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POSIBLES ANALOGOS DE CATIONES MONOVALENTES. ESTUDIOS EN 

LEVADURAS Y MITOCONDRIAS. 

La Bioquirnica es una ciencia relativamente joven. 

nacimiento podria ubicarse quiza en el ano de 1897 cuando los 

hermanos Hans y Eduard Buchner prepararon extractos de levaduras 

con fines rnedicos y les adicionaron cantidades elevadas de jugo 

de cana de azucar para protegerlos de infecciones microbianas. 

descubriendo que el azucar era fermentado rapidarnente por el 

extracto de levaduras. Se inicA.o asi el estudio lo 

ferrnentacion alcoholico en tubo de ensayo en ausencio de celulas, 

obteniendose la inforrnacion sobre los pasos intermediarios en lo 

ferrnentacion de la glucosa hasta bioxido de carbono y etanol. 

Ante este hecho estarnos autorizados a decir que la asociacion 

entre la Bioquirnica y las levaduros tiene tantos anos corno lo 

Bioquirnica misma. 

Contemplando en retrospectiva la evolucion de la ciencia que 

nos ocu¡.rn. no podernos experimentar sino sorpresa al descubrir 

cuanto de lo que sabernos deriva de experimentos realizados en 

microorganismos tales corno levaduras y bacterias, asi corno al 
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verificar en que medida esos conocimientos han encontrado aco y 

aplicacion en el estudio de celulas humanas. 

Uno de los problemas iniciales de toda investigacion 

biologica consista en seleccionar una preparacion optima para el 

estudio en el laboratorio, tanto desde el punto de vista de su 

manejo como de las caracteristicas intrinsecas de la misma. En lo 

qua a trabajos bioquimicos se refiere. y en particular a 

experimentos de transporte da iones. las levaduras reunan una 

serie de ventajas da gran valor: 

a. ofrecen una disponibilidad abundante y facil a partir de 

sus importantes usos industriales en la alaboracion de 

cerveza, pan. vino. etc. 

b. se trata de organismos eucariotes que, sin embargo, 

puedan manipularse con la misma facilidad que las 

bacterias. por lo qua constituyen un modelo muy 

atractivo para proyectar a formas superiores el estudio 

de fenomenos metabolicos. 

regulacion. 

de genetica molecular y de 

c. a diferencia de otros hongos. las levaduras existen como 

organismos unicelulares. estado en el que poseen una 
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t•úfo fl\at,1ihoilt1l" ~~lavad•l .. y Pmyor ral•lcion araa/vol•Jman 

qua leí~ ~6;~-~os ~1lcel•lras. 

d. son apropiadas para estudios ganeticos debido a su 

sus captib.i 1 irfod para la induccion y reprasion con 

sustratos adecuados o sus analogos, asi como a su ciclo 

sa;,'.uol (r.lt.~ hecho, el ,;,facto de lo glucos•l co1no inducto1· 

enzimatico fue observado por primera vez en levodurasl. 

Cuando se trabojo con levoduros es conveniente 

presentes los diferencios y semajonzos que guardan con los 

bocterias y con otros microorganismos relocionodos, t•lles co1i10 

hongos. olgas. protozoarios, etc. Por ejemplo, las levaduras se 

porecen a las bacterias en lo que respecta a la funcion da 

mantener la estabilidad geoquimica de la biosfera. a los metodos 

qua se emplean para aislarlos y cultivarlas. a su capacidad para 

producir enfermedades infecciosas y a las numerosas aplicaciones 

.industriales de sus fermentaciones; en cambio, difieran de ellas 

procesos reproductivos. ~;us C•lr•l CtE•rist:i.C•lS 

ere <:im:if.~nto, la complejidad anatom:ica dE.• 

citoplasmica. tamano celular. actividad metabolica. compos.icion y 

ul trofJstr1.1 ctur<l de l•l parad celul•11·, en los 

qu:im.iotarapaut.icos a los qua son sensibles y el tipo de 
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Las lavaduras comprenden un numero relativamente paqueno de 

especies. aproximadamente 350, que corresponden a 39 ganaros. 

comparadas con las decenas de miles de especies de algas. 

bacterias. otros hongos y protozoarios. 

El de 

1JJ:tr•1estr'1Jctur•l de tJn•l CE·lula de lev11dur•l donde st~ •lpreci•ln1 con 

el detalle que proporciona el microscopio electronico. los 

elementos sen11lados 111 pie de la figura. 

En el presente trabajo. que se refiere al sistema de 

tr11nsporte de cationes monov11lentes en levaduras. resulta de 

p11rticular importancia h11cer notar algunas propiedades de la 

p11red celular y, natur11lmente, de la membran11 celular. 

celtJlar de l11s lev11d1.1r11s es un11 estructur11 rigida, responsable de 

la forma de las celulas y de su resistencia a los medios 

hipotonicos CRef. D: 1). t'l•S estructur•l con 

permeabilidad selectiva; por ejemplo. en S11ch11romyces cerevisi11e 

no atraviesan la pared aquellas moleculas de dextrana con peso 

molecul11r mayor de 4500 CRef. D:2). Por otro lado, las levadtJras 
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no son capaces de utilizar moleculas de proteinas presentes en el 

niedio de cultivo <Ref. D: 3). En generol, la pored celular 

solomente permite el poso de micromoleculas a los sitios de 

obsorcion en los membranas. 

La membrana celular o plasmalema de las levaduras consiste 

en uno estructura trilamelor con un espesor aproximado de 8 nm 

que muestra invaginaciones numerosas y muy caracteristicas. El 

analisis de fragmentos aislados de plasmalema ha revelodo la 

presencia de fosfolipidos, proteinas, manosa, y de una ATPasa 

dependiente de Mg++ <Ref. D:4). Se ha demostrado firmemente el 

papel que la membrana celular desempeno en las propiedades 

osmoticas de las levaduras, debido a su impermeabilidad paro 

ciertos solutos y tambien en los fenomenos de movimiento de 

diversos compuestos del medio ol interior de la celulo y 

viceversa (Ref. D:5). 

Algunos de los mecanismos involucrodos en el transporte 

mediado por la membrana ya han sido estudiodos con cierto 

detolle. En termines generales se ha aceptado que lo superficie 

de la membrana esta ocupada por sitios de union especificos para 

ciertos sustratos o para grupos de compuestos relacionodos 

estructuralmente. Estos sitios de union pertenecen a sistemas de 



........ N•lnC:!J C•lrrasc:o Q1.ie.:i.je.:i.ro - Pl•l!Jo/1981 7 

transporte que por med.:i.o de acarreadores conducen a las moleculas 

de una a otra superf.:i.c:.:i.e del plasmalema. La actividad de dichos 

•lC:•lrreüdores, trllnsportüsas o permeaslls1 c:omo tambien se les ha 

denom.:i.nüdo, reune atributos caracteristic:os de enzimllsi llS.:i.1 

exhiban cinetic:a de süturacion, espac:ificidad da sustrato y 

estareoespecific:idüd; la veloc:idüd de transporte depende de lll 

los sustratos que utilizan sitios da un.ion en c:omun 

compiten entre s.:i. da acuerdo a sus raspec:tivas afinidades. Sa 

han reportado modalidades de transporte, tünto activo Cc:on 

requerimiento energetico) c:omo pasivo <Ref. D:6, D:7>. 

En nuestro trabajo se ha estudiado con diversos enfoques al 

sistema da transporta de cationes monovalentes. en levaduras da 

las especies Sücharomyces cerevisiae !J Kluyveromyces lac:tis c:on 

miras a establecer el mecanismo molecular del mismo. En los 

primeros experimentos sa utilizaron como herramientas da estudio 

los siguientes colorantes cationicos: bromuro de atidio <BE), 

Sllfran.:i.na CSAF), azul de n.:i.101 azul da metileno CAM), 

metilo. azul brillante de crasilo, rojo neutro, 

violeta d.=;, 

•lcr:i.flavirio 

CACR), verde brillante y verde de metilo, todos ellos sustanc:ios 

foc:iles de detector. 

La hipotesis de que los colorantes cationicos interac:tuan 
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con el sistema de transporte para cationes en levaduras. sa 

genero a partir de la observacion de los efectos que dichos 

colorantes &Jercan sobre diversas estructuras intracelulares en 

diferentes tipos de celulas. y de los cambios ocurridos en esos 

efectos cuando se prueban en presencia de distintos cationes 

<Ref. A:2,4,6, s.10, 11,13, 18.25-28). Para que tengan lugar los 

de los colorantes sobre moleculas o estructuras 

intracelulares. aquellos deben establecer contacto primero con la 

superficie celular para despues ser translocados al interior de 

l•l celul•:i. 

Los colorantes afectan la movilidad del K+. tanto si este se 

agrega o no al medio. sin modificar en absoluto el transporte de 

H+. Cuando hay K+ en el medio los colorantes bloquean su 

y cuando no lo hay, favorecen su salida. Con estos 

antecedentes se inicio un estudio para definir con 

prec.is:lon l~·l mecanismo de los efectos mencionados. 

nl•lyor 

y la 

posibilidad de una interaccion de los colorarrtes cationicos con 

el sistema mismo del transporte de los cationes monovalentes en 

l•l l<~·vod•.Jl"O. 

Con el objeto de descartar la posibilidod de que los 

fenomenos mencionados pudieran deberse a la destruccion celular 
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inducida por los colorantes Cfenomeno que puede ocurrir en 

ciertas condiciones segun Elferink y BooiJ• ref. A:7), se 

realizaron experimentos para comprobar la integridad de las 

celulas: por un lado se incubaron levaduras en presencia de 

colorantes. se centrifugaron y se midio la absorcion del 

sobrenadante a 260 nm (longitud de onda a la que absorben los 

nucleotidos), y por otro lado se midio la absorcion. en las 

mismas condiciones. del sobrenadante proveniente de celulas de 

levadura previamente destruidas con acido perclorico. Al comparar 

las lecturas se encentro que la absorcion de luz del sobrenadante 

de las celulas incubadas con los colorantes es un decimo o menos 

de la obtenida con celulas destruidas. resultado que indica 

claramente que el grado de lisis celular inducida por los 

colorantes no es significativo ni determinante en los fenomenos 

registrados. Esta conclusion se vio aun mas apoyada al observar 

que las celulas cargadas con Ca++ (en presencia de glucosa), 

exhiben una salida significativa de ese ion y una ulterior 

recaptacion del mismo. tanto en presencia como en ausencia de 

colorantes. Si los colorantes provocaran una destruccion celular 

importante. no seria posible la acumulacion observada de Ca++. 

Ademas de ello. pudo comprobarse que aun en presencia de los 

colorantes. las levaduras conservan su capacidad para bombear H+. 

proceso caracteristico de celulas integras. 



........ Nüncy Cürrüsco Queijeiro - mayo/1981 10 

bloquean lü captacion 

de K+, se procedio a medir las velocidades iniciüles de cüptücion 

de 86Rb+ (isotopo rüdiücti~o con cürücteristicüs fisicoquimicüs 

muy similüres Q lüs del K+> y lü inhibicion de esü cüptücion 

provocüdQ por los diferentes colorüntes. püra ünülizür los 

efectos sobre lüs constüntes cineticüs y tener la posibilidüd de 

müyor informücion. En efecto, los colorüntes inhibieron la 

Cüptücion del Rb+ hastü en un 80% y lü determinücion de los 

pürametros cineticos revelo una müyor modificücion de la Km que 

de la Vmüx. indicando que lü inhibicion tiende a ser de tipo 

competitivo; estü tendenciü se intensificü a medida que se 

üdicionün concentrüciones büjQS de Cü++. qua por si mismas no 

ejercen ningun efecto sobre la Cüptacion del Rb+. 

Sübiendo que los colorüntes inhiben el transporte de K+. se 

puede suponer que actuan en sitios comunes; con este rüzonamiento 

se considero de interes investigar si ocurria el fenomeno 

inverso, es decir, si el K+ erQ cüpüz de interferir con lü 

captacion de los colorantes y müs aun si compürtiü las mismas 

propiedades en su trünsporte. Al estudiar el comportümiento del 

proceso de captacion de los colo~1ntes por los levaduras, fue 

posible clasificarlos en tres grupos. de acuerdo con los 

requerimientos de glucosa püra que ocurra lü cüptacion y con lü 

inhibicion de lü mismü cousadü por K+ y por Na+. Asi. al primer 
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grupo per-t.eme ce so l•1P1ente e l. BE, cuyo rl'l•quer :i.11li.o•nto dl'l· g 1 u cos•l es 

muy significativo y la inhibicion de la captacion resulta 

claramente diferenciada entre K+ y Na+, pues es mucho mayor la 

lograda con el primer cation CK+> que con el ultimo CNa+). Los 

colorantes del segundo grupo, SAF, ACI'°' y AM muestran una 

dependencia parcial de la glucosa y la inhibicion con K+ es menor 

y mucho menos selectiva cuando se la compara con la lograda por 

el N•1+. El tercer grupo incluye colorantes cuya captacion es 

independiente de la glucosa, apenas es inhibida por el K+ y 

practicamente no hay diferencia con la ejercida por el Na+. 

F'or l'e•:i.li:;rnron f.\•n el 

espectrofotometro de longitud de onda dual, en busca de mas 

evidencia en favor de que las levaduras captan los colorantes por 

medio del mismo sistema de transporte que el Kt. Teniendo 

presente que el espectro de absorcion de la SAF cambia cuando se 

incorpora a la matriz en virtud del apilamiento de sus moleculas, 

puede usarse este cambio como indice de la captacion del 

colorante; por su parte, el AM cambia su espectro al reducirse. y 

dado que la reduccion ocurre dentro de la celula, .s·l cap1bio de 

espectro representa una medida de su captacion; finalmente, la 

captacion de la ACR pude seguirse tambien por su cambio de 

fluorescencia puesto que este ocurra cuando se le col.oca en un 

solvente organice o de baja constante dielectrico (por ejemplo, 
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cu'.lndo inter'.lttuQ con la MeMbr'.lna de la celula). 

El result'.ldo de estas observaciones puede resuMirse diciendo 

que el cambio de color requiere de la presencia de un sustrato, y 

que es inhibido por el K+ pero no por el Na+. El Mismo fenomeno 

se registra con los caMbios de fluorescencia de la ACR. 

Los datos obtenidos sugieren que los son 

efectivaMente incorporados al interior de las levaduras y no solo 

adsorbidos a su superficie puesto que la cantidad de colorante 

toMado es alta, la respiracion celular se inhibe en mas de un 80Z 

y, en el caso del AM el hecho de que se verifique su reduce.ion ya 

presupone que ha entrado a la celula. 

Los resultados de este trabajo establecen la posibilidad de 

que moleculas organicas cationicas puedan ser translocadas por 

acarreadores naturales. 

tro:i.nsloco:i.cion los 

visualizadas en funcion 

dist.:i.ntr)s 

1>1odalid•1des 

col01·•1ntes 

del comporto 111ien to que 

di ch11 

pern1:i.t.i.o 

clasificarlos en tres grupos. As.i., el BE, que pertenece por si 

mismo a un grupo separodo por exhibir la mox.:i.ma dependencia de la 

glucosa y lo mos alta inhibicion de la captac.i.on de K+ y Rb+, 
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misma que es de tipo competitivo puro, representa el unico 

colorante qua las celulas captan casi exclusivamente por el 

sistema de incorporacion de Kt. Los colorantes de los dos grupos 

restantes. que muestran todas las caracteristicas mencionadas 

solo parcialmente y de un modo menos definido, son qu.iza captados 

por las levaduras a troves de algun o algunos otros sistemas 

ademas del de translocacion da K+. 

Los colorantes cationicos son rnoleculas organicas de manejo 

sencillo, faciles de detectar y cuantificar, 

determinaciones precisas por rnetodos fotornetricos. sin tener que 

recurrir isotopos radiactivos. Nuestro trabajo pone en 

evidencia el hecho da que talas colorantas cationicos son capaces 

de actuar corno analogos de los cationes inorganicos, al menos en 

lo que respecta a su captacion en las levaduras. Con base en lo 

•lnterior, cabe suponer que. por un lado, otros organismos 

eucariotes responderian ante los colorantes de un modo parecido, 

por otr'o• que otros fü.i~:;"t8lll1l~> celullll'es 

enzirnllticos. geneticos, E."~C. podrian tllrnbien interllctuar con 

ellos corno lo hllcen con los Clltiones inorgllnicos. AdePl•lS1 

nuestras observaciones h!lcen pensllr que la carga juegll un püpel 

predorninllnte en fenornenos de reconocimiento molecular. düto digno 

de tornarse en consideracion para dilucidllr rnecanisticamente la 

de farrnacos y drogas de naturaleza orgllnicll tanto a 
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celul•lS h•JllHln•lS corno •l -caú.ii;;~ de rnicroor·g·mismos patogenos. Es 

interesarrta senalar qua nos referimos al papel de la carga en el 

reconocimiento e incorporacion de sustancias por parte da 

acarreadoras activos. y no solo a su bien conocida caracteristica 

como factor da permeabilidad a traves de la matriz lipidica. 

De los colorantes estudiados el BE pertenece a un grupo 

separado. ya que posee caracteristicas muy espaciales. puesto que 

es el que parece interactuar en mayor medida con el sistema de 

transporte de Kt. Se sabe desde hace tiempo que tiene propiedades 

rnutagenicas selectivas para el DNA de las mitocondrias IRef. 

B:l-4, C:l-9), y que estos organelos son capaces de concentrar al 

colorante. segun lo revelan estudios de microscopia elactronica 

IRef. B: 1.1 >. Con onte Cf?d.:•nt1~s, se est1Jdiaron las 

interacciones posibles del BE con la membrana plasrnatica y con 

rn:i.tocondri•ls de celulas de levadura bajo diferentes 

poniendo especial atencion en de 

energizacion de la celula. Con este proposito se utilizaron 

diversos sustratos, grados de oxigenacion. agentes desacoplantes 

e inhibidores respiratorios. 

Los sustratos empleados fueron glucosa o etanol-H202, que 

proporcionan la energia necesaria para cada uno de los tres 
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captacion de BE. 
,.- ,. ,_. ' 

capi;acion de f(f iJ s11ll.clO. r.!e f(+ i11ducida por el coloMnte. 

El desacoplante FCCP es capaz de reducir la capatac:i.on de BE 

y de K+ y la salida de K+ cuando el sustrato empleado es 

respiratorio <como el etanol), pero no cuando se utiliza glucosa. 

a menos que se manejen concentraciones mucho mayores de FCCP. 

Estas observaciones indican que los tres fenomenos se comportan 

de igual manera en lo que a requerimientos energeticos se 

l'efiere. 

La
1
interaccion del BE con la levadura. se •:tn11li:;r.o lll•l5 

data 11 od•llllente 11iedi•1 nte 1?studio de SIJS c11mbios de 

fluorescencia. teniendo en cuenta que la energizocion de los 

celulas de levoduro es copaz de producir un ou~ento de la 

del BE, fL~no11ieno que puede 

correspondiente a lo coptocion del mismo. Con este sistema de 

monitoreo se obtuvieron trazos que muestran un incremento inicial 

de fluorescenc!o, Ces decir, de coptocion de BEl que despues se 

estociona en una meseta, para mos tarde volver a oumentar 

u 1 t.il>lCl c:orrE .. sponde Un•l 

desenergizoc:ion de las mitocondrias c:ousoda o su vez por el 

estodo de anaerobios:i.s alcanzodo ol ogotorse el oxigeno. o bien 



por la accion de agentes desacoplantes como el FCCP. Sin embargo. 

el efecto del FCCP se pierde si se anade a celulas en 

•l 1Nerobiosi s. 

En suma. los resultados de los cambios de fluorescencia 

indican que los desacoplantes bloquean la .interaccion del BE con 

las rnitocondrias. corno lo confirma el hecho de que el FCCP 

revierte la inhibicion de la respiracion causada por el BE. Es 

crrnven.it'!•rrtE.• notar que dich11 :i.nhibic.i.on 

significativa solo cuando tanto la celula corno sus rn.i.tocondrias 

se encuentran energi2adas1 si las rn.i.tocondrias no lo astan. no se 

aprecia la .inh.i.bic:i.on. 

Cuando se usa etanol corno sustrato, la desenergizac.i.on 

completa de la celula se logra por medio de un desacoplante a 

bajas concentraciones; ademas, y esto es de mucho .i.nteres. se 

puede alcanzar la desenergizacion selectiva de las mitocondrias 

utilizando tarnbien bajas concentraciones de desacoplante. siempre 

y cuando el sustrato no sea respiratorio. como es el caso de la 

!Jl U C0!5'1. 

En lo que se refiere a 111 interaccion del BE con 
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mitocondrias aisladas. los experimentos de fluorescencia brindan 

informacion util. La fluorescencia del colorante aumenta cuando 

este interacciona con mitocondrias energizadas. lo que se explica 

por el cambio de polaridad del ambiente en torno a las moleculas 

de BE unidas a la membrana mitocondrial. en virtud de un proceso 

dependiente de energia. 

Por otro lado. no se dispone de explicacion alguna para la 

marcada preferencia del BE por el DNA mitocondrial, aunque se 

sabe que el colorante se intercala entre sus moleculas. Siendo el 

BE una molecula cationica, el potencial electroquimico de la 

mitocondria podria actuar como fuerza motriz para su captacion. 

acumulacion y efectos selectivos en ese organelo. Es posible 

comparar este fenomeno con la acumulacion de cationes inorganicos 

en las mitocondrias. donde podemos suponer que intervienen tanto 

el potencial electroquimico como la operacion de sistemas de 

transporte mas o menos especifico&. Si ninguno de esos factores 

existiera en otros compartimentos celulares. se explicaria la 

preferencia del BE por las mitocondrias; y aunque esto aun no 

aclara el por que de sus propiedaes mutagenicas selectivas para 

el DNA circular superenrollado de las mitocondrias. si ilustra 

cual puede ser el mecanismo en cuya virtud la exposicion del 

mutageno al DNA mitocondrial es alta y prolongada. 
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En v.ista de sus efectos mutagenicos. el BE presente en el 

medio de cultivo es capaz de .inhibir el crecimiento de diversas 

especies de levaduras. Sin embargo. ha sido posible desarrollar 

cepas de Kluyveromyces lactis que resisten altas concentraciones 

de BE y continuan creciendo CRef. C:1Q), brindando asi un modelo 

muy interesante para estudiar el mecanismo probable de las 

interacciones del mutagano con las celulas. Ademas. a la luz de 

las observaciones realizadas en el sentido de que la captac.ion 

del BE guarda relac.ion con el transporte de K+. las cepas 

resistentes al colorante constituyen una preparac.ion excelente 

para investigar el comportamiento de los movimientos de cationes 

monovalentes y la posible coincidencia de una sola lesion que 

afecte a los dos sistemas de transporte. 

Se trabajo con tres cepas de Kluyveromyces lactis. a saber: 

las dos cepas progenitoras. denominadas 81 y 82 (sensibles al BE> 

y la cepa resistente derivada de aquellas, R. 

Las cepas sensibles 81 y 52 captaron el BE mientras que la 

cepa R resulto incapaz de hacerlo, fenomeno observado tanto al 

comparar las absorbencias respectivas como al estudiar los 

cambios de fluorescencia. 
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F'or l.o q~Jl'!' ,.respecta •l l•l capt•lc.ion de f<+ se encontr·o q•JE• 111 

cepa R la 't~n.ia d.ism.inu.ida en comparac.ion con las capas 

o~d.inar.ias (81 y 82). 8.in embargo. es .interesante hacer notar que 

el contenido .intracelular de Kt y otros cationes no es diferente 

en la mutante comparado con las cepas progenitoras. Al medir lo 

coptac.ion de 86Rbt en las tras cepas. pudo comprobarse que dicho 

proceso es s.ign.if.icat.ivamente mayor en las capas sensibles ol BE 

que en lo mutonte. Tamb.ien se midio la salida de K+ inducida por 

el BE, encontrandosa mas alta en las cepas 81 y 82 que en la R. 

En apoyo a los hallazgos anteriores. se registro que el 

afecto estimulante de la respirac.ion que poseen tanto el BE como 

al Kt estuvo pract.icamente ousente en la cepa R. Adenl•lS1 

paramentros cineticos Km y Vmax mostraron grandes diferencias 

entre las cepos sensibles y la resistente. en el sentido de que 

esta ultima exhiba una alteracion importante de su sistema para 

transportar cationes monovalentes. ounque no •Hlü supr~:·s.:Lon 

con1pleta. Esto ultimo oyudo a explicar que el contenido de iones 

en 111s celulos sea igual en todas los cepas. 

Los colorantes cat.ionicos. lll() 11? cu l •l s organ.icas 

porecen ser incorporados a las celulos de levaduro a 

troves del mismo sistema de captacion del Kt. 
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central. idaa generadora de la presente taais. asta muy lejos da 

significar solamente una mera sorpresa fisicoquimica mas o manos 

inesperada. Representa. en realidad, un pequeno aslabon en la 

cadena de datos que integran nuestra idea molecular y dinamica 

del comportamiento da las membranas biologicas. minusculas 

barreras que separan a la materia viva del medio circundante. 
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Los trabajos incluidos en la p1·esente tesis f1.ieron 

realizados en el Centro da Investigacion en Fisiologia Celular 

bajo la asasoria del Dr. Antonio Pana Diaz y en colaboracion 

con: Miguel Angel M?ora. Monica Clemente. Salvador Uribe, Miguel 
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Uptakc and Effccls of Severa! Cationic Oyes on Ycast 

Antonio l'ciia, Miguel A. Mora, anti Nancy Carrasco 

Dcpart:ulH.:ntO tic Biolngia Expcrimc11ti11. ln~tituto de Biologia 
:111d Departamento de llioquimica, Facultad de ~kdicina, 

Universidad Nacional Autónoma de ~tb.iL·o, ~1éxico ~O. D.F., :.1l·,ico 

Rccdved 15 St.:ptcmhcr 1978: rcü .. t.:J ~6 .lanuary 1979 

S1mmwry. Sc\'crnl cationic dycs Wl.'rc fnund to hchan~ ;is inhibitors of K + uptakc 
in yct1st. Whcn addcd at high conct:ntrations or in a K .. ·f1t'c ll1L'Liium, dycs can :ilso 
produce an l'fílux of K t. Thc tlycs are takcn up by thc cd\s in a prnn:ss th~1t, in diÍÍL'l't'lll 
dcgrccs, for scvcral cations rcqui1cs t!luco~c and ic:. inhihitcd to a highcr dcgrcr.: by K ... 
than by Na'. 

Thc inhibition of cati<'ll upt:ih· is oí thc cnmpctitin.· typc \\ ith Eíl :111L1 dosc to this 
typc with othcr dyL'S. Ca 2 ... inhihits thc 11pti1kl' and dfl'cts oí dyl'S and in somc cases 
also sccms to changc thc inhihitinn kini:liL-"' on R\1 t1ptakL do~cr to a purc compditivc 
type . 

.i\ccording to prcliminary l'.\pniml'n\<.,, thi.: l'fllux oí K · ~l·rms to h.:- of the ckctrnt!cnic 
typc. and not duc to thc dbruptk1n oí thc cdh. Tlll' d:1ta i1llfü·atL' that. indq•1.:ndL·ntly 
of lhc cxi:;;h'ncc of othcr l) pe~ l)Í inkr.11.:ti1)n (\\ hich dn L'\i~t). Llycs ~1.'L'lll to inh:ract with 
thc :-;ystcm for nhrnm·aknl calion uptahc uf ;.L·:i..;t in difft.'J\.'nl dl'gr1.:es nf spL'cií1l'ity 1rnd 
cncrgy n'quin.:n11.'nt. This intl'r;1ctinn can hl' f1.,lh1\\1.·d hy ílunrL'..,1.'1.'nú.' or mctacl111.,matic 
changcs or rednction oí thl' d~cs a~ tl\i .... cr\l'd in thc dual \\;l\l'll·11~th ~p1.'drüphntl11ll1.'t1.:r 

ami can he inhihitcd ~pl·cifil·;1Jly hy K ·, hut no\ by ;....J~ •. 

Cationic dycs havc shown sc\nal kirnls of cffccts on living cclls of 
all typcs. Spcciai attcn1io11 has hccn focus,cd on studics \\'ilh cationic 
dycs (thc so-callcd basic dycs) for \\·hich, atllnng othcrs. aclions havc 
bccn dcscrihcd 011 intr:iccllular enzytllcs [8. 10]. nn midativc phosphoryla
tion mcchanisms [ 11. 13. 18, 28]. a nd on t he gcrn:t ic 111:1chincry of t he 
ccll [25-27] as a conscqucm·c of thc intcr:1ctio11 of thcsc tllolcculcs with 
diffcrcnt 111L•kculcs or structurcs within thc ccll. ln ycas\ cclls in p;1rtict1-
lar, studics on thc cff,·cts nf dycs a11LI <1thcr cationic mokculcs havc 
rcveakd this samc kind of intcraclions [2. 6. 18]. Arms11011g [2] had 
alrcady pointcd out 1ha1 clycs. in onkr to intcrac\ with othcr componcnts 
of thc ccli, had to tllakc cnntac\ firsl \1 ith thc ~.urf:1cc ami po'5ibiy 
requircd to he transponed into thc ycas\ cdl. \\'ith cthidium bromide, 
it sccms to be clcar thal a mcchanism cxists for its translocation into 

1111:2-::6:;11:9,1ocq;.02¡,1 ~o~_xo 

1· ~.¡i;ingi.::r-\'t'fbg ~C\\ York lnc. 1979 
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lhccdl (20], apparcnlly lhrough llic n:llural lra11sporl 'ystcm for mo11ova
lcnl calions. Chúix and Roncoli ['!] rcporlcd lhal K ", bul lll>l Na+, 
coukl dccrease lhc ra\c uf mdhylcnc bluc rL·ductinn by ycasl; lhis rn11ld 
be ll\IC lo a ]O\\'CJ' ralc OÍ llplakc oJ' lhc dyc by lhc ccll in \he prcSCi.CC 
of K +, but not oí Na'. Thcsc a11\cccdc11ls gcncralcd lhc hypulhL·,is 
that many cationic dycs nr rnokc·11lt:s might show an intcraclinn wilh 
lhc syslem for monovalen\ calion tr;111sport ill )'C:tSl, in SJ•Ílc oJ" l]W 
fact that rcccnt dala by Elfcrink and Booij indicalcd lhat somc tripk11yl
mc1hanc d)'CS SCClll lO ;JC\ by inducing lhC dc,lr11clillll nf thc c·c!1111c!ll
bra11C in ycas\ [7]. Thc 11·ork prcscnt.:d hcrc consblL'd in sludying lhc 
rclationship of scwral cationic dycs to K • lransptlrl, as 11cll as lhc 
cffccts that scvcral faclors could havc on lhc uplakc oí lhc llycs lhcm
selvcs, inclmling !hose oí K +,as mm pared wilh Na+. 

i\laterials allll i\lrtholls 

Yc;ts\ cclls oblnincd commcrcially (Ln A1.1cca, S.A.) 11-erc prcparcd as dc•scr{hcd dse· 
whcre [19] and ust~d within thc sume <lay of prl."par;1tiun by ki:eping tht·m in ice under 
continuous buhblinl! of <tir. 

Potas~ium and ]~ - mo\"\:"111L'llg \\L"íL" Íl'llü\\L'd with a cationic nr ;1 ctimbinatiun ekctn1de 
and thc uptake of thc d)C~ by ú'lltrifugation. ;1ct:nrding 10 kdmiqut·~ dl."~i.:rihed hdorc 
l20). Aftcr ini.:uhation. !he Cll\1CL'\ltrations or tllL" diffl'r~·nt d)L'5 \l'-l'd \\l'H: 111<...':.l:-\lfL'd by 
dctcrmining thc ab~urham.:e OÍ thl' ~ll\1L'l'lla\;\llt:::. nh1aim·d hy ú'1l{1ift1g.ition of thl' cdJs 
in thc mkrofugc. The ab~urb.1ncc \\as !lh';1:-.11rúl for l':iL·h li)c at ih ;1b..,01ptinn 111:1\imllln 

nnd thc valUL'S wcrr comp¡¡rcd '~ ith thr•se of calihriltion t.'Un e:. prep<11 L'd \\ ith h1H1\\ n cn11ccn-
1lations of thc fl'~J'L'LtÍ\'C d)l". ~ka~ure1nL·n1 uf thc uptahc ot' fif.Rh- w:1~ ;i\..;o de~uihL·d 
prc\'iliusly pO}. In C\J1L'1i111L·nts with Ü)I."~. th('.:-.C \\Lrc :1dtkd ~imulta1ll·l1u<:.ly to 1"ª'Rb"', 
to avoid thcir cffrct~ p1c\ic1us tu lhL' tidditiun nf th.: 1lhinuvaknt ca1ion. 

To mca~111c thc JhpLirL"ml'nt l)f J~c~1 2 ~ by d:t':', lhc l·c·lh \\L'lt lirq inc11h;1h:d for 
3 min with 10 JIM 

45 CaC'J~ in thc píL''.'L"llCC of a buffer :ind wi1ho11t :1 .-.ub~tratc. :\flcr this 
incuhatiun thc cdls wcrc lilk1l'J thrnugh a :\.til\iporc 11\\er (0 . ..15 pm) a11d w:i->hl'd imcc 
with water. Thc ci:lls wcrc lhL'n su~p.:ntkd in w:1tl'f and ht:pt in kc. Thc prqi:nalil111 

obt~1incd bada ron.;,idc1ahk :1111011111 llÍ r:1di(1;1cti\'ity h(lllnc.l, nf which al mnst 10% L't..llJld 
he TL'!llO\cd hy 6 \\;1-.hings wilh w:ltcr, hut JllOJL" th;m 9)0 ~1 c~rnld 1·..: dimin:ikd by wa:-hing 
with cold CaCl 2. Th._·,L' cL'ib \\t·r._· i11luh:1kd in thc prl"''"'Ih't~ nf 1hi: d~l'~ .ind tht•n ~i:paratcd 
by filtraliün and w:~c;hed with \\;1\t'r. .\Í\!...T rc:-.u-..pl·rnling anti pl:1tin1c! thc cclh, ihL' 1i:111.1ining. 

radi<1acti\'ity w::i~ mL.1:-.u1·L·d in ;1 g11:-. !lo\\ L'\itinkr. 

Ab~L11hance changl's nf tlil' d~l'S at two \\a\·.-knL~th~ \\L'!'I." fnlhl\\cd in an Aminco 
D\V:!a !-.pL"clropho1nnwler. 

Thl' ma1cri:1\ ab:-.l)!bing ~11 ~(10 nm was in(·;!-.llfl'll -=~'c1rnal\y a~ dt"'LTih'-·d by Elftrink 
;1nd Booij p]. r.\(L'pt ihat the ,up;.·1 n:11ant oh1::inc:d aftt.:r u.:nt1 if111~i11g thc ci:lb w;1s wa~hL·d 

\Wicl' \\'llh <!pprü.\:im;¡\("\y ·'\O\ dich\¡1J'lll}lL'thallt' it11d l)lll'l.: \\ Íth the Silllh' ;!!llllllíl\ OÍ pdíO

lcum clhl"í. wi1h tht: ;idditinn of 0. l 'º1 ~O(~'í¡ :-.::iOH. 
Rc!-ipirntion was mca->ml'd wilh ;1 C\ark ckd1odc and a ~uitabk ll'cnrJing S)Sll."111. 

) 
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Figure 1 shows thc dTccts or thc cationic clycs studicd on buth K + 

uplake ami H + production hy yc;1sl. lt is shown thal, with ;Jll of thc111, 
markcd c!Tccts can be prnd11ccd on K + uptake witho11l 11wdifyi11g the 
pro ton production, cxL·cpl rur thc case nf 11ik bluc al 40 ¡1~1. which prnduccs 
not only an inhibitinn of K + uptakc, hui :ilsn a11 actu;JI ,:rnux or thc: 
mo11ov;1lc11t catio11 of thc cclls. Thc rcs1ilts obtaincd 11ith brilliant grc._·n 
and with mcthyl green are not prcscnkd, but 1w11c uf th,·111 altcrcd 
cithcr K • or 11 + 11101·c11m1ts if c.1111parcd with thc controls. 

Thc cxpcrimcnls prcscnkd in Fig. 1 wcn: carricd n11t by 111casuring 
thc movc1ncnts ar K + 11·hc11 thc cation 1l'as addcd to thc inrnbati<rn 
mixture ata co11cc11tratio11 of 2.0 nnt. \\lhcn thc cxpcri111c11ts wcrc carricd 
out in thc abscncc of K + addcd to thc mcdium, i.c., by following the 
movcmcnts of thc K + of thc ycast cclls, thc rcsults shown in Figs. 2 
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T:ihlc l. l'ífcct <lfcatinnic <!yes (8011~1) on tlw rdcasc ofmatrrial ahstirhing light al c(.O 11111, 

hy ycast- -

Absorbancc of wash1.·d 1% oí valuc 
supcrnatant for thc PCA c.\I ract 

Control 0.237 :!.. tl.030 2.05 
Ell o. 754 ± 0.24 6.50 
Saf 1.330±0.15 11.53 
NB 1.45 ±0.25 12.5 
Mll 0.68 ±0.06 5.8 
MV 0.54 ±0.06 ·1.6 
BCB 0.85 _t 0.05 7.4 
NR 1.00 ±0.37 8.7 
Acr 1.27 ±0.21 11.03 
BG 0.89 :t0.89 7.7 
MG 0.65 ±0.38 5.6 
Pcrchloric ncid cxtract 11.53 ± 1.60 100.0 

Cclls \\ere incuhatcd for 8 min in thc following mcdium: 10 mM s11ccinatc-TEA buffer. 
pll 6.0; 100 m~I glucosc; ycast cclls, 125 mg, wct wt; CTnal \'Olumc. 5.0 mi. Aftcr incubation 
thc cclls wc:rc ccntrifugcd íor 5 minina clinical ccntrifugc, and thc supcrnatant was dl·cantcd. 
Thc mcasurcmcnt of a bsorbancc was pcrformcd as dcscrihcd undcr .\frtlwds. 

and 3 wcrc obiaincd. For Ihcsc expcrimcnts, two conccntrations of the 
dycs werc crnploycd, 50 and 100 pM. At thc low concrntration (Fig. 2), 
in thc abscncc of substrate, cxccpt for nilc blue which procluced an 
cfílux of K +, nonc of thc dycs produccd a sig11ific:1111 cffect 011 the 
K + movcmcnts. \\'hcn added in l he prcscncc of glucose. howcvcr, ali 
the dycs, occpl for brillianl green- and mcthyl green (not shown) 
produccd a rapid dílux of K + from thc cclls. \Vhcn thc dycs wcre 
addcd ata highcr conccntration (100 ¡1~1) (Fig. 3), the phcnorncnon was 
exaggcratcd. and an efílux of K" \\'as pruduccd cvcn in thc abscncc 
of glucosc, but. noncthclcss. in all cases thc cfílux was more pronounced 
and ntpid in thc prcsencc of glucose than \\'hen no substrate wits added. 
Thc wcakcst action was shown again by mcthyl green and brilliant green, 
which procluccd a slight K" cfílux. but only whcn glucasc was prcscnt. 

ln \·icw of thc rcport of Elfcrink and Booij [7]. who found thal 
triphenylmcthanc dyes, among thcm brilliant grc•cn and methyl green. 
can produce thc disruption of ycast cclls. the cells wcrc incubatcd with 
the dycs and thcn 11erc ccntrifugcd. Thc clye was washcd from the supcr
natant and thc material rcmaining that could absorb light al 260 11111 

mcasured. as a te!'! of the disruption of the cells. As shown in Table 1. 
sorne of thc dyi:s produce an incrcascd appcarancc of absorbance at 
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pH 6.0; 50 111\I gluc:o:..c; J(líl mg ~e:i:-.t c:dls; final \'olume, 2.0 mi; h:mp.:ratun.! 25º. At 
thc indicatcd timei;, aliquots \\L'fC 1\:nh1\ed and ccntrifugcd for JO :.ec in thc micrnfugc. 
An aliquot of thc ·'urL·rnat.1111 was platcd :ind n)1m1cd. Thl' data ar1.: thc mL.111s of four 

L'\p('rimcnt:. carricd 0111 nn diff~TL'llt days 

260 nm in thc mcdium of incuhation. lfowcvcr. lhc highcst valucs ob
taincd 11·crc of only about l 2'Y., of that ohtaincd by thc complete disrup
tion of thc cclls wilh pcrchloric acid. Furthcr Jesl of lhc ccll inll~grity 

was providcd by thc cxpcrimcnl prc,cnlcd in Fig. 4: ycast cdls wcrc 
loadcd 11ith 45 Ca 2

+ by incuhation \\'ilh 1hc isotopcs in lhc prcscnce 
of glucosc for :'\O min. Thc rclls 11crc filicrccl ;111d washcd 11·ith 100 ¡t~l 
CaCl 2 and rcsuspcndcd in 11·;tlcr. Af'lcrwards. thc cclls wcrc incuhatcd 
in thc abscncc or in thc prcscncc ofthc dycs. ;111d 1hc dllux ofradioactivity 
was mcasurcd by cC1un1ing thc ·'lll'L'rna1a111 ob1aincd aftcr ccnlrifuging 
the cclls in 1hc mict ofugc al diffcrcnt times. /\f1cr an importan! initial 
crtlux of thc div;1lcnt cation. 1hc ccl!s ;1g;1in t11ok up thc radioactivity. 
csscntially in a similar \\'ay. c:-.1-cpl fur thosc incubatcd in lhe prcscnce 
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T:~hlc 2. Eff~c~s_ of ~cvcral catÍPnic dj'l:S 1)11 thc %Rb • uptak~! by yeast 

Control 
Safranine 
Acr 
MB 
NR 
BCB 
MV 
NB 

No. of 
cxpcrimcnts 

22 
3 
4 
3 
3 
3 
3 
3 

% inhihilion ur uplakc 

0.8 111~1 l(b. .J.O 111\1 Rb' 

76±6 .!J ± 12 
73±5 49 ±3 
33± 15 ·1.6±:0 
(15± 13 40 ±5 
M±4 16 ±9 
48± 11 JI J: 12 
86±2 63 4: 10 
------·~-----·-·-----·-

lncubation llll'dium: :!O 111\f mak;llc-TE:\ buffer, pll ú.O: 100 rn\I g.loco~~- ,.\fti:r cquili
brating thc tcmperature in a watl!r b;ith at 30 ºC, 100 mg of yca".>t cclls, \\L'l wt, WL'rC 

addcd. Aítcr c:rnctly :? min, f-lf>Rb .. was addcd at n COflCL'nlratinn of -LO, 2.0, 1.J3 ur 
0.8 111~1. followeJ immediatcly by the dye al a rinal e<rncentralion of 100 ¡1~1. The linal 
volumc was 1.0 mi. Aftcr 2 min an alir¡uot was takcn ami liltcrcd through a \1illiptirc 
lypc f111cr, 0.45 ¡1111 porc ~i1c, washing 0111.:e '' ith water. h\ ic~ with 5 111~1 RbCI, :ind twícc 
more with water. Thc cclls wcre thcn rcsuo¡,pcndc<l in w;1tcr1 and an aliqt1l1t w;ts platcd 
and countc<l. Onc control was always run with cach dyc. Thc \'alucs for thc Lincwl'il\'l'f-ílurk 
cq11a1io11 were obtaincd by the kas! sq11arcs m.:thod. 

of MB 1 or NB, in which lhe pattcrn of rnovcmcnt of Cah was diff.:rcnl 
from the rcst of thc cases. 

Given the fact that dycs can produce :111 inhibitinn of the 11ptake 
of K +, and also an cfílux of Jhc rnono,·aknt cation prescnt 11·ithin !he 
cells, it was importan! to determine thc ciTL'Cls of t he dycs on thc initial 
rutes of uptake of 86 Rb", lo asccrtain thcir :1ction on thc i1?f711x of 
monovalent cations. To avoid thc cffcct of K + cxtrudcd from thc cclls 
by the oclditioE of thc clyc in thc abscncc of c\tcrnal ca1ions. both 
dycs ancl ""Rb' wcre addcd sitllt11tancously in each case: bcsidcs. dilfrr
ent conccntrations of Rb- wcre cmploycd. in ordcr to gct more inforrna
tion about thc inhibition prnduccd by cach dyc. 

Thc rcsulis ohlaincd are prcscntcd in Table 2; thcrc is an actual 
inhibition of thc upt:1kc of !he cation that can be tllCasurcd on a pcTccn
tual basis. By mcasuring this inhibition at thc highcst ancl thc lowcst 
Rb • concentrations cmploycd. it can he sccn that at high conccntrations 
of the alkali cation, the inhibition dccrcascs. Bcsidcs, thcre are changcs 

1 Ahhraimio11J: Cf:\B. cctyltrlmcthylamrnonium brnmiclc: TEA. tricth~mol11111inc: 
FCCP. ¡Hril1uoromcthoxyc.:<1rhL'llYk:;111ide-ph~nylh:-dra1onc: EH. cthidiurn h1(•midc: Saf. 
safra11i11c: NB. nik hlue: M fl. mc1hyknc blue: M\'. mcthyl vinlc1: BCR. hrillianl cresyl 
blue: NR. n(:Ulral red: HG. hrilliant green: r.tG. ~1ethyl green: Acr, anillavin. 
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Yeost 

[K+]mM 
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1.2 

1.oL 

\Control Control 

_NB + 
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NB + IOOpMCaC12 

Control 

!.'.V+ 
20pMCaCt 2 

Control 

Fig. 5. Rcvcrsion by caz~ or thc cffccts or snmc dycs 011 llH! uptakc or ¡..,: t hy yca~t. Th~ C.\p ... ·rimcnlal condilion~ Wl!íl! 

thc s:1111c as for Fig. 1, b11l thc indicatcd conccnlralions of CaCI, wcrc includcd 
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c. 
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Tablé J. Uptakc or dil'fcrrnt dycs by ycast. Submatc rcquircm•:nt and dfo:ts «r K' and 

EB 
Saf 
1\cr 
NB 
,\IV 
Mil 

- Na~ 

Control 110 1111101 dyc takcn up in 3 mín by 125 mg ycast 
süb:..t1atc ... ·--·-·--------·---------------------.. -·-· -

19± 14 
108± 15 
1·17±11 
187±8 
190±3 
Ll0±27 

Glurnsc No suh~tratc Glt1cosc 
!-KCI t-KCI 

No !-11h~trati.: Cilt1t.:o~c 

1-NaCI i-NaCI 
-----------------------------

69 ± 27' 27±4 25±9' 31± 16 :\1 .t21 
144±2Jh SO± 10 90± IS' 87± 17 1118 _;: 23 
175± 12· 112±7 130 .t 12' 122.l: 10 l·lJ t 26 
184 ±23 193±3 188 .!:4 193± 2 l'lO 1:2 
190±7 180± 11 186±5 191,1,2 I ') 1_I:3 
161:t12• 100± 13 91 .t 32'1 1 OJJ: 29 1.13 l: 5' 

BCB 149± 11 1-18± 16 1411:6 125 ]:31 1·10t 10 142± 11 
NR 186±5 183±7 174 ±21 1r.s ± 7 180± 177 .±: 7 
----------------------------·- --- ·-----·----- ---------

Jncuhation i..'onditions: JO 111\1 m~1k;,1tc TEA hu!Ti.:r. pi 1 6.0. 50 llL\I glucosc (\\hcrc 
índícated); 5 m't KCI or NaCI (whcre índicatcd); dycs 40 JI\!; ycast. 125 mg wct wt; rinal 
volumc, 5.0 ml; time: 3 min. Dyi.: upt:1~e wa~ me:1st1rl·li as d('srribl..•J under .\frtltodr. Data 
are givcn as thc mean valUL'S oí 5 cxperimcnts with thc SD of each valuc. 

'P 0.01 and h /' 0.05 \\Ílh respect to cnntrols without >tthstratc. 
' /' 0.01 wíth rcspect to controls with glucosc. 
"/' 0.01, and' P 0.02 wíth rcspcct to controls with glucosc. 
Statislic ~ignilicancc was r:ilculatcd hy mea ns oí thc studcnt r tc:H. 

mide [20). Dala with mcthyl green ami brilliant green, which do not 
apprcciably inhihit lhc uptake of K +, are not prcscntcd. 

lf dycs ¡miducc an cffcct on K' uptakc by ycast. it is importan! 
to define if thcy are takcn up by lhc cells and. if so, to invcstigatc 
some charactcristics of thcir upt;1kc. Thc par:tmclcrs st11dicd wcrc thc 
rcyuircmcnt for glucosc ;1nd lhc cffccts of lhc 1110110valcnt cations K + 

and Na+ 011 thc uplakc of thc dycs; T;1blc 3 sho\\'s thc rcs111is of C\pcri

mcnts in which this cxploraliun was tlladc. Frum thc point of vicw 
ofthe substralc rcyuircmcnt. il can he sccn that. 11nlikc cthidium brnmidc 
which shows a significant rcquircmcnt for glucnsc. othcr dycs are takcn 
up in more than 90% nf thc atllount prcscnt ll'itho11t any diffcrcnccs 
in 1hc prcscncc or ahscncc of glucosc. Thcrc is. on lhc othcr liand, 
an intcrmcdialc group. rcprcsc•ntcd csscntially by s;1franine. ;1criílavinc, 
and mclhylcnc bl11c, for \\'hich thc uptakc is incrcascd by 12 to 33% 
in lhc prcscncc of glucnse. 

As to the cffects of K • or Na- 011 thc uptakc of lhc dycs. there 
are also thrcc groups of dyes: thc first is again rcprcscn1cd by cthidium 
bromidc: its upiakc is inhibitcd 64'Yu by K' and only 26% by Na• 
at a 5 111\I conccntralion. Thc sccond group shows a smallcr inhibilion 



of 11ptakc by 111nn<w:1k11t calions, with a lcss sckctivc inhiliition if K • 
ami Na' :1rc cn111p:1rcd; it i11dudcs safraninc, acriíl:1vi11, 'a11d 111cthyk11c 
hluc. To only a rninor cxtcnt, hrillianl crcsyl bluc also shows this sckcli 1 e 
inhihilion by K +. \Vi1h thc rcsl of thc dycs, thc inhihitinn by Na• 
or K' 11·as cithcr \'cry lnw or also no11sckcti1-c hc111·ccn calions. 

Up lo this pnint, thcrc scc111c,J to be sn111c cu1Tclatio11 hl'l11·ccn thc 
clTcL'ls L>f snmc or thc dycs anti thcir pc11dration. Thc cffcct uf ethidi11m 
has bccn dcalt with sn111c11·hcrc cl'c [~O]. hut sorne of thc othcr i11hibikd 
Rb' 11pt:1kc with kinL'lic char:ictcristics closc !11 thc co111pl'lilivc typc 
shmrcd a partía! rcquircmcnl or gl11cosc to he takcn llp by thc cdls, 
and K +,to a grc:1kr cxknt than Na", inhihitcd its uptakc. 

ll is possibk th:1t, as p11slulatcd for cthidiu111 bro111idc [20), thcsc 
dycs mighl inkract with thc K • c:1rricr, but prcs.:11tcd sorne othcr kind 
of i11lcractio11 :111d/or pcnctr:llinn hc,;ídcs. Thcy could intcract wilh thc 
mcmbranc oí lhc ccll in nonspccific siles, dilTcrcnt from !hose oí K + 

transporl, by mcans oí thc ncgalivc chargc that thc ccll suríacc has 
bccn shown to havc [9]. Divaknt cations, which can bind to this surface 
[24] and block thc cffccls oí somc cationic· dctcrgcnts on ycast [3], might 
also block lhc action oí dycs by forming a positi\'c !ayer on thc suríacc 
oíl he ccll. Thc possihility was tcskd l\'Íth only four oí thc dycs: safraninc, 
acriíla\'inc, nilc bluc, ;ind mcthyl 1·iolct. As shown in Fig. 5, Ca 2 • is 
capablc oí rc\'crting thc inhihition oí K" uplakc produecd by thc dycs. 
\Vith nilc bluc. pcrhaps thc most acti\'c oí thc dycs tcstcd. highcr conccn
lral ions uf Ca 2 

+ 11·c1'C rcc¡ uircd lo produL·c full rcvcrsion oí thc inhibí! ion 
prnduccd on K' uplakc. 

Anothcr way oí tcsting thc charactcristics oí thc intcraction oí the 
clycs 11·ith lhc cclls was by clctcrmining thc inhihition kinctics prod11ccd 
by dycs in thc prcsc11cc and ahscncc oí low conccntrations oí Ca 2 + 

lhal do not produce any ciTcct on thc uptake oí Rb" per se. As shown 
in Fig. 6 for :1crillavin. safraninc. and mcthylcnc hluc, thc inhibition 
oí Rb+ uptakc prod11ccd by thc dycs. that in thc abscncc oí Ca 2 ' 

ÍS OÍ :1 1WnC<llllJ1ClÍtÍVC typc. climinishcs ~lnd tcnds lo acquirc lhÍS ÍOJ'l11 

whcn thc dinlcnl ion is prcscnl in thc inrnhation mixture. Althnugh 
rcsults are not shm1·11. al thc low conccntrations tcstcd for Ca 2• (60 ¡1~1) 
and in agrccrncnt with lhc data oí ThcL11cnct and Borst-Pauwcls [24]. 
no cffcct ll'as fnund íor this catinn on thc uptakc of Rb- in thc control 
cxpcrimcnts. 

By incubating thc cclls with "5Ca 2
• it ;hould be possiblc to "labcl" 

the ncg:1tivc siles oí thc suríace and aítcrll'ards to test thc ability of 
thc dycs to displace 45Ca 2

·, as dcscribcd in Table 4. Thc addition oí 
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./· 
~0 Acrlf 

•. ./ ·~ ..• • -----~crlf+Ca2 + 
~/~.·~·.: 

. ~ · .... x 
-'>"";-:::..-·~·---•_____.Control , 

of glucosc most of the <lyes showcd a n a lmost ncgligiblc cffcct of displacc
mcnt of ~ 5Ca2+; only nilc bluc alHI mcthyl green produccd a noticcablc 
Jowcring of thc radioactivity u pon incubation. In thc prcsrncc of glucosc, 
surprisingly, sorne of the dycs not only do 1101 dccrcasc thc radioactivity 
prcscnt in thc cdls, but actually incrcasc it. This is thc case of i'v!B, 
MV, Acr, EB and Saf. \Vith sorne of thc dycs, thc cfTcct has bccn 
furthcr studicd and it sccms to invoh·c thc :1ct11al pcnetration of thc 
divalcnt cation into the ccll, sincc a significan! part of thc rndioactivity 
is no Jongcr cxchangcablc by cold CaCl 2 [17]. 

Undcr the ass11111ption that Ca 2
+ might dccrcasc thc intcraction of 

thc dycs with nonspccific sitcs of thc mcmhranc. it could be cxpcctcd 
that thc uptakc of dycs occurring in thc prcscncc of thc divalcnt cation 
took place in a largcr proportion through mDrc s¡wcific sitcs and. thcre
forc. wcrc more scnsiti\'C to the co111¡1Ctiti\·c prcscncc of monlwalcnt cat
ions, particularly K'. Thc data of Table 5 show thc rcsults of the cxperi
mcnt that was carricd out with four dycs. Although 40 µM CaCl 2 

procluccd a dccrcasc of thc dyc uptakc. thc addition of K - undcr thcse 
conditions di<l not produce a Jargcr inhibition of thc uptakc than whcn 
addcd in thc abscncc of Ca"·. 

Safraninc has bccn studicd from thc point of \'Ícw of its intcraction 
with mcmbrane systcms of mitochondria [5] or liposomes [I]. When 
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Tablc:I. Effcct ofcationic dycs nn ·'~t'a 1 ; binding lo yc;1~1 cl'lls in thc ¡m~..;cn('c or ;1h~ctll"C 
oí gllll'l)'iC 

Controls 

Wl 
NB 
BCB 
/\.IV 
Acr 
EB 
Saf 
NR 
BG 
MG 

Cpm r1.:111ai11ing in yew.t (100 111g) ;1fkr inl..'.llllíll,Íon 
with lll" \\ itliPnt thi.• ti; es, filtcring, :ind W:L'ihing 

0'o sub ... tratc 

3018 3697 
3018 .1713 
2971 3961 
2798 3594 
2915 3512 
3360 3941 
2850 4151 
3066 ·1410 
3103 4197 
3078 3707 
2972 3450 
2708 2994 

3 g ycast wcrc incubatcd for 3 min at 30' wilh 1011.11 "Ca" (293,000 cpm). Aftcr 
.lil1cring and washing twicc with water; !he cclls (100 mg) wcrc rcs11.,.p1..•rulL'd in watl!r and 
incubalcd for 2 min in thc fol1011·ing mixture: 20 111\1 malcatc-TEA buffer, pll 6.0; 100 fll\I 
glucosc whcrc indicatcd, and 50 11\I of thc rc,pectivc dyc in a final 1<1Jumc of 2.0 mi. 
Aftcr 2 min at JOº, an aliquot of thc mi\turc \\as filtcrcd and wa~hcd J tinll's with water. 
Thc cclls wcrc thcn rcsu"p-.·1Hkd in \\';Her, platl'd, and countcd. 

Table 5. Effcct of K .. on d)c uptah· hy yL'ast in thi.! prc:->cnce or al'~L'11L'c of .rn p~t C;iCl2 

nm_ol Li)l' tah·n up in 3 min by 115 mg )t':tSl 

\Vithoul CaCl 2 PI us 40 11\I CaCJ 1 

Control 5 lll\I K CI Cirntrol 5 11n1 KCJ 

Acr 144±7 10~±4(.10) 116±2 88 ± 1:1(25) 
Saf 11.1±4 <>2 .t 5(46) 79±8 lil ± 17(73) 
BCB 131±17 123 i 9(7) 135±2 111>± 7¡{>) 
Mil 122 ± 14 W:tll(44) 88 ± 12 59 ± 20(.13) 
----------·----- -------·--·-· -··- -·----·-------~------· ---

fapcrimenwl condi1io11s: 20 111.\1 malea te- ITA hulTcr, pll 6.0: 50 m\I glurnsc, plus 
thc indic<ll!.!d corn:cntr;llions of KCI or C':1C'J 1. /\ÍIL'r cquilih1ating thc h:lllpL'r;1turc in a 
wa1cr hath at 30º. 125 1ng yca:.t \\ere ;1c.ltkd. Twc.1 min Ja1er. thr dycs :11 a final cnnccntralion 
of 50 i1:-.1 \\ere addcd: afta 3 minan aliquot was 1:1J..cn and c1.·ntrif11g1.·d in a microfugc 
for 10 scc. Thl' dyc 1cm:dning in the supL-rnatant was mea:-.urcd by 1hc :1bsorha11cc al 
thc approprialc \\'a\clenglh. Final ndumc \\as 5.0 mi. Data ;trc thc me;111:\ oí -l 1.·~paimcnts. 
±sD. Figures in parcnfhL4'CS <lrL' the pt:ICL'lll inhibition pwdm:L'd by K ~ in rclation 10 

the respecLivc control. 
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Fig. 7. Efíl.'.Cts of :-;ub~tr;Pc. K.,. and N;1 · on thc ah~urhancc changcs (.55·l ·.'i~-111111) of 
sufraninc produccd by Jr:ist. liKuhatiLHl mi\turc: 20 111~1 m;ikak TEA buffer, pl-1 6.0: 
ycast, 150mg, wct wt; linal \Ol11mc, .lOml. Thc L'\fh.:rimi:nt was ra1ricd out at room 

tcmpcraturc. Safr.minc wa~ :tdlkJ ;11 a 33 p\l l'11110.::ntratiun and glllL"l>'C al 16.(i 111\t 

!\ mtcracts. :1pparrntly by bcing transportcd into thc 111atrix spacc, by 
virtuc of thc stacking of its nwkculcs, its ahsorbancc spL·ctrum changcs, 
and this can be followcd in a dual 11·a\'ckngth spcctrophotnmctcr. With 
thc samc instrumcnt. thc n:ductinn oí' mdhyknc bluc can be followed. 
In this lattcr case. it can be assurncd that its pcnctration into thc ccll 
is a prcrcquisite to its rcduction. so that thc changc can be takcn as 
an indcx of thc uptake of lhc dye. /\criíla1·ine, on the othcr hand, shows 
a change in its spcctrurn whcn placed in an organic solvcnt of Jow 
diclcctric constant, likc dio\ane or butano!. and this change can also 
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Fig. 8. Effccls oí Na' anJ K' 011 lhc ab"irbancc changcs oí s<1íra11i11c (554-524 nm), 
acriílavinc (475 465 nm}, and mcthykne blue l(dO 650 nm) during their intcraetion with 
ycasl cclls. Thc incubation illl'Jium w;1s lhc "ame as íor Fig. 6, l..mt lhc buffer concentration 
was D.3 111~1 aml the y1...•ast amount 100 mg. m.::t wt. Thc conccntrations of thc dycs \\'l'.fe 
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Fig. 9. Effrcts of' ~uhstratc, Na- and K - on thc íluorc~ccnce of acriílavinc u pon its intcrac
tion with ycast. Thc C:\pcrimcntal conditions wcrc thc ~ame us in Fíg. 7, but thc ycast 

conccntration was 50 mg, \\'CL wt. and t1uorcscl'ílCC at 300~ ... 500 nrn wa~ rcgistcrcd 



277 

30 

T 
D. A554-524:0.02 

l 

l-2min -1 

Fig. JO. Effcct of differcnt ctmei:ntrations of Ca 2 
t and Na .. ;md K .._ on thc mctarhromatic 

dwngcs of ~afr•tninc producl'd by its intr.:rnction with ycast. Thr l'Xpaimrnt:il conJitions 
wcrc thc ~ame ;1s for Fig. 7, L~xccpt that thc indicatcd cnnccntrations (p~I) of CaCl 2 wcre 

i11cl11dcd. Thc kcy to !he figure is thc samc as for Fig. 7 

be fol1011·cJ :is an indication of its intcraction with the mc111bra11c(s) 
of the ccll. \\lith this in rnind, thc color changes of thc thrcc dyes wcre 
follo\\'cd upon their intcractions with thc ycast cells. The idea ll'as to 
invcstigate thc encrgy (substratc) rcquimncnts of thc intcractions, as 
wcll as thc cffccts that both K" or Na~ could ha ve. llSing thc color 
changcs as an indcx. 

The cxpcrirncnl of Fig. 7 sho\\'s thc Jctcctcd changcs with safranine; 
thc color change requircs a substrate, and, bcsidcs, it can he inhibited 
by K - but not by Na' at 6.6 111~1 co11cc1Hration. Thc complete rcsults 
are 1wt prcsented, hllt similar tracings ll'nc obtained by using rncthylenc 
blue or acriíla\'inc at thc adcquatc ll'avclengths. undcr similar conditions. 
111 Fig. 8 it can be sccn that with thc thrcc dycs the changcs obscrved 
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T 
A1,75-l,65'0.ül 
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1-2min-1 

Fig. 11. Effccl of diffcrcnl conccnlrnlions of Ca'" on thc inhibilion of lhc mclachrornatic 
chan,gcs of :icriílavine produccd by cither Na• or K • u pon its internction \\ ith ycast. 

Thc cxpcriincntal conditions wcre as those of Fig. 9 

in thc prcscncc of a substralc can be pn:l'c11tcd by thc addition of K •. 
but not by thc addilion of an cqual conccnlralion of Na+. 

ln thc case of acriflavin, in Fig. 9, thc rcsults of onc c.\pcrilllcnt 
are prcscntcd, in which thc intcraction of thc dyc was monitorcd by 
rccording thc fluorcsccnce changes of lhc dyc at 300 -• 500 lllll. /\Jso 
in this case, thc changcs ohscrl'cd rcquirc a substratc, and are reverted 
by K +, hut not by Na•. 

Thc Jlldachro11rntic changcs ohscrvcd with thc aforclllcntioncd dycs 
can be ])!'C1cntcd spccifically by K + ami not by Na+, dcpcnding on 
thc dyc conccntration uscd: as the conccntration is incrcascd, both thc 
cncrgy rcquircrncnt and thc spccificity of thc rcl'crsion by K' tcnd to 
disappcar. Bcsidcs, lhc phcnoJllcnon is not absolutcly constant. and with 
solllc ycast rrcparalions thcrc is nol a clcar rcvcrsion of thc color changcs 
by K ·.In thcsc cases, howcvcr. it was found that, at Jeas\ with safranine 
and acriflavinc, thc aJdition of Ca,. can produce thc rccovcry of thc 
cclls to thc state in \\·hich thc mctachromatic changcs can be inhibitcd 
by K • a nd not by Na - ( Figs. 1 O a nd l l ). 
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Cationic Dycs. l !ptakc and Em.:d'\ on Ye:ist 

Discussinn 

Thc K + transport systcm of ycast sccrns to be scnsitil'c to an ;ilrcady 
largc ''aricty orcalionic mokcuks. Ciuanidinc, and particul;irly ;tlkylgua
nidincs, can inhibil thc uplakc of monovaknt cations by yc;1sl [15) and 
thc samc sccms to be true for cthidium bromidc [20). Thc ,bta prcs1:nkd 
in this papcr show thc ability of mosl uf thc mokrnlcs tcstcd to intcracl 
\\'ith this samc transporl systcm, though in dilTcrcnl dcgrccs of cl'li:clil'c
ncss and spccificity. As tools in thc study of transport 111cch:llli ,ins, 
dycs offcr thc advanl•ll,!C of bcing casy lo dc'll'cl arnl to 111c;1s11rc thcir 
conccnlralion changcs ami upl:1kc by thc cclls. ¡\ gnod cxa111plc of this 
is givcn by lhc cxpcrimcnts of Figs. 7 to 1 O. 

Thc prcscnt sludics alloll'cd us to find out that dycs, bcsidcs inhibiting 
K + lransport an<l promoting its cfílux undcr certain condilions, can 
be takcn up by thc cells in a procc>s that, in diffcrcnt dcgrecs for cach 
onc, rcquircs the prcscncc oía subslratc, and can be inhibitcd by monova
lcnt cations, more so by K + than by Na+. Thesc rcsults posean intercst
ing possibility, i.e., that cationic organic molcculcs in general can be 
translocatcd by the natural carricrs oí !he cclls ami also intcract 11·ith 
sitcs that "nonnally" shnuld probably be occupicd by divalcnl cations. 
In much thc samc way that thcrc are co111pctilivc inhibitors oí cnzy111atic 
rcactions. 111orc or lcss sckctivc inhibitors can he found for the lr<111sport 
111cchanis111s oí cations, as postulatcd by l lillc [12]. 

Although thc data oí Figs. 2 and 3 could indicatc that lhc inhibition 
oí K + uptakc coulcl be duc to thc production oían cfílux oí thc cation, 
!he data oblaincd on the clTccts on 8 ''Rb + uptakc at short incubation 
pcriods show clcarly that thcrc is an actual inhibition oí thc influx oí 
cations. lt has lo be pointcd out that thc dycs and 81>Rb+ 11·crc added 
simultancously to avoid the cxtrusion of K - that is produccd ií the 
dyc is <tddcd in thc abscncc oí cations in thc 111cclium. Thc pcrccnt 
inhibition oí Rb~ uptakc by thc dycs dccrcascs upon incrcasing thc 
conccntration oí thc 111ono\·alcnt calion, and this is what onc \\'ould 
c~pcct ií some kind oí compctition cxistcd bctwccn Rb+ and thc <lyes. 

Elfcrink ami Booij [7) ha\'c suggcstcd that thc cffcct oísome triphcnyl
mclhanc dyes may affcct ycast by Jisruption oí lhc ccll structure. Al
though this may be so at high rnnccntrations oí thc clycs. al the lcvels 
uscd throughout thc work. this action is 111ini111al. Thc 111casurc111cnl 
of the material absorbing al 260 nm prcscnt in thc incubation mcdium 
shm1cd that this effcct is low. Thc cxpcrimcnts rcprcscntcd in Fig. 1, 
bcsides, show that thc cclls maintain their ability to pump out protons, 
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a properly that would bc diflirnlt to carry out by Lrokcn cd!s. /\nolhcr 
proof Of thc inlcgrity uf thc cl'!!s is thc incr('ól>C t hat 1110!>( oi' thc dycs 
produce in thc 11ptakcol'Ca 1 ' (sce T;1hlc4, arnl Rcícn:ncc 17); it 11ll1ild 
be in1possib!c l'or disruptcd ce lis to t;1kc up Ca 1

'. Thc c.\¡Kri111c11ts 
reprcscnléd in Fig .. ¡ also imlic;i1,; that yca,t cclb incuh;1ll'd in thc prcs
cncc of dyes maintain thdr ability lo k<:ep and rcco1'<.:r Ca 2 

• also ll'hc·n 
!0;1dctl prc\'inusly 11ith this iDn. [\'en if mcthyknc bluc ami nilc hluc 
produce somc cfllux or Ca 1 ., thc general bchavior or cdls tn:at..:t! 11·ith 
dycs is similar to that of Lhc control ccl!s. 

Passow ('(al. [l·I] >hm1·cd that mcthyknc hluc 1.:;111 ¡m1d11cc thc 
complete dcstruction of somc cclls, ll'hilc ka1·ing part of tlu:m int;1cl. 
This possibility can not be dctinitcly rubl out; ho11·c1cr, nur data can 
be explaincd in a more simple \\'ay than by as,uming thc c.\istencc of 
two kinJs ofeclls. lfthis wcn: thc case, it 11·ould be ncccssary lo poslulatc 
that thc dycs sclccti\'dy break somc kind of cclls, but also in somc 
way produce thc stimulation or Ca 2 + uptakc or binding by thc rcmaining 
cc!ls, and that thc brcakagc uf par! uf thcm docs 1101 show any changcs 
in thc proton pumping activity. 

Ií it is acccptcd that K + and dye uptakc are rclatcd, according to 
thc data obtaincd, thrcc kinds of dycs muid be considcrcd: thc lirst 
is rqm:scntcd by E B only all(I is ch;1r;1ctcrilcd by an importan! rcquirc
ment ofgluco'c fur thc uptakc anda substantial inhibitinn of thc uptakc 
by K +, 11hich is 1wt cqua!cd by Na+. In prcvious work [20] it was 
found that a\though the dyc can hind to thc cclls in thc abscncc of 
glucosc, its lluorc,ccncc at 530 - , 600 11111 is strictly dcpent!cnt on thc 
prescncc or glucosc at !011· CllllCL'lllrations. Perhaps the lllOSt important 
charactcristic of EB is that it produces ;111 inhihition oí 86 Rb+ trnnsport 
which is of a purc cr1111pctitin: typc [~O] ll'ithin lull' ccrncc11tratio11 rnngcs 
or thc dyc. 

The sccllnd grnup is rcprcscntccl by thosc dycs that fullill thc thrcc 
aforcmcntioncd crikria. hut on!y partially, i.c., thcy show a rclativc 
substratc rcquircmcnt for uplakc: thcir uptakc is also inhibitcd partially 
by K ", but to a 'mallcr C.\knt by Na". and lina!ly, thc inhibition 
kinctics of '"R b" uptakc is closc to but not ckarly of thc compctitivc 
typc. To this gruup bclong acriilal'in, safraninc, and rncthylcnc bluc. 
An intcrcsting proof of thc intcraction with a K • specilic site was pro
vidcd by thc blocking of absorbancc changcs of Saf, 1\IB, and Acr by 
K' but not by Na·. and thc strict rcq11irc111cnt íor glucosc of thcsc 
changcs. 1t sccms that thc spectrophotometric 111casun:111cnt of melachro
matic changcs can be uscd to nwnitor more spccilic interactions. Thc 
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mcasurcmcnl of thc absolute t1pl;1kc uf thc dyc l.Jy ccnlriri1gatin11, nn 
thc nthcr hand. givcs lhe sum \lf both spccili<: and nonspccirit: intcractions 
or !he olye witll thc cdl. 

Thc tllird group is rcprc•oc·ntcd by 1liosc dycs thal do nol !"ulllll cithcr 
01ie <)i' 1110rc nf !he 111c11tioncd cTÍleria. ¡\ c:Jc¡1r limilalion bélll'1?c11 this 
and thc sc·i:ond gro11p does 1101 cdst, ami Jll't.ibahly vcry fcw of thc 
dycs bclong absol11ic'IY lo 1 his lhird grnup. 

Thc data, in a 1·cry simple way, could be \'i~uali;cd trying lo cor relate 
thc hcha\'ior uf !he dycs as lo théir uptake with thcir ctfrcls on K + 

or Rb+ uptake. [¡ Sú'lllS that dycs of thc llrsl grnup (Fl3 n11ly) can 
be takcn up by the cclls 1lnly, ur alrnnsl nnly. through thc K t transporl 
syslcm [20]. Dycs of thc scrn11d group 11011ld scc111 l<J be takcn up by 
this transpon system also, but nol cxclusil'cly. The uplake by olher 
routc(s) could be substratc indcpcndcnt and 1101 scmilivc towards K ". 
Dyes of lhis group \\'Ould be only partial anti 110ncompetitil'c inhibitors 
of 111011ovalc11t ion trnmport, allll K + \\'ould nnly to a minor dcgree 
inhibit thcir transport. Thc loca!il'.ation of unspccific uptakc siles would 
be diffcrcnt from tlial of thc K + trnnsport systcrn. sincc Ca 2

' at low 
co11cc11trations can inhihit dyc 11pt:1kc, hut 1101 K + trans¡wrt [24]. Thc 
cxpcrimcnl of T:1blc 5 1rnuld disagrcc wi1h this rnndcl; as 11lcntioncd 
bcforc, it 11·n1tld he c.\pc·c·tcd that, if in thc prc:;e1Kc of Ca1+ on!y or 
mostly nnnspccilic sitcs are hlockcd, thcrc should be a more pronounced 
i11hibition by K + 011 dye uptakc pcrccntally 11·hc11 thc dil'aicnt cation 
ll'as prcscnt. Thc s:1rnc can be said aho11t thc d;ita 011 .i;ca 2

+ displaccrncnt 
by dycs of thc sccond grnup. Thcsc lattcr data, howc\'er. could be cx
plaincd in tcrrns llf thc rclati1·c v~tlucs of thc arrinity const:ints of Ca 2 + 

and dycs for thc sitcs inrnlvcd and/or by othcr intcraction sitcs ll'Íthout 
the ability to bind Ca 2 +. 

As to thc third group, it \\'as alrcady said that pcrhaps vcry fcw 
dycs fully bclong to it. Sn111e of thc111 show somc substratc rcquircl1lcnl; 
for sorne. uptakc is inhibitcd by K + :ind othcrs show a 'light tcndcncy 
to the compl.!liti1·e inhihition of Rb' uptakc. Sorne of thcm disp1:1ccd 
~ 5 Ca 2 " frorn thc cclls 11·hcn inrnhatcd in thc ahscncc or glucosc. 

The modcl irnagincd may be an o\'crsirnplirication of thc facts. and 
it is possihlc that more than one extra routc for thc cntrance of dycs 
is involvcd bcsidcs thc K' tr:111sport systcm. lfo11cvcr, severa! of the 
dycs tcstcd sccm to be t:1kcn up. at lcast parti;1lly, through thc K + 

transport system. 
Anothcr cffcct of thc dycs consists in the cfllux of K + thcy produce 

frorn thc cdls. Thc mcasurcmcnt of thc amount of m:iterial absorbing 
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al an i11ne:1sccl rate [17], 11hich wot1ld 11ol be p!lssiblc with brc1kcn 
ct"\ls. Pcrhaps thc rnusl pl:illsihk c~;p\anation is a11 i11teracticrn nf thc 
dyes \\ith the K" carricr 11hich 11011· allows the dll11x tJI" K'; this lra11s
port systcrn 11or111ally scc111s lo wurk in s11ch a way l h:1t K" is kcpl 
withi11 thc cell once it is takc11 11p. Thc 1ncd1:111is111s cir K' L"l"il11x are 
subjcct tu i111luc11c·cs ami cunditions that ha1c bccn st11dicd \\·ith ccrlain 
dctail by Ry:111 ami Ryan [23] :111tl by Rllth:.lc'in [.1 ~]. Thc dfü1x c1f 
polassit1111 iu11s 1.kpcnds 1·cry 111uch on thc prc,;ence !lf uther ions in 
lhc mcdium a11d i11 thc ccll, anti partict1larly un the interna! pi! or 
thc ycast cdl. Thc crtlux, on thc uther hand, is also dctcrn1incd largdy 
by thc relativc arrinitics or lhc 111ono1·alcnl catiuns, inclt1di11g 11 +' for 
thc transport systcm. Bcsidcs K + that has bccn lakcn t1p by ycasl can 
be made to lc:1vc lhc cclls by thc addition of uncouplcrs [16, 17]. At 
ccrtain <lyc conccntrations, thc crtlux of K + thcy produce rcquircs lhc 
prcscncc of a substratc. Thc substratc, howcvcr, docs not sccm to be rc
quircd for thc production of thc c!Tccl bccausc it causes the uptake 
of thc tlye. Many uf thc tlycs tcstcd can be takcn up in thc abscncc 
of a subslratc anti still do not produce the K f cnlux unlcss lhc substrale 
is addcd. lt appcars that the cncrgy sourcc is ncccssary for thc intcraclion 
of the dyc with thc K" c:1rricr. In agrccmcnt with lhis assumption are 
thc rcstilts of thc >pcctral changcs of absorhancc of safraninc. acrillavin, 
and mcthyknc bluc (l:igs. 7·-11) which. in rnntrast with thcir uptake, 
rcquirc a subslratc' ami are highly sc·nsitiYc to K +, anti much lcss to 
Na+. Thc dycs 111ight rcprc>.cnt a way to study changcs of thc carrier 
statc produccd by an clTicicnt encrgy sourcc in thc ccll. Cases likc this 
havc bccn ckscribcd in bacteria [21]; cncrgization changcs thc slalc of 
thc galactosc carrier. Thc intcractillll of lhc dycs with the carricr sccms 
to be hascd on thi:ir cationic naturc. sincc thc cffccts cannot be rc
produccd 11;ith anionic dycs. 

Finally, although it is difficult to decide if thc uptake of thc dycs 
rcprcscnts thc actual pcnclration of thc molcculcs into thc c:cll or only 
thcir binding to the surface, thcrc are indications thal thc substances 
actually penetra te. Th.: lirst is thc amount takcn up by thc cdls; although 
it might so happ.:n, it is difficult for such arnounts of dye to rcrnain 
bonnd cxclusivcly to thc surface. The sccond proof 111ay be more conclu
sive; thc dala are not prcscntcd, lrnt most oí thc dycs used produce 
sorne inhibition of rcspiration exccpl for BG and MG, which do not 
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inhihit. ¡\t thc !Oíl p\I t'<'ll<.'l'11lr:ilin11, lhc ll)l\'t''I i11hihi1io11 of rcspir:1lin11 
was prrnluccd hy 11c11lral red, ami it 11·as tll' 80% as thc mean valuc 
of' {\\'O t'Xj1l'lillll'11IS. 1\JtilLJ11gh SlllllC of thc c.iyc 111:1)' l'l'll1'1il1 l~1u11d to 
thc :.uri':1cc, it is c1 itknt that at kast part ni' il penetra tes into thc ce!!. 
Finally. in thc CilSC or 111cthyknc bluc, thc dala or Fig. s show that 
il is n:duccd by thc ct·!ls, allll, 111ost prol,ably, this rcquircs tlwt thc 
nwkculcs :1rc 1:1kcn insidc. 

\\'l' :ippri:ciak th:.: r1.:\ i~h111(líthc111:1nu~L"1ipt ami \'aluahk snt!J;l.!stions by Dr. G.F. \V.11. 
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Experimcnls were carriecl out lo 1letcrrnine thc relationship bet wecn different energy 
states of the yeast cell and the uptake oí ethidium bromide (EB). By varyi11g the .substrate, 
oxygenation, and by the use of uncouplers or rcspiratory inhihitors, it is possible to ha ve 
energi1.alion ar not of the whole ce U, and also to deenergiz<~ specifically the mitochondria. -
The enerJ,,'J' state of the whole ccll can be tletermined by several means. With this system, 
thr~e kinds of inlcractions of EB with the cell can be tletectcd. The first one is a binding 
to the ccll that docs not seem to requirc energy. A secoml interaction is rcpresented by 
the uptake of the dye into the cell, which does require energy, and is accompanierl by an 
increase of the fluureseence of EB. The third intcraction that can be monitorecl seerns to 
be the upt.ake or binding of t he dye hy the mitochondria of the yeast cell; it requires 
specifically of the em•rgization of this organelle, aml manifests itself as a quenching of 
the fluorescencc. The rei;ult~ an· t·onsii;tenl wilh the hypothesis tlrnt the selectivity of EB 
for mituchonrlrial DNA can be partially explained by the ability of this organelle to con
centratl'.! thi'.! dyc. 

Ethidium bromicle (EB) 1 has becn known 
far a long time as a selective milochumlrial 
mutagen in yeast; the mulecule seems to 
interact speeifically wilh the milochornlrial 
DN A of lhe ce lis, and this appears lo be 
the final basis for its mulagenie effects (1-4). 
Bastos ancl Mahlcr (4) have postulaterl a 
mechanism for lhis selectivity, and \'cry de
tailPrl sturlies hane been carrierl out lo de
termine the charaderislics of the EB-DNA 
interactions (;), G); howe\·er, no l'Pasons hm·c 
been given for the speeificily loll'arcl mito
ehonrlrial DNA. Gitler el al. (7) and Azzi 
and Santalo (SJ on rlifferenl grc,unrls, re
porterl also an intcraclion ofEB ll'ilh animal 
mitochonrlria. which was cenergy rlepenrlent. 
Afterll'arcl. severa! mure papen' have ap
pearerl, clescribing fnrt!tc.r clPlails on the 
effect s anrl interact ion of EB \1·ith mito
chunclria (~1-12;. Simultanr:ouslv, some \\ork 
has hec•n done on whal see;ns a logical 
premise to the interaclion of the dye with 

1 Ahhn•dation::: u~l~d: EB, l~thidiurn brnmide; TEA, 
triethanolaminc: FCCI', trifluorumf'lhoxy car!Jnnyl
eyanirl{' plienylhydrazone. 
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mitochonclria, lhe contacl ancl uptake at the 
leve! of the surface of the cell ancl the 
plasma membrane (13-15). This !alter work 
has given sume inc!ication on the pussible 
mechanisms by which EB is laken up by 
yeast cells to produce its mutagenic effects; 
experimental evidence has been proviclerl 
inrlicating that EB can be taken up by the 
ce lis by means of an acli\'e ancl specific sys
tcm (]3). In these latler studies il was foun<l 
also that whcn EB i;; taken up by intact 
~·east ee1ls, it~ íluon~sC'ent'e i~ en11antcd. 

Once lhe rlye is 1.aJ¡en up by ll1P cclls, ils 
selcecti,·it v loll'anl miloclwmlrial DN A could 
he cnh:u;t·Prl if tlw mitoclwnrlria could con
centrate tlw rlyc, as has lll'Cll prnposed (12). 
ln fact, ultrastructural stmlies in othC'J" sys
lcms inrlieatc· thal lhere is an ar·tual ac:cu
mulation of EB in tlw mitc•ehunclria (11). 
Thc: prc·sc·nt paper t·unlains the dPscription 
of experimental \1 ork perfunnerl tt• gain fur
lher insighl into the possible interactions 
of ethidium bromide wilh lhe veast ce!!. The 
rlata support. previous view~ that EB is taken 
up actively by the cells, ancl euncentraled 

\ 
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TABLE 1 

THE UPTAKE OF EB WITH GLUcOSE OR E'fHANOL~AS 
SuRSTRA'fE: EFFEC'TS OF OXYGENATJON 

ANO UNCOUPLING' 

Condition 

No substrate 
No substrate + H20 1 

No subslrate 
+ FCCP 

No substrale + H20 2 

+ FCCP 

Glucose 
Glucose + H,O, 

Glucose + FCCP 
Glucose + H,O, 

Ethanol 
Ethanol + H,O, 

Ethanol' + FCCP 
Ethanol + H,O, 

+ FCCP 

EB uptake 
(nmol(!OO mg 10 min)-1) 

62.4 :!: 27 
57.6 :!: 21 

48.0 :!: 24 

52.8 ± 31 

225.6 :!: 21 
230.4 :!: 13 
211.2 :!: 31 
220.8 :!: 10 

53.0 :!: 26 
202.0 :!: 13 
30.0 :!: 21 

62.0 :!: 13 

11 Experimental conditions werc the following: 13.3 
mM rnaleate-TEA, pH 6.0; 166 ¡<M EB; yeast cells, 300 
mg wet wt. \\'hcrc inrlicaled, one or more ofthe follow· 
ing were inclurlecl: GG.7 µM glucose, 166 µM elhanol; 
0.02% h:-•drogen peroxide; or 8 µM FCCP. Final \'olurne 
was 3.0 mi; temperature, :~OºC. The incuhation was 
started by lhe addition of )'l!aSL cell~ lo the incubation 
mixture previom;Jy equilibrated to 30ºC. After 10 min, 
an aliquot was takcn ami centrifugt>d fur 10 sin a micro· 
fuge. The supernatant was diluted 15-folcl, aJHl its fluo
rescence measured at 530 - 5HO nm. The EB concl!n
trations were cakulaterl from reaclings obtained with a 
stand arel cur\'e. \1alues are Kh·en a~ the means of five 
experiments performecl in riifferent da_ys .=:: the stand
ard dedation from the mean. 

aflerward by the milochondria, also by an 
energy-dependenl nwchanism. 

EXl'ERl:llF:NTAL 

Y east wa!' ohtainc·cl c'1Hnnu:rcially, anrl pn~pared a:-. 
de!'nibed JH'P\'inusly (lG}. by i11t'11bating in a culture 
11wdi111r: arnl at:rating afterto stan'f' the e<> lis. Etbidium 
brumicle BJll alw mul fluorf'."Cf·m·e ehan!fl'.'· wen· per
forn1Nl <!s d~~crib1~cl i1l'for¡· !Í3i. K- mr1\'t•r11pnt:; \\en: 

n·cor1li:d ah:<1 as d[•.'crihi·d n:n by 11wan~ of a l':"ilio11ic 
Ph:ctrocle. )\·a~t milru~h1111dri:1 Wt'íf' pr .. p;ir•.•il by tht· 
mellH1d {h·v<'lope1l l.y l't:f1a ,,, al. '{l(i). lucubatil111 i:on
ditions and prot:t·dun~:: are dt~strih1!d in 1:ad1 expPri
ment. Oxn~(m ron~urnpti(m wa::: measun·d in a tem
perature-contrulll'd l'hamhc.-r, hy ml·nn5 of a Clark oxy
gen t>lectrncll· and ;m ;1dPqUatl:' n·eorclinµ ~y.c;tl•m. 

RESULTS 

Since many of lhe resulls of lhis work 
depend on the energy slate of the cell, de
pendent ilself on either fermenlalion or 
respiration, severa! simple expcriments 
were perforrned lo confirm the cffecls of 
different conclitions on threc energy-requir
ing pararnelers, the uplake of elhidium 
bromide, lhe uplake of K+, and lhe efflux 
of K+ produced by EB. In lhe results pre
senled in Table 1, il can be seen that energy 
far lhe uplake of EB can be provicled by · 
glucose or elhanol, but lhe laller requires 
of an adequale supply of oxygcn. The un
coupler FCCP2 can reduce the uptake of 
EB, but only when ethanol, a respiratory 
substrate is provided. The concentrations 
employed of FCCP (8 µM) are of the orcler 
required to uncouple milochondrial oxida
tive phosphorylation in isolated yeast mito
chondria (16) but are ineffective to block 
lhe uptake of the dye when glucose is used \ 
as the substrate. There is one more fact 
thal requires mention; the cells are incubated 
in the presence of the dye, and the uptake 
is measured by ils disappearance; there is 
a small amounl which is laken from the me
clium, insensilive lo the energy stale of lhe 
cell, which is probably due to bimling of 
EB lo lhe exlerior of the cells. 

It has been described befare thal veast 
cells can be encrgized lo lake up ](+ · from 
lhe medium by severa] subslrales (17). We 
used again glucose and elhanol lo energize 
the uptake of K', anrl lhe results were simi
lar lo those of EB uplake (Fig. 1). Bolh 
glucose and elhanol plus H,O, can be used 
as subslrales, and the latler can be blocked 
by the arldilion of low concentrations of an 
uncoupler, while \\·ilh glucose, much higher 
concentralions of uncoupler are required to 
block lhc uptake. Antim~·cin A has no effecl 
\\"ilh gluco.~c al concentrations up to 20 ¡.tg/ml, 
but blocks J<- uptake \\"ilh ethanol-H,O, 
as substrate at concentrations of 2 ¡.tg/ml 
(data not shown). 

Ethidium brornir](, ami othér calionic 
rl\'es. ·'éern lo interatt wilh \he systern for 
tl1e uptake of monoYalent cation~ in yeast 

~ We appr~ciatt: thL' kind gift of FCCP by Dr. P. G. 
tfrytler, Dupont <k· N~mours, Wilndu~~on, Del. 
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FJG. l. Use of ethanol and gluC'ose as suhstrates, arnl ~m.·ct of FCCP on K .. uptake by y1~ast. 

Incubation conditions: 16 rnM mali:atC!-TEA, pH 6.0, GO mM glucoi;e or HiG mM ethanol; wilh cthanol, 
0.02'rl: hj1drogen peroxirle was abo intlu,led; yeast, 100 mg wet wt. The imlicated con<·entrations of 
FCCP were add~d as small \'olumes of a 6 mM solution in <lirnethyl formamide. No exogenous K• 
was aclrled. Final volume was f1.(l mi, and tcm}Jerature, 2fi"C. 

(13-15); besides, when athlecl in a medium 
in which no K+ has been arlded, the dye 
can produce lhe efflux ofl{+ (15). in a process 
lhat appears to be eleclrogenic ancl encrgy 
depcmdent (14). The energy requiremenls 
of this same prot·t'8S \\·ere te;;ted also ll'ilh 
the two previously usecl substrales, a11<l the 
addilion ofan uncoupler. Tl1c• results ofFig-. 
2 sho\\' that also in lhe ease of lhe ('fflux 
ofK+ from yeast, energizecl by Ptl1a1l1' plu;; 
H 20 2, low concenlrations uf FCCP eall loluck 
the phenornenon. \Vhen glut·osr, \\·a;o tl1e suli
strate, the conccnlralions of FCCP re11uired 
to block the efflux were much hitTher'. 

In summary, it seems that ti;~ require
ments of energy are of a similar type for 
the uptake oí EB, the uptake of K- ali(] 
the efftux of K" procluced by EB. Finall,1', 

it could be shown, using ethanol as substrate, 
ancl the uncouplíng effecl of FCCP, that 
cnerg,1· is required to produce the efflux of , 
K- by EB cluring the whole process, and 
not only lo iniliate it. The results of Fig. 3 
show lhat deencrgizalion of the cells by 
FCCP ean stop immcdiately the efflux ofK+ 
protlucerl by EB. 

In preYious wurk (13), it was found that 
thc energizalion of .\'<'<tSl cells l'an produce 
a11 increase in lhe íluo1·psc·ence of EB, which 
may l1ce t:oinciclenl with its penetralion int.o 
the <·ells. By mnclifying lhe coucentrations 
of lhe dyc ancl lhal of yeast eells, a \'alue 
can be founrl in ll'bich, as sholl'n in Fig. 4, 
thcre is an initial increase of fluore~cence 
lhat reaches a plaleau after sorne lime, but 
lhen slarts again lo in e re asee rapidly, as 

l) 

(l8 
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FJG. 2. Effects of EB (80 ¡tM) on K- movemcnts by yeast with two düfercnt substrales. Experi
mental conditions were as for Fig. 1, bul 80 µM EB was included in the indicaled lrncings. 
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FIG. 3. Effl·cl of !he ;oudilion uf FCCP al diffor¡;nl 
times, upon the rfílux of K~ produc.·t·d hy EB with 
ethanol m. ~ubstrate. The PXJlerinkntal 1'omlitions 
wcr~ similar to Uw!-~ of F'ig. ~. with ethanol- H:O: as 
i-ulistrale, ~O µ~1 EB, :1rnl fi JLM FCCP. 

sho\\'n in trneings A, B, C, G, H, and J of 
F'ig. 4. This S(,eonrl phase of lluorPsencP in
crease is coi11eitlenl \\'ilh the rleplélion of 
oxygen from lhe inC"ubation llll'rliurn. The 
importanee of oxygcn can bP clcrnonstrnted 
as in traciugs B ami H of lhP sal!He fl¡;ure. 
by the arlrlition of H,O,, that prn<luees a 
rlecrPasc of tlw lluorr·;;eélite if arlrkrl after 
an~c·robiosis is rcachecl. Howe1·er, tlw srile 
arldition ofhyrlrogen peroxirle rloes 110!. sr·ern 
to be enough: if it is arlrk-rl after FCCP, 
an :rncoupler, it has practirnll,I' no effoct 

(traeings C, !, anrl E). Th<" pn·;.;ener uf l 1,02 

r!uring the whole ineul1ation prer('nts the 
insta!lation <Jf ;i1rnrrubi•1;.;is, anrl sn, t he 
;;e('Ollrl pilase of lluorcscence inl'i'"ase 1l11es 
not appear 11nle;::; FCCP is <t1lclt:tl (tn1C:ngs 
D and J). To surnmarize, the first iner•·a<c 
of lluoreseen('c sh•1ns to tlt•p(:ncl on tlie en
crgization of the cell, wh•_-th.-r by respira
tion or fernwnta!ir1n; the ;.;r-conrl increw:e, 
on the otlwr hanrl, su:ms to rlepenrl 011 rlc
enr:rgihati(Jn ()f the init11d11iJ11lria, that l'all 
be attainerl reitlwr by an:it•rolJio;;is or by 
llllCú\lpJing. 

Tlw expu·ir:lént;; pre,,·ntc:rl in Figs. 5 and 
G show rlearly that F'CCP can produce an 
incn,a:;e of EB fl11oresc<:nee in Yeast onl\' 
in af'rohiosis. eithcr with ~ltH·o;:e.or ethan¿l 
a::- ~uhstrates. Thi.~ v::1:.: t<~;;;t.ed in two ways; 
the first onr, ll'as b\' tlw <Hlrlition of FCCP 
al. rliffr:rént times. l;efun· ur after the anaer
obic state 1rns n:acherl. Roth ll'ith eihanol 
and ¡rlueos" as :;ulistrate, the :1rlclilion of, 
FCCP lwfore an;wrobiosis was atlaim:d, 
prorl11eed an inl'l'case of the lluon-seenee. 
lf\lw 1111cou11ler 11·as arlrlerl aft.er anaerobio
sis. ll'ith r·thanol as sub;;trate, no elwnge 
was prndueed, hut ,1·ith glut·osP a further 
incrf.':ise of fh1un·~t(~nce wa~ olJscr\·ed upun 
the arldition of tlie uneo11pler. lf, howe\'er, 
hoth 11·i1h ethanol anrl g-lueose, anaernbiosis 
was avoid1;cl by the inelusion of H,O,, lhe 

FJG. 4. Fluon!~L·enct: d1rt11!feS of EH (5~-W......,. {ilU nml upon its interaction with yea:.;t cells under 
difierent conditions. Inrubation: Hi mM maleate-TEA, pH 6.0; 67 mM gh1cose, or 166 m~l ethanol; 
0.029! H:O~: EB w:1:: 67 µM; FCCP wa¡.; 4 µM, yeast ceJh:, 2& rng wet wt. Final \'Olurnf' was 3.0 mi, 
ancl tempcraturc, approximately 20"C. EB was ;ulded 2 min after ytast cells. 
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FIG. 5. Effecl of lhe addition of FCCP at clifferent times upon lhe flnoresrence rhanges of EB to 
yeast ce11s wilh ethanol as substrate, with or withoul H~02 . l11cubation condition~ were as íor Fig. 4, 
bul only elhanol was used as ~ubstrate. 

addition ofFCCP producerl lhe fluorescence 
increase at any time ofthe lracing. In other 
words, when aclrled to aerobie rells, FCCP 
always produces an increase of the íluores
cence of EB. When the unconpler is acldecl 
to anaerobic ce lis, no change is seen if ctha
nol is the substrate, anrl a snwll incr<'ase 
can be ohser\'erl when glu<"ose is l":ing con
sumed. This is not illogieal; fern1Pntation of 
glucose can be cxpected to su¡,port mito
chondrial eiwrgization uncler anaerobic 
conditions. 

Since Gitler et a.l. (7) and Azzi and Santa to 
(8) have found that with energized liver 
mitochonclria, the int eraction of EB fro
duC"es an increase of fluoreseence, the re
sults here reported Sleem to he sumewhal 
unexpected; inl'reasecl íluoreseence seems 
to be uhsenecl u pon <ll•energi~ation of mito
C'hondria. Ho,,·¡;ver, unpublishc,rJ rernlls 
from nur lalJOratorv. ancl from Estrada (also 
u11published)," sh;\1· that \1·ith liver mito-

3 Estrado-O., S., pí~rs(mal comnrnnication. 

FIG. fi. Effect of lhe arldition of FCCP at difforent times upan lhe fluorescence changes of EB with 
yeast cells, with glucose as substrate, with or without H10 2. Incubation condition~ Wl:'re as for Fig. 4, 
but only glut'ose was used as suLstrate. 
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F1G. 7. Fluores<:ence changes of EB upon interacting with yeast mitochondria. Incubation condi
tions: O.G M mannitol, 0.1% defatted albumin, 10 mM phosphate·TEA, pH G.5, 160 mM ethanol, 
except wherc indicated; EB was 3.3 µ.M, FCCP 4 µ.M, and 3 µ.g of antimycin A was adcled. 42G µ.g of 
mituchondrial protein were used per trace. Final volume was 3.0 mi; temperalure wa.s approxi-
mately 20ºC. \ 

chondria, when low concentrations of EB 
are used (arouncl 3 JLM), the findings ofliter
ature (7, 8) are confinned; lhere is an in
creased ft11orcs1·1.:11c·e upon energization, anrl 
vice 1·ersa. If conccntrations of ::!O µM •ir 

more are used, the conlrary is obsen 
energization of mitochondria produces;, 
crease, ami di.:energization an incrc;i · · 
fluorescence. 

To test this possibility, first the e,. ··i
ment sholl'n in Fig. 7 ll'as ¡1erformed u;:11r 
isolatecl yeast milochondria. At 3.3 JLM 1·011-
centration, upun the addition of EB to mito
chonrlria with a substrate, a large increase 
of fluorescence is observed, fol!oll'ed by a 
decrease. Deenergization of the mitochon
dria afterward, produces an increase, in
stearl of a rlecrease in the fiuorescence. De
energization could be produced either by 
uncoupling or by inhibition of respiration. 
lf FCCP was arlded befare mitochondria, 
or if substrate was omittecl, the decrease 
of fluorescence was not observed. The con
centration depenrlence of the mentioned 
fluorescence changes can be easily observed 
in Fig. 8; oppusite changes upon energiza
tion and deenergization are produced when 
ethiclium bromide interacts with mitochon
dria at 0.66 or al 3.3 JLM concentrations. 

There may be a very simple explanation 
for the concentration depemlence of the 
ftuorese<-nce changes of EB upon its int.er
aet ion with mit rH'IJOndria in different energy 
states. With lil'er rnitochundria, it is ac
cepled t.hal u pon energization, EB is bound 
to the mitochc•nrlrial membrane (7, 8) and 
this tenrls lo increa::e its fluorescence. How
ever, the fluorescence of the clye depends 
l'erv much on its concentration. The data 
pre~ented in Fig. 9 show clearly that it does 
nol mal.ter if EB is in a medium of low or 
high dielectric constant, fluorescence is 
quenched at high concentrations ofthe dye. 

The results ofTable I could be interpreted -
either as binding or as uptake of EB by 
the ce lis at the leve] of the cell membrane. 
The fluorescence changes indicate that the 
molecule actually reaches the mitochondria 
of the cell; however, further proof of this 
was obtained by determining lhe effecls of 
EB on respiration by intact cells. Again, if 
respiration is inhibited by the rlye, this is 
most probably because it reaches the mito
chondria. The results of Fig. 10 show that, 
in fact, EB can inhibit respiration, as ex
pected from our hypothesis. Also in agree
rnent with the ftunrescence results, which 
inrlicate that uncouplers block the interac-
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tion of EB with mituchonclria, the aclclition 
of FCCP re verses tl1c inhibilion of rnspira
lion procluced by severa] co1ll:enlralions of 
the dye. 

Figure 11 prnscnls also lhe rcsulls of an 
experimenl in which gluc:ose or cthanol were 
used lo test \he inhibition of respiration by 
320 µ.~! EB. The <lyc inhibils 1·c:;piration 
significantly only uncler cornlilions in \\'hich 
mitochondria ancl the rell are em:rgiied. It 
cloes no\. inhibit if the rnitud101Hlria are de
energized, e\'en if the rcst of the cell has 
an atleguate energy le\'el, as is the case when 
glueose in the prcsenc:e of 8.6 µ.M FCCP 
is the substrate. As reported before (13), 
befare inhibition appears, EB produces a 
stimulation ofrespirntion, both with glucose 
or ethanol as substrat es. 

DlSCUSSJON 

The first part of the work was designed 
to test clifferent energy sources fm· what 
may be considerccl as plasma mernbrane 
phenomcna, K' uptake, EB uptake, :md the 
efflux of K· that EB can prnduce in yPast 
cells. The rcsults agn'c \\'ith preYious re
ports (17) inrlicating that c\hanol-0, can 
be used also as an effoctive suhstrate to 
energize thrJ cells. The effects of FCCP are 
interesting, in \.he ;;ensp that, as previously 
found (18), higher concentration;; are rP
guired to inhibit the uplake of K" or other 

r 
Fd:P 

~" 

J' """ ES 

FJG. 8. Depc!Hleñce of thc fluore~cence ch:mges of 
EB with yea~t mitochondria on thc conccntration of 
the fluorescent probe. lncubation conditions werc as 
far Fig. 7, but as indicated, 0.66 or 3.3 JLM concentra
tions of EB were used: elhanol wa.._i:; the sub~trate. 

•oo 

F!G. 9. Fluorc!'tl'nce of EB al differcnt contcnlra
tionf; in medi:i uf diffcrt:.>nt dieh.>tlric constants. Fluores
cenC'e wa!! mei!f:.Ured al 530 - 610 nrn in 10 m:-.1 phos
phate-TEA, pH 6.5, ur indioxane. ThL' maximal \•olume 
of 20 mM EB adc\ecl was 112.5 p.l, to a final volume 
of3.0 ml. 

plasma mernbrane phenomena, than to un
couple mitochomlria (16). The experiments 
provide a system in which eells can lle cle
energizecl by the use of uncouplers at low 
concentrations when ethanol is the sub
strate, but bcsicles, with gluco;;e as sub
strate, FCCP al low conccntrations pro
duces the sclective rlel'nergization of the 
mitochonrlria, while the cell i\self maintains 
its energy supplies. Resides, yeast can be 
usecl to cletermine the energy reguirements 
of :;everal systems, as wcll as th8 relevance 
that mitcd1011rlrial function niav have far 
them. From this point of view ,' the three 
parameters studied show the same charac
teristics; they require cncrgy that can be 
provicled hy mitochondrial oxidati\'e phos
phorylation, but if energy can be obtained 
from fermentation, blocking of mitochon
clrial function by uneoupling or anaerobiosis 
cloes not alter the studiecl phenomena that 
occm· in the plasma rnembrane. 

Althongh it may be clifficult to decide if 
the disappearance of EB from the mediurn 
represents uptake or simply binding, there 
are severa] indications lhat the clve is ac
tually getting inside the eell;;; (a) thr; changes 
of fluoreseence observecl, that are related 
to the energy state of the mitochonclria are 
more easily explainecl by a direct interac
tion of the clye with these organelles; (b) 
EB inhibits respiration, and the inhibition 
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FJG. 10. EfíE-cl of ~e\·eral l'Oncentrations of EB on 
res.piration oí intact yeai;l tells, bcith in the pn·:;ern:e 
and in the ab:.:cnce of FCCP. Incubation conditions: 
lG m:--.t male:1te-TEA buffer, 80 mM gluco."e, ycast cells, 
25 mg wet wt; final \'olume 5.0 ml: temperature, 250ºC. 
EB was Hrlclerl at the indit:ated conc:entrations (µ.M). 
FCCP "'ª' 3.G µM. . 

is also related to lhe energy slate of the 
mitochondria; ·il would be comµlicated lo ex
plain lhis inhibition bv a mechanism thal 
did nol involve the dire

0

ct conlact of EB with 
mitochondria, (c) in other cells, EB has been 
founcl to accumulale in lhe milochomlria (11), 
and (d) if EB produces effect.s on rnilochon
drial DN A, it musl be beca use it reaC"hes 
it, ancl to this purpose it has to be taken 
up b~· lhe mitochonclria. lt is obviuus of 
course that to interacl \\'ith the mitochon
dria, EB has to be taken up befure wilh 
lhe cells, as it was sugg~sted sorne time ago 
by Annstrong, for other dyes (HJ). Ho\\'
ever, it is clifficull to kno\\' ho\\' much of 
the amount lhat is laken up actually gets 
into the cell ur mitochondria, aml ho\\' much 
remains bound to the cell. ll is possible thal 
the amoiml of bound EB thal cloes nol gel 
into thr, cells is thal taken up in lhe absence 
of any substrale. 

Bolh from lhe experirnents with inlact 
cells, lhose with isolaled yeast milochonclria, 
lhose performed with livcr milochondria 
(12), as wcll as from rlala in other systems 
(1, 11) it has to be acteptecl that EB. shows 
a real int.eraction with mitochondria. Al 
least in one respecl, bolh in intact cells and 
with isolat.ed rnitochonclria, the fluorescence 
stuclies indicate that this interaction de
pencls on the energy slate of the cell. The 
assumption is supported by lhe faet lhat the 
dye produces a rnuch lower inhibition of 

respiration when the milochomlria are de
energized more or less selecth·ply by low 
uncouplcr concenlrations. 

Thc elata on EB lluon,scenC'e obtaincd with 
isolatPd mitochollllria can be explained in 
many \l'ays. The llunrrseence of this dye is 
sensith·e to the pnlarity of the emironrnent 
of the moh•cules (7, 8); data are not pre
senterl, bul the fluorcsc·ence spc·ctrum and 
intensity of EB are also morlified by pH 
ancl Yiscosity uf the nwclium, as 1\'ell as by 
the t0ncenlralion of tl10 rlve in solution. Re
porterl fl11r1reste1we enha;1cemenl upun the 
interaclion of t he clye with c•ncrg-ized mito
chonclria (7, 8) was explained by lhe change 
of polarity of the envil'onmenl of lhe EB 
molecules bound, by an energy-clepenclent 
process. to the mitochonrlrial membrane. 

The changes of fluorescence of EB at 
higher concentrations u pon interaclion with 
yeast milochondria seern lo be opposite to 
those already reporlerl (7, 8), but elata tha\ 
are not published, similar to lhose of this 
paper havc been oblained ll'ilh liver milo
chondria both by us aml by Estracla." Severa] 
explanations can be offored, as lhe inler
aetion of the clve ll'ilh rnembrane or rnatrix 
components lhat might quench ils fluores
cence. changcs of polarit)', viscosity or p.H 
of the microenvironment of the molecules, 
or ils simple contentration, either in the 
membrane ur in lhe matrix, or in both mito
chondrial tomponenls. The dala of Fig. 9 
provide supporl to lhis !alter idea; the con-

·~- '-:; 
11 

¡¡. ·Fcc;::_ 
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¡ •EB . 
~~c.~ Control 

fIG. 11. Efft!ct of320 /LM ED on respiralion ofintacl 
.Vl':-t!'l r:elb. with elha11ol or glucosc a~ substrates. Ex
perimental c:onditions wen .. as in Fig. 10, but only one 
com·entration (320 µM) of EB was employcd. Ethanol 
concentration wa~ 1:13 mM. 
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centrati(Jn nfthr; dye can quench its íluores
cencc, \\'héthcr il is in a hyclrophobic or hy
rln•philic rn,·ir"1im"nt .. .\etnally, any of1!1c 
othi;,r mcdianisms melllionted to qu0nch 
fluorcsc"ncc woukl requirc the conl'enlra-

ha\'eS as an imcouplr:r (9, 12), ;,nrl inhibits 
a1knine·nucleolirlc ti·:mslo"ation (10). 'fhese 
Hnll•c¡,cJent.s, \l'Ílh high probability allow us 
to expc:cl a series of effect.s of EB on yeast 
mitochondrial functions. 

tion of thc clye, because il woulcl he neccs- RF:FETIE:-ICES 
sary thal a luge frad ion of thc arldr:d molc-
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The mutagenic properties of ethidium bromide (EB) 2 and other 

intercalating drngs (1) have been studied widely, particularly because of 

the selectivity of these agents in impairing mitochondrial fm1ctions 

(l-3). The basis for the action of EB seems to be its ability to 

intercalate with the DNA molecules (4-6), but additional factors may be 

involved which have to do with particular characteristics of the 

interaction of EB with mitochondria (7-9). Mutants of !Quyveromyces 

lactis that are resistant to higher concentrations of EB in the culture 

medium than are the wild type strains have been described. (10). These 

nrutants, in many cases, show cross resistance to decamethylene biguanidine 
"'· 

and to octylguanidine (10-12), molecul es that have both shown effects 

on h.+ uptake by yeast (13). Also, .. a. brief report has been published (12) 

on what seems to be a difficul ty of the mutants to take up the muta gen. 

Since a series of interactions of the rnutagen with ·the cell have to take 

place in arder to obtain the final effect on mitochondrial U~A (9), 

several explanatioll5 can be given far the resistance to the drug. Besides 

... 

.. , 
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this, the uptake of· EB in yeast cells. has been found to show :interesting 

charácteristics; it seems that this tránsport has some relationship 
•• "e' ,'/' 

to the sy~tem fo1: ~novalent cation upt~ke (14). With all these 

antecedents' it was considered of :interest to study some of tlie 

:interactions of EB with a K. lactis EB-resistant mutant as compared to 

its parental stra:i.ns, :i.nclud:ing the measurement of the dye uptake. 

Data '~ere found that indicate some relationship between resistance to 

the drug and an alteration in the ability of tJ1e cells to take up 

monovalent cations. 

MA..TERIALS AND METHODS 

Three strains of K. lactis were ernployed throughout this work. 

The two sensitive ones were W600B, designated in the paper as' S1, and 

WM37, designated as Sz. These haploid strains ·were kindly supplied by 

Dr. James R. Mattoon. The strain resistant to EB was_ KA6-8A, and was 

obtained from the other two strains. The general characteristics of .. 

this type of strains have been described befare (10, 11). Strain KA6-8A 
~ . 

was purified and a resistant clone selected before initiating the work .. .... 

Cells were grown in the medium described by De }Qoet et al. (15) 

during approximately 24 hours. in a girotory shaker at 250 rpm, using 

a loopful of cells from a slant as inoculum. · This was used as .the seed, 

\ 

either immediately or after up to one week around 25 ml (approximately :1· 

0.24 ml of cytocrit value) of this was used to inoculate 1 1 of medium, 

which was incubated in the shaker at 30° far 24 hours. 

·.,·. 
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After growth, the cells were collected and \~ashed t1áce with water by 

centrifugatio~,. and resuspended in water to give a ratio of O. 5 g of wet 

weight per rnl of .the suspension. 'fhe cation content of the cclls was 

mec;sured by cxtraction wi th 30 perccnt perchloric aci d. 'J11e cation 

concentrations were then measured :in the cxtnicts by flame photometry. 

+ 
K movements were moni tored by means of ª· cationic el ectrode 

(Beckman 3904 7) connected to an el ectrometer, amplifier and record:ing 

.system. This same :instrument was used to measure H+ concentrations, 

lising a pH combination electrode. 

Fluorescence changes of EB were measured in a 1'13.rk I Farrand 

spcctrofluorometer wi th a recorder attached. 

: Respiration was foJJowed by means of a Clark electrode and an 

adequate pm~er sourc:e and rec:ording devke. 

Ethidium bromide uptake was measured by arlding tJ1e cells to the 

inc:ubation mixture c:ontaining the dye, previously equilibrated to the 

\~ater bath temperature. Aliquots were then taken to 'Separate the 

c:ells in a Mic:rofuge. The concentration of the remain:ing dye in the 

supernatant was measured by c:omparing the absorbance of the supernatant 

''{475 nm) with. that of a standard curve 'of the dye. 

86-. + • 
The uptake of -Rb _ was measured by inmbating the c:ells with 

the isotope, filtering and washing with c:old 5 mM RbCl to eliminate 

trapped and bmmd 
86

Rb +. The radioac:tivi ty taken up by the cells was 

measured by means of an end window-gas flow detector or by scintillaÚon 

counting. To get the vaJues of Km and Vmax, the chi square method was 

used. 

' 
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RESULTS 

A5 previously mentioned a significant diffcrence can be consistently 

obsenred between the parental strains and t}}e resistant rnutant, 1dth 

respect to the ability to grow at higher EB concentrations in the mediurn. 

The mutant used throughout this work, J\A6-8A, ~arrjes citJ1cr a siJ1gle 

nuclear or several closely linked nucle.ar rnutations that confer resistance 

to ethidium bromide. The mutant was derived fi-om a cross between 

W600BR: d\., Ade1, adez, leu, EBR, and \',M37: a, his, (10,11), and can grow 

in glycerol mediurn containing lOuM EB, whercas sensitive strains can only \ 

tolerate 5 uM EB. 

EB uptake by the 11ild type and the mutant strains 

Since tJ1e mutant resistant to EB used in this work (KA6~8A) is 

different to tJ1ose employed befo re (12), i t had ·to be verified if i t has 

also an impainnent to take up EB. In fact, this was fmmd to be tJ1e case, 

as shown by Fig. L Along the time studied, EB was taken up normally 

by the wild type strains (S1 and Sz). It should be mentioned also that 

the experimental conditions are someivhat different to tliose employed 

before (12). 

~ 

Comparative fluorescence changes of EB 

Fig. 2 shows that, under the sa~ conc1itions used -::e ;;-easure the 

uptake of EB, again, both wild type strains showed an increase ·of 

fluorescence v.hen the monitor v.'as added. The resistant mutant, on the 

other hand, did not show any increase of fluorescence beside the initial 

one that can be observed in the absence of the cells. This is in full 
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agreeme~t witl1the dat~-rlpürt~cl for oth~r lílUtants 

.. . .... . . :~:;,·' .. .. ::<i~·:~~2W·;.~1rW~~~.i·~···~:-'.· ·;;::: '.;%:;~; ...• 
Uptake of moriovalent catiorisand effeéts of EB . 

. . , ·: "I/~~jY~~1;;i~~}·bet~(:~· :~~~t EB seems to show a 

(12) studied befare . 

rather specific 

· inte~action with '.fhe system for monovalent cation upta'ke in yeast (14). 

TI1is fact s~ggested the possibility tJ1at the EB resistant mutant, that 

· has an impaired ability to take the rnutagen, might have also an 

impairment of the uptake of this monovalent cation. 

111e meas~rement of the uptake of K+ (Fig. 3) revealed an ~11portant 

impairment. in tJ1e case of the resistant mutant ~f K. lactis, as conq)ared 

with the ~áld type strains. 111e upta'ke of K+ was studied wi th the 

endogenous K+ or wiili 1 mM cation added, with similar results. It is 

important that, as shown in the last three tracings of the figure, by 

disrupting the cells wiili CTAB, similar amcnmts · of monovalent cations are 

released from both the wild type and the resistant stra:in. 

Measurements were made also of the content of several cations, 

:includ:ing K+ :in the three s trains used. Table I shows that there was no 

significant difference :in the content of the four cations determined. 

Fig. 4 shows also ilie ability of both the sensitive and the resistant 

v. 86 + sfrains to ta'ke up Rb.. 111is ex-periment may give more information about 

ilie :influx of the m::movalent ~tion. 111e initial rates of uptake are 

· much higher for the wild type that for the EB resistant strains. 

EB and other cationic dyes (16), when added to. yeast can produce 

not only the inhibition of K+ upta'ke, but also the efflux of the internal 

cation from the cells, in a process that requires of energy (16, 17, 18). 
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Sin ce this effect rnay be due to an interaction of the dyes wi th the 

rnonovalerit transport system o{ yeast~ the effect of EB was tested. Fig. S 
• • • ~ .. < 

·. . . 
shows that especially at the lower EB: yeast ratios, the dye can produce_ 

a large efflux of K+ in the wild type strains, and not in the resistant 

one. As the amotmt of cells was decreased, and the amotmt of dye per 

cell increased, EB could produce also tl1e efflux of monovalent cation 

in the resistant strain. 

Finally, e:>..-periments were carried out to determine tlie kinetic constants .% 
. + 

of the three strains for tl1e uptáke of Rb . As e:>..-pected, (Fig. 6) there 

was a large change, both in tlie Km and the Vm values of the R strain. A 

large number of e:>..-periments had to be accumulated to obtain statistical 

significance, due to the variability of the results in different e:>..-periments. 

The proton pumping capacity of the strains. 

It has been postulated that yeast cells can transport monovalent cations 

because of the existence of a proton pump, driven by ATP (19-22) tliat 

at low pH can function only if K+ is added to tlie medium, but at high 

values of pH CM function in tlie absence of cations. It seems tliat at 

-·,'· 

high ·pH values, proton ptnnping can become "uncoupled" from monovalent 

~-
cation transport, and be coupled, perhaps to anion extn.ision by the cells. 

J 
(19). This circumstsnce offers the possibility of assaying the proton 

pumping activity of the cells,_ free from the ·ion Uµtake capacity. 

Al tliough tlie abili ty to pump protons is the deriving force far monovalent 

caúon uptake, it cm1 work. independently. It was decided to study the 

proton pumping capacity of the cells under conditions under 1mich it is 

! 
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tmcoupled from monovalent cation uptake, i.e., at pH 7. S and using et11anol 

as substrate, to avoid the extensive fonnation of co
2 

füat is produced 

The results of Fig. 7 show clearly that 
' ' ' ~ ' 

when glucose is fenrented. 

there are only small dÍfferences in_ the ability of the three strains studied 

to pump protons . 

Effects of EB on respiration. 

Another similarity between EB ~d K+ is revea1ed in the stimulation 

that boili agents can produce on respiration. This stimulation was also. 

studied in all strains. The results of Table II show that neiilier EB_ 

nor K+ can st~late respiration in the R mutant. On the oilier hand, as 

found with Saccharom}'ces cerevisiae (14), in both wild type strains us.ed 

in iliis work, respiration was stimulated by the addition of EB or K+. 

DISCUSSION 

The ·data presented seem to.be rather consistent to indic'ate a close

relationship between the transport of monovalent cations and that of EB 

by yeast cells, that was suggested befare (14). The data of. this paper 

pointing in that direction are: a) The low capacity of a: mutant resistant 
~ 

to EB to take up the dye, coincident wi tJi a low capac.i ty to take up 

monovalent cations; b) the absence of fluorescence changes observed for 

EB in the resistant mutant, as campa.red with the two wild type strains; 

c) ilie incapability of EB to produce the efflux of rronovalent cations 

in ilie resistant nrutant within modera.te concentration ranges, and d) the 

absence of stimulation of respiration produced boili by EB and K+ in ilie -

\ 

.J 
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mutant, .as compared with the nomal effect observed in the wild type 

strains. · 

'I11ese data are :i.Í1 agreement with the conclusions reachcd befare 

(14), based jn the following facts: EB can inhibit conq)etitivcly tlrn 

transport of monovalent cations (Rb +); monova1ent catio;1s can inhibit 

the uptake of EB with a· selectivity pattem similar to that of the 

. + 
monovalent cation transport; EB, can stimu1<1te t.he extnIS10n of H , as 

+ K does, and both agents can produce a stimuJation of respiration. This 

agreement is also interesting becatISe the experiments reported in this 

paper were performed with a different yeast, K. lactis, and those 

reportea befare (14), were obtained with a strain of S. ceTevisiae. 

Jt is difficult to postula.te a rnechanism for tJ1e inhibition of 

nonovaJent cation uptake produced by EB. Except for the fact that 

is a cationic dye, it is difficult to imagine how the éºompetition between 

the organic and the inorganic cation may take place, especially because 

of the complicated structure of EB. Hmvever, the data of this paper add 

further support to the idea that the mutagen is taken up by the cells 

through the same system as monovalent cations. No other 1 es ion couJd be 

q~monstrated besides the inability to transport EB ·and K+ by the mutant. 

The possibility was excluded that the incapacity wen:." in \,'hat has been 

postuJated the driving force ·for monovalent cation uptake, an ATP driven 

proton punqJ (19-22). The resuJ ts of Fig. 7 show that both ;the wild type 
. + 

and the mutant strains ha.ve a similar ability to punqJ H , and the lesion 

must be sometJüng t..11at causes an impainnent of the ftmction of the 

transport system. 

\ 
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TI1e kinetic data for the uptake of !tb+,comparing th,ewild type 

strains with the EB resi~tant o~e, ;my suggest a p;Ófotmd alteration of. 

the transpert system. · Start'ing:with thé 'curves of F:ig. 4, in which 4 m\f 
+' ·' ', . .· . 

Rb was used;· a ~onccntration well above the Klll far the transport of th~ 

cation in tJie wild type strains, a large decrease is observed in the 

rate of transport of the cation. The changes of the kinetic constants 

for the EB resistantmutant are large both foi the Km and for the Vm. 

!he content of cations ,of the mutant, almost normal in comparison 

with the wild type strains was rather une:>..'}Jected .. However, it must be 

pientioned that the ability of the cells to transport monovalent cations 

is diminished, but not absent. It is possible that the wiJ d type strains 

have an excess capacit)' to transport monovaJ ent cations and that in the 

· EB resistant mutant, the low rate of uptake of rnonovalent cations may be 

enough to rnaintain a nonnal content of them, inside the cells. Besides, the 

normal content of otJ1er cations in the cells is in f-urther agreement 

wiili the generally nonnal conditions of ilie mutant strain. 

Ex:periments are in progress to obtain more information on the lesion 

(s) involved in the resistance of the mutant to ~B and the difficulty 

to take up monovalent cations. The mutant seems to be promising in this 
~ 

respect; besides, it is important to point out that t:J:iis is the fourth 

of this kind. It is possible that the aJteration on tJ1e uptake of cations, · 

organic and inorganic, is a common feature that may allow the adaptation 

of yeast to unfavorable conditions. This Jatter fact in itself is 

st:imulating to f-urther study the EB resistant strains. 

\ .. , 
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Table I. Content of Scveral Cations by the 'Ihrce Stra ins of !S_:_l!!:o!is 

Use<l in this ll'ork. 

Strain 

s1 

Sz 

R 

-1 
tn:cles (g of ycast) 

K+ Na+ 

74.0 10.2 

72.S 12.4 

72.0 8.2 

ca2+ 

36.0 

25.0 

24.4 

TI1e cations were extrncted with 30% perchloric acid from a 

suspension containing 250 mg. of ye.ast. The contents of the cations 

1,•ere measured by flarne photometry. Each figure is the mean of two 

detenninations. 

'-



Table II. Effccts of EB and K+ on Respiration by l'iiJ<l Tn1e And EB 

Rcsistant Strains of K. Jactis..'.... 

Ratio to a control without :iny addition 

Strain 10 mM .KCl 200 ttl1J EB 300 tl\1 EB 

s1 1.17-1.17 1.08-1.05 1.03-1.05 

S2 1.28-1.33 1.08-1.23 1.07-1.13 

R l. 03-0 .98 0.98-0.95 0.95-0.95 

Incubatfon: 20 mM MES-TEA buffer, pH 6.0; 108 m\l etJianol; yeast cclls, 

50 mg; final voJume, 5.0 ml; Temperature, 25°. Respirntion rates were 

measured at 1 min after the addition of yeast. 

\ 



Fig. l. Upt<Jke of EB by two wild type and one rosistuilt strain of -~· 

lact.is to EB. ExpedJ'lCntal conditions: JOO rn.'l glucosc; 20 rn:-.1 MES-TEI\ 

buffer, pJ-1 6.0; ycast cclJs, 200 mg; final v0Jrn!1e, 12 ml; tcm1Jer;,ture, · 

25°. 11ie jJ1CUbation was started by the addition of tJ1e celJs. 111e 

measurement of EB uptake was carricd out as described in tJ1c MetJ1ods sec

tion. EB concentration was 266 uM. 

·. . ' ' -- - ~: ~. :· :. ,- ; ' . . 

Fig. 2. <tlU~rescence changes of EB upon its foternction with S and R 

strains o:f''~.)1a~1:Ís. · Incubation conditions were as follows: 100 rrH 

glucos~;20m\1MES-TEAbuffer, pH 6.0; ycast cells, 50 mg; finCJ1 volume, 

3.0nü; !ººmº tcrnperáture. · The incubation 11•as started by the CJcidi tion 

of the y~~5.t c~lls, "ana after 2 min, EB (266 ;iM). 1-:as added and tJ1e 

fluorescence changes recorded. 

Fig. 3. K+ movements by the S and R strains of K. ·1actis, jn a mediwn 

containing 1 m\1 "KCl or witJ1 tlie endogenous content of m:mov;:iJent cCJtions. 

Incubation conditions: 20 m~l MI:S-TEI\ buffer, pH 6.0; 100 rrt-1 glucose; 1.0 m\i 

or no added KCl. Final vol ume 1·:as S. O m1; temperature, 25º. In tJ1e last 
'-\ 

three tracings, substrate was omitted, ;md only JO mg of yeast ,,·ere added 

aíter the inclusion of 400 Ji~ _CTAB. 

Fig. 4. 86 + TrCJDsport rate of Rb by tJie S and R s trains of K. lactis. 

Incubation: 100 rrM gluccse; 20 ni\! MES-TEA buffer, pH 6.0; 4.0 m'l 
86

RbCl; 



ycast, 100 mg; final volrnTle, 2.0 ml; tempernture, 2Sº .. .i.fler etttl.i.1ilmiting 

thc ter1qJerature of the medium, the focubation w1s st<nted by tJ1c <1<lditi,)n 

of the ycast cclls. 'I11cn aJ iquots 1·.•CTc t::ihn, fi 1 krc;<l ond 1;ashe<l scvcral 

times with 5 nM RbCl. 'J11e fiJters 1·:ere dded :md countc<l i11 scintil]ation 

vfols. 

Fig. S. _ Effects of EB (200 pM) on tJ1e K+ movements of the three strnins of 

K. lactis in a K+ freé medi1nn. Irycubation: 8 mM maleate-TEa. buffrr, pH 

6.0_; 40 nM glucose; final volume, 5.0 ml. Temperat.ure, 25°. Yeast. cells 

1 .. •ere added after equilibrating tJ1e ternperature of ilie medhim. EB and 

CTAB were added where fodicated at 200 ¡1\l conc¡;-ntration. 

Fig. 6. Kinetic analysis of the tnmsport of 
86

Rb+ by the S and R strains 

of K. lactis. Incubation concl1tions '''ere as for Fig. 4, but ycast cells 

were added to the rnedium wiiliout 86Rb+. After two miJ1utes, tJ1e isotope was 

added; an aliquot ,,·as tal;en after two rnoTe miJmtes, fil tered a11d treated 

as dcscribed for Fig. 4. 

Fig. 7. Jlleasurement of H+ extrusion by ilie S and R strains of K. 1actis 
-~ 
'at pH 7.5. Incubation conditions: 6.5 m\1 l·~S-TEa. buffer, pH 7.5; 135 m\1 

eilianol; approxir.1ately l. 5 ;_rM H2o2; ycz;st, 250 rng; fj1¡3l volme, 6. 2 ml; · 

temperature, 25ºC. Yeast ce1ls of the diffeTent strai.TJs were added ,,here 

üidicated and -Uie pH •·:as Tecorded. A ca1ibnibon cune •·:as constn1cted 

by the addüion of l-Cl to tl1e :i.Jicubation rnedium. 



su:-.H\RY 

A mut:rnt of nii)J.'.C:EQlir::.;:_g;;_ J?<c:.tJ.2. rc,sist:mt to cthirliurn bro;¡:idc was 

stuclied ,-,nd fmmd to havc an in~1airn;ent to t n:msport thc cJre. As dcscribed 

for othcr nP.1Lmts of this };fod, the f1uon:scc'J1cc chnnges of thc dyc tlmt 

Rrc observcd 1\hen the cclls transport i t, 1;erc not observed in thc mut:mt 

strain. 

Sirnul taneous to this difficul ty to take up the mutagen, the cells 

showed a diminished ability to .tal\e up monovalent ca:tions, as compared to 

the wild type strains. 

The defect of the mutant strain does pot seem to reside in the 

capacity to p1m1p out protons, 1 .. hich also. :irldicates that i t has no 

alterations of the general energy conversion systems. This view is also 

sup¡:XJrted by thc fact that the growth yields are. sirililar in both the 

rnutant and thc 1dld typc strains. 

Both etlúdium and K+ fail to stirnulate respiration of the mutant 

yeast 1 .. 11en present in the medium, as compa red to the wi ld type s tTa ms. 

'The mutant stTain shows a norrral cation content, 1·1l1ich indicates 

that the iii1pairment to ta};e up monovalent catfons, although rnuch 

adcrea.sed, nny still be enough to maintain a nornl.'ll contcnt of cations 

within the cells. 

Acc01-ding to the investigation carried out, the mutant cells seem 

to be nonr.11, except for tJ1e fact that t11ey aTe tsable to t;·ansport both 

+ 
ethidium and K frorn the m·~dium. TI1e data su¡)port the hyp:ithesi.s that 

+ 
ethidium brom:ide and K may be transported by the same system :irl yeast. 

\ 



r~ 0 1Vll Ee,.:o corc.:1:\\1 nu·r...i!rA· ·1 ,r'·N1\ r,\ _ u1_• ,~ r. 1~1u 1 :v 

Títle: Correlation between Resistance to Ethidium Bromide and Changes 

:in Monovalent Cation Uptake in Yeastl 

A. Brunner, N. Carrasco and A. Peña 

Departamento de MkrobioJogía, Ceriti'o de Í~(1es{igaciÓnes en FisioJogía 
',_·,' 

Celular, and Departamento de Bioquímica; Fac~ltad de Medk:ina,· 

Universidad Nacional Autónoma de México 

.Apartado Postal 70-600, México 20, D. F., México 

Rimning title: 

Ethidium resistance and cation uptake 

Subject area: 

Biological oxidations and bioenergétics 

Index listing entries:-

Ethidium bromide 

Mitochondria 

Yeast 

Ion uptake 

Fluorescent monitors 

Cationic dyes ..,, 

Corres¡xmdence should be sent to: 

Antonio Peña 

Centro de Investigaciones en Fisiología Celular, UNAM 

Apartado Postal 70-600 

México 20, D. F. 

México 

\ 



FOOTNOfES 

l. This w01:k was partia,1ifsupported:by grants No. 1646; Pi::cmW,C:7902s6 

and 1669 of th~' Con'k,~jo Na¿~6~a; de Cien.da y Tecnología of ~!exico. 
~.-.~· :::-/ 

2. 

EB, ethidium bromide; CTAB, cetyltrimethylamnx:mium bromide; 

TEA, triethanolamine; ~lES, 2-(N-~brpholino) ethanesulfonic acid 

" 
... '·{,''-• 

;.,. 



Correlati~n bciti~een R'Úistfuice to Ethiditiní Bromide and Changes in 

A. Brunner, N.o Carrasco and.Á; Peña 

Departament~ de Jllic~b:i.o~6~'í~, Centro de Investigaciones en Fisiología 

Celu~ar, and pepa1·ta~erh:o d~Bioquímica, Facultad de Jl!edicina, Univer

sidad Nacional Aut6ncilna de México, Apartado Postal 70-600, México 20, 

D. F., México. 

The mutagenic properties of ethidiwn bromide (EB) 2 and other 

intercalating drugs (1) have been studied widely, particularly because of 

the selectivity of thcse agents in impairing mitochondrial flmctions 

. (1-3). The basis for the action of EB seems to be its ability to 

intercala te wi th the DNA JOOl ecules ( 4-6) , but additional factors may be 

involved which have to do with particular characteristics of the 

interaction of EB with mitochondria (7-9). Mutants of JQuyveromyces 

lactis that are resistant to higher concentrations of EB in the culture 

meditnn than are the wild type strains have been described. (10). These 

rnutants, in rnany cases, show cross resistance to decamethyl ene biguanidine 
~ 

and to octylguanidine (10-12), molecules that have bot.h shown effects 

on r uptake by yeast (13). Also' .. a. brief report has [le~ published (12) 

on what seems to be a difficulty of the mutants to take up the mutagen. 

Since a series of interactions of the mutagen with ·the cell have to take 

place· in arder to obtain the final effect on mitochondrial ll'JA (9), 

several e:>..-planations can be given for the resisti!Jlce to the drug. Besides 

\ 
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this, théllptake of·EJ3 ~}>:eastc~Úshásbiieri,foUf)? to show interesting 

chara~ter~~tics; it·s~~;·rl{~{iliii ~1'~~;brt has sorne relationship 

to the. sy;t;u{ f:6r ;.B~;~.~~i:~f\tii6~ u;take . (14). Wi th. all these 

antecedents, it l~as consideÍ:ea of interest to study sorne of the 

interactions of EB with a K. lactis EB-resistant mutant as compared to 

its parental strains, including the rneasurement of the dye uptake. 

Data were found that indicate sorne relationship betiwen resistance to 

the drug and an alteration in the abil~ty of the. cells to take up 

monovalent cations. 
,,, 
' 

Mt\TERIALS AND MlilllODS 

Three strains of K. lactis were employed throughout this work. 

The two sensitive ones were \1'600B, designated in the paper as' S1, and 

WM37, designated as s2 . These haploid strains ·were k:indly supplied by 

Dr. James R. Mattoon. The strain resistant to EB was. KA6-8A, and Has 

obtained from the other two strains. The general characteristics of · 

this type. of strains have béen described befare (10, 11). Strain KA6-SA 
~ ' 

was purified and a resistant clone selected befare initiating the work. 

Cells were grmvn :in the medium described by De Kloet et al. (15) 

during approximately 24 hours. in a girotory shaker at 250 rpm, using 

a loopful of cells from a slant as inoculum. · This'was used as the seed, 

either immediately or after up to one week around 25 ml (approximately 

O. 24 m1 of cytocrit value) of this was used to inocula.te 1 1 of rnedium, 

1'hich was incubated in the shaker at 30º for 24 hours. 

\ 
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After growth, .the cells Wi?re collected and washed t1áce wi th water by 

centrifÚgation,_ and resuspended .in water to give a. ratio of 0.5 g of wet 

weight per m1 of the suspension. 'fhe éatfon contcnt · of tJ1e cells wás 

rne'!5ured by cxtraction with 30 pcrcent. perchloric acid. TI1e cation 

concentrations were then measured hi t.he extra'cts by flarne photometry. 

K+ movements were monitored by means of a. cationic electrode 

(Bed:man 3904 7) connected to an electrometer, amplifier and recording 

system. This same instrument was used to measure H+ concentrations, 

using a pH combination eJectrode. 

Fluorescence changes of EB were measured in a Hirk I Farrand 

spectrofluorometer with a recorder attached. 

Respiration was followed by rneans of a Clark el ectrode and an 

adequate power source and recording device. 

Ethidium bromide uptake was measured by adding the cells to the 

incubation .mixture containing the dye, previously equi1 ibrated to the 

water bath temperature. Aliquots were then taken to separate the 

cells in a Microfuge. The concentration of the remaining dye in the 

supematant was measured by comparing the absorbance of the supematant 

"t475 nrn) with. that of a standard curve of the dye. 

The uptake of 86iTu ~ was measured by incubating the cells with 

the isotope, filtering and washing with cold 5 rn:'l RbCl to eliminate 

trapped and bmmd 86Rb +. The radioactivi ty taken up by the cells was 

measured by mea.ns of an end ••indow-gas flow detector or by scintillat'ion 

cmmting. To get the values of Km and Vmax, the chi square method was 

used. 

\ 
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RESULTS 

As prevíously mentioned a significant difference can be consistcntly 

.~bserved betweeri the parental-str?ins and fae resistant rnutant, \üth 

respect_ to the abílity to grow. at higher EB concentrations in the rncdium. 
(1 • ' • • 

The nrutant used .throughout this work, KA6-8A, ~ardes either a sjJ1gle 

nuclear or several closely linked nuclear mutatfons that confer resistance 

to ·ethídium brornide. The mutant was derived frorn a cross between 

W600BR: <A., Ade1, adez, leu, EBR, and l'IM37: a, his, (10,11), and can grow 

in glycerol medium containing lOuM EB, ,,·hereas sensitive strains can only 

tolerate 5 uM EB. 

EB uptake by the wild type and the mutant strains 

Since the nrutant resistant to EB used in this work (KA6~8A) is 

different to t11ose employed befare (12), it had.to be verified íf it has 

also an impaínnent to take up EB. In fact, this was fmrnd to be the case, 

as shown by Fig. l. Along the time studied, EB was taken up normally 

by the wild type strains (S1 and Sz). It should be mentioned also that 

the experj~ental conditjons are somewhat dífferent to those employed 

befare (12). 

Comparative fluorescence changes of EB 

Fig. 2 shows that, under the s;:u-..:: conclitions used :e measure the 

uptake of EB, again, both wild type strains showed an increase of 

fluorescence ,,nen the monitor v;as added. The resistant mutant, on the 

other hand, did not show any íncrease of fluorescence beside the initíal 

one that can be obsen1ed in the absence of the cells. This is in full 

',.1 
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agreement with the data reported for other nrutants (12) studied befare . 

. _·-. . . . . _ .. , _, ___ . '·". 

Uptake of monovalent catioris and effects of EB. · 

It was reported before that EB seems to show a rather specific 

interaction Ídth the systcm for monovalent cation uptake in yeast (14). 

Tiüs fact suggested the possibility that the ÉB resistant mutant, that 

has an irnpaired ability to take the rnutagen, might have also an 

irnpairment of the uptake of this monovalent cation. 

The measurement of the uptake of K+ (Fig. 3) revealed an important 
.·.1 

impaiiinent in the case of the i;esistant mutant of K. lactis, as compared 

with the wild type strains. The uptake of K+ was ~tudied wi th the 

endogenous K+ or with 1 rrM cation added, with similar results. It is 

irnportant that, as shown in the las t three tracings of the figure, by 

disrupting the cells with CTAB, similar amounts of monovalent cations are 

released from both the wild type and the resistant strain. 

Measurements were made also of the content of several cations, 

including ·K+ in the three strains used. Table I shows that there was no 

significant difference in the content of the four cations determined. 

Fig. 4 shows also the ability of both the sensitive and the resistant 

-;¡ . k 86Rb+ strall15 to ta ·e up .. This e:\-periment rnay give more inforrnation about 

the influx of the monovalent cation. 111e jnitial rates of uptake are 

nruch higher for the wild type that for the EB resistant strains. 

EB and other cationic dyes (16), when added to. yeast can produce 

not only the inhibition of Jt uptake, but also the efflux of the intemal 

cation from the cells, in a process that requires of energy (16,17,18). 

\ 
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Since this effect may b~ due to an interaction of the. dyes with the 

monovalent trffi.is~rt sy~t~m o{ yeast,' the effect of EB was tested. Fig. S 
- ' - . . •' ~ ' . - ... ~ '-~ . 

shows that especially at the' iowe~ EB: ye~t- ratios, the dye can produce_ 
: ' . . ~ . ~. . - - . . 

a large efflux of K+ in the wild type strains, and not in the resistant 

one. As the amount of cells was decreased, and the amount of dye per 

cell increased, EB could produce also the efflux of monovalent cation 

in the resistant strain. 

Finally, e:>..1Jerimen~s were carried out to determine the kinetic constants 

+ \ 
of the three strains for the uptake of Rb . As e:>..1Jected,: (Fig. 6) there 

was a large change, both in the Km and the Vm values of the R strain. A · .. 

large number of e:\-periments had to be accumulated to obtain statistical 

significance, due to the variabili ty of the results in different e:\-periments. 

The proton pumping capacity of the strains. 

It has been postulated that yeast cells can transport monovalent cations 

because of tJ1e existence of a proton pump, driven by ATP (19-22) that 

at low pH c~ function ~nly if K+ is added to the medium, but at high 

values of pH can function in the absence of cations. It seems that at 

high pH val ues, proton pumping can become "W1coupled" from monovalent 
...( 

cátion- transport, and be coupled, perhaps to anion extrusion by the cells. 

(19). This circl.IlllStance offe,rs the possibility of assaying the proton 

pumping activity of the cells,_ free from the "ion liptake capacity. 

Although the ability to pump protons is the deriving force for m::movalent 

caÚon uptake, i t can work independent1y. It was decided to study the 

proton pumping capacity of the cells lmder conditions under 1-ihich it is 

· .. : 
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uncoup1ed. from rríonovalent: cati~n uptake, i. e., at rrí 7. s ana us ing ethano1 

~ ,substf~te~ :~~:,ª~~i~ the. extensive fonnatio.n of co2 tJrnt is produced 

when ·gl~c~se is fe1~nted. · The results of Fig. 7 show clearly that 
. -·, .·-~ ·' ",'- ., ' o.; . .,..: ~ ·-·-. ' ·.:: ":' 

th.ere are o~ly sniall dlfferences in the ability of the tJnee strnins studied 

to purnp protons; 

Effects of EB on respiration. 

Another similarity between EB and K+ is revealed in the stirnulation 

t11at both agents can produce on respiration: This stirnulation was also 

studied in all strains. The results of Table II show that neither EB 

nor K+ can st~late respiration in the R mutant. On t11e other hand, as 

found with Saccharomirces cerevisiae (14), in both wild type .strains used 

in this work, respiration was stimulated by the addition of EB or K+. 

DISCUSSION 

The ·data presented seem to be ratller consistent to indicate a close 

relationship between the transport of monovalent catioÍls and that of EB 

by yeast cells, that was suggested before (14). The data of. tJlis paper 

pointing in that direction are: a) The low capacity of a mutant resistant 
--1 
to EB to take up the dye, coind dent wi th a low capac_i ty to take up 

monovalent cations; b) the absence of fluorescence changes observed for · 

EB in the resistant rnutant, as. compared with the two wild type strains; 

... 
. . . ~. ' ; 

. -, 

c) the incapability of EB to produce the efflux of oonovalent cations · :.- ' 

in t11e resistant mutant wit.hin moderate concentration ranges, and d) the 

absence of stimulation of respiration produced both by EB and K+ in the :__. 

: ,, 
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mutant, .as cornpared with the normal effect observed jn the wild 1:)1)e 

straills. 

agreernent with the conclusfons reached befare 

(14), based in the following facts: EB can hlhibi t competi ti vely the 

transport of monovalent cations (Rb +); monova1ent catio~s can inhibi t 

the uptake of EB with a· selectivity pattern similar to that of the 

. + 
monovalent catfon transport; EB, can stimulate the extrns10n of H , as 

+ K does, and both agents can produce a stimulation of respiration. This 

agreement" is also interesting because the e:>..]Jeriments reported in this 

paper were performed with a different yeast, K. lactis, and those 

reported befare (14), were obtained w:ith a strain of S. cerevisiae. 

It is diffkult to postulate a rnechanism for the inllib:i tion of 

llKlnovalent cation uptake produced by EB. Except far the fact that 

is a cationic dye, it is difficult to :imagine how t11e competition between 

the organic and the inorganic cation rnay take place, especially because 

of the complicated structure of EB. Hmvever, the data of this paper add 

further support to t11e idea that the mutagen is taken up by the cells 

through the same system as mono\'alent cations. No other les ion could be 

+ 
q~monstrated bes:ides the inabil:ity to transport EB ·and K by the mutant. 

The possibility was excluded that the incapacity were" in what has been 

postulated the driving force 'for rnonovalent cation uptake, an ATP cl.riven 

proton pump (19-22). The results of Fig. 7 show that both the wild type 

and the mutant strains have a similar ability to pllinp H+, and the lesion 

rrrust be something that causes an impainnent of the ftmction of the 

transport system. 
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TI1e kinetic data for the uptake of ~b+, con~Jaring th.e wiJd type 

strains.1~ith the EB resi~tant one, may suggest a profound altcration of 

the transport system. Startllig wi th the curves of Fig. 4, in ''~1ich 4 nM 
. .¡.···'• .. - . ·. 

Rb was used,- a concentration well above the Km far the transport of th<: 

cation in the wild type strains, a large decrcnse is obsen:ed in the 

rate of transport of the cation. The chanr.es of the kinetic constants 

for the EB resistant rnutant are ]arge both far the Km and for the Vm. 

The content of cations of the mutant, alrnost normal in comparison 

with the wild type strains was rather une:x.-pected. However, it must be 

_mentioned that the ability of the cells to transport rnonovalent cations 

is dirninished, but not absent. It is possib]e that the wiJd t)11e strains 

have an excess capacity to transport monovalent cations and that in the 

EB resistant mutant, the low rate of uptake of rnonovalent cations may be 

enough to maintain a normal content of tJ1ern, inside the cells. Besides, the 

normal cóntent of otl1er cations in the cells is in further agreernent 

with the generally normal conditions of the mutant strain. 

E:x.-periments are in progress to obtain rn:Jre inforrnation on the lesion 

(s) involved in tl1e resistance of the mutant to EB and the difficulty 

to take up monovalent cations. The mutant seems to be promising in this 
"'\ 

respect; besides; it is important to point out that tl;iis is the fourth 

of this kind. It is possible that the al teraüon on the uptake of cations, 

organic and inorganic, is a common feature that may allow the adaptation 

of yeast to unfavorable conditions. This latter fact in itself is 

stimulating to further study the EB resistant strains. 
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Table J. Content of Scvcrnl Cations by thc TI1ree Stni ins of K. lactis 

Used in this Nork. 

Strain 

s1 

S2 

R 

-1 
rn:i0les (g of rcast) 

l Na+ 

74.0 10.2 

72.5 12.4 

72.0 8.2 

e 2+ a 

36.0 

25.0 

24.4 

111e caUons were extnicted with 30q. perchloric acid frorn a 

suspension contain:ing 250 rng. of yeast. TI1e contents of the cations 

were measured by flarne photometry. Each fi¿,'lire is the mean of two 

determinations. 



,, Jf A TESIS lfD DEBE 
IE U BIBUBTECA 

Table II. Effocts of EB nnd K+ on Rcspiration by 1\"ild T¡-pc ;,nd EB 
.:,,2 

Rcsistant Strn:ins of K. lactis. 

R;>tio to a control witl10ut rmy acldi t.ion 

Stram 10 mM KCl 200 uM EB 300 u\I EB 

¡ ..• l.17-1.17 
.. 

1.08-1.0S l. 03-1. os 

¡,_,, 1.28-1. 33 1.08-1.23 1.07-1.13 

R 1.03-0.98 0.98-0.9S 0.9S-0.95 

Incubation: 20 mM MES-TEA buffer, pH 6.0; 108 rnM ethilllol; ycast cells, 

SO mg; final vo1rnne, 5.0 ml; Temperature, 2Sº. Respiration rates '''ere 

measured at 1 min after the addition of yeast. 
:·f 

1' 



FlGmE LEGENDS 

Fig. l. Uptakc of EB by two wild ty11c <Jnd one rcsistm1t strajJ1 of _li. 

l;ictis to EB. F.xpcrüucntal condiUons: J.00 m'f glucose; 20 nv.l MES-TEA 

buffer, pH 6.0; yeast cells, 200 mg; final volinne, J2 ml; tenrocrature, · 

25°. Tiie focubation h'<lS started by thc addi tion of the ceJl s. 'J11e 

mcasurement of EB uptake 1,Cls carricd out as described fo tJ1e Methods sec-

tfon. EB concentration was 266 uM. 

Fig. 2. Fluorescence changes of EB upon its interaction with S and R 

strains of K. lactis. Incubation conditions \\'ere as follows: 100 m;>f 

glucose; 20 m\l MES-TEA buffer; pH 6.0; yeP.st celJs, SO mg; fiJJaJ voltnne, 

3.0 ml; room temperature. TI1e incubation i~as started by tJ1e acldition 

of tJie yeast. cells, and after 2 mfo, EB (266 p'-f). 1-:as aclded ancl the 

fl uorescence changes recorded. 

Fig. 3. K+ rrnvements by the S and R strafos of K. lac_tis, in a meclium 

containiJJg 1 m\J XCl or with the enclogenous content of rnJnovalent cations. 

Incubation concliUons: 20 rr~1j M[S-TEA. buffer, pH 6.0; JGO m\l glucose; 1.0 m\1 

or no aclcled KCl. Final vol ume K1s 5. O ml; tempcrature, 25º. In tJie l ast 
.._( 

tJiree tracmgs, substrate i·;as ornitted, and only 10 mg of yc;:st were adcled 

after the incl usion of 400 ¡:t·1 _ CTAB. 

Fig. 4. 86 + 
TTansport rate of Rb by t.lie S and R stTains of K. lactis. 

Incubation: JOO ni'·l gincose; 20 rrt'-! 1!ES-TEA. buffer, pH 6.0; 4.0 nM 
86

RbCl; 
\: 



yc¡¡st, JOO rng; fi11al vohm1c, 2.0 ml; LL·i:.jiCr<1ture, 25º. Aftcr eq\1Hjbrating 

the tcrnpcruturc of thc rncllitun, thc incubatkn 1'.'<lS startecl by tho :1c~ditic·n 

of thc ycast ccJls. 'ílwn aliq11ots 1·:crc taken, filtcrc:d ;md 1,-,ishcd scv<.'ral 

times wit.h 5 irM l~bCl. 'l11c fjltcrs 1·:erc dT.ied :•nd countcd in scfotillation 

vi:i ls. 

Fig. S .. Effects of EB (200 ;MJ on tl1e K+ movements of the three strn5ns of 

K. lactis in a K+ free medium. Incubation: 8 mM malea te-TE<\ buffer, pH .. . 

6.Q; 40 mM glucose; final vollnne, S. O ml. Temperature, 25º. Yeast cells 

weTe added after equilibratmg tJ1e temperature of the medium. ER and 

CTAB were adcled whern indicated. at 200/iM concentration. 

Fig. 6. - . 86 + Kinetic analysis of the trnnsport of Rb by the S ancl R strajns 

of K. lactis. Incubation conditions were as for Fig. 4, but yeast cells 

were added to the medium witJ1out 86Rt+. After two minutes, the isotope ,,·as 

added; an aliquot was taken after two more minutes, filtered and trcated 

as described for Fig. 4. t, 

. Fig. 7. Measurement of ¡/ extrus5on by the S and R strains of !S..:_lactis 
~ 
at pH 7.5. Incubation conditions: 6.5 rri\1 MES-TEA buffer, pH 7.5; 135 m\1 

ethcmol; approximately l. 5 '.fl'I H2o2 ; ;-east, 250 rng; final \'Olume, 6. 2 ml; · 

temperature, 25 ºC. Yeast ce]} s of the d ifferent stra :ins were added 1·;here 

:indicated and the pl-l \·:as record"~d. A cal5bration cune 1,·as constrnctéd 

by t.'f-ie addition of l-r:1 to the incubation J;Jedium. 



A mutant of !\JUD'.QJi1lfüT_c~1. ]iL•~1J.s_ rc1sista11t to ethidiwn bromidc \·:as 

stud.icd and found to lnl'e an j1npairnient to tran~part the d,Ye. 1\s dcscr:ibetl 

for other mutants of this kfod, the fJuorcscrncc changes of i.Jie llye 1hat 

are observed when the cells transport i t, 1.;ere 11ot observetl :in the rnutant 

strain. 

·S:ilntütaneous to thjs difficulty .to take up the mutagen, tJ1e cells 

showetla diminished ability t()~~e :Upffió;o~alent cations, as compared to 

the wild type strains. 

The defect of the rnutant stra:in does not secrn to reside fo the 

tapacity to pinnp out protons, 1,tiich also indicatcs th;it it has no 

alterations of the general energy conversion systems. 11iis view is also 

supp:irted by the fact that tJ1e growth yields are similar in both the 

rnutant and the wild type strams. 

Both eth:i<lium and Jt fail to stimu1ate respüation of the mutant 

yeast 1d1en present in the rncdium, as comparcd to the 1dld type stTaills. 

111e mutant stra:in sh01vs a nonml cation content, 1·:hich indfrates 

that tlie irnpai11nent to take up monoval ent cations, although rnuch 

a·~creased, JTH)' still be enough to rrRintaill a nonml content of cations 

withm the cells. 

According to the investigatfon carr:ied out, the mutarit cells seem 

to be nornGl, except far tJ1e fact that thcy are imable to transport both 

ethidium and K+ from the m2djum. Tiie <lata supp:irt the hyp:ifoesis tliat 

l ,+ 
et iidium bromide and K nay be transpJrted by t11e same systern in yeast. 
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