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lNTRODUCClDM 

Está bion establecido que muchas plantas producen sustancias 

tóxicas para otras especies (1) ~ Estas sustancias son liberadas 

para impedi1· 1;:;. prolifer¿1ci1)n de or·ganismos competidores, lo cual 

·favorec:s> el crecimi~nto y la proliferación de la especie 

pr,:>duc.:tc:ir,':\ de la sustc';.nci a .. El Fon~~HM?f"H1 ::;e conoce como alt::·lc·putia 

y lo~.; compu!?~>tc.~; 1 i br;r ~~'dc:ic t\l rnt?di o se~ d~nominan SLtStanci as 

L~\ esi:.ricnina, l¿:, cafoína, la quinina y muchos 

antibióticos son alguno~ ejemplos de compuestos alelopáticos 

utilizados por el hombre 11>. 

Los monoterpenos son sustancias alelopáticas producidas por 

algunas plantas superiores ( 1-10). Alcanzan grandes 

concentraciones adsorbidos a las partículas coloidales del suelo, 

donde permanecen estables por meses 12>. Una vez en el medio, los 

rnonoterpenos inhiben el crecimiento de plántulas y semillas 11-

4)' así corno el metabolismo de bacterias y levaduras (5)' en 

ocasiones permeabilizando las membranas celulares (5). Hay, 

además, reportes de toxicidad de monoterpenos en animales (6-8) y 

a~n en el hombre 19)¡ sin embargo, son relativamente pocos los 

estudios realizados sobre los mecanismos de acción de las 

sustancias alelopáticas. En mitocondrias aisladas de avena, los 

monoterpenos inhiben el consumo de oxigeno 14). En plantas 

integras se ha demostrado que inhiben el crecimiento de la raiz 
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más que el del tallo <Anaya, no publicado). Una diferencia entre 

la raiz y el tallo es que la primera depende para su metabolismo 

exclusivamente de las mitocondrias. 

AlgLITTDS de les datos mencionados sugieren una interacción de 

los der·ivióldo~> monotE·1··pt'rnico'~ con lflS mc~mbranus biológicas, por lo 

que se decidió 8studiar los efectos de estas su~tancias sobre el 

metAbolismo colul2r. Como modelo biológico, se L\ l i 1 i 7. C<r· on 

celular similar al de los hongos que se hallan en el suelo, y 

pud.i eran dar· idea sobre el efecto de los terpenos alelopáticos 

sobre este tipo de organismos. 

El consumo de oxígeno e=· un indic<1dor del estado metabólic-o 

cel t.11 ar, asi como del estado de acoplamiento mitocondria1; este 

parámetro fue utilizado para probar la capacidad de diversos 

compuestos al el opáti cos para al ter ar el metabolismo la 

levadura. El consumo de oxígeno se vio inhibido por varios 

derivados rnonoterpénicos entre los que el <->-beta-pineno y el <-

1-limoneno fueron los más activos. Ambos compuestos son derivados 

hidrocarbonados del ciclohexano con una doble ligadura en la 

cade·na J. ateral (Figura 1 >, y en las plantas se obtienen como 

productos del metabolismo del geranil-pirofosfato, del neri 1-

pirofos-Fato y del linalil-pirofosfato, todos monot erpenos 

alifáticos (10,111. El proceso de ciclización de estos compuestos 

parece depender de la presencia de luz (121, y, en ªfill~iª 

Qffi~!Qª112, depende de dos enzimas diferentes, las cuales 

2 



catali?.an la ciclización estereoespecífica de los monoterpenos 

alifáticos. La geranil-pirofosfato:pineno ciclasa <PM 96000) 

genera principal mente· (+)-alfa-pineno, (+) --can·reno y (+)-

limoneno, mientras que la geranll-pirofosFato:plneno ciclasa II 

<PM 55000) transforma ol precursor· ~cíclico en (-l-beta-pineno, 

(-l-;.llfa pine:no y (·-) -1 imoneno (10). Al parecer no hay 

interconversión de los isómeros <101. 
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RESUMEN DE LOS RESULTADOS 

Debido a que en una exploración inicial con varios 

alelopáticos se encentró una mayor efectividad del beta-pineno y 

del limoneno con r8specto a las otras substancias, la mayoría de 

nuestros experimentos se llevaron a cabo con estos dos 

compuestoE;. En resultados preliminares se observo una inhibición 

del consumo de oxigeno proporcional a la concentración del 

monoterpeno. 

Habiendo observado la inhibición del consumo de oxigeno en 

la levadura, decidimos estudiar, como indicadores de la 

energización celular, la habilidad para captar potasio y para 

expulsar protones de la célula. Con estos experimentos, además, 

fue posible alternar sustratos para energizar selectivamente a la 

célula a través de la glucólisis o la cadena respiratoria 

mitocondrial. Tanto la captación de potasio como la expulsión de 

protones fueron inhibidas por el beta pineno, pero la inhibición 

se obtuvo a menores concentraciones cuando 1a energización 

celular dependía de la mitocondria con etanol como substrato. Por 

esto se decidió hacer estudios en mitocondrias aisladas. 

En mitocondrias aisladas de levadura se estudió el efecto 

del beta-pineno en diferentes niveles de la cadena respiratoria 

4 



mitocondrial, en la actividad de ATPasa mitocondrial y en el 

potencial transmembranal. El consumo de m:ígeno y la generación 

del potencial transmembranal fueron afectados por el beta-pineno, 

no así la actividad de ATPasa, que permaneció constante a todas 

las concentraciones de beta-pineno utilizadas. Estos efectos so11 

compatibles con una interacción del beta-pineno con la membrana 

mi toconclr1 ,:.1. El e:fecto del terpeno fiE: pudo ei:pl ici.1r· e: orno une\ 

inhibición de la cadena respiratoria a nivel del citoct·omo b, 

pero fue interesante observar que otros segmentos de la cadena no 

fueron afectados o incluso se encontraron estimulados. 

Dado que en animales sup~ricres también se ha observado 

toxicidad de los mcnoterpenos (7-91, decidimos llevar a cabo 

estudios en mitocondrias de hígado de rata. Se observaron efectos 

parecidos a los descritos en mitocondrias de levadura, es decir, 

pérdida del potencial transrnernbranal e inhibición del consumo de 

oxígeno. La ónica diferencia fue que en las de hígado se 

requirieron mayores concentraciones de beta-pineno para inhibir 

la cadena respiratoria mitocondrial. En ambos tipos de 

mitocondrias é1umentó la penneabilidad dD la membrana a la salida 

de potai;io al agregar bajas concentraciones de beta-pineno. Al 

aumentar la concentración de beta-pineno, sin embargo, las 

mitocondrias de cada especie Fueron afectadas de manera 

diferente, pues de hígado de rata recuperaron la 

impermeabilidad de la membrana cuando el beta-pineno alcanzó una 

concentración de 600 nmoles/mg de proteína mitocondrial. Las 

mitocondrias de levadura no recuperaron la capacidad de generar 

un potencial transmembranal dependiente de ATPasa, a pesar de que 



la actividad de esta enzima perman~·ció constante con todas las 

concentraciones de beta-pineno usadaB. El beta-pineno no afectó 

la actividad de ATPas~ mitocondrial en ninguna de las dos 

especies de mitocondria analizadas. 

No nos es posible concluir si hubo un desacoplamiento de la 

mitocondria de levadura, debido a que a muy bajas concentraciones 

di'! beta pineno l<.1 c¿1den¿1 r·c-spi1·atori¿' ye. ~-e <?ncontraba inhibida. 

Se tli(:ieron algtJnos estudios de microscopía electrónica en 

mitoccndrias de higado de rata en ausencia y presencia de 

diferentas concentraciones de beta-pineno <Figuras 2 a 4). En los 

controles se observaren las mitocondrias en estado condensado, 

con las crestas de la membrana visibles (Figura 2). En presencia 

de las concentraciones de beta pinena a las que se observó 

desacoplamiento 1100 a 200 uM>, 

hinchadas y sin crestas (Figura 

las concentraciones 

las mitocondrias aparecieron 

3). 

la 

Al llevar el beta pineno a 

presencia de potencial 

transmembranal dependiente de ATPasa volvía a observarse (600 uM> 

se ob!r,ervó qLte 1 as mi tocondr i as recuperaron su apariencia 

con la excepción de la presencia de unos agregados 

esféricos de aproximadamente 0.5 um de diámetro asociados con la 

membrana interna mitocondrial CFigura 41. Es probable que estas 

esferas estén formadas por agregados de beta pineno, y que al 

agregarse éste, 

membrana. 

se revierta su efecto desacoplante en la 
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EF!:::CTD DEL BETA-F'INENO SOBRE LA ESTRUCTURP, DE 

MITDCONDRIAS DE iHGf'.'1DO DE RATA AISlJ1DAS, I: CONTROL. 

Las mitocor1drias de t1ígado d12 rata 

articLllo acompafiante 

(Uribe, n .. Al var12z A. F'csti e: .. Bi ochem. 

Physi ol., < 1984) 22~ 43-50)" El 11~edio utilizado consistió en 

sac<ffDSi\ 12::; rr.M, EDT1'.\--T1-iS· 500 uM, pH 7.lJ; buffer n-is--HCl 10 1111'1, 

pH 7,, 4; suc:ci ne:d:o--Tr is 30 mM pH 7 ~ 4; Rotenan~: 1 ug/mg protaina 

incubadas a 30°C durante dos minutas ~n un volumen final de 1 ml 

y lLU~go SE' p1-oceciió a fijarlas. cr:•n tetróxido de osmio para 

observarlas al microscopio electrónico. Arr~lificación 50000 x. 
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Fig. 3. EFECTO DEL BETA-PINENO SOBRE LA ESTRUCTURA DE 

MITOCONDRIAS DE HIGADO DE RATA AISLADAS, II: 200 uM DE BETA-

PINEND. 

Condiciones experimentDles: Similnreu a las descritas en la 

-figura excepto que s~ agregaren 200 nmol12s/mg pr·oteí na 

mi tocondri al de bet.:<-pineno ti. .1 a de ree.cci ón. 

Amplificación: 31000 x. 





FIGURA 4: EFECTO DEL BETA-PINEtfü SOBRE LA ESTRUCTURl'i DE 

MITOCDNDRIAS DE HIG?'tDD DE RAT{!, Ir I: 600 ut1 de BETA-PIMEtm. 

Condiciones mxperim0ntaleE similares a las descritas en la figura 

2, excepto que se agregaren 600 nmoles/ mg prot. mit. de beta-

pincmo 1.11 medio ele inc:ut1¿,c:ión. f",mpl.i-Fic:ación de 41333 x. 
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La hidrofobicid<1d del beta-pineno y su efecto en la lovach.wa 

y en la mitocondria indican que se localiza en 1 as. membrc.in2.s 

celulares. Por ello se decidió estudiar la fluidez de la membrana 

con el indicador fluorescente 1,6-difenil-1,3,5-hexatrieno IDPHI 

en ausencia y presencia de beta-pl11eno. 

[)O} €.\Y"" i Z <IC i ón do la fluot·Qrn:encia del DPH era mucho mayor en las 

membranas mitocondriales que en la monilirana pl~smática, con un 

val c.w· i nter-medi o las (-\l 

concentraciones c2.da V8Z mC\yores de beta pineno, 

polarización disminuyó hasta la cuarta parte en la mitocondria y 

casi n':> se madi f i C.:l~ en una prr~pe.r«::.c:i ón de membr-ana pl2.smática. 

Esto indica que la fluidez de la membrana mitocondrial era mucha 

menor que la de la membranz, pl2-S111ática <:!n aL1sencía de bata-

pincmo, pero awnen t ó marcadamente al agregarse bata pineno, 

quedando a un nivel similar en ambas membranas en presencia de 1 

mM de b~ta-pineno. 
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DISCUSION Y CONCL.USIONES 

Se observó que el beta-pineno interactúa con la levadura, 

modificando varios procesos metabólicos localizados en las 

membranas El efecto, ~-in e:·mbar go, mostró 

características diferentes on la membrana plasmáticA y en la 

membrana mitocondrial. En 1~ membrana plasrnáticil se reqLtirieron 

concentraciones muy altas de beta pineno para inhibir los 

procesos. rle t1·¿,nspor·tc· y pennD<.ibiliz¡o1,.- L·, nie1r,br·.oma y la fluidDz 

de membrc.,na casi no se vió mocJific::u:J<-='-~ 

En la levrn.lura íntogr·a fue posible de1nostrar li'.1 inhibición 

del metabolismo mitocondrial in §iiu, a concentraciones de beta-

plneno menores que las necesarias para inhibir los procesos 

dependientes de la glucOlisis. Al analizar los efectos del 

terpeno sobre mitacondrias aisladas de levadura, se observó 

inhibición 

respirAtorio, 

da la ~espiración con disminución del 

así corno una di smi nuci ón del 

control 

potr,mci al 

transmembranal dependiente da la cadena respiratoria o de la 

ATPasa. Estos efectos fueron proporcionales a la concentración de 

beta·-pi neno. 

En las mitocondrias de hígado de rata, la concentración de 

beta-pineno necesaria para afectar las funciones mitocondriales 

fue si mi 1 r:1r a la efectiva en mitocondrias de levadura; sin 

embargo, la secuencia con que ocurrieron los efectos al aumentar 
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la concentración, fue diferente. En l :•s mitocondrias de hígado de 

rata los E·fectos un 

desacoplamiento de la fosforilación oxidativa, y sólo al aumentar 

concentt·aci ón beta-pim:·no se inhibió 1 a ci:\dE·na 

En 

ir1~libición de la caden~ r·espiratoria rlesd~ las concer1tr·acior1es 

mitocondrlas de hígado d0 rata, y no en laG de levadura, el 

aumento en la concentracjón de brota-pineno resultó en la 

del potencial tr2u1smembré1nal g1:~11erctcio por 1 ¿; ATPasa. 

mismas condiciones, e11 1 ¿\ mi t oc:onclt- i a clt? 1 evadura no pudo 

restabl ecc~i·· se el patenci¿d Lt-ansmembrani.11 al aL1mentar la 

concentrnción de beta-pineno como se había observado en las 

mitocondrias de hígado- Por otro lado, ni en la mitocondria de 

hígado ni en 1 a dm levadura hube efectos sobre la ATPasa 

mitocondrial. 

En mitocondrias de levadura el beta-pineno aumentó la 

fluidez de la membrana, mientras que en la membrana plasmática 

los efectos fueron casi nulos. Es imposible en esta etapa 

determinar la razón por la que el beta-pineno pudo afectar a la 

membrana mitocondrial más profundamente y a menores 

concentraciones que a la membrana plasmática. Esto puede ser 

resultado de una diferente di stri buci ón del monoterpeno en ambas 

membrC1nas o a una mayor susceptibilidad de la membré.lna 

mitocondrial a los e~ectos del beta-pineno. 
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En 1 as lhi toc:ondri ;:,s di? h;( gado de rat1", la reversión del 

desacoplamiento parece haber sido causada por un agregamiento de 

las rnolécul<,;;; del monoterpeno, una vez que éste alC"lr1ZÓ una 

concent1·aci ón en 1 a membr~~na. En el mi c1-oscopi o 

electrónico <Fi !JLll"'-'"· i.\ '}) , 

las mitocondrias 

int0rna. Al 1:'.\L.Htu.~ntc"\f" la c:onc:entr-.::tci1:n hast~1 un nível Gimilar al 

que permite el r~stclbl~cimicr1to del potencial t ,- ¿\n smt?mbr anal 

dependiente• de ATPdsa y rt:•stitución de l¿t impe1-meabiliclad de la 

potasio 1600 uMI, las mi tcccndrias recuperaron Slt 

aspecto original, e>:c:epto que !:;e obsm-v;,,1r-on agr-egados c>s-féricos 

asoc i ado!3 con la membr "'ºª interna mi t oc ondr i c<l; estas esferas 

pueden ser agn:;gat:los ci8 bel: a-pi neno, t?l cual al ser sec:L1estr ado 

puede disminuir su concentración efectiva en la 

mitoc:ondria. Asi la recupc~raci ón de la 

impermeubi 1 iclad ;:le l ¿\ membrana. 

Entre las conclusiones que consideramos interesantes en esta 

etapa, está el que los E,"f ectos del beta-pi nen o St:?an diversos, 

dependí Emdo 1 as m1~mbr anas utilizadas. Se encontraron 

diferencias claras en l<.\S alteraciones del funcionamiento y la 

c:onfor-maci ,)n de las me·mbran;;1 plolsm¿\tica de levad1..1ra, o en la 

mitocondrial, de levadura o de hígado. 

T.;;mbién en importante mencionar que <~i'.tn en la membrana en la 

que se llevaron a cabo más estudios, que fue la de mitocondria de 
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levadura, 

que otras, 

hay enzimas que se inhiben con menores concentraciones 

algunas cuya función no fue alterada y, finalmente, 

una que se estimuló por la presencia del monoterpeno. 

Toda esta fenomenología abro poeibilidades en cuanto a Jos 

ya sean resultado de la interacción más o menos 

especlfica del terpmno con las enzimas, o de los componentms 

lipídicos de la membrana, que, al alterarse por l~ presencia del 

pineno, pueden modificar de diferente forma a las enzimas 

membranales. 
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PERSPECTIVAS 

En el futuro, esperamos continuar nuestros estudios sobre la 

toxicid¿~d de los mw1ot12r·penos un dife1·ent.es sistemas biológicos. 

Hay datos muy intc:1·E:·s¿mtes en l¿,, litL·ratllra qLtE· indican que estas 

sub;:;t,unci<ts gene1·an un o\Umrentc en la conr.entl·¿¡ción dt21 citocromo 

P-450 en hepatocitos ele rata; ~slcs t~cnen una capacidad más 

Por otro 

lado, si ~e indL1cE..:> el 6i stetn1:\ de o>~idü~?>as inespec:ificas con beta-

naftofl avona, fenobarbitRl o 3-metil co1antreno, el aumento en 

citocromo P-450 que resultR, ne se traduce en un aumento en la 

capacidad de la célL1la par<1 cietO):ificcff monoterpE•nos (7). Esto 

sugiere que el sistema de oxidasas generado por una u otra 

sustancia parece tener una cierta espec~ficidad. Nos parece 

i mpor·tant e e;;.tudiar este si steme.\ porque las o>:i dasa.s 

inespecificas de la célula participan en múltiples procesos de 

detoxifi c:aci ón que en ocasicmes; g0n1:1ran sustancias con 

propiedades tóxicas. El benceno, por ejemplo, es metabolizado 

para formar mutágenos y cancc~rí genos. Es posible que algunos 

monoterpenos modifiquen a las oxidasas especificas para regular 

sL1 interacci t~n con di ch<ts substancias mut c~genas. Para 1?xpl orar 

esta posibilidad es necesario empezar por definir el mecanismo 

por el cual cada sustancia genera un aumento de oxidasas 

inespecificas y determinar su toxicidad en la célula. 
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En relación con los estudios de toxicidad que se pudieran 

llevar i\ cabo, está el caso de varios monoterpenos que contienen 

c,·¡j emp lo, el pulegón (3). que i11hibe c:l 

crecimii;;nto celul¡,r con mayo!'· r_>fec:tividil.d que el b~·to.1 pineno o el 

1 i monenrJ, pero no mostró eft:Jc:tos sobre el c:o11sL1mo ele oxígeno ni 

levaduras 

<no pL1bl icfüJo). interesante determinar el mecanismo de 

toxicidild de ~stos compuestos. 

La mezcla de derivados alelopáticos entre si o con sales y 

otros compuestos orgánicos resulta en una potenciación de los 

efectos tóxicos do cad¿\ compuesto para ciertos organismos 113>, y 

es así como se encuentran estos compuestos en la naturaleza, sea 

en las resinas de los árboles o en las suspensiones coloidales en 

que se encuentran en el suela. 

estudiando difer·entes me;:clas de 

preservadores de ali mento~; (13). 

En la industria :ie están 

alelopáticos como posibles 

Al conocer el mecanismo de 

acción de cada uni~ de estas sL1stancias, es posible que pueda 

comprenderse mejor el mecanismo por el cual la presencia de sales 

y la combi nac:i ón de dos o más alelopáticos lleva a la 

potenciación de los efectos tóxicos. 

HRy varios grupos interesados en el est t.ldi o de estas 

substancias como herbicidas y desparasitantes <1>, ya que su 

to:<icidad en muchos casos parece ser selectiva para alguna 

especie ( 1). Otro tema interesante en el estudio de los 

monoterpenos es el que los enfoca como precursores de feromonas 

13 



en los insectos, cuya liberación es controlada neuralmente, (7) 

can especi~icad que depende del sexo y la especie que sa observen 

( 14). Esta C.'"- especialmente interes«nte para la agricultu1··a, 

donde est~s sustancias son utilizadas para atrapar insectos 

parásitos de cultivos 1141. 

14 
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Effects of 13-Pinene, a Nonsubstituted Monoterpene, on Rat 
Liver Mitochondria 

S. URIBE. R. ALVAREZ, ANDA. PEÑA 
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Rcccivcd Junc 2. 198:1: <H.:ccptcd Nm'cmbcr 4. 1983 

J3-Pincnc uncouplcs oxidativc pho-.phorylatiun am.I inhihih n:~piration in i~olatcd rat livcr mi
tochondria. Thc uncoupling cffcct~ are ob~crvcd at luwi:r ClHlccntraliom. ( 100 w 200 J.LJ\/) than thc 
inhibition of rcspiration (400 µ,\!). At Jow conccntration'i, tite cfkcts ob~erved couhJ be explaincd 
by an increa~t! of thc passivc permcability of thc mitochom.lrial mcmbranc produccd by thc tcrpcnc. 
Highcr conccntrations ~cerned to inhibit rcspiration through <lll effcct on thc clcctron transporl 
chain. AL the highc~t conccntration~ lc~tcU (600 to 1200 f-L.\/J. {3-pincnc !'!Ccmcd to produce a partia\ 
rcscaling oí lhc mitochondrial 111cmbranc. Ali cffcch can be cxplainc<l hy tite intcraction of f3-
pincnc with thc mitochondrial mcmbranc. Othcr hrdrophobic mokculcs tcstcd do nol show thc 
cffccts of ~-pinenc or limont!nc un milochondria. 

INTRODUCTION 

Monotcrpencs are widcly found in na
turc; thcy are expellcd into the l.!nviron
ment by many highcr plants (For a rcvicw 
scc (1)). Rcports show lhat they are toxic 
to organisms widcly distributcd in thc phy
logenctic scale, including gram-positivc and 
gram-negative bacteria, yeast (2), plants 
(3-5), insccts (2, 6-8), mammals (8, 9). ancl 
evcn man ( 10). Ali thcsc studies sccm to 
show a general pattern of toxicity con
sisting of an altcration of many mcmbranc
related processes, such as oxygcn con
sumption and ion pcrmcability. Somctimes. 
the membranc is damaged to such an extent 
that it releascs cytoplasmic macromolc
cules into the environment (2). 

Repcated intrapcritoneal injcction of <>
pinene results in an incrcased leve! of cy
tochrome P-450 in rat livcr microsomes ancl 
a conscqucnt incrcasc in thc dctoxification 
rate of <>-pinenc by the unspccific micro
somal oxidase system (8). 

Monotcrpenes dissolve gallstones; thcre
fore, low doses have been administered 
orally to cholelithiasic paticnts without no
ticeablc side effccts (11). 

43 

With lhis information, a study of thc tox
icity of lhc monotcrpencs on isolatcd mam
malian systcms seemed justified. Hcrc we 
report the results of studies on the effccts 
of ¡3-pinenc. a nonsubstitutcd monotcrpcnc 
of medium toxicity (1. 4), on isolated rat 
livcr mitochondria. Rat liver mitochondria 
werc uscd because this is a very wcll-dc
lincd system; most of thcir mctabolic pro
cesses are lightly linkcd to membrancs, and 
thcrc is cvidcnce of monotcrpene toxicity 
to mitochonúria from othcr sources (1-6). 

MATEIUALS AND METHODS 

Mitoc/1011dria. Malc or fcmale Wistar 
rats, weighing betwccn 150 and 200 g, were 
obtaincd from our local colony and sacri
fíccd by cervical luxation and decapitation 
(12). Thc Iiver was extracted, washed, and 
minccd in thc prcparation mcdium (0.25 M 
Sucrose, 1 mM EDTA, adjustcd with Tris, 
pH 7.4), and subsequcntly homogenized in 
150 mi of thc samc mcdium in a glass
Teflon homogenizer. Mitochondria were 
isolatcd from the homogenate by differen
tial centrifugation as described clsewhcre 
(12); thc abovc operations wcrc carricd out 
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'fhe cffccts of Jl·pinl'JH.• on )'l'ast cclls wl'rl' studil'd. This tcrpt'nc inhihih•d rcspiration with glucosc or ctlrnnol 
ns thc substratc. Thc inhihition cll'J>l'lldcd 011 lhl' ratio ni' thc tcrpl'l1l' lo lhc mnount of Jt.'U."il cclls; l'or a fixcd 
concc11tratio11of1>incnc, inhihilion dccrcascd as lhc mmurnl of .Yl.'<ISf ccJls increascd. Pincnl' also inhihilcd lhc 
pumping of protons ancl K+ transport, hui this inhihition w;.1s more marked with etlrnnol thun uith glucosc as 
thc substrate, indicaring lhc mitoclwndrial loculizaliun of llll' inhihition. Thc stuclies on isolatcd mitochondria 
showcd u serles of cffccts, slarling uilh thc clisappcaram·e of thc respira tury control und dec11crgization of thc 
organcllcs ancl followcd h~· un inhihilion of rcspiration ut higlll'r conrcntrations of thc tcrpcnc. Thc cffcct un 
rcspiration could be localizcd lo thc c)'lochrmnl• b rcgion of thc clcctron lransport clrnin. l\'o cfl'ect could he 
dctcctcd on thc activit,y of ATPasc. Thc cffecls c;m he asrrihcd lo H localiz:11ion of pincnc on mcmhrunc . ., \\.'hkh 
n·ns also nccompanicd by a det.•rcust.• in thc fluoresccncc pohlrizalion ofdiphcnJI hcxo1trienc, JJl"Ohahly nll'nning 
nn incrcasc in thc rluidily of thc mcmbrnne~ localizccl prcfcrcntially lo thl' milochonclria. 

Thc baclcriostatic and bactericida! cffecls of tcrpcnes 
have bcen prcviously documcntcd (8, 10. 15). A 'tudy on thc 
cífccts of a·pincnc was also rcportcd {lJ. u~ing sl.!vcral 
microorganisms; it was found that this tcrpcnc produces an 
inhibition of growth. thc re!t'<1sc of 260-nm absorbing ma
tcrials from the cclls of /Jacif/us 1lwri11gie11.\·is anll Sac
clwromyces ct•rel!isiae, a slight inhibition of the rcspiratory 
control of yeasr mitochondria. ami thc dccrcasc of thc 
viability of spores of JI. rl111ri11¡:ie11sis. 

Thc aforemcntioncd stw.Jics indicatcd thc nccU for a more 
detuiled study of a series uf eíl'ccts apparcntly localizcd in 
the membrancs of microorganisms. Bcsidcs, in a scrccning 
study of severa! allclopathic agcnts on rc~piration pattcrns in 
yeast cells. wc found that one of thc most potent of thcsc 
agents was f3-pinenc. This papcr prcscnt' thc rcsults of 
studit!s pcrformcd with a commcrcial strain of S. cerel·isial'. 
taking also into considcration prcvious cfTccts reportcd for 
f3-pinenc on rat Ji ver mitochondria (16). 

~IA.'fERIALS AND METHODS 

Prcparation of ycusts and ycasl mitochondriu. Cclls ol' a 
commercial strain of S. cerel'isi<tl' (La Azteca. S.A.) wcrc 
incubated for 8 h in a culture medium (3) ami thcn starved 
overnight. Mitochondria from the ycast cells werc prepare<.! 
as previously dcscribed (12). To prepare mitochondria, in
slead of using a Ribi ccll disintcgrator, cclls werc brohcn 
during 15 sin a Nossal ccll homogcneizcr (ilraun), with 0.45-
to 0.50-mm glass bcads, ata spccd of 3.500 rpm. Both the 
suspcnsions of starvcd cclls and mitochondria wcrc uscd by 
4 h after preparation. 

Oxygen consmnption. Oxygcn consumption \\'as mcasurc<l 
by mcans ofa Clark clcctrode in a variable volume chamber. 
with an appropriatc polarization and recording systcm. Thc 
media used are imlicatcd below for cach experiment. 

Yeast plasma membranes. Ycast plasma mcmbrancs wcrc 
prepare<.! as describcd by Fuhrmann et al. (6). 

NADH dchydrogcnase activity. This mitochondrial activity 
was measured by following the reduction of 2,6-dichloroin
dophenol in medium conlaining 50 mM potassium phosphatc 

* Corrcsponding :1uthor. 
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buffer (pH 7.6). 100 11:\l KCN. 25 11M NADH. and variable 
conccntratilllJS of pinenc. Thc final volumc was 2.0 mi at 
room tcmpcraturc. Mitochondria (2 mg of protcin) wcrc 
addcd: 2 min latcr. 80 µM 2.6-dichloroindophenol was 
addcd. ami thc absurbance changc was followcd in a dual-
1\'avelcngth spcctrophotometer al 600 versus 590 nm. The 
activity was cal culatcd from thc molar c.xtinction cocflicicnt 
of thc dyc ami thc absorln111cc changc against time. 

Succinalc dchydrogt.•m1sc adi\'ily. Thc samc general procc
dure was employcd by following the rcduction of 2,6-dichlo
roindophcnol (with succinatc as thc suhstrate) in mcdium 
containing 50 m1\I potassium phosphatc buffer (pH 7.6), 100 
µM KCN. 275 µM phenazinc mcthosullhtc, 5 mM sodium 
succinatc (pH 7 .6), 5 µg of rotenonc, ami variable conccn
trations of pinenc in a final volumc of 2.0 mi al room 
tcmpcraturc. Mitochondrial protcin (:! mg) was addcd, and 
aftcr 2 min. 811 µM 2,6-dichloroindophenol was added. Thc 
absorbancc changes at 600 versus 590 nm werc followed, 
and thc activitv was calculatcd as describcd for NADH 
dehydrogcnasc." 

NADH:cylochrornc e rcductuse nclh·ity. To mcasurc this 
activity, thc rcduction uf cytuchromc e was followed in an 
incubation mcdium containing 50 mM potassium phosphate 
buffer (pH 7.6), HIO µM KCN, anti 5 µM NADH (plus the 
indicatcd conccntrations of pincnc in a final volumc of 2.0 
mi) at room tcmpcraturc. Two minutes aftcr thc addition of 
2 mg of mitochondrial protein to thc incubation mixture, 1.5 
mg of cytochromc e was added. and thc absorbancc changcs 
wcrc followed at 550 versus 540 nm in a dual-wavelength 
spcctrophotometer. Thc amount of rcduced cytochrome e: 
was caleulated from the cxtinction cocfficient al the indi
catcd wavclcnglhs. 

Succinatc:c.}'locltrmnc e rcductasc ucth·ity. This activity 
was followed by mcasuring spcctrophotometrically the re
duction of cytoch ro01c e in incubation mixture containing 50 
mM potassium phmphate buffer (pH 7.6). 100 11M KCN, 500 
µM sodium snccinatc (pH 7.6). 5 µg of rotenone, plus 
f3-pinene at thc indicated concentrations and 2.0 mg of 
mitochondrial protcin. Thc final volume was 2.0 ml al room 
temperature. Two minutes after thc addition of mitochondria 
to the incubation mcdium. the rcaction was startcd by the 
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matrix to be uscd, but thcsc charactcristics 
are sharcd also by ATP and succinatc, 
which do not show this protcctivc propcrty. 
On thc othcr hand, wc havc obtaincd a vcry 
similar pattcrn or cffccts with cthidium bro
midc (21), a cationic tluorcsccnt dyc. Wc 
have cxplaincd this by rclating this curious 
phenomcnon to a possiblc inhibition of thc 
NADH-ubiquinonc scgmcnt of thc rcspi
ratory chain by the dyc (21). 
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Thc cffccts of JJ-pincnc on :.·l'~1sl cclls ncrc .... iudil•d .. This lcrpt•nc inhihitcd l'cspir~ition wilh glucosl' or cthannl 
us thc substratc. Thc inhihition depended 011 thc ratio of thc terpenc to tite amount of ycast rclls; for a lixcd 
conccntrntion of' pi nene, inhihition dcLTl'ascd a~ thc muount or yt.•ast cclls incrcascd. Pincne also inhibitcd fhe 
pumping of protons ancl K+ transpurt, hut tl1is iuhibition was mor<.• mark<.•d with t.•thanol thun wlth glucose ns 
tite substnllc, indic¡1ti11g the mitochondrial locaJization of lhc inhihition. Thl' studics on isolukd mitochondria 
showcd u series of' cffects, starling with thc disa1111carancc uf thc rcspiratory control ami dcencrgization of the 
orgnnellcs und followcd h:.· un inhihition ur n•spirntion at highcr conccntralions or thc tcrpcnc. Thc cfl'cct on 
rcspiratiun could he localizcd to tite cytochrornc b rcgion of' thc clcctron tnmsport clrnin. No clfccl could he 
dctcctcd on thc actirity of ATPasc. Thc l'lfccts c.an he ascrihcd to a lucalization uf pincnc on mcmhrancs which 
was also accompanicd by a dccreust.• in thc flunrcsL'CUCl' polarizution of diphcnyl hcxatricnc, probnhly meaning 
un incrcasc in thc fluidity of the membrmw, localizcd prl'fcrcnlially to thc mitod1011dria. 

Thc bactcriostatic anti bactcricidal effccts or tcrrcnc:-. 
havc bccn previously documcntcd (8, 10, 15). A study on thc 
effccts of a-pincnc was al\io rcportcd (1), u:-,ing ~cvcral 
microorganisms: it was fouml that this tcrpcne produces an 
inhibition of growth, thc relcasc of 260-nm abstJrbing ma
terials from thc cclls of /Jacillus 1!111ri11¡.:ic11si.\· ami S<1c~ 
clrnromyces Ct're1•isial'. a slight inhihition of thc n:spira tory 
control uf ycast mitochondria. ami the dccrcasc or the 
viability of sporcs of /J. th11ri11gh•11.11s. 

Thc aforcmcntioncd studics indicatcd thc nccd for a more 
detailcd study of a series of cffccts apparently IDcalizcd in 
the mcmbrancs of microorganisms. Bcsidcs, in a scrccning 
study of severa! allclopathic agcnts on rcspiration pattcrns in 
yeast cclls, we found that onc of thc most potcnl or thc>c 
agents was [3-pincnc. This papcr prescnts thc rcsults oí 
studics pcrformcd with a commcrcial strnin of S. c·ert•1•i.riaí'. 
taking also into considcration prcvious cffccts rcported for 
[3-pincnc on rat liver mitochondria (16). 

MATERIALS ANIJ l\IETllOIJS 

Prcparation ol' :.·casts and ycast mitochondria. Ccll~ of il 
commcrcial slrain of S. cerei•isiae (La Azteca. S.A.) \vcrc 
incubated for 8 h in a culture mcdium (3) and thcn starvcd 
overnight. Mitochondria from thc ycast cclls werc prcparcd 
as prcviously dcscribcd (12). To prepare rnitochondria, in
stead of using a Ribi ccll disintcgrator, cclls wcrc brokcn 
during 15 sin a Nossal ccll homogeneizcr (Braun), with 0-45-
to 0.50-mm glass bcads, at a spccd of 3,500 rpm. 13oth thc 
suspcnsions of starved cclls and mitochondria wcrc uscd by 
4 h after prcparation. 

Oxygen consumption. Oxygcn consumption was mcasu red 
by mcans of a Clark clcctrodc in a variable volurnc chmnbcr, 
with an appropriatc polarization and rccording systcm. Thc 
media uscd are indicatcd bclow for cach expcrimcnt. 

Yeast plasma mcmbrunrs. Ycast plasma mcmbrnncs werc 
preparcd as dcscrihcd by Fuhrmann et al. (6). 

NADH dcltydrogcnusc activity. This mitochondrial activity 
was mcasurcd by following thc rcduction of 2,6-dichloroin
dophcnol in medium containing 50 mM potassium phosphatc 

"' Corresponding aulhor. 
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buffer CpH 7.6). 100 µM KCN, 25 µM NADH. and variable 
conccntn1tions of pincnc. Thc final volumc was 2.0 mi at 
room tcmpcraturc. Mituchondria {2 mg of prolcin) wcrc 
addcd; 2 min latcr. 80 µl\I 2,6-dichloroindophcnol was 
addcd, anti thc ahsorbance changc was followcd in a dual
wavclcngtlt spcctropltotornetcr at 600 versus 590 nm. Tite 
activity was calculatc<l from thi.: molar cxtinction cocfficicnt 
of thc dyc and thc absorbancc changc against time. 

Succinatc dchJdrogenasc acth·it.)'. Thc samc general procc
durc was cmploycd by l'ollowing thc rcdnction of 2,6-dichlo
roimJophcnol (with succinatc as thc substratc) in mcdium 
containing 50 mM potassium phosphatc buffer (pH 7.6), 100 
µM KCN, 275 µM phcnazinc methosulfatc, 5 rnM sodium 
succinatc (pH 7.6), 5 µg oí rotcnonc, and variable concen
trations of pincnc in a final volumc of 2.0 mi at room 
tcmperaturc. Mitochondrial protein (2 mg) was adJcd, and 
aftcr 2 rnin, 80 µM 2.6-dichloroindophcnol was addcd. Tite 
absorbancc changes at 600 versus 590 nm wcre followcd, 
and thc activity was calculatcd as dcscribcd for NADH 
dchydrogcnase. 

NADll:cylochromc e rcductasc uctivily. To mcasurc this 
activity, thc rcduction of cytochrumc e was follo\vcd in an 
incubation rncdium containing 50 mM potassiurn phosphatc 
buffer (pH 7.6), 100 µM KCN, and 5 µM NADH (plus thc 
in<licatcd conccntrations of pincnc in a final volume of 2.0 
mi) at room tcmpcrature. Two minutes aftcr thc addition of 
2 mg ofmitochondrial protcin to thc incubation mixture, 1.5 
mg of cytochromc e \Vas a<ldcd, and thc ilbsorbancc changes 
were followcd at 550 versus 540 nm in a dual-wavclcngth 
spcctrophotornctcr. Thc amount of reduccd cytochromc e 
was calculated from thc cxtinction cocfiicient at thc indi
catcd wavclcngths. 

Succlnolc:cytochromc e rcduclasc actlvily. This activity 
was followed by mcasuring spcctrophotomctrically thc rc
duction of cytochromc e in incubation mixture eontaining 50 
mM potassium phosphatc buffer (pH 7.6), 100 µM KCN, 500 
µM sodium succinatc (pH 7.6), 5 µ.g of rotenonc, plus 
[3-pincne at thc indicatcd conccntrations and 2.0 mg of 
mitochondrial protcin. The final volume was 2.0 mi al room 
tcmpcrature. Two minutes aftcr thc addition of mitochondria 
to thc incubation medium, lhe rcnction was startcd by thc 
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addition of 1.5 mg oí cytoduomc l'. Thc <th'-lorhancc \\ a'-1 
followcd at 550 Vt.:Tsu~ 540 nm in a dual-\'-'avclcnµlh spc\.'
trophotomctcr. The mduction uf cvto1.:hromc e wa.., i.::iku
latcU froni thc molm extinctinn l:l-1dkic11t at thc ... c wavc
Iengths. 

C\'tochromc e oxid:.1"ic m:tivitv. Thi~ millH.:hnndrial activit\· 
was- mca"urcd hy following 

0

thc oxygen con~umption í;1 
incuhation mediurn i.:ontaining 50 ml\1 potassium pJw-.;phatc 
buffer lpH 7.f>), .1 mM ""lium ""orhatc lpH 7.61. 50 ¡i~I 
tctramcthyl-¡1-phcnyleni.:diaminc. 1 p.g tlf antimycin r\, ami 
variable cunccntrntions ol'pincne ata linal volumc or:ui mi. 
Thc mcasurcmcnt wa~ pcrfonrn.:d at room tcmp..:raturc: it 
\\'as ~tartcd hy thc addition ur mitrn.:hnndria (> mg of 
protcinl. 

,\TP:.1se acti\'ily. Thi~ cnzymatk actidty wa~ mca-.;urcd by 
following thc amounl of inurgani..: pho~phatc lihcrated by 
incubating ycast mi llH.:hontlria with :\TP in medium contain
ing 10 mM Tris-IICI lpH 8.51. 2 m~I ATl'-Tri' (pll 8.5). ami 
5 mM ivlgCI:!. To nlcasurc thc cn1.ymc activity. 500 IJ.!! of 
mitochondrial protéin was mixcd wilh 31111 µI ol' waler to 
tlisrupt thc pcrmcahility barriers. with or \\ ithout variable 
amounts of pi nene. Thc rcst of thc i111.:uhation mi:-;.turc wa" 
thcn addcd to complete LO mi ol' lirn1I volurne. AJ'ter an 
incuhation of 10 rnin. thc rcactinn wa~ ~to¡1pcd hy thc 
addition of 100 ¡.ti uf 3w;; cold trichloroacctic add. Thc 
mixture wa~ ccntrifugcd for 5 min at :;.soo rpm. lnorgank 
phosphatc was mca~un.:d in thc supcrnatant a~ dc~crihed hy 
Fiskc ami Subbarrow (.\). 

Estimatiun or thc mitochondrial mcmhranc potcntial. Thc 
cstimation of mitoclmndrial mcmhrane potcntial wa~ carried 
out by following thc lluorcsccm:c of N.N'-dipropyl thiacarbo
cyanine at 540 versus 590 nm undcr various condition~ as 
prcviously indicatcll ( 13). An increa~c in thc llunrc.-..cence 
secms to indicatc a dccrcase in lhc membranc potcntial. ami 
vice versa 113, 14). 

K+ ancl 11+ monmcnts. K' and H + movcmenb wcn.: 
followcd by mcans ur a monovalcnt catinn clcctrode iCorn
ing no. 476220; Corning Glass Works. Corning. N. Y. 1 anda 
pH combination clcctrmlc. rcspe1.:tivdy. with a pl-I meter 
and a rccordcr attad1c<l. 

Fluorcsccncc 11nlnrization mcasurcmcnts. Yca~t ccl\'\. 
plasma membranes, or ycast mitochondria wcrc incuhatcd in 
thc indicatcd media with l p.M l.6-diphcnyl-1.3.5-he.xatricnc 
for 10 min al room tempcraturc. Thc terpcnc was thcn 
addcd, and thc polarization of lluurcsccncc was measurcd in 
a spcctrolluoromctcr with two photomultiplicr~ and cakitc 
polarizcrs at 340 nm cxcitation wavclcngth and two 418-nm 
cutolT Schott fillers. This method scems to givc gnod indi
cations of membranc tluidity 12. 9). 

Prolcin dctcrminnlion. Protcin dctcrmination wa~ carricd 
out by thc biurct rncthod. 

Rcu~cnts. Ali substancc~ wcre of thc highcst grade avail
ablc. [3-Pinenc was uscd as obtaincd l'rom Aldrich Chcmical 
Co., Inc., Milwaukec, Wis .. ami prcparcd as a 11.2 M 
solution in dimcthyll'ormnmi<lc: adcquatc volumes to ohtain 
thc dcsircd conccntrations wcn.: addcd. In ali cases, controls 
wcrc prcparcd by mlding the amount of Uimethylformamidc 
corrcsponUing to thc highcst conccntrations of rincnc. Thcy 
showcd no cffcct on any activity, cxcept on thc rcspiration 
of isolatctl mitochondria or cytochrome e o:xidasc. which 
was inhibitcd by ca, 15 to 20','(,, 

RESULTS 

Efl'ccls of J>lncnc 011 intacl ycasl cclls, {i) Rcspimtion, 
Prcvious studics lrnvc shown tlwt fj-pincnc can inhibit thc 
rcspiration as wcll as othcr functions ot' rat liver mitochon-
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FIG. l. Elkct." of[~·pincnc un thc rc~pir;11h.in of va1fabk amounts 
lit' i111;.u.:t yc¡¡~t cc\h with cth;111ol ur glucm.c as thc 'illhstrntc. Thc 
incuhiltion mcdium wa ... :!O ml\t 111orrhu\inocthanc~ulli.mic ar.:id 
adju~tcd to pfl 6.0 with trk·thanolaminc; ::?5 mM glucnsc or 53 ml\1 
cthanol wa ... u ....... d ª" thc.: ~11h-.;1ra1c. Yca-.t l'Cils or 10, :!5, or 50 nig 
1wct wcight) \\'Cn.: 11\cd ª"' indicatcd. Final volumc wa-. J.0 mi. 
Figures 10 thc righ'. of curve-; imlicalc thc mk·ronll1lar conccntration 
nr pincnc prc ... c111 in the mcdium hcrorc lhl· addition of cclls. 

dria ( 16): it wa~ found <d-.;o thal sume cffccts can he traced tn 
thc memhrancs ni' n1icroorgani"ms Cl). F·'gurc 1 shows that 
~-pinenc also could inhihit ycast ccll respiralion, both with 
glucosc :tnc..I cthanol a"i substratcs. lksidcs, the inhibition 
depended on thc amount ol' ycast cclls prcscnt in thc 
incuhation mixture: with .10 mg of ycast cclls, a clcar 
inhibition was found with u conccnlration ofSOO J.LM. Whcn 
the amount of yeast cclls was incrcascd to 50 mglml. thc 
samc conccntratinn or r1-pinenc pro<luccd only a small 
inhihitinn. Thi" alrcally indicatcd that thc tct"pcnc was 
strnngly takcn up by the cclls, most probably al the Jcvcl of 
thc mcmhrancs. 

(ii) Extrusion ot' 11+, This functiun was studied hccausc it 
is catalyzcU by an ATP11sc localizcd in thc plasma mcmbrnnc 
ol' thc ccll (7. 11 ), ami rcquircs also an cffectivc sourcc of 
ATP. that can he cithcr fcnncntation or rcspiration. Figure 2 
shows that, with glucosc as thc subslratc, thc inhibition of 
H' pumping by !he cclls rcquired rnthcr high conccntrations 
or p-pincnc. \Vith cthanol. lowcr conccntrations wcrc re· 
quircd, similar to thosc that produccd thc inhibition of 
rcspiration. 

(iii) K+ trunsport. This is nnothcr function of thc plasma 
mcmbrane of thc ycast cell: it sccms to be scparatcd from~ 
but dcpendent u pon. 11' pumping 17, ll). Likc H •· pumping, 
K t transport rcquircd highcr conccntrations of ~·pincnc to 
be inhibited with glucose than with ethanol as thc sub
stratc (Fig. 3). 
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FIG. :?. Effcl.·ls of variable conccntration:-. of ~-píncth: on thc 
ability of ycast cclh to pump protl1n:-. into thc 11h:di11m. Thc 
incubation mcdium wa.., thc s:nnc a~ tk~crihi:d in thc lcgcnd to Fig. 
1. but buffer was omittctl: thc inítial pi! was 6.4. Fin;ll volumc wa:-. 
5.0 mi. und 42 mg ofyca~t L'1,:ll~ (wct wcightl wcrc U.\cd. Thc cclh 
wcn: atldcd ca. J min hcforc thc :-.ub ... tratc. 

Effccts on )'cast mituchondria. (i) H.cspirution. As cxpcl:tcU 
from thc cxpcrimcnts pcrlOrmcd wlth intact ycast cclls. 
rcspiration ofycast mitochondria was scnsitivc to ratht!r low 
conccntrations of ~-pincnc. Howcvcr. it is liitlicult to cxtra
polatc strictly thc ratios of lc.!rpcnc conccntration to thc 
amount of cithcr ycast cclb or ycast mitochondria in tcnns 
of thc possiblc partition of pincnc bctwccn thc rncdium ami 
cithcr of thc two biological matcrials. Thc inhibition or 
rcspiration showcd scvcrnl intcrcsting charactcristics (Fig. 
4): rcspiration in thc ahscncc of ADP {stalc 4 rcspiration) 
was affcctc<l only by rathcr high conccntrations ol' thc 
tcrpcnc. At low conccntrations (50 or 100 µ.M J. whal was 
more striking was an inhibition or rcspirntion in thc prcscncc 
of ADP (statc 3 rcspiration); at 200 µ.M pincnc ami 1 mg uf 
mitochon<lrial protcin pcr mi. thcrc was practically no re
sponse to AD!'. Howcvcr. thc uncouplcr FCCP a<l<lc<l at'lcr 
ADP coul<l produce a signiticant stimulation of rcspiratiun. 
At highcr conc1..·ntrations of thc tcrpcnc. thcrc was an 
inhibition of statc 3, statc 4, and uncouplcd rc~piration. 

To climinatc cffccts rclatcd to thc control ofrcspiration by 
ADP, thc cxpcrimcnt shown in Fig. 5 was pcrformc<l. lt 

Eltlanol 

KC• KCI 

FlG. J. Effccts of various conccntrntions of {3-pincnc on K + 

transport by ycast cclls with glucosc or ethanol a~ thc substrutc. 
Experimental com.litions wcrc as dcscribcd in thc lcgcnd lo Fig. 1. 
but 100 µ.M KCI was includcd in thc incubation mc<lium. :.111d thc 
l\nal volumc wus 8.0 mi. Also. 67 mg of ycast cclls was u<ldcd whcrc 
fndicatcd. 

EliFECTS CW PINENE ON YEASTS 

2 min 
t----i 
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FICi. 4. EllCch of13-pin..:nc on thc rc~piration oí ycast mituchon
dria. Thc incuhation mLxturc containcd 0.6 M mannitol. 10 mM 
Nall:PO.¡ lpH 6.5). and l.()';;. <ld;,tttcd bovint: scrum <tlbumin. t\h.o 
u'cd wa!'I 15 mM ~uccinatc, with pll adjt1'itcd to 6.5 with N:10H, :1nd 
1 m~ oí mitochondria prntcin p1..·r mi. Pincnc wa' prcscnt at thc 
imlicall..•<l conccntn:HilHl..,. Final vo\umc wm. 3.0 mi. Tcmpcrnturc 
wa .... 30"C. ADP ,.,..ª~ addcll ata conccntration oí80 µM. and FCCP 
wa~ addcd at '.\ µM. Fig.urcs ;.1..,idc thc curve~ imlic<llC thc tlXygcn 
con;;umptiun rntc~ in n;111ogram-atom~ of O.: pcr minute pcr 
milligr.:1m. 

shows thc cffccts of pinl!nc on thc rcspiration of mitochon
dria incubatcd in a hypotonic mcdium tlmt had los! thc 
ability to n:spoml to dthcr ADP or FCCP. Un<lcr thcsc 
conditions. pincnc inhibitcd rcspiration within a conccntru
tion rangc similar to that rcquircd to inhibit ()::! consumption 
by couplctl mitochontlria. 

(ii) ATPasc acti\'ity. In mitochondría iso\atcd from ycast 
cdls, no activity of ATPa~c could he <.lctcctcd, cvcn in thc 
prcsc11cc uf uncouplcrs, unlcss hypotonic media wcrc uscU. 
This fact <lid not allow us to stu<ly this mitochondrial activity 
undcr thc samc con<litions as couplcd rcspiration. Howcvcr, 
l!vcn at vcry high conccntrntions of thi.: tcrpcnc. no inhibi-

o 
Milo. 

_t 

100 200 500 
Mito. 

_t 

yM Pinene 

FIG. 5. Effccts oí ~-pincnc on thc rcspiration oí isolatcd ycu~t 
mitochondria incuhatcd in n hypotonic medium. Thc incubation 
conditions wcrc similar to thosc dcscribed in thc lcgcnd l() Fig. 4, 
but only 100 mM mannitol, 2 mM sodium phosphatc buffer. ;uu.I 
0.25% dcf<lttcd albumin wcrc uscd. Figures bcsidc lhc curves ure· 
also as describc<l in thc lcgcnd lo Fig. 4. For thcse cxpcrimcnts. thc 
same mitochondria as dcscribcd in the lcgcnd to Fig. 4 werc uscJ. 
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TABLE l. Ell"ect~ uf ~-pincnc un ~cvernl ac.:tivities of isulutc<l yeast mitochondria" 

r;¡.. 
Nt\l)H: 

r;; 
Succ: 

<¡(, NADll: ")( 
Succ: 

~{-, 
Cyl e:: 

1:; 
Samplc ATPmc lnhibi- DCl'll' lnhibi- DCPIP lnhibi- cyt e lnhibi· cyt r lnhibi- uxit.la'.'.c lnhihi· 

tion tion tion tion tion tion 

Pincnc (µM) 
o J89 () 57 o 26 o 53 108 o J27 o 

JO() J97 -4 57 o J5 38 37 :!8 42 6J 1:!2 4 
200 197 -4 89 -56 J5 )8 25 5) 17 84 115 JO 
500 J811 82 -43 J5 38 7 85 JO 9J 108 J6 

1,000 177 6 JOJ -75 J5 38 7 sr. 98 100 2J 
Dimcthylfonnamidt: 189 o 57 o 20 22 5) 11 84 22 JO) 19 

(JO µ\/mil 
Oligomycin 12 94 
DCCD '26 86 
NuN, 42 78 

"Thc mca!\Urcmcnh wcrc rnadc a'> Jc~i.:ribeJ in thc h.'.\t. lk-.t1\b art!' c:-..rn:.,~cll ;,.., fol\ll\\:-.: ATl'a-.c, nan1mll)k' uf inurµani.: plH1.,phalc h~llrulyuJ pcr minute 
pcr milligwm; N1\Dll:J,6·dii.:hloroindophcnol (DCPIP) ami -,uccinatc t~uccl:DCl'll', nanomolc., of DCPll' rcducc1I pcr minute pcr milligr•1m: NAI>lt:q,1ochromt: 
e (cyt r) ami succ:cyt e, nanomnlc., uf c~'lnd110mc e rcduccJ pcr minute pcr millii;.rarn; ami qt c:o.\ida,c. nanogranH1h1111., (lf O: .;(lmllmctl pcr minu1c pcr 
milligram. Thc inhibilnr., \\'el-\! mldcd al thc follnwin¡..: cnnccntratiml'i: l1\ignmy..:i11. ltl flgfrnl: úkydohc~yl r.:arbo\liimidc 1DCC()), 10 ¡lM: •1ml N;iN,, 1 mM. 

tion of ATPasc could be dctcclcd. Both tlw conlrol mito
chondria and thosc incuba1cd in thc prcscncc of up lo 1 ml\I 
pinene showcd an acti vity of 180 to 190 nmol of inorganic 
phosphatc hydrolyzcd pcr mg of mitochondrial protcin pcr 
min. (Table 1). Scvcral inhibitors, cspccially oligomycin. 
which produccd an inhibition closc to 100%, showcd that 
this was, in fact, a mitochondrial ATPasc. 

(íii) Mitochondrinl transmcmhranc potcntiul. Thc lluorcs
ccncc of N-N' -dipropy\ thiacarbocyaninc shuuld show a 
qucnching whcn a mcmbranc potcntial that is ncgativc insi<lc 
is gcnerated in thc rnitochondria (13, 14). Thc rcsuhs of Fig. 
6 show that thc íluoresccncc or thc cyanine was qucnchcd 
even befare lhc addition of a subslralc, probably bccausc of 
thc oxidation of cndogcnous substratcs. U pon 1hc addition 
ofsuccinatc, a funhcr qucnching was obscrvcd; lhis quench
ing could be reverted by 1hc addition of antimycin A and 
produced again, although to a srnallcr extcnt, by thc a<ldition 
of ATP, and rcvcrled once more by thc ad<lilion or an 

~ 
~ 

~ ! § ª- o 
o u 

1 1 1 ~ 
¡ 

Control 100 ,tiM 200 yM 500 }'M 
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FIG. 6. Etfccts of (3-pinenc on thc mcmbranc potcntial of ycast 
mitochondria. Thc potential was measurcd as describcd in thc text. 
lncubation mixture was thc same as dcscribcd in the lcgcnd to Fig. 
4, with J5 mM succinatc or 2 mM ATP-Na (pH 6.5). Mitochondria 
were addcd at 1.0 mg/ml. Final volume was 2.0 mi, and the 
cxperiment was curricd out nt room tcmpcraturc. \Vhcrc indicatcd. 
50 nM antimycin A or 3 ~M FCCP was addcd. Thc concentration of 
N-N'-dipropyl lhiacarbocyanine was 0.5 µM. 

urn;ouplcr. \Vhcn pi nene was prcscnt, thc initial tluorcs
ccncc of thc cyaninc was highcr, and thc qucnching of thc 
lluorcsccncc gcncratcd v.dth succinatc 01- ATP was sma11cr. 
dcpcnding on thc conce111n11ion of thc tcrpenc. At l mM 
¡;-pincnc, lhcsc changcs wcrc no longer obscrved. Similar 
rcsults werc obiaincd by cncrgization only wilh 5 ml\\ ATP 
(rig. 7) in milochondria incubatcd in thc prcscnce of anti
mycin A. In thcsc cxpcrimcnts, thc initial lcvcls or íluorcs
ccncc wcrc highcr. with somc dela)' at 100 µM pincne, 
probably bccnusc of tite inhibition of 1he oxidation ofendo
gcnous substratcs. 

Etrccts oí pincnc on thl' res¡>iratory chnin. Thesc cffccts 
wcrc mcasurc<l by following thc cffccts of the tcrpcnc (al 
various conccntrations on severa! scgmcnts of thc respira~ 
tory chain in isolate<l mitochondria incubatcd in hypotonic 
media) to climinatc thc pcrmcability barricrs and cffccts on 
rcspirntory conlroL Stimulation of NADH <lehydrogcnase 
was obscrvcd whcn thc cffccts of thc tcrpcnc wcrc stu<licd 
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FIG. 1. Etfects of ¡3·pinenc on mcmbrdne potential of yeust 
mitochondrin with ATP in thc prcscncc of nntimycin A. Thc 
cxpcrirncnt was carricd out us describcd in the legend to Fig. 59 but 
with 5 mM ATP-Na adjustcd 10 pH 6,5 as thc subs1ra1e. A 
conccntration of 50 nM antimycin A wns prescnt in tite mcdium. 
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on this isolatcd activity !Table 1). No elfect ClHJld be 
dcmonstratc<l on thc cytochromc e oxidase activity. cxci:pt 
for an inhibition of ca. 10'/r, that muid be obscrved also with 
dimcthylformamidc (uscd for <lis'.'>olving pincnc). Sucr.:inatc 
dchydrogcnasc was alrcady inhibitcd up to a nrnximum nf 
ca. 40<;,C: with thc lowcr conccntrations uf thc tcrpcnc. 
Howcvcr. thc most striking inhibition was detL·ctcd in thc 
rcduction ofcytochromc c. hoth \vith NADH or ~uccinate a:-. 
substratcs; this inhibition was altno'.'>l complete. 

Fluorcsccncc polnri7.nlion chan~cs. (Í) lntact ct.·lls. SinL·e the 
cffccts of thc tcrpcnc could he traccd to functiun~ h.Kalitcd 
in thc mcmbrancs of yca:-it 1.:clls, th¡., general intcn1ction 
might be cvidcnccd by thc mca"iurcrncnt ot' lluorc..,ccncc 
polarization uf 1.6-diphcnyl-l.J.5-hcxatril!nc ª"" an indkatl1r 
of possiblc changcs of thc !luidity of' thl! llH.:mbrancs. In 
cxpcrimcnts carricd out with intact ccl\s ( Fig. 7J. thc addi
tion of p-pincnc produccd a largc dccrcasc in thc tluon.:~
cencc polarization or 1,(1-uiphcnyl-l .3 ,5-hcxatricne which 
was compatible with an incrcasc of thc tluidity uf thc 
mcmbranc(s) whcn pincnc was prcscnt. 

(ii) Plasma mcmhrancs. Thc samc cxpcrimcnts, 1.:arricd out 
with a prcparation ofplasmu mcmbrancs from yca"it cclls (6). 

also showcd a dccrcasc in thc tluorcsccncc po\arization in 

0.4 

e: 0.3 
.Q 
o 
N 
·¡:; 

" g 

"' g 0.2 

"' o 
U) 

~ 
g 
¡:;: 

200 400 

• Inloct cells 

o Plasme membrones 

• Mltochondrla 

600 800 1000 

f3 - plnene, jJM 

FIG. 8. Effccts of ~-pincnc on thc tluurcsccncc polarization of 
1.6-<liphcnyl-1.3,5-hcxatricnc in intact ycasl cells, ycnst plasma 
mcmbrnncs, and ycast mitochondria. Incubatinn mcdium for yca~t 
cclls und plasma mcmbrancs was 20 mM morpholinoclhancsulfonic 
acid-tricthanolaminc (pl-1 6.5). A samplc of J uM 1,6.Jiphcnyl-1,3.5-
hcxatrienc was addcd 10 min bcforc ~-pincnl!. Thc mcasurcmcnt 
was madc as soon as possiblc uftcr thc a<ldition of pincnc. For yca!!.l 
mitochondria. thc mcdium was thc samc as Ucscribcd in thc lcgcnd 
to Fig. 4. A samplc of 16.6 mg of )'cast cclls. 10 mg uf plasma 
mcmbranc protcin. or 10 mg of ycast mitochondrial protcin was 
u sed. 
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the prC'il.!llC.:t: of i~·pincnl.!. This dccrca:-,c was. howcvcr, vcry 
~mal!. whl.!n comparcd \\'ith that obscrvt:d in intact c:cll" (Fig. 
8). Be~ides. the valucs ol' polarizalion in thc abscncc uf 
pincnc wcn: alr..:ady much lnwcr than thosc of intact cclls or 
mitodwmlria u1uh.:r similar condition~. 

(iii) Mitochondria. \Vhcn lh1..• lluores<.:cncc pnlarization of 
1.<M.liphcnyl·l,3,.5-hexatricne was measured with isolatcd 
mitochondria. a rathcr larl.!c lkcrcasc wa~ nhscrvcd in the 
prc"icncc of ~~·pi nene ( Fig.~ 8), '\imilar to that ohscrvcd with 
intact 1.:dls. 

Ell'ccts ol' pinl'llC on thc intc~rity ul' thc mitoclmndrial 
mcmhrnnc. Thc cffccts nf pinenc on thc intcgrity of thc 
mitrn.:hondrial mcmhranc wcre lt.!stcd by mcasuring the 
dllux ur K + into a K' -free mcdium with varinus concentra~ 
tion ... ofpinenc. lt was fouml that f3-pincnc, contrary to what 
was ohscrvcd with rat liver milochon<lria (16), did not 
proJucc the incrcascd pa~sivc clllux of K' from thc organ· 
elles. Thc adt!ition ol' Tritun X-100, on thc othcr hand. 
pwduccd thc cillux ot' ca. 50 111...•q of K' pcr mg of protcin 
(data not shown). 

DISCUSSION 

Thc cffccts of {3-pincnc rcpnncd hcrc wcrc. in ~omc ways, 
cxpcctcd. for thc hydrophobic character of this tcrpcnc has 
to favor its partition into thc mcmbranous stnlcturcs of thc 
cell. The wurk or Andrcws et al. (!) alrcady showcd cffccts 
indicating lcsions un ycast membrancs and othcr microor
ganisms. Also. thc work rcportcd bcforc on thc cffccts of 
~-pincnc on liver mitoclmndria (16) coulu be cxplaincd 
mostly 011 thc hasis of thc intcrnction or thc tcrpcnc with thc 
mcmbranc of this organclle. 

Howcvcr. thc cffccts do not sccm to takc place uniformly 
un all mcmbrancs of thc ycast ccll, ande ven thosc obscrvcd 
un isolatcd ycast mitochondria wcrc diffl.!rcnt from thc oncs 
found with livcr mitochomlria (16). Starting with thc ctrccts 
of pinenc on H 1 and K • movcmcnts in wholc cclls, it 
sccmcd clcar that thcy wcrc obscrvcd at lowcr conccntra
tions whcn thc substratc was cthanol. which rcquircs thl! 
integrity ofthc mitochondrial functions to providc cncrgy to 
thc ccll in thc form of ATP. Thc conccnlrations rcquircu to 
inhibit thc movcmcnts of H' anti K ' wcrc similar to tbosc 
rcquircd to inhibit rcspiration, but only \Vhcn cthanol was 
thc substratc. Both fcrmcntation and thc transport systcms 
thcmsclvcs sccm to requirc highcr conccntrations of thc 
tcrpcnc to be inhibitcu. lt should be pointcd out that, in our 
cxpcrimcnts, al thc concentrntions of (3-pincnc U!iiCd, no 
lcakagc of thc ccll K' was obscrvcd. 

Thc cffccts on rcspiration with intact cclls wcrc obscrvcd 
al highcr conccntrations of píncnc timo with isolatcd mito
chondria. lt is possiblc that in intact cclls, part of thc auucd 
inhibitor was uilutcd by bcing bound to othcr structurcs of 
thc ccll bcsidcs thc mitochondria. 

Rcgarding thc ctrccts on mitochondrial function, thc 
terpcnc produccd a series of cffccts rclatcd to its localization 
in thc inncr mcmbranc. With livcr mitochondria, pincnc 
produccd an incrcasc in mitochondrial pcrmcability that was 
probably thc basis for thc uncoupling action obscrvcd (16). 
In ycast mitochondria, this clTcct was not simple; no actual 
uncoupling was observcd, and thc tcrpcne ncvcr stimulatcd 
rcspiration in thc abscncc of ADP (statc 4). At rather low 
conccntrations ol' pi nene (ca. 100 µM), the rcspiration stim
ulatcd by ADP (statc 3) was inhibitcd, but that stimulated by 
FCCP (or that obscrvcd in mitochondria that had lost thcir 
rcsponsivcncss to ADP or FCCP by incubating thcm in 
hypotonic media) was inhibitcd much lcss at similar conccn
trations. This cffcct might be duc to an inhibition of thc 
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adcninc nuclcotidc translocator. This '.'.Uggcstion miµht he 
supportcd by thc fact that pincnl'. hdng ncithcr an urn.:ouplcr 
of u~idativc phosphoryl<1tiun nor an inhihitor of thc ATPa~c. 
cou!U block thc cncrµization uf mitoclmndria by ATP. Al 
sorncwhat highcr conccntration"t C!OO µ~I or highcn, thc 
organcllcs startcd to lo'c thcir ahility to ht.: cfü=rµizcd hy 
sucdnatc or ATP; thi' was prohahly duc lo tite din:l't 
inhihition of rcspiration or thc adt.:ninc IHH.:kotidc tran,[rn.:a~ 
tur, rcspcctivcly. Thc :--.tudics pcrforml~d indicatcd a dircl't 
ctrc:ct on thc cytm:hrmrn: h rl!gion llf thc n:~piratory d1ain. 

-nis prcfcrcntial interaction uf pinl!rn: with mitochondria 
also secms to havc a countcrpart in fluorc'\ccncc pularizatiun 
studics. lntact c.:clb slH.rn:cd a largc changc in this parametcr 
upon thc additiun of pincnc. allll thb chang1.: wa'.'. found to hL' 
cq ually largi: with mitochonUria. Howcvcr. whcn thc cffcct 
of pincnc was mcasurcd in thc '.',ame parnmctcr with i'.',olatcd 
plasma mcmbnmc~. a rathcr small changc was round. Thi~ 
mi,ght be Uuc to cithcr a diffcrcnt soluhility of thc tcrpenc in 
both membrancs or diffcrcnt ahilitics to produce thc changcs 
in mcmbranc fluiúity. Our c.'q1erimcnts do not allo\\' us to 
conclu<lc dcfinitcly un thcsl.! two possibilitics. lt ~hould be 
pointcd out, hu\vcvcr. that thcsc rcsult~ are in agrccmcnt 
with thc fact thal othcr substanccs show similar hchavior in 
ycasl cclls; uncouplcrs. which produce thcir clkcts al ratht.!r 
IO''-V conccntration~ whcn tcstcd with ycast mitochondria 
{1:2), have to be uscd al much highcr i:oru.:cntrations whcn 
uscd to inhihit or rcvcrt. for in~HlllCt.!, thc proton pumping at 
th.., leve! or thc plasma mcmhranc (4. 11). 

11 is intcrcsting to nutc that pincnc stimulatcd NADH 
dchydrogenasc activity and inhibitcd cytochrome /J scg111cnt 
activity but altcred ncithcr thc ATPa'ic activity nor uthcr 
sc,gmcnts of thc rcspiratory chain. Thc intcraction or thc 
terpcnc with thc mituchondrial mcmhranc did not affcd ali 
fu nctions of thc inncr mitochondrial mcmhranc in lhc sami: 
way. ríhc inhihition was sclcctivc. indicating that thc intcr
action of the tcrpcnc was not just prm.lucing a general 
alt.cration of thc mitochundrial structure ami function. 

Our rcsults are in general agrccmcnt with those of An
drcws et al. (l) in the scnsc that thc effccts or thcsc 
molcculcs are lucalized in the membrancs or thc cell. Hllll· 

cvcr, thcrc was somc discrcpancy in the conccntrations 
rcquircd to observe thc cffccts. With mitochondrial protcin 
conccntrations of lcss titan 1 mg/ml. for inst¡mcc. thcsc 
authors rcquirctl conccntrations of :!.06 mg of u-pincnc pcr 
mi (ca. 15 mMJ tu obtain a tlccrcasc in rcspiratory control. lt 
is possiblc. howcvcr, that l't-pincnc is lcss cffectivc than its 
~-isoincr. In any case, thc rcsults ofthcse authors. as wcll as 
tltosc rcportcd hcrc, show that thc cffccts or tcrpcncs wcrc 
uuc to altcrations produccd al thc kvcl or !he mcmbrancs or 
yeasl cclls. \Vithin thc lowcr conccntration rangc. 13-pincnc 
could produce severa! altcrations ol' thc mitochondrial func-
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lion: at hi!!hcr con~c.=ntratinn\, it could alter the functiuns of 
thc plasma mcmbranc. 
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