validacion de esta atractiva teoria de unifi-
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cacién podria ser puesta a prueba adminis-
trando antioxidantes a los pacientes que
reciben neurolépticos.
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Induction of an allergic reaction to alcohol
metabolites by immunization y

Induccién de una reaccidén alérgica a metabolitos del alcohol,
por inmunizacién
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and ONNI NIEMELA
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Acetaldehyde, a product of alcohol metabolism, is known to bind covalently to plasma and
red cell proteins, yielding stable adducts which have recently shown are recognized as foreign
by the immune system. The present study demonstrates that immunization of mice with
protein-acetaldehyde adducts in aluminum hydroxide gel results in the production of reaginic
antibodies that recognize the adducts and trigger an allergic-anaphylatic reaction. These
findings may lead to new approaches in the treatment of excessive alcohol consumption in

humans.

INTRODUCTION

Ethanol is metabolized in the liver to
acetaldehyde and further to acetate (1). In
most individuals, the oxidation of ac-
etaldehyde is very efficient, such that only
small levels of acetaldehyde appear in the
circulation (1). However, if aldehyde
dehydrogenase enzyme is inhibited, acetal-
dehyde levels are markedly increased, lead-
ing to a number of aversive reactions which
include marked flushing, dyspnea, nausea,
hypotension and tachycardia (2, 3). These
reactions, simulating in many ways the
reactions which characterize severe allergic-
anaphylatic reactions, are also observed in
individuals who lack the high affinity
aldehyde dehydrogenase (4, 6). Individuals
with such a genetic trait appear to be ef-
fectively deterred from excessive alcohol
consumption. For example in Japan, where
40-50% of the general population show the
aldehyde dehydrogenase deficiency (6, 7),
only 2% of alcoholics in treatment centres
show the enzyme deficiency (6, 8).
Disulfiram and calcium carbimide, drugs
which are widely used in the treatment of
alcohol addiction, are both known to inhibit
aldehyde dehydrogenase (2, 3), causing
acetaldehyde accumulation and aversive

reactions if alcohol is consumed during
treatment. However, as these drugs must be
taken daily or twice in order to be effective,
their potential clinical utility is severely
curtailed by lack of compliance with this
dosage regimen by the patients (9, 10).
Subcutaneous implantation of disulfiram
has been attempted, but the amounts that
must be implanted are too high to be
acceptable and the aversive reaction is too
variable (11), and thus this practice has
generally been discontinued.

Acetaldehyde, in the concentrations that
occur in the blood of alcoholics actively
binds to plasma, red cell and liver proteins
to form stable adducts (12, 14). We have
recently shown that these adducts are
recognized as foreign by the immune
system (15); antibodies against the acetal-
dehyde protein-adducts can be raised in
laboratory animals by immunization with
such adducts, as well as by chronic alcohol
consumption (15). These antibodies are
able to recognize the acetaldehyde contain-
ing epitopes in the adducts, independently
of the nature of the protein carrier, and
moreover they also appear in the sera of
human alcoholics (16, 17).

The techniques employed earlier (15,17)
to measure antibody levels in both animal
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and human studies detect primarily circulat-
ing IgGs, IgMs, and IgAs, but not reaginic
IgEs which are involved in allergic-anaphy-
latic reactions. The latter are present in
serum at 100,000 fold lower concentrations
than those of other immunoglobulins (18).
However, IgEs strongly bind to mast cells
for prolonged periods up to 12 weeks (18).
Upon appropriate antigen recognition,
bound IgEs trigger a series of cascade reac-
tions in the mast cells which ultimately
lead to mast cell degranulation, including
histamine release and the allergic-anaphy-
latic reaction (19).

Studies in the past decade have shown
that IgEs can be induced preferentially over
other types of immunoglobulins upon pre-
sentation of the antigens in gel microparti-
cles, whether by injection or by inhalation
in aerosols (19). Recent studies have shown
that such IgE response can be amplified by
X-ray irradiation and by adoptive transfer
of spleen cells from a previously immunized
animal into a naive animal which receives
the gel-protein antigens at the time of the
adoptive transfer (19, 22). In the present
studies, we hypothesized that immunization
with acetaldehyde protein-adducts can
result in the induction of reaginic which
recognize the acetaldehyde adducts trigger-
ing an allergic-anaphylatic response.

METHODS

Mice (C57BL/6J) were immunized with acetal-
dehy-keyhole limpet hemocyanin (Ach-KLH)
conjugate (2 ug) prepared as described previously
(15) and absorbed on aged aluminum hydroxide
gel in a ratio of 2 ug acetaldehyde adduct to 4 mg
of gel (20). Booster injections were given on days
7 and 14, and serum samples were collected on
days 21 to 28 (series NO 1). To amplify any reaginic
antibody responses, the techniques of X-irradiation
(series NO 2) and adoptive transfer of spleen cells
(series N© 3) were applied (20, 22). Mice in series
NO 2 received 250 R on day 8, while mice in series
NO 3 were treated as in series NO 2 until day 14,
On day 15, their spleen cells were transferred
intravenously into naive C57BL/6J mice irradiated
with 700 R, followed by an injection of 2 ug of
Ach-KLH in aluminium hydroxide within two
to three hours. Recipient animals were sacrificed
on day 28 and sera were collected for the deter-
mination of the acetaldehyde addcut specific
reaginic antibodies by the passive cutaneous
anaphylaxis (PCA) test in rats (23).

RESULTS AND DISCUSSION

Table I shows that sensitization of rats with
sera from mice immunized with acetal-
dehyde-KLH condensates led to a marked
allergic reaction when the rats were challeng-
ed with acetaldehyde-human plasma pro-
tein condensates, whereas no reaction was
observed towards unmodified human plas-
ma proteins. Immunization with carrier
KLH did not produce a positive cutaneous
anaphylatic reaction either for the ace-
taldehyde-human plasma protein adducts
or for the corresponding unmodified pro-
teins. Treatment of mice with X-rays or
adoptive transfer led to two —and 16— fold
amplifications of the reaginic antibody
titers, respectively.

Data presented indicate that an allergic
reaction can be generated against products
of ethanol metabolism by specific immuni-
zation techniques. It should be noted that
the animals were challenged with pre-form-
ed acetaldehyde-protein condensates. It has
been previously shown, however, that

TABLEI

Determination of reaginic antibodies against
the acetaldehyde-conjugated proteins by the passive
cutaneous anaphylaxis (PCA) test.

Immunization PCA-test*

A. Acetaldehyde-protein conjugate Ach-HPP** Control

HPP
Ach-KLH** 80 NIL***
AchKLH+250 R 160 NIL

Ach-KLH+adoptive transfer  640-2560 NIL

B. Control protein

KLH NIL NIL
KLH+250 R NIL NIL
KLH+adoptive transfer NIL NIL

*  Male Sprague-Dawley rats (250-350 g) were injected
intradermally with 0,1 ml of mouse sera at dilutions
from 1:10 to 1:2560. After 24-48 hours, the rats re-
ceived 1,5 mg of acetaldehyde-hurnan plasma protein
intravenously in 1,5 ml of phosphate buffered saline
containing 0,5%. Evans Blue, After 30 minutes, the
animals were sacrificed and the blue extravasation
reactions were examined from the dissected skins.
The titres are expressed as reciprocals of the highest
dilutions yielding a minimal of 5 mm blueing reac-
tion.

**  Preparation of the acetaldehyde-conjugates to key-
hole limpet hemocyanin (Ach-KLH) and to human
plasma protein (Ach-HPP) has been previously de-
scribed (15).

*** No blueing at 1:10.
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acetaldehyde binds to blood proteins
(12, 14) at concentrations which occur in
vivo in the blood of human alcoholics. Con-
sequently, a similar anaphylatic reaction
should occur following alcohol consump-
tion, provided that high reaginic antibody
titers have been induced. It should be
noted that in atopic individuals with very
high natural titers of reaginic antibodies,
minute levels of allergens can lead to mast
cell degranulation and anaphylaxis (24).
Such a level of immunization against acetal-
dehyde adducts should also be attainable
either by passive immunization with specific
IgEs or perhaps by active immunization or
by potentiating IgE antibody formation
(21, 25). Using either approach, a con-
trollable aversive reaction against alcohol
could be induced. Since [gEs remain bound
to mast cells for prolonged periods of up
to three months, the deterrent effect would
be tantamount to those produced by well-
established agents such as Antabuse. How-

ever, a vaccine approach offers the critically
important advantage that it would not be
subject to the vagaries of compliance to a
self-dosing schedule with a drug that pro-
duces a variety of aversive side-effects of its
own. If its effectiveness is indeed borne out
by human studies, a vaccine approach
might provide a new approach in the treat-
ment of alcoholism,
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flavonoide silybina: Relacidon con sus propiedades
terapéuticas

Studies on the biochemical mechanism of action of the
flavonoid silybin: relationship with its therapeutic properties
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Unidad de Bioquimica Farmacoldgica. Instituto de Nutricién y Tecnologfa de los Alimentos.
Universidad de Chile, casilla 15138, Santiago 11, Chile.

Este estudio presenta en forma sucinta los aspectos mas relevantes de nuestro trabajo de in-
vestigacion con el flavonoide silybina. Su mecanismo de accidn como citoprotector se rela-
cionaria con una accibn a tres niveles: como antioxidante, evitando la lipoperoxidacion
celular inducida por xenobidticos; aumentando la concentracién intracelular de glutation,
permitiendo mejorar la funcion protectora y de desintoxicacién de este tripéptido, y regulando
la permeabilidad de las membranas celulares en forma relativamente especifica a 1a entrada
o salida de metabolitos. Se discuten las proyecciones terapéuticas del flavonoide, asi como su
efecto protector especifico en la toxicidad hepitica de la fenilhidrazina, el etanol y el aceta-

minofeno.

INTRODUCCION

Los flavonoides pertenecen a la familia de
los derivados de las benzo-y-pironas y son
muy abundantes en las células fotosintéti-
cas de los vegetales. En la actualidad se
conocen mas de 500 variedades diferentes y
su existencia en la naturaleza esti muy di-
fundida, ya que al incorporarse a la cadena
alimentaria estin presentes en los insectos,
moluscos, reptiles e incluso mamfiferos.
Desde tiempos inmemoriales, se ha atribui-
do a muchos flavonoides propiedades te-
rapéuticas y curativas de variada indole,
aunque existen muy pocos estudios cienti-
ficos sobre estas propiedades y mucho me-
nos sobre el mecanismo de accién de estas
estructuras. En la actualidad algunos flavo-
noides como la quercetina, la taxifolina y
la silybina, entre otros, son utilizados como
principios farmacolégicos como tales, o
como componentes de formulaciones mds
complejas (1). De ellos, quizds la silybina
es el mds conocido y el que presenta pro-
piedades terapéuticas mdas definidas.

La silybina es uno de los isdbmeros que
conforman la silymarina, complejo estruc-
tural que se extrae de las semillas del cardo

1

A quien se debe dirigir la correspondencia.

Mariano o cardo lechero, muy abundante
en los paises con clima mediterrineo (2).
Los otros dos isémeros que componen la
silymarina, la silydianina y la silycristina,
se encuentran en menor proporcién y son
mucho menos activos farmacologicamente,
Fig. 1. La silybina ha sido definida desde el
punto de vista médico como un citoprotec-
tor v mis especificamente como un hepato
protector (3). Este flavonoide es, practica-
mente, el Gnico antidoto contra la intoxi-
cacidon por el hongo amanitas faloides (4)
y en la actualidad es utilizado en el trata-
miento de numerosas hepatopatias que
involucran necrosis degenerativas con com-
promiso de la funcién hepdtica. A pesar de
su uso en diferentes formas y preparados
farmacéuticos en muchos paises, incluido
el nuestro, es muy poco lo que se sabe so-
bre su mecanismo de accién a nivel celular.

Nuestro grupo ha dedicado estos tltimos
cuatro afios a caracterizar el mecanismo
bioquimico involucrado en la accién de la
silybina, Aqui presentamos una resefia de
nuestros principales resultados como un
modesto homenaje al Dr. Osvaldo Cori, for-
mador de muchas generaciones de bioqui-
micos y de quien nos honramos en haber
sido sus alumnos.
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I. Propiedades antioxidantes del
flavonoide silybina

Los flavonoides en general son buenos
antioxidantes, ya que la presencia de gru-
pos hidroxilos como sustituyentes de los nu-
cleos bencénicos que conforman su estruc-
tura, hace posible su accion como donantes
de hidrogenos capaces de neutralizar los
radicales libres involucrados en los fendme-
nos peroxidativos (1). La silybina no escapa
a esta propiedad, ya que un derivado hi-
drosoluble de ésta, en la forma dihemisuc-
cinato, presenta un poderoso efecto antioxi-
dante cuando es ensayada en sistemas mo-
delos de peroxidacion, como es el formado
por una emulsién de linoleato de potasio
cuya oxidaciéon es catalizada por Fe'?
(5). Su efecto antioxidante es incluso mds
eficiente que el obtenido en este mismo
sistema con antioxidantes como el butil
hidroxianisol (BHA) o el butil hidroxi-
tolueno (BHT). La Figura 2 resume estos
resultados.

Este efecto antioxidante se expresa in-
cluso en sistemas mds complejos, ya que si
se cataliza la peroxidaciébn de microsomas
obtenidos de higados de rata mediante la
adicion de NADPH-Fe'2-ADP al medio de
incubacién es posible obtener un efecto
antilipoperoxidativo que es dependiente de
la concentracion del flavonoide (6). En este
caso, la lipoperoxidacion fue evaluada me-

Fig. 1: Estructura quimica de los tres isémeros del flavonoide silymarina.

diante dos criterios diferentes. Medicién
de la formacion de malondialdehido (MDA),
técnica que mide productos finales del
proceso lipoperoxidativo y medicion de la
quimioluminiscencia espontinea (QL) que
permite cuantificar el decaimiento de for-
mas inestables del oxigeno que emiten

O Control
0 Silybina 0,25 mM
A Silybina 0,50 mM
® Silybina 2,00 mM
12+
E
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9
&
2
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Fig. 2: Efecto antioxidante de diferentes concentraciones
de silybina en la peroxidacién de una emulsién de lino-
leato de potasio catalizada por Fet2 (500 uM). La peroxi-
dacién se midié a través de la formacién de dienos conju-
gados, Cada punto representa el promedio de seis experi-
mentos * E.S.M. Adaptado de Valenzuela y col. (5).
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luz. Estos resultados se muestran en la
Figura 3. El efecto antilipoperoxidativo
de silybina no es general, ya que si la
peroxidacion de los microsomas es catali-
zada por otro iniciador, como es el terbutil
hidroperoxido (TBH), el efecto es nulo
(6). Esta observacion nos permitié plan-
tear una selectividad por parte del flavo-
noide, en su capacidad para atrapar y
anular radicales libres. En efecto, el siste-
ma NADPH-Fe'?-ADP es un potente ge-
nerador de radicales libres hidroxilos
(‘OH) (7); en cambio, la estructura invo-
lucrada en el efecto prooxidante del
TBH es el radical libre terbutoxi. Este
ultimo es un radical voluminoso, desde el
punto de vista molecular, siendo el radical
hidroxilo mucho mds pequefio. Nuestro
grupo plantea que la selectividad del fla-
vonoide frente al efecto de ambos ini-
ciadores estarfa determinada por la posi-
bilidad de interaccion de éste con el ra-
dical libre hidroxilo y terbutoxi, al ser
este ultimo mds voluminoso, la interac-
cién se dificultarfa, probablemente debido
a problemas de tipo estéricos.

II. Efecto protector de silybina en
modelos biolégicos donde se induce
estrés oxidativo

A. Estudios con fenilhidrazina

Conceptualmente el estrés oxidativo es la
respuesta de un tejido, 6rgano u organismo
a la generacién no controlada de formas
prooxidantes del oxigeno (8). General-
mente se produce frente a inductores,
cuya actividad prooxidante sobrepasa la
capacidad de defensa del organismo alte-
rando la homeostasis del sistema. Puesto
que las propiedades antioxidantes observa-
das en la silybina se relacionarian con su
capacidad para atrapar ciertos radicales
libres (probablemente del tipo hidroxilo),
nos propusimos utilizar algunos modelos
experimentales utilizando drogas cuya cito-
toxicidad se relaciona con la induccion
de estrés oxidativo.

La técnica del higado perfundido es es-
pecialmente adecuada para la realizacion
de estudios de estrés oxidativo, ya que en
estas condiciones es posible medir muchos
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Fig, 3: Efecto de silybina en la peroxidacién de microso-
mas de higado de rata catalizada por NADPH-FeZ+.
ADP y terbutil hidroperéxido (TBH). A: Formacién de
malondialdehido (MDA), B: Emision de quimioluminis-
cencia (QL) después de 10 minutos de exposicién al
catalizador. Adaptado de Valenzuela y col. (6).

pardmetros metabolicos en este oOrgano,
tales como consumo de oxigeno tisular,
liberaciéon de metabolitos al liquido de
perfusion, variacion de la concentracion
de metabolitos en el 6rgano durante la
perfusion, etc. Como agente prooxidante
elegimos a la fenilhidrazina, cuya toxicidad
celular ha sido relacionada por nuestro
grupo con la generaciéon de radicales libres
de tipo hidroxilo (9).

En la Figura 4 se puede observar la res-
puesta de higados de rata que son perfun-
didos con fenilhidrazina, siendo previa-
mente tratados los animales con silybina.
La perfusion con fenilhidrazina produce
un brusco aumento del consumo de oxige-
no del tejido que se correlaciona muy bien
con el aumento de la liberacion de MDA
al liquido de perfusion (10). Estos resul-
tados son una expresion del estrés oxidati-
vo que induce la fenilhidrazina en el tejido
hepitico. Cuando los animales son previa-
mente tratados con silybina (16 horas an-
tes de la perfusién, inyeccion intraperito-
neal), la respuesta producida por la fenil-
hidrazina, tanto en el consumo de oxige-
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col. (10).

no hepdtico como en el MDA liberado por
el tejido, es considerablemente menor. En
esta situacion, el flavonoide estd ejercien-
do un efecto hepatoprotector probable-
mente derivado de su actividad antioxi-
dante.

El glutation reducido (GSH) es consi-
derado como una de las biomoléculas mais
importantes en la proteccidn celular con-
tra el estrés oxidativo (11). De hecho, si-
tuaciones metabolicas que implican estrés
oxidativo, acompafiadas por aumento del
consumo de oxigeno de un tejido y au-
mento de la formacién de MDA, se acom-
pafian también por disminuciones del
contenido intracelular de GSH, que gene-
ralmente guarda relacién con el nivel de
dafio oxidativo producido. En el caso de
la intoxicacidon con fenilhidrazina, ésta
produce una disminucién del contenido
hepdtico de GSH (Figura 5). Si los ani-
males son tratados previamente con el fla-
vonoide, se produce una importante pro-
teccion de la disminucion del tripéptido
(10). M4is ain, un aspecto que es intere-

30 20 50 80

Tiempo perfusién (min)

Fig. 4: Efecto protector de silybina en el aumento del consumo de oxigeno hepdtico (A) y en la libe-
racién de malondialdehido al medio (B) al perfundir con fenilhidrazina. Adaptado de Valenzuela y
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Fig. 5: Deplecion de GSH hepético producido por la per-
fusién con fenilhidrazina (C). Proteccién obtenida al
pretratar los animales con silybina (D). El tratamiento
con el flavonoide antes de perfundir con fenilhidrazina
produce un aumento en el GSH hepitico (B). Adaptado
de Valenzuela y col. (10).
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sante destacar es el aumento en los niveles
de glutation que se observa en los higa-
dos de ratas tratadas con el flavonoide
antes de ser perfundidos con fenilhidrazina.
Aunque no tenemos una explicacion clara
sobre el mecanismo de este efecto, mds
adelante se aventuran algunas hipoétesis.

El estudio del efecto oxidativo y hemo-
litico de la fenilhidrazina en eritrocitos
obtenidos de ratas tratadas con el flavo-
noide tiene caracteristicas similares a
aquellas obtenidas en la perfusion hepiti-
ca. La formacion de MDA, asi como el

A. FORMACION DE
MALONALDEHIDO

OCONTROL
© FENILHID.

@ FENILHID.
+ SYLIB.

350~

250 |-

180

50

Mmoles MDA/106 eritrocitos

10 20 30 40

aumento de la quimioluminiscencia es-
pontdnea que produce la fenilhidrazina
en los eritrocitos, es inhibida por el fla-
vonoide (Fig. 6) (12); del mismo modo,
la silybina produce una inhibiciéon del
consumo de oxigeno de los eritrocitos,
que es estimulado por fenilhidrazina
(12). Cabe destacar que, a diferencia del
higado, el eritrocito no tiene respiracién
metabdlica, de modo que el consumo de
oxfigeno que estimula la fenilhidrazina es
principalmente derivado de la lipoperoxi-
dacion celular.

B. QUIMIOLUMINISCENCIA
ESPONTANEA

-
2 3
Q [=]
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o
o
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Fig, 6: Efecto inhibidor de silybina en la formacién de malondialdehido (MDA) (A) ¥y en la emisién
de quimioluminiscencia (B) producidas por eritrocitos de ratas incubados con fenilhidrazina. Adap-

tado de Valenzuela y col. (12).

B. Estudios con etanol

El etanol no sélo es un inductor de lipo-
peroxidacion en algunos tejidos como
el higado y pulmén (13) sino que es un
importante depletador de GSH (14). Se
ha relacionado la caida del GSH hepidtico
como una consecuencia del estrés oxidativo
(15), de modo que tejidos con bajos ni-
veles de GSH serian mds susceptibles al
dafio lipoperoxidativo (16). La silybina
inhibe la lipoperoxidacion hepdtica indu-
cida por una intoxicacion aguda con
etanol (5 g/kg) en ratas y también protege
de la disminucidon que produce este tOxi-
co en los niveles hepdticos de GSH (17).
(Fig. 7). Es interesante destacar que en los
animales controles, inyectados con el

flavonoide, los niveles de GSH son consi-
derablemente mds altos que en los contro-
les no tratados. Este efecto, que también
fue observado en el caso de la perfusiéon

con fenilhidrazina, puede ser consecuencia
de una acciéon del flavonoide diferente a
su accion como atrapador de radicales li-
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bres, esto es, un efecto directo en el me-
tabolismo del GSH hepdtico. En la actua-
lidad estamos estudiando este aspecto uti-
lizando hepatocitos aislados e inhibidores
de la sintesis de GSH como la butionina
sulfoximida (18) con el propdsito de ob-
servar un posible efecto estimulador del
flavonoide en alguna enzima clave involu-
crada en la biosintesis del tripéptido.

III. Efecto de silybina en la permeabilidad
celular y en la resistencia de los eritro-
citos al shock osmotico

El caricter lipofilico de la silybina ha per-
mitido postular a algunos autores (2, 3)
que su mecanismo de accion, o, al menos,
algunos de sus efectos fisiologicos, se rela-
cionarian con un efecto de control sobre
la permeabilidad celular. En efecto, la per-
meabilidad de células de médula 6sea de
rata frente a un precursor radiactivo
(uridina-H3®) aumenta considerablemente
cuando los animales, antes de la extraccion
del tejido, son tratados con silybina (19).
(Fig. 8). El aumento de la concentracién
intracelular de este precursor, tanto en el
nucleoplasma como en el citoplasma, se
refleja en un aumento de la sintesis de
RNA (uridina-H® es un precursor especi-
fico). Este aumento de la sintesis de
RNA no obedece a un estimulo en la
actividad de alguna de las polimerasas por
parte del flavonoide (19), por lo cual es
interpretado por nuestro grupo como una

A
o—o SILYMARINA
O0—0 CONTROL

¢ "

(x 1073}

i (x103)

consecuencia del aumento del precursor
radiactivo en el medio intracelular. Estos
resultados estarfan indicando que el flavo-
noide ejercerfa un efecto, que alin no sa-
bemos si es especifico o inespecifico, a
nivel de la permeabilidad celular.

Esta idea es reforzada por los resultados
que hemos obtenido con eritrocitos de rata.
La resistencia de estas células al shock
osmotico aumenta considerablemente cuan-
do los animales son previamente tratados
con el flavonoide (Fig. 9) (20). M4s atin,
el efecto metahemoglobinizante de la fenil-
hidrazina, que no es inhibido por el flavo-
noide en preparaciones de hemoglobina
libre, es impedido si los eritrocitos expues-
tos a la fenilhidrazina provienen de ratas
tratadas con el flavonoide (12). Estos re-
sultados, en conjunto con aquellos obte-
nidos con células de médula Osea, refuer-
zan la idea que el flavonoide actuaria
modulando la permeabilidad celular e in-
cluso modificarfa algunas propiedades
fisico-quimicas de la membrana (cam-
biando su resistencia). Nuestros resultados
estarfan de acuerdo con lo postulado por
algunos autores que proponen un efecto
estabilizador de membranas (2, 4).

IV. Efecto hepatoprotector de la silybina
contra la toxicidad de xenobibticos

Nuestros resultados nos han permitido

plantear que en aquellas situaciones pa-
tolégicas que involucren depleci6on intra-
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{ Fig. 8: Efecto estimulador de silybina en la incorporacién de uridina-H3 a la fraccién dcido soluble
; (A) y dcido insoluble (RNA) (B) en células aisladas de médula dsea de rata, Adaptado de Garrido y
IR col. (19).
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celular de GSH y/o induccién de lipope-
roxidacion, el flavonoide podria tener
efectos beneficiosos. Como modelo de es-
tudio elegimos el acetaminofeno (N-ace-
til-p-aminofenol) cuya toxicidad se rela-
ciona' con una marcada deplecion de
GSH y con la inducciéon de lipoperoxida-
cion cuando es administrado en forma
aguda en dosis superiores a 300 mg/kg
(21). La silybina protege al higado de
rata contra ambos efectos cuando es ad-
ministrada hasta una hora después de la
intoxicacidon con acetaminofeno (350 mg/
kg) (22) (Fig. 10). Del mismo modo, otro
parametro indicador de hepatotoxicidad,
como es el aumento sérico de la actividad
de las transaminasas glutdmico-oxaloacética
(GOT) y glutamico-piravica (GPT), es
inhibido en forma importante al tratar a
los animales intoxicados con el flavonoide
(22). Estos resultados, que son muy simi-
lares a los obtenidos con etanol, abren una
interesante perspectiva de estudio en la
posible aplicacion terapéutica del flavo-
noide en el caso de la intoxicacion con

acetaminofeno. Cabe destacar que este
farmaco, que es un muy buen analgésico y
antipirético, es utilizado en muchos paises,
incluido el nuestro, con fines suicidas
(10 a 15 g son suficientes para producir
una hepatotoxicidad mortal). En la actua-
lidad, las intoxicaciones con acetaminofeno
son tratadas con precursores de la sintesis
de GSH o con sustancias que pueden re-
emplazarlo en su actividad citoprotectora
como es el caso de la N-acetil cisteina, la
cisteamina o la cisteina como tal. Puesto
que el mecanismo citoprotector de la sily-
bina no estaria relacionado con el de los
antidotos actualmente utilizados, es posible
vislumbrar una importante nueva aplica-
cion terapéutica para este flavonoide como
coadyuvante de los antfdotos mencionados.
Es indudable que este aspecto requiere de
un estudio muy amplio, ya que hay que
tener presente que la rata no es un buen
modelo para el estudio de hepatotéxicos,
debido a su extraordinaria resistencia a
los farmacos y drogas de estas caracte-
risticas.

A D54 ANl i D 3 bt <o e




A HORAS DE INTOXICACION
6 24
I 1 f 1
ot F
(=] .
3 I 1
R
T 50} 1
a0
% T
3 3901 | g 1 g
(=] & @
g Ik |
3 2121 21 &2
& |2
1o |E]3]|Z Elz|2
Z [~ =} z [ =
glelg 8] 9|¢%
| — )
p<0.01 p<0.0!
$<0.01 p<0.0t
B
[}
£ 300} I
3
: I
< 200 l
Q .
= T &
I . =
=S 100} 1 g z
= Bl 12|32
z =] @ g 5 [}
8122 gl%]¢
NS p<0.01
NS p<0.0%

Fig. 10: Efecto protector de silybina sobre la deplecion
hepitica de GSH (A) y sobre la formacién de malondial-
dehido (MDA) (B) producida por una intoxicacién agu-
da con acetaminofeno en la rata. Adaptado de Campos
y col. (22).

"En la actualidad nuestro grupo est4
estudiando el efecto del flavonoide en la
hepatotoxicidad del acetaminofeno po-
tenciada por el etanol, tanto en modelos

.in vivo como in vitro utilizando, en este

altimo caso, las técnicas de perfusion
hepdtica y la preparacion de hepatocitos
aislados. Cabe destacar que en nuestro
pafs esta patologfa es de frecuencia cada
vez mds creciente, ya que muchos bebe-
dores en exceso buscan aliviar las molestias
ocasionadas por el alcohol consumiendo
analgésicos como la aspirina y el acetami-
nofeno (paracetamolR).

V. Apreciaciones finales y perspectivas
futuras

Nuestros resultados, aunque si bien no son
de cardcter preliminar, son atiin muy bg-

VALENZUELA ETAL.

sicos, nos permiten clarificar algunos as-
pectos sobre el mecanismo de accion del
flavonoide silybina. Su accién citoprotec-
tora se podria centrar en tres aspectos:
A) Su actividad antioxidante, que le per-
mitirfa controlar y detener los procesos
lipoperoxidativos inducidos por xenobi6-
ticos en el medio intracelular. Esta activi-
dad protectora se expresarfa principal-
mente a nivel de las membranas celulares
(citoplasmdtica, microsomal, mitocondrial,
etc.) y estaria favorecida por el caricter
lipofilico del flavonoide. B) Efecto a nivel
de los niveles intracelulares de GSH. Si
bien el mecanismo de este efecto no ha
sido aclarado ain por nuestro grupo, es
claro que el aumento de la disponibilidad
intracelular del {tripéptido puede tener
importantes repercusiones en el estado de
citoproteccién celular. La mayor dispo-
nibilidad del GSH puede favorecer sus fun-
ciones como antioxidante, como agente
de conjugacion de metabolitos celulares y
de xenobidticos y como cofactor de
numerosas enzimas involucradas en 1la
desintoxicacién celular, como es el caso
de la enzima glutatién peroxidasa, entre
otras. C) Su funcién a nivel de la permea-
bilidad celular, que requiere de mayores
estudios, puede relacionarse con los dos
efectos ya comentados. Silybina se fija a
nivel de la membrana citoplasmaética,
modulando probablemente la entrada y sa-
lida de metabolitos, dentro de los cuales es-
taria el GSH, quien en forma continua
y mds marcadamente en situaciones de es-
trés abandona la célula (en su forma oxi-
dada principalmente). No sabemos aln
si los mayores niveles intracelulares de GSH
que se observan en los animales tratados
con el flavonoide, especialmente en los
organos digestivos (23), sean consecuencia
de una regulacioén en el eflujo de GSH, de
una regulacion a nivel de su sintesis y/o
degradacion o de ambos efectos en con-
junto.

Queda mucho altn por investigar sobre
el mecanismo de accion y las propiedades
terapéuticas de este flavonoide, asi como
también de muchos otros flavonoides de
similares caracteristicas. La zona norte de
Chile es rica en especies vegetales silvestres
con algan contenido de flavonoides simi-
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lares a la silybina (que se obtiene de plan-
taciones en Alemania, la India y Argen-
tina), lo cual nos permite vislumbrar una

interesante perspectiva de

investigacién

farmacologica con productos de nuestra
flora vegetal.
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Biochemical aspects of cellular oxidative stress*

Aspectos bioquimicos del estrés oxidativo celular
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Oxidative stress, as proposed by H. Sies, indicates a change in the prooxidant/antioxidant
balance of a biologic system in favour of the former. It is related to oxidative reactions that
occur in aerobic metabolism which can damage biomolecules through generation of reactive
oxygen species. The oxidative deterioration of polyunsaturated fatty acids of membrane
phospholipids (lipid peroxidation) is one of the consequences of oxidative stress, and has
been observed in the liver cell under the influence of ethanol or lindane intoxication, as-
sociated with the calorigenic action of thyroid hormones, induced by the rupture of t-
butyl hydroperoxide by cellular hemoproteins, or in the autoxidation of a disrupted tissue.
Appart from noxious challenges, oxidative free-radical processes are important in numerous
physiological reactions, such as NADPH oxidase in the function of macrophages, ribonu-
cleotide reduction in DNA metabolism, or in eicosanoids production.

General aspects of oxidative stress and
antioxidant defense mechanisms in the cell

Due to the aerobic nature of cellular me-
tabolism, oxygen reduction is a major
event in biological systems. The electronic
structure of dioxygen in the ground state
has been described by the one-electron
molecular orbital diagram (Fig. 1A), with
two unpaired electrons as a reflection of
the Pauli Principle. Thus, the chemistry of
dioxygen is that of one-electron transfer
reactions (Fig. 1D), leading to the ge-
neration of reactive intermediates (Fig. 1,
Table 1) which can interact with biomo-
lecules and induce their oxidative de-
terioration, Free-radical reactions, in turn,
can generate electronically excited states,
such as singlet oxygen and triplet carbonyls
(Fif. 1C, Table 1). Since biological systems
. have antioxidant mechanisms, the term
- oxidative stress was introduced by Sies
to denote a ‘‘shift in the prooxidant/
antioxidant balance in favour of the
former™ (1, 2).

The detoxication of reactive oxygen
¢ is one of the prerequisites of aerobic
¥ life (2, 3). For this purpose, several
enzymatic (Table 2) and nonenzymatic
(Table 3) mechanisms of defense against
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Fig. 1: Electronic structure of (A) dioxygen (triplet
state), (B) superoxide radical, and (C) singlet oxygen
(first excited state). (D), one-electron reduction of
dioxygen.

oxidative damage are available in the dif-
ferent cell compartments (2-4). These in-
clude the enzymatic catabolism of some
species (Table 2A), scavenging of free
radicals, and quenching of excited states
(Table 3) as primary mechanisms, plus
the operation of secondary enzymatic
systems to restore used cofactors and
repair altered biomolecules (Table 2B)
(2-4). Thus, antioxidant mechanisms must
be coupled to the intermediary metabolism

* This paper was written as a tribute to Prof. Osvaldo Cori for his mastery in Biochemistry, research achievements,
and, most important, for his friendship and support.
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TABLE 1
Reactive oxygen species related to oxidative stress in cells*

' Superoxide radical(O; ) One-electron reduction state of O, formed a) enzymatically (micro-

1 somal oxygenation, mitochondrial respiratory chain, photosynthe-
tic O, reduction, flavin-dependent oxidations); b) by autoxidation
of flavins, hemoglobin, thiols, catecholamines, iron chelates; c) by
redox cycling of xenobiotics (adriamycin, paraquat, alloxan, bleo-
mycin-Fe?*); d) by physical factors (ultraviolet light, X-rays).

Hydrogen peroxide (H,03) Two-electron reduction state of O,, formed by dismutation of
] 05 or from O, reduction.
Hydroxyl radical (HO") Three-electron reduction state of O, formed by Fenton reaction
‘ (Fe?* + H,0, ——> Fe3* + HO- + HO") or the iron-catalyzed
i Haber-Weiss reaction.
Alkoxy radical (RO") Oxygen-centered organic radical (e.g., fatty acid-derived radical
formed in lipid peroxidation).
Peroxy radical (ROO") Radical species formed by O, incerporation into a fatty acyl ra-
dical (R").
Hydroperoxide (ROOH) Organic compound derived from fatty acids, thymine, cholesterol,
etc.
Singlet oxygen (! Ag 05) (0%) First excited state of O,, 22 Kcal/mol above ground state, with

either red (dimol) or infrared (monomol) photoemission. Chemical
excitation of Oy can proceed either by peroxy radicals (ROO)
interaction (Russell’s mechanism) or via oxene transfer using heme-
Fed,

Triplet carbonyls (R’R”CO*) Excitgd carbonyl compound (formed via dioxetane rupture or
ROO" disproportionation) with blue-green photoemission.

T P e

* Adapted from Sies (2).

TABLE 2
Enzymatic antioxidants in biological systems*

A. Primary systems

Superoxide dismutase (SOD) Disproportionation of 0; into O, and H,0, by the CuZn-cyto-
solic enzyme or by the Mn-enzyme of the mitochondrial matrix

in eukaryotic cells.

Catalase Disproportionation of H;0; into O, and H,O by the heme-enzyme
of the peroxisomal matrix.
Glutathione peroxidases Reduction of H,0, or hydroperoxides (ROOH) with GSH (GSSG

Production) by the seleno-enzyme, non-Se-enzyme and some GSH
transferases in the cytosol and mitochondrial matrix.

B. Secondary systems

Phosphelipase A, Hydrolysis of peroxidized fatty acid esters in phospholipid mem-
branes to allow detoxication of the fatty acid hydroperoxides
(ROOB) by glutathione peroxidases and repair by reacylation.

Glutathione reductase Reduction of GSSG into GSH with NADPH, by the flavin-enzyme
in cytosol and mitochondria.
NADPH-regenerating systems Supply of NADPH in the cytosol (pentose phosphate pathway,

isocitrate dehydrogenase and malate enzyme) or mitochondria
(isocitrate dehydrogenase and energy-linked transhydrogenase)
for GSSG or quinone reduction.

Glutathione synthesizing system Part of the “yglutamyl cycle formed by <yglutamylcysteine syn-
thetase and GSH synthetase, which produces GSH de novo.

NADPH-quinone oxidoreductase Two-electron reduction of quinones without generation of reactive
species.

Conjugation systems Conjugation of Xxenobiotics or their metabolites, which can induce

oxidative stress, by UDP-glucuronyl transferase, sulfotransferase
and GSH transferases, plus GSSG and conjugate export from cells
by transport systems.

Thioltransferase Restoration of the thiol/disulfide status of cellular proteins altered
by oxidative stress.
DNA repair systems Oxidized DNA can be repaired enzymatically by the action of

nucleases (nucleotide excision, base excision, recombinational,
mismatch and error-prone repair) and glycosylases, followed by
DNA polimerase.

*  Adapted from Sies (2), Forman and Fisher (3), and Valenzuela and Videla (4).
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TABLE 3

Nonenzymatic antioxidants in biological systems*

Reduced glutathione (GSH)

Enzymatic cofactor (e.g., GSH peroxidase, GSH-transferases, GSH-

dehydroas_corbate reductase and thioltransferase) and direct quen-
cher of 03, HO' and O3.

a-Tocopherol (vitamin E)

Ascorbic acid (vitamin C)

‘Membrane ROO" scavenger and 0; quencher.

Water soluble scavenger of O and possible reduced vitamin E

regenerator,

B-Catorene (vitamin A)

Flavonoids
Nonspecific quenchers

07 quencher and chain-breaking action at lJow partial pressures of
oxygen.

Plant antioxidants (cyanidanol, silymarin, quercetin, etc.).

Water, amino acids (histidine, trytophan, cysteine, tyrosine), for-

mate, mannitol, etc,

* Adapted from Sies (2), Forman and Fisher (3), and Valenzuela and Videla (4).

for ATP, NADPH and precursors supply,
and depend on the dietary replenishment
of essential components (3, 4).

The main consequence of oxidative
stress is the structural damage inflicted
by reactive oxygen species to cellular
compounds: DNA, proteins, carbohydrates
and lipids. In fact, under the influence of
ionizing radiation, photooxidation or
oxidizing agents, DNA undergoes a radical-
mediated (possibly initiated by HO")
strand scission via peroxyl radicals of bases
(thymine and guanine) and of deoxyri-
bose (2). Oxidative damage to amino acids
side-chains in proteins can be a reversible
phenomenon (e.g., the oxidation-reduction
of thiol groups and methionine) or an
irreversible process. In the latter case,
histidine and ftryptophan can undergo
oxidative ring cleavage concomitantly with
enzyme inactivation. This is also observ-
ed following ionizing radiation in which
protein fragmentation seems to occur at
proline residues via HO® (2). In addition
to these findings, polysaccharides (hyalu-
ronic acid) and monosaccharides (deoxy-
ribose) are also subjected to oxidative
degradation. However, a major area of
interest in oxidative stress has been the
oxidation reaction pathways of poly-
unsaturated fatty acids present in mem-
brane phospholipids (1-4). This can be
accomplished by: a) a specific enzymatic
process by which important biological
signals are generated (prostaglandins, throm-
boxane A, prostacyclin and leukotrienes)
and b) an unspecific oxidation pathway

mediated by free radicals in which several
degradation products are produced (2).
The latter process is the damaging event
known as lipid peroxidation (1-4), which
will be illustrated in the following sections
by the studies of our group in different
experimental models. Discussion is center-
ed on molecular mechanisms involved in
the initiation of oxidative stress, metabolic
consequences, contributory factors and
exogenous protection,

Ethanol ingestion and liver oxidative stress

The relations between membrane damage,
hepatic lipid peroxidation and ethanol
have been extensively studied as a possible
mechanism of cell necrosis after prolong-
ed intake (5). Acute ethanol ingestion
was found to induce an enhancement of
hepatic lipid peroxidation, as evidenced
by tissue accumulation of thiobarbituric
acid reactive substance (TBAR) (6) and
conjugated dienes (7), both intermediates
of the process. This effect is also observed
with non-invasive techniques such as the
enhanced low-level chemiluminescense of
the in situ rat liver (assay related to the
steady state level of oxidative free radicals
involved in lipid peroxidation) (8), the
biliary release of TBAR in the anesthetiz-
ed rat (assay related to enhanced tissue
TBAR production) (9), and by the anti-
oxidant-sensitive respiration in the isolated
perfused rat liver (assay related to O,
required for one-electron transfer reactions
involved in the generation of active oxygen
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species and/or in the lipid peroxidative
process itself) (10) (Fig. 2). The lipid
peroxidative effect of ethanol in the liver
seems to be mediated by its first metabolite
acetaldehyde (11, 12), exacerbated by
fasting (6, 12) or iron exposure (9, 13),
and diminished during aging (14), probably
due to a decrease in the overall oxidative
capacity of the liver observed in this
situation (15). Furthermore, ethanol-induc-
ed liver peroxidation is completely sup-
pressed by in vivo pretreatment with
cyanidanol-3 (8, 16) or silymarin (17),
flavonoids known to be effective free-
radical scavengers (18, 19).
Ethanol-induced liver oxidative stress
is associated with enhanced activities of
microsomal NADPH oxidase (a O; generat-
ing system) and SOD, as a compensatory
adaptive mechanism (7), together with a
drastic diminution in the content of hepatic
GSH (6, 9, 11, 13, 14), the main cellular
antioxidant (3, 4) (Table 3). Liver GSH
depletion by ethanol is elicited by both
acute and chronic ingestion (20), influenc-
ed by the lenght of abstinence and the
presence of hepatocellular necrosis in
human alcoholics (21), partly due to GSH
oxidation in the tissue (22) and transloca-
tion into blodd plasma (23), and markedly
reduced by prior antioxidant pretreatment
(16, 17). Moreover, a significant inversed
correlation is observed between liver lipid
peroxidative indexes and GSH levels (6,
24), indicating an increased GSH demand
of the liver to cope with the pro-oxidative
condition imposed by ethanol. However,
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of ethanol-induced oxidative stress re-
mains to be elucidated.

Lindane hepatotoxicity via
oxidative stress

Hexachlorocyclohexane is a powerful in-
secticide and ectoparasiticide constituted
by various structural isomers, being the
vy-isomer (lindane) the most active com-
ponent capable of inducing liver necrosis
and steatosis when administered to mam-
mals. The administration of single does of
lindane (20-80 mg/kg) to rats elicited a
progressive increase in the hepatic content
of microsomal cytochrome P-450 and in
the rate of O3y generation, with tissue
accumulation of TBAR (25). Also, mi-
crosomal SOD-and cyanidanol-sensitive res-
piration NADPH-dependent were drastical-
ly increased by lindane treatment (26).
These changes can be interpreted in terms
of the production of an oxidative stress
via an increased O3 production, secondary
to cytochrome P-450 induction with a
concomitant enhancement in lipid peroxida-
tion (25). The lindane-induced pro-oxidative
condition seem to be favoured by the
parallel decrease in superoxide dismutase
and catalase activities (25), two of the
main antioxidant components of the he-
patocyte (Table 2), with an alteration in
its glutathione status represented by the
drastic decrease in the GSH/GSSG ratio
(26). Apart from these findings, the re-
ductive microsomal biotransformation of
lindane can lead to the formation of a

the exact nature of the chemical initiator pentachlorocyclohexanyl radical (25),
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Fig. 2: Non-invasive lipid peroxidative indexes under the influence of ethanol: (A),
biliary release of TBAR in the anesthesized rat after 6 h of treatment with 5 g of
ethanol/kg (9); (B), chemiluminescense of the in situ rat liver (treatment as in (A))
(8); (O), ethanol-induced antioxidant-sensitive respiration in the perfused rat liver (10).



CELLULAR OXIDATIVE STRESS 89

which could represent an additional source
of oxidative stress.

Thyroid hormone, active oxygen and
lipid peroxidation

Normal thyroid gland activity seems to
be mainly concerned with the energy
metabolism of most tissues of the body,
which, in turn, is essential to support
other specialyzed processes dependent
upon thyroid gland secretion (27). Thy-
roid calorigenesis is characterized by an
enhancement in the total oxygen consump-
tion of the animal, which results from
individual - increases in the respiratory
rate of target tissues such as the liver
(27, 28). Although this effect is primarily
due to an increased sodium pump activity,
which determines higher rates of mito-
chondrial oxidative phosphorylation, a frac-
tion of the augmented cellular oxygen
uptake is not linked to active cation
transport and could possible represent
the production of active oxygen species
by univalent reduction (28). In fact, as
can be seen in Fig. 3, L -3,5,3 -triidothy-
ronine (T3 )induced thermogenesis in the
rat is accompanied by an enhancement in
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Fig. 3: Oxidative stress in an experimental hyperthyroid
state: (A), concentration of T3 in plasma; (B), rectal tem-
perature of the animals; (C), rate-of oxygen consumption
by perfused rat livers; liver microsomal generation of
0; (D), NADPH oxidase activity (E), and TBAR forma-
tion (F), in fed rats given 0.1 mg of T3/kg for 1 to 7
consecutive days (27).

the rat of oxygen uptake of the liver and
in the activity of microsomal NADPH
oxidase. This latter enzymatic activity
reflects the maximal capacity of liver
microsomes to oxidize NADPH aerobical-
ly in the absence of a drug substrate,
generating O; (27, 28). In agreement with
these findings, T; markedly increases the
rate of SOD-inhibitable oxidation of epine-
phrine to adrenochrome (Fig. 3), which
reflects O; generation, when epinephrine
is added to liver microsomes supplemented

with NADPH (28). This cellular response

is accompanied by the stimulation of the
lipid peroxidative process (Fig. 3), GSH
depletion, cytochrome P-450 loss and a
decreased unsaturation of membrane fatty
acids, as secondary events of thyroid
hormone action (27, 28). These combined
changes could play a role in the produc-
tion of hepatic metabolic and structural
alterations observed in the hyperthroid
state and in the increased susceptibility
of the tissue to a toxic exogenous stress
27).

t-Butyl hydroperoxide (t-BHP)-induced
oxidative stress in rat erythrocytes and
perfused liver

Red blood cells exposed to oxidative stress
suffer a variety of changes, ranging from
subtle alterations in their physicochem-
ical properties to complete hemolysis.
This oxidative action can be promoted
by t-BHP (29) with extensive hemoglobin
oxidation (methemoglobin formation), t-
BHP cleavage (t-butanol formation) and
lipid peroxidation (measured by TBAR
production (29), oxygen consumption
(Fig. 4A) and visible chemiluminescence
(Fig. 4B)). These results are in agreement
with a lipid peroxidation mechanism
initiated by t-butoxy radicals produced
by the interaction of hemoglobin and
t-BHP (29). Of particular interest are the
studies on oxygen uptake by erythrocytes
exposed to t-BHP (Fig. 4A). In this system,
the induction period (T,) is related to the
intracellular antioxidant mechanisms while
the rate of oxygen uptake is associated
with lipid peroxidation, owing to the
anaerobic nature of the red blood cell
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Fig. 4: t-Butyl hydroperoxide (t-BHP)induced oxidative stress in human erythrocyte suspensions: (A) Oxygen uptake.
Tg corresponds to the induction period and the number adjacent to the trace indicates the initial decrease in oxygen
tension per min; (B) Basal and t-BHP-induced chemiluminescence; BG, background.

metabolism (30). The determination of
these parameters under different ex-
perimental conditions revealed that the
protecting mechanism of the red blood
cell against t-BHP-induced oxidative stress
is constituted by inhibitors (e.g., blood
plasma and vitamin E that elicit lower
oxygen consumption rates and longer
To) and retarders (e.g., chemical anti-
oxidants and GSH which decrease O,
uptake without affecting T, ) of the process
(30). ‘

The addition of t-BHP to perfused rat
liver elicited a biphasic effect on hepatic
respiration (Fig. 5). A rapid fall in liver
oxygen consumption was initially observ-
ed, followed by a recovery phase leading
to respiratory rates higher than the initial
steady-state values of oxygen uptake (Fig.
5) (31). This overshoot in oxygen uptake
is abolished by free-radical scavengers
such as cyanidanol or butylated hydro-
xyanisole (BHA) (Fig. 5) at concentrations
that did not alter mitochondrial respira-
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Fig. 5: Changes in oXygen consumption elicited by pulses of t-butyl hydroperoxide in
recirculated perfused rat livers in the absence and presence of (+)-cyanidanel-3 and

butylated hydroxyanisole (31).




CELLULAR OXIDATIVE STRESS 91

tion (31). Cyanidanol is also able to fa-
cilitate the recovery of respiration, the
diminution in the calculated rate of hy-
droperoxide utilization and the decrease
in liver GSH content elicited by two
consecutive pulses of t-BHP (31). These
findings indicate that t-BHP induced
respiratory overshoot is related to an en-
hanced oxygen demand for the lipid
peroxidation process that might be set in
by the free radicals arising from the in-
teraction of the hydroperoxide with
cellular hemoproteins (31).

Visible chemiluminescence from rat brain
homogenates undergoing autoxidation

Autoxidation of brain homogenates is a
model system characterized by a high

and reproducible oxidation rate, with
significant TBAR accumulation, oxygen
uptake and visible chemiluminescence (32).
Nevertheless, the time profile of the light
emission markedly differs from that of
other lipid peroxidation indicators, that
is, light intensities are still emitted when
the accumulation rate of TBAR has de-
creased to very low values (32), in agree-
ment with studies in erythrocytes sup-
plementes with t-BHP (29). The lumine-
scence intensity would thus appear to be
more closey related to the extent of lipid
peroxidation than to the rate of per-
oxidation (32).

Light emission in the visible region is
related to the production of excited

carbonyls (>C = O*), which can be
generated by either:

a) Disproportionation of peroxy radicals (Russell’s mechanism):

~CO0" + :CIOO'

—5XC=0* + :CI_OH + 0,

H H
b) Breakdown of dioxetane-like intermediates:
e b
| | —sc=0* + =0
0—0
or ¢) in electron transfer reactions (1). Concluding remarks

The luminescence emitted after the ad-
dition to preincubated samples of an excess
of antioxidants is only partially quenched
(33). From the kinetic analysis of the
luminescent decay after antioxidant ad-
dition it was estimated that nearly 50
of the light arises from an intermediate
that decays with a first order kinetics
and with a lifetime of c.a. 40 sec at 320C.
The remaining light probably arises from
the decomposition of several intermediates
(lifetime of several hours) and exhibits
a kinetics that is independent of the
incubation time (33). These findings in-
dicate that bimolecular free-radical proces-
ses such as mechanism (a) do not sig-
nificantly contribute to the observed
luminescence associated with this autoxida-
tion system (32, 33).

The concept of oxidative stress has been
discussed in terms of oxidative damage
to biomolecules, including the process
of lipid peroxidation in conditions associat-
ed with the action of toxic xenobiotics
and hormonal disturbances. It must be
pointed out that prooxidant states do have
a definite role in other pathophysiological
states such as inflammatory states, tumor
promotion, spontaneous mutagenesis, radia-
tion damage, postischemic tissue injury and
shock (1, 2). Moreover, numerous phy-
siologically important biochemical reac-
tions occur with the participation of reac-
tive oxygen species: formate-pyruvate
lysase, ribonucleotide reductase, micro-
somal peroxidase reactions, prostaglandin-
endoperoxide synthetase and NADPH
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oxidase (2). The latter system is a crucial
enzymatic activity for the normal function
of macrophages which, under conditions
of continous overstimulation, could lead
to oxidative stress. This is the case of
human subjects under the influence of
excessive particulate air pollution, whom
were recently reported to exhibit an en-
hanced peripheral blood macrophage ac-
tivity with impairment of the antioxidant
capacity of plasma (34).
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The biochemistry of the mode of action of drugs for
the treatment of Chagas’ disease
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El avance en el conocimiento de la bioquimica de parisitos, que ha ocurrido en los afios re-
cientes, ha conducido al desarrollo de nuevas drogas y ha permitido entender el modo de
accion de muchas de ellas.

La accion de algunas drogas tripanosomicidas se deberia a la generacion de metabolitos
que son radicales libres, incluyendo productos de reduccion parcial del oxigeno El T. cruzi
es muy susceptible al dafio celular producido por estos metabolitos, ya que las enzimas que
destruyen las especies activadas de oxigeno en mamiferos tienen muy baja actividad o no
existen en el pardsito. Drogas en uso, como son el nifurtimox, el benznidazol y el cristal {H
violeta actuarian generando radicales libres. ’ 1%

Otro posible sitio de ataque quimioterapéutico en estudio es la biosintesis de glutation,
el cual participa en la eliminacion de radicales libres y en la conjugacion y detoxicacion de
numerosas drogas. También se estudia la manera de interferir con la reduccién del glutation

oxidado que en el T. cruzi, a diferencia del huésped, requiere del cofactor tripanotién.
Drogas experimentales como el alopurinol y andlogos de purinas basan su modo de accion
en la incapacidad del parasito de sintetizar purinas de novo y en una relativa baja especifici-

dad de la enzima succino-AMP sintetasa.

La cadena respiratoria del parisito también presenta importantes diferencias con la del

huésped.

El Trypanosoma cruzi es el parasito causal
de la Trypanosomiasis americana. Esta en-
fermedad es un problema de salud publica
que afecta a toda América Latina, desde
el sur de los Estados Unidos hasta el parale-
lo 35 Sur en Chile y Argentina. Se estima
actualmente en 24 millones las personas
infectadas con Trypanosoma cruzi en toda
la regién. De ellos, 350 mil personas corres-
ponden a nuestro pais, donde la zona de
endemia chagdsica se extiende desde el Ii-
mite norte hasta la Sexta Region (1). La
Trypanosomiasis americana es mds cono-
cida como la Enfermedad de Chagas en
homenaje al médico brasileiio Carlos J.
Chagas, quien, en 1909, describi6 esta
patologia, la asoci6 a un nuevo tipo de
trypanosoma descubierto por él y lo llamé
Trypanosoma cruzi, en homenaje a su
maestro Oswaldo Cruz (2).

El nifurtimox (Bayer 2502, Lampit) y
el benznidazol (RO-1051, Rodamil, Rocha-

gan) son los firmacos actualmente en uso
para el tratamiento de la Enfermedad de
Chagas. Sin embargo, ambas drogas presen-
tan una alta toxicidad, graves efectos late-
rales y existen dudas acerca de su efectivi-
dad. El cristal violeta es el farmaco en uso
para tratar la sangre infectada con 7. cruzi
en los bancos de sangre; desgraciadamente
este compuesto tifie la sangre y en ocasio-
nes los tejidos de los pacientes, razén por
la cual es rechazado (Fig. 1).

La necesidad de nuevos, eficientes y se-
guros firmacos para el tratamiento de la
Enfermedad de Chagas es urgente. Muchas
drogas han sido probadas en forma empiri-
ca, ya que el desarrollo racional de las
mismas no ha dado todavia los frutos espe-
rados. El desarrollo racional de drogas se
basa en el conocimiento de la fisiologia y
bioquimica del parasito. Diferencias en vias
metabolicas o enzimas especificas entre el
huésped y el pardsito pueden ser utilizadas

* Dedicado a la memoria del Prof. Osvaldo Cori M., primer gran maestro de la Bioquimica moderna chilena.
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Fig. 1: Estructura de firmacos antichagdsicos.

para desarrollar nuevos farmacos. A conti-
nuacién se describen algunas de las diferen-
cias encontradas y se discuten sus potencia-
lidades terapéuticas.

Radicales libres y efecto tripanosomicida

Una droga puede generar un radical libre
como intermediario y éste puede actuar
directamente produciendo dafio celular o
desencadenar variados elementos como
consecuencia de generar otros radicales a
partir de aminodcidos, lipidos, nucledtidos
y azucares. El efecto final lo producen por
mutagénesis o carcinogénesis al atacar
icidos nucleicos, por lipoperoxidacién, por
despolimerizacién de carbohidratos y por
alteraciones en el metabolismo intermedia-
rio al dafiar enzimas que participan en él.
Los radicales libres intermediarios tam-
bien pueden actuar sobre oxigeno mole-
cular, originando productos de reduccién
parcial del oxigeno como el ani6n super-
o6xido (03), el cual espontineamente o por
accion de la enzima superdxido dismutasa
genera peroxido de hidrégeno (H,0;). La
interaccion de O3 y H, O, puede llevar a
la produccion del radical hidroxilo (OH),

Droga 03— 2H*
[¢] o
\?odical
libre
de lo
Droga 02 Hp02--

Benznidazol

(cng)zn-@-c@utcus)z

+ N(CHy)yp

Violeta de genciana
(Cristal violeta)

el cual se postula es el mds dafiino para la
célula (Fig. 2).

Las células eliminan los radicales libres
mediante un conjunto de enzimas (super-
oxido dismutasa, catalasa, glutation peroxi-
dasa) y de compuestos reductores (a-toco-
ferol, 4cido ascorbico, f-caroteno, glutatién
reducido). El T. cruzi, a diferencia del hos-
pedero, es deficiente en los mecanismos
defensivos contra radicales libres. No pre-
senta actividad de las enzimas catalasa (3)
y glutation peroxidasa selenio dependien-
te (4) y presenta muy baja actividad de la
enzima superoxido dismutasa (5). Su con-
tenido de glutation reducido es un décimo
de la concentracion en el higado de rata (4)
y no ha sido reportada la presencia de a-to-
coferol, g-caroteno y 4cido ascorbico (6).

Utilizando esta mayor sensibilidad a los
radicales libres que presenta el 7. cruzi mu-
chas drogas tripanosomicidas actian gene-
rando intermediarios que son radicales
libres. A continuacion se analizardn algunas
de estas drogas.

Quinonas: La primera demostracién en
células eucaridticas intactas de la formacién
de un radical libre, a partir de una droga,
fue usando g-lapachona. Al incubar epimas-
tigotes de T. cruzi con esta droga, se genera

]

]

]

[}

[}

]

)

V. _ Fe*3
0, + H,0, —>O0H+ OH ™+ 0,

Fig. 2: Formacién de radicales libres de drogas y del oxigeno en Trypanosoma cruzi. Reciclaje redox
(E): Reaccidn catalizada por flavoproteinas tales como las reductasas del citocromo P-450 y del cito-
cromo c; SOD: superdxido dismutasa (ecuacién no balanceada).
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un radical semiquinona, detectable por
resonancia de spin electronica (7). Este
radical aumenta la lipoperoxidacion y la
liberacion de productos de reduccién par-
cial del oxigeno al medio de cultivo.

Similares resultados se han obtenido pos-
teriormente con amastigotesy tripomastigo-
tes aislados de la sangre, ya que ésta inacti-
va a la O-lapachona, no teniendo uso tera-
péutico en animales y en el hombre. Un
derivado, la 3-alil-j3-lapachona, no se inac-
tiva en la sangre, siendo un eventual qui-
mioprofilactico de la transmision de la
Enfermedad de Chagas por transfusién san-
guinea. Esta droga no es usada en la infec-
cion de mamiferos con T. cruzi, pues el
sistema de detoxicacion del hospedero la
inactiva (8).

Compuestos nitroheterociclicos: Las dro-
gas actualmente en uso clinico contra el
T. cruzi corresponden a este grupo. El ni-
furtimox es un derivado del nitrofurano y
el benznidazol es un derivado nitroimidazo-
lico (Fig. 1).

Ambos compuestos pueden originar radi-
cales libres (9), pero se diferencian en que
la concentracion de nifurtimox (10-20 pM)
a la cual se inhibe el crecimiento de T. cruzi
en cultivo es similar a la requerida para la
maxima produccion de G~ e iniciar la sali-
da de H20 2 desde las células. En cambio,
las concentraciones a las cuales el benzni-
dazol inhibe el crecimiento de los cultivos
son mucho mas bajas que las concentracio-
nes necesarias para producir OjT y H202y
para detectar su reduccion a un radical ni-
troaniéon (6, 10). De lo anterior, se con-
cluye que el efecto tripanosomicida del
nifurtimox se debe a los radicales libres de-
rivados del oxigeno. No asi el efecto del
benznidazol cuyo mecanismo de accion
estaria mediado por radicales libres de él
mismo (Fig. 2).

Violeta de Genciana: En 1953 Victor
Nussenweig demostro efecto tripanosomi-
cida del Violeta de Genciana contra tripo-
mastigotes de T. cruzi. Tal actividad no se
pierde en presencia de sangre y por ello
ha sido hasta hoy la droga usada para eli-
minar la transmision del parasito mediante
transfusion sanguinea. El efecto contra
tripomastigotes y también contra epimas-
tigotes de T. cruzi se basa en la produccion

de un radical tri-(p-dimetilaminofenil)meti-
lo, el cual explica el efecto antiparasitario.
La produccion de este radical es mayor en
presencia de luz visible (11).

El gossypol, conocido anticonceptivo
masculino, y la rosa de bengala deberian
su accién tripanosomicida a la produccion
de radicales libres (12, 13).

Biosintesis del glutation y reduccion del
glutation oxidado

Glutation (L-7-ghitamil-L-cisteinilglicina) es
probablemente el tiol de bajo peso molecu-
lar mas abundante en los seres vivos. Se
encuentra presente practicamente en todas
las células en rangos que fluctdan entre
0,5 y 10 mM. La mayoria de las funciones
de este tripéptido se deben a su forma redu-
cida (GSH), la cual es mantenida en niveles
altos principalmente por accion de la glu-
tation reductasa, enzima que cataliza la re-
duccién del disulfuro de glutatién (GSSG).

Glutation atrapa radicales libres que se
producen por radiaciones ionizantes o por
reacciones catalizadas por las oxidasas de
funcion mixta. Ademaés, protege a la célula
de procesos oxidativos tales como la per-
oxidacion de lipidos. Este fendmeno de
lipoperoxidacion es uno de los principales
mecanismos de toxicidad y se puede iniciar
ya sea por oxigeno singlete como también
por radicales libres producidos en la célula
por productos metabdlicos de xenobidticos
(14, 15).

Glutation se conjuga con una serie de
compuestos tanto exdgenos como enddge-
nos en reacciones catalizadas por las gluta-
tion S-transferasas (16 y Fig. 3).

Glutation es sintetizado y degradado en
el ciclo del 7-glutamilo donde participan
seis enzimas (Fig. 3), una de las cuales esta
unida a membrana y las otras son solubles.

En el T. cruzi las Unicas dos enzimas del
ciclo del gama glutamilo estudiadas son la
7-glutamiltranspeptidasa y la 7-glutamilcis-
teina sintetasa. La 7-glutamiltranspeptidasa
de T. cruzi ha demostrado ser diferente a la
de mamiferos en relacion a localizacion
subcelular, aceptores del grupo glutamilo
e inhibidores (17 y 18). En los mamiferos
la enzima se encuentra unida fuertemente
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Fig. 3: Metabolismo y funciones del glutatién. Enzimas:
(1) 7Y-glutamilcisteina sintetasa; (2) glutation sintetasa;
(3) 7y-glutamiltranspeptidasa; (4) <y-glutamilciclotransfe-
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(7) glutation reductasa (tripanotién reductasa); (8) reac-
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a las membranas; en cambio, en el pardsito
se encuentra en parte libre en el citosol y
en parte en microcuerpos parecidos a los
glicosomas (17).

Moncada (17) determiné la concentra-
cién de glutation en varias cepas de T'. cruzi,
encontrando valores en el rango de 0,60 a
1,0 mM. Cuando los cultivos de estas cepas
fueron tratadas con butionina sulfoximina,
que es un inhibidor de la glutamilcisteina
sintetasa, la concentracién de glutation dis-
minuyé al 50« (17). Estas diferencias
observadas podrian eventualmente ser
utilizadas en el desarrollo de agentes anti-
chagdsicos, como también contribuir a
explicar las diferencias en resistencia a dro-
gas encontradas entre diferentes cepas del
parasito.

La funcién protectora del glutation fren-
te a los radicales libres da como producto
. glutatién oxidado (GSSG), el cual puede
ser toxico para las células (19). El glutatiéon
oxidado no se acumula porque es reducido
por una glutatiéon reductasa dependiente de
NADPH, (20). Por lo tanto, esta enzima es
un factor muy importante en la manten-
cién del balance redox del glutation.

Fairlamb y Cerani (21) han descrito que
la glutation reductasa de tripanosomatidas
requiere en forma absoluta un cofactor
para ser activa. Este cofactor fue identifi-
cado como un conjugado de glutation con
espermidina y se le denominé tripanotién
(22, 23, 24). Ya que la reductasa del hués-
ped no requiere este cofactor, la reductasa

de los trypanosomas o la biosintesis del
tripanotion constituye un blanco quimio-
terapéuiico capaz de alterar la relacion
GSH/GSSG vy, por ende, producir efectos
toxicos en estos pardsitos. Recientemente
esta tripanotion reductasa ha sido purifica-
da y caracterizada (25).

Efecto tripanosomicida del alopurinol y
otros derivados de bases puricas

El alopurinol es la droga de eleccién en
pacientes que presentan hiperuricemia. J.J.
Mar y colaboradores (26, 27, 28) compro-
baron que esta droga tenia efecto contra
varias cepas de Leishmanias. Posteriormen-
te, demostraron que el alopurinol también
es activo contra epimastigotes de T. cruzi.
El pardsito lo metaboliza secuencialmente
a HPPR-MP, Succino-APPR-APPR-MP,
APPR-DP y APPR-TP (Fig. 4). De esta for-
ma se puede incorporar al RNA, al actuar
como un andlogo téxico de la adenina, y
asi tener efecto antiprotozoario. Este efec-
to se deberia a la baja especificidad de la
succino-AMP sintetasa del pardsito (29).
En el hombre la incorporaciéon al RNA no
ocurre, pues el 90+ del alopurinol es meta-
bolizado a oxipurinol, mediante una reac-
cion catalizada por la enzima xantino oxi-
dasa, en la cual es deficiente el T. cruziy
a la alta especificidad de la succino-AMP-
sintetasa (Fig. 4). Por otra parte, se observd
que epimastigotes de diferentes cepas de
T. cruzi presentan diferente sensibilidad al

ALOPURINOL (HPP)

IMP HPPR-MP
(1) Succino AMP-Sintetasa

SUCCINO-~AMP SUCCINO-APPR

ALOPURINOL

OH -
AmMP CH (HPP ) APPR-MP
NZ N\
Kl
ADP N N APPR~-DP
NH,
N -
ATP NF N APPR-TP
k | CH
Sy
ADENINA
RNA RNAY

Fig. 4: Biotransformacion del alopurinol en un andlogo
del ATP en Trypanosoma cruzi. A diferencia del huésped
mamifero la enzima succino-AMP-sintetasa (1) del parasi-
to metaboliza el derivado del alopurinol. HPPR-MP, 1
ribosil alopurinol 5°-fosfato; APPR-MP, 1 ribosil-4-amino-
pirazolo(3,4-d)pirimidina 5°-fosfato.
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alopurinol (30). Estudios con tripomastigo-
tes y amastigotes revelan que la metaboliza-
cion en ambos estados es similar al epimas-
tigote (9) y que también existen cepas con
menos sensibilidad a la droga (31). Esta
sensibilidad diferente entre cepa y cepa de
T. cruzi también se obtiene al tratar los pa-
risito no s6lo con andlogos de adenina,
sino con un andlogo de inosina, como es la
Formicina B (32).

La cadena respiratoria como blanco de
drogas antichagdsicas

La cadena respiratoria del T. cruzi ha sido
estudiada por los grupos de Agosin y de
Stoppani (33, 34, 35) y parecerian existir
tres oxidasas terminales (35).

Conociendo las peculiaridades que el
proceso de obtencion de energia presenta
en el Trypanosoma cruzi, su eventual uso
como blanco de accién de drogas anti-
chagisicas es evidente. Nuestra aproxima-
cion a la cadena respiratoria del pardsito

fue, en gran parte, mediada por el azar. Al
estudiar el sistema de las carboxilesterasas
(36, 37), intentamos inducir estas enzi-
mas usando 2(3)-tert-butil-4-hidroxianisol
(BHA), el cual es conocido inductor de
algunas enzimas detoxicantes de xenobid-
ticos en mamiferos (38, 39). Grande fue
nuestra sorpresa al comprobar que en los
cultivos tratados con esta droga la cantidad
de pardsitos disminuia.

Pensando que ese efecto se debia a la ge-
neracion de un radical libre y de productos
de reduccion parcial del oxigeno, estudia-

mos la accion del BHA sobre el consumo de -

oxigeno del T. cruzi. Mayor fue nuestra
sorpresa al observar que no habia aumento,
situacién esperable al producirse radicales
del oxigeno, sino por el contrario, el BHA
inhibia el consumo de oxigeno de los para-
sitos. Los estudios para dilucidar sus me-
canismos de accién tripanosomicida y el de
otros antioxidantes fendlicos indican que
BHA inhibe in vivo la cadena respiratoria
del parésito en un punto entre el NAD y el
citocromo b (40 y Fig. 5).
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Fig. 5: Efecto del BHA sobre el estado redox del NAD (A) y el citocromo b (B) de epimastigotes in-
tactos de T. cruzi. BHA se agregd a una concentracién de 1 mM y los cambios de absorcion se midie-
ron en un espectrofotémetro Aminco DW2a de doble longitud de onda. NAD y citocromo b se siguie-
ron a los pares de longitud de onda de 340-390 y 561-575 nanémetros, respectivamente.
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B-lactamases obtained from Bacillus cereus*

Las relaciones entre las estructuras de cuatro g-lactamasas
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Bacillus cereus has proved to be one of the most interesting microorganisms in the study of
B-actamases. It secrets these enzymes very efficiently and, frequently, in multiple forms.
Three different forms are produced by strain 569/H; mutant 5/B of the same microorganism
is constitutive for the secretion of f-lactamases I and II. The present study, based on se-
condary structure prediction by two independent methods, states the relationship among the
structures of B-lactamases I, II and III produced by B. cereus 569/H and $-lactamase I from
the strain 5/B of this microorganism. A strong similarity is also established for the enzyme
type III of B. cereus and the enzyme type I produced by B. licheniformis which could have

an evolutionary explanation.

A structural analysis of the leader peptide regions of these enzymes by the method of

Mohana and Argos is also reported.

INTRODUCTION

B-lactamases have become one of the best
studied groups of bacterial enzymes,
due to their clinical importance and their
ecological and evolutionary interest. These
enzymes are, to a great extent, responsible
for the bacterial resistance to g-lactam
antibiotics, thus, much effort has been
spent trying to solve their 3-dimensional
structures (1-3): this knowledge would
facilitate the design of, either specific
inhibitors for the enzymes’ activity, or,
antibiotics resistent to their action. How-
ever, no details of the tertiary structure of
any of the g-lactamases, perhaps with the
only exception of the S aureus enzyme
recently published structure (4), are yet
known.

This family of enzymes presents a great
variety in size, amino acid composition and
activity to the different B-lactam anti-
biotics (5). At least three different classes
of enzymes have been defined: class A
enzymes have molecular weights of about
30000 and do not require a cofactor for

their function; class B enzymes require a
Zn'? to perform their catalytic action and
have molecular weights of about 23000
(6). A third class of B-lactamases is re-
presented by a 40000 Dalton serine
cephalosporinase, obtained from FEscheri-
chia coli. Also small g-lactamases of mo-
lecular weights of only 12000 have been
reported (6).

In the absence of a tertiary structure, a
secondary structure prediction by two
different prediction methods have been
done for four class A f-lactamases, obtain-
ed from Escherichia coli R-TEM, Bacillus
cereus 569/H, Bacillus licheniformis 749/C
and Staphylococcus aureus PC1 (7). This
study yielded a common structure for all
these enzymes, consisting in two domains
joined by a more or less flexible strand of
the polypeptide chain.

Bacillus cereus 569/H produces three
different p-lactamases, that have been
named types I, II and HI. g-lactamase I is a
typical class A enzyme, and $-lactamase II
is a class B penicillinase (6). g-lactamase I is
a lipoprotein of molecular weight 32500,

* En homenaje a la memoria del Dr. Osvaldo Cori. Como reconocimiento al destacado rol que le cupo en la formacidén

de los Bioquimicos de nuestra Universidad de Concepcidn.
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and it has been shown to be highly homo-
logous in primary structure to the class A
B-lactamases (8). Unlike 569/H, strain 5 of
B. cereus could not be induced to produce
B-lactamases, but mutant 5/B is constitutive
for the production of g-lactamases types I
and II (9). The primary structures of
the three enzymes obtained from strain
569/H and of the enzyme type I from
the strain 5/B have been published (6, 8, 9,
10, 11). It seemed interesting, then, to
compare the secondary structures predicted
for the four enzymes obtained from B.
cereus whose sequences are known, among
them and with other g-lactamases of class
A.

Since it is accepted that it is the spatial
folding of the polypeptide chain, more than
the primary structure, what confers the
special properties of an enzyme, a sec-
ondary structure comparison could provide
a better understanding of the specificity,
origin and function of these enzymes. The
fact that the primary structures of these
four B-lactamases are known from DNA
sequencing, have provide the sequences of
the ‘‘leader or signal peptides” for all of
them. Even though little sequence con-
servation exists in this part of the poly-
peptide chain, it seems interesting to
analyze them with the Mohana and Argos
method (12) to detect the existence of
buried helical regions. It could occur, as in
the case of the 4 class A B-lactamases
mentioned above (7), that the conservation
in the secondary structure in the signal
peptide is more preserved than the sequen-
ce itself.

METHODS

Two methods to predict secondary structure of
proteins from their primary structure which
have been reported to give 80% reliability have
been used, separately or successively; these are the
Chou and Fasman’s method and the method by
Cid et al. (13, 14).

The Chou and Fasman’s method:

It is based on empirical probabilities: it defines
conformational parameters P, Pg and Py, for
the 20 natural amino acids, which represent the
normalized frequence of occurrence of each
amino acid residue in a particular type of sec-

CID ETAL.

ondary structure, as obtained from a data base
of 29 fully determined protein structures. An
average Pj greater than 1.0 obtained for a group of
amino acids taken in sequence (6 for a helix, 5 for
a f-strand and 4 for a $-turn) is an indication that
the structure type j is likely to occur in that region
of the sequence. The average of the conformational
parameters has been replaced by their product, in
order to improve the sensibility of the method in
the vicinity of the limit value 1.0 (15).

The method by Cid et al.:

It combines physicochemical measurements of
solubilities of amino-acids in polar and non polar
solvents, with information obtained from a data
base of 21 known protein structures (13). It gives
the relative position of the polypeptide chain with
respect to the protein surface, since it has been
shown that exists a linear correlation between this
distance and a hydrophobic coefficient, defined by
Ponnuswamy and colaborators (16). The “hydro-
phobicity profile” of a protein is simply a plot of
this coefficient Hf, versus the amino acid number
in the sequence. Four basic profiles have been
defined for 4 types of secondary structure: helix,
B-turn, buried and exposed B-strands. The identifi-
cation of these basic patterns in the hydrophobicity
profile of the protein yields the predicted sec-
ondary structure.

The method of Mohana and Argos:

Both prediction methods described above, make
use of parameters obtained from a data base
of soluble proteins, whose tertiary structures are
known. Therefore no use can be made of them to
detect transmembrane helices inintegral membrane
proteins. Mohana and Argos (12) have designed an
algorithm to predict the presence or absence of
hydrophobic stretches in the protein sequence.
They make use of five physical parameters that
characterize the folding properties of the amino
acids: hydration potential, membrane-buried free
energy of transfer, polarity, residue turn propensity
and residue bulk conformational preference. These
five parameters were combined with appropriate
weighing in a smoothed curve versus the bacterio-
rhodopsin amino acid sequence number. The
smoothing process was performed by there cycles
of least-squares fitting of the data to a quadratic
polynomial, using a seven point moving window
(17). The weighting factors assigned to the five pa-
rameters were chosen to give the best fit to a theo-
retical curve that displayed the helical and exposed
regions of the bacteriorhodopsin molecule, the only
membrane-bound protein known to a reasonable
high resolution. The curve obtained after weight-
ing, smoothing and summing the curves obtained
for each one of the five parameters, was normalized
to an average value of 0.0. After applying this
algorithm to several families of integral membrane
proteins, the authors defined a ‘‘conformational
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preference parameter for membrane-buried helices”.
This parameter represents —as in the Chou and
Fasman’s method—the normalized frequence of
occurrence of that amino acid residue in a mem-
brane-buried helix (12). The prediction of the
buried helical zones is made as follows: a curve of
the buried helix parameter versus the sequence
number is submitted to three cycles smoothing, as
described above. All zones over a base line of 1.05,
with a minimum length of 16 residues with no
more than three charges, or more than five charged
and strongly polar residues, are likely to correspond
to buried helices.

Computer programs that perform the three
types of secondary structure prediction on a given
aminoacid sequence are in operation at the Uni-
versity of Concepcion, and are available on request.

Model building

Three dimensional models of the predicted sec-
ondary structure can be easily built using rigid
arrows, cylinders and “hair pins” to represent the
/3-strands, helical zones and /3-turns, respectively.
These elements are joined by mobile connections
and by flexible wire that represents the random
coiled zones. The lengths of the building elements
are scaled to the number of amino acids involved
and to the distance between a-carbons in that
particular type of structure. The following com-
plementary information is considered: distinction
between exposed and buried /3-strands (14), pre-
ferences for (3-strands to participate in a parallel
or antiparallel (3-sheet (18), stabilization of helices
and (3-strands in a super secondary structure (19)
and, proximity of some amino acid residues accord-
ing to chemical evidence.

RESULTS AND DISCUSSION

The predicted secondary structures of /3-lac-
tamases | from B. cereus 5/B, Il and Ill
from B. cereus 569/H, compared to those
previously obtained for (3-lactamases | from
B. licheniformis 749/C and B. cereus 569/H
(7), are aligned to best fit on Table 1 The
alignement was made attending the shape
of the hydrophobicity profiles for the three
/3-lactamases type | and that of type Ill. No
similarity, either in the primary or secondary
structures, could be detected between these
enzymes and the only /3-lactamase type II.
Fig. 1, illustrates the shape of the hydro-
phobicity profiles in the region near Ser 70,
for four of these enzymes. It is remarkable
the conservation of the profiles shape in a
region with only a 52% invariability of the
primary structure.
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Fig. 1: Hidrophobicity profiles in the vicinity of Ser 70,
amino_acid residue involved in the catalytic process, of
four class A (3Hactarmeses. The sequences Were aligned on
the basis of the profiles’ shape. Note the similarity of the
profiles for only a 51 % conservation of the primary struc-
ture in this region.

The close relation between the three
/3-lactamases type | and the enzyme called
type Ill, obtained from B. cereus, is sum-
marized on Table 2. There, a comparison
between the complete primary and secon-
dary structures of these enzymes is made:
more than 54% of the amino acid sequence
and more than 61 %of the secondary structu-
re are preserved when these enzymes are
considered pairwise. 43% of the primary
and 57% of the secondary structures are
comymon to the four enzymes.

oof both the primary and the predict-
ed secondary structures of the (3-lactamase
| produced by B. cereus 569/H are conserv-
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i TABLE 1 PREDICTED SECONDARY STRUCTURES FOR 4 P-LACTAMASES FROM Bocillus cereus,
’ AND OF P‘ LACTAMASE | FROM Bacillus, M:nﬂnmn’:.ns/c.
‘ ®) [ 0 18 2 % k] » 0 "
‘ B.C.569/H(1) rrererrr HHHHHHHMWHIHN et r EEEEEEE
8c.¥8 (D rerr HHHHHHHHHir r rr EEEEEEE
i BC.563/HUIM refrreceerrrcr EEEEEECEre|rr rr EEEEEEE
; B.L.7.9/c (1) rerererecerrerrt EEEEErelrr rrEEEEEEE
BC.96YMIN ¢ rr e rMHHHHMt t ¢t EEEEE T rr rEEEEEE rrrrrrrrerttt tEEEEETT ?
;
} %0 5 0 11 7 1 0 1 % (1
; BC S69/MH (1) trerrrEE EEErrrrEEEEEr rr EEEEEEEELtLLtHH
i BC. 5B () Errrrr€EE EEErrrrEEEEErrr EEEEEEEEETr T rr H
BC.S6/WM) ErrrrrEE EEEEttt tEEEEErrc EEEEErr ri ttetHH
: BL7YC() Errrre€F EEErrr rEEEEErrc EEEEEEEELLEtLHMN
BC.569MUN ¢ EEEEEE e rererr cHHHMMMHHHU G rrrrerrEEEEE rrory
j’
1 0 05 "o s 0 125 o o
' BCSGQ/M(I) tt t EEEEEIHHHHHMHHr r rEEEEEETrrrirererefrrrjrHHHH
: D.C-Slﬂ‘l'l’ ttt EEEEHMHHHHHHHMHEEEEE rrrrrleceEErrr]rrEEE
i BCSS/HUML 4 ¢ & r v r WH|MHHHUr rrrEEEEEr rreElEEEEE[rrrlrrEEE
f BL74/CU) o v veEEEEr|lerr HHHHHHEEEEE rerrr]JEEECEElr crMHHHN
; BC.569 HUI) Muereerrerrerrecerttt ter HHHUHHHHHMHUNL rrr EE
i}
i 0 5S %0 % ) ™ w0 .
H
H 96'569":"” MHHHHHHHHHN[EEEEElr r rrrrr HHHHRH T rCTTrerrjrrer
% B.C.SS’B/M"" HHHHHHHHHHIEEEEE|r rre rre HNHHHHPETL P cr tlerrr
! :t'm/cun FHHHHHNHRHURIHH IR |r rrr HRHHHAHN PP PP er rrr|r HHH
% .- HHHHHHHHHHHHt ettt r rHHHHHHHHH Y rrerrr 7 rtJ]HHHH
H BCSSYMIUN) ¢t ¢ { A EEEEEEEr r EEEEEEEEEE rerr HHHHHHHH EF e ¢

% 200 x5 mn ns 20 % m s »0 6«
! ac.m/nm rercertttt HHH HHMHHWe rerlrE e e FEEEECEEEEE [T T rore rrr e
! nC. M) ¢+ EEEEERtt t HHH HHNNKHr ¢ reli M HNH T et rEEEEE e rrre crerrt
H BC.S9/MUMY v rrrrr rr EEEEET rrcle v r |HHHHHUHHHHHHHHHHUMTI perer rterer
i ALTS/C)  rrrrrer r EEEREEEE rly vy (JHHHHHMH L P r P EEEERPlrrery reretee
"‘ D.C.SG!/N(II) HHHHHHHHHHHHY rrectttEEEEEEEEEEE
‘ 0 =5 0 %5 m m 0 » m
BCSOM(N EEEE E ¢ rror|rr Tr T rFrTHHHMHHHHHHN Y
i BC.S‘B(" EEEEELE FrerrlEEEEEEEE T r|re e rrrlererHHHHHNHE T
: BCOIHIMY EEEEEE rrerreHHMHHHHHHrrrerelrerererrerere
) m.no/cu) EEEEEE rrecerjJrEEEEEEETr|r e rrelrerHHHHHHN P EE
% .
i Bt.%ﬂ/ml) * fngillus cereus Sm/n 3-tactamase | H * helicol structure
i BC S/aU) = Bocitlus cereus S5/p  (I-lactamasel E cextended structuce

BCSEYHINN = pacillus cereus 5631 P-lactamasell]  + random colled struciure

BLNYCU) = Bacillus licheniforrmis 49/ P-lact. | ts@-turn

) BCSEYM(Il) = Bacillus cereus 56y - toctamasel!

) The Ambler numbering system is used except for P-lactamase Il from B gcereus, where o sequence or secondary
structure alignement was unsuccessiul.

ed in the enzyme secreted by the strain 5/B  that produced by strain 569/H of its parent
of this microorganism. However it is interest- microorganism (Fig. 2).

ing to point out that, in the terminal It is evident, from the data shown on
region, starting on residue 240 (Ambler Tables 1 and 2, that g-lactamases I, and III
j notation) there is a stronger similarity of from B. cereus 569/H, p-lactamase I from
e this last enzyme with the B-lactamase I B. cereus 5/B as well as f-lactamase I from
it produced by B. licheniformis than with B. licheniformis 749/C, can be described by
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TABLE 2

Percent similarity matrix for 3 B. cereus B-lactamases

and a p-luctqmosel from B.licheniformis.

*/s of secondary
structure similarity [;]

O

B.C. 569/H (1) 100\ ‘g
BC ¥ (D 100 Eg
£
B.C. 569/H (1) §7) m\ a3
© 3
V.\.‘J’

B.L.749/C (1) () (D 100 |

B.C.569/H (1)
Bc 5/8 (1)
B.C. 569/H (1II
B.L. 749/C(1)

very similar secondary structures. Fig. 3
shows a possible folding for the polypeptide
chain of B-lactamase III which strongly
resembles the two-domain structure propos-
ed in (7) for the class A enzymes obtained
from B. cereus 569/H and B. licheniformis
749/C. This result confirms, at the sec-

&p

2 Ser 70

B lactamase 111 Baocillus cereus 569/H

Fig. 3: A possible structure for fS-lactamase III from B.
cereus 569/H. The stippled elements represent secondary
structures conserved in the B. cereus f-lactamases I and in
the B. licheniformis B-lactamase 1. The dotted elements
represent structures common only to f-lactamase III and
to the B. licheniformis enzyme. As it is usual, the helical
regions are represented by cyllinders and the extended
strands by arrows.

Bacillyg (ighenitormis 79/C

151
144
134
124

151
115
137
12
"q \/\
70 220 230 % 250 260 Resitue momber
N |

|5-f llus cereus 569 / H
14
134
"\ Y
1t

N 2'” 2.20 2'25 2'30 2"0 2'50 Residue number

%0 2% 260 P 200 290 )

Ambler numbering system

Fig. 2: Hydrophobicity profiles of the carboxy terminal
regions of three class A f-lactamases. The invariant ami-
no acid residues are represented by filled circles. Note that

the B. Cereus 5/B profiles resembles more that of the B.
licheniformis enzyme.
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ondary structure level, what has been
proposed on the basis of the primary
structure (8): the lipoprotein S-lactamase
III from B. cereus 569/H is a class A
enzyme, a similar, but a different protein
from the type I enzyme produced by B.
cereus 569/H.

A two-domain structure, with a close
contact between both domains, has been
found for the 2.5 A tertiary structure of
the S. aureus PCl recently determined (4).
The limits of the domains determined by
X-ray methods are different from those
proposed by secondary structure predic-
tion, even though there are several coin-
cidences between the predicted and de-
termined secondary structure elements.

The second result, expected from the
lack of coincidence of the primary struc-
tures, is that there are no similarities in the
secondary structures of the class B g-lacta-
mase Il from B. cereus, and the other four
class A enzymes listed on Table 1. The
characteristic “‘active site region’ of these
last enzymes shown on Fig. 1 could not be
found for g-lactamase II, thus suggesting a
completely different catalytic mechanism
of action.

The secondary structure predicted for
the B-lactamase II from B. cereus is so dif-
ferent from that proposed for the class A
enzymes that it would be sufficient to
classify it as an enzyme with a completely
different catalytic mechanism, without
knowing that it is a Zn*? requiring protein.
The structure proposed for it (Fig. 4) is a
one-domain structure, where the most

+* Zn ion

Fig. 4: A possible structure for f-lactamase II from B.
cereus 569/H. It is a one domain structure type & + f,
where the most prominent feature is an antiparallel
B-pleated sheet. The location of the Zn ion required for
catalysis is marked in the structure.

CID ETAL.

Fig. 5: The location of the Zn jon in the proposed struc-
ture for B-lactamase II from B. cereus 569/H. The lateral
chains of four amino acid residues known to be ligands to
the Zn are marked. The position of Asp 37, which is
assumed to participate in the orientation of a water mo-
lecule (fifth ligand to Zn ion) is also shown.

remarkable feature is an antiparallel 8-sheet
which resembles the structure of other Zn-
dependent proteins, like carbonic anhydrase
(20) and carboxypeptidases A and B (21).
Fig. 5 shows the probably location of the
Zn ion in this structure; three out of the
four residues that coordinate to the Zn'?
according to chemical evidence (10), are
located on a loop or a random coiled zone.
This coordination resembles more the
carboxypeptidase structure than that of the
carbonic anhydrases. Therefore, a first
hypothesis to test would be that the cata-
lytic mechanism of the class B g-lactamases
should be similar to that of the carboxy-
peptidases, in agreement with a proposi-
tion made by Bicknell ef al. (22) based on a
cryostudy of the cobalt-substituted enzyme.

The comparison among the four enzymes
obtained from B. cereus and that obtained
from B. licheniformis was extended to their
leader peptides. On Fig. 6 are shown the
Mohana and Argos profiles for these five
sequences: Both the profiles’ shape, and
the lenght of the hydrophobic region that
could represent a buried helical structure,
are almost identical for the B. licheniformis
B-lactamase I and the B. cereus f-lactamase
IIL. If these enzymes present a buried helix
in this region, it should have only 13 to 14
amino acid residues. By contrast, the $-lac-
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Bcereus 569/n
p-luhm-nl

Boswus %
p-la:hmuul

Bereys 5694,
P-loctamasell

HELICAL CONFORMATIONAL PARAMETER

Boareus 69/,
P-lactamaselil
_al.ismgw.i
floctamasel
000- v T T T —4
0 2 » L] S0
-Q RESIDUE NUMBER

Fig. 6: Mohana and Argos profiles for five $lactamases.
The regions over the dotted line are likely to be buried
helices. Note the similarity of the profiles of both f-lac-
tamases I from B. cereus, and between B-lactamase IH and
B-lactamase I from B. licheniformis.

tamases I from both strains of B. cereus
present a continuous hydrophobic region
20 to 23 residues long, which resembles
more the 21 residue long hydrophobic
strand of the g-lactamase II leader peptide.

It has been suggested (6) that some class
A p-lactamases could have evolved from a
common ancestor: this seems certainly true
for the four enzymes listed on Table 2.
Moreover, the conservation of the primary,
and of the predicted secondary structures,
between any of these enzymes with respect
to the B. licheniformis B-lactamase I, is
certainly higher than what could be expect-
ed for non related isoenzymes.

The results reported indicate also that
the lipoprotein B-lactamase III from B.
cereus resembles more B-lactamase I from
B. licheniformis than its homologue in B.
cereus. The conservation in the primary
structures are 68« and 57«%, and this dif-
ference raises to 85% and 61% respectively
for the secondary structures. The relation-
ship of the lipoprotein to the B. lichenifor-
mis enzyme also includes the leader pepti-
des, as shown by the Mohana and Argos
profiles of Fig. 6. All these results would
support the hypothesis suggested in (8)
that the B-lactamase IIl possibly did not
evolve within B. cereus, but it could had

been transferred, relatively recently from
B. licheniformis to B. cereus.
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Three different methods have been applied to the prediction of secondary structure. The
prediction that better fitted the chemical data was chosen.

Two regions of the bovine growth hormone molecule (111-117 and 166-174) appear to be
exposed to the solvent, according to hydropathic analysis but have several charged residues

not reactive towards their specific reagents.

Two molecular domains are postulated, each one bearing a region with charged residues on
its surface and interacting with the other in the molecule by means of saline bridges. The
hydrophobic core of the molecule is formed by the ensemble of the hydrophobic region
predicted between residues 81 and 108, and the hydrophobic faces of the amphiphilic helices

109-127 and 9-33.
INTRODUCTION

Crystal X-ray diffraction is the most
powerful method for obtaining the three-
dimensional structure of a protein molecule.
Nevertheless, it can only provide a static
image that does not take into account the
molecular fluctuations. It does not reflect
all of the possible multiple energy minima
that are found in proteins, as has been
shown by molecular dynamic analysis
of myoglobin (1) and magnetization
transfer NMR spectroscopy of staphylococ-
cal nuclease (2). In spite of the valuable
contribution of X-ray crystallography to
the knowledge of the tertiary structure
of proteins, some doubts have arisen about
the analogy of the protein structure in
solution to that in its crystallized state.
For example, bGH has been crystallized
as dimer of hormone dimers (3), while
in solution this protein is in a monomer-
dimer equilibrium.

Abbreviation: bGH, bovine growth hormone.

Despite the highly developed techniques
in the X-ray crystallography field, the
difficulties inherent to this method led to
many attempts to predict the three-di-
mensional structure of proteins. Predic-
tion is possible by taking into account
that the secondary and tertiary structure
are governed by the amino acid sequence
(4). There are different predictive methods
for secondary structure, based on statistical
analysis of the tendency of amino acid
types to adopt different structures. Each
of these methods has an accuracy of
about 60%, When several methods are used
simultaneously, the accuracy never exceeds
80w%. Needless to say, prediction of tertiary
structure based on secondary structure
has also limitations of its own. The most
accurate methods require a good sequence
homology with a protein whose structure
is already known by X-ray diffraction.
When this is not available, the general
approach is to minimize an energy function
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that represents the chemical specification
of the protein. This is a difficult approach
which requires additional information.

A better knowledge of the three-di-
mensional structure of a protein in solu-
tion can be obtained by the integration of
the information yielded b y X-ray diffrac-
tion and chemical modification.

Chemical modification has played an
important role in establishing the structure
of enzyme active sites. A model of pan-
creatic ribonuclease A, based on chemical
information, was proposed as early as
1966 by Hammes-and Scheraga (5). That
model proved to be remarkably similar
to another determined, some years later,
on the basis of crystallographic data (6).
Chemical modifications are used to explore
reactivity of the different amino acid
residues, which depends on their acces-
sibility and microenvironment. It also
depends on the characteristics of the
reagents used, which determine whether
they can reach the residues involved.
For instance, tetranitromethane can react
with tyrosine residues located in the
interior of the molecule by entering hydro-
phobic channels (7).

Plenty of information about the
reactivity of different amino acid residues
in bGH has accumulated especially in the
last 20 years: (8-32). All the information
obtained —-bearing in mind the nature of
the reagent used (size) and hydrophillicity
or hydrophobicity— has led to several
hypotheses about the relative positioning
of such residues on the surface or in the
interior of the molecule (21, 24). The use
‘of bifunctional reagents has recently
enabled us to establish that some residues
are close to one another (29, 32). Alth-
ough the prediction of the secondary
structure of bGH was performed by Chen
and Sonenberg (33), recent advances in
this field have allowed us to apply three
different predictive methods to bGH.

In this paper we present predictions on
the three-dimensional structure of bGH
on the basis of the application of pre-
dictive methods for secondary structure
and the data obtained by chemical modifi-
cations.

ERMACORA ET AL.

METHODS

The predictive methods of Chou and Fasman
(34), Dufton and Hider (35) with Levitt’s pa-
rameters (36) and Garnier et al. (37) were used
to evaluate the secondary structure.

Chou and Fasman’s algorythm was slightly
modified as follows: according to the original
method, predicted a-helix or f-sheets may vary
in position as well as in length depending on the
nucleation segment used. In order to eliminate
this ambiguity, a computer program that register-
ed the predictions based on all possible a and
nucleation sites was developed. The boundary
potential of these segments was calculated as
indicated by the authors. All possible f-turns
were also identified and registered. The final
prediction was based on examination of the dif-
ferent regions, choosing the combinations that
maximized the conformational parameters avoid-
ing overlapping. In the few cases overlapping
could not be avoided, the choice was made not
to interrupt an a-helix with a f-sheet unless in
resulted in a substantial increase in the predic-
tion parameters, or it allowed to predict two
antiparallel S-sheets separated by a turn.

Hydropathic analysis was performed according
to Kyte and Doolittle (38). Amphipathic analysis
was carried out as described by Eisenberg et al.
(39).

RESULTS AND DISCUSSION

Figure 1 shows the amino acid sequence of
bGH (40-43) and the reactivity of the
different residues towards their specific
reagents. The amino acid residues whose
reactivity has been studied are divided into
three categories: those which readily react
with hydrophilic reagents, those which
react slowly or do not react at all and the
ones which possess an intermediate reac-
tivity.

Although the reactivity of a functional
group does not only depend on its ac-
cessibility to the solvent but also on its
microenvironment, there are segments
which —on the basis of their reactivity—
may be positioned either on the surface
or in the interior of the molecule. For
example, between residues 166 and 178
there are tyrosine, lysine, aspartic acid,
glutamic acid; histidine and methionine
residues which react very slowly or not
at all with their specific reagents (19,
21, 23-25). The inaccessibility of this
segment to hydrophilic reagents suggests
that it may be located in the interior of
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the molecule, in spite of the hydrophilic
character of its residues. Hydrophilicity,
hydrophobicity, polarity and hydropathy
of the polypeptide chain were analyzed.
A close agreement with the chemical data
was obtained by means of the hydropathic
index.

Figure 1 shows the results obtained
using the hydropathic index (38) in which
each residue is assigned a relative value
according to its statistical chance of being
oriented towards the inside or the outside
of the molecule.

This index (38) combines the data ob-
tained by X-ray crystallography and the
water vapor transfer free energy. Segments
tending to be inside or outside the molecule
are indicated in the same figure. Comparison
of the residues reactivity with the corre-
sponding values obtained from hydro-
phatic analysis shows a reasonable agree-
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ment in most cases: residues with the
higher reactivity are generally located
in predicted accessible regions while those
with low or no reactivity correspond to
the regions predicted to be in the interior
of the molecule.

The only segments which show a dis-
crepancy from one method to another
lie between residues 109 and 117 and
between 166 and 174; these segments
mainly contain charged amino acids. In
effect, the hydropathic index predicts
that they are located on the surface of the
molecule. On the other hand, experimental
evidence obtained by chemical modifica-
tions of different amino acid residues
(Tyr (23) Glu, Asp (24, 31) and Lys (19)
for the segment 109-117 and Lys (19),
His (25), Asp and Glu (24, 31) for the
segment 166-174) suggests that they are
located in the interior of the molecule.
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Fig. 1: Amino acid sequence of bovine growth hormone (40-43). Residues in dotted boxes are those which readily
react with hydrophilic reagents, those in thinly lined boxes are of intermediate reactivity and those in heavily lined
boxes react very slowly or not at all. The reagents used to determine the reactivity of tyrosine, methionine lysine,
histidine, aspartic and glutamic acids are: N-acetylimidazole (23), hydrogen peroxide (16), trinitrobenzenesulfonic
acid (19), ethoxyformic anhydride (25), and glycine methyl ester in the presence of a water soluble carbodiimide
(24, 31), respectively. Full-line underscoring in the amino acid sequence indicates that the residues are in the interior
of the molecule and dotted-line underscoring indicate that they are predicted to be on the surface —both by hydro-
pathic analysis (38). Predicted secondary structure is represented below. a-helix (N\N), §-sheet (AA), random coil
(——)and -turn ( N/ ).
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Several predictive methods for protein
secondary structure are available. Figure
2 shows results obtained by applying the
method of Chou and Fasman (34), Dufton
and Hider (35) and Garnier et al. (37) to
the bGH polypeptide chain. Such results
are highly coincident. None of the three
methods was adopted in particular. For
each residue we selected the prediction of
secondary structure that better fitted the
chemical data previously obtained. For
example, the spatial proximity between
residues 29 and 35, detected by using a
bifunctional reagent (32), is incompatible
with the a-structure predicted or with a
B-sheet structure (Fig. 2). Therefore, we
predict an a-helix from residues 9 through
33 followed by a g-turn. Figure 1 shows
our secondary structure prediction.

Several predictions on the three di-
mensional structure of bBGH may be pos-
tulated on the basis of the above data and
those obtained by chemical modifications.

Reports reviewed by Paladini et al
(44) on the action of different proteolytic
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enzymes on hGH showed a preferential
proteolytic cleavage between residues 134
and 135. This allowed the obtention
—after disulfide bridge reduction— of
fragments 1-134 and 141-191 (45, 46),
both of which had some biological activity.
When the fragments were put together,
the product had the same biological
potency as that of the native hormone
(45).

From these results, it could be inferred
that the two fragments retain their original
conformation and are folded independently
from each other, thus constituting two
different molecular domains, According
to the above, we can predict that there are
two different molecular domains in bGH,
constituted as follows: One by residues
1-134 —including the o-helix 109-127—
and another by residues 135-190 including
a-helix 163-1%0. 1t is likely that either
helix lies on the surface of its domain
once this folds, just as could be inferred
from hydropathy data. When both domains
interact, electrostatic bonds are probably
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Fig. 2: Combined predictions for a-helix (top), -sheet (second row), §-turn (third row) and random coil (bottom)
for the molecule of bGH. The vertical axis represents the number of predictions for each structural element and the

horizontal axis shows the residue number.
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generated between them, removing charged
residues from exposure to the solvent,
thus rendering them inaccessible to chem-
ical reagents, as was found by chemical
reactivity (17, 22).

It has been proposed (47, 48) that
protein local sites of maximal hydro-
phobicity in the amino acid sequence fold
together establishing the molecular core.
Figure 1 shows that the hydrophobic
core of the region 1-134 might be formed
by three antiparallel g-sheets predicted to
be between residues 81-108. This feature
has been called a g-meander (49) and found
in a number of proteins: Y4-lysozyme
(50), staphylococcus nuclease (51), Ser-
proteases (52), etc. The hydropathy
values indicate that this g-meander tends
to be buried in the interior of the bGh
molecule.

The amphiphilicity of the «-helical
segment 109-127 (Fig. 3) suggests that
it has a hydrophobic face which may
interact with the hydrophobic segment
81-108;

As discussed above, the hydrophilic
face may establish electrostatic bonds
with segment 165-180, thus rendering this
region of the molecule hydrophobic, as
per the hypothesis proposed by Chotia
(53). Therefore, the ensemble of the seg-
ment 81-108 and the hydrophobic face
of a-helices 109-127 and 165-180 may
integrate the hydrophobic core of the
molecule,

The hydrophobic face of the remain-
ing amphiphilic a-helix 9-33 (Fig. 3) is
the most likely to interact with the still
exposed side of the predicted § meander.

Ermdcora et al (32) and Nowicki et
al. (29), using a hydrophobic bifunctional
reagent, established covalent bridges be-
tween tyrosine 174 and lysines 29 and
111, These three residues react very slowly
or do not react at all towards hydrophilic
reagents such as N-acetylimidazole (23)
and trinitrobenzenesulfonic acid (19). These
results suggest that residues 29, 111 and
174 belong to a region only accessible
to hydrophobic reagents.

Cascone et al. (21) suggest that the
C-terminal region of bGH, at least from
tyrosine 174, is buried in a hydrophobic
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Fig. 3: Cylindrical plotting of amphiphilic O-helices
9-33 and 109-127. Hydrophobic residues are encircled.

region probably located near the surface
of the molecule. These authors take into
account the lack of reactivity of methio-
nine 178 towards a hydrophilic reagent
hydrogen peroxide (16), its susceptibility
to chloramine-T and the fact that tyrosine
174 is modified by tetranitromethane
(18) but has a low reactivity towards
N-acetylimidazole (23). Delfino et al
(24), on the basis of the chemical reactivity

of different residues suggest that the.

buried regions is located at least from
residue 166 through 178 and that the
polypeptidic chain probably becomes ac-
cessible to the solvent from lysine 179
up to the C-terminus. These authors add
that carboxyl groups of residues 185
and 190 have a high reactivity towards
carbodiimide although this region evidences
a certain degree of steric hindrance since
alanine 189 is removed by carboxypep-
tidase only after addition of a denaturing
agent (54).

Carboxyl groups of residues 114, 116
and 117 react slowly with carbodiimide
(24) in a fashion similar to that shown
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by lysines 111 and 113 towards trinitro-
benzenesulfonic acid (19), suggesting that

region

111-117 is not easily accessible

to the solvent (24). These facts and predic-
tions support the proposed interaction
between helices 9-33 and 165-180.
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Amino-terminal sequence of spinach chloroplast
fructose-1,6-bisphosphatase*

Secuencia amino terminal de fructosa-1,6-bisfosfatasa
de cloroplastos de espinaca

FRANK MARCUS' and KARL FICKENSCHER®?

Department of Biological Chemistry and Structure
University of Health Sciences/The Chicago Medical School
North Chicago, Illinois 60064, USA

The sequence of the NH,-terminal 25-amino acid residues of purified spinach chloroplast d
fructose-1,6-bisphosphatase was determined by automated Edman degradation. The amino

acid sequence is as follows: Ala-Ala-Val-Gly-Glu-Ala-Ala-Thr-Gln-Thr-Lys-Ala-Arg-Thr-
Arg-Ser-Lys-Tyr-Glu-Ile-Glu-Thr-Leu-Thr-Gly. A comparison of this sequence with the
corresponding region of pig kidney and yeast (Saccharomyces cerevisiae) fructose-1,6-
bisphosphatases shows that the sequence of residues 1-19 of the chloroplast enzyme has no
homology with the other fructose-1,6-bisphosphatases, but homology is evident after residue
20. The dissimilar sequence contains a regjon (residues (8-17) rich in basic and hydroxylated
amino acids, a structure which is typical of presequences of mitochondrial and chloroplast
proteins, Since chloroplast fructose-1,6-bisphosphatase is nuclear in origin, these results
suggest that the chloroplast targeting region may have been retained within the amino acid

sequence of the mature protein.

Fructose-1,6-bisphosphatase catalyzes the
hydrolysis of fructose 1,6-bisphosphate to
fructose 6-phosphate and inorganic phos-
phate, Because of its key role in gluco-
neogenesis, the enzyme isolated from
gluconeogenic tissues of animals has been
extensively studied (for reviews, see refs.
1 and 2). Two forms of the enzyme exist
in plant leaves, one is cytosolic and the
other chloroplastic, each having an im-
portant metabolic role. Cytosolic fructose-
1,6-bisphosphatase of leaves is a key
enzyme in the pathway of biosynthesis
of sucrose, an important transported
sugar in most plants (3). The cytosolic
enzyme has characteristics which are
typical of the so-called gluconeogenic
fructose-1,6-bisphosphatases (4). By con-
trast, chloroplast fructose-1,6-bisphospha-
tase which is an essential enzyme in carbon
dioxide fixation into sugars (5) has unique
characteristics. These include insensitivity

Address correspondence to this author.

Present Address.

to AMP inhibition (6) and light dependent
activation via a ferredoxin/thioredoxin
system (7). However, we have demon-
strated from structural studies that a high
degree of sequence homology exists among
all fructose-1,6-bisphosphatases in spite of
their different functions and modes of
regulation (&, 9).

The amino acid sequence information
so far available for chloroplast fructose-
1,6-bisphosphatase accounts for more than
3/4 of the primary structure of the enzyme,
but does not include the amino-terminal
region (9). This paper gives this information
which was obtained by direct sequencing
of purified chloroplast fructose-1,6-bis-
phosphatase. It was somehow expected
that data could be obtained by direct
sequencing of the purified protein, since
chloroplast fructose-1,6-bisphosphatase
(10) is as most chloroplast proteins encod-
ed by the nuclear genome (11). These

On leave from the Lehrstuhl fir Planzenphysiologie, Universitit Bayreuth, D-8580, Bayreuth, West Germany.

*  One of us (F.M.) dedicates this paper to the memory of his mentor, Professor Osvaldo Cori.

Keywords: Fructose-1,6-bisphosphatase/amino terminal sequence/chloroplast/transit peptide/sequence homology.
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nuclear-encoded chloroplast proteins con-
tain a “transitpeptide’” which is usually
removed proteolytically after import into
chloroplasts (12), exposing a new unblock-
ed N-terminal residue.

EXPERIMENTAL

Fructose-1,6-bisphosphatase from spinach
chloroplasts was purified to homogeneity
by a procedure which consisted of the
following steps: extraction, ammonium
sulfate fractionation, Sephadex G-100
gel filtration, DEAE-cellulose chromatogra-
phy, hydroxylapatite chromatography, and
fast protein liquid chromatography on a
Pharmacia Mono Q HR 5/5 column (9).

Direct sequencing of purified spinach
chloroplast fructose-1,6-bisphosphatase was
performed by a technique similar to that
recently reported for the sequencing of
pea chloroplast NADP-malate dehydro-
genase (13). In this procedure, 20 nmol
of the native protein were precipitated
by the addition of 4 volumes of cold
acetone. The pellet was dried and re-
suspended in 120 ul of 0.3% sodium
dodecyl sulfate. The sample was applied
to the protein sequencer filter disk in its
cartridge, dried, and then 30 ul of tri-
fluoroacetic acid were added. After drying
the filter disk, it was assembled into the
sequencer. Sodium dodecyl sulfate was
then removed by washing the disk for
2 min with butylchloride prior to sequenc-
ing.

Automated microsequencing was per-

" formed in in Applied Biosystems 470A

gasphase protein sequencer using the
standard sequencing program and the
reagents provided by the manufacturer.
The phenylthiohydantion derivatives of
amino acids liberated after each degrada-
tion cycle were identified and quantitated
as such by high performance liquid chro-
matography using a modification of the
procedure described by Hunkapiller (14).
The analyses were performed with a
Waters Model 840 system equipped with
an Altex Ultrasphere ODS 5 um column
(4.6 x 250 mm).

RESULTS AND DISCUSSION

Fructose-1,6-bisphosphatase from spinach
chloroplasts was purified to homogeneity
and then subjected to N-terminal protein
sequence analysis as described under
“Experimental Procedures”. Automated
Edman degradation carried out for
25 cycles yielded the amino acid se-
quence: Ala-Ala-Val-Gly-Glu-Ala-Ala-Thr-
GIn-Thr-Lys-Ala-Arg-Thr-Arg-Ser-Lys-Tyr-
Glu-Ile-Glu-Thr-Leu-Thr-Gly (Table I). The
sequence of residues 16-25 of spinach
chloroplast fructose-1,6-bisphosphatase cor-
responded to the first 10 residues of the
previously sequenced tryptic peptide T-22,
a peptide that aligned with residues 6-19
of pig kidney fructose-1,6-bisphosphatase
(15). The sequence of residues 1-11 of
spinach chloroplast fructose-1,6-bisphos-
phatase corresponded to the previously
sequenced peptide T-3. This peptide had
been erroneously aligned in the middle of
the enzyme’s structure (15) because it
showed 27« homology with the sequence
of residues 160-170 of pig kidney fructose-
1,6-bisphosphatase (16). Although we were
cautious about the tentative alignment
of peptide T-3, we expressed confidence
about the alignment of the rest of the
partial structure of 284 residues (15).
Table I also shows (on the right hand side
the sequence of residues 1-19 of pig
kidney fructose-1,6-bisphosphatase (16)
aligned with NH,-terminal sequence of
spinach chloroplast fructose-1,6-bisphos-
phatase, an alignment based on the existence
of the common sequence -I-X-T-L-T-(re-
sidues 10-14 in the pig kidney enzyme).
Homology between the two fructose-1,6-
bisphosphatases in this region, however,
is rather low. A comparison of the NH,-
terminal sequence of spinach chloroplast
fructose-1,6-bisphosphatase with those of
the corresponding region of pig kidney
and Saccharomyces cerevisize enzymes
(17) conforms the dissimilar NH, -terminal
region of the chloroplast enzyme (Fig.
1). Indeed, no homology whatsoever is
found in the first 19 residues, but homology
begins al residue 20. The currently known
sequence of spinach chloroplast fructose-
1,6-bisphosphatase comprises 299 residues.
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CHLOROPLAST : AAVGEAATQ
1
S. CEREVISIAE : PTLVNGPR
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Fig. 1. Alignment of the NH,-terminal sequences of spinach chloroplast, yeast (S. cerevisiae), and pig kidney fructose-
1,6-bisphosphatases. The chloroplast sequence was obtained from the data reported herein. Symbols above residues in
the chloroplast fructose-1,6-bisphosphatase sequence indicate the presence of hydroxylated (O) and basic (@) residues.
The sequences of the NH,-terminal region of pig kidney and yeast fructose-1,6-bisphosphatase are from Rittenhouse
et al. (17). Amino acid residues common to at least two sequences are enclosed in boxes. Amino acids are indicated
by the single-letter code, and the abbreviation acT in position 1 of the pig kidney enzyme indicates acetyl threonine.

This includes the 284 amino acid residue
structure shown in Fig. 1 of Marcus and
Harrsch (15), plus residues 1-15 of Table
I above. The overall homology of this

structure with the corresponding amino
acid sequence of pig kidney (16) and §S.
cerevisiae yeast (D.T. Rogers, personal
communication) fructose-1,6-bisphospha-

TABLE 1

Sequences analysis of spinach chloroplast fructose-1,6-bisphosphatase?

Corresponding residue in:

et - o MO O PN TR 15

Cyclye of Edman Residue
degratation identified
(nmol)
1 A (3611)
2 A (3042)
3 v (1727)
4 G (2061)
5 E (1851)
6 A (2196)
7 A (2127)
8 T (1550)
9 Q (1339)
10 T (1662)
11 K (1504)
12 A (1628)
13 R ( 472)
14 T (1317)
15 R ( 452)
16 S (1005)
17 K (1206)
18 Y (1092)
19 E (1078)
20 I (1133)
21 E ( 669)
22 T ( 687)
23 L (1221)
24 T ( 726)
25 G (1233)

previously sequenced pig kidney
tryptic peptides FbPase
(residues 1-19)¢
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2 Automated microsequencing was performed as déscribed under “Experimental”. Recoveries in picomoles are given in
parentheses.

b Data from Marcus and Harrsch (15).
€ Data from Marcus et al. (16).
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tase is of 43 and 37w, respectively. This
indicates that the chloroplast énzyme has
a structure closely related to other fruc-
tose-1,6-bisphosphatases but a dissimilar
NH, -terminal region. We have also sug-
gested (15) that a .dissimilar region may
exist in the middle of the chloroplast
enzyme molecule to accomodate a unique
pair of cysteine residues involved in the
light-dependent activation of chloroplast
fructose-1,6-bisphosphatase. .

The determined NH, -terminal sequence
of spinach chloroplast fructose-1,6-bisphos-
phatase is shown in Fig. 1 aligned with
the corresponding region of S, cerevisiae
yeast and pig kidney fructose-1,6-bisphos-
phatases (17). This figure serves to il-
lustrate at least two structural character-
istics: (a) the presence of a region where
the sequence homology among the three
enzymes begins (shown by the boxed
areas). This high degree of homology
continues to be a distinctive feature of the
not shown rest of the structures; (b) the

unique nature of the NH,-terminal se--

quences of the three enzymes: (i) the pig
kidney fructose-1,6-bisphosphatase is the
shortest and residue 1 is acetylated; (ii)
the first 14 residues of the yeast S. cere-
visiae NH, -terminal enzyme sequence have
no equal in the other sequences. It has
been established that Ser-11 of this se-
quence is the site of in vitro (17) and in
vivo (18) phosphorylation of yeast fruc-
tose-1,6-bisphosphatase; (iii) the distinct
nature of the NH, terminal region of the
chloroplast enzyme which is rich in basic
(e) and hydroxylated (o) amino acids.
This characteristic of the chloroplast
enzyme structure is discussed separately
below in the final paragraph.

As mentioned in the introductory
section, chloroplast fructose-1,6-bisphos-
phatase is nuclear encoded (10) and likely
to have an amino-terminal transit peptide.
The transit peptides are usually removed
proteolytically after import of nuclear-
encoded proteins into chloroplasts (12).
However, as noted above the sequenced
NH, -terminal region of spinach chloro-
plast fructose-1,6-bisphosphatase contains
a region (residues 8-17) mostly composed
of basic and hydroxylated amino acids.

MARCUS & FICKENSCHER

Thus, spinach chloroplast fructose-1,6-
bisphosphatase has an NH,-terminal se-
quence with features which are typical of
presequences of imported mitochondrial
and chloroplast proteins (19, 20). It is
suggested that chloroplast fructose-1,6-
bisphosphatase belongs to a yet rare class
of proteins that do not carry transient
pre-sequences and that the chloroplast

targeting region is retained within the

amino acid sequence of the mature protein.
Examples of this class have already been
reported for nuclear-encoded mito-
chondrial proteins (21, 22), but not yet
for chloroplast proteins. Definitive proof
of the non-removal of a pre-sequence
present in chloroplast fructose-1,6-bisphos-
phatase should be obtained upon comple-
tion of our current work on the sequencing
of chloroplast fructose-1,6-bisphosphatase
c¢DNA.
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Several studies have been performed on the structure of muscle pyruvate kinase. X-ray

diffraction has provided a three-dimensional picture of the active site, and chemical modifi- i
cation studies have reveales essential amino acid residues for substrate binding or catalysis. ]
We have shown that 8-azido-ADP (N3 ADP) behaves as a photoaffinity label for the enzyme. {
This reagent upon irradiation produces inactivation of the enzyme, and the activity loss is ;
protected by nucleotides. The partially modified enzyme shows the same Km for ADP as
the native one suggesting an “‘all or none’’ inactivation effect. The incorporation of 1 mole
of C-N3 ADP per subunit correlates w1th complete inactivation. A radioactive peptide was
isolated from the enzyme labeled with * C-N3 ADP. The partial sequence of this peptide

labeled with dialdehyde-ADP and with trinitrobenzenesulfonate. This peptide is identical
to a region in the cat and chicken muscle enzymes, and also a high degree of homology is
found in a region of the rat liver and yeast enzymes. These studies show that N3 ADP binds
to the same site as dialdehyde-ADP in rabblt muscle pyruvate kinase, and this site seems to

be the nucleotide binding site.

Many studies have been performed on the
active site of enzymes in order to under-
stand their catalytic mechanism. Chemical
modification is one method for obtaining
information about active or allosteric
sites. This may be accomplished by using
group-specific reagents directed to distinct
chemical groups in the protein or by means
of affinity labels. The objective is to
produce a change in some property of the
enzyme that can be correlated with the
modification of specific amino acid res-
idues. The specific chemical modification
should result in the quantitative modifica-
tion of a unique functional amino acid
residue withouth affecting other functional
groups or the conformation of the mo-
lecule.

Affinity labels have proven to be very
effective tools for the study of the
relationships between structure and fuc-
tion of proteins. These reagents, also called
site-specific reagents, are structurally similar
to known substrates, competitive inhibitors,

allosteric effector or other kind of ligands
that bind to proteins. They posses reactive
groups capable of forming covalent bonds
with amino acid side chains; the binding
is helped by a local increase of the reagent
concentration at the ligand binding site.

A very important class of affinity
reagents are the photoaffinity labels,
which have photolabile groups in their
structure. These reagents show several
advantages in comparison with affinity
labels (1). First, they are activated in situ
by irradiation forming very reactive func-
tional groups (usually carbenes or nitre-
nes), which can react not only whith
nucleophilic residues but also with hydro-
phobic amino acids involved in the binding
of ligands. Second, photoaffinity labels
do not react after addition to the enzyme
unless they are irradiated. This property
is very useful to study specific interactions
of these analogs with enzymes. Another
advantage of photoaffinity labels is that

!
showed that it corresponds to the same peptide isolated from rabbit muscle pyruvate kinase ’
!
i

* This article has been written in memory of Dr. Osvaldo Cori in recognition of his mastery and friendship.
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the time and rate of labeling can be easily
controlled by irradiation.

Azido-nucleotides have been employed
to study the nucleotide binding site of
various enzymes (2-5). These compounds
produce upon irradiation highly reactive
nitrenes that rapidly react with amino acid
residues located at the site of binding.

In our laboratory we have employed
8-azido-ADP (N; ADP) to study the active
site of rabbit muscle pyruvate kinase as a
means to understand the mechanism of
action of the enzyme.

Pyruvate kinase (E.C.2.7.1.40) catalyzes
the following reaction:

Phosphoenol pyruvate (PEP) + ADP ——
Pyruvate + ATP

The enzyme is a tetramer composed of
identical subunits of molecular weight
ranging from 55,000 to 60,000. In higher
animals four isoenzymes have been describ-
ed (6). They are called M;, M,, L and
R. The M, isoenzyme found in muscle
has been the most studied.

Muscle pyruvate kinase requires for
activity the presente of monovalent (K*)
and divalent (Mg'?) metal cations. The
enzyme presents hyperbolic kinetics for the
two substrates, PEP and MgADP, and is
competitively inhibited by ATP with
respect to both substrates (7). A mech-
anism is postulated by which the sub-
strates must be simultaneously present in
order for the phosphate transfer to take
place (7).

Several chemical modification studies
have been made on muscle pyruvate
kinase. These studies have shown the
participation of different amino acid
residues in the binding site of ADP and
PEP. Thus, a lysyl residue has been involv-
ed in the binding of ADP (8, 9) and an
arginyl residue in the binding of PEP
(10, 11).

A tryptic peptide from bovine muscle
pyruvate kinase has been isolated by
Johnson et al. (12). This 34-residue peptide
labeled with  trinitrobenzenesulfonate
(TNBS) was sequenced and the binding
of the reagent to a lysyl residue was
established. Rabbit muscle pyruvate kinase

BASAEZ ETAL.

was modified with the affinity label 2°,3-
dialdehyde ADP and a tryptic peptide
identical to the one found in the bovine
enzyme was sequenced (9). An identical
sequence is present in the primary structure
of the chicken (13) and cat muscle (14)
enzymes and also, with a high degree of
homology, in the rat liver (15, 16) and
yeast (17) pyruvate kinases. Therefore,
this region is highly conserved, as would be
expected for a catalytically active site.

N; ADP does not behave as a substrate
for rabbit muscle pyruvate kinase (18).
However, the photoaffinity reagent behaves
as a competitive inhibitor with respect
to ADP as shown in Figure 1. A Ki,pp of
3mM was estimated for N3 ADP. The fact
that N; ADP does not behave as a sub-
strate may be explained by the different
conformation of N3 ADP and ADP; the
azido derivate present a syn conformation
induced by the azido group in position 8
of the purine ring (19, 20). Studies perform-
ed by circular dicroism indicate that
nucleotides bound to isolated subunits of

enzymes present the anti conformation
21).
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Fig. 1: N3ADP as a competitive inhibitor with respect to
ADP. The assay of activity was made in the absence
() or in the presence (o) of 1.8 mM N3ADP.

Figure 2 shows the activity loss of the
enzyme when it is irradiated in the presence
of N; ADP. A rapid inactivation is observed
during the first few minutes, and the rate
decreses progressively until a plateau is
reached after 20-30 minutes. This effect
is observed in the presence or in the absence
of Mg'?. Both the initial rate and the
degree of inactivation reached are depen-
dent on the concentration of N,;ADP.
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Fig. 2: Inactivation of rabbit muscle pyruvate kinase by
N3ADP. The enzyme was irradiated in the presence of
0.17 mM (¢) and 0.36 mM (o) N3ADP. The enzyme
concentration was 0.30 mg/ml in 50 mM Tris-HCl, pH 7.5
containing 20 mM MgSO4. ‘

If the maximal inactivation is plotted as
a function of the concentration of Nj
ADP, saturation kinetics is observed. This
is in agreement with the formation of a
noncovalent enzyme-N; ADP complex
before the covalent light-induced binding
(22). Figure 3 shows the plot of the recip-
rocal of maximum inactivation as a func-
tion of the reciprocal of the N;ADP
concentration. The extrapolation of the
straight line on the ordinate axis gives the
maximum level of inactivation at infinite
concentration of the reagent. This value is
close to 100%, suggesting that an essential
site for the catalytic activity of the enzyme
is modified.

002 -

1 1 1 L 1 A
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Fig. 3: Effect of the N3 ADP concentration on the degree
of inactivation of pyruvate kinase. The enzyme at a con-
centration of 0.24 mg/ml in 50 mM Tris-HCl, pH 7.5 was
inactivated by 0.13 mM, 0.22 mM, 0.31 mM, 0.43 mM
and 0.64 mM N3 ADP.
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Magnesium has a small effect on the
inactivation. It was found that inactivation
increased slightly up to 1.5 mM Mg'?. The
inactivation observed at higher concentra-
tion (8 mM) of Mg'? is similar to the one
observed in the absence of Mg . Hence, in
some experiments, 1.5 mM Mg SO, was
included.

N; ADP presents a characteristic ultra-
violet spectrum with an absorbtion maxi-
mum at 282 nm. Upon irradiation, this
maximum shifts to lower wavelenghts
(274 nm) with a reduction in peak height.
The change of the spectrum as a function
of the illumination time shows the degree
of photolability of the reagent in aqueous
solution. The new maximum at 274 nm
corresponds to the appearance of an hydro-
Xylamine derivative of ADP (23). The
change of the absorbance maximum shows
a kinetics which is very similar to that ob-
served for the inactivation of the enzyme in
the presence of N3 ADP. Therefore, the
reagent decomposes along with the inactiva-
tion of pyruvate kinase, and hence a maxi-
mum value of inactivation is reached. If an
additional amount of N;ADP is added to
a sample of enzyme previously irradiated
in the presence of N3 ADP, an additional
inactivation is observed with a similar
kinetics.

The Km for ADP of the partially modified
enzyme is the same as that for the native
enzyme (Figure 4). This value was estimated

E
~
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Fig. 4. Kinetic properties of the partially inactivated
enzyime. Initial velocities as a function of ADP concentra-
tion were measured for the native (0) and modified
() enzyme.
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at 0.55 mM. This fact indicates that a
partially inactivated enzyme is composed
of two populations of molecules, one of
completely inactivated and the other of
native enzyme.

Experiments were performed to deter-
mine the protective effect of different
compounds on the inactivation of the
enzyme. Table I shows that the best protec-
tion is afforded by ADP and ATP. AMP
protects slightly and adenosine shows no
effect. PEP gives significant protection
while protection by pyruvate is only slight.
These results suggest that N; ADP modifies
the mucleotide or the phosphate binding
site of the enzyme.

TABLE 1

Effect of substrates on the inactivation
of pyruvate kinase by N3-ADP

Additions to the reactions mixture % Residual
Activity
No*pze 9
Mg™? 2 mM) 7
Adenosine (8 mM) 9
AMP (8 mM) 24
ADP (8 mM) 63
ATP (8 mM) 68
Pyruvate (8 mM) 22
PEP (8 mM) 44
Adenosine (8 mM) + Mg*? (10 mM) 18
AMP (8 mM)+ Mg*? (10 mM) 27
ADP (8 mM)+ Mg'? (10 mM) 51
ATP (8 mM)+ Mg*? (10 mM) 57

Pyruvate kinase (0.48 mg/ml) was irradiated in the pre-
sence of 1.06 mM N3-ADP with the indicated additions.
Values represent residual activity after reaching the plateau.

In order to obtain more precise informa-
tion on the binding site of N3 ADP to the
enzyme, an experiment based on the ability
of TNBS to inactivate pyruvate Kkinase was
done. The incorporation of 1 mole of
TNBS per subunit of pyruvate kinase
produces total inactivation (8) and the
reagent binds to a lysine residue located at
the nucleotide binding site of the enzyme
(12). A sample of the enzyme was inactivat-
ed with N3 ADP to 23« residual activity,
the enzyme was dialyzed, treated with
TNBS and the incorporation of the reagent
was measured (24). A control experiment
was performed by measuring the incorpora-

BASAEZ ET AL.

tion of TNBS to the native enzyme. Native
enzyme incorporated 1.2 and the treated
enzyme 0.52 moles of TNBS per subunit.
This result suggests that N; ADP and TNBS
bind to the same locus on the enzyme, the
nucleotide binding site.

The stoichiometry of binding was studied
by measuring the extent of inactivation by
14 C.N; ADP as a function of the number of
moles of reagent incorporated per subunit
of the enzyme. Figure 5 shows that by
extrapolation to 100+ inactivation the
binding of 1 mole of N3 ADP per subunit of
enzyme would result in complete inactiva-
tion. Experiments for the isolation of a
labeled peptide were performed. For this
purpose, fifty mg of enzyme were labeled
with * C-N; ADP. The enzyme was inactivat-
ed by 20% and incorporated 0.15 moles of
N; ADP per subunit. The modified enzyme
was reduced, carboxymethylated (25) and,
digested with trypsin (12). The tryptic
digest was applied to a Sephadex G-25
columm (Figure 6). Three peaks absorbing
at 230 nm were found and most of the
radiactivity was associated to the ascending
part of the first peak. Tubes containing the
radioactive peak were pooled and rechro-
magraphed through Sephadex G50 where a
peak containing most of the radioactivity

1000
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Fig. 5: Relationship between residual activity and moles
of 14C-Ng,-ADP incorporated into the enzyme. Pyruvate
kinase (1 mg/ml) was incubated in 50 mM Tris-HCl
pH 7.5, 1.5 mM MgSO,4 and 0.5 mM 3C-N3 ADP. Aliquots
were taken at different times for activity assay and for
measuring radioactive incorporation.
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Fig. 6: Elution profile of tryptic digest of '*C-N; ADP-
labeled pyruvate kinase. Elution was performed with 0.5%
ammonium bicarbonate, pH 8.0.

was obtained again. This material was
further purified by HPLC and the pure
peptide was submitted to sequencing. A
small amount of a pure peptide was ob-
tained, corresponding to the first 25
residues of the 34 residue peptide isolated
by Johnson et al. (12) and by Bezares ef al.
(9). The carboxy-terminal lysine would not
appear to be the site of modification be-
cause trypsin cleaved at that site, This fact
indicated that TNBS, oADP and N; ADP
bind to the same site on muscle pyruvate
kinase being this site near or at the nu-
cleotide binding site.

X-ray diffraction studies at a resolution
of 0.26 nm have shown that cat muscle
pyruvate kinase consists of three structural
domains, called A, B and C (26). The active
site of the enzyme is located in a pocket
between domains A and B. Domain A is the
biggest and has the eight stranded alfa/beta
barrel structure also found in other enzymes.
Betwen the third beta-sheet strand and the
third helix of domain A, the chain forms
domain B (27). The lysyl group modified
by TNBS and probably by oADP correspond
to Lys-366 in cat muscle pyruvate kinase
and is located between the eight beta-sheet
strand and the eight helix of domain A (14).
In the three-dimensional model of the
enzyme this corresponds to the entrance of
the active site, which helps explain its high
reactivity.

One of the purposes of employing N; ADP
was that in virtue of its high reactivity this

reagent could label other amino acid
residues within the active site. At the
present fime work is in progress to deter-
mine which other amino acids are labeled.
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Starch, adenine nucleotides and apyrase changes
during potato tuber development

Cambios en almidon, nucleétidos de adenina y
apirasa durante el desarrollo del tubérculo de papa

NORA FANTA, MARIO ANICH, MARTA MANCILLA,
ANA MARIA KETTLUN, MARIA ANTONIETA VALENZUELA
and AIDA TRAVERSO-CORI

Universidad de Chile. Facultad de Ciencias Quimicas y Farmacéuticas.
Departamento de Bioquimica y Biologia Molecular.
Casilla 233, Santiago 1, Chile,

Concentration of ATP, ADP, orthophosphate, starch, total proteins and apyrase were de-
termined during the growth of the potato tuber (S. Tuberosum var. Desirée). Electrofocusing
was employed for the quantitative analysis of this enzyme.

Starch, apyrase and total proteins increased progressively between the 76th and 140th
days of growth. ATP differed reaching its maximum concentration at the 91st day and then
decreased. ADP had a lower level than ATP, and decreased continously. Orthophosphate had
an initial high concentration and then decreased to an approximatly constant value. There
was no direct relation between the changes in the ATP, ADP and orthosphosphate concentra-
tion and the increasing concentration of apyrase. A possible metabolic role of apyrase has
been proposed related with the diphosphate nucleotide hydrolysis connected with the
turnover of starch in the plant tissue.

Antibodies against apyrase have been developed as a tool for further studies of the

physiological role of this enzyme.

Apyrase (ATP-diphosphohydrolase E.C.
3.6.1.5.) is an enzyme that catalyzes the
hydrolysis of pyrophosphoric bonds in the
presence of bivalent metals, with sequencial
release of orthophosphate (Traverso-Cori
et al.,, 1965). The adenine nucleotides (ATP
and ADP) are the substrates most commonly
used to measure enzymatic activity.

Apyrase is widely distributed in animal
(LeBel et al, 19 80; Knowles et al, 1983;
Ribeiro et al, 1985) and plant tissues (Tra-
verso-Cori et al., 1965; Vara and Serrano,
1981).

In this laboratory it has been found
several forms of apyrases extracted from
different varieties of S. tuberosum tuber.
Enzymes extracted from var. Pimpernel
and var. Desirée potatoes have been purifi-
ed to homogeneity and characterized from
a kinetical and structural point of view
(Kettlun et al., 1982; Mancilla et al., 1984).

The purification procedure is the same
for both isoenzymes (Pimpernel and

Desirée). They are very similar in their
molecular mass (50 kDa), metal depen-
dence, amino acid composition (only one
polypeptide chain) but they differ in their
isoelectric point, in the ratio of ATPase and
ADPase hydrolytic activities and in the
degree of involvement of the amino acid
residues in the active site. This last idea has
been suggested from the inactivation studies
with chemical modifiers (Kettlun et al,
1982).

The purpose of this paper is the approach
to the understanding of the physiological
role of apyrase in the cellular metabolism
of potato tuber through the establishment
of several metabolites in this plant tissue.

Adenine nucleotides (ATP and ADP),
inorganic phosphate, total proteins, starch
and apyrase mass levels were measured
during the potato development. The
conception involves in this work is that all
of these metabolites might be interconnect-
ed with apyrase activity.

Este articulo ha sido escrito en memoria del profesor Osvaldo Cori (Q.E.P.D.), cuya imagen como maestro y cientifico

admiraremos y respetaremos siempre.
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MATERIALS AND METHODS

Apyrase activity was followed by Pi liberation
from ATP or ADP (Traverso-Cori et al, 1965).
Two methods of Pi determination were used: Fiske
and SubbaRow (1925) and Ernster et al. (1950).
Proteins were determined by their UV absorption
(Warburg and Christian, 1941). In the homogeniz-
ed tissue proteins were measured by a turbidimetric
method with TCA (Stadtman and Novelli, 1951).
The Lowry method (Lowry et al, 1951) was used
to determine the concentration of purified enzyme.

Determination of ATP and ADP content in the
S. tuberosum tuber. Adenine nucleotides were
extracted according to the method described by
Barua er al (1981). Approximatly 5 g of thin
slices of peeled tuber were received in 20 ml of
2.5 M HCIO; previously cooled to —100 and
homogenized in an Omni-Mixer (4 times for 15 s
at maximum speed). The homogenate was cen-
trifuged at 27,000 x g during 30 min at 40, The
pellet was washed with 5 ml of 2.5 M HCIO4 and
centrifuged. Both supernatants were mixed,
neutralized with 8 M KOH, freezed dried, suspend-
ed in H, O and stored at —300,

In order to ckeck the complete recovery of
nucleotide concentration in the homogenate a
parallel experiment was performed adding increas-
ing amount of nucleotides to the homogenate. The
recovery varied between 93 and 108%. During this
treatment apyrase was completely inactivated so it
did not nodify the initial nucleotide concentration.

Adenine nucleotides were determined by
enzymatic methods, ATP was measured according
to Lamprecht and Trautschold (1974); ADP was
determined using the technique described by
Jaworek et al (1974).

Starch determination in potato tuber. 2 g of
sliced potatoes were boiled for 10 min in 40 mL of
water: cooled and homogenized in an Omni-Mixer
(15 s x 2 times); filtrated through Whatman paper
NO 4 and the filtrate was used to measure starch
concentration by the Iodine-lodide Method
(Plumer, 1981).

Apyrase, protein and inorganic phosphate
determination in the potato tuber. 25 g of tuber
were homogenized (Waring Blendor at 49) in

100 mL of 20 mM thioglycollic acid pH 4.0,

filtrated through paper (Whatman N© 4), centrifug-
ed at 27,000 x g during 20 min. In this supernatant
proteins, inorganic phosphate (Pi) and apyrase
activity were measured. For electrofocusing the
fraction mentioned above was freeze dried and
dialized against 0.1 M NaCl.

Electrofocusing in polyacrylaminde gels. The
electrofocusing procedure was done according
to Pearce et al. (1972). Protein staining was done
as described by Winter ef al. (1977). Apyrase activ-
ity in 2 mm slices of gel was measured by the
method of Ernster et al. (1950). Protein stained
bands were quantified by densitometry in a Quick
Scan Model R4-077 (Helena Laboratories).

Obtention of antibodies against apyrase of S.
tuberosum var. Desirée. Three rabbits were im-

munized with a semipurified apyrase (var. Desirée).
This apyrase preparation was 80% pure determined
by electrofocusing. Serum tittle was determined
by ELISA test (Voller et al.,, 1978).

Determination of the specificity of the antisera
against apyrase. After apyrase electrofocusing, the
gels were cut in 2 mm slices where enzymatic
activity was detected (Ernster et al, 1950) and
antibody reaction was followed by ELISA test
(Voller et al., 1978).

Inhibition of apyrase activity by antibodies.
The enzyme was preincubated with logaritmic
dilutions in bovine serum albumin of immunized
serum. The reaction was started by adding ATP
or ADP. As a control, apyrase was preincubated
with not immunized rabbit serum.

RESULTS

Metabolites and apyrase activity
during development of potato
tuber var. Desirée.

The age of the tuber was considered as the
number of days from the sow till the
crop.

Slices of potatoes from different parts of
the tuber were taken in order to determine
if the starch and metabolites were or not
homogeneously distributed. Results (not
shown) indicate that starch is distributed in
a relatively homogeneous way.

ATP and ADP concentrations in the
tuber during development. Two shrubs of
potatoes var. Desirée were cropped forth-
nightly from the tenth week of sowing on.
From each plant a few tubers were chosen
at random and processed. Fig. 1 shows that
ATP and ADP concentration are different
during development. ADP level is low and
decrease continously, while ATP has a
maximum around the 91st day.

Starch and Pi determination during the
tuber development. Pi decreased after day
76th and then stayed relatively constant
(Fig. 1). These results agree with those
found in the literature for S. tuberosum
var. Kennebec and Norland (Snyder e? al,
1977; Quick et al, 1979) which showed a
high Pi concentration during the initial
states of development of the tuber. This
initial level disminished to a constant value
which was reached between the eighth and
the tenth week after sowing. On the other
hand, starch increased in the first stages
and afterwards stabilized as shown in Fig. 1.

-
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Fig. 1: Nucleotides, starch and Pi levels during potato
tuber development, A) 76 days; B) 91 days; C) 106 days;
D) 119 days; E) 140 days. All data are expressed per g
of fresh tissue.

These results were the same as those found
by the authors mentioned above, although
these studies were done in different varieties
of S. tuberosum. These same authors defin-
ed that tuber have reached maturity when
the levels of starch and Pi have very small
changes.

Total protein concentration during the
development of the tuber. The protein
content in S. tuberosum var. Desirée chang-
ed during the development. of the tuber.
Total protein concentration increased to
high level until the day 120th of growth,
then it stayed roughly constant (as shown
in Fig. 2).

Apyrase activity determination during
the tuber development. ATPase and ADPase
activities were measured as a signal of
apyrase presence during the tuber develop-
ment. The ATPase/ADPase ratio in the
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Fig, 2: Apyrase activity, protein and apyrase mass changes
during potato tuber development. ATPase activity O——0O;
ADPase activity @ —®; total protein O-—; apyrase
mass Wews ~i8

extracts of Desirée tuber of different ages
was roughly constant (around 1,0), this
activity ratio is characteristic of apyrase
obtained from potato tuber var. Desirée.
Phosphomonoesterase activity was not
detected in the potato extracts measured
in the apyrase assay conditions.

Apyrase specific activity increased as the
tuber developed (Fig. 2). This activity
enhancement could be attributed to a
larger mass of enzyme suggested by the
experimental evidence presented below.

Apyrase quantification in potato extract

by gel electrofocusing. A good linearity

was found between total protein added to a
electrofocusing gel and the corresponding
integrated apyrase band. The shaded area
in Fig. 3, represents the apyrase band
detected by its enzymatic activity. The pl
value of this band with apyrase activity
agrees with the value obtained for a pure
enzyme (var. Desirée). The relationship
between the total area of the densitogram
and the area corresponding to the enzyme
gave the percentage of apyrase respect
to the total proteins of the extract. The
results of the integration of the protein
bands of potato extracts in different states
of development are shown in Fig. 2. These
experiments support the hypothesis that
the enhancement of enzymatic activity
(Fig. 2) is due to an increase of the enzyme
mass rather than to an increase in its activ-
ity.

Antibodies against apyrase

To confirm that apyrase has an increase
in mass during the growth of potato tuber,
antibodies against apyrase were produced
in order to quantify this enzyme. The
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Fig. 3: Densitometric trace of a electrofocused gel of
potato tuber extract, pH profile ® - @; shadowed area
represents the apyrase peak.
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antigenicity of the serum against apyrase
was determined through ELISA test and
this value was 1:2!3,

The immune serum against apyrase had
an inhibitory effect on both activities of
the enzyme: ATPase and ADPase. Electro-
focusings of apyrase of diverse stage of
purification were performed. Enzymic
activity and ELISA test were followed
along the gels. A good correspondence
between antigen-antibody reaction and
enzymic activities was observed only in
the purified fraction. In partially purified
preparations of apyrase there was not a
complete correspondence between ELISA
test and the protein band with apyrase
activity (Fig. 4). A possible explanation
for these results is that apyrase preparation
used to induce antibodies was not homo-
geneous. Although these antibodies de-
veloped were not completely specific
against apyrase, as it is shown in Fig. 4,
it was important to verify that apyrase
has a good antigenic capacity in rabbit.
The next step will be to employ a homo-
geneous preparation of apyrase to immunize
rabbits.
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Fig. 4: Polyacrylamide gel electrofocusing of a partially
purified apyrase fraction. pH profile A A; ATPase
activity 0—o0O; ADPase activity @——@; Aggs O 0O,
produced by the p-nitrophenol released in the ELISA
test.

DISCUSSION

A possible role of apyrase in the tuber
tissue during potato evolvement could be
insert in the Leloir’s pathway of starch
biosynthesis. In the tuber during growth

ATP increases before a rise in the starch
content (Fig. 1). ATP is utilized to produce
ADP-glucose reaction catalyzed by a
specific pyrophosphorylase. This enzyme
is allosterically regulated, Pi is an inhibitor
while 3-phosphoglycerate is a positive
effector (Bonner and Varner, 1976). The
fact that this enzyme is allosterically
inhibited by Pi means that Pi concentra-
tion must diminish in order to increase
the starch synthesis; this also agrees with
the results shown in Fig. 1.

Starch in the tuber is continuosly
synthetized and degraded. Starch degrada-
tion is catalyzed by a phosphorylase in
the presence of Pi (Bonner and Varner,
1976). This reaction must be utterly
important for the utilization of the
stored starch during bud formation. It is
possible that apyrase could have a role
at this stage because this enzyme would
deliver the Pi needed for starch degrada-
tion. This proposal could be valid only
for sprouting, because during tuberization
apyrase enlarges four times while starch
increases one and a half times.

Apyrase activity in salivary glands of
blood-sucking arthropods, is correlated
with the degree of inhibition of ADP-
induce platelets aggregation in vitro (Ri-
beiro et al, 1985). Because platelets ag-
gregation in vertebrates largely determines
haemostasis and ADP is one of the most
important stimuli for this activity, ADP-
degrading enzymes might serve as a univer-
sal salivary component of blood feeders.

It is possible to propose a similar role
for plant apyrase related to the hydrolysis
of the ADP produced along the different
steps of starch synthesis. Several glycosyl-
transferases reactions are commonly inhibit-
ed by the resulting nucleoside diphosphate
(Sadler etal., 1982). Apyrase could enhance
these reactions by removing inhibitory
products. Both sucrose synthesis and
starch synthesis in plants involve reversible
reactions releasing UDP or ADP as products
(Preiss, 1982) and apyrase may drive those
reactions to completion. In addition,
apyrase might have similar role in the
biosynthesis of many sugar nucleotides.
The biosynthesis of cell wall components
containing various sugars are usually
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catalyzed by transglucosylases that utilize
as their substrates, sugar nucleotides with
diphosphate nucleosides as a product
(Bonner and Varner, 1976).

Recently activating and inhibitory pro-
teins of apyrase activity have been describ-
ed in our laboratory (Mancilla er al,
1987). This is a further evidence for the
importance of apyrase in nucleotide
metabolism probably linked to carbo-
hydrate synthesis and degradation.
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Role of cytochrome P-450 monooxygenases in the
activation of chemical carcinogens

El papel de las monooxigenasas dependientes
de citocromo P-450 en la activacion de
cancerigenos quimicos

LIONEL GIL, INES SALAZAR, HERNAN VASQUEZ and MAURICIO LARA

Departamento de Bioquimica, Facultad de Medicina,
Universidad de Chile. Casilla 70086, Santiago - 7, Chile.

Several studies have pointed out that the
environment is a significant determinant
in the incidence of human cancer (Haenszel
and Traueber, 1964), although many of

the specific causal agents have yet to be’

identified.

Lung cancer is the most important cause
of death from cancer in the world, with
an estimated total deaths in excess of one
million annually. It is generally accepted
that the major cause of the disease is the
smoking of different forms of tobacco
(cigarrettes, cigars, pipe, etc.). The oc-
currence of malignant tumors of other
parts of the respiratory tract, of the upper
digestive tract, of the bladder, renal pelvis
and pancreas, is also causally related to
smoking (IARC Monographs, 1986). Epi-
demiological evidence though inconclusive,
points to urban air pollution as a possible
contributory agent in respiratory cancers
specially in cities with high levels of
smog. Polycyclic aromatic hydrocarbons
(PAH) are ubiquitous pollutants of air,
soil, and water and are major components
of smog and cigarrette simoke. Major
sources of PAH include emissions from
transport systems, heat and power gener-
ation, refuse burning, and industrial process
(National Academy of Science Reports,
USA, 1972). One of the most abundant of
this class of compounds is benzo(a)pyrene
(BaP).

THE CYTOCHROME P-450
MONOOXYGENASES SYSTEM

Living organism are exposed to PAH and
thousands of other hydrophobics, man-

made chemicals which are not normal
components of the body (xenobiotics).
These compounds are metabolized to more
hydrophilic products and rapidly eliminated
by the excretory systems. If foreign chem-
icals were not metabolized and eliminated,
many of them would accumulate and kill
the organism.

Oxidative metabolism of xenobiotics is
catalyzed by the cytochrome P-450
monooxygenase system. This system has
been found in most species and organs
(Lu and West, 1980), and it is particulary
active in the liver. Within the cell it
is located mainly in the endoplasmic
reticulum, but it is also found in the
nuclear membrane (Guengerich, 1979)
and in the mitochondria (Takemori and
Kominami, 1984). The monooxygenase
system 1is also capable of metabolizing
endogenous compounds such as steroids,
fatty acids, and prostaglandins. In micro-
somes the system is composed by NADPH-
cytochrome P-450 reductase, a flavo-
protein which contains FAD and FMN
as prosthetic groups. This flavoprotein
reduces by a two electron transfer mech-
anism (White and Coon, 1980) the other
component, the hemoprotein cytochrome
P-450. In this system, the flavoprotein
and the cytochrome P-450 are tightly
attached to the membrane and their
interaction requieres the presence of

phosphatidylcholine.

The cytochrome-P-450 is the site of
substrate binding, molecular oxygen ac-
tivation and substrate hydroxylation. This
terminal oxidase catalyzes the insertion
of one oxygen atom in the substrate, while
the other is incorporated to water. The
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monooxygenase system exhibits unusually
broad substrate specificity which is related
to the presence of multiple forms (isozymes)
of cytochrome P-450 (reviewed by Waxman,
1986). The relative amounts of the in-
dividual cytochrome P-450 isozymes are
markedly dependent on the sex, species,
age, hormonal and genetic constitution,
nutritional status as well as prior exposure
to inducers. It is generally accepted that
the different forms of cytochrome P-450
represent separate gene products, rather
than derivatives of a common precursor
protein and, therefore, constitute a set
of isozymes.

The oxidative xenobiotics pathway is
usually a detoxification process since the
products are generally pharmacologically
inactive and rapidly excreted. However,
sometimes, the system works as a double-
edged sword, given rise to highly reactive
electrophilic metabolites capable of co-
valent interaction with critical macro-
molecules such as proteins, DNA and RNA.
The latter is an activation process and
the biologically active metabolites exert
profound cellular effects including, muta-
genicity, cytotoxity, and malignant trans-
formation (Fig. 1). The predominancy
of either the detoxification or activation
pathways might result in the fact that
the carcinogenic activity of the PAH
can be abolished, diminished or enhanced
by metabolism (Gelboin, 1967; Gelboin,
1980). The alteration in specific P-450
activity can also result in changes in the
relative predominance of activation versus
detoxification pathways.

The oxidative products of xenobiotics
metabolism by the monooxygenases system

POLYCYCLIC
HYDROCARBONS
CYTOCHROME P-450
ISOZYMES

DETOXIFICATION

INACTIVE
METABOLITES

ACTIVATION

ACTIVE
METABOLITES
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usually are substrates for other enzymes
which catalyze conjugative or synthetic
reactions between the newly-formed func-
tional groups and small-molecular weight
endogenous compounds derived from carbo-
hydrates, aminoacids, or other polar groups
(Caldwell, 1982). Most of these conjugates,
ionized at physiological pH as glucuronides,
sulphate esters, and glutathione derivatives,
are readily excreted and usually they behave
as pharmacologically inactive compounds.

METABOLISM OF POLYCYCLIC HYDROCARBONS

The PAH are metabolized by the cyto-
chrome P-450 monoxygenase system to
epoxides, phenols, dihydrodiols and quin-
ones, many of these metabolites are also
conjugated with UDPGA, glutathione and
PAPS. These metabolic interrelationships
are illustrated inf Fig. 2 for BaP. This
hydrocarbon is initially oxidized by cyto-
chrome P-450 to several arene oxides.
These compounds may rearrange sponta-
neously to phenols or undergo hydration
to trans-dihydrodiols in a reaction mediat-
ed by microsomal epoxide hydratase
(E.C.4.2.1.63.). Cytochrome P-450 also
catalyze the direct formation of phenols
from the parent compound. One of
these phenols the 6-OH BaP is oxidized
spontaneously or metabolically to several
quinones. Others however such as 9-OH
BaP are oxidized to the 4,5-oxide, which
on hydrated to the corresponding di-

hydrodiol. Dihydrodiols are also P-450
e
ooy
BENZO(e)PYRENE
QUINONES PHENOLS ARENE OXIDES -~
V »r |

BINDING TO
EXCRETION MACROMOLECULES

MUTAGENESIS
CARCINOGENES(S
CELL DAMAGE

Fig. 1: Pelycyclic aromatic hydrocarbons metabolism.
Fate of the oxidation products.
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Fig. 2: Metabolic pathways of Benzo(a)Pyrene.




CYTOCHROME P-450 MONOOXYGENASES AND CARCINOGENESIS

substrates to give the diol epoxides, which
are further hydrolyzed spontaneously to
tetrols. Phenols, quinones and dihydrodiols
can be further conjugated to glucuronides
and sulphate esters. Whereas arene oxides,
diol epoxides and quinones can also be
conjugated with glutathione by a reaction
catalyzed by a cytosolic enzyme, the
glutathione S-transferase (E.C.2.5.1.18).
Thus, BaP and PAH metabolism is mediated
by several sequential transformations which
lead to activation or detoxification pro-
ducts.

THE IMPORTANCE OF THE STEREOSELECTIVE
METABOLISM OF PAH IN THE EXPRESSION OF
THEIR BIOLOGICAL ACTIVITY

Studies of several PAH have either shown
or implicated bay-region diol epoxides as
their ultimate carcinogenic metabolites
(Levin et al, 1982; Sims and Grover,
1981). A bay-region occurs in a PAH when
and angulary-fused benzo-ring is present,
for example, the sterically-hindered region
between the 10- and 11- positions cons-
titutes the bay-region of BaP (Fig. 2).
When formed in mammals, these bay-region
diol epoxides consist of enantiomeric
pairs of diastereoisomers in which the
benzylic hydroxyl group is either cis (diol
epoxide 1) or trans (diol epoxide-2). Thus,
since each diastereoisomer can be resolved
in two enantiomers a total of four stereo-
isomers are possible (Fig. 3). All these
diol epoxides stereoisomers have been
synthesized for BaP, benz(a)anthracene, ben
zo(c)phenanthrene and chrysene and
evaluated as mutagenic and tumorigenic
agents. Tumor studies in newborn and
adult mice have established that the isomer
with RS- diol SR- epoxide absolute con-
figuration has the highest tumorigenic
activity among the four stereoisomers,
for all four hydrocarbons. Furthermore,
this is the predominant isomer formed
from the parent hydrocarbon by the
stereoselective action of one P-450 isozyme
(P-450 c) and epoxide hydratase in rat liver
(Thakker et al.,, 1977; Vyas et al, 1982),
and it is the predominant isomer found
covalently bound to DNA in a variety of
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Fig. 3: Stereoselectivity of the 7,8-diol-9,10-epoxides
derivatives from Benzo(a)Pyrene.

mammalian cells and organs exposed to
these hydrocarbons. Recent studies have
indicated that bay-region diol epoxides are
ultimate carcinogenic metabolites for about
a dozen of PAH.

On the other hand, metabolic studies
with PAH as benzo(e)pyrene which is
attacked by the monooxygenase system
mainly at the K- region instead of the bay-
region (Fig. 4), have shown that this parent
compound is almost completely inactive as
carcinogen (Slaga et al., 1980). However, it
must be clear that the fact that the P-450
catalyzed formation of bay-region diol-
epoxides leads to the most biologically

Benzo(e)pyrene
Bay—Region 2

K—Region

Bay— Region 7

Fig. 4: Structure of Benzo(e)Pyrene showing the bay
region and K-region.
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active compounds, does not preclude the
existence of other ultimately carcinogenic
metabolites of PAH. Furthermore, not all
carcinogenic hydrocarbons have bay-re-
gions. Another interesting finding reported
by Thakker et al, 1981; shows that the
addition of 7,8- benzoflavone to human
and rabbit microsomal incubations en-
hanced the formation of bay-region diol
epoxides with high mutagenic activity from
B(e)P. This is a clear example of a co-
substrate altering the extent to which a
PAH is metabolized in vitro along a specific
pathway. This type of metabolic alterations
may contribute to the cocarcinogenic
effects induced by certain chemicals. An
even more attractive possibility is that
compounds might be found which could
divert metabolism of carcinogens along
pathways other than those which lead to
ultimate carcinogenic metabolites. Along
this line, Safirman et al., 1987, have tested
the effect of several antioxidants as car-
cinogenic inhibitors.

METABOLIC FATE OF POLYCYCLIC AROMATIC
HYDROCARBONS IN THE CELL

The most studied site of metabolic activ-
ation of these xenobiotics is the endo-
plasmic reticulum, but metabolism of
PAH has been found in isolated nuclei.
Active metabolites can also reach other
cellular organelles as mitochondria. Since
the target (DNA, RNA and nuclear proteins)
is closer to nuclear membranes than to

endoplasmic reticulum enzymes, the pro-
duction of reactive metabolites of PAH
by the nuclei membrane might be a key
step in their availability to target sites.
Thus, problems like stability of reactive
metabolites produced by the endoplasmic
reticulum and transport by carrier proteins
can be overcome by the close proximity
between the nuclear membrane and the
genetic material.

Results obtained by Salazar et al., 1985,
and presented in Table 1, show that nuclei
purified from livers of untreated rats have
activity to oxidate BaP in vitro. But, if
rats are injected with BaP, the liver nuclei
show a dramatic enhancement in the BaP
oxidation activity. The increase after
hydrocarbon injection is much higher in
the nuclei than in the microsomal fraction.
This difference is not Jdue to a higher
activity of cytochrome P-450 reductase
in the nuclear membranes of rats injected
with BaP, since it was determined that the
specific activity of this enzyme in nuclear
membrane of treated animals is 80« lower
than that of microsomes from the same
animal. From these results it is suggested
that the nuclear membranes preferentially
produce active metabolites and/or these
metabolites are detoxified at a lower rate.
This idea is supported by studies of Lesko
et al., 1978, which clearly demonstrated
that nuclear membranes produce a ratio
of B(a)P-quinones/B(a)P-phenols equal to
3.9 whereas this ratio is only 0.5 in micro-
somes.

It might be pointed out that these
results are in agreement with the idea that

TABLE 1

Benzo(a)pyrene oxidation activity in liver nuclei and microsomes from normal
and B(a)P-treated rats*

[nmoles B(a)P metabolized x hr ' x (mg protein)™* ]

In vivo treatment MICROSOMES NUCLEI
Control (6) 6.80£0.37 0.34 £0.02
B@P (5) 26.49 421 3.25+0.12

* The hydrocarbon was injected in one single dose i.p. (40 mg/kg body wt) 48 hr before the animals were killed.
Values are the mean * S.D. in different subcellular preparations. The number of animal groups is indicated in

brackets (four animals in each group).
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BaP oxidation activity present in purified
nuclei might be involved in the inhibition
of DNA synthesis by BaP and others PAH.
This is supported by the more pronounced
inhibition of DNA synthesis observed in
nuclei from BaP treated rats, when the
incubation was performed in the presence
of NADPH, as is shown in Fig. 5. Further-
more, the same figure indicates that this
cofactor of monooxygenase activity has no
effect on nuclei from control animals. On
the other hand, the incubation of nuclei
from untreated rats with BaP alone, show
small inhibition of DNA synthesis as
compared with incubation in the presence
of the hydrocarbon plus NADPH (Fig. 6).
It has been suggested that the microsomal
activation system is involved mainly in
the process of xenobiotic detoxification
whereas the nuclear oxidation activity
might be related to the effect of PAH on
the expression of the nuclear genome
(Gelboin, 1980). These results strongly
support this idea.
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Fig. 5: Kinetics of DNA synthesis in intact nuclei purified
from BaP-treated and control rats, in the absence and
presence of NADPH. NADPH concentration was 1.2
mg/ml. DNA values were: 0.48 mg DNA/mg protein
(control) and 0.51 mg DNA/mg protein (BaP-treated).
The data represent the mean of four experiments in four
differents nuclear preparations with duplicate deter-
mination in each experiment. Standard deviation of the
mean was always least than 10% of the values.
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Fig. 6: In vitro effect of BaP on DNA synthesis in nuclei
purified from control rats in the presence and absence of
NADPH (1.2 mg/ml). The [3H]TMP incorporation in the
absence of BaP (100% activity) was 51 pmoles X mg
protein "1 x h'l,

An interesting finding can be observed,
when animal cells are incubated with
radiactively labeled BaP, hydrocarbon
metabolites are covalently linked to both
nuclear and mitochondrial DNA, although
the amount of the adduct with DNA is
higher in the mitochondrial genome (Backer
and Weinstein, 1980; Allen and Coombs,
1980). In agreement with these results, it
was found in our laboratory, that DNA
synthesis in liver mitochondria purified
from BaP treated rats is 65% lower than
in those purified from untreated animals
(Salazar et al.,, 1982), and in constrast to
the nuclear system, this inhibition of
mitochondrial DNA synthesis was not
dependent of NADPH. '

In this same line of research, Oesch et
al., 1985, using HPLC have studied the
BaP metabolites formed by rough and
smooth endoplasmic reticulum, nuclei,
plasma membrane, as well as mitochondrial
fractions of rat liver. They have reported
that the metabolic profiles produced by
the smooth and rough endoplasmic re-
ticulum were similar to each other, but
different from those produced by the
other three subcellular fractions. The

metabolite pattern produced by nuclear
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fractions differed slightly from that pro-
duced by the endoplasmic reticulum, but
plasma membrane and mitochondria pro-
duced markedly different patterns. These
results might indicate differences in the
patterns of citochrome P-450 isozymes
and/or differential control of the various
metabolic pathways in the individual cellular
membranes.

MODULATION OF POLYCYCLIC HYDROCARBON
METABOLISM BY THE NUTRITIONAL STATUS

The relationship between nutritional status
and microsomal PAH oxidation is poorly
understood in molecular terms, although
the effects of short fasting periods (Wiebel
and Gelboin, 1975) or low- and high-pro-
tein diet have been reported (Clinton et al.,
1979; Hietanen, 1980). In our laboratory,
we have studied the nutritional influence
in the cytochrome P-450 monooxygenase
activity towards chemical carcinogens as
BaP (Salazar et al., 1983). Table 2 shows
that protein-energy malnutrition decreases
BaP oxidation activity to almost unde-
tectable levels and shift maximal wavelength
absoption of the CO-reduced cytochrome
P-450 spectra to 452 nm. Refeeding with
a protein diet, drastically enhanced BaP
microsomal oxidative activity to levels
close to those of rats fed a normal diet

GILETAL.

and shift the CO reduced cytochrome
P-450 spectra to 451 nm after 4 days
of refeeding and to 450 nm after 6 days.
It is also interesting to note in the same
Table that BaP administration rapidly
induce BaP microsomal oxidation in
malnourished rats and shift the reduced
cytochrome P-450 spectra to 448 nm.
These data and other evidence suggest
that a deficit of protein for a long period
of time provoke drastic changes in cyto-
chrome P-450 isozymes patterns as well
as in BaP microsomal oxidation activity.
The murine Ah locus controls the induction
of many drugs and carcinogens metabol-
izing enzymes. It is possible that under
this extreme nutritional condition, some
forms of cytochrome P-450 species related
to BaP oxidation activity are either not
synthesized or synthesized at a lower rate.
Another possibility is that the rate of pro-
tein degradation is enhanced. Thus, at
least some structural gene products of
the Ah murine complex are sensitive to
the protein deficiency. However, the
regulatory gene product, the cytosolic
receptor, is still responsive since an im-
portant induction of BaP oxidation activity
is triggered by the PAH injection to mal-
nourished rats. Therefore, a poor nutritional
state does not exclude the possibility of
BaP oxidation mediated by exposure to
environmental pollutants. The increase in
BaP oxidation activity and the apparent

TABLE 2

Changes on Benzo(a)pyrene oxidation activity and on the maximal absorption
of the CO-reduced cytochrome P-450 complex of liver microsomes from rats
in different nutritional status.

Nutritional Amax in Benzo(a)pyrene oxidation
Status2 CO-P450 spectra (nmol x h—! x mg protein™ ")
(1) Normal fed 450 6.80 £0.37°¢

(1) Malnourished 452 0.03 £0.007

(2) Re-fed 4 days 451 3.33£0.70¢

(3) Re-fed 6 days 450 4.88 £0.51¢

(4) Re-fed 15 days 450 5.97 £0.30°¢

(1) Malnourished + B(a)P? 448 7.34 %

2 Animals in different nutritional status (5 rats for each group) were sacrified at ageof (1)354d,(2)39d,(3)414d,
4)504d. ’

b Malnourished rats received a single ip injection of B(a)P 40 mg/kg, 48 h prior to sacrifice.:
¢ Significantly different from corresponding mean of 35-d-old malnourished rats, p>0.001.
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change in cytochrome P-450 after refeeding
malnourished rats with a protein diet, may
be interpreted in terms of the protein diet
triggering the renewed synthesis of cyto-
chrome P-450 isozymes involved in BaP
oxidation activity.

Studies on the purification and properties
of multiple cytochrome P-450 isozymes
have been carried out in several laboratories
in order to evaluate the contribution of
different isozymes to the oxidation of en-
dogenous and xenobiotics substrates. At
least 10 different isozymes have been
purified and characterized from rat liver
(Waxman, 1986).

Cytochrome P-450c and cytochrome
P-450d are major forms of P-450 that are
inducible by 3-methylcholanthrene (3-MC),
beta-naphthoflavone (B-NF) and by PAH
(Thomaset al., 1983; Morville et al,, 1983).
These two forms show partial immuno-
logical crossreactivity with each other,
but they have different substrate specifities
and different NH, terminal sequences.
Benzo(a)pyrene is most efficiently me-
tabolized by P-450c than any other P-450
isozyme (Conney, 1986). Our group has
recently purified to homogeneity a P-450
isozyme from protein-energy malnourished
rats induced with B-NF (Gil et al, 1988).
The purification steps included chromato-
graphy on DEAE-Sephadex-A-25, DEAE-
cellulose(DE-53), hydroxylapatite and car-
boxymethyl-sepharose. This isozyme shows
a reduced carbon monoxide difference and
absolute spectra with a peak at 446.5 nm,
appears to have a low spin ferric iron,
migrates as a single band of apparent
molecular weight 56,000 in sodium dodecyl
sulfate poliacrylamyde gels, and has an
identical NH, terminal composition to
cytochrome P-450c. P-446 oxidizes vari-
ous substrates at different rates in a re-
constituted system with NADPH cyto-
chrome c¢ reductase and dilaurylphospha-
tidylcholine. Thus, benzphetamine and
testosterone are poorly oxidized (1.85 and
1.42 nmoles product/min/nmol of cyto-
chrome P-446), whereas BaP is oxidized
at a extremely high rate (81.1 nmoles
product/min/nmol cytochrome P-446). An
interesting finding was observed by HPLC
quantitation of various BaP oxidation

products and their relative contribution
to the total metabolites. Dihydrodiols
comprise 15.9%, unknown products 11.9+,
phenols 19.5% and quinones 52.8%. A
form of P-450 induced by B-NF has been
isolated from rabbits exhibiting high BaP
oxidation activity with a ratio phenol/
quinones of 1 (Vatsis, et al, 1980). Simi-
larly, a form of P-450 has been isolated
from rat liver which oxidize BaP with a
phenol/quinone ratio of 1.95 (Gozukara
et al., 1982), P-446 isolated from protein-
energy malnourished rats induced with
B-NF, oxidizes BaP with a phenol/quinone
ratio of 0.37. Further work is now in
progress in our laboratory to establish
which are the similarities and differences
between this P-446 isozyme and a P-446
isozyme isolated from normal fed rats
(Saito and Strobel, 1981; Lau and Strobel,
1982).

CONCLUDING REMARKS

Genetic, dietary and environmental factors
have influence in the level of cytochrome
P-450isozymes. PAH and other xenobiotics
induce the synthesis of specific cytochrome
P-450 isozymes that metabolize the inducer
or other chemicals. Many of these com-
pounds can stimulate the metabolism of
endogenous substrates and xenobiotics
either by detoxification or activation
pathways. An important challenge for the
future will be to develope methods for
quantifying the concentrations of each
P-450 isozymes in different individuals
and in this way to establish their risk
towards chemically induced cancers. It is
expected that in the next years medical
techniques will allow optimization P-450
levels for the detoxification of environ-
mental chemicals. It is likely that highly
selective therapeutic inducers of P-450
isozymes will be found for the treatment
of some human diseases. Recombinant
DNA technology offers interesting pos-
sibilities such as to control diseases involving
impaired or excessive expression of cyto-
chrome P-450 genes that participate in
the metabolism of endogenous substrates,
or to induce cloned P-450 genes in micro-
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organisms for metabolizing toxic chemical
wastes to nontoxic products in order to
improve our environment; or to realize
highly stereoselective synthesis of phar-
maceutical drugs.

We can not finish this contribution to the
memory of our dear professor, colleague
and unforgetable friend Osvaldo Cori
without strengthening the fact that the
mortality rate of the Chilean population
to several types of cancer triggered by
environmental factors such as tobacco
smoking and air pollution, has drastically
increased in the last 19 years. Thus, the
mortality rate of larynx, trachea, bronchial,
and lung cancer was enhanced by 84« Dbe-
tween 1966 and 1985 (Anuarios de Demo-
grafia, INE, Ministerio de Salud, Chile).
Since the production of cigarrettes has
diminished in this country in the last years
(Indice de Produccion y Venta Fisica de
Industrias Manufactureras, INE, Chile, Vol.
1-12), and the number of vehicles, specially
those with diesel motors has increased
(Anuario Estadistico de Transporte Terres-
tre, Ministerio de Transportes y Telecomu-
nicaciones, Chile, 1985), we must be
concern about smog contamination at least
in Santiago. We must be aware of the levels
of PAH in urban air and dictate the urgently
needed regulations to diminish vehicle
contamination. At the same time epidemio-
logical and basic research on this subject

" should be estimulated.
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Proteolysis of mitochondrial-coded and nuclear-coded
proteins found in yeast mitochondria

Proteolisis en mitocondria de levadura de proteinas codificadas
por mitocondria y nticleo

GERMAINE JACOB' , ROWENA TELLEZ! , WANDA TORRES,
ROBERTO OCASIO, CARLOS BASILIO and CARLOS GEORGE-NASCIMENTO? 3

Department of Biochemistry and Nutrition, School of Medicine, University of Puerto Rico
G.P.O. Box 5067, San Juan, P.R. 00936

The rate of degradation of radioactive labeled mitochondrial proteins synthesized both
in vitro and in vivo by isolated yeast mitochondria and growing yeast cells respectively,
has been studied. It was found that the in vitro-synthesized mitochondrial proteins are
rapidly degraded by an energy-dependent proteolytic system. Under the same experimental
conditions the in vivo-synthesized mitochondrial proteins are slowly degraded to a limited
extent by a protease which isslightly inhibited by ATP. During this period, the mitochondria
are coupled and metabolically active. It is proposed that mitochondria posses an energy-
dependent proteolytic system that recognizes as substrates either ‘‘abnormal’ proteins or
unassembled protein subunits encoded in the mitochondrial genome, An apparently dif-
ferent system, which is independent of energy, seems to be responsible for the slow and
limited degradation of “normal’’ mitochondrial proteins.

INTRODUCTION

Mitochondria (along with chloroplasts)
occupy a unique position among cellular
organelles because of their possession of a
separate genome and all the enzymatic
machinery for transcribing and translat-
ing the genetic information into func-
tional proteins. The majority of mito-
chondrial proteins, however, are encoded
in the nuclear genome and are synthesized
on cytoplasmic ribosomes and therefore
need to be transported to one of the four
internal compartments of the organelle.
Some of these proteins are subunits of the
respiratory enzymes or the ATPase
complex which form active enzymes when
properly assembled with subunits encoded
in the mitochondrial genome. The very
fact that genetic information for mito-
chondria biogenesis is distributed among
two spatially separated compartments
implies the existence of mechanisms for

1
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ensuring a coordinate expression of the
proteins and/or RNAs encoded in the
two genomes. These mechanisms may
conceivable regulate gene expression at
the level of transcription, processing of
RNAs, translation, postranslation, as-
sembling of subunits or degradation of
proteins. The latter level appears to be an
extensive and highly selective process
since proteins, including mitochondrial
proteins, are degraded at widely different
rates. Mitochondria of different sources
have been reported to contain an ATP-
dependent proteolytic system that appears
to degrade, preferentially, polypeptides
with abnormal structure or synthesized
by isolated mitochondria or by growing
cells in the presence of an inhibitor of the
cytoplasmic protein synthesis system. Thus,
Luzikov et al (1-4) have characterized
an energy-dependent proteolytic activity
of yeast mitochondria that cleaves mito-
chondrial translation products synthesized
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in vivo in the presence of cycloheximide.
Goldberg et al. (5, 6) have reported an
ATP-dependent proteolytic system of liver
mitochondria that degrades proteins syn-
thesized by isolated mitochondria and,
even more extensively, the polypeptides
synthesized in the presence of puromycin.
We published previously, that a similar
system of yeast seems to be responsible
for the rapid elimination of proteins
synthesized by isolated mitochondria in
the presence of an amino acid analog
(7). In the present study we wish to report
additional detailed experiments on the
rate of degradation of mitochondrial
proteins synthesized both in vifro and
in vivo by isolated yeast mitochondria
and by growing yeast cells respectively.

MATERIALS AND METHODS

Saccharomyces cerevisiae, strain D273-10B (ATCC
24657), was obtained from the American Type
Culture Collection, Rockville, MD, USA. Yeast
extract was from Difco, Detroit, MI, USA.
Zymolyase 5,000 or 60,000 was purchased from
Miles Scientific, Naperville, IL, USA and Scin-
tillation cocktail from Research Products Inter-
national Corp., Mount Prospect, IL, USA. Man-
nitol, sorbitol, amino acids, phosphoenolpyruvate,
pyruvate kinase (rabbit muscle type II), a-keto-
glutarate, ADP and ATP were obtained from
Sigma Chemical Co, St. Louis, MO, USA. 3H-Leu
(NET-460) and 3°S-Met (NEG-009 T) were
obtained from New England Nuclear, Boston,
MA, USA,

Growth, labeling of cells and isolation
of mitochondria

Yeast cells were grown at 30°C in a semisyn-
thetic medium containing per liter: galactose,
10 g; yeast extract, 3 g; NaCl, 0.5 g; MgSOQ,4.7
H,0, 0.7 g; CaCl,, 1 g; (NH;),S04, 0.8 g and
FeCl3.6 H,0, 5 mg. For labeling with 33803,
the above medium was supplemented with &
mCi of carrier-free %S035 /liter. Cell growth was
followed turbidimetrically at 540 nm. When cell
density reached 8 x 107 cells/ml (ODsgo = 2.25)
they were harvested by centrifugation (10 min
at 2,500 x g). The mitochondrial fraction was
obtained by a previously described procedure
(7, 8). The oxidation capacity and the degree
of coupling of mitochondria were checked accord-
ing to Téllez et al. (7). The method of Lowry (9)
was used to determine proteins.

JACOBETAL.

In vitro labeling of mitochondrial proteins

Isolated mitochondria (0.25 mg) (labeled or not
labeled in vivo with 35807;) in a final volume of
0.5 ml were incubated according to McKee et al.
(10, 11) except that the Tris-HC] buffer concentra-
tion was 50 mM, pH 7.2 and the amino acids
tyrosine, asparagine and glutamine were not
included in the protein synthesizing mixture.
Either, 40 uCi of *H-leucine (123 Ci/nmol) or
110 uCi of 35S-methionine (1,223 Ci/mmol)
were used a radioactive precursors. The kinetics
of incorporation of radioactivity into mito-
chondrial proteins were followed by spotting,
every 5 min, 20 ul aliquots of the incubation
mixture onto a Whatman 3 MM filter paper grid
(2.5 cm diameter) which was followed by wash-
ing with 5% trichloroacetic acid (TCA), drying
with a mixture of ethanol-ether 3:1 (v/v) and
counting as previously described (8).

Degradation of in vivo-labeled mitochondrial
proteins

In vivo 3%S03-abeled mitochondria (0.5 mg
of mitochondrial protein with a radioactivity of
1.3 x 10° dpm/mg protein) was incubated at
300C, with shaking, in a medium containing in a
final volume of 1.5 ml: mannitol, 0.6 M; potas-
sium phosphate, 10 mM pH 7.2; a-ketoglutarate,
6 mM; ADP, 1 mM; phosphoenolpyruvate, 5 mM;
ATP, 4 mM; pyruvate kinase, 10 U/ml, and carrier
nonradioactive mitochondrial protein, 2 mg
(degradation suspending medium). At zero time
and at 30 min intervals two aliquots of 100 ul
each were withdrawn and centrifuged (Eppendorf
Centrifuge, Model 5414) for 4 min at room
temperature. The use of 10% TCA did not increase
the radioactivity recovered in the pellet, therefore
it was’'decided not to use this reagent (data not
shown). 80 ul from each supernatant were care-
fully removed and an aliquot counted in a scintilla-
tion spectrometer using a commercially prepared
scintillation cocktail. A control was prepared in
the same way except that a-ketoglutarate, ADP,
ATP and the ATP regenerating system were not
added. Results were expressed as percentage of the
radioactivity released to the supernatant with
respect to the total radioactivity present in the
incubation mixture at zero time.

Degradation of in vitro-labeled mitochondrial
protein

3H-leucine or 3%S-methionine in vitro-labeled
mitochondria (0.5 mg of mitochondrial protein
with a radioactivity of 2-6 x 10 dpm/mg protein)
were suspended in 1.5 ml of the degradation
suspending medium, incubated at 30°C and
treated like the in vivo labeled mitochondria as
described in the preceding paragraph.
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RESULTS

Degradation of mitochondrial proteins
synthesized in vivo by growing cells

When in vivo 33SOj3-labeled mitochondria
are resuspended in the degradation suspend-
ing medium (see Methods) and incubated
at 300C, aproximately 40% of the radio-
activity was released to the medium as a
TCA soluble material after 3 hours of
incubation. The addition of ATP lowered
this amount to about 30%. Thus, the deg-
radation of mitochondrial proteins syn-
thesized in vivo was slightly protected by
ATP as illustrated in Fig. 1. This effect of
ATP, however, did not depend on its
concentration since (ATP) ranging from 2
to 20 mM gave similar results. The same
figure shows that nearly 20% of the initial
total radioactivity was found at zero time.
It was found that no radioactive oligo-
peptides were present in the supernatant
and that practically all the radioactivity
was associated with free amino acids
(data not shown). Moreover, the amount
of this extremely rapid initially released
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Fig. 1: Release of radioactivity from in vivo 358 1abeled
mitochondrial proteins as a function of time. In vivo

S-labeled mitochondrial proteins were resuspended
in the degradation suspending medium an incubated at
300C. At the time indicated, duplicate aliquots were
taken and the radioactivity released to the medium was
determined as described in Methods. No ATP: e .
ATP, 4 mM plus the ATP regenerating system, o o.
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radioactivity was not affected by the
presence or absence of ATP as it was the
slow release of radioactivity that followed
for three hours after the initial burst.
These facts strongly suggest that the in-
itially released radioactivity does not
represent real proteolysis. A possible
explanation for this result is given in the
Discussion.

In order to assess the state of the mito-
chondria during the period of proteolysis,
an aliquot of the in vivo 3% S-labeled mito-
chondria was resuspended in the protein
synthesizing medium containing 3 H-leucine
as radioactive precursor and incubated at
300C (see Methods). As shown in Fig. 2,
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Fig. 2: Time course of 3Heucine incorporation and
concurrent release of radioactivity of isolated mito-
chondria labeled in vivo with 35805 Isolated mitochon-
dria labeled in vivo with 35807 were resuspended in the
protein synthesizing medium and incubated with 3H-
leucine. Duplicate aliquots were taken and the radio-
activity in the acid insoluble fraction was measured as
described in Methods, Panel A: radioactivity of the
in vivo 35Slabeled proteins remaining in the acid in-
soluble fraction. Panel B: radioactivity of 3H-leucine
incorporated into the acid insoluble fraction.
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panel B, the mitochondria incorporated
amino acids for at least 40 min, meaning
that they were perfectly coupled and
metabolically active. Interestingly, panel A
shows that during this period all the
35§ radioactivity remained attached to
the mitochondria indicating that under
these experimental conditions the in vivo
synthesized mitochondrial proteins are
completely stable.

Degradation of mitochondrial proteins
synthesized in vitro by isolated
mitochondria

For this purpose, isolated mitochondria
were resuspended in the protein synthesiz-
ing mixture and allowed to incorporate
either 3H-leucine or 3°S-methionine for
60 min at 300C (see Methods). After
this period they were washed 3 times with
2 mM sodium phosphate buffer, pH 7,
containing 0.6 M mannitol and 5 mM of
either leucine or methionine. The washed
mitochondria were resuspended in the
degradation suspending medium and incu-
vated at 300C. Fig. 3 shows the time course
of the release of radioactivity from the
in vitro-synthesized mitochondrial proteins
labeled with 3H-leucine (panel A) or
35 S-methionine (panel B). In both instances,
and in the absence of ATP, less than 15%
of the radioactivity was liberated to the
medium after 3 hours of incubation. By
contrast, the addition of ATP and ATP
regenerating system markedly stimulated
the degradation of these proteins. Ap-
proximately 40% degradation was observed
in the case of the 3H-leucine and 50%
in the case of the 3% S-methionine labeled
proteins. The radioactivity measured at
zero time was relatively low and was parti-
ally affected by ATP, indicating that at
least part of the radioactivity found at
this time was due to a real breakdown of
proteins.

DISCUSSION

We have studied the rate of degradation
of the mitochondrial proteins synthesized
both in vivo by growing cells and in vitro
by isolated mitochondria. The first ones
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Fig. 3: Release of radioactivity from in vitro labeled mito-
chondria as a function of time. Isolated mitochondria
labeled in vitro with either 3H-leucine or 35S-methi-
onine were resuspended in the degradation suspending
medium and incubated at 300C. The release of radio-
activity was followed as described in Methods. Panel A:
3H-leucine labeled proteins. Panel B: 35S-methionine
labeled proteins. No ATP: «————e; ATP 4 mM plus
the ATP regenerating system;0——— 0.

represent normally assembled proteins,
made with polypeptides encoded in both,
nuclear and mitochondrial genome. On
the other hand, in vitro synthesized pro-
teins represent unassembled proteins en-
coded by the mitochondrial genome. It is
known that some of these proteins are
subunits of multimeric enzymes made
with polypeptides originated from both
nuclear and mitochondrial genomes (for
a review see ref. 12). Under identical




PROTEOLYSIS OF YEAST MITOCHONDRIAL PROTEINS 149

experimental conditions the rate of degrada-
tion of both types of proteins is quite
different. In vivo-made mitochondrial pro-
teins are slowly degraded to a limited
extent by a protease which is not de-
pendent on energy. In fact, ATP shows a
slight inhibitory effect, however, different
concentrations of ATP ranging from
2 mM to 20 mM gave essentially the same
result. As shown in Fig. 1, the extent of
degradation after 3 hours of incubation
reached a maximum of 40+ in the absence
of ATP and 30w in its presence. However,
in both cases 20% of the total initial
radioactivity was found at zero time, an
unexpected result which, most probably,
does not represent proteolysis. We are
inclined to believe that this radioactivity
is due to the presence of weakly bound
radioactive precursors that are released
when the mitochondria are resuspended
in the degradation suspending medium.
Supporting this interpretation is the fact
that no radioactive oligopeptides were
found in the supernatant, and practically
all radioactivity was found associated
with free amino acids. Moreover, ATP
did not have any effect on the amount
of the initially released radioactive material.
Further experiments are obviously needed
to elucidate this point. Assuming that the
radioactivity found at zero time is not
due to proteolysis then the actual extent
of proteolysis of the in vivo-synthesized
proteins are, indeed, very stable. On the
other hand, when isolated mitochondria
are first labeled with *H leucine or 35S-
methionine and then resuspended in the
degradation suspending medium supple-
mented with ATP, the radioactivity is
readily released to the medium. By con-
trast, if ATP is omitted, less than 5« of
the radioactivity is liberated as acid-soluble
material. The radioactivity found at zero
time varied between 5 and 15« and was
partially stimulated by ATP indicating that
at least part of it was due to a real break-
down of proteins. At three hours of in-
cubation, around one half of the initial
radioactive protein had been degraded.
After this period the degradation continued
although at a much slower rate (data not
shown).

The energy-dependent proteolytic activ-
ity described in this paper appears to be
similar, if not identical, with the one
reported by Kalnov et al. (2). These authors
described an energy-dependent proteolytic
system of yeast that recognized as sub-
strates mitochondrial proteins synthesized
in vivo in the presence of cycloheximide.
These proteins are equivalent to those
synthesized by isolated mitochondria. A
similar system has been described by
Desautels and Goldberg (5) in liver mito-
chondria. This system is stimulated by
exogenous ATP and is inhibited by cyanide,
oligomycin, dinitrophenol and vanadate,
the vanadate also being an inhibitor of
ATPases.

ATP-dependent proteases have been de-
scribed in several biological systems includ-
ing procaryotes (14, 15), liver (16, 17)
and reticulocytes (18). Extensive studies
performed with reticulocytes led to the
discovery that ubiquitin, a small heat
stable peptide present in all tissues, com-
bines with proteins in an ATP requiring
reaction, converting them into substrates
for intracellular proteases. This is the only
case in which the role of ATP is fairly
well understood. Proteolysis per se is an
exergonic reaction and therefore does
not require energy to proceed. Energy is
needed to make proteolysis a specific
process. It is not believed that all intra-
cellular proteolysis depends on energy,
since the intracellular degradation of
proteins is involved in the fine regulation
of the half-lifes of enzymes which control,
in turn, all the metabolic activity of cells
(for a review see 13 and 19). Mitochondria
seem to use the energy-dependent
proteolytic system to eliminate abnormal
as well as normal but not properly as-
sembled peptides. The mechanism of
recognition of these peptides and the role
of ATP remains to be elucidated. The mol-
ecular characterization of the mitochondrial
proteolytic systems have not been accom-
plished, although lately, Zubatov et al
(20) have been able to isolate and partially
characterize three mitochondrial enzymes
which are capable of cleaving exogenous
cytochrome c¢. Whether these proteases
bear some relation to the ATP-dependent
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INTRODUCTION

Reprogramming of molecular and cellular
functions appears to be a fundamental
mechanism in the strategies that eury-
thermal poikilotherms use to compensate
environmental changes. From the various
ambient factors known to influence the
adaptative response, changes that follow
thermal shifts have been the most exten-
sively investigated. Several studies have
suggested that protein synthesis plays a
role in the acclimation and acclimatization
of ectothermal organisms (1-3).

Searching for the molecular processes
committed in the compensatory response
which allow eurythermal fish to survive
within the cyclic seasonal temperature
changes of their habitat, we have found
that in the carp, hepatocyte reprogram-
ming of gene expression might be a prime
mechanism of the adjustment that the
environmental conditions demands (3-7).

Carp liver cellular phenotypes depend
on the adaptative state

Profound cytoplasmic and nuclear changes
in the cytoarchitecture of Cyprinus carpio
hepatocytes are associated with the adap-
tative process. The amount and distribu-
tion of glycogen in the cytoplasm of liver
cells from the cold acclimatized fish
clearly differs from that found in sum-

mer where glycogen particles decrease
and appear mainly around the numerous
lipid droplets. In winter, mitochondria
are scarce and in close association with
the rough endoplasmic reticulum surround-
ing the nucleus (5).

Although several morphological features
reveal that macromolecular synthetic activ-
ity may be clearly diminished in winter
hepatocytes, the most prominent indica-
tion is found at the nucleolar level. As
shown in Figure la, three components
can be distinguished in the nucleolus.
The fine filaments (A) in the winter carp
liver cell are densely packed (Figure 1a).
The granular component B appears in this
season as a homogeneous mass that is not
mixed with the other two components:
the A filaments and component C regarded
as nucleolar chromatin (5, 8). Thus, ac-
climatization to cold leads to a classic
segregation of the nucleolar components.
Actinomycin D which inhibits DNA-
dependent RNA synthesis induces a similar
effect in the nucleoli of a wide variety
of cells (5, 8-10). In contrast, in the nu-
cleolus of summer carp hepatocytes
components A, B, and C are highly inter-
mingled (Figure 1b). Furthermore, in this
season the content of the granular
component B diminished, whereas com-
ponent C increased. This would suggest
an increased need for ribonucleoproteins
(granular component) and also an en-
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hancement in the number of DNA mo-
lecules  transcribing rRNA, features
characteristic of cells active in gene expres-
sion (5). Nevertheless, the cyclic seasonal
reprogramming of the cellular arrangement
can be altered, when winter carps are

Fig. 1: Nucleolus of carp hepatocytes. Small pieces of
carp liver were fixed in 2.5% glutaraldehyde, 4% formal-
dehyde and 4% acrolein buffered with 200 mM sodium
phosphate pH 7.5. After embedding in a mixture
of epon-araldite, ultrathin sections were prepared and
stained with uranyl acetate and lead citrate (5). a) Nu-
cleolus of winter carp hepatocytes. b) Nucleolus of sum-
mer carp hepatocytes. c) Nucleolus of winter carp hepa-
tocytes treated with insulin (2.5 I.U./100 g body weight
for three days). A. fine filaments. B. Granular component.
C. Nucleolar chromatin. Reprinted with permission from
Sdez et al. (5, 6).
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treated with insulin (6). In these animals
the hepatocytes exhibit all the features
of the summer-adapted fish (6). Figure
1c shows the nucleolus of an hepatocyte
from a winter-acclimatized carp treated
with insulin (6). As in the summer liver
cell, the three nucleolar components are
completely intermingled.

Insulin induces other profound effects
when injected in winter carps (6). Glycogen
depletion to levels comparable to those
found in the livers of summer-adapted
fish and rRNA enhancement in the
hepatocytes of hormone-treated, cold-
adapted fish are further features of the
liver cell differentiated state which resem-
bles the summer phenotype (5, 6).

Changes in carp liver RNA and protein
synthesis during acclimatization

Early work performed in our laboratory
has shown that transcription in carp
hepatocytes is profoundly influenced by
acclimatization (4). The rate of total
RNA synthesis in isolated liver cells is one
order of magnitude higher in summer than
in winter, when both are compared with
regard to the physiological temperature
of the corresponding adaptative state.
Overall protein synthesis is also enhanced
in carp isolated hepatocytes from summer-
adapted fish compared to the activity
present in the cold-acclimatized fish.
Whereas transcription appears to be repres-
sed during the cold season, protein syn-
thesis decreases mainly by the Q;, effect
4).

The tRNA content in the liver of sum-
mer-acclimatized carps is 70% higher than
that from the liver of cold-adapted fish
and the in vivo intracellular levels of
aminoacyl-tRNAs decreases significantly in
the warm season (7) which is consistent
with a state of increased protein synthesis
(7, 11). In addition, changes in the distribu-
tion of the tRNA isoacceptor species occur
between the two reversible adaptative
states of the carp (12).

Carp liver cell-free protein synthesis
is affected by insulin. Amino acid incorpo-
ration decreases in the insulin-treated carp
liver system when compared to the un-




TEMPERATURE ACCLIMATIZATION OF THE CARP 153

treated cold-acclimatized fish (6). More-
over, soluble factors obtained from livers
of winter control carps when assayed with
polysomes from hormone-injected fish
increase both the rate and extent of amino
acid incorporation by up to 85% over the
levels attained with the cell sap and pol-
ysomes from the summer resembling
insulin-treated carp (6). If winter adapted-
carps treated with insulin represents
molecular processes featured by the sum-
mer-acclimatized fish, it is possible to
postulate that during the cold season
carp liver elongation factors behave in a
different manner, exhibiting higher ac-
tivities. Working with fish adapted to
natural environmental changes has made
the possibility to confirm this difficult,
However, acclimation studies with the
toadfish Opsanus tau, i.e laboratory regulat-
ed adaptation of the ectotherm, have
revealed that cold acclimation at 100C
results in an 60-70% increase in the amino
acid incorporation into liver proteins
compared to fish adapted at 200C (1,
13). During the increased protein synthetic
activity in cold acclimated toadfish, dif-
ferences in the elongation factors have
been detected, specifically in the low
molecular weight forms of EF-1 (13,
14). Furthermore, correlation of EF-1
activity with elongation rate in vivo was
shown to occur (14). Therefore, the com-
pensatory response to change in tem-
perature might implicate modulations at
the level of both transcription and transla-
tion of the available mRNAS.

It is well established that cold acclima-
tion of ectotherms involves adaptative
responses at the level of membrane fluidity
(15). In the carp Wodtke et al (15) ob-
served increased membrane lipid unsatura-
tion as the result of part of an adjustment
of the activity and amount of A? de-
saturases. This suggests that the expres-
sion of this enzyme might be associated
with the acclimatization process.

Carp insulin synthesis

Biosynthesis of proinsulin in islets of
Langerhans of the carp has been studied
by Lukowsky ez al. (16). About 3-4«

of the newly synthesized protein was
proinsulin upon incubation of the Brock-
mann bodies with '*C-Leucine at 150C
for 2 h (16). No conversion of proinsulin
into insulin was observed. The optimal
temperature for the carp used in this study
was 260C (16). Carp insulin has some un-
usual features as compared with known
mammalian and fish insulin sequences (17).
Because cellular phenotype and molecular
processes associated with gene expression
seem to be affected by exogenous insulin
administration in winter adapted carp
(6), it is of particular interest to examine
the level of this hormone during the year
round acclimatization of the fish. Alth-
ough the biological and physical properties
of carp insulin are very similar to those of
other mammalian and fish species (17),
we were unable to detect the hormone
in the sera using a radioimmunoassay with
antibodies which crossreacted with human
(100%) and porcine insulin (92%), with a
lower limit of sensitivity situated be-
tween 2 and 3 plU/ml. Thus, we have
synthetized - the oligonucleotide OH-
GGTCCAACAGGTTTCTTCTATAACCCC
AAG-OH with the aim of using it as a
probe to detect transcription in the islets
of Langerhans in fish adapted to the warm
and cold season. The sequence of the
30mer corresponds to amino acids 20-29
from the carp insulin B-chain, and was
taken from Hahn, et al. (18) who deduced
the primary structure from a cDNA clone.

The search for protein markers to probe
reprogramming during the acclimatization
process

If qualitative reprogramming of gene
expression is part of the compensatory
response towards the change of tem-
perature of the fish habitat, differences in
the nature of proteins being synthetized
at a given acclimatized state can be expect-
ed. To study the kinds of protein syn-
thesized, isolated hepatocytes from winter
and summer-adapted carp were incubated
with 3%S-methionine and proteins of the
lysed cells were analyzed by polyacrylamide
gel electrophoresis. The typical densito-
metric scanning obtained from the cor-
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responding fluorographies is shown in
Figure 2. Clearly, winter and summer liver
cells exhibit distinctive protein products
when amino acid incorporation is examin-
ed at the physiological temperature of the
corresponding acclimatized state. In 3 hours
of incubation at 20°C, the warm-season
carp hepatocytes synthesize not only more
proteins (4) but also additional kinds of
proteins with respect to those observed in
the winter-carp liver cells at 10°C, at the
level of sensitivity of the experimental
procedure used.

Because, as seen in Figure 2, one of the
predominant proteins synthesized in the
liver of summer-adapted carp featured
an M; of 66000, we hypothesized that
it could be similar to albumin. Sorvachev
(19) had previously reported changes in
proteins of carp blood serum during
hibernation. The changes affected mainly
the albumin fraction, which decreased
gradually during the fasting that ac-
companies hibernation. In addition, Saito
(20) found that the concentrations of
serum protein and albumin of carp are

Mg [ X 10%]

SUMMER

WINTER

Fig. 2: Proteins synthesized by winter and summer
isolated hepatocytes. Isolated hepatocytes were prepared
by treatment with collagenase(4), and incubated with
100 ucCi of 358.methionine for 3 h at 10 or 200C for
winter or summer acclimatized fishes, respectively. The
hepatocyte proteins containing an appropriate amount
of counts, were separated on a linear gradient (10-15%)
polyacrylamide-SDS slab gel. After fluorography of the
gel, the X-ray film was scanned in a microdensitometer.
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lower in winter than in the other seasons.
The temperature of cold acclimatization
seems to be relevant for proper comparisons.
In Sorvachev’s study (19) this parameter
is not clearly stated. “Physiological fasting™
seems to occur only at temperatures which
depress metabolism to extremely low levels.
Gas and Serfaty (21) studied the morpho-
logical modifications of the carp hepatocyte
in fish subjected to total winter starvation.
During the latter, the glycogen decreases
and after 6 month of denutrition, glyco-
genosomes appear in the hyaloplasm.
Under the natural conditions of acclimatiza-
tion to which the carps of our studies are
subjected (8-100C in winter and 19-200C
in summer), we do not find these structural
changes suggesting that they are only
indicative of the pathological state that
follows total winter starvation (5). Gut
content analyses (22) have shown that the
food intake decreases significantly upon
changes in the temperature habitat of these
carps. ,

In order to ascertain whether carp
albumin changes were found during the
acclimatization process, it was neces-
sary to examine its isolation and character-
ization. Description of carp albumin in
the literature was found to be controversial
(23). Nakagawa et al (24) characterized
a carp plasma albumin of about 150,000
daltons, with no cysteine in its polypeptide
structure (25). Nagano et al. (26) identified
an albumin-like protein from carp serum
with a molecular weight of 59,000.

During the course of our experiments
to isolate and characterize carp plasma
albumin, we realized that the protein that
was considered carp albumin by all
previousreports (19, 20, 24-26) correspond-
ed to high density lipoproteins (HDLs)
(27). We isolated the -apoliproteins A-I
and A-II by a novel procedure method
which uses affinity chromatography. The
structural characterization of these proteins
is being completed. Details will be publish-
ed elsewhere. The one-step affinity chro-
matography procedure based on properties
of these apolipoproteins to bind dyes
was used to quantify the level of these
protein fraction in carp plasma from fish
adapted to the warm and cold season.
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Concommitantly, the plasma levels of total
proteins, HDL-cholesterol, total cholesterol,
lipids and triglycerides were measured.
It was estimated that these components
could reveal changes in the main constit-
uents of HDLs upon acclimatization.

As shown in Table I, with the exception
of the protein content, no other significant
variations in the absolute level values were
observed in the plasma of carps acclimatiz-
ed to the warm and cold season. Surpris-
ingly, the protein fraction of plasma
increases notoriously during the - cold
season. This contrast with earlier observa-
tions (19, 20) might be the result of dif-
ferent adaptative strategies towards the
degree of temperature coolness. Adapta-
tion to temperature extremes affects
protein synthesis in a different manner
(28). Our eurythermal fish model system
lives under natural environmental condi-
tions which do not demand acclimatization
to extreme temperatures. Of particular
interest is the change in relative HDL
concentration between summer and
winter. While in the cold season HDL

constitutes 30% of the total plasma pro-
tein content, in summer this fraction
corres.onds to 40« of the total proteins.

It has been established that apo A-I
mRNA codes for a protein 24 amino
acids longer than mature apo A-I. The
first 18 amino acids are removed co-
translationally during translocation of the
nascent peptide chain across the rough
endoplasmic reticulum, yielding a proapo
A-l protein with a hexapeptide in its
NH, terminus (29). It has been reported

that the hexapeptide is removed only

after the proprotein is secreted from
the cell (30). According to Scanu (29),
in addition to the proteolytic system
responsible for the conversion of proapo
A-1 to mature apo A-l, other enzymes in
the plasma may be involved in the modula-
tion of the concentration and distribution

of mature apo A-l in plasma. If this is true

for the carp, then the plasmatic apo A-l
levels observed in Table I for the cold
and warm acclimatized fish does not
necessarily correlate with its rate of syn-
thesis. While apo A-l expression could

TABLEI

Carp plasma levels of proteins and lipids during acclimatization

Season
Warm (@) Cola(®) Warm(c)

Temperature 19.40 + 0.75 10.00 * 0.63 20.30 + 0.29
(°C)

Total protein . 2.56 + 0.81 (16) 3.09 £ 0.65 (21) 256 £ 0.50 (15)
(g/dL) p =0.0328 p =0.0119

Apoproteins (HDL) 0.94 + 0.25 (17) 1.06 + 0.22 (21) 1.02 + 0.27 (15)
(g/dL)

HDL-cholesterol 63.90 + 27.50 (16) 43,10 + 22.60 (21) 42,40 + 14,50 (15)
(mg/dL)

Total cholesterol 77.80 + 28.30 (17) 89.30 + 23.70 (21) 90.73 + 20.30 (15)
(mg/dL)

Total lipids 876 £+ 2.93 (17) 8.83 + 2.17 (21 8.21 + 2.84 (15)
/L)

Triglycerides 123.65 + 51.30 (17) 116.81 + 35.25 (21) 154.73 + 42.31 (15)
(mg/dL)

(a) November 1985 to February 1986.
(b) June to September 1986,
(c¢) January to March 1987.

Total plasma protein was determined by Biuret. Apoproteins were cuantified utilizing an affinity chromatography
procedure (27). HDL-cholesterol, total cholesterol, total lipids and tryglycerides in carp plasma were cuantified utiliz-
ing commercial kits from Merck.
The number of individual determinations are indicated in parenthesis.
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be affected as part of the acclimatization
process, its plasmatic levels could remain
unaltered between the natural temperatures
that the seasonal cycle impose on the fish
of our study, as a result of changes in the
processing and turnover of the mature
protein. Therefore, examination of pre-
proapo A-I synthesis is deemed of partic-
ular importance.

In all species studied so far, liver and
intestine appear to be the major sites of
synthesis of apo A-I (31). We have raised
specific antibodies against carp apo A-1
in both rabbit and goat, and we were
able to confirm by immunohistochemistry
the presence of this protein in the liver
and intestine of the fish. We are currently
studying the synthesis of preproapo A-I in
isolated carp hepatocytes and perfused
intestine to ascertain whether its expression
is reprogrammed upon seasonal acclimatiza-
tion.
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Catepsina D de préstata humana*

Cathepsin D from human prostate

LUCIANO CHIANG, OLGA E. DEL SOLAR, VERONICA K. NEUMANN
y PETER H. WARD

Departamento de Ciencias Fisiologicas, Facultad de Ciencias Biolégicas y Recursos Naturales,
Universidad de Concepcion, Casilla 2407, Concepcidén, Chile.

En este trabajo se ha desarrollado una metddica simple que ha permitido la obtencién de
catepsina D de proOstatas humanas en cantidades apreciables para estudios enzimaticos y
quimicos, empleando cromatografias combinadas de intercambio en DEAE celulosa y cro-
matoenfoque en gel PBE-94,

La sintesis quimica de un nuevo sustrato sintético permitié comparar la actividad hidro-
litica de la catepsina D con las gastricsinas de prostata y liquido seminal humano, asi como
con pepsina y gastricsina de mucosa gastrica. La actividad de la catepsina prostdtica sobre
el sustrato sintético N-acetil-L-fenilalanil-L-diyodotirosil-L-valina metil éster (APDTV)

-, D A A i A et A

fue similar a la de las gastricsinas y mucho mayor con respecto a la pepsina.

Las relaciones icido glutimico/icido aspirtico (Glu/Asp) y leucinafisoleucina (Leu/
Ile) de la catepsina D son semejantes a las presentes en las gastricsinas y no en las pepsinas,
en cuyo caso estos aminoacidos se encuentran en una razon inversa.

INTRODUCCION la posible participacién de la catepsina D
lisosomal durante la involucién de la pros- 4
La catepsina D es una proteinasa lisosomal tata ha sido sugerida por Tanabe y col. i
activa a pH 4cido que se encuentra en célu- (10).
las eucarionticas y procarionticas (1) y cuya En este trabajo se describe la purifica- i3
cién de catepsina D de prostata humana y £

funcion es la de degradar proteinas en el
interior de las células. En trabajos anterio-
res (2, 3, 4) tendientes a establecer el ori-
gen del zimoégeno de una proteinasa acidica
secretada en el liquido seminal (5, 6),
nos permitieron separar este zimogeno y
catepsina D desde prdstatas humanas. El
hallazgo de que la catepsina D hidrolizaba
hemoglobina a pH 3.0, pero no a pH 1.0,
nos permitio desarrollar un método simple
para determinar gastricsina y catepsina D
en tejido prostatico (7). Debido a que el
estado funcional de la prostata de mami-
feros depende de la presencia de testoste-
rona se procedid al estudio del contenido
de estas dos enzimas en prostatas de perso-
nas normales y con hiperplasia prostatica
benigna con el fin de utilizar la determina-
cién de estas enzimas como posibles mar-
cadores de la funcion prostdtica (8). La
influencia de la castracion y de la adminis-
tracién posterior de testosterona sobre el
contenido de gastricsina y de catepsina D
fue comunicado por Chiang y col. (9) y

se comparan sus propiedades con las
de pepsina y gastricsina obtenidas de
mucosa gistrica humana (11). Ademads se
describe la sintesis de un sustrato sintéti-
co hidrolizable por la catepsina D.

MATERIALES Y METODOS

Materiales. Las mucosas gistricas y las prostatas
humanas fueron obtenidas de muestras de autop-
sias que se-guardaron a —180C hasta su utiliza-
ciébn. N-acetil-L —fenilalanil-L-3,5— diyodotirosina
(APDT), L-valina-metil ester, L-valina, diciclohexil-
carbodiimida, hemoglobina y DEAE-celulosa eran
productos ‘Merck-Darmstadt. DEAE-Sephadex
A-50, Sephadex G-75, Gel PEE 94, Polybuffer 74
se obtuvieron de Pharmacia Fine Chemicals.

La actividad proteolitica y la concentracion
de proteinas de las diferentes fracciones someti-
das a purificacién se determinaron de acuerdo a
lo descrito anteriormente (2). La unidad de ac-
tividad enzimatica se defini6 como la cantidad
de enzima capaz de producir un cambio de absor-

* bancia de 1,0 medido a 280 nm, después de incu-

bar 10 min a 370C.

* En memoria de nuestro maestro, profesor Dr. Osvaldo Cori.
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El peso molecular de la catepsina D se determi-
né igual que para la gastricsina de prostata hu-
mana (4).

Sintesis de sustrato peptidico N-acetil L-fe-
nilalanil-L-diyodotirosina-L-valina  metil éster
(APDTYV). La sintesis se realizd segiin la técnica
descrita por Inouye (12). Se suspendi6 APDT
(235 mg) y L-valina metil éster (50 mg) en 50 ml
de tetrahidrofurano (THF). La reaccién comenzo
con la adicion de un leve exceso de N-N’ diciclo-
hexil carbodiimida (90 mg) y se dejo reaccionar
por 120 h a temperatura ambiente. El producto
de sintesis se recristalizd, posteriormente, en
éter dietilico y se le efectud el andlisis elemental
y la composicion de aminodcidos.

Analisis de aminoacidos. Muestras de proteinas
y de APDTV se hidrolizaron en 1 ml de HCl
6M en tubos sellados al vacio, durante 24 y 72
h, a 1100C. El anilisis se realizd en un analizador
de aminodcidos Beckman 119, de acuerdo esen-
cialmente a Spackman y col. (13).

Hidrolisis del péptido sintético APDTV. Para
determinar la actividad de las proteasas sobre el
tripéptido sintético se utilizd la técnica descrita
anteriormente (14).

Pepsina y gastricsina se purificaron de mucosa
gastrica humana siguiendo el método descrito
por Tang y col. (11). Gastricsina de liquido se-
minal se prepard de acuerdo a los métodos des-
critos anteriormente (6, 7).

Purificacién de catepsina D. Prostatas humanas,
normales, se homogeneizaron en cuatro veces su
peso de tampén 0,05M TRIS-HCL, pH 7,2 y se
centrifugd a 10.000 g, durante 20 min, a 4°C.
El sobrenadante se fracciond con sulfato de amo-
nio (30-65% saturaciébn) y el precipitado resul-
tante se disolvio en el menor volumen de tampdn
TRIS-HCl y se dializ6 exhaustivamente con el
mismo tampon. El dializado se cromatografio
en una columna de DEAE-celulosa (4,5 x 45 cm)
y se eluyd, primero, con el tampon TRIS-HCl
y luego mediante una gradiente de NaCl. Las
fracciones (B) que eluyeron con la gradiente sali-
na y que eran activas, a pH 1,0 y 3,0 sobre el
sustrato hemoglobina, se utilizaron en la obtencion
de la gastricsina prostatica (4). Las fracciones
(A) que eluyeron antes de aplicar la gradiente y
que eran activas a pH 3,0 solamente, se juntaron
y se dializaron contra tampon Imidazol-HCl
0,025M, pH 7,0. Una alicuota de este dializado
se aplico a una columna de cromatoenfoque,
PBE 94, de 0,9 x 10 cm, equilibrada con el tam-
pon Imidazol-HCl. La columna se eluyd, primero,
con el mismo tampén (10 ml) y la elucién final
se realiz6 con polybuffer 74 = HCI, pH 4,0. Las
fracciones activas a pH 3,0 se recolectaron separa-
damente (A y B), se concentraron a un volumen
menor y se cromatografiaron en columnas de
Sephadex 6-75 (1,2 x 200 cm). La purificaciéon
final de la catepsina D se alcanz6 después de recro-
matografiar, en la columna de cromatoenfoque, la
fraccion activa obtenida de Sephadex G-75.
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RESULTADOS

La Figura 1 muestra el perfil cromatogra-
fico en DEAE-celulosa del homogeneizado
de préstata humana parcialmente purifi-
cado por tratamiento con sulfato de amo-
nio (30 - 65% saturaciéon). El primer pico
de proteinas (A) que emergié de la colum-
na se mantuvo a —180C para su posterior
purificacion. El segundo pico de protei-
nas que eluydé con la gradiente salina se
utilizé6 para purificar la gastricsina pros-
titica (4). El pico de proteinas A, que no
fue retenido por la columna, después de
concentrado y dializado se sometid a
cromatografia en gel PBE 94, como se
muestra en la Figura 2. Los dos picos de
proteinas (A y B) activos a pH 3,0 se reco-
lectaron separadamente y después de con-
centrarlos a un volumen pequefio se croma-
tografiaron en columnas de Sephadex
G-75, como se describe en la Figura 3. La
purificacién final de los picos de proteinas
activos se obtuvo por recromatografia
de éstos en gel de PBE 94 (Fig. 2).

En la Figura 4 se observa el peso mo-
lecular de 40.740 daltons, determinado
para la catepsina D por el método de An-
drews (16), que estd de acuerdo con el
comunicado por otros autores (17). Lo
mismo se observa con la gastricsina pros-
tdtica (32.740 daltons) cuando se le com-
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Fig. 1: Cromatografia en columna de DEAE-celulosa del
extracto fraccionado con sulfato de amonio (4,8 g pro-
teina en 250 ml de tampén). Flujo: 60 ml/h. Tamafio
de la fraccién: 11 ml. Actividad proteolitica: 0,3 ml
incubado por 60 min (x----x). Proteinas (@——®),
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Fig. 2: Cromatografia de cromatoenfoque en el gel PBE
de la fraccion A. Muestra 120 mg proteina en 1,20 ml
de 0,025M Imidazol-HCl, pH 7,0. Flujo: 12 ml/h, Ta-
mafio de la fraccién: 2,0 ml. Actividad proteolitica:
0,20 ml por 60 min (e----@), Proteinas (x: X).

para con los 32.840 daltons de la gastric-
sina de porcino (18).

La catepsina D de prostata comparte
varias propiedades enzimdticas de las gas-
tricsinas tanto de préstata como gastrica.
El pH o6ptimo de las gastricsinas y de las
catepsinas D difieren del pH mas 4cido de
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Fig. 3: Cromatografia en columna de Sephadex 6-75
de la fraccién B (Fig. 2) (25 mg proteina en 1,0 ml solu-
cion). Flujo: 18 ml/h. Tamafio de la fraccién: 2,0 ml

[
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Fig. 4: Determinacién de peso molecular por filtracién
en Sephadex G-75 de catepsina D y gastricsina prostatica.
Flujo: 9,0 ml/h, Tamafio de la fraccién: 2,0 ml.

las pepsinas. La composicién de aminodci-
dos de las catepsinas se asemejan a la com-
posicion de las gastricsinas especialmente
en la relacion entre los aminodcidos Glu/
Asp y Leu/lIle, que es mayor en estos gru-
pos, que las que presenta la cldsica pepsina.
En la Tabla 1 se compara la composicion de

TABLA 1

Composicion de aminoicidos de catepsina D
de préstata y de higado humanos

Catepsina D
de prostata

Catepsina D
de higado

NO residuo / mol de proteina

Lys 19 25
His 7 5
Arg 11 1
Asp 38 32
Thr 23 2
Ser 32 26
Glu 39 36
Pro 26 23
Gly 46 41
Ala 37 2
Cys 5 8
Val 21 32
Met 6 14
Iie 17 22
Leu 27 35
Tyr 16 21
Phe 19 15
Trp ND 4
NO residuos 389 389
P.M. 40.740 42.000

Actividad proteolitica: 0,20 ml por 60 min (e e).
Proteinas (X——X).

ND = No determinado PM = Peso Molecular
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aminodcido de la catepsina D de prostata
con otra de higado (17). El APDT, buen
sustrato de las pepsinas de diferentes es-
pecies, no es hidrolizado por las gastricsi-
nas ni por la catepsina D de prostata; en
cambio, el nuevo sustrato sintetizado a
partir de APDT y L-valina metil éster
es rdpidamente hidrolizado por la catepsi-
na D y las gastricsinas, como se indica en
la Tabla II, a diferencia de la pepsina gis-
trica que posee tan s6lo un 20% de la ac-
tividad de las anteriores.

TABLA 2

Hidrdlisis del sustrato sintético APDTV por
proteasas acidicas, a pH 3.0 y 379C

ADO* %
Pepsina
gastrica humana 0,023 18,9
Catepsina D
prostatica humana 0,116 95,1
Gastricsina
prostitica humana 0,122 100,0
Gastricsina de liqui-
do seminal humano 0,114 93,2
Gastricsina
gastrica humana 0,114 93,4

*  ADO producido por 1 unidad de actividad enzimdtica
(hemoglobina) en 60 min.

DISCUSION

La combinacién de las cromatografias de
intercambio en DEAE-celulosa y de croma-
toenfoque en gel PBE 94 ha permitido una
facil separacion de catepsinas D, posible-
mente del tipo isoenzimas (Fig. 2), como
lo sugiere el estudio de las catepsinas D
de cerdo,descrito por Huang y col. (1).

La destacable similitud entre la catepsi-
na D de prostata y las gastricsinas se puede
observar si se compara el pH 6ptimo de ac-
tividad sobre sustratos proteicos, la resis-
tencia a la hidroélisis del dipéptido APDT,
la facilidad con que es hidrolizado el nuevo
tripéptido sintético APDTV, y la tipica
relacién de los aminodcidos Glu/Asp y Leu/
Ile s6lo es comparable con lo observado
en la catepsina D-II de monos (20) cuya
similitud con las gastricsinas no estd

CHIANG ET AL.

circunscrita solamente a las actividades
enzimdticas, sino que presenta la misma
antigenicidad y secuencia aminoterminal
de las gastricsinas.

Aunque la catepsina D de prostata pre-
senta, sobre las uniones peptidicas, una
amplia especificidad similar a gastricsina
y pepsina, a diferencia de ellas funcionan
dentro de las células. Por lo tanto, es de
mucho interés determinar la estructura
primaria de este tipo de catepsinas D que
permita establecer una relacidn estructura-
funcion con el fin de compararlas con la
de otras proteasas aspdrticas.

. AGRADECIMIENTOS

Los autores agradecen a la profesora Dra. Marta Bunster
la ayuda prestada en la sintesis del sustrato peptidico.

Este trabajo ha side posible gracias al financiamiento
de la Direccién de Investigacién, Universidad de Concep-
cién, Proyecto N© 20.33.32.

REFERENCIAS

1. HUANG, 1.S.; HUANG, S.S.; TANG, J. (1979)
J. Biol, Chem., 254: 11405-11417.

2. WARD, P.H.; NEUMANN, VK.; CHIANG, L.
(1978) Comp. Biochem. Physiol. B. 61: 491-498.

3. MALDONADO, M.; VIVALDI, E.; WARD, P.H,;
CHIANG, L. (1980) Arch. Biol. Med. Exp. 13:
117.

4. CHIANG, L.; CONTRERAS, L.; CHIANG, I,
WARD, P.H. (1981) Arch. Biochem. Biophys., 210:
14-20.

5. SAMLOFF, LM.; LIEBMAN, WM. (1972) dClin.
Exp. Immunol., 11: 405-414.

6. RUENWONGSA, P.; CHULAVATNATOL, M. (1975)
J. Biol. Chem., 250: 7574-71578.

7. WARD, P.H.; CONTRERAS, L., MALDONADO,
M.; CHIANG, L. (1980) IRCS Med. Sci. Biochem.,
8: 830-831.

8. WARD, P.H.; CONTRERAS, L.; MALDONADO,
M.; BAEZA, H.; CHIANG, L. (1982) J. Urology
127:1027-1030.

9. CHIANG, L.; MALDONADO, M.; VIVALDI, E.E.;
WARD, P.H. (1982) Biochem. Int. 4: 161-168.

10. TANABE, E.T., LEE, CH.; GRAYHACK, J.T.
(1982) J. Urol., 127. 826-828.

11. TANG, J.; MILLS, J.; CHIANG, L.; DE CHIANG,
L. (1967) Ann. N. Y. Acad. Sci., 140: 688-696.

12. INOUYE, K.; VOYNICK, LM.; DEPIERRE, G.R.;
FRUTON, J.S. (1966) Biochemistry, 5: 2473-
2478.

13. SPACKMAN, D.H.; STEIN, W.H.; MOORE, S.
(1959) Anal. Chem. 30: 1190-1206.

14. CHIANG, L.; SANCHEZ-CHIANG, L.; WOLF,
S.; TANG, J. (1966) Proc. Soc. Exp. Biol. Med.
122: 700-704.

15. WARD, P.H.; DIAZ, M.; MERINO, V.; CHIANG,
L. (1978) Arch. Biol. Med. Exp. 11: 222.

16. ANDREWS, P. (1964) Biochem. J., 91: 222-233.




17.

18.

CATEPSINA D DE PROSTATA HUMANA 163

BARRETT, A.J. (1977) Proteinases in Mammalian
Cells and Tissues North Holland, Biomedical Press,
Amsterdam.

CHIANG, L.; SANCHEZ-CHIANG, L.; MILLS,
I.N.; TANG, J. (1967) J. Biol. Chem., 242: 3098-
3102.

19.

20.

KAGEYAMA, T.; TAKAHASHI, K. (1986) J. Biol.
Chem., 261: 4406-4419.

MORIYAMA, A,; KAGEYAMA, T.; TAKAHASHI,
K. (1983) Eur. J. Biochem., 132: 687-692.

Y Smaiehiig el i




Arch, Biol. Med. Exp. 21: 165-169 (1988)
Printed in Chile

A rapid decline in external Ca?* induces Ca?*
mobilization in bovine adrenal glomerulosa cells

Una disminucién rdpida en el Ca®* externo, induce una movilizacién
de Ca?* en células glomerulosas adrenales de bovino

RICHARD H. FOSTER

Departamento de Fisiologia y Biofisica, Facultad de Medicina,
Universidad de Chile, P.O. Box 70055, Santiago, Chile.

Bovine adrenal glomerulosa cells perifused with M 199 containing 1 mM Ca2?* showed a
transient increase in 45Ca?* when the external Ca?* was decreased. The efflux observed in
the presence of 100 nM angiotensin II was similar to that observed when the external Ca2*
was changed from 1 mM to 50 uM. This efflux is the result of the transient activation of the
PIP, hydrolisis with the subsequent production of inositol-trisphosphate.

INTRODUCTION

The synthesis and secretion of aldosterone
in adrenal glomerulosa cells activated by
Angiotensin II (AIl) is thought to be initiat-
ed by the phospholipase C mediated hydro-
lisis of phosphatidylinosol 4,5 bisphosphate
(PIP,) through a receptor dependent
mechanism, presumably involving the par-
ticipation of a G protein (1, 3). Consequent-
ly, two intracellular messengers are formed
(4, 5): inositol-trisphosphate (IP;) and
diacyl glicerol (DAG). The first mobilize
Ca?* from intracellular stores, presumably
located in the endoplasmic reticulum and
the second activates the phospholipid and
Ca** dependent enzyme protein kinase C,
phosphorylating intracellular receptor pro-
teins (6, 7).

Glycogenolisis activated by agonists that
mobilize intracellular Ca?* is mediated by a
similar mechanism (8, 10, 11). Experimen-
tal evidence supports the concept that, as
in the adrenal cells, the first intracellular
event coupling stimulus and initiation of
the respose is the IP;-induced increase in
cytosolic Ca?* concentration. Koide et al.
reported (12) that a perturbation in the
Ca?* equilibrium between the external
space and the cytosol, created by the pre-
sence of milimolar concentrations of EGTA,
triggered the output of glucose in the liver.
This response was paralleled with an in-
crease in efflux of *5Ca?* from preload-

ed cells, which was similar to that observed
when. All orvasopresin is used (10). Whether
this efflux was related to the methabolism
of phosphoinositides has never been
adressed. The aim of the present work
was to study the possibility that a per-
turbation generated by the presence of
EGTA might activate the accumulation of
IP; explaining the observation that 45Ca
efflux is activated under this condition.

MATERIALS AND METHODS
Cell preparation

Adrenals glomerulosa cells were prepared as des-
cribed (15) from calf adrenal glands obtained at a
local slaughter house. The glands, freed of fat
and connective tissue, were sliced in thin sections
of approximately 1 mm. The slices were washed
twice with medium M199 (Earle’s salt solution;
Gibco) which unless indicated, contained 1 mM
CaCl, and 4 mM KCl and later incubated in a
medium containing 2 mg/ml collagenase (Cappel
Biochemical Co) and 4 mg/ml bovine serum al-
bumin (sigma), for 45 min, under 95% O, and
5% CO,, at 379C, and at a ratio of 1 g of tissue
per 10 ml of the described solution. After his in-
cubation period, the mixture of cells and digested
tissue was filtered through nylon mesh (125
microns). The supernatant was harvested and the
remaining tissue was passed 5 times through
Tygon tubing (10 cm long, 0.5 cm inside diameter)
attached to a 30 ml plastic syringe. The cells were
separated again following the same procedure until
a clear solution was obtained. The dispersed cells
were taken up in a soft pellet and resuspended in
M199, at a concentration of 107 cells/ml.
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Measurement of [3 H)] Inositol-Phosphate
Production

Cells at the above described concentration were
incubated, at 37°C, with 25 uCi/ml of myo (*H)
inositol (American Radiolabelled Chemicals, spe-
cific activity 15 mCi/mmol) in 10 ml of M199.
After incubation, the cells were washed with 25 ml
of medium M199 containing 10 mM inositol and
20 mM LiCl and, where indicated, twice with
medium M199 containing 20 mM LiCl and 1 mM
EGTA in nominaly Ca-free medium. Free Ca?* con-
centrations were calculated from the Ca-EGTA
dissociation constant given by Burgess e? al. (9).

Cells were taken up in the same solution and
aliquoted into plastic tubes. After a preincubation
of 15 min at 379C under 95% O,, 5% CO, and
varying concentration of CaCl,. Cells were then
treated with 100 nM AII or 2 mM EGTA (Sigma
Chemical Company) as indicated. Incubations
were terminated by addition of cold trichloro-
acetic acid (TCA) at 5% final concentration. The
TCA extracts were washed with ether, neutralized
and the inositol-phosphates therein were eluted
sequentially from Dowex-1 (formate form) anion
exchange columns as described by Berridge et
al. (5).

FOSTER

Cytosolic Ca?* concentration measurement

Cytosolic Ca?* concentration were estimated by
monitoring the fluorescence of Quin 2 trapped in
adrenal cells, as described by Capponi et al. (13).
The calibration of Quin 2 fluorescence in relation
to the intracellular Ca%* concentration was per-
formed as described (13).

2+ .
Ca®" efflux experiments

Cells were incubated with 10 uCi/ml of [*5Ca]
CaCl, (Amersham international for 2 hrs. After
this period cells were centrifugated at 100 x g
for 5 min. The soft pellet was taken up in a small
volume of fresh incubation solution and aliquots
of 300 ul of cell suspension were placed in each of
four flow through chambers in a single Lucite
block. The block containing the cells was placed in
a water bath at 37°C and each chamber perifused
with M199 with or without Ca** were indicated.
The fractional efflux was calculated as described
previously (15).

RESULTS AND DISCUSSION

Figure 1 (Panel A and B) shows the tran-
sient increase in 5 Ca®* efflux, expressed
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Fig. 1: Efflux of 45Ca2* from preloaded bobine adrenal glomerulosa cells. Panel A, cells exposed to 100 nM AII; Panel
B, cells exposed to 2 mM EGTA. Cells were obtained and treated as described in Methods. This experiment is repre-

sentative of several experiments with similar results.
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as fractional efflux, when adrenal glome-
rulosa cells incubated with ** Ca?*, for 120
min, were perifused with M199 in the pre-
sence of AII at a concentration of 100 nM
(Panel A) or when the extracellular concen-
tration Ca?* was decreased in the perifusion
medium (Panel B). When the external Ca?*
concentration was abruptly changed from
1 mM to 1 uM (in the presence of EGTA) a
transient increase was observed which is
essentially similar to that observed in the
presence of AIIL In both cases ** Ca?* efflux
increased rapidly reaching its maximum
value at 6 min, which is approximately
5 fold the basal value just before the treat-
ment and decreasing thereafter to a basal
45 Ca?* efflux. The efflux of radioactive
Ca?* is also increased in the presence of
verapamil or when the external Ca?* con-
centration was changed from 1 mM to O,
instead of adding EGTA to the perifusion
solution (data not shown). This observation
was originally described by Koide et al
(12) and is extended to the adrenal cells,
and as in the liver, the *° Ca?* efflux is also
observed in the presence of verapamil or
when the external Ca?* concentration was
changed from 1 mM to 0, instead of adding
EGTA to the perifusion medium (data not
shown).

We know now that the mobilization of
Ca?* caused by AII in adrenal glomerulosa
cells (4) and rat liver cells (10) is the result
of the generation of IP; from the hydrolysis
of PIP, induced by the activation of phos-
pholipase C and one likely possibility is
that rapid decline in the external Ca?* con-
centration bypasses the receptor and acti-
vates the production of IP; . Figure 2 shows
the effect of decreasing the external Ca®*
concentration in adrenal glomerulosa cells
previously incubated with [* Hlmyoinositol
for 120 min, treated with 2 mM EGTA,
the IP; measured later. When EGTA is
added to the cell suspension a small, tran-
sient increase in IP; is observed at 5, 10
and 20 seconds. Under these conditions,
AII does not have any effect in the pro-
duction of IP;, at 10, 20 or 40 secs, the
values observed in the presence of AIl
are similar to those observed in the control.
However, if AIl is added to the cell sus-
pension simultaneous with enough Ca?* to
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Fig. 2: Time course of Ca?* effects on [3H] inositol-
trisphosphate production in EGTA treated cells. [3 H} in-
ositol-labeled cells were resuspended in M 199 1 mM Ca™*
concentration. EGTA 2 mM was added at time 0 and
aliquots were taken at the indicated times (O - O). Control
values (® - ®) were obtained at 0, 60 and 100 sec. 100 nM
AIl was added simultaneously with (O - O) or without
(W - W) CaCl, and aliquots were taken as indicated in the
figure. Results are mean SE of three determinations.

achieve a ratio of 1, a rapid increase in the
production of IP; was observed.

The dependency on the external Ca?*
concentration in the inositolpolyphos-
phates accumulation is studied in more
detail in Figure 3. A range of external Ca?*
concentrations is used in the incubation
medium when the cells are incubated for
30 min in the presence of 100 nM AIl As
shown, when the external Ca?* concen-
tration is below 0.2 uM, AIl failed to
increase the inositolpolyphosphates for-
mation —above this value the IP; accumu-
lation increases. This dependency on
external Ca?* has also been documented in
liver cells (9) and, as in the adrenal glo-
merulosa cells, the hydrolysis of PIP,
seems to require the presence of external
Ca?* (Figure 2). When the fluorescence of
Quin II, trapped in adrenal glomerulosa
cells, is monitored during the action of
All, under conditions in which the external
Ca?* concentration is low, the effect of
All is severely impaired. However when
the Ca?* concentration increases to 50 uM
in the incubation medium, a prompt and
clear response is observed (Figure 4).

The experimental evidence documented
here seems to be unusual, since the classical
view supports the concept that normal
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Fig. 3. Effects of All on inositol-phosphates production
at different Ca2* concentration in the incubation medium.
[3H] inostolHabeled EGTA washed cells were resuspended
in Ca?* free M199 containing 1 mM EGTA. CaCl, was
added to obtain the indicated Ca®* concentration and ex-
pressed aslog [Ca?*]M. After 15 min preincubation at the
indicated Ca®* concentrations, cells were incubated for 30
min with (O - O) or without (®- ®) 100 nM AIl Results
are expressed as mean * SE of three determinations.

physiological Ca** concentration is required
for cellular response. The rapid decline in
the external Ca’* concentration has not
been described playing a role in the regula-
tion of the metabolism of liver or adrenal
glomerulosa cells, but secretion of PTH by
the parathyroid cells is increased by a de-
crease in the external Ca?* concentration
and inhibited at normal, physiological Ca**
concentration. Oetting et al. suggested (16)
that Ca?* may interact with a “membrane
receptor’ or “sensor” on the plasma mem-
brane, although how this signal is transduced
to the cell interior is totally obscure. Two
possibilities may account for these results:
1) If a G protein is part of the transducer
system in the adrenal glomerulosa cell, it
is possible that the rapid decrease in exter-
nal Ca?* concentration provokes a confor-
mational change in the G protein, causing
a transient activation of phospholipase C
with the subsequent transient production
of IP;; and 2) That the rapid decrease in
external Ca?* concentration is “‘sensed”
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Fig. 4: Effect of different Ca®* concentrations on AIl-
induced changes in the fluorescence of Quin 2 in EGTA
treated adrenal glomerulosa cells. Cells in M 199 1 mM
EGTA were resuspended in Ca?* containing medium at
the indicated ratios.

directly by the phospholipase C, thus
initiating the hydrolysis of PIP,. Why is
the increase in IP, production transient?
It is possible that IP; (1, 4, 5) is produced
by EGTA treatment and that it releases
Ca?* from the endoplasmic reticulum, how-
ever because of the Ca?* sink created in the
extracellular space by EGTA, the increase
in the cytosolic Ca%* concentration is not
observed as shown in Figure 4, but con-
versely, an efflux of radioactive Ca?* would
be observed as shown in Figure 1. )
If the cytosolic Ca?* concentration does
not increase, this may have several con-
sequences. First, it has been shown that
the enzyme PIP kinase of skeletal muscle
(18) is activated by an increase in the
cytosolic Ca?* concentration and under
conditions in which the increase in cytosolic
Ca?* concentration is impaired it is likely
possible that the PIP, pool will not be
replenished. Second, if the cytosolic Ca?*
concentration remains at a basal level, the
production of IP; (1, 3, 4) does not take
place, because the enzyme inositol-trisphos-
phate kinase is not activated (17) and a
constant activation would not be supported.
Third, as demonstrated in Figures 2 and 3,
Ca?* is required to maintain a sustained
hydrolysis of PIP, which is a requirement
to support a sustained activation of protein
kinase C,
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Steroidogenesis and ionic permeability in adrenal
glomerulosa cells

Esteroidogénesis y permeabilidad a iones
en células glomerulosas adrenales

ELISA T. MARUSIC and MARIA V. LOBO

Departamento of Physiology and Biophysics,
Faculty of Medicine, University of Chile,
Casilla 70055, Santiago, Chile

Over the past several years it has become possible to study some of the electrical properues
of excitable and endocrine cells by measuring fluxes of radioactive tracer ions; * Rb fluxes
has been widely used to study potassium permeability. We have validated this approach in
adrenal glomerulosa cells, in which we demonstrated the presence of a Ca-dependent K
channel that is activated by angiotensin II, ATP, the ionophore A23187 and external K.
Here, we present evidence that the steroidogenic response of the bovine adrenal glomerulosa
cells is related, in the case of angiotensin II, to the inhibitory effect to the hormone on the
coefficient rate of 35Rb efflux that occurs after the initial transient increase. This inhibition
of the potassium permeability is probable respons1ble of the depolarization of the cells.
Apamin, that blocks the initial transient raise on ®Rb efflux mediated by angiotensin II,
has a minor stimulatory action on the hormone induce steroidogenesis; whereas the opposxte
is true for the steroidogenic action of potassium ions in the presence of apamin.

The second groups of experiments examined the effect of angiotensin II on ¥Rb fluxes
when the Ca in the medium was increased from 0.6 to 1.25 mM in the case of bovine glo-
merulosa cells or angiotensin was assayed in rat glomerulosa tissue perifused with 0.6 mM
Ca; in both conditions only the inhibitory effect in ®Rb efflux was observed. When the
effect of external ATP on steroidogenesis was examined a significant increase on aldosterone
secretion occured probable by a similar mechanism. These results are indicative that Ca-
mediated K efflux in adrenal glomerulosa cells may provide a modulatory mechanism for
agonist action.

INTRODUCTION

Evidence has been rapidly growing to in-
dicate that a characteristic of agents acting
as agonists in endocrine glands is a dramatic
effect on membrane permeability. Putney
(1), has suggested the term ‘‘stimulus-
permeability coupling” to describe the
sequence of events involved in these
response.

As shown by us (2), a variety of agonists
increase adrenal glomerulosa membrane
permeability to K by inducing a transient
increase in 3¢Rb efflux, that it is apamin
sensitive. Among these agents, angiotensin
IT has a dual effect on K permeability (3)
that correlates with changes in membrane
potential (4, 5). Also, an increment on

external K is capable of increasing *Rb
efflux (3). As it is well known, angiotensin
II and potassium ions are the main secreta-
gogues of adrenal glomerulosa cells (6, 8).

The purpose of this work has been to
correlate the changes in K permeability,
already described, with steroidogenesis . in
bovine adrenal glomerulosa cells. One of
the aims of the present work was determine
wether agents known to inhibit Ca-depen-
dent potassium permeability could have an
effect on the agonist action of angiotensin
IT and potassium ions on aldosterone pro-
duction. Also, the effect of ATP on steroido-
genesis was measured.

The results indicate that calcium-induced
K release in glomerulosa cells is not essential
to trigger steroidogenesis but may provide
a modulatory mechanism to prevent dele-
terious effect of abnormally high calcium
levels.

MATERIALS AND METHODS

Preparation of dispersed beef adrenal glomerulosa
cells. Dispersed bovine adrenal glomerulosa cells
were prepared from adrenal glands obtained from
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animals slaughtered at a local abattoir (9). The
glands were freed of fat and the glomerulosa zone
was obtained by slicing thin sections from the
outermost portions of the glands. The tissue
corresponding to the zona glomerulosa was briefly
minced with scissors and washed with standard
Krebs Ringer Bicarbonate-glucose (KRBG). The
washed tissue was taken up into fresh medium
containing 2 mg/ml bovine albumin and 1 mg/ml
collagenase (Worthington Biochemical, St. Louis,
MO). The tissue was incubated at 370C for 30 min
under an atmosphere of 95% O5-5% CO, in a shak-
ing water bath. Isolated cells were obtained accord-
ing to the method described by Fredlund et al
(10). The cells were collected by centrifugation at
200 g for 5 min at room temperature.

After washing, the cells were incubated in
medium containing 0.6 mM Ca?*, unless stated to
the contrary, supplemented with 2% albumin. The
viability of the cells was checked by their ability
to exclude trypan blue (4%). When rat tissue was
used, the glands were freed of fat and squezed to
obtain capsules with the glomerulosa zone.

Measurements of radiolabeled fluxes. Aliquots
of the cell pellet (1 ml) were placed in a volume of
5-10 ml of medium containing 1 uCi/ml or [*Rb]
RbCl (Chilean Atomic Energy Commission) and
incubated for 60 min at 370C. At the end of this
period, the cells were centrifuged at S00 g for 30
s, the supernatant discarded, and the pellet re-
suspended in a mixture medium with Sephadex
G-10. Aliquots with of cell suspension were placed
in plastic perifusion chambers. Each chamber
contained a glass wool plug ~10 mm high on
which the cells with Sephadex were layered. They
were perifused with the medium through a Rainin
miniature peristaltic pump. The flow rate through
each chamber was 0.5 ml/min and the KRBGA
gassed with 95% O,-5% CO, and kept at 370C.
The effluent from each chamber was collected
directly into scintillation vials at different intervals
of time. At the end of each experiment, the glass
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wool plug with cells was expelled from each
chamber, and analyzed for the respective radioiso-
tope content. The radioactivity of %6Rb was
measured by Cerenkov radiation. *Rb efflux
was expressed either as abolute counts per minute
or apparent first-order coefficients calculated from
the radioactivity release into the effluent media
and the remaining in the cells at the cells at the
end of the experiment (11).

Incubations of isolated adrenal cells for steroid
production. Two different protocols were used: a
dynamic system, similar to that described above,
or steroid production was measured under static
conditions. In this case, one milliliter of medium
containing 1.5-2x10% cells were incubated in plastic
vials at 370C under 95% O,-5% CO, in a Dubnoff
incubator for 1 h. All experiments were performed
with triplicate incubation vials. At the end of the
incubation, the celis-free media were decanted into
tubes and stored at -~200C for aldoterone determi-
nation. The aldosterone content in the incubation
medium was determined by direct radioimmunoas-
say of appropriate aliquots of the medium, as
previously described (12) .

Statistics. Statistical comparisons were made
with Student’s t test for paired data.

RESULTS

Effect of angiotensin II and potassium ions
on steroidogenesis and %Rb fluxes. As
shown in Fig. I A, the addition of 100 nM
angiotensin II to the perifusate bathing
bovine adrenal glomerulosa cells produces
an initial transient phase of increased 8 Rb
efflux followed by a second phase in which
a sustained inhibition of the radioisotope
efflux was observed. Concomitantly with
this inhibition on K permeability, a marked
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Fig. 1: Time course of the 86Rb release (@) and steroidogenesis (0), from bovine adrenal glomerulosa
cells, due to 100 nM angiotensin II (A) or 12 mM K (B). One experiment representative of three is
shown, The agonists were present from 14-40 minutes.
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increase on steroidogenesis was observed.
Figure I B includes the results obtained
when external K was increased in the
perifusion medium from 4 mM up to 12
mM; under this condition a simultaneous
increase on aldosterone production and
86Rb efflux were observed. As in the case
of angiotensin II, the effect of 12 mM K on
the coefficient rate of %¢Rb efflux was
transient, but after the peak of ¢ Rb efflux,
the coefficient rates did not return to basal
values and remained slightly higher than
the initial ones. Typical results from a
single representative experiment are shown,
and the significance of the results from
multiple experiments is indicated in the
figure legends or text.

Effect of apamin on the steroidogenic
action of angiotensin II and K ions. The
effect of apamin, a specific blocker of Ca-
mediated potassium permeability, was
studied since previous work indicated that
apamin complately blocked the initial
phase of 8Rb efflux due to angiotensin II
without affecting the prolonged reduction
of *Rb efflux causse by the hormone. As
shown in Fig 2, when apamin (10~7 M) was
added to the perifusate before the addition
of 100 nM angiotensin II, the steroidogenic
response was even higher than that observ-
ed with the hormone alone, added in a
parallel column. At the maximal response
mean values were: 366+ 67.1 and 458+76.6
pg aldosterone/min/10¢ cells for angiotensin
II alone or plus apamin, respectively (n=4).
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The opposite was true when 1077 M
apamin was present in the medium contain-
ing 12 mM K; apamin had an inhibitory
effect on steroidogenesis in each set of
parallel columns, but again the inhibitory
effect was slightly and was not significant,
either under dynamic (mean valuestSE
were 396+30.5 and 452+30.5 pg aldosterone
/min/10¢ cells for K alone or plus apamin)
conditions; Fig. 2 B, or with static incuba-
tions (Table I).

TABLE 1

Aldosterone production by bovine zona glomerulosa
cells in the presence of 12 mM K: effect of apamin

Medium Aldosterone, ng/10° cells
Control Apamin
4 mMK 2.0910.31 2.55+0.32
6 mMK 2.88 £0.81 1.93 £0.47
8§ mMK 6.321.05 5.26 £0.97
12mMK 6.8911.22 6.26 £1.53

Values are means * SE for aldosterone production under
various conditions, 3 to 6 different experiments,

Effect of angiotensin II on the efflux of
86 Rb under different conditions. The results
shown in Fig. 1 were obtained in cells that
were perifused with KRBGA containing
0.6 mM Ca. But when the calcium in the
medium was increased to 1.25 mM a dif-
ferent pattern in ®Rb efflux was observed;
as shown in Fig. 3 B, 100 nM angiotensin II
failed to produce the initial transient phase
of % Rb efflux and was observed only the
sustained inhibitory phase on the coefficient

A

e All
O A ll+ Apamin

00

300

ALDOSTERONE
(pg/ minI!O6 cells)

B

o K(12mM)
O K+Apamin

TIME (min)

Fig. 2: Effect of 107 M apamin on the steroidogenic response of 100 nM angiotensin II (A) or 12 mM
K (B). Mean values of 4 experiments with the agonist alone or in combination with apamin.
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rate of %¢Rb efflux. Nevertheless, under
these conditions, the steroidogenic response
of the glomerulosa tissue is maximal (13)
suggesting that depolarization of the plasma
membrane is an important step on hor-
monal action. The same was true when rat
glomerulosa slices loaded with **Rb were
subjected to 100 nM angiotensin II in the
presence of 0.6 mM Ca, as shown in
Fig. 3A, only the inhibition on 3¢ Rb efflux
was present. These findings are indicative
that the hormone modulates membrane
potential by changes in potassium per-
meability.

RAT A mem B

86Ry eftlux (% /min)

TIME (min)

Fig. 3: Time course of the 86Rb release response to
100 nM angiotensin when the hormone was added to rat
glomerulosa slices (A) or to bovine tissue that was perifus-
ed with 1,25 mM Ca. One experiment representative of
3 is shown, with similar results.

Effect of external ATP on membrane
potential and steroidogenesis, Because
previous work had shown that external
ATP also induces a Ca-mediated K efflux
in isolated bovine adrenal cells, the effect
of ATP on steroidogenesis was examined.
As shown in Fig. 4, when the cells were
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Fig. 4: Effect of external ATP on steroidogenesis from
isolated bovine adrenal glomerulosa cells. Mean values
* SE from 3 different experiments.

perifused with a medium containing
107* M or 5x10"* M ATP, a significant
increase in aldosterone release was observ-
ed (P<0.05).

DISCUSSION

Angiotensin II and K ions are the major
hormonal regulators of aldosterone secre-
tion from adrenal glomerulosa cells (7, 8,
14). Recent studies from this laboratory
(2) have shown that one of the earliest
effects of angiotensin II, together with an
enhanced **Ca efflux, is an increased K
permeability. The last effect is apamin
sensitive and its role on steroidogenesis was
one of the aims of the present study. Also,
the effect of the neurotoxic peptide on the
potassium-mediated aldosterone production
was analyzed, since we have recently shown
that an increase in external K also induces
an enhanced *Rb efflux (3) thatis partially
inhibited by apamin (unpublished observa-
tions). Nevertheless, the pattern of %¢Rb
efflux for both stimuli is different because
in the case of angiotensin II a dual res-
ponce on K permeability was observed: the
transient increase in the rate coefficient
ocurring inmediately after the introduction
of the polypeptide hormone was followed
by a sustained inhibitory effect on *¢Rb
efflux. It has been postulated that this
inhibitory phase could account for the
depolarization of the cells and the sub-
sequent opening of the calcium channels.

In fact, as shown in the present results,
the inhibition by apamin of the transient
increse on 3 Rb efflux due to angiotensin
Il or external K had only minor effects on
steroidogenesis. In the case of angiotensin
II, and under dynamic conditions, apamin
enhanced about 20% the steroidogenic
response, whereas the opposite was true
with K stimulus. In fact, an small inhibition
was observed when external K was increas-
ed from 4 to 12 mM; but in any case the
effects of apamin were significant. These
data would suggest that eventhough the
hyperpolarizing effect of Ca-mediated *Rb
efflux may play a role on the control of
steroidogenesis, the key step must be relat-
ed to the depolarizing phase of both stimuli
(4, 5). Actually, there are conditions in
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which it is possible to see exclusively the
inhibitory phase on K permeability, under
the action of angiotensin II. As shown in
the present results, by increaing external
Ca?* to 1.25 mM in the perifusate bathing
bovine adrenal cells or rat glomerulosa
tissue, angiotensin II has only an inhibitory
action on % Rb efflux. Nevertheless, under
these conditions, the steroidogenic effect
of angiotensin II is not only preseny but it
is more marked that observed at 0.6 mM
Ca (13). The lack of activation of a Ca-
mediated potassium channels in rat tissue
by polypeptide hormones is in agreement
with results from other groups working
with rat hepatocytes (15).

An additional interesting data was obtain-
ed with ATP; we found a significant increase
on aldosterone release induce by ATP.
Recently, it has been shown that external
ATP increase myo-inositol triphosphate
(IP;) in isolated rat hepatocytes (16) and
that ATP acting from outside increases Ca
uptake (17). However, our results differ
from Koritz and Moustafa (18), since these
authors found an inhibition of steroido-
genesis with ATP in a cell free-system. It is
important to denote that the present study
was done in a dynamic perifusion system,
in which ATP was added to the perifusion
medium, but if the cells are incubated with
ATP under statics conditions an inhibition
of aldosterone production was observed
(unpublisned observations). It is interesting
to point that the same is true in the case of
apamin, as shown previously by us, this
drug has rather an inhibitory effect on
angiotensin II-mediated steroidogenesis
when assayed under static incubations of
bovine adrenal glomerulosa cells (2).
Further experiments with ATP could be
directed to see wether this agent could have
an effect on plasma membrane potential, as
shown in previous results ATP has a similar
pattern on % Rb efflux to that observed
with angiotensin II. Receptor operated Ca-
permeable channel activated by ATP was
recently described in smooth muscle and
mouse macrophage cell line (19, 20).

The present experiments provide evidence
that depolarization of adrenal glomerulosa
cells is necessary in the sustained steroido-
genesic response to different secretagogues.

Probably the transient rise in K permeability
is a self-regulatory mechanism which protect
the cells from excesive Ca entrance mediat-
ed by the secretagogues.
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Microambiente Hematopoyético:
Elementos celulares y de matriz extracelular*®

Bone marrow microenvironment
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In bone marrow, cellular stroma together with extracellular matrix (EM) provide an ade-
quate microenvironment for the proliferation and differentiation of hemopoietic progenitor
cells. In this article we describe studies on the cell characteristics of a main stromal
phenotype, a fibroblast-like cell and its ability to produce in vitro EM components.
Comparative studies were performed in fibroblast cultures derived from normal and acute
lymphoblastic leukemic (ALL) bone marrow. The grow characteristics of fibroblasts from
ALL marrow as well as its capacity to synthetize collagen, fibronectin and GAGs are
impaired when compared to fibroblast from normal marrow. Thus, in ALL the impaired
production of EM biomolecules by a transient damaged population of stromal cells, may
contribute to the development of a defective microenvironment for hemopoiesis.

Estudios tanto en animales de experimen-
tacion como en humanos, han sefialado que
la hematopoyesis ocurre en sitios de la
médula 6sea en los cuales existe un mi-
croambiente (MH) especial, confinado a un
tejido intersticial (estroma) y delimitado
por una trama de tejido vascular con
abundantes elementos reticulares (1).

Las células de estroma junto a factores
locales de crecimiento y de regulacién y
diferentes componentes de matriz extrace-
lular (ME), configuran el microambiente
hematopoyético. El1 MH sirve de ‘“‘nicho’ a
la célula troncal hematopoyética modu-
lando su entrada a ciclo desde GO y su
diferenciacibén (2).

CELULAS DE ESTROMA Y MICROAMBIENTE
HEMATOPOYETICO

Entre los fenotipos de estroma hay cé-
lulas “‘tipo fibroblastos”, adipocitos, en-
doteliales y monocitos/macréfagos. Tanto
fibroblastos como adipocitos parecen tener
un origen clonal comin y con caracterfs-
ticas propias del sistema hematopoyético.

Las células endoteliales parecen ser ele-
mentos particulares del sistema hemato-
poyético (3) y no meros constituyentes del
sistema vascular asociado. Observaciones
recientes, demuestran que en cultivos de
médula Osea existen como elementos de
estroma linfocitos T maduros, a juzgar por
su reactividad con un panel de anticuerpos
monoclonales (4).

Los fenotipos antes sefialados se co-
rresponden con las células de estroma
existentes in vivo en la médula 6sea. Es-
tudios histoquimicos y morfolégicos prac-
ticados in situ en biopsias de médula 6sea,
revelan una compleja organizacion celular
caracterizada por una definida distribucién
y relacion morfolégica de fenotipos de
estroma y hematopoyéticos. Entre los
primeros se observan células reticulares,
endoteliales, macréfagos y adipocitos (5).

Existe poca evidencia acerca del papel
particular de cada elemento de estroma en
la hemopoyesis; entre éstas, se conoce que:
a) Adipocitos participan en algunas etapas

tardias de la granulopoyesis (6) y fi-

broblastos favorecen la maduracién de

* Al doctor Osvaldo Cori, MAESTRO. De sus discipulos, con gratitud.
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progenitores tempranos de la eritropo-

yesis y granulopoyesis a través de inter-

acciones celulares o por la produccion de

factores de crecimiento (7, 8).

b) Colonias de células de estroma, gene-
radas a partir de médula 6sea humana y
con caracteristicas de células endoteliales
a juzgar por presencia de cuerpos de
Weibel-Palade, son capaces de estimular
selectivamente la maduracion de proge-
nitores eritroides (BFU-E) (9).

¢) La asociacién de funciones hematopo-
yéticas especificas a cada fenotipo de
estroma encontraria un elemento ‘in-
tegrador” en el hecho que linfocitos T
asociados a monocitos/macréfagos re-
gulan tanto positiva como negativamente
la proliferacion de progenitores eri-
troides y granuloides, probablemente via
generacion de monoquinas. Estas, a su
vez, expresan su efecto hematopoyético
via fibroblastos y células endoteliales
(4, 10).

El hecho que la hematopoyesis ocurra en
sistemas in vitro, en los cuales no es nece-
sario adicionar factores de crecimiento
(I1-3, CSF/GM, CSF/G o EPO), apoya la
sugerencia que las células de estroma son
capaces de generarlos in situ. Sin embargo,
con los bioensayos disponibles, no se ha
detectado produccion de dichos factores en
cultivos de médula 6sea.

MATRIZ EXTRACELULAR Y
MICROAMBIENTE HEMATOPOYETICO

Las células de estroma de médula OGsea,
junto a la produccion de factores de cre-
cimiento, también producen componentes
de la matriz extracelular, entre los que se
han detectado coligeno (11), proteogli-
canos (12, 13) y fibronectina (14).

La génesis de la ME no parece ser un
proceso tipo ‘‘todo o nada”, sino con
adecuadas regulaciones a nivel de las células
que la producen y/o degradan. Asi, para el
caso del sistema hematopoyético, se debe-
ria disponer de los tipos de moléculas de
matriz adecuadas para satisfacer los reque-
rimientos locales, en el tiempo y en el es-
pacio, relacionados con la migracién, pro-
liferacion y diferenciaciéon de la célula
troncal.

MINGUELL ETAL.

En el sistema murino se sabe que, una
vez que el estroma se organiza in vitro y
genera ME, recién se inicia la hematopo-
yesis (15). La inclusién en el cultivo de un
andlogo de prolina inhibe el deposito de
colageno, con la concomitante alteracion
en la hematopoyesis (16). Por otro lado, el
tratamiento de cultivos de médula 6sea con
g-xil6ésidos, que inhiben la sintesis de pro-
teoglicanos, pero no de GAGs, produce un
aumento en la produccion de células tron-
cales (17). Otra evidencia del papel de ME
en la hematopoyesis estd dada por la ob-
servaciébn que la eliminacion selectiva de
GAGs de cultivos de células de estroma,
bloquea la capacidad de las células tron-
cales de alojarse en ellas con el consiguiente
dafio en la proliferacién y diferenciacion
hematopoyética (13).

Los datos anteriores indican que la ME
no s6lo afecta la estructura integral del
microambiente hematopoyético, sino que,
como ocurre en otros sistemas (18), estd
influenciando procesos de migracién, pro-
liferacién y diferenciacién celular.

Al ser la hematopoyesis un proceso
donde ocurren, en un espacio confinado,
eventos de proliferacion y diferenciacién
celular, ambos finamente regulados por la
presencia de factores de crecimiento, es
evidente que ME y sus componentes parti-
cipen activamente. Otra caracteristica de la
hematopoyesis y que debe estar también
relacionada a una ME es el movimiento
celular que ocurre y que empieza con el
alojamiento de la célula troncal en un es-
pacio preciso y que termina con la salida a
la circulacién de los linajes hematopoyé¢-
ticos maduros. La participacion de ME en
este proceso de reconocimiento y anclaje
ha quedado demostrada por el hecho que
desde cultivos de largo término de médula
O6sea sOlo es posible recuperar células
troncales después de tratar con colagenasa
(19) la capa de células adherentes de es
troma. Sin embargo, el mecanismo intimo
de este proceso de reconocimiento - anclaje
- migracién - proliferacion y diferenciacion
no se conoce.

La generacién de un microambiente
hematocompetente no sb6lo depende de la
sintesis y distribucion de los componentes
de ME en los espacios peri y extracelular,
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sin0 que también de la posibilidad que
 tienen las propias células productoras y
 otras de procesar dichos componentes.

L A pesar de que el coldgeno intersticial tie-
L ne un recambio lento, numerosas actividades

t colagenoliticas especificas para diferentes

 tipos de coldgeno han sido descritas y
~ adscritas a varios fenotipos celulares simi-
. lares a los presentes en el estroma de mé-
¢ dula 6sea. Fibroblastos de piel presentan
 actividad colagenasa latente o ‘‘inactiva”
E para coldgeno [ y III (20). Macrofagos li-
beran una actividad colagenolitica latente
- que, al ser activada, degrada coldgeno V,
| diferencidndose de otra colagenasa activa
que degrada coldgeno I (21). Células endo-
teliales de varios origenes presentan acti-
vidades colagendsicas para coldgenos IVy V
(22). De gran interés es la existencia de una
colagenasa que degrada preferencialmente
coldgeno 1, asociada a granulocitos del tipo
de los polimorfonucleares (23).

No se ha determinado atin si las células
de estroma de médula 6sea producen en-
zimas degradativas de coldgeno, al igual que
sus contrapartes celulares en otros tejidos y
si estas enzimas juegan un papel en el re-
cambio de coldgenos de la ME de la médula
6sea. '

Existe escasa informacién sobre pre-
sencia de enzimas degradativas de GAGs en

fenotipos celulares equivalentes a los en-

contrados en el estroma de médula 6sea. Se
sabe, sin embargo, que en cultivos de cé-
lulas epiteliales la presencia de coldgeno
reduce la degradacién enzimdtica de GAGs
(24). Esta observacidn, asociada al hecho
que en fibronectina el sitio de unién a
coldgeno es igual al sitio de unién a cola-
genasa, sugiere la existencia de un dina-
mismo en el establecimiento de la ME. Esto
se puede expresar en un cambio en la
funcionalidad de la ME para regular for-
macién de membranas basales o para mo-
dular procesos de morfogénesis o diferen-
ciacién celular.

MICROAMBIENTE HEMATOPOYETICO
EN ENFERMEDADES HEMATOLOGICAS

Las caracteristicas de crecimiento in vitro
de células de estroma de médula 6sea y su

funcioén han sido estudiadas s6lo en algunas
enfermedades hematologicas.

En anemias apldsticas, cultivos de fi-
broblastos de médula 6sea muestran al-
gunas caracteristicas comunes con c€lulas
transformadas (25). Esto sugiere que, en el
paciente con anemia apldstica, el agente
que ocasiona la enfermedad dafia tanto las
células troncales hematopoyéticas como las
de estroma. La observaciébn que en pa-
cientes apldsticos en remisién después de
terapia hormonal, tanto la hematopoyesis
como la funcién del estroma aun sea
anormal, apoya la idea de un microam-
biente dafiado profundamente, el cual
requiere de un tiempo prolongado para
volver a la normalidad.

Al cultivar médula 6sea de pacientes con
leucemia linfobldstica aguda (I.LLA) al
momento del diagndstico, se genera una
poblacion de células de estroma con carac-
teristicas de fibroblastos, en los cuales se
observa un crecimiento y funcién diferente
a 1o que ocurre en fibroblastos de médula
6sea normal. En fibroblastos leucémicos, la
proliferacién celular no se inhibe por glu-
cocorticoides, como ocurre en fibroblastos
normales (26, 27). Este efecto ha sido
atribuido a una escasa dotacién de recep-
tores para glucocorticoides.

Sin embargo, el efecto de glucocorti-
coides depende del momento de la terapia
anti-LLA en el cual la médula es obtenida y
cultivada. Asi, se ha visto que médula 6sea
de pacientes leucémicos, durante quimio-
terapia, y de pacientes en remision con-
tinua, después de cesasion del tratamiento,
generan cultivos de células de estroma, los
que se caracterizan por parametros de cre-
cimiento, de respuesta a glucocorticoides y
de dotacién de receptores similares a los
encontrados en cultivos originados de mé-
dula 6sea normal (28) (Tabla 1).

Por otro lado, la generacidén de células
grasas o adipocitos, que constituye otro
fenotipo del estroma hematopoyético (6),
también parece estar alterada en la médula
Osea de pacientes con leucemia. Se ha ob-
servado que los cambios en la sintesis de
triglicéridos por células de estroma de
médula O6sea (probablemente preadipoci-
tos), proceso mediado por glucocorticoides,
se relaciona con su conversion (;diferen-
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TABLA 1

Capacidad proliferativa, respuesta a glucocorticoides (GC), presencia de receptores de glucocorticoides y sintesis
de triglicéridos por cultivos de fibroblastos de médula 6sea normal y LLA*

Fibroblastos Capacidad Respuesta Receptores Sintesis de
proliferativa (1) aGC(2) GC (3) triglicéridos (4)
%
NORMAL 1 50 180 1,6
LLA:
al diagndstico 0.7 0 0 1,1
durante terapia 0,7 10 98
después terapia 1,0 16 78

*  Datos adaptados de referencias NOS- 28 y 34,

(1) Valores relativos para la relacion de proliferacién celular en presencia y ausencia de suero fetal en los cultivos.
(2) Expresada como (%) de inhibicién de proliferacion celular de cultivos en presencia de GC (10°7 M).

(3) Expresado como fmoles de ligando radioactivo/mg prot.

(4) Expresado como razén de incorporacién de 3H-palmitato en triglicéridos en presencia y ausencia de glucocorti-

coides (1077 M).

ciacion?) a adipocitos (29). Sin embargo,
en células de estroma derivadas de cultivos
de médula 4sea leucémica al diagnoéstico,
los glucocorticoides no producen cambios
en la sintesis de triglicéridos (Tabla 1). Esta
observacion, junto a hallazgos de otros au-
tores (30, 31, 32), sugiere que en la con-
dicion de leucemia (LLA) existe en la mé-
dula 6sea una poblacién de células de es-
troma dafiadas en forma reversible, puesto
que pueden volver a la normalidad después
de una quimioterapia selectiva (28).

Junto a las mencionadas alteraciones en
la proliferacién celular y en la capacidad de
generar adipocitos, la producciéon de com-
ponentes de ME por células de estroma de
médula oOsea derivada de pacientes con
leucemia también estd alterada.

Cultivos de fibroblastos de médula ésea
humana normal sintetizan y liberan, a lo
menos, tres componentes de matriz extra-
celular: coldgeno (11, 33), fibronectina
(14) y glicosilaminoglicanos (GAGs) (13,
14).

La sintesis de coldgeno, de la misma
manera que la exportacién con respecto a
otras proteinas, es mayor en fibroblastos de
médula 6sea normal que leucémica. Ambos
tipos celulares producen procoldgenos [ y
III; sin embargo, la relacién entre ambos es
dependiente del origen de las células
(normal o leucémica), como también de la
densidad celular de los cultivos (33).

La produccién de fibronectina (FN) por
cultivos de fibroblastos de médula o6sea

normal y leucémica es también diferente.
Aunque ambos fenotipos producen FN, las
células normales generan una mayor can-
tidad que la contraparte leucémica, segtin
evaluacién por métodos inmunoldgicos.
Este hallazgo sugiere que en la médula 6sea
leucémica los fibroblastos presentan un
defecto en la sintesis y/o liberaciéon de esta
glicoproteina. Esto, a su vez, modificaria
en el espacio hematopoyético las caracte-
risticas de adhesién y expansion celular de
otras células.

Por estudios realizados en este labora-
torio, se ha observado una distinta cinética
de adhesién y expansion de fibroblastos
normales y leucémicos sobre sustratos plds-
ticos en ausencia de FN exogena. Estos re-
sultados apoyan la observacién previa, en el
sentido de que las células de origen leucé-
mico producen menos fibronectina y/o fac-
tor de expansion (spreeding factor).

Finalmente, la produccién de glicosila-
minoglicanos por cultivos de fibroblastos
normales y leucémicos no difiere en cuan-
tfa, pero si en calidad de GAGs sintetiza-
dos. El tratamiento selectivo de GAGs I-
berados al medio de incubacién (90 por
ciento del total de GAGs sintetizados) con
liasas GAGs especificas ha permitido deter-
minar la existencia de cambios importantes
en la composicion de estas moléculas en
ambos tipos de células. De particular im-
portancia es el aumento en el contenido de
condroitin sulfato y heparan sulfato en el
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medio de incubacion de cultivos leucémi-
cOs.

En la Tabla 2, se muestra un resumen de
los componentes de matriz. extracelular
producidos por cultivos de fibroblastos de
médula 6sea normal y leucémica al diag-
noéstico.

Las células de estroma, que forman el
microambiente inductivo, estan alteradas
en forma transiente en LLA. Esto también
implica alteraciones en la sintesis de com-
ponentes de la matriz extracelular.

Se ha postulado que el depédsito de
matriz extracelular (ME) es prerrequisito

para el inicio de la hemopoyesis (15), la
que empieza con el reconocimiento y an-
claje de la célula troncal en el microam-
biente y luego con su proliferacién y di-
ferenciacion.

El microambiente, considerado como
una estructura dindmica en el espacio y en
el tiempo, tiene una organizacibn que
permite o induce la proliferacion y dife-
renciacién de la célula troncal hematopo-
yética. La pérdida de esta organizacion
puede ser un factor de génesis de hemato-
poyesis ineficiente, como parece ser el caso
en la médula 6sea de pacientes con leu-
cemia linfobldstica aguda.

TABLA 2

Componentes de matriz extracelular producidos por cultivos de fibroblastos de médula dsea normal
y LLA al diagndstico*

- ot e

Fibroblastos Colageno (1) GAGs (2) Fibronectina (3)
HA CIS HS

Normales 100 100 100 100 100

LLA 64 71 200 135 79

*  Adaptado de datos en referencias NOs- 14, 33 y 35,

(1) Sintesis de colageno medida como incorporacion de 3H prolina a material colagenasa-sensible: 100% = 9.000

dpm/10% células.

(2) Porcentajes relativos de Ac. Hialuronico (HA), Condroitin Sulfato (CIS) y Heparan Sulfato (HS).
(3) Porcentaje de fibronectina liberada al medio de incubacidn después de 22 horas de siembra de células en medio
libre de suero fetal y determinado por ELISA: 100% = 300 ng/105 células.
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Mammary gland growth and differentiation are largely dependent on a complex and
interrelated action of many different hormones which makes the mammary tissue a very
suitable one for the study of heterologous hormonal regulation.

This type of control is analyzed by two different approaches: 1. The participation of
estradiol in prolactine action during lactation, and 2. The role of glucocorticoids and thyroid
hormones in the control of functional activity of rat mammary gland S-adrenergic receptors.

La glindula mamaria, a diferencia de la
mayoria de los 6rganos y tejidos, presenta
la mayor parte de su crecimiento después
de que el organismo alcanza la madurez,
cuando expresa su accion fisiologica, que es
la produccion de leche. Este proceso que,
dependiendo del organismo, requiere una
larga preparacion (prefiez), esta controlado
por una multiple interacciéon hormonal (1,
2). Diversos estudios han sefialado que
durante la prefiez son los esteroides ovi-
ricos, estradiol y progesterona, los respon-
sables del crecimiento y diferenciacién
caracteristicos de este periodo (3), y la pro-
lactina (PRL), hormona del crecimiento,
lactogeno placentario, glucocorticoides y
tiroxina, las hormonas responsables del
crecimiento y secrecién durante ¢l periodo
de lactancia (1, 4). Mas recientemente, se
ha demostrado también la importante par-
ticipacion del factor de crecimiento epi-
dérmico EGF (5), que actuaria como un
estimulador del crecimiento durante la
prefiez.

Entre los aspectos mas interesantes de la
glandula mamaria esta la posibilidad de
estudiar su crecimiento y desarrollo in vi-
tro, en cultivo tisular o celular. En este

caso, son indispensables en el medio de
cultivo las hormonas insulina, PRL y cor-
ticosterona (6). El tejido mamario de me-
diana prefiez alcanza luego de 2-4 dias de
cultivo en presencia de estas hormonas,
caracteristicas de seudolactancia, es decir,
produccién y secrecién de caseina, lactosa
y a-lactalbimina (3).

Nuestro laboratorio ha estado interesado
estos ultimos afios en el estudio de la regu-
lacion hormonal heteréloga, que en el te-
jido mamario es de extraordinaria impor-
tancia. Los estudios se han centrado en las
hormonas esteroidales, estradiol, glucocor-
ticoides y hormonas tiroideas.

Si bien es cierto que el estradiol presenta
su accion a nivel de la prefiez, al privar a la
glandula de estrogenos durante el periodo
de crecimiento, ésta pierde selectivamente
durante la lactancia su respuesta especifica
a la PRL (sintesis y secrecion de caseina y
lactosa), manteniendo la respuesta general a
dicha hormona asi como a las demis (7, 8).
Este efecto se estudié en base a la actividad
de la enzima vy-glutamil transpeptidasa
(7-GT) de glindula mamaria de rata, la cual
es regulada por PRL y es muy activa du-
rante la lactancia (9, 10). Por ello, uno de
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nuestros objetivos fue estudiar si la y-GT
forma o no parte de la respuesta especifica
de la glandula a la accion de la PRL en ratas
inmaduras ovariectomizadas (OVX)-adre-
nalectomizadas (ADX) para agotarlas de
estrogenos. Se determindé también, como
control, la actividad de la lactosa sintetasa.

El otro proceso estudiado, dentro del
concepto general de regulacidén heterdloga,
fue la funcionalidad de los receptores
g-adrenérgicos en glaindula mamaria (16).
Nuestro laboratorio describié por primera
vez la existencia y propiedades de estos
receptores en la glindula, y en el presente
trabajo se describird la regulacion de la
accion de estos receptores en ratas ADX en
presencia y ausencia de hidrocortisona y en
ratas hipo e hipertiroideas.

EFECTO DE LA PRIVACION DE ESTROGENOS
EN LA RESPUESTA A LA PRL

En las etapas anteriores al ciclo lactogénico,
los estrogenos parecen jugar un papel
preponderante, ya que, ademds de parti-
cipar efectivamente en la normal prolife-
racion de los ductos y alvéolos mamarios,
cada vez hay mads informacién acerca de su
implicancia en la diferenciacion de las cé-
lulas epiteliales. Bolander y col. (8, 11)
informaron que células mamarias de ra-
tones hembras virgenes adultas, privadas de
estrogenos, no sintetizan caseina o «-lac-
talbamina in vitro en respuesta a PRL. Un
efecto similar se ha observado en explantes
de glandula mamaria de ratas virgenes
adultas privadas de estrogenos desde la
pubertad (7); sin embargo, solo se altero la

accion especifica de la PRL relacionada a la
sintesis de los componentes de la leche.

La idea de una participacion directa del
estradiol, en la diferenciacién de la glindula
mamaria, se ve reforzada por los resultados
de la Fig. 1 (12), en que se observan las
actividades de la lactosa sintetasa y y-GT;
estos resultados se basan en el siguiente
esquema experimental aplicado a ratas
inmaduras OVX-ADX y controles (Tabla I).

En la Fig. 1 se observa que los grupos
OED y OE.ED, a los que se les administra
primero estradiol y luego domperidona,
farmaco que actia a nivel de la hipOfisis
estimulando la secreciébn de PRL, se
comportan de la misma manera que el
grupo SCD, que mantiene sus niveles nor-
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Fig. 1: Efecto in vivo de distintos tratamientos con es-
tradiol y domperidona sobre las actividades de 1a 7-GT (@
y de la lactosa sintetasa (W) de glindula mamaria de ratas
virgenes inmaduras OVX-ADX. Las abreviaturas repre-
sentan los distintos tratamientos efectuados, descritos en
la Tabla I. Los valores corresponden a los X + E.S. De
acuerdo al test ““t”” de Student, los valores observados para
los grupos SCD, OE.ED, OC.ED y OED son significati-
vamente diferentes a los otros grupos estudiados (P <
0.025).

TABLA1
Esquema de tratamiento

Tratamiento

Grupo NO© animales Caracteristicas I (4 semanas) II (1 semana)
SCC 3 Pseudo-operadas Vehiculo Vehiculo
SCD 4 Pseudo-operadas Vehiculo Domperidona
ocCce 3 OVX — ADX Vehiculo Vehiculo
OoCD 3 OVX - ADX Vehiculo Domperidona
OEE 3 OVX - ADX Estradiol Estradiol
OE.ED 4 OVX — ADX Estradiol Estr. + Domp.
ODD 3 OVX - ADX Domperidona Domperidona
OC.ED 3 OVX - ADX Vehiculo Estr. + Domp.
OED 4 OVX - ADX Estradiol Domperidona

Los tratamientos fueron por via subcutdnea. El tratamiento II empezé una vez finalizado el tratamiento I. Estradiol,
1 ug/dia; Domperidona 2 mg/dia. Vehiculo, suero fisiolégico - 25% etanol.
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males de estrogenos endoégenos; todos
presentan un marcado aumento de ambas
actividades enzimaticas. Sin embargo, no
hay respuesta a domperidona cuando las
ratas operadas no son previamente tratadas
con estradiol.

El estradiol también puede aumentar la
secrecion de PRL por parte de la hip6fisis
(13); sin embargo, la manifestacién de este
efecto no es responsable de los cambios
observados en las enzimas estudiadas. Lo
anterior se basa en que los grupos tratados
Unicamente con estradiol o domperidona
(OEE y ODD) no presentan cambios im-
portantes en relacion a los controles (OCC
o SCC).

Los resultados anteriores indican que el
estradiol es necesario para que la PRL
efectie su accién sobre la glindula ma-
maria, aun cuando, como en el caso de la
respuesta observada en el grupo OC.ED, no
seria necesaria su presencia prolongada.
Esto se podria explicar en base a que la
accion de los estrogenos sea muy rapida, o
bien que actiien en forma sinérgica con la
PRL. Se han informado efectos sinérgicos
de estradiol y PRL tanto in vivo como in
vitro, indicando una accién directa del es-
tradiol sobre la glindula mamaria (11, 13).

Finalmente, es posible apreciar también
que ambas enzimas se comportan de una
manera cualitativamente similar, por lo que
seria posible seguir la accién de la PRL en
la glindula mamaria en base a la determi-
nacion de la y-GT.

REGULACION HORMONAL HETEROLOGA
DE RECEPTORES S-ADRENERGICOS

El sistema receptor beta-adrenérgico-ade-
nilato ciclasa ha sido uno de los modelos
mas utilizados para el estudio de la natura-
leza y regulacion de los receptores. Basi-
camente este sistema estd conformado por
un receptor, una proteina G transductora y
por la adenilato ciclasa (15) (Fig. 2).
Dentro de los diversos niveles de regu-
lacion molecular, los receptores, entidades
macromoleculares capaces de reconocer y
discriminar entre las distintas sefiales del
medio externo, constituyen un importante
sitio de control, pues al modular su niimero
y/o afinidad por las hormonas circulantes

Extracelular Forflkolin

Toxina del h
Céle'ra fd

Intracelular
Fig. 2: Sistema receptor J-adrenérgico-adenilato ciclasa.

se estd modificando directamente la sensi-
bilidad celular.

Ya que nuestro laboratorio ha descrito
recientemente la presencia de receptores
p-adrenérgicos en la glandula mamaria (Fig.
3) con caracteristicas similares a las des-
critas para otros tejidos (15) y a que ésta es
capaz de responder a las catecolaminas, se
estudié el efecto regulador heterélogo de
los glucocorticoides y de las hormonas ti-
roideas sobre estos receptores mamarios

(16).
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th 3: Curva de saturacion y Andlisis de Scatchard de la
unidn de (—)°H-dihidroalprenolol [ HDHA] a mem-
branas plasmdticas de glindula mamaria (9 dias de lac-
tancia). Las membranas se incubaron con concentraciones
crecientes de (—)3H-DHA en ausencia (unién total) o
presencia (unién inespecifica) de 10 UM de () propano-
lol. Cada valor es el promedio de determinaciones en
duplicado. Este es un experimento representativo que se
realizé tres veces, en forma mdependlente Flgma inserta:
Graficacién de Scatchard de la unién de (—) de *H-DHA a
las membranas de glindula mamaria.

Con este proposito se evaluo el efecto in
vivo de los glucocorticoides, adrenalecto-
mizando ratas en mediana lactancia y
determinando los sitios de uniébn para
el radioligando g-adrenérgico especifico,
3H-dihidroalprenolol (*H-DHA), en mem-
branas de glindula mamaria o en células

o —




Kl
i
a
4
i
3
i
‘,r"

!
|

i T [

s

AR

TR

186 SAPAG-HAGAR ET AL.

secretoras aisladas. De los datos de la
Tabla II se concluye que los glucocorti-
coides no regulan el niimero de receptores
B-adrenérgicos, a diferencia de lo que ocurre
en otros tejidos controles como el pulmén
(17, 18).

La funcionalidad del sistema receptor
B-adrenérgico-adenilato ciclasa se determind
en base a la capacidad de producciéon de
AMP ciclico por accion de efectores que
actiian sobre los componentes de este sis-
tema: Isoproterenol (a nivel del receptor),
toxina del célera (a nivel de la proteina Gs)
o forskolin (a nivel de la adenilato ciclasa).
Al ensayar el efecto de los glucocorticoides
in vivo e in vitro se observé un aumento
significativo tanto en los niveles basales
como en la presencia de los efectores utili-
zados (Tabla II).

Estos aumentos son independientes del
receptor mismo, indicando que el efecto
observado puede atribuirse a una regulacion
en el proceso de acoplamiento entre el
receptor y la proteina Gs o entre la pro-
teina Gs y la adenilato ciclasa, o bien a una
modulacion activadora de la adenilato ci-
clasa,

El efecto de las hormonas tiroideas sobre
el sistema receptor pg-adrenérgico-ciclasa
mamario se estudid en forma similar al
mencionado anteriormente, observindose
en ratas hipertiroideas (inducidas expe-
rimentalmente por tratamiento por cinco
dias con tri-yodotironina en una dosis 500
ug/kg peso) un aumento en la constante de
disociacién. En cambio, en ratas hipoti-
roideas (inducidas experimentalmente con
una dieta deficiente en yodo y la admi-

nistraciéon simultdnea de propiltiouracilo en
el agua de bebida) se observé una dismi-
nucidbn en la densidad de los receptores
beta-adrenérgicos (datos no incluidos).

Ambos estados tiroideos provocaron una
disminucién en la respuesta a la estimu-
lacién beta-adrenérgica determinada en
base a la cuantificacion de los niveles in-
tracelulares de AMP ciclico.

También trabajos recientes, llevados a
cabo en nuestro laboratorio con ratas
pregestacionalmente sialoadenectomizadas,
parecen indicar que el factor de creci-
miento epidérmico (EGF), derivado de la
glandula submandibular, juega un impor-
tante papel en la expresion de las activi-
dades bioquimico-funcionales y en la regu-
lacidn heterdloga de los receptores g-
adrenérgicos de la glindula mamaria. La
sialoadenectom{a produjo una disminucién
en la capacidad de respuesta g-adrenérgica
mamaria, medida como AMP ciclico pro-
ducido, con los efectores isoproterenol
(65%), toxina colérica (60%) y forskolin
(75%), indicando un compromiso impor-
tante a nivel de adenilato ciclasa. También
disminuy6 la actividad de la y-glutamil-
transpeptidasa y de algunas enzimas lipogé-
nicas durante la lactancia (19).

Es probable, por lo tanto, que el EGF
deba ser incluido dentro del grupo de
hormonas cuya actividad es esencial para el
completo y adecuado desarrollo de 1la
glandula mamaria durante la prefiez y que
los estudios de regulacidon heterdloga para
las diferentes hormonas y receptores im-
plicados en la diferenciacién, crecimiento y
funcién de la glindula mamaria permitan

TABLA II

Efecto de los glucocorticoides (hidrocortisona) in vivo sobre el niimero de receptores beta-adrenérgicos, constante
de disociacién (Kd) y niveles de cAMP, en glindula mamaria y pulmdn de ratas en lactancia

NO receptores cAMP
Tejido Estado (fmoles/mg prot.) Kd(nM) {(pmoles/mg DNA)
Glindula ADX 134 24 847 * 33
ADX + hidrocortisona 140 22 1464 * 350
Pulmén ADX 85 12 246 * 23
ADX + hidrocortisona 252 5 641 * 34

El tratamiento con hidrocortisona (1 mg/kg peso) se hizo por via subcutinea cada 24 horas, durante 3 dfas.
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dilucidar los complejos mecanismos de
control envueltos en el fundamental pro-
ceso de la diferenciacidén y desarrollo ce-
lular.
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Identification of insulin binding sites in isolated
cells from rat submaxillary gland

Identificacion de los sitios de unidn de insulina
en células aisladas de glindula submaxilar de rata

GUILLERMO E. SCACCHI, DANIEL TURYN
and JUAN M, DELLACHA

Instituto de Quimica y Fisicoquimica Biolégica (UBA-CONICET)
Facultad de Farmacia y Bioquimica, 4
Junin 956, 1113 - Buenos Aires - Argentina

Isolated cells from rat submaxillary gland bound ?°I-labelled insulin in a time-dependent ' ﬁ
process that reached a maximum at 30-40 min at 25°C. The radioactivity bound to cells
could be dissociated by dilutipn of the binding site-hormone complex with the incubation
buffer.

The presence of unlabelled insulin in the incubation buffer inhibited 1251 labelled insulin de-
gradation according to the amount of hormone added. After 10 min of incubation at 250C,
radioactivity associated to cells was almost exclusively identified as intact 1251 1abelled in- 4
sulin. With increasing times, a greater contribution of final products of degradation in total
radioactivity bound to cells was observed; nevertheless, in the presence of unlabelled insulin
the radioactivity associated to low molecular weight products markedly decreased.

Equilibrium binding data analysis gave rise to a non-linear Scatchard plot, whose high affinity
component showed a dissociation constant of 6.6 + 0.4 nM. ‘

These observations are consistent with the presence of insulin binding sites in rat submaxillary

gland cells which are similar in their characteristics to those identified in other tissues.

INTRODUCTION

It has been postulated that insulin might
play a role in the maintenance of the
normal structure of the submaxillary glands
(growth and histological integrity), being in
that way necessary for the glandular func-
tion (Liu and Lin, 1969). Anderson and
Shapiro (1980) demonstrated that insulin
stimulates 3 H-leucine incorporation into
protein in submaxillary gland slices. This
finding, that strongly suggests a direct
effect of insulin on the submaxillary gland,
was confirmed in our laboratory with the
identification of specific binding sites for
insulin in rat submaxillary gland microsomes
(Scacchi et al.,, 1983). The properties of
these sites are similar to those of insulin
receptors already described in other tissues
(Cuatrecasas and Hollenberg, 1976). The
aim of the present work was to investigate
the presence of specific binding sites for
insulin in isolated submaxillary gland cells,
as a first step in the study of the role of
this hormone in the endocrine control of
the gland activity.

EXPERIMENTAL
Materials

Nal?® 1 (17.4 Ci/mg) was obtained from New
England Nuclear, Boston, MA, U.S.A. Insulin
from procine pancreas, collagenase from Clos-
tridium histolyticum  (Type I), hyaluronidase
from calf testis (Type III), soybean trypsin in-
hibitor (Type I-8), bovine serum albumin (Cohn
fraction V) and Hepes were purchased from Sigma
Chemical Co., St. Louis, MO, U.S.A. Sephadex
G-50 and blue dextran 2.000 were from Pharmacia
Fine Chem. AB, Uppsala, Sweden.

All other chemicals were of analytical reagent
quality or of the highest purity commercially
available.

Animals

Adult male rats of the Long-Evans strain (125-
185 g) were used throughout these experiments.
They were fed with commercial food and water
ad libitum.

Iodination and purification of porcine insulin

Porcine insulin was iodinated and purified before
use, as already described (Turyn et al,, 1985).

Preparation of the Submaxillary cells suspension

The animals were anesthetized with ether and the
submaxillary-sublingual complexes were removed
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through a ventral midline incision of the neck. The
submaxillary glands were separated from the sub-
lingual glands, finely minced with scissors, sus-
pended in the dispersion solution, and incubated
in a gyratory water bath shaker (150-200 rpm) at
370C for 20 min. The dispersion solution consist-
ed of a Ca®* —and Mg?*'— free Hanks’ balanced salt
solution (Hanks and Wallace, 1949) (20 ml/g of
tissue) containing 3.5 mg/ml collagenase, 1.0 mg/
ml hyaluronidase, 3.5 mg/ml soybean trypsin
inhibitor and 15 mM Hepes. The suspension was
repeatedly pippeted in order to favor cell disper-
sion. The suspension was then passed through a
nylon cloth (mesh size 77 um) and cells were
collected by centrifugation at 400 rpm for 2 min.
The cellular pellet was washed twice with a Ca?*
—and Mg?*— and free Hanks’ balanced salt solu-
tion (15 mH Hepes), and finally resuspended in
Hanks® balanced salt solution (15 mH Hepes), pH
8.0, containing 1% (w/v) bovine serum albumin
(HBSS) for binding assays.

The cell suspension obtained as described above
was kept viable for up to 3 h at 250C (the viability
was always greater than 90%, as measured by
exclusion of trypan blue dye). The DNA content
of cell samples was determined by the method of
Fleck and Munro, 1962.

Measurement of**® I-labelled insulin binding

Binding assays were performed by incubating, for
35 min at 250C, a tracer amount of 1351 labelled
insulin (0.3 - 0.6 ng) with the cell suspension
(15-25 ug DNA) in a total volume of 300 ul.
Nonspecific binding (12 I-labelled insulin bound in
the presence of 20 ug of unlabelled insulin) was
substracted from the total binding to obtain the
specific binding. Polystyrene tubes were used, and
the incubation buffer was HBSS, pH 8.0.

Once the incubation was over, ?°I-labelled
insulin bound to cells was separated from free
labelled hormone by centrifugation at 1.400 x g
for 10 min at 40C, after the addition of 4 ml of
the ice-cold incubation buffer. The supernatant
was discarded, and the tubes kept inverted on a
filter paper for at least 12 h at room temperature
before counting the radioactivity in a well gamma
counter.

Dissociation of the hormone bound to cells

Following the insulin binding assay, cells were
collected by centrifugation and resuspended in
20 ml of HBSS buffer. At different times, aliquots
of 300 ul of the incubation medium were added to
4 m] of ice-cold HBSS buffer, and the labelled
hormone bound to cells was separated from the
free labelled ligand, as described above.

Insulin degradation

Cells were incubated with 12%I-labelled insulin in
the presence or absence of unlabelled insulin as
previously described. At stated times, '** I-labelled
insulin degradation was estimated by two methods:

(a) Precipitation with trichloroacetic acid: each
sample was centrifuged at 1.400 x g for 10 min at
40C, and 200 ul of the supernatant were tranferred
to another tube, diluted up to 1 ml with ice-cold
HBSS buffer and treated with 1 ml of 20% (w/v)
ice-cold trichloroacetic acid. The precipitate was
separated by centrifugation and the radioactivity
gsesent in the supernatant represented degraded

Idabelled insulin. (b) Gel filtration: each sample
was centrifuged twice at 1.400 x g for 10 min at
40C, after the addition of 4 ml of ice-cold HBSS
buffer The resultant pellet was resuspended in
500 pl of a solution of 4 M urea/l M acetic
acid/0.1% (w/v) Triton X-100, and chromatograph-
ed on a column (2 x 23 c¢cm) of Sephadex G-50
equilibrated and eluted with the same solution.
Fractions of 1 ml were collected. Over 95% of
the radioactivity applied to the column was recover-
ed in the eluate.

RESULTS AND DISCUSSION

At 259C, the specific binding of '?5]-labell-
ed insulin to cells showed a linear increase
with cell concentration up to 90 ug/ml
DNA (Fig. 1a). According to this finding all
experiments described below were carried
out with 50-80 ug/ml DNA.

Specific insulin binding to cells at 25°C
was a time-dependent process that reached
its maximum at 30-40 min (Fig. 1b). When
the incubation time was higher than 60 min
a significant decline in binding was observed,
probably due to a binding site and/or
hormone inactivation or degradation.

The optimum pH for specific insulin
binding to cells was 7.4 - 8.5 (data not
shown). '25I-labelled insulin bound to cells
was dissociated by diluting the binding site-
hormone complex with a 100-fold excess
of the incubation medium (Fig. 2). In this
condition, approximately a 50% of the
bound hormone was dissociated from cells
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Igg 1: a) Effect of cellular__concentration on specific

IHabelled insulin binding. I-labelled insulin was in-
cubated for 35 min at 25°C with increasing amounts
of cells, in the presence or absence of unlabelled insulin.
Results are expressed as the mean * S.E.M. of triplicate
experiments. b) Kinetic of association. Cells (23 ug DNA)
were incubated for different periods of time at 250C with

I-labelled insulin. Specific binding was measured as

described. Results are expressed as the mean * S.EM.
of triplicate determinations.
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Fig. 2: Kinetic of dissociation. Cells (17 Mg DNA) were
incubated with 12I-labelled insulin for 35 min at 25°C.
Following incubation, cells were collected by centri-
fugation and resuspended in 20 ml of the incubation
buffer. At the stated times, radioactivity associated to
cells was determined in aliquots of 300 ul. Bo is the
amount of 125 J-labelled insulin bound at t=0 min, and B,
the amount bound at the indicated time.

in 40 min. The reversibility of the binding
reaction suggests that the labelled hormone
was bound at specific sites rather than
simply adsorbed to the cells. The biphasic
character of the dissociation curve suggests
that two component can be implicated: a
faster one, that could represent hormone
associated to the cell surface, and a slower
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one, probably related to degraded radioac-
tivity released by cells.

Submaxillary gland cells degraded '*5I-
labelled insulin in a time dependent process
(Fig. 3a). The presence of trichloroacetic
acid-soluble radioactivity was evident after
a 15 min incubation of the cells with the
labelled hormone, and progressively in-
creased after this period of time.

Unlabelled insulin added to the incuba-
tion medium inhibited *?5I-labelled insulin
degradation, according to the amount of
hormone added (Fig. 3b). The fact that
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Fig. 3:a) %Llabelled insulin degradation by rat sub-
maxillary gland cells. Cells (15 g DNA) were incubated
with 125 -abelled insulin at 259C. At the stated times, the
presence of degraded hormone in the incubation buffer
was estimated by trichloroacetic acid precipitation.
b) Idem a), except that incubation was performed for 60
min in the presence of increasing amounts of unlabelled
insulin. Results are expressed as the mean * S.EM. of
triplicate determinations.
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125T.]abelled insulin was prevented in the
presence of increased amounts of unlabell-
ed insulin is in agreement with previous
results, suggesting the existence of a rela-
tionship between ligand binding and its in-
tracellular receptor mediated-degradation
(Terris and Steiner, 1975; Marshall and
Olefsky, 1980; Goldstein and Livingston,
1981). Nevertheless, the possibility of a
membrane proteases contribution to ?5I-la-
belled insulin degradation can not be dis-
carded because we have not experimental
evidences to assure that hormone degrada-
tion is only mediated by the interaction
with its specific binding site.

In order to investigate the nature of the
radioactivity taken up by the cells, cells
were dissolved in a solution of 4 M urea/
1 M acetic acid/0.1% (w/v) Triton X-100
and the resultant solution chromatographed
on a column of Sephadex G-50. Figure 4
shows the gel filtration profiles that were
resolved in three peaks of radioactivity
from left to right: the first one represents
material eluting in the void volume, as in-
dicated by the blue dextran 2.000, and can
be attributed to aggregates present in
125L.]abelled insulin preparations, mem-
branes fragments attached to '?5I-labelled
insulin or insulin-receptor non dissociable
complexes (Katzen and Soderman, 1975).
The second peak represents !25I-labelled
insulin and the third peak, final degrada-
tion products that coeluted with Na'?%],
The amount of radioactivity associated
with the second and the third changed with
the time assayed; in the presence of unla-
belled insulin the peak of radioactivity in
(Vo + Vi) markedly decreased.

1251 labelled insulin binding to cells was
inhibited by increasing amount of unla-
belled hormone (Fig. 5a). When data were
subjected to Scatchard (1949) analysis, a
curvilinear plot was obtained (Fig. 5b).
This kind of plot is characteristic in insulin-
receptor interactions (Kahn, 1976; Baxter
and Funder, 1979) and can be ascribed to a
variety of causes, the best known being:
a) the presence of more than one class of
binding sites that have different but fixed
affinities or, b) the existence of site-stte in-
teractions of the type defined as “negative-
cooperativity’’. By analyzing the Scatchard

SCACCHIET AL.
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Fig. 4: Nature of the radioactivity bound to cells. Cells
(18 ug DNA) were incubated with 25 I-labelled insulin in
the presence () or absence (o) of unlabelled insulin. At
different times (10, 20 or 30 min, from upper to lower
panel), cells were collected by centrifugation, dissolved in
a solution of 4 M urea/1 M acetic acid/1% (w/v) Triton
X-100 (UAT), and chromatographed on a column (2 x
23 cm) of Sephadex G-50 equilibrated and eluted with
UAT solution. One ml fractions were collected. Arrows
indicate the elution volumes of blue dextran 2.000 (Vo),
D51 labelled insulin, recently purified, (Ins) and Nal®I
(Vo + Vi).

plot according to a two binding sites mo-
del, the dissociation constant calculated for
the high affinity component was 6.6 + 0.4
x 1072 M (n=3), and is in a good agreement
with the values obtained for the high affin-
ity site of the insulin receptor in different
cell and membrane preparations (Cuatre-
casas and Hollenberg, 1976).

The results presented here indicate the
presence of insulin binding sites in rat
submaxillary gland cells. This conclusion is
consistent with our previous observations
in microsomes from rat submaxillary gland
(Scacchi et al., 1983) and with the fact that
insulin affects the rate of protein synthesis
in rat submaxillary gland slices (Anderson
and Shapiro, 1980). .
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Fig. 5: a) Competition between 125 )abelled insulin and
unlabelled insulin for binding to cells. Cells (27 ug DNA)
were incubated with 125]-labelled insulin for 35 min at
2590C in the presence of varying amounts of unlabelled
insulin. Each point represents the mean * S.E.M. of tri-
plicate determinations. b) Scatchard plot of the data
shown in a). B and F represent bound and free insulin,
respectively.
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INTRODUCTION

All eukaryotic cells are endowed of an
extranuclear genetic system confined in
two types of organelles: mitochondria in
animal and lower eucaryotic cells, mi-
tochondria and chloroplasts in photosyn-
thetic cells. Since the characterization of
the “petite mutants” in yeast, it is clear
that the integrity of the mitochondrial
chromosome is essential for the respiratory
function of eucaryote cells (1).
Mitochondria are considered as ‘‘semi-
autonomous’ organelles because the coding
capacity of the mitochondrial genome (mt
DNA) is very limited; most of the mito-
chondrial proteins are coded in the nuclear
DNA, synthesized in the cytoplasm and
imported into the organelles by a well
known mechanism which involves the cleav-
age of a peptide signal at the level of the
outer mitochondrial membrane (2). Al-
though the size of the covalently closed
circular mt DNA can vary from 15 kb in
the case of animal organelles to 2000 kb in
the case of some higher plants the number
of peptides coded in the mt DNA is fairly
constant. About 12-16 hydrophobic pro-
teins are coded in the mitochondrial DNA;
most of them are subunits of multimeric
enzyme complexes involved in the res-
piratory function and ATP synthesis (3).
The role of the huge excess of mt DNA
found in lower eukaryotes and specially in
plants, as compared with animal mito-
chondria, is still unexplained although
some of them are due to repeated sequences
involved in intramolecular recombination
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leading to subgenomic molecules which are
characteristic of higher plant mitochondria.
It is interesting to point out that although
an important amount of sequences of
chloroplast DNA are found in the mt DNA
from higher plants, this plastid DNA is not
expressed in the mitochodrial compart-
ment (4). .

The mitochondrial genome is replicated,
transcribed and translated inside the
organelle by enzymes which, as mentioned
above, are coded in the nuclear DNA.
This fact is clearly exemplified in the case
of some yeast petite mutants which posses
a mt DNA unable to code for any protein
and whose mitochondria contains a normal
level of the enzymes involved in the replica-
tion and transcription of the mt DNA (5).
Other argument in this sense is provided by
the fact that the entire sequence of several
animal mt DNA have been determined;
all the proteins coded in those genomes
are known; no enzymes or protein factors
involved in mitochondria biogenesis are
coded in the sequenced mt DNA (6-8).

Nucleic acids biosynthesis is performed
by a universal enzymatic mechanism
involving the polymerization of deoxy-
nucleotide triphosphate precursors into
DNA by a DNA-dependant DNA polymerase
(DNA polymerase) and of ribonucleotide
triphosphates precursors into RNA by a
DNA-dependant RNA polymerase (RNA
polymerase) (9). Both enzymes are abso-
lutely dependant of a single stranded
template DNA, the nucleotide incorporat-
ed following the Watson-Crick rule (A—T
and G-—-C). An important difference in the
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mechanism of action of these enzymes is
that DNA polymerases cannot initiate
DNA synthesis in the absence of a primer
oligonucleotide; this primer will provide a
free 3° OH end to accept the first nucleotide
incorporated by the polymerase; in the
case of RNA polymerases no primer is
needed, thus, the first nucleotide incorporat-
ed by this enzyme will carry a triphosphate
group.

Replication and transcription in
mitochondria

Very recently it has been shown, thanks
mainly to the work of the laboratory of
David Clayton, that DNA replication and
RNA synthesis are very closely related in
the animal mitochondrial compartment. A
clear picture with a general scheme of
animal mt DNA replication has emerged

these last years, first using the electron .

microscopy approach and more recently
using the molecular genetics techniques
(10). Figure 1 shows the model proposed
by Clayton. The light (L) and heavy
(H) strands contain origins of replication
located in different regions. DNA replica-
tion is initiated by the synthesis of a new
strand of the H strand. A mt DNA with
a three stranded complex containing a
newly synthesized H strand (D-loop for
displacement loop) is very abundant in
some animal cells and can be easily isolated.
When about two thirds of the daugther
H ‘strand has been synthesized, the origin
of replication of the L strand is unveiled,
probably by formation of a hairpin

_ structure, and the synthesis of the L

daugther strand can start leading to two
circular molecules of mt DNA. Evidences
have accumulated that the priming of the
daugther H strand and the transcription of
the L strand start at the same nucleotide
suggesting that the mitochondrial RNA
polymerase can act also as the priming
enzyme of the H strand (11). What would
determine that the newly syntesized RNA
from the L strand promoter would become
an RNA transcript or a primer of the H
strand? The answer seems to be an exciting
new endonuclease activity isolated from
mouse L-cells mitochondria (12, 13).
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This activity has been termed RNAase
MRP (mitochondrial RNA processing) and
contains an endogenous nucleic acid
component which is essential for enzyme
activity. As expected, the MRP nuclease
is coded in the nucleus, and surprisingly
enough, the RNA component of this
enzyme is also coded in the nuclear DNA;
this result opens the question concerning
the mechanism of transfer of nucleic
acids through the mitochondrial membrane,
a phenomenon not described up to now.
The study of this process may lead to
unexpected advances in the field of organelle
genetic transformation. It is also interesting
to point out to the possible regulatory role
of the nucleus on the mt DNA replication
step by controlling the activity of the
MRP nuclease. Priming of the L strand
seems to follow a completely different
mechanism, since the RNA which acts as
initiator is probably synthesized by a
particular type of RNA polymerase called
DNA primase (see below) (14). The detail-
ed mechanism of mt DNA replication in
yeast and plants mitochondria is not
known, but probably will follow a similar
pattern with some differences related to
the size genomic discrepancies. Thus
multiple replication origins have been
described in yeast mt DNA and good
evidences exist that, as in the case of
animal mt DNA, replication and transcrip-
tion of the yeast mt genome have the
same initiation point (15, 16). Specific
sequences involved in the origin of DNA
replication have been described in yeast.
Sequences similar to the yeast ars (for
autonomous replication sequences) have
been described in yeast and plant organelles
but no direct proof has been provided that
the ars sequences can act as replication
origins elsewhere than in yeast.

As described above, mt DNA replication
is an assymetrical process, while mt
transcription is perfectly symetrical (17).
RNA synthesis proceeds from the L and H
strands promoter to give raise to a
polycistronic transcription product which
is further processed at the level of the
different tRNAs which act as recognition
signals. As mentioned above the transcrip-
tion product of the L strand can act as
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Fig, 1: Replication Model for Animal mt DNA (10). Thick solid lines: parenteral heavy (H) strands. Thin solid lines:
parental light (L) strands. Thick dashed lines: daughter H strands. Thin dashed lines: daughter L strands. The order of
replication is clockwise starting at D mt DNA. Oy and Oy : origins of H —and L—- strand synthesis respectively. The
double arrows reflect the metabolic instability of D-loop strands and consequent equilibrium between D mt DNA and C
mt DNA. Expanded D-loop replicative intermediates are termed Exp-D prior to initiation of L-strand biosynthesis and
Exp-D(R) after initiation of L-strand synthesis. 8 Gpc: gapped circular daughter molecule. Both ¢ and 8 daughter
molecules are then converted to closed circles (E mt DNA) with few if any superhelical turns. Approximately 100 ne-
gative superhelical turns are then introduced into these E mt DNA molecules resulting in the formation of C mt DNA.
This serves as the template for the formation of D mt DNA (D-loop mt DNA) which completes the cycle.

mRNA, as well as primer for DNA syn-
thesis, while the only known function of
the RNA product of the H strand is like
mRNA,

Mitochondrial DNA polymerase

A unique DNA polymerase has been
isolated and characterized from animal
mitochondria. In the nomenclature used
for the multiple DNA polymerases found
in animal cells the mitochondrial enzyme

is called DNA polymerase gamma. DNA
polymerases alpha and beta are located in
the nucleus and they are involved respec-
tively in the replication and repair of the
nuclear genome (18). In some specific
tissues a fourth DNA polymerase called
delta has been described, the latter
polymerase is very similar in its properties
to DNA polymerase alpha but an exonu-
clease activity is found in the same subunit
carrying the polymerase activity (19).
Very recently it has been proposed that

197

—




198

DNA polymerase delta is identical to a
dissociated form of DNA polymerase alpha
since a cryptic exonuclease activity is
revealed when the multimeric DNA
polymerase alpha complex is dissociated
(20).

When DNA polymerase gamma was
first described in 1972 (21), the property
of recognizing very efficiently some syn-
thetic polyribonucleotides as templates
prompted the comparison with the retro-
viral RNA-dependant DNA polymerase
(reverse transcriptase) which had been
described two years before (22). Alth-
ough the ability to use preferentially poly
rA-oligo dT or poly rC-oligo dC is a general
property of all animal mitochondrial
DNA polymerases described up to now,
it is clear that reverse transcriptase and
DNA polymerase gamma are unrelated
proteins, as shown using antibodies
directed against both enzymes, as well
as by the fact that the mitochondrial
polymerase is not able to use natural
RNAs as templates (23). DNA polymerase
gamma is not only found in the mito-
chondrial compartment but it has been
also characterized in the soluble cytoplasm
and in the nuclear fraction (24). Whether
the presence of this enzyme in the nucleus
is a contamination from mitochondrial
leaking, or it is nuclear and plays a specific
function in this compartment remains to
be established. For some time it was
believed that polymerase gamma found
in the nucleus was involved in the replica-
tion of the adenovirus genome, but re-
cently it was shown that this virus is
replicated by its own DNA polymerase
- which shares many properties with DNA
polymerase gamma (25). A role of
polymerase gamma in the replication of
parvovirus DNA has been suggested (26).
Parvovirus must be replicated by a host
cell DNA polymerase, since the genome
of these viruses is too small to code for
its own polymerase.

The mitochondrial DNA polymerases
from HelLa (27), EMT-6 (28) and syn-
aptosomal cell (29), as well as from Xe-
xopus oocytes (30), drosophila (31) and
chicken embryos (32, 33) have been studi-
ed in some detail. Only the latter two
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enzymes have been purified to apparent
homogeneity; thus, it has been proposed
that chicken embryo mt DNA polymerase
is a tetramer formed of four identical
subunits of 45 Kd, while the drosophila
mitochondrial DNA polymerase seems to
be an heterodimer with subunits of 125
and 35 Kd molecular weight. Under non
denaturing conditions the chicken and
drosophila polymerases have similar sizes
(160-180 Kd).

The use of inhibitors affecting nucleic
acids biosynthesis is a very useful tool

for the characterization of DNA pol-
ymerases, Aphidicolin, which is a very
specific inhibitor of DNA polymerase

alpha, does not affect the activity of
polymerase gamma. The use of this inhi-
bitor showed that DNA polymerase alpha
was not involved in mt DNA replication
(34). The deoxynucleoside triphosphate
analog, dideoxy TTP (ddTTP), is a very
strong inhibitor of mitochondrial DNA
polymerases under conditions where
polymerase alpha is not affected. It has
been shown that ddTTP inhibits DNA
polymerase gamma by acting as a chain
terminator, since this enzyme can
incorporate the analog as efficiently as
dTTP (35). The DNA intercalating agent
ethidium bromidé also inhibits mito-
chondrial DNA polymerase more strongly
than polymerases beta and alpha. We have
shown that the effect of this type of
inhibitor cannot be explained only on the
basis of its interaction with the template,
since .in the presence of the same DNA
template, mitochondrial DNA polymerase
from mice cells was more inhibited than
polymerases alpha and beta from the same
source (28).

Mitochondrial DNA polymerases other
than those purified from animal cells
have some properties that make it dif-
ficult to classify them as typical gamma
DNA polymerases. Thus mitochondrial
DNA polymerase from yeast and plant
cells (36-39) recognize very poorly a poly
rA-oligo dT template. However, it is
important to point out that the ability
of a DNA polymerase to use a specific
template may be very dependant on the
assay conditions (temperature, cation,
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ionic strength, etc.). The answer to dif-
ferent inhibitors showed a similar pattern
for animal, yeast or wheat mitochondrial
DNA polymerases. All these polymerases
are strongly inhibited by ddTTP and
ethidium bromide and are resistant to
aphidicolin. The size of the native yeast
DNA polymerase determined by sucrose
gradient centrifugation is 120 to 130
Kd while a unique band of 60 Kd was
observed by SDS-polyacrylamide electro-
phoresis. The native wheat mitochondrial
enzyme has an apparent size of 180 kd
(38).

The mitochondrial membrane seems
to play an important role in the replica-
tion of the organelle genome. Thus, we
have found that part of wheat mito-
chondrial DNA polymerase activity is
found associated to a very high molecular
weight complex. Electron microscopy ob-
servations, as well as the protein composi-
tion of this complex, indicate a possible
membrane localisation. Associated with
this complex we have also found the
mitochondrial RNA polymerase, suggesting
that this enzyme may play an important
role in mt DNA replication, and a topo-
isomerase activity, as well as mitochondrial
DNA (our unpublished results). Similar
evidences for a role of the mitochondrial
membrane have been described in lower
eukaryotes and animal cells (40, 41).

Mitochondrial DNA dependant RNA
polymerases

Specific mechanism regulate the order and
level of expression during the transcription
of nuclear genes. Transcription (RNA
synthesis) is performed essentially by a
DNA dependant RNA polymerase. Reg-
ulation of the activity of this enzyme is
acomplished by several protein factors
associated to it. The basic enzymatic
mechanism of all RNA polymerases
described up to now is the same: recogni-
tion and binding to a promoter region of
DNA, initiation and elongation of an
RNA strand by complementary copying
of the template DNA, termination and
release of the newly synthesized RNA
strand.
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Three distinct RNA polymerases are
involved in nuclear DNA transcription.
RNA polymerase I or A synthesizes the
precursors of ribosomal RNAs 28S and
18S; this enzyme is localized in the nu-
cleolus. RNA polymerase II of B is involved
in the synthesis of messenger RNA. RNA
polymerase III or C transcribes the tRNAs
and 58S genes (42). In the case of mito-
chondria the organelle genome is transcrib-
ed by only one RNA polymerase. The three
nuclear RNA polymerases are characterized
by their large size, between 500 and
650 Kd, as well as by the number of
subunits, between 10 and 15.

The inhibitor alpha amanitin has been
extremely useful in characterizing the
nuclear activities, since this drug inhibits
RNA polymerase II at very low concentra-
tions, while the activity of RNA polymerase
IIT is about 100 times less affected and
RNA polymerase I is completely resistant
to alpha-amanitin. The promoter sequence
recognized by RNA polymerase III is
found inside genes coding for tRNAs
and 5S RNA, while the promoter of
RNA polymerase Il is the heptanucleotide
TATAAAT (TATA box) located at about
12-32 nucleotides upstream of the transcrip-
tion start (17). As mentioned above animal
mitochondrial RNA is synthesized as a
unique transcript, thus only one promoter
should be found in each strand. The huge
size of yeast and plant mitochondrial
genomes suggest the existence of several
transcripts. Sequence analysis of mito-
chondrial genes from these organisms has
allowed the finding of a consensus pro-
moter sequence (43, 44).

Mitochondrial RNA polymerases are
coded in the nuclear genome. As in the
case of mt DNA polymerases they are
synthesized in the cytoplasm and imported
into the organelles. The extensive purifica-
tion of human (45) and yeast (46) mito-
chondrial RNA polymerase shows striking
differences with the nuclear enzymes.
Human mitochondrial RNA polymerase
sediments at approximately 8S which is
in the range of the sedimentation values
of 6-7 obtained for the RNA polymerases
from N, crassa (47), Xenopus laevis (48,
49) and yeast (46). Data from these groups
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indicate that the mt RNA polymerases are
probably multimers of single polypeptide
chains of 45-64 Kd. Although no specific
polypeptide has been associated with
human mt RNA polymerase, a polypeptide
of about 60 Kd is the most abundant in
the highly purified enzyme preparation.
However, it has been recently reported a
yeast mt RNA polymerase which after
purification to near homogeneity showed
a 145 Kd polypeptide band by SDS-electro-
phoresis (50). It is important to consider,
concerning the latter finding, that the
145 Kd enzyme was purified from a total
yeast extract, ommiting a previous mito-
chondria purification step. Moreover, the
assay used by these authors to follow the
mt RNA polymerase activity is typical of
a DNA primase (see below). Whether
the 45 Kd yeast mt RNA polymerase,
described before, is a proteolytic product
of the 145 Kd enzyme, or if the latter
enzyme coresponds to a nuclear or a mt
DNA primase activity remains to be es-
tablished. Using an antisera directed against
the purified 145 Kd RNA polymerase a
library of yeast genomic inserts construct-
ed in the expression vector lambda gtll
has been immunoscreened. A 4 Kb yeast
DNA fragment appears to contain most
or all of the gene encoding the 145 Kd
catalytic subunit (51). In higher plants
the mt RNA polymerase has an hydro-
phobic nature; in the presence of the non-
ionic detergent Triton X-100 a 50 Kd
active enzyme form was obtained by
sucrose gradient centrifugation or gel
filtration (52).

The effect of KC1 concentration on the
activity also distinguishes animal, yeast
and plant mt RNA polymerases from the
nuclear RNA polymerases. The activity
of the mitochondrial enzymes is progres-
sively inhibited by increasing salt concen-
trations. The mt RNA polymerases require
the presence of Mg*? for optimal activity
while Mn*? inhibits their activity. A
notable feature of the human mt RNA
polymerase is the requirement for ATP
at a much higher concentration (15-20
fold) than that for the others NTPs (53).
This optimum cannot be explained by an
increased degradation of the nucleotide.
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At the present time it is not possible to
determine if the high requirement. of
ATP corresponds to the initiation or
elongation step of RNA synthesis, alth-
ough some preliminary experiments indica-
te that high ATP requirement may be
related to a high Km for the process of
initiation. As the ATP concentration in
HeLa cell mitochondria is about 0.8 mM,
i.e. close to the optimum ATP concentra-
tion for in vitro transcription obtained
in that system, it is appealing to think
that the mt RNA polymerase has evolved
to function in a high ATP environment.

No specific inhibitor of mt RNA
polymerases has been described. These
enzymes are resistant to alpha-amanitin
and rifampicin, a specific inhibitor of the
single RNA polymerase found in procaryotic
organisms, although a derivative of ri-
fampicin: 3-formylrifamycin SV 0O-n-oct-
yloxime (AF/013), has proven to inhibit
animal mt RNA polymerase (48). However,
this derivative has no effect on yeast or
plant mt RNA polymerases (our own
unpublished results).

Partially or highly purified RNA
polymerases are able to copy efficiently
several type of DNA templates but gen-
erally they show a lack of specificity
concerning promoter recognition. In the
case of procaryotic RNA polymerases 2a
whole set of protein factors (sigma factors)
confer a high degree of specificity to the
polymerase for the transcription of a
given gene (54). An analogous system may
operate in ecukaryotic cells since a
multicomponent mt RNA polymerase has
been isolated from a whole extract of
bakers’ yeast (55). Under in vitro incuba-
tion conditions this activity is able to
recognize the consensus mitochondrial
promoter sequence ATATAAGTA. Using
promoter-containing templates these au-
thors have been able to chromatogra-
phically separate the mt specific RNA
polymerase from the nuclear RNA pol-
ymerases.

DNA primase

As mentioned in the first part of this
review a peculiar RNA polymerase activity,
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called DNA primase, is involved in the
synthesis of short primers necessary for the
initiation of DNA synthesis. Nuclear DNA
primases have been characterized in several
organisms but very few data is available
on mt enzymes (18). Animal primases
have been characterized from human
cells (56) and rat liver mitochondria (57).
Although they have not been extensively
purified they can be distinguished from
the classical mt RNA polymerase by the
size of the transcription products, as well
as the effect of KCl which inhibits more
strongly the mt RNA polymerase than
primase. The latter enzyme can be separat-
ed from RNA polymerase and DNA
polymerase gamma by sucrose gradient
centrifugation at relatively high ionic
strength. The easy separation of DNA
polymerase gamma and the mt DNA
primase points out to an important dif-
ference with the situation in animal nuclei,
since the association of DNA polymerase
alpha and the nuclear primase is extremely
strong and a chromatographic separation
can be achieved only under drastic condi-
tions (58). A primase-like activity has also
been found in wheat mitochondria but
the, enzyme has not been further charac-
terized (39).
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Molecular Action of Erythropoietin on RNA Synthesis:
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Accion molecular de la eritropoyetina en la sintesis de RNA:
30 afios de estudio
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Studies on erythropoietin (Epo) are briefly reviewed in their historical perspective from mid
19th century until its identification as a product of genetic recombination and its clinical

trials in 1987.

Our own work throughout three decades deals mainly with Epo action on RNA biosynthesis
in rat bone marrow. Results show that Epo participation as a fundamental compound in the
erythropoietic process, inducing the biosynthesis of a giant RNA probably with hnRNA
characteristics, which is processed to functional RNA with the participation of testosterone

(Te).

Despite the so many experimental data available at present, there is still no conclusive evi-
dence allowing to define the specific molecular mechanisms of action of both hormones at

transcriptional level.

A model is postulated to explain the effects of Epo and Te on RNA biosynthesis.

Finally, the implications of present knowledge for the conceptual approach and design of

future work are discussed.
INTRODUCTION
Brief Story of Erythropoietin

Glycoproteic hormonal erythropoietin
(Epo) is the central factor initiating and
regulating erythropoiesis. It may, thus,
control the synthesis of the hemoglobin.

In mid 19th century Denis Jourdaret, a
French physician observed that the blood
of surgical patients living in the highlands
of Mexico, was thick and viscous and
contained an increased number of red
corpuscles. He concluded that the low
atmospheric pressure in the mountains
contributed to augment the number of red
cells (1). En 1906, Carnot and Deflandre
(2) postulated that erythropoiesis is con-
trolled by a humoral factor secreted
into the blood stream and directly stimulat-
ing red blood cell formation in the bone

marrow. They originally named this factor
hemopoietin and then, once its hormone
structure was recognized it was more
appropiatelly named erythropoietin (3).

The search for the humoral factor
started and continued for almost 50 years
with confusing and unconvincing results. In
1953, Erslev (4) demonstrated that it was
present in the plasma of anemic rabbits,
while Hodgson and Tohd (5) were able to
show its presence in the urine for re-
peatedly bled rabbits.

The attempts to investigate the site of
Epo production have been the subject of
numerous investigations. In 1957 Jacobson
et al. (6) claimed that Epo was produced
by the kidney, an assertion that is being
questioned for a long time. At the present
time, however, it is accepted that the kidney
is the main organ for Epo synthesis, al-
though about 10% to 15% of the total

* En homenaje a Osvaldo Cori, que, como maestro y amigo, supo ser el conductor y guia de tantas generaciones. En
este trabajo resumo treinta afios de esfuerzo y dedicacidn para desarrollar esta lfnea. Si bien Osvaldo no participd en
ella, siempre su espiritu y su estimulo estuvieron presentes. En su evolucién participaron muchos de los que fueron
sus alumnos, por lo que parte de este trabajo también es de él.
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synthesis occurs in the liver. The extrarenal
production of Epo is the consequence of
the low rate of red cell production in
patients affected by severe kidney failure.

Purification and physicochemical charac-
terization of Epo have involved a long and
difficult task, because the minute quantities
of the availables hormone and the lack of a
sensitive bioassay have slowed down the
experimental search for the factor structure.
The most important advances have been
those of Goldwasser et al. (7, 8) and Espada
and Gutnisky (9). Human urinary Epo, the
only purified form of the hormone obtain-
ed so far is a 166 aminoacid protein with
an apparent molecular weight of 39,000 Da
and 30« of carbohydrate content (galactose,
mannose, glucosamine and glucose of
which 40, is sialic acid).

An impressive contribution was the de-
velopment of a sensitive radioimmunoassay
(10) to detect small amounts of circulating
Epo. This technique made it possible to
monitor the isolation and fractionation
procedures needed to determine its amino
acid sequence. With a highly purified Epo
and using fractions of amino sequences, a
cDNA was prepared. K. Jacobs ef al. (11)
described the cloning of human erythro-
poietin gene and the expression of an Epo
cDNA clone in a transient mammalian
expression system to yield a secreted pro-
duct with biological activity. Recently
Sytekowsky and Fisher (12) isolated and
characterized an anti-peptide monoclonal
antibody to human Epo, while Lin et al.
(13), McDonald et al (14) and Shoemaker
et al. (15) have reported results related to
the cloning and expression of human and
mouse Epo genes.

The advent of recombinant DNA tech-
niques has allowed to obtain enough
amounts of Epo for use in clinical trials.
Eschbach et al (16) have administred
recombinant human Epo to patients with
endstage renal disease in order to reverse
the concurrent anemia. The treatment was
successful in that it made transfusions
unnecessary, reducing thereby the risks of
immunologic sensitization, infection and
iron overload. The hematocrit revested to
normal levels.
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The availability of recombinant human
Epo may facilitate the study of its molecular
mechanism of action in which the initial
events are still only partially understood. A
considerable amount of comprehensible
general and specific information on various
aspects of erythropoietin structure and
function has been published in numerous
books and reviews (3, 17, 18, 19, 20, 21,
22).

J.L. Spivak has presented a recent review
dealing with the biochemistry of the hor-
mone (23). :

PROLOGUE

The biochemical events in wich Epo partic-
ipates are still undefined. Even though
some molecular aspects have been studied
specially those related with the action of
Epo at DNA level in the transcription
stages and although numerous papers have
been published, the molecular reactions
triggered by Epo are still an unsettled issue.
In this paper I am not attempting to write
a review on the subject and will only
discuss the participation of Epo and tes-
tosterone (Te) in the regulation of RNA
synthesis in the rat bone marrow basically
referred to our works, with emphasis on
marrow cells because the erythropoietic
process occurs principally in the marrow of
normal adult animals. The RNA synthesis
seems to represent the most early response
to the Epo action triggering the erythro-
poietic process for the production of
hemoglobin, which from the cellular point
of view determines the red cells production.

For aspects related to the physiology
and biochemistry of erythropoiesis, hemo-
poietic growth factors, hemapoietic stem
cells, receptors, clinical erythropoiesis, etc.,
the readers may consult the references 17,
18,19, 20, 21, 22, 23, 24 and 25.

Erythropoiesis

Erythropoiesis is the process of differ-
entiation and proliferation of committed
stem cells to erythrocytes. From the mo-
lecular point of view this cellular mechanism
is directed to the synthesis of hemoglobin,
the protein of erythrocytes that will ac-
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count for oxygen transport, fundamental
molecule that characterizes the event. The
role of Epo as an inducer of the process has
been extensively demonstrated and well
documented. The molecular action of Te
on the phenomenom has being studied only
recently and some results will be commented
further.

Erythropoietin as a molecular signal

Epo initiates erythropoiesis by acting on
the erythropoietin-sensitive cells (ESC)
derived by differentiation from the stem
cells. Perhaps, ESC can be considered as
cells bearing specific high-affinity receptors
to recognize Epo. It is not clear which kind
of erythroid progenitor cell has the ability
to synthesize the receptor capable of in-
teracting with Epo. In general, the Epo
receptor has not been completely char-
acterized and it has been proposed that it is
located in the external surface of the ESC
(26, 27, 28). The complex Epo-receptor
may activate a cytoplasmic factor as a
second messenger. The possible role of
cyclic nucleotides in erythropoiesis has
been studied (29, 30) the results being so
far incomplete and controversial. We have
shown (29) that cAMP does not stimulate
in vitro RNA synthesis in isolated rat
bone marrow nuclei as to mimic the Epo
action, even in the presence of a cytoplasmic
fraction that alone increases the synthesis
of nuclear RNA. Preliminary results (29)
demonstrated that 10~* M dibutyryl ciclic
GMP (db ¢GMP) stimulated RNA synthesis
in whole rat bone marrow after 2 hours
incubation, while no effect was observed
with db cAMP at various concentrations.
The phosphodiesterase inhibitor 3-isobutyl-
1-methyl-xantine (MIX) abolished the effect
of Epo when whole rat bone marrow cells
are incubated with Epo and MIX (29). The
possible role of second messengers in the
Epo action remains to be elucidated.

Erythropoietin effect on RNA synthesis
A) 1960 decade

If cell differentiation and proliferation are
interpreted as the synthesis of specific
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proteins which characterize particular types
of cells, it could be expected that RNA
synthesis occurs as an initial molecular
event after the impact of a growth factor or
a hormone at DNA level. To explain and
discuss the results obtained at transcription
levels it is assumed that the Epo message
reaches the bone marrow chromatin where
an effect on the genome is produced. When
Jacob and Monod postulated (31) that in-
formation necessary for protein synthesis
was carried from DNA to the ribosomal site
through messenger RNA, appeared the idea
to find out what effect this factor might
have on nuclei acid biosynthesis. The first
attempt to study the effect of Epo on RNA
synthesis was reported by Perretta and
Thomson (32) when they showed a small
increase in *C-formate incorporation into
RNA and DNA of normal rabbit bone
marrow in vitro, after the action of a
crude preparation of Epo obtained from
the urine of rabbits made anemic with
phenylhydrazine. However, though other
investigators failed to confirm these ex-
periments (33) the finding was the beginn-
ing of several strategies to stablish the ex-
perimental methodology to demonstrated
the effect of Epo on RNA synthesis. In
1965 our group (34) was able to demon-
strate that Epo stimulated the synthesis of
RNA earlier than the synthesis of the he-
moglobin in a similar system in vitro.
While RNA activity was increased after 4
h incubation, hemoglobin synthesis measur-
ed by %°Fe incorporation into the heme
began to rise at the 15 h of incubation to
reach a peak at the 29th.

Despite existed substantial data support-
ing an early increase in marrow or spleen
cell RNA synthesis following the action of
erythropoietin the evidence was not suffi-
cient to know the exact nature and function
of this RNA. The action of Epo on RNA
from rat bone marrow in vitro can be
demonstrated within 15 min (35), while
the effect on nuclear RNA from spleen of
polycythemic mouse in vivo was observed
within 30 min of hormone action (36). At
that time the operational difficulties due to
the lack of specific methods for identifying
several RNA species, including messenger
RNA began to be recognized. We perform-
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ed some experiments in order to show that
the synthesis of more than one class of
RNA may be affected by Epo in the bone
marrow and spleen of erythrocyte-transfus-
ed mice (37, 38). Epo increased the synthesis
of nuclear and cytoplasmic RNA between
one and two hours after injection of the
hormone,

At the end of the decade Gross and
Goldwasser (39) found that other types of
RNA were also affected by Epo. They
described increased radioactivity in rapidly
labeled RNAs with sedimentation coef-
ficients of 4, 6, 9, 45, 55, 65 and 150 S.
The rate of synthesis of 150 S RNA was
sharply increased in the 0-15 min period
after the hormone stimulus, decreased at
2-4 h and disappeared after 10 h. The
synthesis of other RNA types gradually
increased to a maximum at about 6 h and
then quickly diminished after that time.

Many workers have observed that ac-
tinomycin D markedly inhibited the bone
marrow response to the hormone. The
effect of Epo on hemoglobin synthesis by
rat bone marrow cells in vitro, was com-
pletely abolished if actinomycin D was
added before or shortly after the hormone
(40).

To summarize: during the decade it was
demonstrated that Epo participates in the
molecular mechanism of regulation of
erythropoiesis. It was suggested that the
hormone probably acts at the transcription
step and that under its influence several
types of RNA are synthesized. Our group
and Goldwasser et al made valuable con-
tributions to this idea.

The principal finding was that several
RNA types are activated by the Epo. This
latter may correspond fundamental mol-
ecules in the process by which the bioche-
mical machinery for the synthesis of he-
moglobin is being prepared.

B) 1970 decade

That period had various characteristics the
principal being, the knowledge of gene
expression in eukaryotes and the variety of
possible molecular mechanisms to explain
it. The attention of several investigators
was focused on studying the synthesis of
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primary pre messenger RNA (pre m RNA)
and its processing (maturation) to secondary
pre m RNAs by a splicing reactions, giving
rise stepwise to functional mRNA. During
this process chemical modifications as
methylation, 5’-terminal capping and 3’-ter-
minal polyadenylation take place. Processing
is a regulated process, involving many of
the possible phases and mechanisms of post-
transcriptional regulation. Confirmation of
the existence of the pre m RNA (41) and
of messenger ribonucleoprotein on in-
formosomes (42) constituted the positive
challenge to face with some expectation
of success to elucidate the molecular
mechanism of Epo action at this level.

The synthesis of RNA constitutes the
main event of the transcription step. During
this decade our efforts were dedicated to
the study of the effect of Epo and Te on
the activity of bone marrow RNA polyme-
rase and the analysis of the characteristics
of the several species of RNA synthesized
under the effect of the hormones. We have
reported (43) that the activity of RNA
polymerase from rat bone marrow is in-
creased under the action of Epo in vivo,
while in vitro the response to the hor-
mone was negliglible. The different re-
sponse of the enzyme seemed to indicate
that Epo might act in a molecular reaction
that heads the action of RNA polymerase.
This hypothesis was never proved.

In 1971 (44) we published a paper in
which we reported a discriminatory effect
of Epo on RNA synthesis. Using the hot
phenol technique to extract RNA at 100C,
400C and 600C we were able to show that
an RNA of fraction-600C isolated in MAK
columns exhibited an increased ability to
stimulate the incorporation of 4 C-valine
into the proteins of a cell-free system ob-
tained from rabbit reticulocytes. The hor-
mone effect was abolished by high doses of
actinomycin D. Epo augmented the synthe-
sis of bone marrow RNA fractions extract-
ed at 100C, 400C and 60°C, but only the
latter had a prominent effect on protein
synthesis in vitro. These results were
confirmed and extended later on by us in
another paper (45).

The RNAs obtained at 600C might co-
rrespond to DNA-like RNA and mRNA
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strongly activated by Epo (46). The frac-
tion was very heterogenous, with sedimenta-
tion coefficients of 4, 10, 18-23, 45-50 and
85 S. The rate of synthesis of 85 S was
sharply increased by Epo, being these results
very similar to those obtained by Gross and
Goldwasser (39) which detected the appear-
ance of a 150 S RNA at 15 min of hormone
action.

The activity of Epo was selective because
it activated an RNA species of high mol-
ecular weight RNA precursor, whose proc-
essing gave rise to different RNA with in-
termediate sedimentation coefficients up to
9 S RNA which corresponds to the globin
mRNA.

The activation of ribosomal and RNA
(or their precursors) could reflect and in-
direct effect of the hormone or the action
of other effectors.

The study of the high molecular weight
precursor of functional RNA that partic-
ipates in protein synthesis had become an
increasingly important issue in the under-
standing of eukaryotic cells metabolism.
The precursor RNAs have some common
properties such as high molecular weight,
short half-life, heterogenous base com-
position and they are confined exclusively
to the cell nucleus. They had been de-
nominated under a variety of names:
heterogenous nuclear RNA (hnRNA) giant
nascent RNA, nuclear nascent RNA and
giant D-RNA. We will refer to them as
hn RNAs (47, 48).

It is believed that when hnRNAs are
processed by specific enzymes, they can
originate functional RNA and it was
postulated that hormones may be involved
in this mechanism (46).

The presence of hnRNA in bone marrow
has been reported by several authors.
Scherrer (47) has described a giant RNA
of 5-10 x 10°® MW in duck erythroblasts.
Gross and Goldwasser (39) have reported
the synthesis of a 150 S RNA after the
action of Epo in rat bone marrow cells in
vitro, while Perretta et al have shown
the appearance of a precursor RNA of size
with informational properties under the
effect of Epo in rat bone marrow cells
in vivo (44, 45, 46).

In 1978 we published a paper (49) in
which we presented experimental evidence
of the existence and the relationships
between hnRNA with poly adenylic
sequences and the formation of 9 S RNA
in rat bone marrow cells. We showed the
presence of 85 S, 72 S, 32 S, 17 S and
9 S RNA, all containing poly A residues
in their molecules, a finding suggesting a
role for these RNA molecules in the
maturation hnRNA process to functional
9 S RNA. Experiments with this approach
to investigate whether the different stages
on the maturation of hnRNA were under
Epo control unfortunatelly were never
carried out.

Testosterone entered in scene

The metabolic activity of androgens in
erythropoiesis was reviewed by Minguell
and Sierralta (50) and some aspects of their
molecular mechanism of action were dis-
cussed. Minguel et al. (51) have demonstrat-
ed that testosterone may act on polychro-
matophilic erythroblasts, stimulating the
synthesis of ribosomal RNA or its precur-
sor. The steroid enhanced the nuclear
ribonuclease activity, an effect that could
represent a control mechanism for the
processing of hnRNA (30, 46, 51, 52).

Since 1976 we are trying to demon-
strate our working hypothesis that Epo
and Te act synergically to create the
biochemical machinery for hemoglobin
synthesis, the macromolecule that char-
acterizes the erythropoietic process.

In 1979 we studied the effect of Epo
on the synthesis of rat bone marrow
RNA at different times using the technique
of sucrose-gradient analysis. We found at
30 min; Epo induced the synthesis of
high molecular weight RNA of 93 § and
85 S, which dissappeared at 45 min; at
45 to 60 min after Epo, RNA in the range
18 to 4 S appeared (63). From these results,
the main possible conclusion to be establish-
ed was that Epo selectively stimulated the
transcription of high molecular weight
RNA probably a hnRNA type while Te
specifically activated the synthesis of
ribosomal RNA species.
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To assess the possibility that Epo and Te
stimulate the synthesis of different RNA
types, the activity of RNA polymerases
was tested. The presence of several RNA
polymerases in eukaryotic cells is well
established and has been reviewed by
Chambon (54). Eukaryotic cells contain
at least three classes of RNA polymerases
whose enzymatic characteristics can be
aproximatelly identified and measured un-
der appropiate conditions of ionic strength,
different concentrations of a-amanitin and
presence of specific divalent cations.

We have reported (43) that Epo increase
RNA polymerase activities in rat bone
marrow in vivo. The ability of Epo and Te
to increase the activity of multiple forms
of RNA polymerase in isolated nuclei
from rat bone marrow cells confirmed
that the molecular action of both hor-
mones is exerted at some level in the
transcription stage. The selective effect
of Te on the activity of the nucleolar
Mg++ dependent RNA polymerase I and
the discriminatory action of Epo on the
activation of the nucleoplasm Mn++
dependent RNA polymerase II, indicated
that both hormones might act at different
sites in the genome.

Piantadosi ef al (55) described a se-
quential activation of splenic nuclear
RNA polymerases by Epo while Valladares
et al. (56) were able to show that the
incorporation of *H-UTP into RNA by
isolated rat bone marrow nuclei is stimulat-
ed by Te. Using a-amanitin and different
ionic strength conditions they found that
Te enhanced preferentially RNA polymerase
[ activity.

The main conclusion to be drawn for
this period was that transcription in rat bone
marrow cells was under hormone regulation
in which Epo induced the synthesis of a
hnRNA while Te stimulated the synthesis
of rRNA species. Both hormones might
participate in molecular steps of processing
mechanisms.

C) 1980 period

In the years 1980 to 1982 we have publish-
ed some papers (57, 58, 59) in which RNA
polymerase activities were measured in
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isolated rat bone marrow nuclei obtained
from normal polycythemic, anemic and
castrated animals. In the same experiments,
nuclear RNAs were characterized by
polyacrylamide-gel electrophoresis obtain-
ing different kinds of RNA profiles whose
sedimentation coefficients were calculated.
The animals were injected with Epo and
Te for 3 h.

Epo stimulated RNA polymerase II
which cathalizes the synthesis of RNA
species 30, 22, 16-15,9 and 6 S when the
nuclei are incubated at high strength
(HIS) conditions, while at low ionic strength
(LIS) conditions no activation was observ-
ed, with the exception of a 4 S RNA. Te
exhibited great efficiency to activate
RNA polymerase I which synthesizes RNA
species of 26, 18 and 4 S RNA. Epo alone
and plus Te at LIS showed only a light
increase in 9 and 4 S RNA (see Fig. 1).

The 30, 22 and 16-15 S RNA may
correspond to intermediate messengers
precursors for functional hemoglobin 9 S
mRNA. The action of Epo plus Te at HIS
resembled the RNA profile obtained from
anemic rats in which the blood Epo level
is markedly augmented. Bastos and Aviv
(60) demonstrated in cultures of dimethyl
sulfoxide-treated Friend erythroleukemic
cells, the existence of three RNA species
containing base sequences common to
globin mRNA and with sedimentation
coefficients of 27, 15 and 10 S.

Scherrer and Marcaud (61) found in
duck erythroblast ribosomes, RNA species
consisting of 9 S RNA and a specie of
polydisperse RNA with sedimentation
coefficients whitin the range of 6 to 28 S.

The characterization of the different
classes of RNA synthesized in the presence
of Epo found by us and the RNA species
found in erythropoietic cells demon-
strated by other authors may represent
the pattern of RNA maturation in rat bone
marrow in which Epo is implicated in
the induction of the pre-mRNA. Table I
summarizes the different RNA types
of erythropoietic cells under the effect
or not of Epo.

We extended these observations (58,
59) and clearly demonstrated that Epo
stimulated synthesis of 30 S RNA in
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Fig. 1: In vitro experiments. Polyacrylamide-gel electrophoretic profiles of in vitro synthesized RNA. Effect of erythro-
poietin (Epo) and testosterone (Te).

Patterns of nuclear RNA obtained from isolated normal (N) and castrated polycythemic (CP) rats bone marrow nuclei.
RNA was synthesized under HIS and LIS conditions, isolated and processed as indicated elsewhere (58, 59). The rats
were injected with 5 UI of Epo and 250 ug/100 g rat weight of Te for 3 h.

The specific activities (dmp/ug RNA) of total nuclear RNA applied were:

HIS conditions LIS conditions }
Control i 2504 0——0 Panel A NControl : 1020 g———0 Panel C ,
N +Epo : 3140 #———x Panel A N + Epo : 1070 g——x Panel C ;
CP+Epo : 4468 @————e Panel A CP+Epo : 1070 @————e Panel C
N+Te : 2270 © O Panel B N+ Te 1510 o 0 Panel D

N +Epo-Ete : 3240 % — — =X Panel B N+Epo-Te : 1412 » ——-X Panel D

CP + Epo-Te : 4800 ——X Panel B CP +Epo-Te : 896 *——X Panel D

Arrows show calculated sedimentation coefficients (77).
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TABLE 1

Different RNA species described in erythropoietic cells

Years Conditions RNA species Cells Affected (References)
Tecnique by Epo!
1961 In vitro Whole RNA: isolated bases rat bone marrow Yes (34,79)
1965 In vitro Whole RNA: isolated bases rat bone marrow Yes (34,79)
1965 In vivo Nuclear and cytoplasmic RNA rat bone marrow, Yes (36,37)
mouse spleen
1968 In vitro 28t068S;98 duck erythroblast ND2 61)
1969 In vitro 150,65,55,45,9and 4 S rat bone marrow Yes (39)
1973-73 Invivo 60°C RNA fraction MAK column  rat bone marrow Yes (44, 45)
1976 In vivo 85,50-45,23-18,10and 4 S rat bone marrow Yes (46)
1977 In vitro 27,15and 10 S erythroleukemic No (60)
1979 Invivo 85,72,32,17and9 S 1at bone marrow N D2 “49)
1979 In vivo 93,85,18and 4 S rat bone marrow Yes 53)
1980-82 In vitro 30,22,16-15,9and 6 S rat bone marrow Yes (57,58, 59, 68)
1984-86 In vivo 85,79-70,45,13,9and 4 S rat bone marrow Yes 69, 70,72)
1985 In vitro RNA from RNP3 rat bone marrow Yes 1)

1 Erythropoietin.
2 Not done.
3 Ribonucleoprotein.

castrated-polycythemic rats while Te in-
creased the formation of 28, 18, 6-5 and
4 S RNA. The combined action of both
hormones influenced the 9 S RNA forma-
tion and 22 and 15 S RNA, that may
represent intermediary RNA in 9 S RNA
induction.

The stimulation of 6-5 S RNA synthesis
by Te at HIS conditions and the joint
action of Epo plus Te may represent the
main finding of these works and suggested
the idea that these kinds of RNA may
correspond to low molecular weight nu-
clear RNA species designated U2 to U6,
which in combination with specific proteins
form ribonucleo-protein particles (RNP)
that participate in the pre mRNA processing
by splicing mechanisms (63, 64, 65, 66).

As it had been shown by our group
(52, 67) that Te activated nuclear endo-
nucleases, the participation of Te at this
stage seems possible.

In summary, Epo induced the synthesis
of 30S pre-mRNA, which is processed to
9 S RNA by RNP, and these, in turn, were
stimulated by Te.

The increased synthesis of different
species of RNA by the in vitro action of
Epo and the activation of RNA polymerases
may provide preliminary arguments to
explain the molecular activity of the
hormone (43, 44, 45, 46, 53, 57, 58,

59, 62). The hypothesis is still completely
insufficient to explain a mechanism of the
molecular action of the factor.

Many reasons have arisen to justify why
so many biochemical steps of the erythro-
poietic process are still unsolved. Concern-
ing nucleic acid the principal reason may be
the operational difficulties to analyze and
to isolate RNA species in eukaryotic
organisms. These problems have led several
investigator to apply different techniques;
this approach allowed to get a large variety
of results, that conform a highly complicat-
ed and cumbersome picture of the origen
and maturation of pre RNA species.

Being the analysis of RNA synthesis
strictly dependent on the methodology
applied, the action of Epo and Te was
analyzed applying and comparing different
methodological strategies.

We have performed some experiments
according to these concepts obtaining
some results that will be published soon.

In Table I are summarized the different
RNA types isolated from erythropoietic
cells using several methodologies. It can be
observed that RNAs appear in the wide
range of 150 to 4 S, many of them activat-
ed by Epo. Two main problems have to be
solved in order to obtain comparable results.
One of them is the selection of an ap-
propiate method to isolate the several
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RNA species. The other involves the choice
of the biological model to be used. It is
necessary to consider that the cellular
composition of rat bone marrow is mark-
edly heterogenous with a small content of
Epo target cells. This hinders the study of
the process in this kind of cells.

The practical consequences were that
we had to try a variety of methods using
whole rat bone marrow or erythroblasts
enriched fractions. Even though the results
obtained were not satisfactories most
of them were comparable proving to be
being very useful for the construction of
models to explain the molecular action of
Epo and Te.

In an effort to support the general
evidences demonstrated in the various
works cited in this paper I will now briefly
discuss the preliminary results obtained
following three experimental strategies:

1. In vitro Experiments: Determination
of the RNA. polymerases activity and the
profile of RNA types in isolated rat bone
nuclei under the effect of Epo and Te.

2. In vivo Experiments: Estimation of
the rat bone marrow RNA under the effect
of Epo and Te, extracting the marrow
RNA inmediately after the animal being
sacrificed and

3. Ribonucleoprotein (RNA) Experi-
ments: Analysis of the RNA under the
in vitro effect of Epo isolating the marrow
ribonucleoprotein (RNP).

In Table II are depicted the results
obtained when rats under different phys-
iological conditions were submitted to the
action of Epo and/or Te. Nuclei isolated
from normal, polycythemic, castrated and
castrated-polycythemic rats 3 h after
exposure to the hormones, were used to
measure the activity of RNA polymerase.
It is observed that Epo enhances the activity
of RNA polymerase II at HIS conditions
in the four groups of rats while under LIS
conditions no effect is produced. By
contrast, Te significantly increases enzyme
activity under LIS and HIS conditions,
except in normal rats at HIS. The combin-
ed action of both hormones results in a
39% to 83% increase respectively in the
activity of the enzyme, when measured
under HIS and LIS conditions.

In in vitro experiments, RNA species
synthetized by normal and castrated-
polycythemic bone marrow nuclei the
effect of Epo and Te alone or in combi-
nation were resolved and their sedimenta-
tion coefficients appeared characterized by
gel-electrophoresis as it is shown in Fig. 1.

TABLE II

In vitro experiments.
Effect of erythroproietin (Epo) and testosterone (Te) on the RNA polymerases activity of isolated bone marrow
nuclei obtained from normal, polycythemic, castrated and castrated-polycythemic rats

Ionic Strength
HIGH (HIS): RNA Polymerase 11 LOW (LIS): RNA Polymerase I
Control Epo Te Epo-Te Control Epo Te Epo-Te

Normal 1005 126+ 72 109%f 6 139t 112 100+ 6 114+ 4 163 +5b 178+ 8gb
Polycythemic 100+ 4 135 + 82 137%f 9 156+ 8 100+ 7 113+ 6 114+5b 163 +£12b
Castrated 100+ 2 120+ 4 146f142 164% 4b 100+ 8 123+ 5 152+8b 161+ 13b
Castrated- +

Polycythemic 100+ 4 154 + 10b 163 % 6b 183+ 6b 100+ 4 114+ 5 130+8 141+ 6b

The rats were injected intravenously invivo for 3 h with § IU of erythropoietin and with 200 ug of testosterone per
100 g of body weight. The bone marrow nuclei were isolated and purified by a method already described (52, 58,
59).

The experiments were carried out in vitro at high (HIS) and low (LIS) ionic strength. The nuclei were incubated for 15
min at 309C with 3H- UTP and a proper reaction mixture and the radioactive was measured in acid insoluble material.
Experimental conditions were indicated elsewhere (58, 59). '

The results are expressed in percentages (means of 20 samples * SE) of the RNA specific radioactivities in comparison
with controls taken as 100%. The RNA radioactivities were in the ranges of 813-1440 dpm/ug of DNA at HIS con-
ditions and of 119-232 dpm/ug of DNA at LIS conditions.

a) and b) significantly different from their respective controls at P < 0.05 and P < 0.001 by the t test, respectively.
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It is observed in panel A that Epo
stimulated solely the synthesis of a 30 S
RNA, and Te solely that of 6-5 S RNA
(panel B). The combination of Epo and Te
provoked the appearance of RNA species
of 30, 22, 15, 9 and 6-5 S. At LIS condi-
tions, the joint effect of both hormones
stimulated the synthesis of 28, 18 and 4 S
RNA.

On the basis of these results that we have
already reported and discussed (57, 58,
59, 60) we have concluded that Epo in-
duces the synthesis of a pre mRNA, that is
then processed to 9 S RNA.,
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The results of in vivo experiments to
determine the RNA profiles obtained with
the thermic method of Dabeva et al
(69, 70) are shown in Fig. 2. The four
RNA fractions correspond to: 40C to
nucleoplasmic RNAs, 500C to nucleolar
RNAs, 800C to heterogenous nuclear
RNAs and cytoplasmic RNA.

In panel A the presence of 85, 79-70,
45 and 4 S RNA is the most remarkable
characteristic of the profile. The high
molecular weight RNAs seem to be proc-
essed by the joint action of Epo and Te
(panel D) to pre mRNA 13 S and 9 S,
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Fig. 2: In vivo experiments. Polyacrylamide-gel electrophoretic profiles of in vivo synthesized RNA. Effect of erythro-

poietin (Epo) and testosterone (Te).

Patterns of RNA fractions isolated by the thermic procedure of Dabeva (60, 70, 72, 73) at 49C, 50°C, 80°C and
cytoplasmic RNA. The RNA profiles were obtained by gel electrophoresis: polyacrylamide 2% and agarose 0.5%. The
rats were injected intravenously with 6 UI of Epo/200 g rat weight and with 125 uCi of 5,6-3H-uridine and intra-
peritoneal with 600 ug/200 g rat weight of Te in propilenglycol solution, After 3 h the animals were sacrificed and the
marrow removed. 400 ug of RNA of each fractions were applied on the gel.

RNA fractions

800C

500C
40C

cyt. ———————

Arrows show calculated sedimentation coefficients (77).
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while the r 45 S are processed to r 18

andr 28 S.

These results are in agreement with
those already obtained in our laboratory
in 1979 (53).

We have carried out some preliminary
experiments (71) estimating the synthesis
of RNA under the effect of Epo in marrow
cells in vitro measuring the RNA activity
in ribonucleoprotein (RNP). In Table III
it can be seen that the RNA of the RNP
augmented by 19« while the activity of
the total cellular RNA shows an increase
of only 11%.

TABLE III

Ribonucleoproteins (RNP) experiment. Effect of
erythropoietin (Epo) on synthesis of a RNP-RNA by rat
bone marrow cells in vitro

CPM/Total cells
RNA specie Control +Epo % of increase
Whole RNA 494468 542801 11
RNA from RNP 15648 18564 19

Model experiment from a series of 8 similar.

The figures indicate the main of § samples.

106 rat bone marrow cells per ml were incubated at
370C in a MEM-Eagle medium at pH 7.2 during 60 min
with 0.15 IU of Epo and 2-uCi of §5,6-3H-uridine. Then
the whole RNA and RNP were isolated and processed as
described elsewhere (71, 74, 75, 76).

To summarize: the molecular mechanism
for the early increase in transcriptional
activity following exposure to Epo and Te
was not established, but our experimental
results, as described have made a contribu-
tion towards it elucidation.

The main finding seems to be that Epo
induces the synthesis of a giant RNA
probably with the characteristics of a
hnRNP which in turn is processed under
the form of RNP to the functional 9 S
mRNA, in complex reactions with the
participation of Epo and Te.

GENERAL CONCLUSIONS

Despite so many experimental data avail-
able at present, there is still no conclusive
evidence of the specific molecular mech-
anisms at transcription levels and conse-
quently, it is not yet possible to under-

stand the general principles and overall
organization of mRNA formation and its
regulation in eukaryotic cells.

In relationships with the regulatory
effect of erythropoietin and testosterone
on erythropoiesis, several facts are
conclusive.

A) General

!
1. The differentiation and proliferation
of committed erythroid progenitor cells
are regulated by erythropoietin.

2. Erythropoietin provokes an early
increase in transcriptional activity trig-
gering the erythropoietic process.

3. Testosterone may act once erythro-
poietin triggers the phenomenom.

B) Specific

1. Erythropoietin induces the synthesis
of a giant pre RNA in erythroid progenitor
cells.

2. The giant RNA is processed to func-
tional RNA with the participation of
erythropoietin and testosterone.

3. In the presence of actinomycin D
the synthesis of RNA by erythropoietin
is abolished and by consequence the
erythropoiesis as well.

4. On the basis of our present day data,
it would be tempting to draw a general
model of Epo and Te at transcriptional
level, that is presented in Fig. 3. The model
supports some ideas reported by Perretta
in 1969 (78).

C) Some facts to be demonstrated

1. Biochemical and cellular biological

events governing erythropoiesis and in

general hemopoiesis:

— Role of erythropoietic  (hemopoietic)

- growth factors in vivo.

— Existence of receptors for erythropoietin
and other growth factors,

— Role of erythropoietin as a hormone,
a growth factor or a mitogen?

2. Molecular aspects:

— Identification of second messengers
mediating the erythropoietin action.




s hass 1. M AR5

214 PERRETTA

45s rRNA 8538 pre mRNA 7-4sRNA
l (RNP) (RNP)
;1—:——;1__‘ RNP (U; L)
l <|_:&°;a=z='_~6___- e d
I Y v
183 r RNA 2Bs rRNA 9s mRNA 5srRNA 4s tRNA
GLOBINS
+
HEM
HEMOGLOBIN

Fig. 3: Proposed mechanisms for the molecular action of
erythropoietin and testosterone on erythropoietic process
at transcriptional and post-transcriptional level,

— Molecular impact of Epo and Te at
molecular level on the characterization
of RNA types induced and stimulated
by erythropoietin and testosterone.

— Are the RNAs involved in the synthesis
of hemoglobin in the form of RNP?

— Characterization of RNP induced by the
hormone.

— Are the proteins of RNP involved in the
processing of giant RNA?

Future Development

Much work will have to be carried out in
order to comprehend the complex reac-
tions of gene expression and its regulation.

Erythropoiesis is an important biological
process not only because of its clinical
implication but also because it represents
an excellent biological model to study the
regulation mechanism involved in cell
proliferation and differentiation in which
participate hormones, as well as, growth
factors.

We have at present the advantage of
available modern experimental tools such
as purified human erythropoietin in ad-
equate quantity and sensitive radioimmuno-
assay techniques to measure it; new meth-
ods to separate cells; monoclonal antibody
to human Epo; the recombinant DNA

techniques, etc. Because of all of this it
may possible to work out more accurate
experimental designs in order to obtain
more consistent results than when only
crude erythropoietin preparations were
used.

It will possible to elucidate how growth
factors control the survival, proliferation
and development of normal erythropoietic
cells and to determine which molecular
events are disturbed in the control mech-
anisms that operated in the transition of
healthy to diseased marrow. This could
allow more rapid advances in the under-
standing of Epo and Te regulation of red
cell production to be expected.

From the molecular point of view the
life-span of primary and secondary pre-
mRNA molecules will be elucidated. The
study of the many variants of processing
hnRNA would be possible because there
is no unique mechanism to produce mRNA.
The analysis can be done in marrow cells
in spite of their complexity.

Being the erythropoiesis especially in
bone marrow cells, the suitable biological
model, to study the molecular basis of
cytodifferentiation and proliferation, we
intend to pursue the demonstration that
the hormonal regulatory mechanisms that
control the process may follow straight
metabolic pathways inside the cell, through
a supramolecular compartmentation, that
includes the cytoskeletal organization.

It should be fundamental to show
that the initial molecular reaction in which
Epo interacts with the membrane receptor
follows a straight supramolecular pathway
by which the chemical signal reaches the
nuclear chromatin. At this nuclear level
would be generated the pre RNAs, which
in turn under the form of RNPs would
start another straight pathway in which
RNA processing occurs, to be completed
outside the nucleus with the synthesis of
the globins in the endoplasmic reticulum.
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