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INTRODUCC 10N

Est& bien establecido gque muchas plantas producen sustancias
toicas para otras especies (1). Estas sustancias son liberadas
para impedir ia proliferacitn de organismos competidores, lo cual
favorsce el corecimientc vy  la proliferacidn de 1la especie

productora de la sustancia. El fendmano se conoce como alelopatia

Yy los  compus liboevados al medio se denominan  sustancias
alelopaticas, La estricnina, la cafeinay la gquinina y muchos
antibidticos son algunos ejemplos de compuestos alelopaticos

utilizados por =21 hombre (1).

Los monoterpenos son sustanciasvalelopaticas producidas por
algunas rlantas superiores (1-10). Alcanzan grantdes
concentraciones adsorbidos a las particulas coloidales del suelo,
donde permanecen estables por meses (2). Una vez en el medio, los
monoterpenos  inhiben el crecimiento de plantulas y semillas (i-—
4), asi come el metabolismo de bacterias y levaduras (5),  en
ocasiones permeabilizando las membranas celulares (5). Hay «
ademds, reportes de toxicidad de monoterpenos en animales (6-8) vy
aun en €l hombre (733 sin embargo, son relativamente pocos los
estudios realizados sobre los mecanismos de accion de las
sustancias alelopdticas. En mitocondrias aisladas de avena,  los
monoterpenos inhiben 1 consumo de oxigeno (4). En. plantas

integras =p ha demostrado que inhiben el crecimiento de la raiz




Fig. 1. ESTRUCTURA UIMICA DEL BETA-FINEND Y DEL L IMIONENO.
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ma&s gue 1 del tallo (Anaya, no publicado). Una diferencia entre
la raiz vy el tallo es gque la primera depende para su mebtabolismo

exclusivamente de las mitocondrias.

Algunos de los datos mencionados sugieren una interaccion de
1os derivados monoterpénicos con las membranas biolégicas, por lo
que se decidid estudiar los efectos de estas sustancias sobre el
metabolizmo celular. Como modelo bioldégico, se ubilizaron

levaduras gue tienen un metabolismo

celular similar &l de los hongos que se hallan en el suel o, Yy
pudieran dar idea sobre el efecto de losz terpenos alelopaticos

sobre este tipo de organismos.

El consumo de oxigeno es un indicador del estado metabdlico
celular, asi como del estado de acoplamiento mitocondrial; este
pardametro fue utilizado para probar la capacidad de diversos
compuestos alelopaticos parea alterar el metabolismo de la
levadura. EIl conasumo  de oxigeno se vio inhibido por varios
derivados monoterpénicos entre 1los gque 1 (~)-beta-pineno y el (-
Y~limoneno fueron los mas activos. Ambos compuestos son derivados
hidrocarbonados del ciclohexano con una doble ligadura en 1a
cadena  lateral (Figura 12, vy en las plantas se obtienen como
productos del metabolismeo del geranil-pirofosfatoy, del neril-
pirofosfato y del 1linslil-pirofosfato, todos monot erpenos
alifaticos (10,11). El proceso de ciclizacidn de estos compuestos
parece depender de la&a presencia de luz 112)y vy. en Balvia

officinalis, depende de  dos enzimas diferentes, las  cuales



catalizan - la wciclizacidn esterecespecifica de los monoterpenos
alifaticos. La geranil-pirofosfato:pineno ciclasa I (FM  96000)
gEenera principal mente (+)—alfa—-pinena, (+)--canfeno vy (43~
limoneno, mientras gue la geranil-pirofosfatoipineno ciclasa 11
‘(PM S5000) transforma ol precuwsor aciclico en {(-3-beta-pineno,

(=)—alfa pineno vy (-)~limoneno (10D, Al parecer no hay

interconversidn de los isdmeros (10).,




RESUMEN DE LDOS RESULTADOS

Debido a que en una exploracion inicial con varios
alelopaticos se encontrd una mayor =fectividad del beta-pineno vy
del limoneno con respecto a las otras substancias, la mayoria de
nuestros experimentos s2  llevaron a cabo ocon estos dos
compuestos. En resultados preliminares se observe uma inhibicién
del consumo de oxigeno proporcional a la concentracion del

monoterpeno.

Habiendo oebservado la inhibiciéon del consuno de oxigeno en
la 1 evadura, decidimos  estudiae, come  indicadores de la
energizacidén celular, la habilidad para captar potasio y para
expulsar protones de la célula. Con estos experimentos, ademas,
fue posible alternar sustratos para energizar selectivamente a la
célula a través de la glucdlisis o la cademna respiratoria
mitocondrial. Tanto la captaciion de potasio como la expulsidn de
protones fusron inhibidas por el beta pineno, pero la inhibicidn
se obtuvo & menores concentraciones cuande la energizacioén
celular dependia de la mitocondria con etanol como substrato. Por

eatn se decidid hacer estudios en mitocondrias aisladas.

En mitocondrias aisladas de levadura se estudid el eafecto

del beta-pineno en diferentes niveles de la cadena respiratoria



mitocondrial, en  la .acﬁividad de ATPasa mitocondrial y en .el.
potencial transmembranal. El consumo de oxigeno y la generaciodn
del potencial transmembranal fueron afectados por el beta—-pineno,
no asi la actividad de ATFasa, que permanscid constante a todas
las concentraciones de beta-pineno utilizadas., Estos sfectos son
compatibles con una interaccidn del beta-pineno con la membrana
mitocondrial. E1 efecto del terpeno e pudo siplicar come  una
inhibicidn de la cadena respiratoris a nivel del citocromo b,
pern {fue interesanto observer gque otros segmentos de la cadena no

fueron afectados o incluso se encontraron estisul ados.

Dado que @n animales superiores también se ha observado
todicidad de los monoterpenocs (7-9), decidimos llevar a cabo
estudios en mitocondrias de higado de rata. Se observaron efectos
parecidos a los descritos en mitocondrias de levadura, es decir,
pérdida del potencial transmembranal £ inhibicidén del consumo de
origeno. La Gnica diferencia fue que en las de higado se
requirieron  mayores concentraciones de beta-pineno para inhibir
la cadena respiratoria mitocondrial. En ambos tipos de
mitocondrias aumentd la permeabilidad de la membrana a la salida
de potasio al agregar bajas concentraciones de beta-pinenoc. Al
aumentar la concentracidn de beta-pineno, sin embargo, las
mitocondrias de cada especie fueron afectadas de manera
diferente, pues las de higado de rate recuperaron la
impermeabilidad de la membrana cuando @l beta-pinenc alcanzdé una
concentracidn de 600 nmoles/mg de proteina mitocondrial. Las
mitocondrrias de levadura no recuperaron la capacidad de generar

un potencial transmembranal dependiente de ATFasa, a pesar de que



la ‘actividad de esta enzima permanecié constante con todas las
concentraciones de beta-pineno usadas. El beta-pineno no afectd
la actividad de ATFasa mitocondrial en ninguna de las dos

especies de mitocondria analizadas.

NMe: nos es posible concluir si hubo un deosacoplamiento de la
mitocondria de levadura, debido a que a muy bajas concentiraciones

de beta pinenc la cadena respiratoria ya se encontraba inbiibida.

Se hicieron algunos estudios de microscopie electrdénice  en
mitocondrias de higado doe rata 2 auvsencia y presencia  de
diferentiirs concentraciones de betea-pineno (Figuras 2 a 4). En los
controles se observaron las mitocondrias en estado condensado,
con las crestas de la membrana visibles (Figura 2). En proesencia
de las concentraciones de  beta pineno a las que se observd
desacoplamiento (100 a 200 uM), las mitocondrias aparecieron
hinchadas vy sin crestas (Figura ). A1 llevar el beta pineno &
las concentraciones ©0n gque  la presencia de pot.encial
transmembranal dependients de ATFasa volvia a observarazse (600 ulM)
se obnervd . que las mitocondrias recuperaron  su apariencia
original, con la excepridn de la prescncia de unos agregados
esféricos de aproximadamente 0.5 um de didmelro asociados con la
membrana interna mitocondrial (Figwa 4). Es probable que estas
esferas estén  formadas por agregados de beta pineno, y que al

agregarse écte, se revierta su efecto desacoplante en la

membrana.



Fig. 2. EFECTO DEL BETA~FINENMO SOBRE LA ESTRUDTURA DE
MITOCONDRINS DE HIGADO DE RATA AISLADAS, 1: CONTROL

Condiciones Mperimentales: lLas mitocondrias de higado de rata

fueron  obtenidas como se describe en @l articulo acompatiante

(Uribe, S, L, Alvares Yy A Fela, Festic. Biochen.
Fhysiol., (1984) 22 FeE0Y =1 medio uwtilizado consistid 2n

sacarosa 125 oM, EDTA--Tries 500 uMy pH 7,45 buffor Tris-HCL 10 mbl,
pH 7.4 succinato-Tris 30 aM pH 7.43 Rotenona: 1 oug/sng proteina
mitocondrial; Mitocondriaz, 1mg pret./ml. Las mitocondrias fueron
incubadas a Z0°C duwante dos minuios en un volumen final de 1 ml
y luego se pirocedid & fijarlas con totrénido de osmio para

observarlas al microscopio glectrdnico. Amplificacidn 50000 x.







3. EFECTO  DEL BETA-PINEND

Fig.

MITOCONDRINS DE HIGADD DE RATA

FIMENO.

Condiciones experimentales: Similarss

figura 2, excepto que swv  agregaron
mitocondrial de beta-pinenc & 1a
Amplificacidn: 31000 x.

AISLADAS,

SOBRRE LA ESTRUCTURA DE

IT: 200 uM  DE BETA-

a laz descritas en la

200 nmoles/og  proteina

mezcla de reaccion.







FIGURA 42 EFECTD DEL BETA-FINEND SOBRE LA ESTRUTTURA DE

H

MITOCONDRIAS DE HIGADO DE RATH, IIl: 400 uM de BETA-FIMENO.

Condiciones experimsntales similares a las descritas en la figuwra
2, excepto que se agregaron &S00 mmoles/ mg prot. mit. de beta-

—r—pmy

pinenc al medio de incubacidn. Amplificacidn de 4133¥ x.







lLa hidrofobicidad del beta-pineno y su efecto an la leovadui-a
y en la nmitocondria indican gue se localiza en las  membranas
celulares. Por ello se decidid estudiar la fluidez de la membrana
con el indicador flucrescente 1,6~difenil-—1,3,S-hexatrienoc (DFH)
en  ausencia v presencis de beta-pineno. Se observd gue 1a
palarizaci dsn  de la fluorescencia del DRH era mucho mayor en las
membranas  mitocondriales que en 1a membrana plasmatica, conoun
valor intermedio para las gélulas  {nkegras. 1 agregar
concentraciones cada vaz  mayoras de beta pineno, esta
polarizacidén disminuyd hacsta la cuarta parte en la mitocondria vy
casi no se modificd en una preperaciodn de membrana  plasmatica.
Esto indica que la fluidez de la membrana mitocondrial era mucho
menor qua  la de la measbrara plasmatica en auwsencia de beta-
pineno, pero aumentdéd marcadamente al agregarse beta ' pineno,
guedando a un nivel similar en ambas membranas en presencia de

nM de beta—pineno.



DISCUSION Y CONCLUSIONES

Se observéd gue él beta-pineno interactia con la levadura,
modificande varics proceses metabdlicos logalizades en las
mambranas calulares, El efecto, =in embar go, mostyrd
caracteristicas diferentes on la membrana plasmatica v en 1a
membrana mitpcendrial, En la membrana plasmitica se requirieron
concentracicnes muy altas de beta pinemo paeara inhibir los
procesos  de transporte vy permeabilizacr la membrana v la fluidesz

de membr-ana casi no se vide modificada,

En la levadura integra fue poceible demostrar la inhibicidn
del metabolismo mitocondrial in situ, a concentracionas de beta-
pinenc menores gue 1as necesarias para inhibir 1955 procesos
dependientes de la glucdlizis. Al analizar 1los efectos del
terpeno scbre mitorondrias aisladas de levadura, se observé
inhibicién der la respiracidén con disminucidén del control
respiratorio, asi cono ura disminuci én del potencial
transmembranal dependiesnte de la cadena respiratoria o de 1a

ATFasa. Estos efectos fueron proporcionales a 1a concentracion de

bete-pineno.

En las mitocondrias de higado de rata, la concentracidén de
beta-pineno necesaria para afectar las funciones mitocondriales
fue similar a la efectiva en wmitocondrias de levadura; sin

embargo, la secuencia con que ocuwrieron los efectos al aumentar

8
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la concentracion, fue diferente. En 123 mitocondrias de higado de
rata los primeros efectos ohaervadas reflejaron un
desacoplamiento de la fosforilacion eoxidativa, y solo a&l aumentar
la concentiraci 6n the beta-pineno se inhibidé la cadena
respiratoria. En las mitocondrias de levadura s observd una
inhibicidn de la cadena respiratoria desde les concentraciones
MmAs bajas ubtilizadas. Se enconird también otra difersncia: En las
mitocondirias de higado de rata, vy no en las de  1evadura, el
aumentc en la concentracitn de beta-pineno  resuwltd en la
recuperacion  de la iaparmneabilidad de la membrana v restitucidn
del potencial transmemnbranal generado por la ATRasa. Rajo las
mismas condiciones, e la aitocondria de levadura no  pudo
restablecerse el potencial L ansmembranal 2l aumentar la
concentracidn de beta-pingno como s habia observade en las
mitocondrias de higado. Por otro lado. ni en la mitocondria de
higado ni en la de levadura hube efectos sobre J1a ATPasa

mitocondrial.

En mitocondrias de levadura 1 beta-pineno aumenté 1a
fluidez de la membrana, mientras que en la membrana plasmitica
los efectos fueron casi nulos. Es imposible en esta etapa
determinar la razoén por la que el beta-pineno pudo afectar a 1a
memnbrana mi tocondrial mAas profundamente Yy a menores
concentraciones gque a la membrana plasmatica. Esto puede ser
resultado de una diferente distribucion del monoterpeno en  ambas
membranas o a wna mayor susceptibilidad de 1la membrana

mitocondrial a los efectons del beta-pineno.



Ern las mitocondrias de higado de rata, la reversion del
desacoplamiento parece habsr sido causada por un agreéamiento de
las  moléoulasn  del monoterpeno, uma ver que éste alcanzd  una
concentraci on critica en la mentxrana. En el microscopio

-

electronico (Figuras 2 & 92, s observd que 2n presencia de

concentracionss desacoplantes de beta-pinenao, las mitocondrias
sufrieren hinchasmiento v =2 borraron las crestas de la membrana
interna. Al aumentar la conceptracid@n hasta un nivel similar al
que permite © restablecimiente  del potencial transmnombranal
dependiente  de ATRasa y restitucidn d= la impermeabilidad de 1a
menbrana  al  potasio (600 uM), las mitecendrias recuperaron sw
aspectn original, ercepto que se observaron agregados  esféricos
asociados con la mesbrana interna mitocondrials estas esferas
puaden ser agregados de beta-pineno, el cual al ser secuestrado
dee esta manera, puede disminuir su concentracidon efectiva en l1la

ria la recuperacion de la

ot

mitocondria. Asi s explic

impermeabilidad de la membrarnas

Entre las conclusiones que consideramos interesantes en esta
etapa, estd el que los efectos del beka-pineno sean diversos,
dependiendo de las omembranas wtilir adas. Se encontraran
diferencias «claras en las alteraciones del funcionamiento y 1la
conformacidn de las menbrana plasmatica de levadura, o en ia

mitocondrial, de levadura o de higado.

Tambi én es importante menciponar gue adn en la membrana en la

Que se llevaron a cabo mas estudios, que fur 1a de mitocondi-ia de

10



-levaduima, hay enzimas cque se inhiben con menores concentraciones

que otras, algunas cuya funcidn no fue alterada vy, final mento,

una que se estimuld por la presencia del monoterpeno.

Toda esta fenomenologia abre posibilidades en cuanto a los

macanismes, ya sean resultado de la interaccidon mds b menos

pespecifica  del terpent con las enzimas, o de los componentes

lipidicos de la membrana, gue, al alterarse por la presencia del

pinenco, pueden modificar de diferente forma a las enzimas

membranales,

11



FPERSPECTIVAS

En el futuwro, essperamos continnar russtros estudics sobre la
toxicidad de los monoterpenos en diferentes sistemas biolodgicos.
Hay datos muy interesantes en 1o literat wa qQue indican que estas
substancias generan un aumento en la coscentracidon del citocromo
=450 en hepatocitos de rata; estos tdemen una capacidad mas
grande que los controles pera metabolizar monoterpenos. For otro
lado, si se induce &1 sistema de odidasas inespecificas con beta-
naftoflavona, fencbarbital o 3-metil cokantrenn, el aumento e@n
citocromeo FP-450 gue resulta, no se traciuce en un aumento en 1la
capacidad de la ceélula para detoxificar monoterpenos (7). Esto
sugiere que el sistema de odidasas generado por una uw otra
sustancia parece tener una cierta esp=cificidad. HNos parece
importante retudiar este sistema pow que las oxidasas
inespecificas de la célula participan en maltiples procestbs de
detokificacidén que en ocasiones germeran sustancias con
propiedades téxicas. El1 bencveno, por cjemprlo, es metabolizado
para formar mutdgenos y cancerigenos. Es posible que  algunos
monoterpenons modifiquen a las oxidasas especificas para regular
su interacecion con dichas substancias mut dgenas. Fara explorar
esta posibilidad es necesario empezar por definir el mecanismo

por &1 cual cada sustancia genera un  aumento de oxidasas

inespecificas y determinar su todicidad en la cédlula.



En relacion con los estudios de toxicidad que se pudieran
llevar a cabo, estd el caéD de varios monoterpencs que contiesnen
oxigeno, como por  ejemplo, =1 pulegon (3). qgue inhibe el
crecimiento celular con mayor sfectividad gue el beta pinenc o =1
limoneno, pero no mostro efectos szohre el consuno de oxigeno ni
la integridad de la menbrana cuando fue agregade a las  levaduras

(no  publicade). Seria interesanbte deterpinar el mecanisme de

toxicidad de ¢ compuest o,

La mezcle de derivades alelopaticos entre i o con cales vy
otros compuestos organicos resulta en una potenciacidén de los
efectos toricos de cveda compuesto para ciertos organismos (13), vy
es asi como se encuentran es=tos compuestos en la natwaleza, s2a
en las resinas de los drboles o en las suspensiones coloidales en
que se encuentran en el sualo. En la dindustria se estan
estudiando diferentes mezclas de alelopaticos cono posibles
preservadores de  alimentos (13, Al conocer 2l mecanismo  de
accidtn de cada una de estas sustancias, ees posible gue pueda
comprenderse mejor ol mecanismo por el cual la presencia de sales
Yy la combinaciéon de dos o©o mas alelopaticos l1lleva a la

potenciacidn de los efectos tdxicos.

Hay wvarios grupos interesados en e1 estudip de estas
substancias como herbicidas y desparasitantes (1), vya que su
toxicidad en muchos casos parece ser selectiva para alguna
aspecie (1). Otro  tema interesante en el estudio de los

monoterpenos es el que los enfoca como precursores de feromonas

[
£



enrlos insectos, cuya liberacidn es controlada neuralmente, (7)
con especificad que depende del sexo y la especie gque sk observen
(14>. Esto o especialmente intereseants para 1la agricultwa,
donde estas sustancias son utilizadas para  atrapar insectos

parasitos de cultivos (14).

14
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B-Pinene uncouples oxidative phosphorylation and inhibits respiration in isolated rat liver mi-
tochondria. The uncoupling effects are observed at lower concentrations (LM 1o 200 pdf) than the
inhibition of respiration (400 w1, At low concentrations, the effects observed could be explained
by an increase of the passive permeability of the mitochondrial membrane produced by the terpene.
Higher concentrations seemed 10 inhibit respiration through an effect on the clectron transport
chain. Al the highest concentrations tested (600 to 1200 ), B-pinene seemed to produce a partial
resealing of the mitochondrial membrane. All efTects can he explained by the interuction of B-
pinene with the milochondrial membrane. Other hydrophobic molecules tested do not show the
effects of B-pinene or limonene on mitochondria.

INTRODUCTION

Monoterpenes are widely found in nu-
ture; they are expelled into the environ-
ment by many higher plants (For a review
see (1)). Reports show that they are toxic
to organisms widely distributed in the phy-
logenetic scale, including gram-positive and
gram-negative bacteria, yeast (2), plants
(3-35), insects 2, 6-8), mammals (8, 9), and
even man (10). All these studies seem to
show a general pattern of toxicity con-
sisting of an alteration of many membrane-
related processes, such as oxygen con-
sumption and ion permeability. Sometimes,
the membrane is damaged to such an extent
that it relcases cytoplasmic macromole-
cules into the environment (2),

Repeated intraperitoneal injection of «-
pinene results in an increased Ievel of cy-
tochrome £-450 in rat liver microsomes and
a consequent increase in the detoxification
rate of a-pinene by the unspecific micro-
somal oxidase system (8).

Monoterpencs dissolve gallstones; there-
fore, low doses have been administered
orally to cholelithiasic patients without no-
ticeable side effects (11).

43

With this information, a study of the tox-
icity of the monoterpenes on isolated mam-
malian systems seemed justified. Here we
report the results of studies on the effects
of B-pinenc. a nonsubstituted monoterpene
of medium toxicity (I, 4), on isolated rat
liver mitochondria. Rat liver mitochondria
were used because this is a very well-de-
fined system; most of their metabolic pro-
cesses are tightly linked to membranes, and
there is evidence of monoterpene toxicity
to mitochondria from other sources (1 -6).

MATERIALS AND METHODS

Mirochondria. Male or female Wistar
rats, weighing between 150 and 200 g, were
obtained from our local colony and sacri-
ficed by cervical luxation and decapitation
(12). The liver was extracted, washed, and
minced in the preparation medium (0.25 M
Sucrose, I mM EDTA, adjusted with Tris,
pH 7.4), and subsequently homogenized in
[50 m! of the same medium in a glass—
Teflon homogenizer. Mitochondria were
isolated from the homogenate by differen-
tial centrifugation as described clsewhere
(12); the above operations were carried out

0048-3575/84 $3.00
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All rights of reproduction in any form reserved.




JOURNAL oF BAcTERIOLOGY, Mar, 1985, p. 1195-1200
0021-9193/85/031 195-06502.00/0
Copyright © 1985, American Suciety for Microbiology

Vol. 161, No. 3

Effects of B-Pinene on Yeast Membrane Functions
SALVADOR URIBE. JORGE RAMIREZ, axp ANTONIO PENA*

Departamento de Microbiologia, Centro de Fisiologia Celular, and Departasmento de Bioguimica. Facultad de Medicina,

Universidad Nacional Autonoma de Mévico, (4310 México, DF. México

Received 21 May 1984/Accepted 11 Decembuer 1984

The effects of -pinene on yeast cells were studied, This terpene inhibited respiration with glucose or ethanol
as the substrate, The inhibition depended on the ratio of the terpene to the amount of yeast cells; for a fixed
concentration of pinene, inhibition decreased as the amount of yeast cells increased. Pinene also inhibited the
pumping of protons and K* transport, but this inhibition was more marked with ethanol than with glucose as
the substrate, indicating the mitochondrial localization of the inhibition. The studices on isolated mitochondria
showed a serles of effects, starting with the disappearance of the respiratory control and deenergization of the
organclles and followed by un inhibition of respiration at higher concentrations of the terpene. The effect on
respiration could be localized to the eytochrome & region of the electron transport chain. No effect could be

detected on the activity of ATPase

was also accompanied by a decreas

The effects can be aseribed to a localization of pinene on membranes which
1se in the fluorescence polarization of di phenyl hexatriene, probably meaning

an increase in the fluidity of the membrane, localized preferentially to the mitochondria,

The bacteriostatic and bactericidal effects of terpenes
have been previously documented (8, 10, 15). A study on the
effects of a-pinene was also reported (1), using several
microorganisms; it was found that this terpene produces an
inhibition of growth, the release of 260-nm absorbing ma-
terials from the cells of Bacillus thuringiensis and Sac-
charomyces cerevisiae, a slight inhibition of the respiratory
control of yeast mitochondria. and the decrease of the
viability of spores of 8. rhuringicnsis.

‘The aforementioned studies indicated the need for a more
detailed study of a series of eflects apparently localized in
the membranes of microorganisms, Besides, in a screening
study of several allelopathic agents on respiration patterns in
yeast cells, we found that one of the most potent of these

agents was B-pinenc. This paper presents the results of

studies performed with a commercial strain of S. cerevisiue,
taking also into consideration previous effects reported for
B-pinene on rat liver mitochondria (16).

MATERIALS AND METHODS

Preparation of yeasts and yeast mitochondria. Cells of a
commercial strain of S. cerevisive (La Azteca, S.A.) were
incubated for 8 h in a culture medium (3) and then starved
overnight. Mitochondria from the yeast cells were prepared
as previously described (12). To prepare mitochondria, in-
stead of using a Ribi cell disintegrator, cells were brohen
during 15 s in a Nossal cell homogeneizer (Braun), with 0.45-
to 0.50-mm glass beads, at a speed of 3.500 rpm. Both the
suspensions of starved cells and mitochondria were used by
4 h after preparation.

Oxygen consumption. Oxygen consumption was measured
by means of a Clark clectrode in a variable volume chamber,
with an appropriate polarization and recording system, The
media used are indicated below for cach experiment.

Yeast plasma membranes. Yeast plasma membranes were
prepared as described by Fuhrmann et al. (6).

NADH dchydroge nase activity, This mitochondrial activity
was measured by following the reduction of 2,6-dichloroin-
dophenol in medium containing 50 mM potassium phosphate

* Corresponding author.
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bufler (pH 7.6), 100 puM KCN, 25 uM NADH, and variable
conceatrations of pinene. The final volume was 2.0 ml at
room temperature. Mitochondria (2 mg of protein) were
added: 2 min later, 80 pM 2.6-dichioroindophenol was
added., and the absorbance change was followed in @ dual-
wavelength spectrophotometer at 600 versus 590 nm, The
activity was calculated from the molar extinction coeflicient
of the dye and the absorbance change against time.

Succinate dehydrogenase activity, The same general proce-
dure was employed by following the reduction of 2,6-dichio-
roindophenol {with succinate as the substrate) in medium
containing 50 mM potassium phasphate buffer (pH 7.6), 100
pM KCN, 275 uM phenazine methosulfate, 5 mM sodium
succinate (pH 7.6), S ug of rotenone, and variable concen-
trations of pinene in a final volume of 2.0 ml at room
temperature. Mitochondrial protein (2 mg) was added, and
after 2 min, 80 M 2,6-dichloroindophenol was added. The
absorbance changes at 600 versus 590 nm were followed,
and the activity was calculated as described for NADH
dehydrogenase.

NADH:cytochrome ¢ reductase activity., To measure this
activity, the reduction of cytochrome ¢ was followed in an
incubation medium containing 50 mM potassium phosphate
buffer (pH 7.6), 100 uM KCN, and 5 pM NADH (plus the
indicated concentrations of pinene in a final volume of 2.0
mi) at room temperature. Two minutes after the addition of
2 mg of mitochondrial protein to the incubation mixture, 1.5
mg of cytochrome ¢ was added, and the absorbance changes
were followed at 550 versus 540 nm in a dual-wavelength
spectrophotometer, The amount of reduced cytochrome ¢
was calculated from the extinction coeflicient at the indi-
cated wavelengths,

Succinate:eytochrome ¢ reductase activity, This activity
was followed by measuring spectrophotometrically the re-
duction of cytochrome ¢ in incubation mixture containing 50
mM potassium phosphate buffer (pH 7.6), 100 uM KCN, 500
pM sodium succinate {(pH 7.6). 5 pg of rotenone, plus
B-pinenc at the indicated concentrations and 2.0 mg of
mitochondrial protein. The final volume was 2.0 mi at room
temperature. Two minutes after the addition of mitochondria
to the incubation medium, the reaction was started by the

)
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matrix to be used, but these characteristics
arc shared also by ATP and succinate,
which do not s how this protective property.
On the other hand, we have obtained a very
similar pattern of effects with ethidium bro-
mide (21), a cationic fluorcscent dye. We
have explained this by relating this curious
phenomenon toa possible inhibition of the
NADH-ubiquinone segment of the respi-
ratory chain by the dye (21).
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The effects of 3-pinene on yeast cells swere studied. ‘This terpene inhibited respiration with glucose or ethanol

as the substrate. The inhibition depended on the ratio of the terpene to the amount of

ast cells; for a fixed

concentration of pinene, inhibition decreased as the amownt of yeast cells increased. Pinene also inhibited the
pumping of protons and K* transport, but this inhibition was nrore marked with ethanol than with glucose as
the substrate, indicating the mitochondrial localization of the inhibition. The studies on isolated mitochondria
showed o series of effects, starting with the disappearance of the respiratory control and deenergization of the
organelles and followed by an inhibition of respiration at higher concentrations of the terpene. The effect on
respiration could be localized to the cytochronmie b region of the electron transport chain. No cffect could be
detected on the activity of ATPase. The elfects can be aseribed to a localization of pinene on membranes which
was also accompanicd by at decrease in the fluorescence polarization of diphenyl hexatriene, probably meaning
an increase in the fluidity of the membrane, localized preferentially to the mitochondria.

The bacteriostatic and bactericidal effects of terpenes
have been previously documented (8. 10, 15). A study on the
effects of a-pinene was also reported (1), using several
microorganisms; it was found that this terpene produces an
inhibition of growth, the release of 260-nm absorbing nu-
terials from the cells of Bacillus thuringicnsis and Sac-
charomyces cerevisiae, a slight inhibition of the respiratory
control of yeast mitochondria, and the decrease of the
viability of spores of B. thuringiensis.

The atorementioned studiey indicated the need for a more
detailed study of a series of effects apparently localized in
the membranes of microorganisms. Besides, in a screening
study of several allelopathic agents on respiration patternsin
yeast cells, we found that one of the most potent of these

agents was B-pinene, This paper presents the results of

studies performed with a commercial strain of 8. cerevisiae.
taking also into consideration previous cflects reported for
B-pinene on rat liver mitochondria (16).

MATERIALS AND METHODS

Preparation of yeasts and yeast mitochondria. Cells of a
commercial strain of §. cerevisive (La Azteca, S.AL) were
incubated for & h in a culture medium (3) and then starved
overnight. Mitochondria from the yeast cells were prepared
as previously described (12). To prepare mitochondria, in-
stead of using @ Ribi cell disintegrator, cells were broken
during 15 s in a Nossal cell homogeneizer (Braun), with 0.45-
to 0.50-mm glass beads, at a speed of 3,560 rpm. Both the
suspensions of starved cells and mitochondria were used by
4 h after preparation.

Oxygen consumption, Oxygen consumption was measured
by means of a Clark electrode in a variable volume chamber,
with an appropriate polarization and recording system. The
media used are indicated below for cach experiment.

Yeast plasma membranes, Yeast plasma membranes were
prepared as described by Fuhrmann et af. (6).

NADH dehydrogenase activity. This mitochondrial activity
was measured by following the reduction of 2,6-dichloroin-
dophenol in medium containing 50 mM potassium phosphate

* Corresponding uuthor.
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buffer (pH 7.6), 100 1M KCN, 25 p.M NADH, and variable
concentrations of pinenc. The final volume was 2.0 m! at
room temperature. Mitochondria (2 mg of prolein) were
added: 2 min later, 80 uM 2.6-dichioroindophenol was
added, and the absorbance change was followed in a dual-
wavelength spectrophotometer at 600 versus 590 nm. The
activity was calcufated from the molar extinction coefficient
of the dye and the absorbance change against time.

Sucecinate dehydrogenase activity, The same general proce-
dure was employed by following the reduction of 2,6-dichlo-
roindophenol (with succinate as the substrate) in medium
containing 50 mM potassium phosphate buffer (pH 7.6), 100
1M KCN, 275 uM phenazine methosulfate, 5 mM sodium
succinate (pH 7.6), § pg of rolenonc, and variable concen-
trations of pinene in a final volume of 2.0 ml at room
temperature. Mitochondrial protein (2 mg) was added, and
after 2 min, 80 wM 2.6-dichloroindophenol was added. The
absorbunce changes at 600 versus 590 nm were followed,
and the activity was calculated as described for NADH
dehydrogenase,

NADH:cytochrome ¢ reductase activity., To measure this
activity, the reduction of cytochrome ¢ was followed in an
incubation medium containing 50 mM potassium phosphate
buffer (pH 7.6), 100 uM KCN, and 5 uM NADH (plus the
indicated concentrations of pinene in a final volume of 2.0
ml) at room temperature. Two minutes after the addition of
2 mg of mitechondrial protein to the incubation mixture, 1.5
myg of cytochrome ¢ was added, and the absorbance changes
were followed at 550 versus 540 nm in & dual-wavelength
spectrophotometer. The amount of reduced cytochrome ¢
was calculated from the extinction coeflicient at the indi-
cated wavelengths.

Succinate:cytochrome ¢ reductase activity. This activity
was followed by measuring spectrophotometrically the re-
duction of cytochrome ¢ in incubation mixture containing 50
mM potassium phosphate buffer (pH 7.6), 100 pM KCN, 500
uM sodium succinate (pH 7.6), 5 pg of rotenone, plus
B-pinenc at the indicated concentrations and 2.0 mg of
mitochondrial protein. The final volume was 2.0 ml at room
temperature. Two minutes after the addition of mitochondria
to the incubation medium, the reaction was started by the
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addition of 1.5 mg of cytochrome ¢. The absorbance was
foltowed at 550 versus 540 nm in o dual-wavelength spee-
trophotometer. The reduction of eytochrome ¢ was caleu-
lated from the molar extinction coeficient at these wave-
lengths.

Cytochrome ¢ oxidase activity. This mitochondrial activity
was measured by following the oxygen consumption in
incubation medium containing 50 mM potassium phosphate
bufler (pFf 7.6), S mM sodium ascorbate (pH 7.6), 50 pM
tetramethyl-p-phenyiencdiamine. 1 pe of antimycin A, and
variable concentrations of pinene at a final volume o’ 3.0 mi.
The measurement was performed @t room temperature; i
was started by the addition of mitochondria (3 mg of
proteinh.

A'TPase activity, This cnzymatic activity was measured by
following the amount of inorganic phosphate liberated by
incubating yeast mitochondria with ATP in medium contain-
ing 20 mM Tris-HC(pH 8.5). 2 mM ATP-Tris (pH 8.5), and
5 mM MgCla. To measure the eazyme activity, S00 pg of
mitochondrial protein was mixed with 300 pi of water 10
disrupt the permeability barriers. with or without variable
amounts of pinene. The rest of the incubation mixture was
then added to complete 1.0 ml of final volume. After an
incubation of 10 min, the reaction was stopped by the
addition of 100 i of 309 cold trichloroacetic acid. The
mixture was centrifuged for § min at 2.500 rpm. Inorganic
phosphate was measured in the supernatant as described by
ske and Subburrow (5).

Estimation of the mitochondrial membrane potential
estimation of mitochondrial membrane potential was
out by tollowing the fluorescence of NN’ -dipropyl thiacarbo-
cyanine at 540 versus 590 nm under various conditions as
previously indicated (13). An increase in the fluorescence
seems to indicate @ decrease in the membrane potential, and
vice versa (13, 14).

K* and HY movements. K' and H' movements were
followed by means of &4 monovalent cation electrode (Corn-
ing no. 476220; Corning Glass Works, Corning. N.Y. ) and a
pH combination electrode. respectively, with a pH meter
and a recorder attached.

Fluorescence polarization measurements,  Yeast cells,
plasma membranes, or yeast mitochondria were incubated in
the indicated media with 1 M 1,6-diphenyl-1,3.5-hexatriene
for 10 min at room temperature. The terpene was then
added, and the polarization of fluorescence was measured in
a spectrofluorometer with two photomultipliers and calcite
polarizers at 340 nm excitation wavelength and two 418-nin
cutoll Schott filters. This method scems to give good indi-
cations of membrane fluidity (2. 9).

Protein determination. Protein determination was carried
out by the biuret method.

Reagents. All substances were of the highest grade avail-
uble. B-Pinene was used as abtained trom Aldrich Chemical
Co., Inc., Milwaukee, Wis., and prepared as a 0.2 M
solution in dimethylformamide; adequate volumes to obtain
the desired concentrations were added. In all cases, controls
were prepired by adding the amount of dimethylformamide
corresponding to the highest concentrations of pinene. They
showed no effect on any activity, except on the respiration
of isolated mitochondria or cytochrome ¢ oxidase, which
was inhibited by ca, 15 to 20%.

RESULTS

Effects of pinene on intact yeast cells. (i) Respiration.
Previous studies have shown that B-pinene can inhibit the
respiration as well as other functions of rat liver mitochon-
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FIG. 1. Elfects of B-pinene on the respiration of variable amounts
of intact yeast cells with ethanol or glucose as the substrate. The
incubation medium was 20 mM morpholinocthanesutfonic acid
adjusted to pH 6.0 with tricthanotamine: 25 mM glucose or 53 mM
ethanol was used s the substrate. Yeast cefls ol 10, 25, or 50 mg
(wet weigh) were used as indicated, Final volume 3.0 mh
Figures to the right of curves indicate the micromolar concentration
of pinene present in the medium before the addition of cells.

dria (16)2 it was found also that some eliects can be traced 1o
the membranes ol microorganisms (1), Figure 1 shows that
B-pinene also could inhibit yeast cell respiration, both with
glicose and ethanol as substrates. Besides, the inhibition
depended on the amount of yeast cells present in the
incubation mixture: with 10 mg of yeast cells, a clear
inhibition was found with a concentration ot 500 WM. When
the amount of yeast cells was increased to 50 mg/ml, the
same concentration of B-pinene produced only a small
inhibition. ‘This already indicated that the terpene was
strongly taken up by the cells, most probably at the level of
the membranes.

(ii) Extrusion of HI*, This function was studied because it
s catalyzed by an A'TPase localized in the plasma membrane
of the cell (7. 11, and requires also an cftective source of
ATP, that can be either fermentation or respiration. Figure 2
shows that, with glucose as the substrate, the inhibition of
H' pumping by the cells required rather high concentrations
of @-pinenc. With cthanol, lower concentrations were re-
quired, similar to those that produced the inhibition of
respiration,

(iii) K* transport. This is another function of the plasma
membrane of the yeast cell; it seems to be separated from,
but dependent upon. H* pumping (7. 11). Like H* pumping,
K* transport required higher concentrations of B-pinene to
be inhibited with glucose than with cthanol as the sub-
strate (Fig. 3).
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FIG. 2. Effects of variable concentrations of @-pinence on the
ability of yeust cells to pump protons into the medium. The
incubation medium was the same as described in the legend 1o Fig.
1, but buller was omitted: the inftial pll was 6.4. Final volume was
5.0 ml, and 42 mg of yeast cells (wet weight) were used. The cells
were added ca. 3 min before the substrate.

Eflects on yeast mitochondria. (i) Respiration. As expected
from the experiments performed with intact yeast celis,
respiration of yeast mitochondria was sensitive to rather low
concentrations of B-pinenc. However, it is difficult to extra-
polate strictly the ratios of terpene concentration to the
amount ol either yeast cells or yeast mitochondria in terms
of the possible partition of pinene between the medium and
either of the two biological materials, The inhibition of
respiration showed several interesting characteristics (Fig.
4): respivation in the absence of ADP (state 4 respiration)
was affected only by rather high concentrations of the
terpene. At low concentrations (50 or 100 wM), what was
more striking was an inhibition of respivation in the presence
of ADP (state 3 respiration); at 200 wM pinene and 1 mg of’
mitochondrial protein per ml, there was practically no re-
sponse to ADP. However, the uncoupler FCCP added aflier
ADP could produce a significant stimulation of respiration.
At higher concentrations of the terpene, there was an
inhibition of state 3, state 4, and uncoupled respiration,

To climinate eflects related to the control of respiration by
ADP, the experiment shown in Fig. § was performed. It

FIG. 3, Effects of various concentrations of B-pinene on K*
transport by yeast cells with glucose or ethanol as the substrate.
Experimental conditions were as described in the legend to Fig. 1,
but 100 uM KCl was included in the incubation medium, and the
linal volume was 8.0 ml. Also. 67 mg of yeast cells was udded where
indicated.
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FIG. 4. Eftects of $-pinene on the respiration of yeast mitochon-
dria. The incubation mixture contained 0.6 M mannitol, 10 mM
Nat,PO; (pH 6.5), and 1.07% defutted bovine serum albumin. Also
used was 15 mM succinate, with pH adjusted w0 6.5 with NaOH, and
1 mg of mitochondria protein per mb Pinene was present at the
indicated concentrations, Final volume was 3,0 mi. Temperature
was 30°C. ADP was added at a concentration of 80 M, and FCCP
wis added at 3 pM. Figures aside the curves indicate the oxygen
consumption rates in nanogram-atoms of O, per minute per
milligram,

shows the eficets of pinene on the respiration of mitochon-
dria incubated in a hypotonic medium that had lost the
abitity 10 respond to either ADP or FCCP. Under these
conditions, pinene inhibited respiration within a concentra-
tion range similar to that required 1o inhibit O, consumption
by coupled mitochondria.

(i) ATPase activity. In mitochondria isoled from yeast
cells, no activity of ATPase could be detected, even in the
preseuce of uncouplers, unless hypotonic media were used.
This fact did not allow us to study this mitochondrial activity
under the same conditions as coupied respiration. However,
even at very high concentrations of the terpene, no inhibi-

o] 100 200 500 - pM Pinene
Mito. Mito. Mita, M;!o
t

FIG. 5. Effects of B-pinene on the respiration of isolated yeust

mitochondria incubated in u hypotonic medium. The incubation

conditions were similar to those described in the legend to Fig. 4,
but only 100'mM mannitol, 2 mM sodium phosphate buffer. and
0.25% dclatted albumin were used. Figures beside the curves are
also as described in the legend Lo Fig. 4. For these experiments, the
sume mitochondria as described in the legend to Fig. 4 were used.
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TABLE 1. Effects of 3-pinene on several activities of isolated yenst mitochondria®

o NADH s s % NADH ZE suce o Cyt v
Sample ATPase  Inhibi- A Inhibi- LS lnhibi- AN aninic o OUC nnibi i
r tion pcere tion berre tion ote ton O tion - OXidase tion
Pinene (uM)
Q0 189 0 57 0 26 0 53 0 108 Q0 127 4]
100 197 -4 57 0 15 38 37 28 42 61 122 4
200 197 —4 89 -56 15 k) 25 53 17 84 ns 10
500 180 S 82 -43 15 18 7 85 10 91 108 16
1,000 177 6 m -175 15 B 7 86 2 98 100 21
Dimethylformamide 189 0 57 0 20 22 53 0 84 22 103 19
(10 p¥ml)
Oligomycin 12 94
DCCD W 36
NaNy 42 78

“ The measurements were made as described in the text. Results are expressed as follows: AT Pase, nnomoles of inorganic phosphite hydrolyzed per minute

per milligrs AD
c (cyt o) and suce:c

:2.6-dichloreindophenol (DCPIP) and suc

te tuee):BCPIE, nanomoles of DCPIP reduced per minute per milligram: NADH:cytachrome
¢, manomutes of eytochrome ¢ reduced per minute per milligeam: and ¢yt croxidiase. nanogram-atoms of O consumed per minute per

milligram. The inhibitors were added at the following concentrations: oligomycein, 10 pg/mi: dicyclobheayl carbodiimide tDCCH), 10 pM:and NaNi, 1 mM.

tion of ATPase could be detected. Both the control mito-
chondria and those incubated in the presence of up to 1 mM
pinene showed an activity of 180 to 190 nmol of inorganic
phosphate hydrolyzed per mg of mitochondrial protein per
min. (Table 1). Scveral inhibitors, especially oligomycin,
which produced an inhibition close to 1009, showed that
this was, in fact, a mitochondrial ATPase.

(iii) Mitochondrial transmembrane potential. The fluores-
cence of N-N'-dipropy! thiacarbocyanine should show a
quenching when a membrane potential that is negative inside
is generated in the mitachondria (13, 14). The results of Fig.
6 show that the fluorescence of the cyanine was quenched
even before the addition of a substrate, probably because of
the oxidation of endogenous substrates. Upon the addition
of succinate, a further quenching was observed; this quench-
ing could be reverted by the addition of antimycin A and
produced again, although to a smaller extent, by the addition
of ATP, and reverted once more by the addition of an
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FI1G. 6. Effects of B-pinene on the membrane potential of yeast
mitochondria. The potential was measured as described in the text.
Incubation mixture was the same as described in the legend to Fig.
4, with 15 mM succinate or 2 mM ATP-Na (pH 6.5). Mitochondria
were added at 1.0 mgiml. Final volume was 2.0 ml, and the
experiment was carricd out at room temperature. Where indicated,
50 nM antimycin A or 3 p2M FCCP was added. The concentration of
N-N'-dipropy! thincarbocyanine was 0.5 pM.

uncoupler. When pinene was present, the initial fluores-
cence of the cyanine was higher, and the quenching of the
fluorescence gencrated with succinate or ATP was smaller,
depending on the concentration of the terpene. At 1 mM
B-pincne, these changes were no longer observed. Similar
results were obtained by energization only with § mM ATP
(Fig. 7) in mitochondria incubated in the presence of anti-
mycin A. In these experiments, the initial levels of fluores-
cence were higher, with some delay at 100 pM pinene,
probably because of the inhibition of the oxidation of endo-
genous substrates.

Effccts of pinene on the respiratory chain. These cliects
were measured by following the eltects of the terpene (at
various concentrations on several segments of the respira-
tory chain in isolated mitochondria incubated in hypotonic
wmedia) to eliminate the permeability barriers and effects on
respiratory control. Stimulation of NADH dehydrogenase
wias observed when the effects of the terpene were studied

v o £
o <3 c r
< 5 g S o
S a 9 3 3. 9 oy
9 g 1 o a O 1 < o
gt Y I & 13
> - 1 l
- % g 1 (-\
E r\\_J\ ’ /\J\
o
o
n
g Controt 100 pM 200 pw 500 pM
a
o 2 min
I "
o
o
v
&
o
=2
™S
el et
t t t
Milo Milo Mite Mito

FIG. 7. Effects of p-pinenc on membrane potential of yeast
mitochondria with ATP in the presence of antimycin ‘A, The
experiment was carried out as described in the legend to Fig. 5, but
with § mM ATP-Na adjusted to pH 6.5 as the substrate. A
concentration of 50 nM antimycin A was present in the medium.
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on this isolated activity (Table 1). No clfect could be
demonstrated on the cytochrome ¢ oxidase activity, except
for an inhibition of ca. 109, that could be observed also with
dimethylformamide (used for dissolving pinene). Succinute
dehydrogenase was already inhibited up to a maximum of
ca. 40% with the lower concentrations of the terpene.
However, the most striking inhibition was detected in the
reduction of cytochrome ¢, both with NADH or succinute as
substrates; this inhibition was aimost complete.

Fluorescence polarization changes. () Intact cells, Since the
efleets of the terpene could be traced o functions localized
in the membranes of yeast cells, this general interaction
might be evidenced by the measurement of' fluorescence
polarization of' 1,6-diphenyl-1.3,5-hexatriene as an indicator
of possible changes of the fluidity of the membranes. In
experiments carried out with intact cells (Fig. 7). the addi-
tion of B-pinene produced & large decrease in the tluores-
cence polarization of 1,6-diphenyl-1.3,5-hexatriene which
was compatible with an increase of the fluidity of the
membrane(s) when pinene was present.

(if) Plasma membranes. The same experiments, carried out
with a preparation of plasma membrancs from yeast cells (6).
also showed a decrease in the fluorescence polarization in
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FIG. 8. Effects of B-pinenc on the fluorescence polarization of
1,6-diphenyl-1.3,5-hexatriene in intact yeast cells, yeast plasma
membranes, and yeast mitochondria. lncubation medium for yeast
cells and plasma membranes was 20 mM morpholinoethanesulfonic
acid-tricthanolamine (pH 6.5). A sample of 1 uM 1,6-diphenyl-1,3.5-
hexatriene was added 10 min before B-pinene. The measurement
was made as soon as possible after the addition of pinene. For yeast
mitochondria, the medium was the same as described in the legend
to Fig. 4. A sample of 16.6 mg of yeast cells, 10 mg of plasma
membrane protein, or 10 mg of yeast mitochondrial protein was
used.
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the presence of B-pinene. This decrease was, however, very
small, when compared with that observed in intact cells (Fig.
§). Besides, the values of polarization in the absence of
pinene were already much lower than those of intact cells or
mitochondria under similar conditions,

tiii} Mitochondria, When the fluorescence polarization of
1,6-diphenyl-1,3,5-hexatriene was measured with isolated
mitochondria, a rather large decrease was observed in the
presence of B-pinene (Fig. 8), similar to that observed with
intact cells,

Effects of pinene on the integrity of the mitochondrial
membrane. The effects of pinene on the integrity of the
mitochondrial membrane were tested by measuring the
efffux of K into a K'-free medium with various concentra-
tions of pinene. 1t was found that B-pinene, contrary to what
was observed with rat liver mitochondria (16), did not
produce the increased passive eNux of K' from the organ-
elles, The uaddition of ‘Triton X-100, on the other hand.
produced the efflux of ca. 50 neq of K' per mg of protein
(data not shown).

DISCUSSION

The eftects of B-pinene reported here were, in some ways,
expected. for the hydrophobic character of this terpene has
to favor its partition into the membranous suuetures of the
cell. The work of Andrews et al. (1) already showed effects
indicating lesions on yeast membranes and other microor-
ganisms. Also, the work reported before on the effects of
B-pincne on liver mitochondria (16) could be cxplained
mostly on the basis of the interaction ol the terpene with the
membrane of this organclle.

However, the eifects do not seem to take place uniformly
on all membranes of the yeast cell, and even those observed
on isolated yeast mitochondria were difierent from the ones
found with liver mitochondria (16). Starting with the effects
of pinene on H' und K' movements in whole cells, it
scemed clear that they were observed at lower concentra-
tions when the substrate was ethanol, which requires the
integrity of the mitochondrial functions to provide energy to
the cell in the form of ATP, The concentrations required to
inhibit the movements of H' and K* were similar 10 those
required to inhibit respivation, but only when ethanol was
the substrate. Both fermentation and the transport systems
themselves seem to require higher concentrations of the
terpence to be inhibited. It should be pointed out that, in our
cxperiments, at the concentrations of B-pinene used, no
leakage of the cell K* was observed.

The eftects on respiration with intact cells were observed
at higher concentrations of pinene than with isolated mito-
chondria. It is possible that in intact cells, part of the added
inhibitor was diluted by being bound to other structures of
the ceil besides the mitochondria.

Regarding the effects on mitochondrial function, the
terpene produced a series of effects related to its localization
in the inner membrane. With liver mitochondria, pinene
produced an increase in mitochondrial permeability that was
probabiy the basis for the uncoupling action observed (16),
In yeast mitochondria, this effect was not simple; no actual
uncoupling was observed, and the terpene never stimulated
respiration in the absence of ADP (state 4). At rather low
concentrations of pinene (ca. 100 pM), the respiration stim-
ulated by ADP (state 3) was inhibited, but that stimulated by
FCCP (or that observed in mitochondria that had lost their
responsiveness to ADP or FCCP by incubating them in
hypotonic media) was inhibited much less at similar concen-
trations. This effect might be due to an inhibition of the
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adenine nucleotide translocator. ‘This suggestion might be
supported by the fuct that pinene, being neither an uncoupler
of oxidative phosphorylation nor an inhibitor of the ATPusce.
could block the energization of mitochondria by ATP. Al
somnew hat higher concentrations (200 pM or higher), the
orgzanclles started to lose their ability 1o be encrgized by
suceinate or ATP; this was probably due to the direct
inhibition of respiration or the adenine nucleotide transloca-
tor, respectively. The studies performed indicated a direct
effect on the eytochrome » region of the respiratory chain.

This preferential interaction of pinene with mitochondria
alsoseems Lo have a counterpart in fluorescence polarization
stuadies . Intact cells showed a large change in this parameter
uponthe addition of pinene, and this change was found to be
cquilly large with mitochondria. However, when the effect
of pinene was measured in the sume parameter with isoluted
plasma membranes, a rath mall change was found. This
might be due to either a different solubility of the terpene in
bothmembranes or difterent abilitics 1o produce the changes
in membrane fluidity. Our experiments do not allow us to
concude definitely on these two possibilities. Tt should be
pointed out, however, that these results are in agreement
withthe fact that other substances show simitar behavior in
yeasl cells; uncouplers, which produce their effects at rather
low concentrations when tested with yeast mitochondria
(12), have 1o be used at much higher concentrations when
usedto inhibit or revert, for instance, the proton pumping at
the level of the plasma membrane (4. 11).

Itis interesting to note that pinenc stimulated NADH
de hydrogenase activity and inhibited cytochrome s segment
activity but altered neither the ATPase activity nor other
segments of the respiratory chain, The interaction of the
texrpene with the mitochondrial membrane did not aflect all
funclions ol the inner mitochondrial membrane in the same
way, The inhibition was selective, indicating that the inter-
action of the terpene was not just producing a general
alteration of the mitochondrial structure and function.

Qur results are in general agreement with those of An-
drews ¢t al. (1) in the sense that the eftects of these
molecules are localized in the membranes of the cell. How-
ever, there was some discrepancy in the concentrations
required to observe the elfects. With mitochondrial protein
concentrations of less than 1 mg/ml, for instance. these
authors required concentrations of 2.06 mg of a-pinene per
ml {ca. 15 mM) to obtain a decrease in respiratory control, It
is possible, however, that «-pinene is less eflective than its
B-isomer. In any cuse, the results of these authors, as well as
those reported here, show that the effects of terpenes were
ducto alterations produced at the level of the membranes of
yeast cells, Within the lower concentration range, -pinenc
could produce several alterations of the mitochondrial func-

J. BACTERIOL.

tion: at higher concentrations, it conld alter the functions of
the plasma membrane.
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