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"La ciencia avanza de puntillas, no a pasos, 

éstos hacen demasiado ruido." (Anónimo) 

"Todos somos científicos cuando somos niños, 

pero al crecer, solo algunos conservan 

un poco de esa curiosidad 

que es la madre de la ciencia." 

"El hombre encuentra a Dios 

detrás de cada puerta 

que la ciencia logra abrir." 

- Albert Einstein 



"PARTICIPACIÓN DE LAS DESHIDROGENASAS LÁCTICAS 

MITOCONDRIALES DE Euglena graci/is EN EL METABOLISMO 

ENERGÉTICO" 



RESUMEN 

El protista Euglena gracilis no tiene la capacidad de oxidar piruvato para la 

síntesis de acetil-CoA cuando se le cultiva en condiciones aeróbicas. En cambio, 

tiene la habilidad de acoplar la oxidación de D- y L-lactato a la fosforilación 

oxidativa por medio de enzimas isómero específicas. Estas lactato 

deshidrogenasas reducen directamente a la poza de quinonas, están unidas a la 

membrana interna mitocondrial y son independientes de NAO+. por lo que se les 

conoce como lactato deshidrogenasas independientes de piridín nucleótidos (D

iLDH y L-iLDH). Estas enzimas presentaron valores de Km de 2.7 y 2.5 mM por D

y L-lactato respectivamente. Fueron inhibidas de forma competitiva por oxamato y 

de forma mixta por oxalato, aunque la D-iLDH fue más sensible a ambos 

inhibidores. La D-iLDH fue termorresistente hasta los 70ºC mientras que la L-iLDH 

lo fue hasta los 50ºC. 

En un intento por dilucidar la participación de la D- y L-iLDH en el 

metabolismo energético de la célula, y determinar si el metabolismo del lactato 

aportaba los equivalentes reductores necesarios para soportar la síntesis de ATP, 

Euglena se cultivó en diferentes fuentes de carbono (glutamato/malato, lactato y 

glucosa) y se determinaron las actividades de D- y L-iLDH durante el crecimiento. 

Se analizaron también los niveles de D- y L-lactato, ATP, piruvato y paramilo 

(cadena lineal de glucosa con enlaces ¡3-1 ,3). Los resultados mostraron que 

ambas actividades de iLDH se encontraron en las células cultivadas en todas las 

fuentes de carbono y en todas las fases de crecimiento. Las concentraciones de 

D- y L-lactato fueron lo suficientemente altas para mantener cerca de su velocidad 

máxima a ambas iLDH. El incremento en la actividad de ambas iLDH correlacionó 

con el abatimiento de la fuente de carbono externa y el inicio de la degradación de 

la fuente de carbono interna, el paramilo. El efecto del oxalato sobre el crecimiento 

celular, la respiración asociada a la fosforilación oxidativa y el contenido de ATP, 

fue mayor en las células cultivadas en lactato con respecto a las cultivadas en 

glutamato/malato. La adición de citosol (cuya actividad de lactato deshidrogenasa 



dependiente de NAO+ fue 40-80 veces mayor hacia la producción de lactato), 

NAOH y piruvato a mitocondrias incubadas con rotenona y flavona ; promovieron el 

consumo de oxígeno el cual fue bloqueado por oxalato. Los resultados obtenidos 

sugieren que en E. gracilis la expresión de ambas iLOH es independiente de la 

disponibilidad de substrato y que tienen un papel clave en la transferencia de 

electrones del citosol a la cadena respiratoria . Así, las iLOH oxidan al lactato 

producido por la NAO+-LOH citosólica a partir de piruvato y NAOH para la síntesis 

de ATP. Este conjunto de enzimas conforman una lanzadera de lactato. 

Finalmente, el análisis estructural de los componentes de la lanzadera de 

lactato reveló que, similar a las D-iLOH de bacterias, la de E. gracilis fue una 

enzima de aprox. 62 kOa con una molécula de FAO como cofactor y capaz de 

reducir quinonas de alto y bajo potencial redox. Fue específica para D-lactato. El 

L-lactato fue capaz de inhibirla con un valor de Ki de 10 mM. En el caso de la L

iLOH, los esfuerzos por purificar a la enzima no.fueron exitosos, sin embargo, se 

logró extraer de la membrana con actividad suficiente para poder determinar 

algunos de sus parámetros cinéticos, entre otros la capacidad de reducir 

directamente a la ubiquinona-1 . La NAO+-LOH citosólica presentó una activación 

alostérica por fructosa-1,6-bisfosfato, lo que produjo una mayor afinidad por 

piruvato y NAOH. Los esfuerzos por purificarla mostraron el enriquecimiento de un 

monómero de 40 kOa de masa molecular. El perfil de elusión de la NAO+ -LOH 

obtenido cuando se pasó un extracto citosólico por una resina de afinidad 

acoplada a una molécula de oxamato, mostró dos picos de actividad; en el primero 

la NAO+-LOH no se unió a la resina y produjo D-lactato, mientras que el segundo 

pico la NAO+ -LOH se e luyó cuando se eliminó el NAOH del buffer de lavado y 

produjo L-lactato. Estas características cinéticas de la NAO+ -LOH de E. gracilis 

sólo se han reportado para proteínas presentes en algunas bacterias 

homofermentativas, lo que sugiere un origen común entre las enzimas de 

bacterias y Euglena. 



SUMMARY 

The protist Euglena gracilis is unable to oxidize pyruvate for acetyl-coA 

synthesis when is cultured under aerobic conditions. lnstead, it couples D- and L

lactate oxidation to oxidative phosphorylation by means of isomer-specific lactate 

dehydrogenases. These enzymes directly reduce the quinone pool, are 

membrane-bound enzymes and NAD+-independent (D-iLDH and L-iLDH). The Km 

values were 2.7 and 2.5 mM for D- and L-lactate respectively. Both enzymes were 

inhibited competitively by oxamate and in mixed fashion by oxalate, although D

iLDH was more sensitive to these inhibitors. D-iLDH was thermo-resistant up to 

70ºC, while the L-iLDH was up to 50ºC. 

In an attempt to elucidate the role of iLDH in cellular energy metabolism, 

and assess whether lactate metabolism of lactate supplies the reducing 

equivalents to support ATP synthesis; cells were grown in different carbon sources 

(glutamate/malate, lactate and glucose) and D- and L-iLDH activities were 

determined throughout the growth curve. We also analyzed the leve! of D- and L

lactate, ATP, pyruvate and paramylon (lineal chain of glucose with 13-1, 3 bonds). 

Results showed that both iLDH activities were present in all carbon sources in 

each growth phase. lntracellular concentrations of D- and L-lactate were high 

enough to get near Vmax rates of iLDH. Moreover, the intracellular concentrations 

of lactate increased at the end of the growth curve. An increase in the activity of 

both enzymes in the log phase, correlated with the exhaustion of the externa! 

carbon source and the start of paramylon degradation. The oxalate effect on cell 

growth, respiration linked to oxidative phosphorylation, and ATP levels, was higher 

when cells were cultured in lactate than in cells cultured in glutamate/malate. 

Addition of cytosolic extract, (which activity of NAD+-dependent lactate 

dehydrogenase was 40-80 fold high toward lactate production), NADH and 

pyruvate to isolated mitochondria previously incubated with rotenone and flavone, 

prompted an oxalate-sensitive 0 2-uptake. These data suggest that in Euglena, the 

expression of both iLDH is substrate-independent and that they play a key role in 



transferring the reducing equivalents from cytosol to respiratory chain . Then, the 

mitochondrial D- and L-iLOH oxidize the lactate produced by mean of cytosolic 

NAO+ -LOH from pyruvate and NAOH for the ATP synthesis. All these enzymes are 

the components of the lactate shuttle. 

Finally, the structural analysis of the lactate shuttle components showed that 

D-iLOH was a 60 kOa protein containing FAO as cofactor. This enzyme was able 

to reduce high and low redox potential quinones as electron acceptors. D-iLOH 

was specific to the D-isomer. L-lactate was able to inhibit this activity with a Ki 

value of 10 mM. L-iLOH was inactivated when the enzyme was extracted from the 

membrane by detergents and it purification was unsuccessful. Oespite this, we 

solubilized it with enough activity to determine sorne kinetic parameters, among 

others, its ability to reduce ubiquinone-1 . The cytosolic NAo•-LoH showed 

allosteric activation by fructose-1, 6-biphosphate, inducing an increased affinity for 

pyruvate and NAOH. The efforts to purify the enzyme have shown the enrichment 

of a 40k0a of molecular mass monomer. The elution of NAo•-LoH after passing 

the cytosolic extract through affinity resin coupled to insoluble oxamate, showed 

two peaks of NAO+ -LOH activity: The first one did not bind to the resin and the 

activity produced D-lactate. The second peak was eluted when NAOH was absent 

in the washing-buffer and the enzyme produced L-lactate. These kinetic 

characteristics of the NAO+ -LOH from E. graci/is, have been reported in sorne 

homo-fermentative bacteria only, which suggests a common origin between 

bacteria and E. gracilis enzymes. 



Nota: Esta tesis está dividida en 5 capítulos y un anexo. En el capítulo 1 se 

describen las generalidades del metabolismo energético de Euglena . El capítulo 11 

comprende los antecedentes que se dividen a su vez en tres partes: la primera de 

ellas analiza las características generales de las deshidrogenasas lácticas 

independientes de NAO+ (iLDH) en diversos microorganismos. Aquí se incluye una 

revisión en español en donde se hace un estudio más profundo de este tema 

(Boletín de Educación Bioquímica, 2001). La segunda parte del capítulo 11 es sobre 

la iLDH en Euglena gracilis. Se incluye un artículo publicado en los Archives of 

Biochemistry and Biohysics (2001) en donde se estableció la existencia de 

enzimas específicas para la oxidación de D- y L-lactato (D-iLDH y L-iLDH) y dos 

problemas bioquímicos publicados en el Boletín de Educación Bioquímica. La 

tercera parte de los antecedentes trata de la capacidad de ambas iLDH para 

reducir distintos tipos de quinonas. Estas publicaciones se encuentran en su forma 

completa en el anexo. El capítulo IV incluye una sección de métodos y otra de 

resultados. En esta sección se analiza la participación de la D- y L-iLDH en la 

fisiología del microorganismo y se describe por primera vez la existencia de una 

lanzadera de lactato en las mitocondrias de Euglena (de este trabajo se publicó un 

artículo en el European Journal of Biocemistry, 2003) . Además se describe la 

purificación y caracterización de los componentes de la lanzadera de lactato; este 

trabajo se encuentra en preparación y se muestra la primera versión del artículo. 

Finalmente, el capítulo V incluye la discusión general, conclusiones, perspectivas y 

la bibliografía. 
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INTRODUCCIÓN 

1. Euglena gracilis y su metabolismo energético 

Desde hace muchos años, el metabolismo de Euglena gracilis ha sido muy 

estudiado debido a la gran capacidad que posee este protista de vida libre para crecer 

en muy variadas condiciones nutrimentales. Esta capacidad esta dada probablemente 

por las características metabólicas que comparte con animales y plantas superiores, 

además de las que son exclusivas de su grupo, como la de obtener energía por medio 

de la fermentación de ésteres de cera o por la oxidación de acetato, succinato, 

succinato-semialdehído, glutamato/malato, glucosa, lactato o etanol. Incluso, las 

diferentes cepas de Euglena graci/is se diferencian entre sí, ya que algunas de ellas 

tienen la capacidad de crecer en galactosa y otras no. Tienen necesidades orgánicas 

diferenciales respecto de aminoácidos, purinas, pirimidinas y factores de crecimiento, 

según si se desarrollan heterotróficamente o fototróficamente, y presentan una amplia 

capacidad biosintética, por lo cual necesitan incorporar además nutrientes inorgánicos 

(Buetow, 1989). 

La relación evolutiva que se ha establecido entre Euglénidos y Tripanosomátidos, 

ha mostrado que son los protozoarios mitocondriados más primitivos que existen 

(Nordnes y col., 1994; Linton y col., 1999). A pesar de que se ha establecido claramente 

la teoría endosimbiótica para el origen de la mitocondria y de que en general, la 

maquinaria necesaria para obtener ATP se ha conservado entre las mitocondrias y las 

bacterias que les dieron su origen (Müller y col., 1999), es relevante que las 

mitocondrias de E. graci/is tengan aspectos metabólicos únicos con respecto a las 

mitocondrias de otros organismos. De particular importancia son las enzimas NADP+ -

piruvato-oxidorreductasa y las deshidrogenasas lácticas independientes de NAO+ 

(iLDH) . La primera se encuentra solamente en las mitocondrias de Euglena y en los 

hidrogenosomas de algunos parásitos, organelos que al igual que las mitocondrias, 

provienen al parecer, de un mismo ancestro (a-proteobacterias) (Philip, J. 1987; 



Muller, M. y Martin, W. 1999). De manera semejante, las iLDH son enzimas que sólo se 

han encontrado en las mitocondrias de Eug/ena, de tripanosomátidos (Jasso-Chávez y 

cols. 2001) y en bacterias tan lejanas evolutivamente como Paracoccus denitrificans e 

incluso en archeabacterias como Archaeglobus fulgidus (Zboril y Wernerová, 1996; 

Reed y Hartzell, 1999). Estos datos sugieren que metabolicamente, las mitocondrias de 

Euglena tienen mayores semejanzas con los organismos que les dieron origen que con 

las mitocondrias de organismos actuales. 

2. La cadena respiratoria de Eug/ena 

La organización de la cadena respiratoria de las mitocondrias de Eug/ena es 

compleja. Aunque existen los cuatro componentes respiratorios clásicos, estas 

mitocondrias pueden oxidar también NADH externo por una enzima que es insensible a 

rotenona . Por el efecto de inhibidores como la antimicina y el mixotiazol sobre la 

reducción del citocromo e y el consumo de oxígeno, se ha propuesto que las 

mitocondrias de Euglena poseen al igual que Leishmania, una quinol : citocromo e 

oxidorreductasa distinta al complejo bc1. Además, las mitocondrias de Eug/ena poseen 

también una oxidasa alterna resistente a cianuro, la cual parece ser diferente a la de 

plantas y bacterias, asemejándose más a la encontrada en Trypanosoma (Castro

Guerrero y cols ., 2004). 

Como ya se ha mencionado, la oxidación de D- y L-lactato acoplada al bombeo 

de protones para la producción de ATP, es otra de las particularidades que tiene la 

cadena respiratoria de Euglena (Uribe y Moreno-Sánchez, 1992). Moreno-Sánchez y 

cols. (2000) , propusieron un modelo de la cadena respiratoria donde la oxidación del L

lactato por la iLDH es el principal sustrato oxidable en las mitocondrias aisladas de 

Euglena (esquema 1) . En el siguiente capítulo se explican las características 

enzimáticas y funcionales de las iLDH, además de su distribución en algunos 

microorganismos. 

2 



L-lactato 
Q. cit. e red. 

Esquema 1. Cadena respiratoria de Euglena gracilis. SDH, succinato deshidrogenasa; iLDH, 

lactato deshidrogenasa independiente de NAD•; bc1, quinol citocromo e oxidorreductasa 

(sensible a antimicina); Q. cit. e red., quinol citocromo c oxidorreductasa (insensible a 

antimicina y sensible a mixotiazol) ; aa3, citocromo e oxidasa; AOX, oxidasa alterna insensible a 

cianuro. Modificado de Moreno-Sánchez y cols. 2000. 

3 



11 

ANTECEDENTES 

Las deshidrogenasas lácticas independientes de NAO+ 

1. Deshidrogenasas lácticas en microorganismos 

Las enzimas más conocidas que oxidan lactato son las deshidrogenasas lácticas 

citosólicas dependientes de NAO+. Sin embargo, en algunos organismos unicelulares se 

han detectado iso-enzimas que son independientes de NAO+. Estas enzimas están 

ampliamente distribuidas en las bacterias, tanto en las empleadas en la industria de 

alimentos (Lactobacillus casei, Leuconostoc mesenteroides, Acinetobacter 

ca/coaceticus, etc), como en las patógenas (Neisseria sp, Salmonella sp, Haemophilus 

influenza, etc.) y hasta en las inocuas utilizadas ampliamente en la investigación 

bioquímica (Escherichia coli, Rhodobacter sphaeroides, Paracoccus denitrificans, etc.) 

(Garvie, 1980; Allison y cols, 1985; Erwin y Gotchlich, 1993; Zboril y Wernerová, 1996). 

Aunque las iLOH se pueden encontrar en forma soluble (Oíez-Gonzalez y cols, 1997), 

son las unidas a membranas las que se han estudiado ampliamente. Se encuentran 

localizadas en la membrana interna y tienen orientado su sitio activo hacia el citosol , la 

oxidación de D- o L-lactato está acoplada a la cadena respiratoria a través de la poza 

de quinonas (Garvie, 1980) y el gradiente de protones generado por la oxidación de 

lactato se utiliza para el transporte de aminoácidos y carbohidratos (Kaback, and 

Millner, 1970). La purificación y caracterización cinética de las iLOH bacterianas ha 

revelado que son flavoproteínas monoméricas y en general, específicas por su sustrato 

(Futai, 1970; Fewson, y cols. 1993). En bacterias, sólo una enzima (D- o L-iLOH) se 

expresa constitutivamente, mientras que la otra puede ser inducida en presencia de 

glucosa o de su sustrato, pero siempre en condiciones de aerobiosis . 

Las levaduras como Saccharomyces cerevisiae y Hansenula anomala, son los 

otros organismos que presentan actividad de iLOH y, aunque llevan a cabo la misma 

4 



reacción que las enzimas bacterianas, éstas son flavocitocromos constituidos por una 

flavina y un citocromo tipo b (Gondry and Lederer, 1996) que se localizan en el espacio 

intermembranal de la mitocondria y su sitio activo se encuentra localizado hacia el 

citosol. El mecanismo molecular de la transferencia de los electrones también es 

diferente, ya que las enzimas de levadura tienen al citocromo c de la cadena 

respiratoria como su aceptar de electrones (Somlo, 1965). La L-iLDH de las levaduras 

es un homotetrámero y la D-iLDH un monómero (Lodi y Ferrero, 1996). En las 

levaduras, estas enzimas se expresan sólo en presencia de lactato en el medio y en 

aerobiosis; se ha propuesto que la función de la D-iLDH está relacionada con la 

destoxificación del metilglioxal (lodi y Ferrero, 1996) (Esquema 11) . En el trabajo de 

revisión del Boletín de Educación Bioquímica de 2001 , se hace un análisis más 

detallado acerca de éste tema (ver anexo). 

COOH COOH H3c -c= o 

1 

H- C - OH 
1 

H- C - OH 
1 

C = O 

1 

CH 3 ó 
1 

H 

D-lactato Mandelato Metilglioxal 

COOH COOH COOH 

1 1 1 

C = O c=o c = O 

1 1 1 

CH 3 NH 2 OH 

Piruvato Oxamato Oxalato 

Esquema 2. Estructura del D-lactato y otras estructuras similares mencionadas en este 

trabajo. 
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2. Las deshidrogenasas lácticas isómero-específicas mitocondriales de Euglena 

En 1961 , Price reportó que la fracción no soluble (particulada) de un 

homogenado de E. gracilis, era capaz de oxidar D-lactato de una forma dependiente de 

zinc e independiente de piridín nucleótidos. El L-lactato también se oxidaba pero a 

velocidades más lentas (Price, 1961). Yokota y Kitaoka también reportaron actividades 

de iLDH con D- y con L-lactato en las mitocondrias y en la fracción microsomal, y 

ambas actividades fueron resistentes a 1 mM de cianuro (Yokota y Kitaoka, 1979). Años 

después Uribe y Moreno-Sánchez reportaron que las mitocondrias aisladas de Euglena 

oxidaban preferentemente L-lactato y que generaban un potencial de membrana 

sensible a desacoplante (Uribe y Moreno-Sánchez, 1992). En el volumen IV de su libro 

"The Biology of Euglena", Buetow propuso un esquema de la cadena respiratoria 

mitocondrial , donde la oxidación del L-lactato podía ceder sus electrones a la poza de 

quinonas o directamente al citocromo e; la última propuesta se fundamentó en el hecho 

de que la oxidación del D- y L-lactato presentó 50% de resistencia a antimicina 

(Buetow, 1989). Sin embargo, Moreno-Sánchez y cols., determinaron que la respiración 

y síntesis de ATP impulsadas por la oxidación de lactato resistentes a la antimicina, 

eran debidas a un componente alterno con actividad de citocromo e oxidorreductasa 

(resistente a la antimicina pero sensible a mixotiazol) , el cual reduce al citocromo e y 

oxida al quino! (ver esquema 1). Todos estos datos sugirieron que la iLDH de Euglena 

se encontraba en las mitocondrias, que podía oxidar D- y L-lactato y que estaba 

conectada a la cadena respiratoria directamente con la poza de quinonas (Moreno

Sánchez y cols ., 2000) . 

Aunque el modelo de la cadena respiratoria de Eug/ena propuesto en nuestro 

laboratorio contesta muchas interrogantes acerca de su composición y secuencia 

(Esquema 1) , no establece si la oxidación del lactato se lleva a cabo por una enzima 

capaz de oxidar a los dos isómeros ó si son oxidados por enzimas isómero-específicas, 

como sucede en bacterias. En un primer trabajo, caracterizamos cinéticamente a la 

iLDH en mitocondrias aisladas con la finalidad de determinar si en E. gracilis al igual 
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que en las bacterias , existían enzimas isómero-específicas para la oxidación del lactato. 

Estudiamos la cinética de oxidación de O- y L-lactato midiendo directamente· la 

reducción de DCPIP (un aceptor artificial de electrones) o de la ubiquinona-1 (análogo 

de la ubiquinona-9, presente en la poza de quinonas en Eug/ena) . Se determinó que la 

oxidación de L-lactato era menos afín por la ubiquinona-1 que la de D-lactato. La 

velocidad máxima y la eficiencia catalítica fueron mayores para la oxidación de 0-

lactato. El efecto del oxamato y del oxalato, inhibidores clásicos de las iLDH, fue mayor 

cuando se utilizó O-lactato como substrato. La oxidación de O-lactato resultó ser 

estable hasta los 70ºC mientras que la L-iLDH se inactivó a partir de los 50ºC. 

Demostramos también que parámetros termodinámicos como el cambio de entropía 

(tiSº) y el cambio en la entalpía (f!Hº) de la disociación del complejo enzima-sustrato 

fue de diferente signo cuando se usó D- o L-lactato como substrato. Sin embargo, el 

cambio en la energía libre de la reacción fue el mismo (tiGº). Estos datos indicaron que, 

igual que en las bacterias , las mitocondrias de Euglena tienen dos enzimas iLDH 

isómero-específicas (D-iLDH y L-iLDH) . En el anexo que se encuentra al final de la 

tesis, se incluye el artículo que se publicó en los Archives of Biochemistry and 

Biophysics en 2001 , como resultado de este trabajo. Además, se anexan dos 

problemas bioquímicos publicados en el Boletín de Educación Bioquímica en donde se 

explica a detalle los experimentos del efecto de la temperatura y de los inhibidores 

sobre la oxidación del D- y L-lactato, los cuales fueron importantes para determinar la 

existencia de las dos especies enzimáticas. 

Los experimentos del efecto de la temperatura sobre la oxidación del D- y L

lactato en las mitocondrias aisladas de Euglena , mostraron que la desnaturalización de 

la D-iLDH involucró dos procesos: 

E+--+ 1 -+ D, 

donde E es la enzima nativa, 1 es la enzima inactiva que puede revertir a E, y O es la 

enzima desnaturalizada irreversiblemente. Como se muestra en la figura 2 del artículo 

de los Archives of Biochemistry and Biophysics (2001), la exposición de las 

mitocondrias a temperaturas crecientes por arriba de 60ºC, indujo una concomitante 

disminución en la actividad de la D-iLDH, lo que sugiere la inactivación de la enzima 
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(Fig . 1A). Sin embargo, si graficábamos las k ;nac contra el inverso de la temperatura 

(gráfico de Arrhenius) , se observaron dos pendientes que muestran dos eventos en la 

disminución de la actividad de la enzima (Fig . 1 B). Estos datos sugirieron que para la D

iLDH, entre 45 y 75ºC hay un paso de inactivación el cual es reversible (E +--+ 1), esto 

se apoyó por el hecho de que cuando se calentaron las mitocondrias a 70ºC y se midió 

la actividad de la D-iLDH los parámetros cinéticos no cambiaron (Fig . 4A del artículo de 

los Archives of Biochemistry and Biophysics, 2001) . En la figura 18 se observa que, 

entre 80-90ºC ocurre un cambio en la pendiente, lo que sugiere que a esta temperatura 

se lleva a cabo el paso de desnaturalización, el cual es irreversible (1 -+ D). En cambio, 

cuando se incubaron a las mitocondrias a 70ºC y se midió la actividad de L-iLDH 30ºC, 

no hubo actividad, lo que sugiere que la desnaturalización de la L-iLDH involucra un 

solo proceso (Fig . 4A del artículo). 
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Figura 1. Energía de desnaturalización de la iLDH mitocondrial de Eug/ena. (A), las 

constantes de inactivación (k;nac) obtenidas para L-lactato (•)y para D-lactato (o) se graficaron 

contra la temperatura o (8) , contra el inverso de la temperatura absoluta . Los datos muestran el 

promedio± E. S. de 4 preparaciones distintas de mitocondrias. 

3. Las deshidrogenas lácticas mitocondriales de Eug/ena reducen a quinonas de 

diferente potencial redox 
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Como se mencionó anteriormente, las iLDH de bacterias transfieren los 

electrones del lactato a la poza de quinonas, a diferencia de las levaduras que lo hacen 

directamente al citocromo c. En Euglena reportamos previamente que el consumo de 

oxígeno con D-lactato es mayor que con L-lactato pero la síntesis de ATP es igual 

(Moreno-Sánchez y cols ., 2000). Este dato sugiere que los electrones provenientes del 

D-lactato siguen un camino alterno que no bombea protones (por ejemplo, la oxidasa 

alterna o el componente resistente a antimicina), aunque esto sólo puede explicarse si 

la D-iLDH y los componentes alternos de la cadena respiratoria tuvieran preferencia por 

uno de los dos tipos de quinonas presentes en las mitocondrias de Euglena : la 

ubiquinona-9 (Q9) y la rodoquinona-9 (RQ9). La RQ9 es una quinona con un grupo 

amino en vez del grupo metoxilo en la posición 2 del anillo, esta sustitución le confiere 

un potencial redox bajo (-65 mV). La rodoquinona es sustrato para la fumarato 

reductasa , una enzima muy importante para la obtención de energía en los organismos 

que viven en condiciones de baja tensión de oxígeno (Tielens y Van Hellemond , 1998). 

Aunque se ha reportado la actividad de esta enzima en Euglena, no se sabe si se 

expresa sólo en condiciones de anoxia . Sin embargo, la RQ9 se sintetiza en 

cantidades similares a la Q9 aún en condiciones aerobias (Castro-Guerrero y cols ., 

2004), por lo que probablemente, la RQ9 al formar parte de la poza de quinonas, podría 

también ser un sustrato para las iLDH. Así, se trató de establecer si había diferencias 

en las constantes cinéticas de la D- y la L-iLDH en la reducción de quinonas de alto 

potencial redox como la Q1, Q2 y DBQ (+100 mV) o de bajo potencial redox como la 

tetraclorohidroquinona (TCHQ, -8 mV) (Kim y cols ., 2001) . En estos experimentos no 

fue posible utilizar rodoquinona debido a que no está disponible comercialmente y su 

extracción y purificación de las membranas es complicado. En la tabla 1 se muestran 

los valores de los parámetros cinéticos de la reducción , de las ubiquinonas y de la 

TCHQ. 
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Q1 

Q2 

DBQ 

TCHQ 

DCPIP 

Tabla 1. Parámetros cinéticos de la reducción de quinonas con diferente 

número de cadenas isoprenoides y distinto potencial redox por la 

D- y L-iLDH en mitocondrias de Euglena 

L-iLDH D-iLDH * 

Potencial Km vm·· Vm!Km~~ Km Vm Vml Km 

redox (µM) (µM) 

(mV) 

+ 100 41±7 427 ± 35 10 19 ± 5 618 ± 71 33 

+100 15 ± 2 184 ± 34 13 11±2 304 ± 47 28 

+100 3.4 (2) 75 22 12 ± 2 232 ± 67 19 

-8 40 (2) 300 7.5 30 (2) 310 10.3 

+ 117 35 ± 10 268 ± 31 8 35 ± 5 477 ±44 14 

Las cinéticas se realizaron a 30ºC a pH de 7.6 y concentraciones saturantes de L-lactato 

y de D-lactato. La reducción de la 01 , 02 y DBO se midió por la disminución de la absorbancia 

a 273 nm y un coeficiente de extinción molar de 18 mM·1 cm·1. La velocidad de reducción de la 

TCHO se determinó polarográficamente midiendo el consumo de oxígeno (concentración inicial 

200 µM de 0 2) . En este caso, las mitocondrias se incubaron a 25ºC por 30 minutos con 0.5 mM 

ADP y 0.2% (p/v) BSA deslipidada para eliminar los sustratos endógenos. A para 01 , 02 y 

DBO, la Vm está en nmol de quinona reducida (min * mg protr1. para TCHO en nano átomos de 

oxígeno (min * mg protr1
. AA Para 01 , 02, DBO y DCPIP, la relación Vml Km está en min·1 * 

mg·1 * mL; y para TCHO en nano átomos de oxígeno* min·1 * mL* nmol"1
. Los valores son el 

promedio ± ES de al menos 3 experimentos independientes, (n) es el número de experimentos. 

*Valores tomados de (Jasso-Chávez y cols, 2001) excepto para la TCHO. 

Las cinéticas de reducción de los diferentes aceptares de electrones mostraron 

que las eficiencias catalíticas (Vm I Km) son mayores con la D-iLDH con respecto a la 

L-iLDH para las quinonas Q1 y Q2 (de potenciales redox similares al de la Q9). 

Conforme la hidrofobicidad de la quinona aumentó (DBQ>Q2>Q1 ), la actividad 

específica disminuyó en ambas enzimas, pero la Km disminuyó para la L-iLDH, lo que 
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sugiere que el sitio catalítico de esta enzima se encuentra en un ambiente más 

hidrofóbico. Para la D-iLDH , la Km por las diferentes quinonas se mantuvo en general, 

sin cambios (Tabla 1). Sorprendente fue el hecho de que las iLDH pudieran reducir a la 

TCHQ (de un potencial redox sim ilar al de la RQ9) , ya que las únicas enzimas que se 

han reportado que tienen la capacidad de reducir quinonas de bajo potencial son las 

fumarato reductasa y en mucho menor grado, la succinato deshidrogenasa. Estos datos 

sugieren que en las mitocondrias de Euglena la D- y la L-iLDH podrían reducir a ambos 

tipos de quinonas (Q9 y RQ9) presentes en la cadena respiratoria; aunque tal vez con 

diferente afinidad y capacidad catalítica . 

111 

JUSTIFICACIÓN DEL PROYECTO 

Uno de los puntos de más interés que surgió de los trabajos anteriores fue que 

en bacterias sólo una de las iLDH es constitutiva , mientras que la otra se induce sólo en 

presencia de su sustrato o de glucosa y en aerobiosis, mientras que en las levaduras la 

expresión de las dos iLDH está sujeta a la presencia de lactato y a la disponibilidad de 

oxígeno. Incluso, en bacterias, la síntesis de la iLDH es reprimida por metabolitos 

respiratorios como glutamato y succinato. Así, es sorprendente que las mitocondrias de 

Euglena gracilis hayan presentado las dos actividades de iLDH, aun cuando las célu las 

fueron cultivadas en fuentes de carbono como glutamato/malato. Una posible 

explicación a este comportamiento es que cuando la fuente de carbono externa en el 

que se cultiva a Euglena se ha terminado, las células degradan grandes cantidades de 

paramilo, el polisacárido de reserva constituido por unidades de glucosa que, a través 

de la glucólisis, produce el lactato necesario para estimular la síntesis de la D- y L

iLDH. 
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HIPÓTESIS 

Como lactato es el mejor substrato oxidable para la síntesis de ATP en las 

mitocondrias aisladas de E. gracilis, cabe esperar que la D-iLDH y L-iLDH tengan una 

contribución esencial en proporcionar la energía necesaria para la duplicación celular y 

su expresión estará regulada por la disponibilidad del lactato externo o intracelular. 

OBJETIVO GENERAL 

Determinar la participación de la D-iLDH y L-iLDH mitocondriales de Eug/ena en 

el metabolismo energético. 

Objetivos particulares: 

1) Determinar la cinética de crecimiento de las células con diferentes fuentes de 

carbono. 

2) Determinar la actividad de ambas iLDH en todas las condiciones de crecimiento. 

3) Determinar las concentraciones intracelulares de D-lactato, L-lactato, ATP y 

piruvato; así como la desaparición de la fuente externa de carbono y la cantidad 

de paramilo a lo largo de la curva de crecimiento. 

4) Determinar el efecto del oxalato (un inhibidor de ambas iLDH) sobre el 

crecimiento celular, la respiración basal y el contenido de ATP. 
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IV 

MÉTODOS Y RESULTADOS 

1. Métodos 

La parte correspondiente a materiales y métodos se encuentra en el artículo de 

investigación, en la sección de los resultados. 

1.1 Metodología complementaria . Determinación de metabolitos 

Para la determinación de los metabolitos energéticamente importantes como 

ATP, piruvato, D-lactato y L-lactato, así como los de la fuente de carbono externa, se 

realizaron extractos ácidos de células cosechadas en las diferentes fases de 

crecimiento y se neutralizaron inmediatamente a un pH aproximado entre 7-8. La 

cuantificación de todos ellos se realizó espectrofluorométricamente, detectando la 

aparición (ATP, D-lactato, L-lactato, malato, glutamato y glucosa) o la desaparición 

(piruvato) de NADH o NADPH, los cuales fluorescen a una A de excitación y emisión de 

340 nm y 460 nm, respectivamente. 

La determinación de ATP se llevó a cabo en 2 mL de una solución que contenía 

HEPES 100 mM, EGTA 1 mM y Mg2
+ 2mM a pH 7.4 (buffer HEM), acoplando la 

fosforilación de la glucosa (5mM) por la hexocinasa (1 UI) , con el ATP presente en el 

extracto, con la oxidación de la glucosa-6-fosfato (G6P) por la G6P deshidrogenasa (1 

UI) y la producción de NADPH: 

Glucosa + ATP -7 ADP + G6P + NADP -7 gluconolactona + NADPH 

En esta determinación se adicionó primero la G6P deshidrogenasa para oxidar a la G6P 

endógena y no se sobreestimara la cantidad de ATP presente (Figura 2) . 
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Figura 2. Determinación espectrofluorométrica de ATP en extractos de Euglena. En este 

caso, los extractos son de células cultivadas 72 horas en glu/mal. Este trazo corresponde a 7.5 

nmol de ATP I 107 células. La adición de G6PDH (glucosa-6-fosfato deshidrogenasa) cuantifica 

la glucosa-6-fosfato del extracto. Así , la adición posterior de la hexocinasa determina la 

cantidad de ATP presente en el extracto. La caída en la señal de la fluorescencia se debe a la 

apertura de la puerta para cada nueva adición. UA, unidades arbitrarias de fluorescencia. 

La cuantificación de piruvato se realizó en buffer HEM midiendo directamente la 

desaparición de NADH (0 .6 mM) en presencia de los extractos celulares y de la 
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deshidrogenasa láctica de músculo de conejo comercial (0.5 UI) (Figura 3), de acuerdo 

con la reacción: 

Piruvato + NADH -7 L-lactato + NAD+ 

UA 
27 

26 . 

NAO~. extracto 
1 

1 

180 360 

50 nmol 

NAOH + 
LDH 

39 nmol 
Piruvato 

30 nmol 

540 (mi·nutos) 

Figura 3. Determinación espectrofluorométrica de piruvato en extractos de Eug/ena. 

Extractos de células de 20 horas en un cultivo con glu/mal. Este trazo corresponde a 2.1 nmol 

de piruvato / 107 células. El recuadro muestra una curva de oxidación de NADH a diferentes 

adiciones de piruvato. Nótese que la disminución en la señal es efecto único de la presencia de 

piruvato. Ver pie de figura 2 para más detalles. 
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Para la cuantificación de lactato se utilizaron 2 mL de una solución que contenía 

NAO+ (0.6 mM), glicina 400 mM e hidracina 500mM a pH 9 (Buffer HG) para asegurar 

que la reacción fuera unidireccional hacia la oxidación de lactato, ya que la hidracina 

forma un complejo con el piruvato (figura 4) : 

L-lactato +NAO+ 7 Piruvato + NADH + H+, (5 UI de L-lactato deshidrogenasa de 

músculo de conejo comercial) y 

. D-lactato + NAO+ 7 Piruvato + NADH + H+ (11 UI de D-lactato deshidrogenasa 

de Lactobacillus leichmanni1) 

La cuantificación de la glucosa se realizó con la misma reacción acoplada usada 

para cuantificar ATP, solo que en este caso se adicionó 2 mM ATP y se determinó la 

variación de la glucosa del medio durante el tiempo del cultivo. La cuantificación del 

malato se determinó en el mismo buffer usado para cuantificar lactato con malato 

deshidrogenasa comercial (1 O UI) y NAO+ (0.6 mM), midiendo la aparición de NAOH: 

Malato + NAO+ 7 oxaloacetato + NADH + H+ 

El glutamato se determinó en buffer HG pero la glicina se suplantó por Tris (ya 

que la glicina puede inhibir a la glutamato deshidrogenasa) y con la glutamato 

deshidrogenasa comercial (40 UI) y NAOP+ (0.6 mM) midiendo la aparición de NAOPH. 

Para esta reacción fue necesaria la adición de AOP 5 mM, ya que es un activador de la 

enzima: 

Glutamato + NAOP+ 7 2-oxoglutarato + NH4 • + NADPH + H+ 
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Figura 4. Determinación espectrofluorométrica de D-lactato (A) y L-lactato (B) en 

extractos de Eug/ena. Extractos de células cultivadas durante 90 horas en glu/mal. A) el trazo 

corresponde a 21 .3 nmol de D-lactato/ 107 células y el trazo 8 a 61 nmol de L-lactato I 107 

células. Nótese que la adición de L-lactato en A y de D-lactato en B, no promueve un aumento 

en la fluorescencia (síntesis de NADH), lo que indica que cada LDH es específica para su 

propio sustrato. Ver pie de figura 2 para más detalles. 
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2. Resultados 

2.1. La lanzadera de lactato de Euglena 

La oxidación de lactato por las iLOH en las bacterias es muy importante ya que 

forma un gradiente de protones (Matsushita y Kaback, 1986) necesario para el 

transporte de carbohidratos y aminoácidos a través de la membrana citoplasmática 

(Kaback y Millner, 1970). En el caso dé las levaduras, las iLOH se expresan sólo en 

aerobiosis y cuando la fuente de carbono externa es lactato. En este caso, debido a que 

las levaduras no expresan a la deshidrogenasa láctica dependiente de NAO+, las iLOH 

son el único camino con el que cuenta la levadura para obtener energía (Samio, 1965). 

En el caso de Euglena graci/is, la oxidación del lactato no pareciera ser esencial 

para la obtención de energía , debido a la capacidad que tienen sus mitocondrias para 

oxidar una gran variedad de metabolitos, como glutamato/malato, NAOH, succinato, 

succinato semialdehído, glicolato, glioxilato, etc. (Buetow, 1989; Uribe y Moreno

Sánchez, 1992). Sin embargo, el mayor consumo de oxígeno y la mayor velocidad de 

síntesis de ATP en mitocondrias aisladas, se logran utilizando al lactato como sustrato 

oxidable (Uribe y Moreno-Sánchez, 1992; Moreno-Sánchez y cols. 2000), 

probablemente por su incapacidad para oxidar al piruvato. Esta incapacidad se da por 

el hecho de que la enzima atípica que se encarga de oxidar al piruvato, la NAOP+

piruvato oxidorreductasa, se encuentra inactiva en nuestras condiciones de cultivo, ya 

que se inhibe fuertemente por oxígeno (lnui, y cols. 1985). Por esta razón, 

probablemente la célula reduce al piruvato para regenerar el NAO+ utilizado en la 

glucólisis y produce lactato, que es oxidado por las iLOH, para así obtener un máximo 

provecho de los equivalentes reductores producidos en el citosol. 

En el siguiente trabajo, publicado en el European Joumal of Biochemistry, 

reportamos la importancia en Euglena de la D-iLOH y L-iLOH en el metabolismo 

energético y la existencia de un nuevo tipo de lanzadera de poder reductor (de lactato), 

la cual transfiere equivalentes reductores desde el citosol con la reducción del piruvato 
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por la lactato deshidrogenasa citosólica dependiente de NAO+ (NAD+-LDH) y la 

oxidación del lactato por ambas iLDH mitocondriales. 
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Cytosol-mitochondria transfer of reducing equivalents by a lactate 
shuttle in heterotrophic Euglena 

Ricardo Jasso-Chávez and Rafael Moreno·Sánchez 

Departame1110 de Bioquímica, Instituto Nacional de Cardiología, Tia/pan. Mfxico D. F.. México 

To assess the expression and physiological role of the 
mitochondrial NAO+ -independent lactate dehydrogenase 
(iLOH) in Euglena graci!is, cells were grown with different 
carbon sources, and the o- and L-iLDH activities and severa! 
key metabolic intermediates were examined. iLOH activity 
was significan! throughout the growth period, increasing by 
three- to fo urfold from latency to the stationary phase. 
Intracellular levels of o- and L-lactate were high (5-40 mM) 
from the start of the culture and increased (W-80 mM) when 
the stationary phase was entered. Ali externa! carbon sources 
were actively consumed, reaching a minimum upon entering 
the stationary phase, when degradation of paramylon star
ted . The leve! of A TP was essentially unchanged under 
ali experimental conditions. Oxalate, an inhibitor of 
iLOH. strongly inhibited oligomycin-sensitive respiration 
and growth . whereas rotenone, an inhibitor of respiratory 

The respiratory chain of mitochondria isolated from 
heterotrophic Eug/ena exhibits severa! unusual characteris
tics. lt has a cyanide-insensitive alternative oxidase and 
an antimycin-insensitive, myxothiazol-sensitive, quinol
cytochrome e oxidoreductase [ 1 ]. lt also contains active 
membrane-bound NAO + -independent o- and L-lactate 
dehydrogenases (o- and L-iLOH) that directly transfer 
electrons to the quinone pool [2]. Similar enzymes that 
contain FAO or FMN as prosthetic groups have also been 
described in bacteria! respiratory chains [3]. In addition, the 
quinone pool in Eug/ena mitochondria has equal concentra
tions of ubiquinone-9 and rhodoquinone-9 (4], which is a low 
redox-potential quinone also found in purpie bacteria (5]. 

We described recently that mitochondria, isolated from 
Euglena cultured with glutamate/malate (glu/mal) as the 
carbon source and harvested in the early stationary growth 
phase, exhibited stereospecific o- and L-iLOH activities [2]. 
Both enzymes were able to reduce the artificial high redox
potential ubiquinones-1 and -2; o-iLOH showed a higher 

Correspmulence ro R. Jasso Chávez, Deparlarncnto de Bioquímica, 
Jnsti tuto Nacional de Cardiologia , Juan Badiano No. l. Col. Sección 
XVI. Tla lpan. Mexico D. F. 14080, Mexico. 
Fax: + 52 555 573 0926, Tel.: + 52 555 573 291 1, 
E-mail: rjassoch @aol.com 
Abbreviations: COX, cytochrome ,. oxidase; glu/mal , glutamate/ 
mala te: iLDH . independent lactate dehydrogenase; LDH, 

lac.:tale dehydrogenase. 
(Received 15 Scptember 2003, revised 15 October 2003, 
acceptcd 23 October 2003) 

complex 1, only slightly affected these parameters in lactate
grown cells. Isolated mitochondria exhibited externa! 
NAOH-supported respiration, which was sensitive to rote
none and flavone, and an inability to oxidize pyruvate. 
Addition of cytosol, NAOH and pyruvate to mitochondria 
incubated with rotenone and flavone prompted significan! 
0 2 uptake, which was blocked by oxalate. The data sug
gested that iLOH expression in Euglena is independent of 
substrate availability and that iLOHs play a key role in the 
transfer of reducing equivalents from the cytosol to the res
piratory chain (lactate shuttle). 

Keyivords: energy metabolism; lacta te metabolism; NAO + -
lacta te dehydrogenase; NAO + -independent lacta te 
dehydrogcnase. 

catalytic efliciency than L-iLOH, a pattern also observed 
in bacteria! systems [6]. lt was remarkable that Euglena 
mitochondria showed both enzyme activities because cells 
were grown with a carbon source difTerent from DL-lactate 
or glucosc. 1 n other systems, only one of these enzymes is 
constitutive. In bacteria , the inducible enzyme is expressed 
in the presence of glucose or o- or L-lactate (7,8], and 
repressed in the presence of the respiratory metabolites 
succinate or glutamate (8-1 O]. In yeast, iLOH is expressed in 
aerobiosis and repressed by anaerobiosis (11]. Exceptions 
to this general behavior in bacteria! systems are Neisseria 
meningitidis and N. gonorrhoeae, which constitutively 
express both enzymes (6,12]. 

The highest rates of electron transport and A TP synthesis 
in Euglena mitochondria are achieved with o- and L-lacta te 
as oxidizable substrates (1,13]. Pyruvate cannot be oxidized 
under aerobiosis, as these mitochondria lack the pyruvate 
dehydrogenase complex (4] and the pyruvate/NAOP + 
oxidoreductase is inactivated by 0 2 (14]. In consequence, 
to obtain a maximal benefit from glycolytic intermediates, 
cytosolic lactate oxidation cou ld proceed through the 
mitochondrial iLOH. Therefore, to elucidate the pa rticipa
tion of iLOH in the energy metabolism of heterotrophic 
Euglena, cells were grown with difTerent carbon sources, 
such as glu/mal, DL-lactate, or o-glucose. The variation in 
concentrations of severa! relevan! metabolites (o-lactate, 
L-lactate, pyruvate, pa ramylon, A TP) and carbon sources 
was determined. The respiratory rates and the activities of 
the iLOHs were a lso measured at ali the difTerent growth 
stages in an attempt to establish whether the oxidation of 
lacta te supports the cellular supply of A TP. 

2 1 



© FEBS 2003 

Materials and methods 

Materials 

o-glucose, 2,6-dichloroindophenol, L-lactate, o-lactate, 
pyruvate, N,N,N',N'-tetramethylphenylenediamine, stigm
atellin, SDS, phenylmethanesulfonyl fluoride, carbonyl 
cyanide m-<:hlorophenylhydrazone, safranine O, 1-bromo
dodecane, rotenone, flavone, and BSA were from 
Sigma. [3H)H20 and 3H-labeled inulin were from New 
England Nuclear. NAD+, NADH, hexokinase, NAD + -
malate dehydrogenase, NAD + -glutamate dehydrogenase, 
NADP + -glucose-6-phosphate dehydrogenase, and NAD + -
L-LDH were from Boheringer. NAD + -o-LDH was from 
Roche. 

Cell culture and isolation of cellular fractions 

Culture of E. graci/is strain Z with 33 mM glutamate + 
17 mM malate (glu/mal), 33 mM DL-lactate [1 5) or 75 mM 
glucose as the carbon source, and preparation of mito
chondria, were carried out as described previously [2). The 
cell number was determined by counting in a hemocyto
meter. Mitochondrial yields from 1 L cultures with glu/mal 
or lactate media were 5(}...70 or 30-40 mg of protein, 
respectivcly. 

lsolation of the cytosolic fraction was carried out using 
the postmitochondrial supernatant (usually 70 mL), which 
was centrifuged for 45 min al 225 000 g. The resulting 
supernatant was concentrated in an Amicon ultrafiltration 
cell , using a YM30 ultrafiltration membrane from Millipore. 
The concentrated fraction, containing :::: 250 mg of protein 
in 15-18 mL of 120 mM sucrose, 10 mM Hepes and 1 mM 
EGTA, pH 7.4 (SHE buffer), plus 10% (v/v) glycerol, was 
stored at - 72 ºC until use. Ali steps were performed at 4 ºC 
and in the presence of 1 mM phenylmethanesulfonyl 
fluoride. a serine-threonine protease inhibitor. 

Enzyme assays 

The cytochrome e oxidase and the L- and o-iLDH activities 
were measured at 30 ºC. as reported previously [2). When 
cytochrome e oxidase activity was determined in vivo, the 
cells were incubated in 120 mM KCI , 20 mM Mops, 1 mM 
EGTA. pH 7.2 (KME buffer), with 10 µM stigmatellin, 
for 1 O min. Then, the reaction was started with 
2 mM N,N,N',N'-tetramethylphenylenediamine and stop
ped, 1- 3 min la ter, by the addition of20 mM azide. NAD + -
LDH activity was measured al room temperature using a 
standard assay [16). 

lntracellular volume determinations 

The distribution of [3HJ-H20 and 3H-labeled inulin across 
the plasma membrane was used to determine the intracel
lular water volume [17). Cells (1 x 10\ cultured with 
different carbon sources and harvested at different times of 
culture, were washed once in SHE buffer. Cells were then 
incubated al 25 ºC in SHE buffer with either 15 µL of 
[
3H]H20 (specific activity 13 300 c.p.m.·mL- 1

) or 0.3 mg 
of 3H-labeled inulin (specilic activity 660-700 c.p.m.·µg- 1

). 

After 30 s, the incubation mixture was poured in to a 1.5 mL 

Lactate shuttle (E11r. J. Biochem. 270) 4943 

microfuge tube that contained, from the bottom, 0.3 mL of 
30% (v/v) perchloric acid, 0.3 mL of 1-bromododecane 
(li = 1.04 g·mL _,) and 0.3 mL of SHE buffer. The reaction 
was stopped by centrifugation at 14 000 g for 2 min at 4 ºC. 
The radioactivity of both top and bottom layers was 
determined in a liquid scintillation counter. The interna! 
water volume was calculated according to the formulations 
proposed by Rottenberg [1 8). 

Mitochondrial respiration and membrane potential 

Oxygen uptake was measured using a Clark-type 0 2 
electrode in mitochondria (1 mg of protein) incubated in 
air-saturated KME buffer. Rate values were determined 
using an oxygen solubility of 420 ng of atoms per mL 
(210 µM Oz) al 2240 m altitude and 25 ºC. The membrane 
potential was determined in mitochondrial suspensions 
(0.5-1 mg of protein) incubated at 25 ºC in 2 mL of KME 
buffer plus 5 µM safranine O and 5 mM potassium phos
phate. The fluorescent signal of the dye was measured at 
586 nm, with the excitation wavelength set at 495 nm [19). 

Cellular break and metabolite extraction 

A 0.9 mL suspension containing :::: 1 x 108 washed cells, 
which were harvested by ccntrifugation at different culture 
time-points, was mixed with 0. 1 mL of ice-<:old 30% (v/v) 
perchloric acid containing 20 mM EGTA, and stirred 
vigorously for 1 min. Samples were centrifuged al 1250 g 
for 2 min. The supernatant was neutralized with 3 M KOH/ 
0.05 M Tris, centrifuged again at 1250 g for 2 min, and the 
new supernatant was frozen immediately at - 72 ºC until 
use. 

Metabolite determination 

L-lactate, pyruvate, A TP, L-malate, glutamate, and 
o-glucose were determined fluorometrically at 30 ºC 
according to standard methods [16). For o-lactate deter
mination, a large amount of NAD +-dependen! o-LDH ( 11 
units) and a relatively long time of reaction (30 min) were 
used in the assay, to ensure complete transformation of 
o-lactate. ln a previous report [l), 1 U ofNAD + -dependen! 
o-LDH anda short incubation ( < 10 min) were used , which 
led to an underestimation of cellular o-lacta te. For glutam
ate, 70 U of glutamate dehydrogenase was used. Thecontent 
of cytochromes a+a3, b, and c+c1 was determined as 
described previously [20). 

Paramylon was determined spectrophotometrically as 
described by Ono et al. [21 ), with sorne modifications. Cells 
were mixed with pcrchloric acid, as described above; after 
centrifugation, the pelle! was mixed with 1 mL of 1 % SDS 
and stirred until homogenization. The mixture was incuba
ted in a boiling waterbath for 15 min and samples were 
centrifuged al 1800 g for 15 min. The pelle! was resus
pcnded with 1 mL ofO.I % SDS and centrifuged again. The 
washed pelle! was resuspended and hydrolyzed in 1 mL of 
1 M NaOH and frozen immediately al - 72 ºC. Beca use 
hydrolysis of paramylon produces high quantities of 
o-glucose, the sensitive cnzymatic method was replaced 
with a colorimetric assay, which yielded reliable results 
under thcse conditions [21). 
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Effect of respiratory inhibitors on 0 2 uptake 
in whole cells 

The rate of oxygen consumption in whole cells, harvested at 
difTerent phases of growth, was measured polarographically 
by using a Clark-type 0 2 electrode under the same culture 
conditions (25 ºC and air-saturated cell-free culture medium 
obtained from each phase of growth). As pH values and 
other unknown factors in the culture medium changed 
throughout the growth period, we decided to use the same 
culture medium for respiratory rate measurements at each 
phase of culture, to maintain a more strict correlation with 
the growth rate, cell density and viability. In the glu/mal 
medium. pH values were 3.5 ± 0.1, 3.5 ± 0.09 and 
6.1 ± 0.1 for 20. 44, and 93 h of culture, respectively. In 
the lactate medium, pH values were 3.9 ± 0.1, 3.5 ± 0.1, 
and 7.1 ± 0.3 for the same culture time-points (mean ± 
SE, 11 = 4) 

The protein content in mitochondria was determine<! 
using the Biuret method with BSA as standard, as 
previously described [ 1,2]. 

Results 

Growth 

E11glena cells cultured in the dark showed a faster rate of 
duplication and reached a higher density in the stationary 
phase (phase 111) when culturcd with glu/mal than with 
lacta te [22] or glucose [23] (Fig. 1 ). The cell density attained 
with lactate or glucose was similar. although with glucose, 
the latency period (phase 1) lasted longer. Cell viability was 
always > 95% under all culture conditions. 

iLDH and cytochrome e oxidase (COX) 

Mitochondria isolated from cells harvested at difTerent 
culture time-points showed significan! L- and o-iLDH 
activities throughout the growth period, even during phase 
1 (Fig. 2). o-iLDH activity was higher than L-iLDH at all 
phases of growth. Surprisingly, the higher activities were 
attained in the glu/mal medium, whereas the lowest rates 
were observed with glucose. Oxidation of glucose for A TP 
generation may forrn lactate, but oxidation of glutamate. 
and malate does nol directly lead to forrnation of the 
iLDH substrates. Ali mitochondrial preparations were 
able to generate a significan! uncoupler-sensitive mem
brane potential , as judged by the change in the safranine 
ftuorescenl signal (data not shown). They exhibited 
respiratory control values (rate of respiration with ADP/ 
rate of respiration without ADP) of 1.4---1.9, with L-lactate 
as an oxidizable substratc, and a respiratory stimulation 
by the uncoupler carbonyl cyanide m-chlorophenylhydra
zone of 3S-95%. These observations indicated preserva
tion of the membrane intactness in at leas! a fraction of 
organelles. 

The increase in iLDH activity observed with progression 
of cell growth (Fig. 2) might be related toan increase in the 
cellular content of mitochondria or to a specific enhance
ment of iLDH. To distinguish between these two possibil
ities, the level of COX, a mitochondrial inner membrane 
enzyme, was determined in intact cells throughout thc 
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Fig. l. Growth of Eugl~na graci/is. The initial inoculum was 0.2 x 106 

cells·ml -I for ali culture conditions. Carbon sources werc glutamate/ 
malate (glu/mal) (• ), OL-laclale (O), or glucose (.6. ). Roman numerals 
represen! !he different phases of growth: l. lalency (0-15 h): 11 , expo

nenlial ( 15-72 h); and lll . stalionary (72-114 h). Values represen! lhe 

mean ± SEM of al Jeast five different cultures. 

growth period (Table 1 ). Deterrnination of the COX 
activity in isolated mitochondria yielded less reliable results, 
probably owing to a loss of cytochrome e during the 
sonication step in thc isolation procedure. After an initial 
burst in COX activity when cells initiated phase 11 of 
growth, this mitochondrial activity (the concentration of 
COX) remained constan! in lactate and glucose media; in 
glu/mal medium, COX activity stabilized after reaching 
phase 111. In consequence, the iLDH/COX ratio increased 
in the three culture media, from 0.4 to 0.5 in phase 1, to 0.8-
2.0 in phase 111. Determination of the cytochrome a + a3 
content in isolated mitochondria from cells grown in lactate 
medium also showed a significan! increase (P < 0.025) 
from phase 1 (47 ± 13 pmol-mg- 1 of protein; n = 3) to 
phase 11 (70 ± 10 pmol·mg- 1 of protein; n = 10) and 111 
(89 ± 18 pmol·mg- 1 of protein; 11 = 4). Therefore, these 
data may be interprete<! in terrns of an enhancement in both 
iLDH activities with the progression of growth in the three 
culture media (Table 1). 

L- and o-lactate 

The presence of very active iLDH suggested that the 
intracellular concentration of o- and L-lactate might be 
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l'ig. 2. L· and o-NAD+ independenl laclale dehydrogcnasc (iLDH) 
actil'ities. (A) L-iLDH . (B) o-iLDH . Freshly prepared milochondria 

(0.05 mg of protein·mL- 1
) . isolated from cells rnltured with glut <.tmatc/ 

malale (glu/mal) (• ), DL-laclale (O ), or glucose C-"), wcrc incubalcd as 
described in the Materials and mcthods. The reaction was starled by 
addition of 30 mM L- oro-lacta le . Yalues represent the mean ± SEM 
of al least three ditferent preparations. See the legend to Fig. 1 for 
other experimental details . 

maintained at a low leve! throughout the groW1h curve as 
a consequence of the high enzyme content. To estimate 
the concentration of these and other metabolites, the 
intracellular water volume was detennined at different 
time-points of culture. There was a significan! decrease 
(P < 0.005) in the cell volume (given as µL per 107 cells) 
from phase 11 ( 1.4 ± 0.2; n = 9) to phase III (O. 7 ± 0.1 ; 
n = 4) with glucose; in contras!, with glu/mal (2 ± 0.2; 
n = 13) and lactate (l.86 ± 0.16; n = 8), it remained 
constan!. 

Unexpectedly, the concentrations of o- and L-lactate 
were high and sufficient to maintain high ratcs of iLDH 
(Fig. 3). A minimal conccntration was reached by the 
time of transition between phase 11 and III ; the initiation 
of lhe stationary phase induced a significan! elevation in 
the concentration of L-lactate with the three carbon 
sources, and of c:>-lactate with glucose. Under all culture 
conditions and culture time-points, the intracellular con
ccntration of L-lactate was always higher than that of 
c:>-lactate, except for the initial 15 h of culture with 
DL-lactale (Fig. 3). 

Lactate shuttle (Eur. J. Bioche111 . 270) 4945 

Table l . N,N,N,N -tctramcthylphenylenediamine oxidase activities in 
whole Eugk1111 cells. Cells (0.2--0.5 x 106) were incuba red in SHE buffer 
(120 mM sucrose, 10 mM Hepcs, 1 mM EGTA, pH 7.4) wilh 10 µM 

stigmatellin for IO min, and the reaction was started by the addition of 
2 mM N,N,N',N'-lelramethylphenylenediamine, as described in 1hc 

Materials and methods. Addition of ascorbate did not increase the 
N,N,N',N'-letramclhylphenylenediamine oxidase aclivily, probably 

owing to a low cellular permcability. The data shown represcnt the 
mean ± SEM , with thc numbcr of preparations assayed shown in 
parenthesis. 

Hours in 
culture 

20 ± 2 

43 ± 3 
72 ± 2 
92 ± 
115 

Nanogram atoms of oxygen per min per 107 cells 

Glu/mal medium Lactate medium Glucosc medium 

263 ± 53 (5)"b 223 ± 24 (7) 115 ± 21 (4)' 
282 ± 58 (4) 200 ± 26 (6) 168 ± 25 (5) 
532 ± 48 (3)b" 296 ± 61 (4)' 216 (2) 
546 ± 38 (5) . .. 205 ± 41 (6)d 130 ± 24 (4)' 
568 (2) 290 (2) 190 (2) 

Significant differences were found for values with the same super· 
scripl leller. ' " P = 0.05; • P = 0.025; . .. P < 0.005. 

Paramylon, carbon sources and ATP 

The content in cells of paramylon, a linear polymer of 
glucose with ~ l -3 glycosidic bonds and thc Euglena main 
fue! storage (24), varied with the progression of growth, 
reaching a maximum around the time of transition from 
phase 11 to phase III (Fig. 4A). The paramylon content was 
two to three times lower in cells cultured with glu/mal than 
with lactate or glucose, as expected from the respective 
metabolic routes of transformation. A net degradation of 
paramylon commenced with the start of the stationary 
phase in the three culture media . 

Exhaustion of both externa! e:>- and L-lactate correlated 
with the start of the stationary phase (Fig. 4B). Arrival al 
the stationary phase in the glu/mal medium also coincided 
with limitation of L-malate ( < 2 mM). With glucose, net ccll 
growth stopped when the conccntration fell to < 30 mM; 
culture media with initial glucose concentrations of :S 25 mM 
were also unable to support growth (data not shown). 

The intracellular A TP concentrations were maintained at 
an approximately constan! leve! throughout the growth 
period in the three culture media. In glu/mal and Iactate 
media, the ATP concentrations were 1.0, 1.4-1.7 and 
0.6 mM in phases 1, 11 and III , respectively. In glucose 
medium, the A TP leve! varied between 1.5 and 1.9 mM 
during the groW1h period. 

Effect of oxalate on growth and respiration 

To assess whether iLDH activities were essential for 
supplying reducing equivalents to the respiratory chain 
for A TP synthesis, cells were cultured in the presence of 
20 mM oxalate, which is a poten! inhibitor of e:>- and 
L-iLDH [2). In the glu/mal medium, oxalate added at the 
beginning of the culture <lid not alter the growth rate; when 
added after 50 h of culture, oxalate exerted a small, but 
significan!, inhibition of the cell growth (Fig. 5A). In 
contras!, in the lactate medium, oxalate markedly affected 
cell growth (Fig. 58). 
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Fig. 3. lntracellular concentrations of L-lactate and o-lactate in 
Eug/ena. (A) [L-lactale]. (B) [o-laclale]. Cultures with glutamate/malate 

(glu/mal) (•J. DL-lactate (0), or glucose (.6.). See !he texl for values oí 

intracellular water volumes. See the legcnd to Fig. 1 for other experi
mental details. Values represent the mean ± SEM of at least three 
different prcparations . 

The rate of endogenous respiration of glu/mal-grown 
cells was higher than that of lactate-grown cells throughout 
the growth period (Fig. 6, insets). Azide-sensitive 0 2 uptake 
accounted far 90-100% of total respiration in both culture 
conditions, whereas oligomycin, an inhibitor of the A TP 
synthase, induced 70-80% inhibition of total respiration 
(Fig. 6). Thus, cellular respiration in heterotrophic Euglena 
was almost exclusively of mitochondrial origin and associ
ated with oxidative phosphorylation. 

In turn, rotenone, an inhibitor of respiratory complex 1, 
blocked respiration as e!Tectively as oligomycin in glu/mal
grown cells (Fig. 6A), except far a significantly lower 
potency in the stationary phase. Oxalate exerted a small 
e!Tect on respiration in the two initial growth phases, but 
showed a high inhibitory e!Tect, similar to that of oligo
mycin, in the stationary phase. In contras!, in lactate-grown 
cells, rotenone exhibited a diminished inhibition on respir
ation, whereas oxalate exerted a stronger inhibition in the 
latency and logarithmic phases (Fig. 6B). These data 
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Fig. 4. Cbanges in paramylon and carbon sources in Eug/ena. (A) 
Paramylon from cells cullured with glutamate/malate (glu/mal) (• ). 

DL-lactate (0), or glucose (&). (B) Carbon source. Initial concentra
tions of carbon source were 35 mM glutamate (•), 17 mM mala te (0). 
23 mM L-lactate (e ), 11 mM o-lactate (0), and 75 mM glucose (.6.). 
The rate of disappearance of the externa( carbon sources at the start of 
culture was faster for glucose (15 mwday- 1

) and slower for L-malate 
(6.6 mM·day- 1

), L-laclale (4.9 mM·day- 1
) , o-lactate (3.1 mwday- 1

), 

and glutamate (2.3 mwday- 1
) . Values represen! !he mean ± SEM oí 

three differcnt prcparations. 

suggested a lower contribution of complex 1 to electron 
flux , which was compensated far by an increased contribu
tion of iLDHs. 

In agreement with the cellular respiration data, oxalate 
produced a marked reduction in the A TP levels in the three 
growth phases of the lactate-grown cells as well as in the 
logarithmic and stationary phases of glu/mal-grown cells 
(Table 2). 

Cytosol-dependent pyruvate oxidation in Euglena 
mitochondria 

The high rate of oxidative phosphorylation attained with 
lactate in mitochondria isolated from Eug/ena (1,13] 
suggested that this substrate might provide a direct link 
between glycolysis and the respiratory chain, far an efficient 
energy supply. The metabolic link might be mediated by the 
cytosolic NAO + -LDH (by reducing pyruvate to genera te 
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Fig. 5. Effect of oxalate on E11glena growth. Cells were culturcd in 

glutamate/malate (glu/mal) (A) or lactate mcdium (B). with no furthcr 
additions (• ). or \llith 20 mM oxalate added al the start of culture (0 ) 

or afler 52 hin glu/mal grown cells (A, A) or 38 hin lactatc grown cclls 
(B. A.). Data represent the meC\n ± SEM of thrce differcnt (.;Ultures. 
11.,b P < 0.05, Student's /-test for nonpaircd samples: e P < 0.025: 
'p < 0.01. 

lactate) and the mitochondrial iLOH. To test this hypothe
sis. the oxidation of pyruvate by mitochondria in a cytosol
dependent reaction was assayed (Table 3). 

Oxidation of o- and L-lactate was completely blocked by 
oxalate, whereas oxidation of externa! NAOH [13] was fully 
inhibited by rotenone plus flavone (an inhibitor of externa!, 
rotenone-insensitive NAOH dehydrogenases [25]) . Eug/ena 
mitochondria were unable to oxidize added pyruvate 
(Table 3), in agreement with previous reports [4, 14,26]. 
However, in the presence of a concentrated cytosolic 
fraction. mitochondria isolated from cells grown in glu/ 
mal medium exhibited an active oxidation of pyruvate. This 
pyruvate oxidation was insensitive to rotenone and flavone, 
but was NAOH dependent and sensitive to oxalate 
(Table 3); an identical result was attained when NAOH 
and the cytosolic fraction were added to mitochondria 
previously inhibited by rotenone and flavone, and pyruvate 
was added last (data not shown). Substitution of the 
E11g/ena cytosolic fraction with commercial NAO + -LOH 
from rabbit skeletal muscle also resulted in the activation of 
pyruvate oxidation. Addition of oxalate prior to NAOH 
or pyruvate abolished the cytosol-dependent oxidation of 
pyruvate (not shown). These observations suggested that 

Lactate shuttle (Eur. J. Biochem . 270) 4947 

A 
100 · - ---·---------· 

80 
"2 

5 g 60 
~ 15 
~ :.e 
·a..!: 40 

~ o 
<F. 20 

o 

100 

80 

"2 60 
e o 
o :¡::; 

:¡::; :o 
~ :e 40 
·a. .5 .,, _ 
~ o 20 
~ 

o 

¡~ 

o. ¿;~t=Q 1f 
a '° ~ o 

eo 

30 
22• .. 72 96 

2 24 36 48 60 72 84 96 

Ho urs of culture 

B 

' ·----' 
~:==;::====r 
§, '"ts; 90 : !d 
f b, c 00 

JO 

'" .. 72 .. 
2 24 36 48 60 72 

Hours of cu lture 
84 96 

Fig. 6. Cellular rcspiration of Euglena. Cclls (>-6 x JO'). harvcsted 
from glutamate/malate (glu/mal) (A) or lactate media (B) by centrif
uga tion and resuspended without washing, were incubated in the same 
air-sa turated, cell ·frec culture rnedium at 25 ºC for 15-20 min in the 
presencc of20 mM azide (• ). 20 mM oxalatc (0), 10 µM rotenone (ó. ) 

or 30 µM oligomycin (A). The rate of respiration was measured as 
indicatcd in 1he Materia Is and methods. Inset y-axis: basal respiration, 

without inhibitors, in nanogram atoms of oxygen per min per 107 cclls. 
Values represen! the mean ± SEM of three ditferent cultures. a.c.d P < 

0.025; • p < 0.005. 

NAO + -LOH was the specific protein component from the 
cytosol required to reconstitute pyruvate oxidation by 
Euglena mitochondria. 

Discussion 

Control of growth by the carbon source 

The faster rate of cell duplication and higher cell density 
reached in the stationary phase with glu/mal suggested a 
more ellicient oxidation of these two mitochondrial sub
strates and a comparable, lower, rate of oxidation of 
glycolytic substrates (Fig. 1 ), i.e. glycolysis limits growth 
in heterotrophic Euglena. With DL-lactate as the carbon 
source, glycolysis was bypassed and the growth rate was 
accelerated, but it was still slower than with glu/mal. These 
observations may also derive from (a) a faster delivery of 
reducing equivalents to the respiratory chain by the Krebs 
cycle enzymes than by iLOH, (b) a low availabi li ty of 

26 



4948 R. Jasso-Chávez and R. Moreno-Súnchez (ELt r. J. Biodiem . 170) © FEBS 2003 

Table 2. ATP and lactate len~ls in E11glenu. Values rcprcsent nmol oí ATP or L-lactate per 107 c.-ells. Cells, harvcs ted <.t i the indicated time-points of 
culture and from the media shown, werc incubatcd with no inhibitors, or with 20 mM oxalate or 30 µM oligomycin. for 15-20 min at 25 ºC with 
orbital shaking. Thcn. the cel l suspension was mixcd wl1h 3% perchloric acid. Thc metabolites were determined as described in the Materials and 
mcthods. Thc data shown represen! thc mea n ± SEM. wlth the number of preparations indicated in parenthesis. 

Glu/mal medium 

ATP 

18 h of culture 

Control 0 .74 ± 0.10(3)' 
+ oxalate 1.01 ± 0.15 (3) 

+ oligomycin 0.42 (2) 

43 h of culture 

Control 0.54 ± 0.20 (3) 
+ oxalatc 0.22 ± 0.13(3) 
+ oligomycin 0.30 ± 0.16 (3) 

92 h of culture 

Control 0.46 ± 0.14 (3) 

+ oxa late 0.33 (2) 

+ oligomyci n 0.13 ± 0.07 (3) 

,_._, p < 0.05; d p < 0.01. 

Table 3. ()1osol-dependent pyrm·ate oxidation in Euglena mitochon
dria. Mitochond ria (1 mg of protein). isola lcd from ce lls grown for 
96 hin gluli1matc/mala1e (glu¡mal) medium. wcn.: udded to 1.5 ml of 
KME buffer (1 20 ni>1 KCI. 20 mM Mops, 1 ni>1 EGTA. pH 7.2) ut 

25 ºC. Th~ ratc of rcspiration was determined in thc prescncc of thc 
indicated additions, as described in the Matcrü1ls and mcthods. Ü:<<t

\ate was added afler thc oxidizable substrate. Addi lions: 4 mM L·lac
late or o-lactate, 1 mM NADH, 4 mM pyruvate (Pyr), cytosolit.: 
fraction (170 mU NAD' -lactale dehydrogenase (LDH)], commerdal 
NAD ' -LDH ("' 170 mU). rotenone (Rol), fla vone (Flav). Data 

shown represenl the mean ± SEM. with thc number of experiments 
indicated in parenthesis. 

L-lactate 
+ 3 mM oxa late 

o-lacta le 
+ 3 mM oxa late 

NADH 
+ 3 mM oxalatc 

NADH 
+ 7 ~1 i\ 1 rotenone 

NADH 
+ 50 µM flavone 

Pyruvate 
No substra te addc:d 

Rot + Flav + NADH + 
cytosolic fracti on + Pyr 

+ 3 rnM oxa latc 

Rot + Flav + NADH + 
(commercial NAD ± LDH) + Pyr 

+ 3 rnM oxalatc 

0 2 uptake rnte (nanogram 
atoms of oxygen 
min·mg- 1 of protein) 

68.5 ± 13 (4) 
10 ± 7 
259 ± 31 (4) 

5 ± 4 
180 (2) 
170 
171 ± 26(4) 

6 ± 5 
230 (2) 
16 

3.7 ± 2.7 (4) 
11 ± 4 (3) 

90 ± 9 (4) 

5 ± 3 

123 (1) 

organic nitrogen (and carbon) or (c) a diminution of the 
anaplerotic reactions of the Krebs cycle with lactate as the 
carbon source. 

Lactatc mcdium 

L-lactate ATP L-lactate 

23.3 (2) 1.68 ± 0.30 (3)'·· 160 (2) 

32 (2) 0 .70 ± 0.08 (3)b 156 (2) 

21 (2) 0.91 (2) 164 

16 (2) 0.44 ± 0.03 (3J'·d 106 (2) 
17 (2) 0.18 ± 0.09 (3)' 131 (2) 
14 (2) 0. 11 ± 0.06 (3)' 102 (2) 

7.9 (2) 0.70 ± 0.10(3) 82 (2) 

10 (2) 0.46 ± 0.12 (3) 92 (2) 

8.6 (2) 0.26 ± 0. 14 (3) 83 

The Jower capacity of Euglena to grow with carbohy
drates as the carbon source has been previously described 
[24]. The slower growth in the glucose medium might 
involve a glucosc transporter with a low aílinity for glucose 
and probably with a strong product inhibition, together 
with a small transporter content, as glucose concentrations 
Jower than 30 mM were unable to support cell growth. 
Other groups have also reported a simi lar growth require
ment for high concentrations of glucose in Eug/ena (27- 29]. 

In agreement with previous reports (21 ,23,30], it was 
observed that the degradation of paramylon in Euglena 
started upon arrival al the stationary growth phase, when 
the externa) carbon source was exhausted. The concomitant 
elevation in the concentration of both lacta te isomers could 
probably proceed from paramylon, through the glycolytic 
pathway, which is functional in Eug/ena extracts [31] (also 
see below). The content of paramylon was lower in cells 
with a higher rate of growth (glu/mal-grown cells), and 
three- to fourfold higher in cells with lower growth rates 
(lactate- and glucose-grown cells). Thus, the carbohydrate 
storage in heterotrophic Euglena seemed to depend inversely 
on the ability of cells to duplicate. Recycling of stored 
carbohydrates is a lso apparently essential for growth in 
Mycobacteriwn smegmatis (32]. 

Expression of ilDH 

In contras! to bacteria and yeast, significant activities of 
both o- and L-iLDH were detected in Euglena grown in the 
absence of lactate or glucose as an externa! carbon source 
[7,8, 1 I]. In Escherichia co/i, the induction of L-iLDH is 
highly sensitive to modulation by the carbon source in the 
culture medium [33]. In this work, it was found that Euglena 
mitochondria showed an increase in o- and L-iLDH 
activities throughout the growth period, and under ali 
experimental conditions, despite the presence of saturating 
intracellular concentrations of o- and L-lactate. These data 
indicated that, in contras! to bacteria, the expression of 
iLDH in Eug/ena is not dependen! o n substrate availability. 
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Aerobiosis might be the condition that regulates mitocond
rial iLDH expression , as observed in yeast [11]. Indeed , 
isolated mitochondria from Eug/ena, cultured with glu/mal 
under partially anoxic conditions, showed a six- to ninefold 
reduction in o- and L-iLDH activities (data not shown). 
Furthermore, other metabolic changes in Euglena, such as 
paramylon degradation, might also induce iLDH expres
sion. In this regard, incubation of Eug/ena cells in 0.2 M 
NaCl for 2 h showed 35% reduction in paramylon, which 
was probably used to synthesize trehalose [34]. Interestingly, 
an enhancement of three- or fourfold in o- and L-iLDH 
activities accompanied increased utilization of paramylon 
under saline (0.2 M NaCI) stress, suggesting that iLDH 
expression in Euglena was associated with aerobic para
mylon degradation (data not shown). 

The observation that the intracellular steady-state con
centration of L-lactate was higher than that of o-lactate 
suggested that the cytosolic synthesis of the former meta
bolite was faster, i.e. the NAO + -dependen! (glycolytic) 
L-LDH was more efficient than the NAO + -dependen! 
(glycolytic) o-LOH. Indeed, the NAO+ -LOH activity 
contained in the cytosolic fraction produced 74 ± 25 and 
24 ± 7 nmol of L- and o-lactate/(min x mg protein), 
respectively (mean ± SE, n = 3). These data correlated 
with the catalytic efficiency of the mitochondrial L-iLOH 
and o-iLDH, which was higher with the !alter enzyme [2], 
resulting in a lower intracellular leve! of o-lactate than of 
L-lactate. 

Most of the lactate formed remained trapped intracell
ularly, resulting in a massive accumulation of this metabo
lite (Fig. 4). This observation suggested that the reverse 
reaction of the plasma membrane lactate transporter was 
negligible. In this regard, the accumulation of intracellular 
proline and the growth rate of Saccharomyces cerevisiae 
inversely correlate. when cells a re grown under normal 
osmotic conditions [35). By comparison. E11g/e11a accumu
lated high levels of o- and L-lactate (up to 80 mM in glucose
grown cells), but growth was similar to that achieved by 
lactate-grown cells, which accumulated a much lower leve! 
of lactate (Figs 1 and 3). Thus, an inverse correlation was 
rather found between lactate accumulation and interna! 
water volume, in which the synthesis and discharge of 
metabolites such as trehalose [34], or balancing the Na + and 
K + concentrations [17], probably attenuated osmotic stress. 

lactate shuttle 

The efTect of oxalate on growth, 0 2 consumption, and A TP 
levels in Euglena cells was determined in an attempt to 
establish the role of iLDH in the energy metabolism. 
However, oxalate may also afTect severa! other difTerent 
enzymes, no! only the mitochondrial iLDH, in addition to 
altering Mg2+ and Ca2 

+ homeostasis by forming insoluble 
complexes. For instance, oxalate may also inhibit liver 
pyruvate carboxylase as well as pyruvate kinase from 
muscle, erythrocytes and liver, with inhibition constan! 
values of 6-- 11 µM [36]. In hepatocytes, the addition of 
oxalate decreases the Krebs cycle flux owing to an 
oxaloacetate shortage, as a result of pyruvate carboxylase 
inhibition [37] . Although it is possible that oxalate may 
inhibit di!Terent enzymes in E11gle11a, it should be noted that 
in cells grown with glu/mal as the carbon source, oxalate <lid 
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not afTect growth. suggesting a negligible efTect on the 
pathways primarily utilizing pyruvate. Moreover, the acti
vity of the NAO + -LDH in the cytosolic fraction was not 
inhibited by 15 mM oxalate (data not shown). However, 
cells cultured in glu/mal and harvested in the late phase of 
culture showed glycolytic rates, at 30 ºC, of 0.4 and 
0.6 nmol of L-lactate per min per 107 cells, in the presence 
and absence of oxalate, respectively. These data suggested 
that in Euglena, oxalate also slightly inhibited enzymes 
(probably pyruvate kinase and preceding enzymes) involved 
in the glycolytic pathway, although glycolysis was not 
apparently required for growth in the early phases, in cells 
grown in either glu/mal- or lactate. 

Oxalate showed a higher inhibitory potency on respir
ation and A TP levels of lactate-grown cells than of glu/mal
grown cells (Figure 6, Table 2), although in phase 111 of 
growth, glu/mal-grown cells showecl an increase in oxalate 
sensitivity. These findings suggested an essential role of 
iLOH in supplying reducing equivalents for oxidative 
phosphorylation in cells cultured with lactate as the carbon 
source. In glu/mal-grown cells, the iLOH relevance was 
attenuated by the enhanced participation of the respiratory 
complex l. 

Moreover, lactate oxidation by the cytosolic NAD + -
LOH was low (1.5 and 5.5 nmol·min-1·mg-1 of cytosolic 
protein) for 20 mM L- and o-lactate, respectively), whereas 
the intracellular concentration of pyruvate was determined 
to be 0.5 ± 0.17 mM (11 = 5). The Km value of the NAD + -
LOH for pyruvate was 1.2 ± 0.1 mM with a V max of 
120 ± 5 nmol·min- 1·mg- 1 of cytosolic protein (11 = 5). 
Therefore, the only way to actively oxidize lactate in 
Euglena appears to be by using mitochondrial iLDHs. 

In S. cerevisae, oxidation of cytosolic NAOH involves 
the NADH-, glycerol-3-phosphate-, and ethanol-acetalde
hyde shuttles [38). In Euglena, our group reported evidence 
ofa functional malate-aspartate shuttle [13), whereas, in the 
present work, the existence of a novel lactate shuttle is 
proposed (Scheme 1). The lactate shuttle involves the 
cytosolic NAO + -LDHs (reducing pyruvate to lacta te) and 
the mitochondrial membrane-bound iLOHs (oxidizing 
externa! lactate to pyruvate) which are flavin-linked 

1) Glycolysis 
l)NAD·-LDIJ 

glucose J) D- and L-1LDH 

k 
paramylon 4) Respira1ory chain 

S) Alaninc transam1nasc 

:~~.. 4., 

1 \ <2) l~c:t?) e 
alanine 

Other metabolic 
routes 

Scheme l. Lactate shuttle in Euglena. 
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dehydrogenases (R. Jasso-Chávez and R. Moreno-Sánchez, 
unpublished data). In fact . E11glena is the first eukaryotic 
organism in whích thís type of metabolic shuttle has been 
described. 

Recently, the existence of lactate oxidation in mamma
lian mitochondria was reported.[39]; however, a transpor
ter was required for the internalization of lactate and 
subsequent oxidation by soluble intramitochondrial 
NAD+-LDH. In both rat heart and liver mitochondria, 
specific L- and o-lactate/pyruvate antiporters have been 
described [40]. These authors proposed that the mito
chondrial o-lactate oxidation system may account for the 
removal of cytosolic o-lactate produced by the glyoxalase 
system, whích removes the toxic methylglyoxal formed 
from triose phosphates, ketone body and threonine meta
bolism [41]. In Euglena mitochondria, a lactate transport 
reaction is not required beca use the catalytic site of iLDH 
is located in the externa! side of the inner membrane [2]. 
However, the o-lactate shuttle might have a similar 
function of removal of toxic by-products. Indeed, it was 
previously shown [2] that E11glena mitochondria exhibited 
transport of t-lactate. but its rate was not sufficient to 
support the iLDH activity. Moreover, t-lactate transpon 
was inhíbited by mersalyl. while oxalate and oxamate were 
ineffective; in contras!, iLDH activity was not affected by 
mersalyl, but instead it was strongly inhíbited by oxalate 
and oxamate. 

The inability for aerobe pyruvate oxidation in E11g/ena 
[4. 14] makes evident the advantage of having a lactate 
shuttle in whích a maximal benefit from glycolytic inter
mediates may be reached through the enhanced efficiencies 
in the transference of reduced equivalents from the cytosol 
to the respiratory chain. 
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2.2. Datos no mostrados en el artículo de investigación. 

El aumento en las actividades de la D-iLDH y L-iLDH y de las 

concentraciones intracelulares de los dos isómeros de lactato, correlacionó 

estrechamente con la desaparición de la fuente de carbono externa y el inicio de la 

degradación del paramilo; lo que sugería que el metabolismo del paramilo estaba 

ligado al aumento del lactato intracelular. Así, la expresión de ambas iLDH no está 

determinada por la fuente de carbono externa, sino por la concentración 

intracelular de D-lactato y L-lactato respectivamente, ya que siempre son altas 

debida a la degradación del paramilo. Precisamente, la inducción de la síntesis de 

ambas iLDH podría estar relacionada de alguna forma con la degradación de 

paramilo, más que con la disponibilidad de su sustrato. Para contestar esta 

pregunta , incubamos células glu/mal de 96 horas de cultivo en presencia de 0.2 M 

de NaCI durante 2 horas. Esta condición de estrés salino provoca en Euglena una 

degradación activa de paramilo para la síntesis de trehalosa (Takenaka y cols. 

1997). Detectamos el mismo porcentaje de degradación de paramilo que el 

reportado, pero además, un incremento de 3 y 5 veces en las actividades de L- y 

D-iLDH respectivamente (Figura 5). 

En levaduras y bacterias la expresión de la iLDH inducible está sujeta a la 

disponibilidad de oxígeno (Somlo, 1965; luchi y Lin, 1988). En el mismo orden de 

ideas, nosotros cultivamos a Euglena en baja tensión de oxígeno y determinamos 

la actividad de la D- y L-iLDH en mitocondrias aisladas. En estas condiciones, la 

cantidad de proteína mitocondrial fue muy semejante a la obtenida para células 

cultivadas en aerobiosis (55-60 mg de proteína/L de cultivo), pero las actividades 

de la D- y L-iLDH disminuyeron 9 y 15 veces respectivamente (Tabla 2) . Es 

importante señalar que la actividad de la citocromo e oxidasa (TMPDox) también 

disminuyó en condiciones de baja tensión de oxígeno: Sin embargo, la relación 

TMPDox/iLDH fue mayor en condiciones de baja tensión de oxígeno que en 

aerobiosis, lo que sugiere que efectivamente existe una disminución en la cantidad 

de iLDH en estas mitocondrias. 
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Figura 5. Efecto del estrés salino sobre el contenido del paramilo. Las células 

se incubaron durante diferentes tiempos con 0.2M de NaCI, después se tomó una alícuota 

de células y se determinó el contenido de paramilo. Para determinar las actividades de 

iLDH, las células se rompieron con un sonicador de baño durante 30-40 min en presencia 

de 0.05% de tritón X-100 hasta que la viabilidad fuera menor al 5%. La actividad de 

enzimática se determinó con 30 mM de L- o D-lactato respectivamente. La actividad de L

iLDH y D-iLDH así como el contenido del paramilo al tiempo cero fueron: 9 ± 2 y 20 ± 2.5 

nmoles /min x 107 cels., y 0.45 ± 0.08 mg/107 cels., respectivamente. Los valores son el 

promedio de 4 experimentos ± E. S. 
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Tabla 2. Actividad de las iLDH y TMPD oxidasa en mitocondrias aisladas 

Mitocondrias aeróbicas * Mitocondrias anaerobias 

D-iLDH (mU/mg prot) 340 ± 38 40 (2) 

L-iLDH (mU/mg prot) 230 ± 18 15 (2) 

TMPD oxidasa 450 ± 35 106 (2) 

(nat O/min x mg prot) 

(n). número de experimentos. * Estos valores fueron tomados de Jasso-Chávez y cols. 

(2001) . 

Para evaluar si la D-iLDH y la L-iLDH eran esenciales para obtener la 

energía requerida para todos los procesos celulares, cultivamos a las células en 

glu/mal y en lactato en presencia de oxalato, un potente inhibidor de las iLDH y 

determinamos el efecto sobre el crecimiento celular, la respiración ligada a la 

fosforilación oxidativa y la cantidad de ATP. Sin embargo, el oxalato puede inhibir 

a otras enzimas involucradas en la parte baja de la glucólisis y a la piruvato 

carboxilasa, así como quelar al Ca2
+ y al Mg2

+. Determinamos que el oxalato 

inhibió la velocidad de glucólisis en Euglena . pero sólo a tiempos mayores que los 

utilizados en los experimentos anteriores, que fueron de 15 minutos (Figura 6) . 

Además, ni las células glu/mal ni las lácticas parecen utilizar a la glucólisis en las 

fases 1y11 de los cultivos. 
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Figura 6. Efecto del oxalato sobre la velocidad de la glucólisis en Euglena. 

Las células cultivadas 96 horas en glu/mal, se incubaron a diferentes tiempos en ausencia 

y en presencia de oxalato, se tomaron alícuotas, se realizaron extractos ácidos y se 

cuantificó la producción de L-lactato. Los datos mostrados son el promedio ± E. S. de 3 

experimentos independientes. 

34 



3. Purificación y Caracterización Cinética de los Componentes de la 

lanzadera de Lactato de Euglena 

El hecho de que las iLDH de bacterias y Euglena funcionalmente presenten 

similitudes en cuanto a su cinética, su capacidad para reducir quinonas y de estar 

conectadas a la cadena respiratoria, sugiere que estas enzimas provienen de un 

origen común. De las enzimas bacterianas secuenciadas, hay entre 40-60% de 

identidad entre las D-iLDH o L-iLDH, aunque en éstas últimas, son muy pocos los 

alineamientos que se han realizado por lo difícil de su purificación debido a su 

labilidad al solubilizarlas en detergentes. 

Después de haber concluido los objetivos del proyecto de la tesis y de 

determinar además, la existencia de una nueva lanzadera de equivalentes 

reductores a partir de la oxidación de lactato, nos planteamos purificar a los 

componentes de esta lanzadera, en un intento por determinar las características 

cinéticas y moleculares de las enzimas que la constituyen. La D-iLDH se ha 

logrado aislar con un buen grado de pureza. Determinamos que esta enzima, al 

igual que las bacterianas, tiene una masa molecular de 62 kDa y es una 

flavoproteína. Tiene la capacidad de reducir quinonas artificiales y es sensible a 

oxalato y a L-lactato. 

La L-iLDH no se logró purificar debido a su labilidad al solubilizarla. Sin 

embargo, logramos extraerla con cierta actividad utilizando al detergente Lubrol. El 

solubilizado se pasó por una resina de intercambio iónico fuerte (Mono Q), las 

fracciones con actividad se colectaron y se hicieron pasar por una columna de 

afinidad (sefarosa-oxamato); A pesar de su poca retención, se logró obtener una 

fracción capaz de reducir quinonas y se inhibió con oxalato. 

En cuanto a la NAD+-LDH citosólica de Euglena (que es la enzima típica de 

la glucólisis), Smillie (1968) reportó que la actividad de oxidación de lactato en 

homogenados de Euglena, era 3 veces mayor para el isómero D que para el 
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isómero L En una fracción concentrada de citosol , encontramos que la reducción 

de piruvato producía lactato en una proporción de 75% del isómero L y 25% del 

isómero D. Esto sugiere la existencia de dos entidades moleculares para la 

producción de cada isómero del lactato. Se determinaron las constantes cinéticas 

para piruvato y NADH, así como la velocidad máxima de la reacción en el sentido 

de la reducción de piruvato ya que la velocidad de oxidación de lactato fue entre 

15-25 veces más lenta. La NAD+-LDH mostró una activación alostérica de tipo K 

por la fructosa-1,6-bifosfato (FBP), disminuyendo la Km por NADH de 3-4 veces y 

por piruvato de 2 veces, aproximadamente hasta la concentración intracelular de 

piruvato que determinamos en E. gracilis. La concentración intracelular de FBP 

durante el crecimiento celular aumentó, ya fuera en células cultivadas con lactato 

o con glutamato/malato como fuente de carbono. Estos cambios en la 

concentración intracelular de FBP van desde valores por debajo de su Ko.s en la 

fase de latencia, hasta valores por arriba de la K05 en la fase estacionaria, lo que 

sugiere que la activación de la NAO+ -LDH puede ser de relevancia para el 

metabolismo energético de Euglena. 

Para concluir este trabajo, es necesario identificar la naturaleza de la flavina 

de la D-iLDH así como terminar la purificación de la NAD+-LDH citosólica. A 

continuación se muestra la primera versión del manuscrito en preparación con 

estos resultados. 
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ABSTRACT 

The structural and kinetic analyses of the components of lactate shuttle from 

heterotrophic Euglena gracilis were carried out. Mitochondrial membrane-bound, 

NAD+-independent D-lactate dehydrogenase (D-iLDH), was purified by using 

solubilization with CHAPS and a heat treatment. The enzyme was a dimmer with 2 

60 kDa (to be confirmed) monomers containing FAD as cofactor. D-iLDH was 

specific far D-lactate and it was able to reduce quinones with different redox 

potential values. Oxalate and L-lactate were mixed-type inhibitors of D-iLDH; the Ki 

value (10 mM) far L-lactate suggested that this enzyme could be inhibited by 

intracellular L-lactate. The mitochondrial L-iLDH did reduce quinones, but it was 

inactivated when extracted from the membrane by detergents. L-iLDH was 

inhibited by the specific flavoprotein-inhibitor diphenyleneiodonium, suggesting that 

L-iLDH was also a flavoprotein. Affinity chromatography revealed that cytosolic 

fraction from E. gracilis contains specific NAD+-lactate dehydrogenases far the 

generation of D-lactate and L-lactate, respectively (D-nLDH and L-nLDH). These 

two enzymes showed an ordered bi-bi kinetic mechanism. The Vm and Km values 

far pyruvate and NADH were different in both enzymes. With D-nLDH, the rate of 

D-lactate oxidation was 40-fald lower than pyruvate reduction, which was inhibited 

by D-lactate (Ki = 15 mM). The L-lactate oxidation by the L-nLDH was not 

detected. lnstead, pyruvate reduction was activated by fructose-1 , 6-bisphosphate 

(FBP), K+ and NH/. lnterestingly, membrane-bound lactate dehydrogenases with 

quinone reductasa activity and D-nLDH have only described far bacteria! systems. 

Moreover, FBP-activated L-nLDH has only been faund in lactic bacteria. Based on 

their similar kinetic and structural characteristics, a possible common origin among 

bacteria! and E. graci/is lactic dehydrogenase enzymes is discussed. 
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1. INTRODUCTION 

The NAD+-independent lactate dehydrogenases (iLDH) are enzymes widely 

distributed in bacteria and yeast. Lactate oxidation is coupled to the respiratory 

chain and hence to the proton gradient formation and ATP synthesis. In bacteria, 

the quinone pool is the physiologic electron acceptor of iLDH, while in yeast, the 

acceptor is cytochrome c. Localization of the D-iLDH in bacteria, is in the inner 

cytoplasmic membrane, while in Sacharomyces cerevisiae the L-iLDH and D-iLDH 

are in the mitochondrial intermembranal space [1 , 2]. In both kinds of 

microorganisms, the iLDHs are flavoproteins, but in yeast, D- and L-iLDH have an 

additional cytochrome b2. Many of these enzymes have been purified and their 

molecular characteristics and kinetic constants have been determined. D-iLDH is a 

60-66 kDa monomer with one FAD molecule per monomer in both bacteria and 

yeast [3, 4]; D-iLDH in yeast seems to be mainly associated with the methylglyoxal 

pathway [4]. On the other hand, the L-iLDH possesses a non-covalently bounded 

FMN molecule as cofactor. In bacteria, L-iLDH is a 45 kDa monomer, and a 240 

kDa homotetramer in yeast [2, 5]. D-iLDH and L-iLDH are inhibited competitively or 

mixed type by oxamate and/or oxalate with Ki values ranging from 3 µM to 2 mM. 

Bacteria may express constitutively only one iLDH, in E. coli, D-iLDH is 

present under many growth condition [7], but the L-iLDH is expressed when cells 

grow aerobically with L-lactate as a carbon source and it is repressed in the 

presence of glucose [8]. These data suggest that the final predominant product of 

glycolysis in E. co/i is D-lactate. In yeast, iLDH expression depends on the 

availability of both, the lactate isomer and oxygen in the growth medium [9]. 

Amino acid alignment made between iLDH from bacteria and yeast shows 

differences among sequences, suggesting a divergent origin for these enzymes [5]. 

In addition, the alignment between D-iLDH and L-iLDH from bacteria shows that D-
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lactate dehydrogenase is a member of the 2-hydroxyacid dehydrogenases family, 

specific for the D- isomer [6) . 

lsolated mitochondria from E. gracilis cultured under aerobic conditions are 

unable to oxidize pyruvate for acetyl-coA synthesis. lnstead, they have the capacity 

to coupling the D- and L-lactate oxidation to oxidative phosphorylation by means of 

isomer-specific lactate dehydrogenases [10, 11). These enzymes reduce directly 

the quinone pool, are membrane-bound enzymes and NAO+ -independent (D-iLDH 

and L-iLDH). They have similar Km values for D- and L-lactate respectively, are 

inhibited competitively by oxamate and in mixed type by oxalate. The D-iLDH is 

thermo-resistant until 70ºC, while L-iLDH is inactivated since 50ºC [1 O] . The D

iLDH and L-iLDH in E. gracilis are expressed constitutively, independently of the 

carbon source and in all phases of growth. Oxygen availability and paramylon 

catabolism (lineal chain of P-1 , 3 glucan) are strongly involved in the increase of 

the D- and L-iLDH activities. Moreover, we have shown that both iLDH as well as 

the NAD+-dependent-cytosolic lactate dehydrogenase (nLDH) perform a lactate 

shuttle, in which the pyruvate produced from paramylon catabolism by means of 

glycolysis, is reduced by the cytosolic nLDH to generate lactate that is oxidize by 

membrane iLDH to produce the reducing equivalents for the oxidative 

phosphorylation [12). 

Then, at least physiologically, both iLDH from E. gracilis seem to be similar 

to the bacteria! enzymes. In the present work, we purified and characterized 

structurally and kinetically the tour components of the lactate shuttle. The 

molecular and kinetic characterization suggested that the lactate shuttle enzymes 

from E. graci/is share a common ancestor with the bacteria! membrane-bound and 

cytosolic lactate dehydrogenases. 

2. MATERIAL ANO METHODS 
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Lubrol, D-lactate, and L-lactate were from ICN. Ubiquinone-1 (Q1), 

dichlorophenol-indophenol (DCPIP), Phenyl-methyl sulfonate fluoride (PMSF), 

CHAPS, pyruvate, fructose-1 , 6- bisphosphate, NAO+, NADH, 

diphenyleneiodonium (DPI), FAD, FMN and molecular weight markers were from 

Sigma. Cyanogen-activated affinity resin coupled to oxamate was from BIO-RAD. 

The molecular exclusion Sephacryl S-200 resin and the blue-sepharose were from 

Pharmacia. Tetrachlorohidroquinone (TCHQ) was kindly gift by Dr. E. Escamilla 

from the IFC, UNAM. 

Cell culture and isolation of mitochondrial and cytosolic fractions 

Euglena gracilis strain Z was cultured in the dark in presence of 33 mM 

glutamate and 17 mM malate as carbon source. lsolation of the mitochondrial and 

cytosolic fractions was made as previously described (10, 12, 13] and kept at -70ºC 

until use. 

Determination of metabolites 

A 0.9 ml suspension containing 1 x 108 washed cells, from different phases 

of growth was mixed with perchloric acid (PCA, 3% of final concentration). This 

mixture was centrifuged and the supernatant recovered and neutral ized with 

KOH!Tris. Pyruvate and FBP were determined fluorometrically at 30ºC by using 

standard enzymatic methods (14]. 

Enzyme assays 

D-iLDH activity was determined in 1 ml of a solution of pH 7.5 that 

contained 20 mM HEPES, 1mM EGTA, 0.2 (w/v) CHAPS, 0.025% (w/v) ~

mercaptoethanol, 0.12 % (w/v) Triton X-100 and 0.5 mM PMSF as protease 

inhibitor (HEC buffer) by measuring the rate of disappearance of either 0.25 mM 

DCPIP p .. 600nm and E= 21 .3 mM-1 cm-1
) [15] , Q1 (A. 273 nm and ¡;= 18.1 mM-1 cm-
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1
) (10], or TCHQ p .. 322 nm and i::= 8.6 mM·1 cm·1). The reaction was started by 

addition of the D-lactate addition. When TCHQ reduction was determined, Tritón

X100 was omitted to avoid interference with the assay. For L-iLOH activity both, 

CHAPS and Triton were replaced by 0.2 % (w/v) of Lubrol. The reaction was 

started by addition of 40 mM L-Lactate. 

Effect of OPI on L-iLOH activity was determined in 1 ml of HE buffer 

(without ~-mercaptoethanol) previously bubbled with N2 for 30 min. Mitochondrial 

protein (0.1 mg) was incubated in the presence of 0.05 mM OCPIP and 0.5 mM L

lactate to maintain the enzyme reduced . After the addition of different OPI 

concentrations, the mixture was incubated for 5 min under N2 atmosphere. The 

activity was determined by measuring the 0.3 mM OCPIP reduction at 600 nm, 

starting with 30mM L-lactate. 

The activity of nLOH was measured in both directions of its reaction; the 

pyruvate reduction was determined in 1 ml of HEC solution at pH 7.0, but 

detergents were omitted (HE buffer) by measuring the rate of disappearance of 

0.25 mM NAOH at A. 340 nm and i::= 6.22 mM·1 cm·1
. The reaction was started with 

addition of fresh pyruvate. NAO+-dependent lactate oxidation was determined in 1 

ml of a solution with 400 mM trizine and 500 mM glycine pH 9 by measuring the 

reduction of 0.8 mM NAO+. The reaction was started with the addition of 100 mM 

D-lactate or L-lactate. To determine the D- and L-lactate production by the nLOH, 

20-50 µg cytosolic protein was incubated in presence of 150 µM NAOH and 0.5 

mM pyruvate in 1 ml of HE buffer. After 1-3 min, the reaction was stopped with 3% 

(v/v) PCA, the mixture centrifuged and the pH of supernatant neutralized. The D

and L-lactate production was determined by using commercial specific NAO+ -

dependent D- (ROCHE) and L-lactate dehydrogenases (Sigma) [12]. 

D-iLDH purification 
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All steps were made at 4ºC. lsolated mitochondria from 90-94h grown cells 

(10] were diluted at 15-18 mg protein/ml in HE buffer. CHAPS was slowly added 

until a detergent/protein ratio of 0.7 was reached . The suspension was strongly 

mixed for 5 min and centrifuged at 40, 000 x g for 20 min. The solubilized D-iLDH 

in the supernatant was incubated in presence of 1 O mM oxalate at 60ºC for 45-50 

min; the heated supernatant was centrifuged at 14,000 x g for 10 min. The 

supernatant was mixed with 50% (v/v) glycerol and stored at -70ºC until use. The 

D-iLDH enrichment throughout the purification steps was monitored by SDS-PAGE 

and activity measurements. 

Partial purification of nLDHs 

The cytosolic fraction was mixed with ammonium sulfate up to 30% 

saturation and incubated for 30 min. The solution was centrifuged at 20,000 x g for 

20 min.The supernatant was mixed with ammonium sulfate up to 75 % (w/v) 

saturation and centrifuged. The pellet was resuspended in HE buffer. This last 

solution was desalted in a Sephadex G-25 minicolumn (2 columns of 0.5 x 5 cm). 

The desalted solution was loaded on a Blue-sepharose column previously 

equilibrated with HE buffer. The nLDH was eluted with a 0-1 M NaCI gradient in the 

same buffer, and concentrated in an Amicon ultrafiltration cell, using a MY30 

ultrafiltration membrane (Millipore). The concentrated protein was loaded on an 

oxamate-sepharose column. The oxamate-sepharose resin was prepared 

according to [23]. The column (1 x 15 cm) was pre-equilibrated with HE buffer 

containing 0.05 mM NADH and 1 mM FBP. D-lactate dehydrogenase was eluted 

with the washing buffer, the L-lactate dehydrogenase was eluted with the same 

buffer but without NADH and FBP. 

Molecular weight determinations 

The molecular weights of D-iLDH, D-nLDH and L-nLDH from lactate shuttle 

from E. gracilis were evaluated essentially by the use of molecular exclusion 
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column. The enzymes (1-2.5 mg) were filtered through of a column (56 x 1.7 cm) 

packed with Sephacryl S-200 and equilibrated against HE buffer. The column was 

calibrated with molecular standards provided by Pharmacia , blue dextran (2 x 106 

daltons), horse spleen ferritin (440,000 daltons), bovine liver catalase (232,000 

daltons), rabbit muscle aldolase (158,000 daltons), bovine serum albumin (66,000 

daltons), bovine pancreas chimotrypsinogen A (25,000), bovine pancreas 

ribonuclease A (13,700 daltons), and vitamin 812 (1 ,700 daltons). The distribution 

coefficient (Kav) was determined with the equation: 

Kav = Ve-Vo/ Vt-Vo, 

where Ve= elution volume for the protein 

Vo= column void volume=elution volume for Blue-dextran (in our case was 59 ml) 

Vt= total bed volume (in our case was 127 ml). 

The elution volume of each protein was the average of the peak of 

absorbance at 280 nm of eluted enzymes from the column and was accompanied 

with the highest activity for each enzyme. 

Structural characterization of D-iLDH 

An aliquot of the enzyme (5-7.5 µg) was mixed with Laemmli buffer, boiled 

for 5 min and poured into a 10% acrylamide gel. The gel was stained with silver. 

The molecular weight was determined by using protein weight markers from 6.5 up 

to 205 kDa. The extraction of flavine was made with a solution containing 0.5 mg 

enzyme protein and 10% trichloroacetic acid [16] . After 15 min of incubation at 4ºC, 

the solution was centrifuged at 20,000 x g for 4 min. The supernatant was mixed 

with another addition of 10% trichloroacetic acid, incubated 15 min and centrifuged 

again. An aliquot of the last mixture was transferred to a spectrofluorometer 

cuvette with 2 ml 50 mM citrate pH 3. The fluorescent signal of flavine was 

measured at 520 nm, with the wavelength set at 450nm. ldentification and 

quantification of flavine was determined by HPLC with reverse phase C 18 column 

(4.6 x 150 mm) 0-20% acetonitrile gradient plus 0.1 % trifluoroacetic acid with a flux 
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of 1ml/min was used. FAD and FMN were used as standards, using a molar 

extinct coefficient of 12 mM-1 cm-1
. 

3. RESULTS 

Purification and structural characterization of D-iLDH 

Methodologies reported for bacteria! D-iLDH purification are commonly 

based on enzyme extraction by diverse non-ionic detergents followed by ionic and 

molecular exclusion chromatography [16, 17, 19). Our initial attempts to purify the 

D-iLDH from E. gracilis mitochondria were based on similar strategies, like pre

heating of the CHAPS-solubilized mitochondria at 50ºC for 20 min at followed by 

affinity chromatography (oxamate-sepharose). Specific activity rise after each 

purification step was observed (for instance, from 50 nmol DCPIPred/min x mg prot 

in homogenate up to 2000 nmol DCPIP red/min x mg prot after affinity 

chromatography, data not shown). However, poor enrichment of a protein of 60 

kDa was attained (data not shown); this molecular weight is similar at the reported 

for bacteria! D-iLDH [5, 16, 17). Then, taking advantage of the high thermostability 

of the D-iLDH [1 O], the CHAPS-solubilized mitochondrial solution was incubated in 

presence of 10 mM oxalate as protecting ligand, at 60ºC for 45-50 min to denature 

heat-sensitive proteins. With this rapid and easy method, a highly enriched fraction 

with a 60 kDa protein was obtained (Fig . 1A) with 80-85% recovering and 29-fold 

higher D-iLDH activity (Table 1 ). The 60 kDa protein showed D-iLDH activity in a 

10% acrylamide native gel in presence of PMS, NBT and 10 mM D-lactate 

(Fig.1 B). The TCA extract of the D-iLDH showed two excitation peaks at 366 y 450 

nm, which are typical of flavines [16, 17, 19] (data not shown). The visible 

absorption spectrum of the enzyme from E. graci/is showed a broad peak around 

450 nm and a shoulder at around 488 nm, suggesting a flavoprotein . This result is 

very similar with the results found to E.coli D-iLDH [16, 18). All bacteria! and yeast 

D-iLDH have a FAD molecule as cofactor [3, 16, 17). Accordingly, the purified E. 

gracilis D-iLDH exhibited 1.3 ± 0.2 (mean ± S. D., n=4) FAD molecules per D-
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iLDH. Surprisingly, molecular exclusion chromatography of D-iLDH showed a 130 

kDa of molecular weight, suggesting that this enzyme is a dimmer, unlike at 

bacteria! and yeast enzymes (3, 16, 17). 

Kinetic Characterization of D-iLDH and L-iLDH 

The Km values of the purified D-iLDH for D-lactate, DCPIP, Q1, as well as 

the Ki value for oxalate, were very similar to those previously determined in intact 

mitochondria [10). Similar to the N. meningitidis enzyme (19), Euglena D-iLDH did 

not oxidize L-lactate (1.5 % of D-lactate oxidation); instead , L-lactate inh ibited it. 

These data suggested that the enzyme from E. gracilis is D-lactate specific and 

that L-lactate may physiologically modulate its activity, depending on the growth 

phase and culture conditions. The enzyme was a ble to reduce Q 1 as well as 

TCHQ, a quinone with a redox potential value of -8 mV [41) (Table 2). Similar to 

the E. coli enzyme, Euglena D-iLDH was activated by 0.12% (w/v) Triton X-1 OO. 

The ability of D-iLDH to reduce quinones of high and low redox potential implied 

that ubiquinone-9 (+ 100 mV) and rhodoquinone-9 (-65 mV), quinones with high 

and low redox potential respectively [20] present in the mitochondrial quinone pool 

of E. gracilis, may be both its physiological substrates. 

Several works have determined that bacteria! L-iLDH inactivates when 

membranes are solubilized by detergents [5, 19]. We previously described that 11 

mM ¡3-octyl glucopyranoside (50% of detergent critica! micellar concentration , 

CMC) , solubilized 30% of total L-iLDH activity but activity disappear after a few 

hours [10]. Solubilization of mitochondria with detergent at its CMC (22 mM), the 

enzyme inactivated almost completely after a few min (data not shown) , suggesting 

a key role of membrane lipids for the enzyme functionality. However, in a soluble 

extract with Lubrol (0.98% w/v} , the L-iLDH activity did not change and was stable 

a pH values of 7.6-9 for 60 min and able to reduce Q1 in an oxalate-sensitive 

reaction (data not shown). Diphenyleneiodonium chloride (DPI) has been used as 

46 



a specific irreversible flavoenzyme inhibitor since it reacts with the flavines to form 

irreversible adducts [37]. The L-iLDH activity in isolated mitochondria was 85% 

inhibited by 4 mM DPI and with an IC5o= 2mM (data not shown) . These kinetic and 

structural data suggests that both mitochondrial iLDH from Euglena may share a 

common ancestor with the bacteria! enzymes, in agreement with the classification 

of lactate and mandelate dehydrogenases established by Fewson and coworkers 

whom based on structure and identity sequence of the enzymes, proposed that L

iLDH and D-iLDH from bacteria belong to specific categories and evolved 

separately of yeast enzymes [5]. 

Metabolic role of nLDH 

Smille showed that in crude extracts of E. graci/is, the D-lactate oxidation by 

nLDH was 3-fold faster than L-lactate oxidation [21]. In our hands, the nLDH 

activity in a cytosolic fraction of E. gracilis was 6 and 2 nmol/min x mg prot. , for D

and L-lactate oxidation, respectively [12]. Remarkably, these activities were 50-100 

folds lower than pyruvate reduction activity (Table 3) . Similar to L-nLDH from sorne 

hetero fermentative bacteria [22-28] , nLDH from E. gracilis was activated by FBP 

following a michaelis-menten kinetics. FBP was a non-essential activator which 

diminished the Km values for both, NADH and pyruvate. In contrast to the 

cooperative bacteria! FBP-dependent L-nLDH [25], the enzyme from E. gracilis 

was competitively inhibited by oxamate (Table 3), a classic inhibitor of mammalian 

nLDH. Oxalate (20 mM) did not affect nLDH activity (data not shown). 

In an attempt to elucidate whether the FBP activation on nLDH might have 

physiological relevance, the intracellular concentration of FBP in cells cultured in 

glutamate/malate or lactate as carbon source was determined. In general, the 

intracellular concentration of FBP was similar in both cultures, although it's 

changed with the progress of the growth curve, from 0.2 mM in the first 20 hours of 

culture up to 0.8 mM in the stationary phase (96 h) . The K05 value of L-nLDH for 

FBP was 0.3 mM (Table 3), which suggested that in Euglena, the L-nLDH 
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activation by FBP was significant in the logarithmic and stationary phases. FBP 

activation diminished the Km value for pyruvate from 1.1 a 0.47 mM, latter, being 

this latter value the intracellular concentration of pyruvate in Euglena (12]. We have 

previously showed that lactate formation in the cytosol strongly depends on 

paramylon catabolism, and that lactate oxidation mediated by mitochondrial lactate 

shuttle is essential in E. graci/is bioenergetics when externa! carbon sources are 

scarce. Then, the activation of the glycolytic nLDH by FBP warrants a constant flux 

toward lactate production for ATP synthesis (Scheme 1). To stimulate glycolysis in 

the hetero fermentative bacteria Lactobacillus casei, the culture medium was 

supplemented with substrates that lead to the formation of high FBP 

concentrations which in turn activates L-nLDH (22]. 

Kinetic characterization of nLDH 

In sorne hetero fermentative bacteria, L-nLDH may show P-ither hyperbolic 

or cooperative saturation kinetic with pyruvate as substrate. FBP, Co2
+ and Mn2

+ 

activate the enzyme (23, 24, 26, 28, 29], but the activation depends on the 

organism and pH of the reaction. Thus, we analyzed the pH optimum of nLDH from 

Euglena in absence or in presence of activators. The pH optimum for nLDH activity 

was 6.5-7.0. The enzymatic activity in presence of 2 mM Mn2
+ was - 33% higher 

than basal activity only at pH values of 7.7-8.5. FBP (0 .8 mM) displaced the 

optimum pH value to 8.0 and induced a 40% increase in the basal nLDH activity. 

These data suggested that the activators give stability at the E. graci/is nLDH as 

proposed for the Bifidibacterium longum enzyme (26] in which FBP stabilizes the 

dimmer with a concomitant decrease in Km values. Like Streptococcus faeca/is 

(24], the Euglena enzyme showed a hyperbolic saturation kinetic, and it was FBP 

activated in a non-essential manner in which Km values for pyruvate and NADH 

decreased, but in contrast, E. gracilis nLDH did not show Mn2
+ activation at acidic 

pH values. 
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Steps of nLDH purification are shown in Table 4. The nLDH activity was 

measured in the pyruvate reduction direction. The nLDH profile after passing the 

cytosolic fraction through the blue-sepharose column showed 2 peaks of activity, 

the first eluting with the washing buffer (blue-) (and which was not further 

examined), whereas the second was eluted with a 0-1 M NaCI gradient (blue+). The 

concentrated blue + fractions were loaded onto oxamate-sepharose column 

previously equilibrated with buffer supplemented with NADH in accord with an 

ordered the kinetic mechanism as reported for bacteria! enzymes, and 1mM FBP, 

to increase the affinity for insoluble oxamate [23]. Similar to the elution profile of a 

cell extract from Lactobacillus planatarum which contains variable proportions of 

both, D- and L-specific nLDHs [23], the blue+ showed two peaks of activity (Fig. 2), 

the specific D-lactate dehydrogenase activity (D-nLDH), that eluted with the 

washing buffer, and the specific L-lactate dehydrogenase activity (L-nLDH), which 

remained strongly adsorbed to the resin but eluted when NADH in the buffer was 

discontinued (Fig . 2, Table 4). These two nLDH activities were determined in the 

direction of pyruvate consumption (Table 4). SDS-PAGE of both O- and L-nLDH 

enriched fractions showed a 35 kDa protein, which was accompanied by significant 

amounts of other contaminating proteins (data not shown). Exclusion molecular 

chromatography showed molecular weights of approximately 130 kDa suggesting a 

tetramer for both enzymes (data not shown) as reported by bacteria! D- and L-LDH 

[24, 29]. The kinetic parameters (Km values for pyruvate and NADH) of the partially 

purified E. graci/is D- and L-nLDH (Table 5) were similar to those of bacteria! 

nLDHs [23, 26, 28]. In this preparation, the NAD+-dependent L-lactate oxidation 

was negligible (Table 5). The intersecting pattern for both substrates in a double 

reciproca! plot for E. graci/is L-nLDH fitted well with a steady-state bi-bi ordered 

mechanism but also with a rapid equilibrium random mechanism (Fig . 3). However, 

L-nLDH was adsorbed to the sepharose-oxamate column only in the presence of 

NADH; this observation was consistent with a steady-state bi-bi order mechanism 

(Scheme 2), in agreement with other bacteria! FBP-activated nLDHs [23, 24]. The 

E. gracilis L-nLDH showed a 2- and 3-fold activation by 30 mM K+ and 150 mM 

NH/, respectively (data not shown). Activation by K+ and NH/ has been reported 
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for many other enzymes in which a cation is very important to maintain the three

dimensional structure of the protein [38-40]. 

The semi-purified D-nLDH showed different Km values for both NADH and 

pyruvate in comparison to L-nLDH (Table 5). D-lactate exerted a mixed-type 

inhibition (Fig. 4) on D-nLDH with a relatively high Ki value (Table 5) . Similar to D

nLDH from bacteria, E. gracilis enzyme showed a bi-bi ordered mechanism (data 

not shown). These data suggested that D-nLDH and L-nLDH are unidirectional 

enzymes and that the former may be inhibited by its product, depending on the cell 

growth conditions. In agreement with ali bacteria! D-nLDH [22], the enzyme from 

Euglena did not show activation by either FBP or cations (data not shown). 

4. DISCUSSION 

The energy metabolism in E. gracilis seems to be closely linked to the 

mitochondrial lactate oxidation which relies on the functioning of a lactate shuttle 

constituted by D- and L-iLDH, and by D- and L-nLDH. The molecular weight, 

cofactor nature, flavine/enzyme ratio, and substrate specify determined for the E. 

gracilis D-iLDH were almost identical to those reported for bacteria! and yeast 

enzymes [4, 16]. However, the ability to reduce quinones strongly suggested a 

common origin for Eug/ena and bacteria! D-iLDH [16, 17, 19]. E. gracilis L-iLDH 

was inhibited by diphenyleneiodonium suggesting a flavine as cofactor. Similar to 

the bacteria! enzymes [19], E. gracilis L-iLDH was inactivated by detergent 

solubilization suggesting that both, Euglena and bacteria! L-iLDH require lipids for 

keeping the three dimensional structure and function. 

Previously, we determined milimolar intracellular concentrations of L- and D

lactate in Eug/ena [12]. In ali organisms, L-lactate is produced exclusively by the 

cytosolic NAD+-dependent lactate dehydrogenase from pyruvate and NADH. In E. 

coli and other bacteria, D-lactate is the final product of glycolysis as well the 
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methylglyoxal pathway; in eukaryotic organisms, D-lactate is produced exclusively 

by enzymes located in the methylglyoxal pathway (Glyoxylase 1 and 11). In this 

work, the existences of different nLDHs specific for the D- and L-lactate production 

were described. FBP and divalent cations-activated L-nLDH are widespread in 

horno and hetero fermentative bacteria! systems [22-28], Regardless the a high 

identity percentage among the amino acid sequences of bacteria! L-nLDH has 

been found (until 66%), profound differences in the enzyme kinetics of the FBP

activated L-nLDH have been described. FBP activation can be essential [22, 25, 

26 , 29) or non-essential [21 , 23 , 24, 27 , 28); the enzyme may show hyperbolic or 

sigmoidal kinetic pattern respect to pyruvate [25, 26). These observations are 

indicative that probably these enzymes diverged recently [30). In this work we 

found that heterotrophic Euglena have specific enzymes for both, the production 

(nLDHs) and the oxidation (iLDHs) of D- and L-lactate for enzymes that only found 

in bacteria! systems. The preservation of the iLDH enzymes in a eukaryotic 

organism like Euglena may have originated with the absence of a pyruvate 

dehydrogenase to oxidize pyruvate in aerobic conditions [32] . In contrast, the 

FBP-activated L-nLDH does not a characteristic feature even among bacteria, 

suggesting that the enzyme in Euglena was probably, a lateral gene transfer event 

which appears to be common in this protist [33-35). Trypanosoma sp., the most 

closely phylogenetic relative of Euglena, produces D-lactate by glyoxylase 11 only, 

because D-nLDH does not exist in this parasite [31]. The presence of D-nLDH 

does not exclude that E. gracilis may produce D-lactate by means of the 

methylglyoxal pathway due to methylglyoxal is toxic and its produced during high 

rates of glycolysis, which appears to be usual in Euglena when paramylon 

catabolism has started ; although these remains to be elucidated. 
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Figure legends. 

Figure 1. Purification of mitochondrial D-iLDH from E. gracilis. A) D-iLDH 

purification by heat treatment. 5 µg protein were loaded in a 1 O % acrylamide gel 

and stained with silver. Lane 1, molecular weight markers; Jane 2, mitochondria; 

lane 3, solubilized mitochondria; and lane 4, heat treatment. B) 5 µg protein was 

electrophorased in a native 7.5% acrylamide gel. Activity was revealed with 

0.001% PMS, 0.001% NBT and 10 mM D-lactate. Right lane was stained with 

silver. 

Figure 2. Elution profiles of nLDH from affinity chromatography. A) Blue

sepharose chromatography. Buffer (Buffer HE) flux was 1.5 mUmin. Dashed line 

shows the 0-1 M NaCI gradient. B) Sepharose-oxamate chromatography. Buffer 

flux was 1 min/ml. HE buffer was supplemented with 50 µM NADH and 1 mM FBP. 

Dashed line shows when NADH and FBP were omitted in the washing buffer. The 

volume of the fractions was 6 ml (o) Absorbance at 280 nm, (•) pyruvate 

reductase activity. 

Figure 3. Kinetic mechanism of the L-nLDH. Activity was measured at room 

temperature in HE buffer pH 7.0 supplemented with 1mM FBP and 15-20 µg 

protein of partially purified enzyme. A) The nLDH activity was determined at 

different pyruvate concentrations: 0.2 (•), 0.5 (•), 0.75 (.._), 1 (T) and 5 mM (+). B) 

Double reciproca! plot at different NADH concentrations: 5 (•). 10 (•) , 20 (•). 40 

(T) and 80 µM (+) . Straight lines derived for nonlinear regression analysis of the 

experimental points fitted to the equation for a steady-state bi-bi ordered 

mechanism [36). 
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Figure 4. lnhibition of D-nLDH pyruvate reduction by D-lactate. A) Activities 

were measured at room temperature in HE buffer pH 7.0, varying the pyruvate 

concentrations at a fixed concentration of 0.25 mM NADH in absence (o), or 

presence of 6 mM (o), 1 O mM (M. 15 mM (V) , and 30 mM (O) D-lactate. B) 

Double reciproca! plot. The straight lines shown were derived from nonlinear 

regression analysis of the experimental points fitted to a mixed-type inhibition [36]: 

v = S x Vml [1+ (l/(a x K1)]/ [Km X ((1+ (l/K1))/ (1+ (l/(a X K1))) + S], 

where vis the velocity; Sis the pyruvate concentration; Vm is the maximal velocity, 

1 is D-lactate concentration , Km is the Michaelis-Menten constant, Ki is the 

inhibition constant, and a is the factor by which the substrate and inhibitor 

dissociation constants are affected when enzyme is in presence of the inhibitor. 
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Mitochondria 

Solubilized 

mitochondria 

60ºC 45· 

supernatant 

Table 1. Purification of the D-iLDH from E. graci/is 

Total Specific activity 

protein nmollmin x mg 

(mg) Prot 

51±8 210 ± 82 

21±2.0 510 ± 100 

1.57 ± 0.25 6000 ± 1400 

Total 

Activity 

nmollmin 

10, 700 ± 2190 

10, 710 ± 180 

9450 ± 1500 

Times of 

purification 

2.4 

29 

Values showed are the mean ± SE at leas! 4 mitochondria preparations. 

Yield 

(%) 

100 

100 

88 ± 6 
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Table 2. Kinetic parameters of the D-iLDH from E. gracilis 

E. gracilis 

D-iLDH 

Km D-lactate (mM) 2.0 ± 0.8 

Km DCPIP (µM) 10 

Vm (nmol DCPIP/min x mg) 6000 ± 1400 

KmQ1 (µM) 8.1 

Vm (nmol Q1/min x mg) 7000 

KmTCHQ (µM) 21 

Vm (nmol TCHQ/min x mg) 1480 

Ki oxalate (mM) 0.14 

(Mixed type) 

Ki L-lactate (mM) ª 10 

(Mixed type) 

Kas Triton X-100 (%) 0.005 

E.gracilis 

Mitochondria * 

2.7 ± 0.3 

35 ± 5 

480 ± 40 

18.5 ± 5 

0.62 ± 0.07 

30 

310 

0.09 

(Mixed type)b 

19 

(Competitive) 

Non effect 

E.coli 

D-iLDH ** 

1.0 

15,000 

8.5 

0.001 

16 

(Substrate) 

0.003 

* Data obtained with freshly prepared mitochondria [10) . ** Data reported by Futai [16). ª 

This parameter was determined in CHAPS-solubilized mitochondria. b The global linear 

regression analysis of the oxalate inhibition data best fitted to a mixed-type inhibition (see 

legend fig . 4 for equation). The factor a was 7 and 4 for oxalate and L-lactate, respectively. 
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Table 3. Kinetic parameters of nLDH from E. graci/is 

Parameters were determined in a cytosolic fraction at room temperature (27°C) in 

HE buffer. Values shown are the mean ± S. E. of 4 different preparations . 

-FBP + 0.8 mM FBP 

Vm (nmol NADH ox/min x mg 135 ± 5 154 ± 20 

prot) 

Km pyruvate (mM) 1.1±0.1 0.47 ± 0.03 

Km NADH (µM) 82 ± 9 24 ± 3 

K; oxamate (mM) 1.2 (competitive) ---------

* K0.5 value for FBP in the presence of 0.25 mM NADH and 0.5 mM pyruvate was 

0.22 ± 0.03 mM and the nLDH activity in the absence of FBP was 26 ± 9 nmol 

NADH ox /min x mg cytosolic prot. 
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Table 4. Separation of the cytosolic 0-nLDH and L-nLDH from E. gracilis 

Enzymatic activity was measured in HE buffer plus 0.15 M ammonium sulfate. 

Concentration of NADH and pyruvate were 0.25 and 5 mM , respectively. 

Total Specific activity Total Times of Yield 

Protein (nmol NADH ox activity purification (%) 

(mg) /min x mg prot) (nmoles /min) 

nLDH 

Homogenate 22,472 15 337,080 1 100 

Cytosol 4,240 75 318,000 5 94 

70% saturation 512 276 141 ,400 18.5 42 

(NH4)iS04 

L-nLDH * 

Blue-seph 5.2 9,025 46,930 601 14 

Oxamato-seph 2.0 11.401 22,802 760 6.8 

0-nLDH** 

-
1 

16.4 4,380 70,550 292 21 Oxamato-seph 

* Oxamate-sepharose pooled fractions produced 3350 nmol L-lactate/ min x mg 

prot. , and did not produce 0-lactate. ** Oxamate-seph- pooled fractions (enzyme 

activity did not bind to the resin) produced 4,350 nmol 0 -lactate / min x mg prot. , 

but did not produce L-lactate (see the text) . Times of purification were calculated 

using the increment of specific activity in each step/specific activity in homogenate. 
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Table 5. Kinetic parameters of the semi purified D-nLDH and L-nLDH 

L-nLDH activity was measured in the presence of 1 mM FBP. 

D-NAo·-LoH L-NAD•-LDH 

Km Pyruvate (mM) 0.15 0.44 

Km NADH (µM) 41 8 

Vm (nmol NADH ox /min x 4200 4500 

mg prot) 

Vm (nmol NADH red /min 20 1 

x mg prot) 

Kia NADH (µM) ------- 28 

Ki º-lactate (mM) 15 (mixed type) --------
a= 4.5 

Kia and Ki o.1ac are the dissociation constants for NADH and D-lactate respectively. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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(+) 

Glucose 

. Ht( ,. G) 
Glucose-6P '" · 

Paramylolysis 

• Fructose-1 ,6-BP 

NAJ' 7 reactions Other metabolic routes 

NADH 

~~¡vª' 
NAD~nLDH 

Lacta te 

Mitochondria 

Hours 
of culture 

24 

72 

90 

[FBP] mM 

0.25 

0.51 

0.75 

[Pyruvate] 0.5 mM 

Scheme 1. Effect of FBP over L-lactate production in E. gracilis. Catabolism of 

paramylon starts when externa! carbon source has been exhausted (-72 hours) and 

bringing about the elevation of the glucose-6-phosphate intracellular concentration (from 7 

up to 15 mM). In parallel, the intracellular concentration of FBP continuously increases, 

which may stimulate the rate of glycolysis yielding a higher L-lactate production, and 

consequently an enhanced ATP synthesis (12). HK, hexokinase; nLDH, cytosolic lactate 

dehydrogenase; iLDH, mitochondrial membrane-bound NAD' - independent lactate 

dehydrogenase; R C., respiratory chain. Other metabolic routes: malic enzyme, pyruvate 

decarboxylase, alanin transaminase, glycolate pathway. 
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NAOH Pyruvate L-lactate NAO• 

i i i i 
E ---. ENAOH ---. PyrENAOH .. LacENAo• ---. ENAo• __.E 

FBPi 

E* ___. E*NAOH ---. PyrE*NAOH .. LacE*NAo· ---. E*NAo• ---. E* ___. 

i i i i i 

NAOH Pyruvate L-lactate NAO• FBP 

Scheme 2. Cleland diagram showing the steady-state bi-bi ordered kinetic 

mechanism of the E. gracilis L-nLDH from. E, free enzyme; E*, free enzyme activated 

by FBP; FBP, fructose-1 , 6-bisphosphate; Pyr, pyruvate; Lac, L-lactate. 
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Hubo algunos en la primera versión de este trabajo que no se mostraron. 

Sin embargo , es importante mencionarlos en la tesis y se discuten a continuación : 

Con las preparaciones de actividad específica alta de la D-iLDH 

determinamos algunos parámetros cinéticos de la D-iLDH los cuales mostramos 

en la Tabla 1 del trabajo. Asimismo, determinamos por fluorescencia que la D

iLDH es una flavoproteína, ya que la enzima mostró 2 máximos de excitación a 

366 y 450 nm y un máximo de emisión a 520, característicos de las flavinas (Fig. 

7). 
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Figura 7. Espectros de fluorescencia de la D-iLDH de Eug/ena graci/is. A) Se 

adicionaron 5 nmoles de riboflavina en 2 ml de una solución de citratos 50 mM a pH de 

3.5, y en B) 0.7 mg de mitocondrias solubilizadas con CHAPS, la señal se registró a una !.. 

de emisión fija de 520 nm y se varió la /.. de excitación. 
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En cuanto a NAD+-L-LDH citosólica, determinamos que a diferencia de 

algunas de las enzimas bacterianas activadas por FBP, la enzima de Eug/ena no 

se activó por Mn2+ o Co2+. Sorprendentemente, esta enzima se activó por cationes 

monovalentes; dos veces por K+ 30 mM y tres veces por NH/ 150 mM. El efecto 

del K+ y del NH/ se ha reportado en muchas otras deshidrogenasas en las cuales 

la presencia de K+ es muy importante para mantener la estructura tridimensional 

de la enzima (Bett y cols, 1979; Xiang y cols, 1996; Valenzuela-Soto y cols, 2003). 

La NAD+-D-LDH de Euglena pudo oxidar D-lactato a una velocidad de 20 nmoles 

NAD\ed/ min x mg, no fue activada por FBP ni por metales mono y divalentes al 

igual que las enzimas bacterianas. 
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V 

DISCUSIÓN GENERAL 

A diferencia de la cadena respiratoria de mamíferos, las de los 

microorganismos presentan ramificaciones en cuanto a deshidrogenasas y 

oxidasas terminales se refiere (Covián, 2002). En los sistemas bacterianos las 

deshidrogenasas que alimentan la cadena respiratoria son muy variadas y 

diferentes a las de mamíferos. Sustratos como NADH, etanol, metanol , fumarato, 

orotato, succinato y lactato son algunos ejemplos de la gran variedad de 

metabolitos oxidables en bacterias. Esta gran cantidad de deshidrogenasas y 

demás enzimas conectadas con la cadena respiratoria, confieren a los 

microorganismos una ventaja para sobrevivir y duplicarse en condiciones 

adversas. Euglena es un protista de vida libre capaz de duplicarse en muchas 

cond iciones tanto silvestres como de laboratorio, y esto se debe muy 

probablemente a la gran variedad de deshidrogenasas y de enzimas múltiples que 

le permiten obtener ATP para duplicarse aún en presencia de inhibidores 

biológicos como cianuro, peróxido de hidrógeno, mixotiazol, antimicina y metales 

pesados (Moreno-Sánchez y cols., 2000; Castro-Guerrero y cols, 2004; Mendoza

Cózatl y cols .. 2002). Así , la descripción de deshidrogenasas específicas para la 

oxidación del D- y L-lactato en la cadena respiratoria tuvo dos aportaciones: la 

primera fue el avance en el esclarecimiento de la cadena respiratoria de Euglena y 

la segunda que estableció que este protista es el único eucarionte de vida libre 

que posee constitutivamente ambas iLDH con las mismas características 

(participación fisiológica , localización celular, aceptor de electrones, sensibilidad a 

los mismos inhibidores, termoestabilidad , peso molecular y cofactor) que sus 

contrapartes bacterianas (Futai, 1970; Markwell y Lascelles, 1978; Garvie, 1980). 

Esto último sugiere que estas enzimas comparten un origen común, mientras que 

las iLDH de las levaduras, son totalmente diferentes en cuanto a su localización, 

estructura, aceptor de electrones e incluso. en su participación fisiológica (Lodi y 

Ferrero, 1993; Somlo, 1963). 
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Para poder determinar la participación de la D-iLDH y L-iLDH en el 

metabolismo energético de Euglena, se determinó la actividad de estas enzimas a 

lo largo del crecimiento celular y su aporte a la producción de ATP para la 

duplicación celular. También se determinó la concentración de los dos isómeros 

del lactato, sus variaciones durante el crecimiento celular y la relación de éstos y 

otros metabolitos con el aporte energético celular. Los resultados fueron muy 

interesantes en cuanto a que ambas iLDH se expresaron constitutivamente sin 

importar la fase de crecimiento ni la fuente de carbono externa, característica que 

en bacterias y levaduras no existe, ya que la expresión de estas enzimas depende 

de la presencia de lactato en el medio de cultivo y de la disponibilidad de oxígeno 

(luchi y Lin, 1997; Somlo, 1965). En Eug/ena la expresión de las iLDH no dependió 

de la fuente externa de carbono debido a las altas concentraciones intracelulares 

de D- y L-lactato, pero sí dependió de la disponibilidad de oxígeno y estuvo 

fuertemente ligada a la degradación de paramilo. Uno de los resultados más 

importantez fue el determinar una vía de utilización del lactato no reportada 

previamente en ningún otro organismo. Este modelo propone la participación de 

cuatro enzimas; la D- y L-lactato deshidrogenasas citosólicas dependientes de 

NAo•, que reducen al piruvato producido en la glucólisis debido a una intensa 

degradación del paramilo, y produce D- y L-lactato. El lactato es entonces 

oxidado por ambas iLDH, las cuales ceden directamente los equivalentes 

reductores a la cadena respiratoria para llevar a cabo la síntesis de ATP. En 

parásitos como Trypanosoma y Leishmania, así como en mamíferos, el D-lactato 

se produce exclusivamente en la vía del metil-glioxal, un metabolito tóxico 

producido en la parte media de la glucólisis cuando ésta se encuentra muy activa 

(Cazzulo, 1992; Bari y cols., 2002). Reportamos que al final de la curva de 

crecimiento en Euglena hay una degradación intensa de paramilo para producir 

glucosa-6-fosfato, la cual es metabolizada en la glucólisis. La acumulación de 

glucosa en forma de paramilo es 120 veces mayor que la glucosa que pueden 

acumular otros microorganismos como Leishmania donovani (Keegan y Blum, 

1992). Esta degradación intensa de paramilo mantiene a la vía glucolítica muy 

activa (1.6 nmol L-lactato /min x 107 cel., y se mantiene constante al menos por 45 
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minutos) , por lo que muy probablemente también produzca metil-glioxal. Así, aún 

queda por determinar si Euglena produce D-lactato por 2 vías, la glucolítica (por la 

NAD+-D-LDH citosólica) y por la vía del metil-glioxal (por la glioxilasa 11). 

Recientemente se han propuesto otros modelos de lanzadera de lactato en 

mamíferos, que incluye la participación de un transportador de L-lactato para su 

oxidación en la mitocondria. Al parecer esta lanzadera tiene relevancia fisiológica 

cuando el individuo se encuentra en un estado de ejercicio intensivo (Brook y 

cols., 2000). El caso del metabolismo del D-lactato en mamíferos es diferente (de 

Bari y cols ., 2003). El D-lactato no necesita ingresar a la mitocondria para ser 

oxidado y proponen que existe una enzima en a la membrana externa que se 

encarga de oxidarlo (Bari y cols ., 2002). 

Una vez identificada la lanzadera de lactato, nos enfocamos al estudio de la 

cinética y la estructura de los componentes de la lanzadera de lactato. 

Cinéticamente, la D-iLDH de Euglena resultó ser muy similar a las enzimas 

bacterianas. Además, el peso molecular y la naturaleza del cofactor (lngledew y 

Poole, 1989; Futai, 1970) también fueron similares a los de las enzimas 

bacterianas. Sin embargo, otros aspectos estructurales fueron diferentes. Por 

ejemplo, la D-iLDH de E. coli es una deshidrogenasa periférica membrana!, la cual 

se encuentra unida por un dominio de superficie electropositiva con lisinas y 

argininas que interactúan con las cargas negativas de los fosfolípidos de la 

membrana; por esta razón, la D-iLDH de E. coli puede solubilizarse utilizando 

soluciones concentradas de KCI (Oym y cols ., 2000). Esto no sucede con la 

enzima de Euglena que requiere necesariamente de detergentes para su 

extracción de la membrana. La L-iLDH de Euglena se inactivó al extraerla de la 

membrana al igual que las enzimas de bacterias (Erwin y Gotschlich, 1993). A 

pesar de ello, su pH óptimo alcalino y su capacidad para reducir quinonas son 

otras similitudes entre esta enzima presente en Euglena y las de bacterias. 
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En esta última parte del proyecto se realizó también la caracterización 

cinética del componente citosólico de la lanzadera de lactato. Esta enzima realiza 

la reducción del piruvato casi 200 veces más rápido que la reacción de oxidación 

del lactato, lo que sugiere que en Euglena heterotrófica la única forma de utilizar 

lactato es por medio de las iLDH. Esta fracción citosólica mostró la existencia de 

enzimas específicas para la producción de los dos isómeros del lactato, un hecho 

sólo documentado en las bacterias. Sin embargo, lo más interesante fue que la 

NAD+-L-LDH se activó por fructosa-1,6-bifosfato a una concentración intermedia 

de la concentración intracelular de FBP, la cual varió y alcanzó su máximo al final 

del cultivo, lo que sugiere que esta activación puede ser relevante durante la fase 

estacionaria (cuando la célula está sujeta a una restricción en la fuente de carbono 

y se prepara para enquistarse). La activación de la NAD+-L-LDH de Euglena por 

FBP apoya la propuesta de una participación esencial de la utilización del lactato 

para el metabolismo energético de este protista, esto es, un flujo glucolítico 

continuo hacía la formación del lactato para garantizar así la síntesis de ATP 

mitocondrial para la duplicación celular (Uribe y Moreno-Sánchez, 1992). La NAD+

L-LDH también por cationes monovalentes como el K+ y (NH4t, pero aún queda 

por determinarse si esta activación tiene una razón fisiológica . El hecho de que 

esta enzima se inhibió por oxamato la hace diferente a la enzima de 

Bifidibacterium Jongum, la cual muestra una cinética cooperativa y un sitio 

homotrópico para el piruvato, por lo que su análogo el oxamato es capaz de 

activarla (Fushinobu, et al., 1996). 

Enzimas activadas por FBP como la NAD+-L-LDH de Eug/ena son comunes 

en algunas bacterias que llevan a cabo un metabolismo homofermentativo. Estas 

enzimas presentan diferencias entre ellas mismas, como su cinética, activación 

por metales divalentes y en algunos casos la activación esencial por FBP, lo que 

sugiere que estas enzimas aunque muestran un porcentaje de identidad alto 

(hasta 60%), variaron a su vez por las diferencias en el medio ambiente particular 

de cada bacteria. De esta forma, la NAD+-L-LDH de Euglena podría compartir un 

origen común con las enzimas de bacterias. Sin embargo, se requiere purificar a la 
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enzima y secuenciar el extremo amino terminal para sustentar experimentalmente 

esta hipótesis. 

CONCLUSIONES 

1) Las mitocondrias de Euglena gracilis poseen enzimas estereo-específicas 

para la oxidación del D- y L-lactato. 

2) El lactato no se internaliza a la mitocondria para su oxidación. 

3) La D- y L-iLDH son capaces de reducir quinonas de diferente potencial 

redox 

4) La D- y L-iLDH de Eug/ena se expresan de manera constitutiva sin 

importar la fuente de carbono y la fase de crecimiento. Sin embargo, su 

expresión parece estar ligada a la presencia de oxígeno y a la degradación 

de paramilo. 

5) La D- y L-iLDH junto con las NAD•-LoH del citosol conforman una 

lanzadera de lactato 

6) La D-iLDH es una flavoproteína similar a la de bacterias y probablemente 

la 

L-iLDH también lo sea. 

7) Euglena posee deshidrogenasas lácticas específicas para la producción de 

L- y D-lactato. 

8) La NAD•-L-LDH de se activa por FBP al igual que las enzimas de bacterias 

homofermentativas. 
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PERSPECTIVAS 

El estudio inicial de la cinética y estructura de los componentes de la 

lanzadera de lactato de Euglena ha originado datos interesantes. Hemos 

demostrado la existencia de dos enzimas citosólicas que producen D- y L-lactato y 

dos enzimas mitocondriales acopladas a la cadena respiratoria que los oxidan 

para la producción de ATP. La D-iLDH es la enzima más estudiada al momento; 

sin embargo, aún queda por determinar con certeza si su cofactor es FAD o FMN 

además de poder secuenciar el extremo amino terminal y compararlo con el de las 

enzimas bacterianas para poder analizar su origen filogenético. La purificación de 

esta enzima nos da la posibilidad de poder generar anticuerpos y con la ayuda de 

éstos podríamos determinar la presencia de esta enzima en muchas otras 

condiciones de cultivo y aun en condiciones de estrés como lo sería cultivar a las 

células en presencia de inhibidores respiratorios y de metales pesados. Otra 

vertiente de la investigación que se podría generar con la obtención de 

anticuerpos anti-D-iLDH, sería el determinar la existencia de esta enzima en los 

organismos más cercanos filogenéticamente a Euglena, como los Tripanosomas y 

las Leishmanias (Cazzulo, 1997), las cuales producen D-lactato por la vía del 

metil-glioxal y en donde no se ha caracterizado una D-iLDH. 

Con respecto a las deshidrogenasas citosólicas que producen 

específicamente D- y L- lactato, su caracterización se encuentra en sus inicios y 

queda mucho por estudiar. Lo primordial es lograr purificar a homogeneidad 

ambas enzimas, ya que sólo hemos logrado enriquecerlas. En este nuevo 

proyecto, hemos determinado algunas constantes cinéticas de las NAD+-L-LDH 

como la Km y Ki por sus sustratos y por el oxamato, respectivamente; así como el 

efecto de la FBP, Mn2+, K+ y (NH4t sobre su actividad. También se encontró que 

el mecanismo cinético de reacción se ajusta a un modelo bi-bi ordenado. Falta 

determinar aún la Ka por FBP y otros análogos de la fructosa así como el efecto 

por otros cationes divalentes y monovalentes (Mg2+, Co2+, Na+, u+ y es+). En las 

enzimas bacterianas alostéricas, el mecanismo de activación por FBP puede ser 
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de dos formas, por desplazamiento del equilibrio de la enzima libre inactiva a la 

forma de la enzima-FBP activa o la inducción de la tetramerización a partir de dos 

dímeros. En el caso de la NAD+-L-LDH de Euglena , la forma de activación de la 

FBP se determinará haciendo geles nativos de actividad en presencia y ausencia 

de FBP y K+ para determinar si la adición de estos activadores induce un complejo 

de mayor peso molecular con respecto a la actividad de la enzima sin activadores. 

La NAD+-D-LDH de Eug/ena fue detectada por actividad (en el sentido de la 

reducción de piruvato) en la fracción que no se unió a la resina de afinidad de 

sefarosa-oxamato y que se determinó producía D-lactato. Así, aún queda por 

determinar su pH óptimo, especificidad de sustratos y el mecanismo cinético de 

reacción, aunque todas las deshidrogenasas productoras de D-lactato muestran 

un mecanismo cinético bi-bi ordenado, en el cual el NADH es el primer sustrato en 

unirse a la enzima. 

Finalmente, en cuanto a la L-iLDH, ahora sabemos que será muy difícil 

purificarla debido a que se inactiva durante el proceso de purificación que 

utilizamos, que toma entre 3 y 4 días. Sin embargo, por medio de la biología 

molecular podríamos lograr su sobre expresión para facilitar su purificación y 

poder esclarecer la naturaleza de su flavina, su masa molecular y su secuencia 

primaria. De hecho, con la ayuda de una biblioteca genómica de Euglena hecha 

con cDNA, la cual hemos conseguido recientemente, pensamos lograr la sobre 

expresión de los cuatro componentes de la lanzadera para obtener cantidades 

altas de proteína y así poder avanzar en su estudio. La obtención de las enzimas 

puras nos dará nuevamente la posibilidad de generar anticuerpos que podrían ser 

muy útiles para determinar la expresión de estas enzimas en condiciones 

variadas, por ejemplo; nosotros demostramos que la actividad de la D- y L-iLDH 

era entre 9 y 15 veces menor en mitocondrias aisladas de células cultivadas en 

condiciones de baja tensión de oxígeno. Sin embargo, falta determinar si este 

cambio es debido a una disminución de la cantidad de mitocondrias o a la 

disminución en la expresión de éstas enzimas. Así mismo faltaría esclarecer si las 
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deshidrogenasas lácticas del citosol están reguladas también por la disponibilidad 

de oxígeno y cambian su actividad, expresión o su sensibilidad a activadores. Con 

la ayuda de la biblioteca genómica de Euglena podríamos también buscar la 

secuencia de bases que codifique para la vía del metil-glioxal, la cual aún no ha 

sido reportada en Euglena. Esto sería importante porque así podríamos proponer 

dos vías de producción de D-lactato en Eug/ena, la vía glucolítica y la vía del metil

glioxal. 

De esta forma, con la biblioteca genómica podremos clonar, purificar y 

caracterizar las enzimas de la lanzadera de lactato para avanzar en el 

conocimiento del metabolismo energético de E. gracilis, el cual le permite vivir y 

reproducirse en ambientes tan variados y adversos. 
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RESUMEN 
Las enzimas más conocidas que oxidan al lactato 
son las lactato deshidrogenasas dependientes de 
los piridín nucleótidos. Sin embargo, en los orga
nismos unicelulares se han encontrado enzimas que 
son independientes de los piridín nucleótidos 
(iLDH). En las bacterias las iLDH son membra
nales y funcionan como quinona reductasas, mien
tras que en las levaduras se encuentran en el espa
cio intermembranal de la mitocondria y funcionan 
como citocromo c reductasas . Las iLDH mito
condriales de Euglena gracilis comparten con las 
de las bacterias, la característica de reducir a las 
qui nonas. En esta revisión se describen y se com
paran las características cinéticas y estructurales 
de las iLDH reportadas para E. gracilis , bacterias 
y levaduras. 

PALABRAS CLAVE: iLDH, Euglena graci
lis, bacterias, levaduras , FMN, FAD. 

ABSTRACT 
The NAO-dependen! lactate dehydrogenase are 
the best known enzymes that oxidize lactare . 
However, in unicellular organisms there have also 
been found pyridine nucleotide-independent forms 
of the enzyme (iLDH). iLDH are membrane-bound 
and quinone reductases in bacteria, whereas in 
yeast they are located within the intermembrane 
mitochondrial space and have as electron acceptor 
cytochrome c. In E. gracilis mitochondria, iLDH 
have been found ; which reduce quinones . In this 
review, we describe and compare the kinetic and 
structural characteristics of the iLDH, the iLDH 
reported for E. gracilis, bacteria and yeast. 

KEY WORDS: iLDH, Euglena gracilis, bac
teria, yeast, FMN, FAD. 

INTRODUCCIÓN 
En eucariotes superiores la cadena respiratoria de la 
mitocondria puede oxidar diversos substratos como 
NADH + W, glicerol-3-fosfato, succinato y ácidos 
grasos, por medio de las deshidrogenasas que son 
quinonas reductasas , siendo la NADH deshidroge
nasa y la succinato deshidrogenasa las más abundantes. 

En la cadena respiratoria de las bacterias existen 
deshidrogenasas cuya especi ticidad por los substratos 
es diferente a los que utilizan las mitocondrias de euca
riotes superiores. Entre estos substratos están el for
mato. dihidroorotato, glicerol . mandelato, metano!, 
piruvato y L- y O-lactato ( l ). La ac ti vidad de dichas 
deshidrogenasas está asociada en la mayoría de los 
casos a la reducción ele quinonas. 

Lactato deshidrogenasas independientes ele 
los piridín nucleótidos en los procariotes. 

El lactato es también oxidado en una gran varie
dad de bacterias por una deshidrogenasa diferente 
a la que participa en la glucólisis; esta enzima no 
utiliza NAD•fNADH + W como coenzima. por lo 
que se conocen como lactato deshidrogenasas in
dependientes de piridín nucleótidos (iLDH) ; éstas 
transforman al lactato en piruvato con la reducción 
de una flavina como cofactor, sin embargo, no hay 
estudios acerca de que la reacción opuesta ocurra 
in vivo o in vitro (2). Las iLDH pueden existir en 
forma soluble (3) o particulada (4) y en muchos ca
sos el aceptor natural de los electrones se descono
ce. Cuando son membranales, forman parte de la 
cadena respiratoria y pueden tener afinidad por los 
dos isómeros del lactato o ser esteroespecíficas. 

La iLDH más estudiada es la D-.iLDH de Esche
richia coli. Esta enzima es constitutiva sin importar 
cuál fuente de carbono hay en el medio, mientras que 
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la L-iLDH se induce bajo condiciones aeróbicas en 
presencia de lactato (5); asimismo, se ha reportado el 
consumo de oxígeno acoplado a Ja oxidación de D
Jactato, además de que el sitio ac tivo de Ja D-iLDH 
se encuentra orientado hacia el citoplasma. 

La D-iLDH de E. coli está asociada a Ja mem
brana y se ha utilizado para el estudio de las inter
acciones proteína-lípidos. La enzima purificada 
presenta una baja actividad en ausencia de deter
gentes y lípidos . Se ha reportado que Ja actividad 
enzimática se incrementa 5 veces en presencia de 
Tritón X-100 y 10 veces por los fosfolípidos de E. 
coli o por lisolecitina. La preincubación de la enzi
ma con los lípidos de E.coli o la lisolecitina por 10 
minutos a 37ºC, incrementa Ja actividad y Ja K., 
(6) . En su estado nativo esta enzima se encuentra 
rodeada predominantemente por fosfatidilglicerol 
y fosfatidilserina, Jos cuales están presentes en baja 
concentración en Ja membrana plasmática de E. 
coli (7). Campbell y col. (8) clonaron el gen es
tructural de Ja D-iLDH de E. coli; el marco de lec
tura predijo que el polipéptido consistía de 571 
aminoácidos (incluyendo el residuo de inicio, Ja 
metionina) con una masa relativa de 64,613 Da. 
La polaridad de la proteína (47%) es alta con res
pecto a algunas proteínas membranales. En la en
zima hay una pequeña región de baja hidrofobi
cidad que contiene una repetición idéntica en la 
secuencia de los residuos de los aminoácidos 
SVIG (residuos 140-143 y 150-153), la cual es 
homóloga con la cadena H de Ja lactato deshi
drogenasa de cerdo; esta secuencia se repite des
pués de dos residuos de Jos cuales el segundo es 
una cisteína. De manera interesante, esta cisteína 
es esencial ya que su modificación puede impedir 
el cambio conformacional requerido para Ja catáli
sis. Mutaciones específicas en Ja 0-iLDH con Ja 
incorporación del 5-fluorotriptofano indicaron que 
en la estructura secundaria el sitio posible de enla
ce de la flavina se encuentra en el carboxilo termi
nal de la enzima. 

Las predicciones de estructura de la hechas a 
partir de los datos de resonancia magnética nuclear 
con 19F y de algunas deshidrogenasas citosólicas, 
han mostrado dos regiones en las iLDH comunes 
con las-LDH citosólicas; una es el dominio de 
unión al substrato y Ja otra el dominio de unión al 
cofactor. En el caso de Ja 0-iLDH de E. coli, el do-
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minio de unión al cofac tor es de 200 residuos de 
aminoácidos y se encuentra en el extremo del car
boxilo terminal, mientras que en el extremo del 
amino terminal se encuentra el dominio de unión al 
substrato. Además, Ja 0-iLDH parece tener una pe
queña región necesaria para su fijación a la mem
brana y para acoplarse a los acarreadores de elec-

. trones lipofílicos, delimitada por los residuos de 
aminoácidos 226 al 384. Esta última región, no esta 
totalmente inmersa o anclada en la membrana, sugi
riendo que la D-iLDH se fija a la membrana por 
fragmentos separados estructuralmente, como se 
muestra en la figura 1 (9). 

Generalmente en E. coli como en otras bacterias, 
la solubilización de las iLDH se lleva a cabo con 
detergentes aniónicos, preferentemente el Tritón X
I OO. Con este detergente incluso se activan las iLDH 
de E. coli y de Neisseria gonorrhoeae. El pH ópti
mo para las iLDH varía desde 5.5 para la L-iLDH de 
lactobacil/11s casei, hasta 8 y 9 en la L- y D-iLDH 
de N. meningitidis y E.coli (2). 

Los alineamie!'ltoS realizados entre las iLDH 
bacterianas muestran una gran similitud en la se
cuencia de los residuos de Jos aminoácidos de las 
0-iLDH y las L-iLDH, respectivamente. Las se
cuencias de las D-iLDH y de algunas mandelato 
deshidrogenasas que también son independientes 
de los piridín nucleótidos, muestran regiones ho
mólogas entre sí. Asimismo, en las secuencias de al-

Y226 

Región del 
carboxilo terminal 

citoplasma 

Figura l. Modelo de Ja región asociada a Ja membrana de 
Ja D-iLDH de E. coli. La región necesaria para Ja fijación a 
Ja membrana (línea negra) y para acoplarse a Jos acarrea
dores de electrones lipofílicos, está delimitada por Jos resi
duos de aminoácidos 226 al 384. Esta región no es tá total
mente inmersa o anclada en Ja membrana (Modificado de 9). 
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gunas L-iLDH bacterianas se aprecia una secuencia 
(SNHGGRQ) muy conservada entre las a-hidroxi
ácido deshidrogenasas y las oxidasas que contienen 
mononucleótidos de flavina como la L-lactato oxi
das a de Streptococcus iniae y de Aerococcus 
viridans. 

Con respecto a la especificidad de las iLDH 
bacterianas, éstas pueden oxidar exclusivamente a 
su substrato como la L-iLDH de Rhodopseudo
monas sphaeroides y la D-iLDH de Megasphaera 
elsdenii, o pueden oxidar al enantiómero opuesto 
además de otros substratos, como el a-DL-hidro
xibutirato y la D-treonina para la D-iLDH de E. 
coli; y la L-treonina, la fenilalanina, el L-P-fenil 
lactato y el 4-hidroxifenil lactato para la L-iLDH 
de Neisseria gonorrhoeae, sin embargo, tienen 
muy poca afinidad y una velocidad de oxidación 
menor al !O % en comparación con su verdadero 
substrato. 

Los parámetros cinéticos de las iLDH bacteria
nas son variables entre especies. La Tabla I mues
tra que la afinidad por L- o D-lactato (Km) es simi
lar ya que se encuentra en concentraciones mili
molares, mientras que la velocidad máxima es di
ferente, siendo mayor para las D-iLDH. El efecto 
de algunos inhibidores es distinto en cuanto al tipo 
de inhibición y K,. 

Las iLDH en eucariotes. 
Las iLDH de los eucariotes, específicamente en 

levaduras, son significativamente distintas a las 
encontradas en las bacterias. En las levaduras és
tas se localizan en el espacio intermembranal de la 
mitocondria. Las iLDH de Saccharomyces cerevi
siae y Hansenula anomala son flavocitocromos b, 
y fisiológicamente tienen la actividad de L-iLDH 
que transfiere los electrones directamente al cito
cromo c. Estructuralmente son tetrámeros idénti
cos, cada uno de los monómeros contiene dos do
minios diferentes. El dominio del citocromo b, está 
en el extremo del amino terminal y se relaéiona 
con el citocromo b

5 
de los mamíferos, mientras que 

el dominio que contiene al FMN y a la actividad de 
la deshidrogenasa se encuentran en el extremo 
carboxilo terminal. 

Todas estas enzimas son de masa molecular muy 
semejante y las secuencias del amino terminal, que es 
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donde se encuentra el dominio del citocromo b,, indi
can que son homólogas; el dominio del carboxllo ter
minal que contiene el FMN (con protoporfirina IX), 
pertenece a la familia de las L-2-hidroxiácido deshi
drogenasas las cuales presentan un mecanismo cata
lítico muy similar para la oxidación del substrato, aun
que varían considerablemente en la selectividad del 
mismo. Este tipo de enzimas se han encontrado en las 
plantas, los animales y las bacterias; como la glicolato 
oxidasa peroxisomal de las plantas, la L-mandelato 
deshidrogenasa de Pseudomonas putida y de Rho
dotorula graminis y la lactato mono-oxigenasa de 
Mycobacterium smegmatis ( 10); las cuales tienen 
substratos que difieren en el tamaño, la naturaleza quí
mica y su participación metabólica. Los alineamientos 
de algunas L-iLDH y otras enzimas también indepen
dientes de los piridín nucleótidos de diversos orga
nismos, forman parte de una superfamilia de flavo
proteínas con la actividad de '.2-hidroxiácido deshi
drogenasa y oxidasa. 

La levadura Saccharomyces cere visiae prese n
ta una D-iLDH mitocondrial unida a la membra
na. La D-iLDH co nsta de un solo polipéptido y 
no presenta ninguna homología con la L- iLDH 
presente en el mismo organismo ( 11 ). El alinea
miento de secuencias de la iLDH entre las bac te
rias y las levaduras no mostró regiones de si mili
tud . Del mismo modo, al intentar alinear secuen
cias entre las L- y las D-iLDH, tampoco se en
contraron similitudes. Se ha sugerido que .. ex iste 
una familia de 2-hidroxiácido deshidrogenasas 
específicas para el isómero D ( 12). 

En la Tabla II se presentan algunas característi
cas de las enzimas bacterianas y de las levaduras. 
Se incluyen algunas L- y D-mandelato deshidro
genasas cuya relación estructural y propiedades de 
purificación con las iLDH son muy similares ( 10). 
El mandelato, que es una molécula de lactato mo
dificada, es oxidado por la mandelato deshidroge
nasa a fenilglioxilato que, por medio de la vía de la 
3-oxoadipato y con la salida de succinato, termina 
en la síntesis de acetil-CoA. 

La iLDH en Euglena gracilis. 
Se ha reportado en el protista E. gracilis una acti

vidad de D-iLDH, que se encuentra en la fracción 
particulada de la mitocondria, es dependiente de zinc 
e independiente de los piridín nucleótidos . El L-lac-
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TABLA! 

PARÁivlETROS CINÉTICOS DE ALGUNAS ILDH BACTERIANAS 

Organismo Enzima P.M.' Aceptor de K ' V m • Inhibidor " K 
(KDa) e- para l~ctato CmMl 

(mM) 

Escherichia D-iLDH 74 DCP!Po 1.4 -2.2 Oxamato (C) 0.0033 
coli. 1 (FAD) MTT-PMS Oxalato (C) 0.0009 

Acinetobacter D-iLDH 62.8 DCPIP-PMS 0.264 Oxalato (C) 
calcoaceticus ' (FAD) Reactivos de 

grupos -SH 

Neisseria D-il.DH 70 MTT-PMS 5.1 05 Oxamato 
meningitidis-' Piruvato 

N. meningitidis L-iLDH MTT-PMS 14 0.06 

1\frgasphaera D-iLDH 55 Oxalato 
c/sdenii ' (FAO) O-lactato 

Rhodopseudo- L-iLDH 107 DCPIP-PMS 0.5 Oxamato (NC) 0.96 
monas Oxalato (NC) 0.03 

sphaeroides ' O-lactato. (C) n. 

Neisseria D-iLDH MTT-PMS 0.2 
gonorrlweae " 

Paracoccus 0 -iLOH 54 DCPIP-PMS 0.8 1 Tenoiltritluo-
clenitrificans 7 roacetona (NC) 2.2 

Selenomonas D-iLDH DCPIP 0.5 
nuninantium s 

Clostridium D-iLDH 55 DCP!P o MTT 3.5 13" 
acetobucylicum ' 

C. acetobutylicum9 L-iLDH 55 DCPIPo MTT 0.7 0.3' 

Determinado por SDS-PAGE, •c inhibidorcompetitivo •. NC inhibidor no competitivo, ' Los valores fueron obtenidos de extractos 
crudos, 'µmoles de metasu lfato de tetrazolio (MTT), metasulfato de fenazina (PMS) o diclorofenolindofenol (DCPIP) reducido 
min·' mg proteína·': 1(4); 'Allison N, O 'Donnell M J, Hoey ME y Fewson CA (1985) Biochem. J 227:753-757; 3Erwin AL 
Y Gotschlich E C (1993) J Bacteriol /75:6382-6391; 'Olson S Ty Massey V (1979) Biochemistry 18 :4714-4724; 5Markwell J 
P y Lascelles J ( 1978) J Bacteriol 133:593-600; ' Fischer R S, Martin G C, Rao P y Jensen R A ( 1994) FEMS Microbiol 115:39-
44; 'Zboril P y Wemerová V (1996) Biochem and Mol Biol Int 39:595-605; ' Gilmour M, Harry J F, Wilfrid J M (1994) 
Microbio! 140:2077-2084; 9(3). 
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tato también se oxida pero a velocidades más bajas 
( 13 ). La oxidación del lactato se encontró acoplada a 
la fosforilación oxidativa, los electrones de la oxida
ción del O- y L-lactato entran a la cadena respiratoria 
de la mitocondria de Euglena al nivel de la ubiqui
nona. Además, la oxidación del L- y O-lactato pre
senta entre 50 y 90 % de resistencia a la antimicina, 
por lo que se propuso que una fracción de la oxida
ción del lactato procede a través de una cadena trans
portadora de electrones alterna e independiente al 
citocromo bc

1 
(14). 

En este protista se ha determinado cinéticamente 
que la oxidación del lactato se lleva a cabo por dos 
enzimas estereoespecíficas y, a diferencia de todos 
los organismos reportados que presentan a la iLDH, 
las dos se expresan cuando las células se cultivan en 
medios sin glucosa o lac tato. El si tio activo de la L
iLD H está orientado hacia la cara externa de la mem
brana interna mitocondrial. Además, ambas enzimas 
son res istentes a altas temperaturas cuando se en
cuentran en mitocondrias intactas, siendo la 0-iLDH 
la más resistente . El pH óptimo de las iLDH de E. 
gracilis se encuentra entre 7.3-7 .6 (l 5). 

Se han utilizado varios aceptores artificiales de 
electrones para llevar a cabo estudios cinéticos de 
estas enzimas. El aceptor artificial más utilizado ha 
sido el diclorofenolindofenol (DCPIP) debido a su 
alto potencial redox . Al igual que la D-iLDH de E. 
coli, las iLDH de E. gracilis también pueden ceder 
los electrones a las quinonas (Fig. 2), lo que hace 
suponer que las iLDH de estos organismos tuvieron 
un origen común, ya que E. gracilis es de los euca
riotes más primitivos con mitocondrias ( 16). 

Los inhibidores clásicos de las lactato deshidro
genasas dependientes de NAD•fNADH + H+, como 
el oxamato y oxalato, también inhiben a las iLDH (Ta
blas I y III). En cuanto al mecanismo cinético de re
acc ión, se ha reportado para S. cerevisiae un mode
lo que involucra dos estados distintos de la enzima 
durante la reacción (Fig. 3A). De forma similar, no
sotros hemos identificado que el mecanismo de reac
ción para las isoenzimas mitocondriales de E. gracilis, 
es de tipo ping-pong (Fig. 3B). 

Cofactores de las iLDH 
Los cofactores de las iLDH son flavinas unidas o 

no de forma covalente. Sin importar el organismo en 
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Figura 2. Cinética de la oxidación de L- y O-lactato en las 
mitocondrias de Euglena. gracilis. A, oxidac ión de L- y D
lactato. B. oxidación del lactato con DCPIP como aceptorde 
los electrones. C . O.\idaciün del lactato con Q 1 (quinona arti
ficial con un solo grupo isoprenoide en la posición 5 del 
anillo) como aceptor de elec tro nes. (• ) L-l ac tato. (0) D
lactato (Tomado de 15 ). 

estudio para todas las L-iLDH el cofactor es siempre 
FMN, mi en tras que para las 0 -iLDH el cofactor es 
siempre FAD. Esta diferencia entre los grupos pros
téticos y en los alineamientos de las secuencias entre 
las L- y 0-iLDH hacen suponer que son fam ilias to
talmente distintas. Sin embargo las L- y 0-iLDH son 
muy parecidas con otras deshidrogenasas enant ié
mero-específicas (Tabla ll). 

Lactato deshidrogenasas asociadas a las mem
branas celulares en los mamíferos. 

No se ha descri to la existencia de la lactato deshi
drogenasa en las mitocondrias de los mamíferos. Se 
ha supuesto que las ac ti vidades de la lac tato deshi 
drogenasa que se han encontrado en las preparacio
nes mitocondriales, eran contaminaciones por enzimas 
del citosol, ya que éstas no eran preparaciones puras. 
Sin embargo, recientemente se reportó una actividad 
de lactato deshidrogenasa dependiente de NAO•/ 
NADH + W acoplada a un consumo de oxígeno. 
sensible a oxamato y N-etilmaleimida, lo que sugiere 
que el lactato se internaliza a la mitocondria para ser 
oxidado. Isoformas de estas enzimas se han identifi
cado en el corazón, hígado y músculo ( 17). 

Importancia de las iLDH en microorganis
mos patógenos. 

Las iLDH son muy importantes en el metabolismo 
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Figura 3. A. representación lineal del ciclo catalítico del flavocitocromo b2 de S. cerevisiae. Los estados redox del citocromo c 
(cite ). el hemo (H) y la tlavina (F) del flavocitocromo b, están indicados por los suscritos "ox" y " red" para sus formas oxidadas 
y reducidas respectivamente. (Modificado de 22): B. Esquema del mecanismo de reacción propuesto para la L-iLDH y la D-iLDH 
mitocondriales de E. gracilis (Tomado de 15). 

energético de las bacterias así como de algunas leva
duras y protistas. Su importancia radica principalmen
te en que pueden utilizar ambos isómeros del lactato 
durante su crecimiento y desarrollo en condiciones 
aeróbicas. 

Algunas bacterias patógenas como Neisseria 
gonorrhoeae expresan la L- y la 0-iLDH. La L
iLOH participa en el metabolismo de los amino
ácidos aromáticos de la bacteria, ya que puede con
vertir al fenil-lactato a fenilalanina y al 4-hidroxi
fenil-lactato a tirosina. Se ha asociado a esta enzima 
en el mecanismo de patogénesis, en donde el lactato 
del hospedero es oxidado por el gonococo, con el 
consecuente aumento en el consumo .de oxígeno y 
transporte electrónico; de forma similar a lo que se 
ha sugerido para el 4-hidroxi-fenil-lactato, un meta
bolito disponible en el hospedero humano (18). 

Neisseria meningitidis posee también a las L- y 
0-iLDH. El L-lactato es producido por las células 
del mamífero, mientras que el O-lactato puede ser 
detectado en la sangre humana, tal vez absorbido del 
intestino, aunque su concentración es sólo el 5% de la 
del L-lactato. El O-lactato puede ser producido en la 
oxidación de la glucosa por algunas bacterias lácticas, 
o bien por E. coli, la cual habita en la superficie de la 

mucosa intestinal, que es el sitio donde también colo
niza Neisseria ( 19) 

En Haemophilus influenza se ha demostrado la 
existencia de una 0-iLOH asociada a membrana. 
Su importancia estriba en que esta enzima puede 
utilizar al O-lactato que se encuentra en pequeñas 
cantidades en el hospedero (20). La incubación de 
H. injluenzae en lactato incrementa su resistencia 
contra el suero humano. El mecanismo de este fe
nómeno no se conoce pero aparentemente está re
lacionado a la expresión de lipopolisacáridos. 

CONCLUSIÓN 
Los microorganismos presentan una diferencia im
portante en la variedad de sustratos oxidables que 
pueden utilizar para sintetizar ATP con respecto a 
organismos superiores. La presencia de las lactato 
deshidrogenasas acopladas a la cadena transporta
dora de los electrones, puede representar una ven
taja para el metabolismo de estos organismos. En 
sistemas bacterianos los electrones de la oxidación 
del lactato, que es producto de la glucólisis anaerobia, 
entran directamente a la cadena respiratoria que pro
mueve la generación de un gradiente de protones ne
cesario para la síntesis de ATP y para el transporte de 
azúcares y aminoácidos. En el caso de algunos protis-
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TABLAII 

TIPOS DE LACTATO DESHIDROGENASA Y SU RELACIÓN CON ALGUNAS MANDELATO DESHIDROGENASAS (MD!-1) 
Y OTRAS 2-1-!IDROXIÁCIDO DESHIDROGENASAS INDEPENDIENTES DE LOS PIRIDÍN NUCLEánooS 

ORGANISMO ENZIMA 

Dependientes de FMN, Mr :44000. Procariotes 
Pse11domonas putida • L-MDH 

Acinerobacrer calcoacetic11s • L-MDH 
A. calcoacetic11s ' L-LDH 
Escherichia coli • L-LDH 

Dependientes de FMN (ílavocitocromos), Mr: 59000. Eucariotes 
Espinaca • Glicolaco oxidasa 

Mycobacteri11m smegmatis ' 
Sacharomyces cerevisiae • 

Rhodotorula gramin is •. r 

Hansen11/a anomala • 

A. ca/coacericus h 

A. calcoacerirns h 

E. co/i h 

Paracocrns denirrificans ; 
1'v!egasphaera elsdenii ; 

Sacharomyces cerevisiae ' 

L-Lactato monooJtigenasa 
l -LDH 

l-MDH 

L-LDH 

Dependientes de FAD, Mr = 60000. Procariotes 
D-LDH 
D-MDH 
D-LDH 
D-LDH 
D-LDH 

Dependientes de FAD (ílavocitocromos), Mr = 64040 
D-LDH 

LOCALIZACIÓN 

Membrana! 
Membrana! 
Membrana! 
Membrana! 

Perox.isoma 
(soluble) 
Solubleº 

Mitocondria 
(soluble) 

Mitocondria 
(soluble) 

Mitocondria 
(soluble) 

Membrana) 
Membrana) 
Membrana) 
Membrana! 
i\.lembranal 

:Vlembranal 

• ( 10): 'Allison N. Ollonnell M J. Hoey \l E y Fewson CA ( 1985) Biochem. J 227:753-757:' ( 10): '(5): •Volokita \l y Somerville C R ( 1987) 
J Biol Chem 262: 15825- 15828: 'lllias R ;\ l. Sinclair R. Robertson D. Neu A. Chapman S K y Reid G A ( 1998) Biochem J 333: 107-115: ' Daum 
G. Bohni P C y Scha<z G ( 1982) J Bici Chem 257: 13028- 13033: ( 10); 'Futai M ( 1973) Biochemistry /2 :2468-2-17-l : 12l: ;Zboril P y Wemerov:í 
.A 11996) Biochem and Mol Bici lnt 39:595-605: iQlson S T y Massey V ( 1979) Bioche mi stry 18:4714--172-1: ' ( 11) 

tas como Euglena y Leishmania, el gradiente de 
protones puede ser utilizado para la producción de 
ATP. Este hecho puede ser de suma importancia ya 
que estos organismos presentan deficiencias en el ciclo 
de Krebs, lo que podóa tener consecuencias en la pro
ducción de ATP. 

Las iLDH bacterianas y de la mitocondria de 
Euglena son membranales, acopladas a la cadena 
respiratoria y ceden los electrones de la oxidación 
del lactato a las quinonas. Estas semejanzas hacen 
pensar que estas enzimas pueden presentar un ori
gen común. Además, Euglena que es de los orga
nismos más primitivos con mitocondrias, es el único 
eucariote que posee iLDH con las mismas caracterís
ticas que las de bacterias, hecho que apoya la teoría 
de la temprana adquisición de mitocondrias por Eu
glena. Las diferencias entre las iLDH encontradas en 

los procariotes y las levaduras pueden deberse a un 
proceso evolutivo, el cual haría mas eficiente la utili
zación del lactato sin que sus electrones tengan que 
pasar por la poza de quinonas sino directamente al 
citocromo c. 

Sin importar la forma en que se encuentren las 
iLDH, solubles, membranales o que se localicen en el 
espacio intermembranal de la mitocondria, por ser de 
las primeras deshidrogenasas en la cadena respirato
ria son esenciales para los microorganismos que las 
poseen, ya sea para la producción de ATP, para el 
transporte de los metabolitos esenciales o para poder 
colonizar e invadir a un organismo hospedero. Las 
iLDH tienen una participación esencial en el metabo
lismo, por !O que es de relevancia conocer más acer
ca de estas enzimas y las vías metabólicas en las que 
están involucradas. 
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TABLA ID 

PARÁi\1ETROSCINÉTICOSDELASiLDHDEALGUNOSEUCARIOTES 

ORGANISMO ENZIMA P.M. ACEPTOR DE K,,, vm INHIBIDORES K, 
(KDa) e· PARA LACTATO (mM) 

(mM) 

Sulfito(é) 0.(XJl4 
O-lactato 1.4 

Saccharomyces L-il.DH 240 fenicianuro 0.49 0.27 (C) 
cerevisiae' flavocitocromo tetrámero citocromoc 0.29 0.155 Piruvato 33 

(C~'lé) 

Oxalato (M)* 0.3 

S. cerevisiae• D-il.DH 64 fenicianuro 
flavocitocromo monómero citocromoc 

Oxamato(C) 0.84 

Euglena L-ilDH DCP!P- 2.6 0.28 Oxalato (M)* 0.25 
gracilisc PMS 

Oxamaro(C) 0.54 
E. gracilis' D-iLDH DCP!P-PMS 2.8 0.42 Oxalato (M)• 0.14 

Las observaciones son las mismas que las de la Tabla l. • (M) inhibidor tipo mixto: 'Gondry M y Lederer F ( 19961 Biochemistry 
35:8587-8594: h( 11 ):'( 15). 
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The activity of the pyridine nucleotide-independent 
lactate dehydrogenase (iLDH) was characterized in 
mitochondria isolated from the protist Euglena graci
lis. The dissociation constants for L- and o-lacta te were 
similar, but the V,,,,., was higher with the o isomer. A 
ping-pong kinetic mechanism was displayed with 2,4-
dichlorophenol-indolphenol (DCPIP), or coenzyme Q,, 
reacting as the second substrate with the modified, 
reduced enzyme. Oxamate was a competitive inhibitor 
against both L· and o-lactate. Oxalate exerted a mixed
type inhibition regarding L- or o-lactate and also 
against DCPIP. The rate of L-lactate uptake was par
tially inhibited by mersalyl and lower than the rate of 
dehydrogenation, which was mersalyl-insensitive. 
These data suggested that the active si te ofL·iLDH was 
orientated toward the intermembrane space. The fol
lowing observations indicated the existence oftwo ste
reo-specific iLDH enzymes in the inner membrane of 
Euglena mitochondria: a greater affinity of the o-iLDH 
for both inhibitors, o-iLDH thermo-stability at 70ºC 
and denaturation of L-iLDH, opposite signs in the en
thalpy change for the association reaction of the iso
mers to the enzyme, differential solubilization of both 
activities with detergents, and different molecular 
mass. ~ 2001 Academic P.-ess 

Key Words: respiratory chain; 
nase; stereo-specific enzymes; 
dehydrogenation. 

lactate dehydroge
NAD • -independent 

Mitochondria isolated from the free-living protist 
Euglena gracilis oxidize a variety of substrates. includ
ing succinate, 2-oxoglutarate. glutamate. malate. ex-
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terna! NADH , and metabolites such as succinate semi
aldehyde, y-amino-butyric acid and lactate. not com
monly used by other kinds of mitochondria (1-7). 
However, these mitochondria do not readily oxidize 
pyruvate since they lack the pyruvate dehydrogenase 
complex (6). Pyruvate can be transformed to acetyl
CoA by the pyruvate/NADP• oxidoreductase which is 
inactivated by 0 2 (8). Then, to obtain a maximal bi>nefit 
(ATP' synthesis) from glycolytic intermediates. Eu
glena may have developed, in their mitochondria, an 
active oxidation pathway for externa! lactate. 

Indeed, the largest rates of electron transport and 
ATP' synthesis in Euglena mitochondria occur with 
lactate as substrate (7-10). Lactate oxidation is initi
ated by a dehydrogenase that trans fers electrons from 
lactate to the inner mitochondrial membrane quinone 
pool ; in turn. quino! can be oxidized by either the 
cytochrome b-c, complex, an antimycin-resistant cyto
chrome c reductase , 01· a cyanide-resistant oxidase (9) . 

Pyridine nucleotide-independent lactate dehydroge
nase (iLDH) is widely distributed in bacteria! respira 
tory systems (for a review see Ref. 11). Price (10) orig
inally described the existence of the iLDH activity in 
Euglena cells. This activity has been associated with 
the mitochondrial fraction in Euglena (12. 13). Severa! 
groups (12. 14. 15) described the existence of iLDH 
activity only for the o-isomer in cell extracts, whereas 
Yokota and Kitaoka (13) found activity with both iso
mers in Euglena mitochondria. In bacteria! systems, 

'Abbreviations used: ATP. adenosine triphosphate; iLDH. pyri
dine nucleotide-indepcndent lactate dehydrogcnase; PMS. phena
zinc methosulfate; Q,, ubiquinonc I; Q 2 • ubiquinonc 2; DBQ. 
decylbenzoquinone; NBT. nitroblue tctrazolium; Chaps. 3-1(3· 
cholamidopropyl)-dimethylammonio]- l ·propanesulfonic acid; 
SMP. submitochondrial particle; DCPIP. 2.1-dichloropheno l
inophcnol; Mops. 4-morpholinopropanesulfonic acid; ADP. adeno
sinc 5'-diphosphate: BSA, bovinc scrum albumin: TMPD, 
N.N. N .N-tct ramcthyl -p-phcny lencdiamine. 
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one iLDH may oxidize both isomers with different cat 
alyt ic efficiency or different molecular iLDH entities 
oxidi ze each isomer (11 , 16 - 22). 

Isomer-specific iLDH activity can be constitutive or 
inducible in bacteria and yeast (11, 16, 17, 19, 22, 23). 
In Neisseria gono!Thoeae and N m eningitidis (20 , 21) 
both iLDH ac tivities are cons titutive. iLDHs activities 
may be induced by culture in either L· or o-lactate as 
carbon source ( 11 , 19) or by aerobiosis (24), while they 
are repressed by culture in glutamate or succinate (19) 
or by anaerobiosis (24) . These data suggest that iLDHs 
participate in the aerobic oxidation of lactate. In con
trast. the physiological role of the o-iLDH activity in 
yeas t is not the catabolism of lactate but it rather 
seems involved in the methylglyoxal metabolism at the 
leve! of lacty lglutathione (23) . 

Degradation of paramylon (glucose cha in with ,B[ 1 ~ 
31 glycosidic bonds). the ma in energy storage in Eu
glena (25). yields glucose which. through the glycolytic 
pathway. produces pyruvate (26). In turn, pyruvate 
can be reduced by NAO + -dependent lacta te dehydroge
nase to either L- or o- lactate (27) . Thus, the presence of 
both iLDH act ivities in mitochondria may allow the 
oxidation of both lactate isomers and, hence. catalyze 
an optima! tra nsfer of reduced equiva lents from the 
cytosol to the resp ira tory chain. In this work. we ex
amined the kinetic and sorne structural properties of 
the iLDH activity in mitochondria isolated from dark
grown Euglena. to determine whether these mitochon
dria have a s ingle iLDH with catalytic abi lity to trans
fo rm either isomer or two different stereo-specific 
iLDH enzymes. 

MATERIALS ANO METHODS 

Phenazinc methosu lfate (PMS). 2.6 dichlorophenol indophenol 
(DCPJP) . ubiquinone- 1 (Q,). ubiquinone-2 (Q,). decylbenzoquinone 
(DBQ), L-lacta te, o-lacta te. nitroblue tetrazolium (NBT), and bovine 
seru m albumin were írom Sigma. Oxalic acid and oxamic acid were 
J'rom Merck . l"C]L·lac tate, 3-1(3-cholamidopropyl) -dimethylammo
nio]-l -propanesu lfonatc (Chaps). Jl-o-octylpyranoside. and silicone 
oíl werc from ICN. 

Culture of E. gracilis strain Z and preparation of mitochondria 
were ca rried out as previously described (9). Submitochondrial par· 
ticles (SMPs) were prepared by sonicat ion of the mitochondrial sus
pcnsion. Approximatcly 15- 25 mg mi tochondria l protcin/ml wcrc 
son icaLCd thrce times fo r 15 s at 60% of maximal output with l min 
rcst. in a Branson sonicator with a probe tip of 0.5 cm diameter in an 
ice bath. The sonicate was centrifuged twice a t l 7.370g for 5 min to 
rcmovc unbrokcn rnitochondria. The s upcrnalanl was centrifuged al 
105,000g for 40 min at 4ºC to obtain submitochondrial parlicles. 

The activity of iLDH was determined at 30ºC in 1 mi of 120 mM 
KCI. 20 mM Mops, 0.5 mM EGTA. pH 7.6 (KME buffer) , 0.2 mM 
PMS, 0.2 mM DCPIP, and 0.03- 0.05 mg rnitochondrial protein. The 
react ion was startcd by addilion oí L- or o-Jactate, and the rate of 
DCPIP reduction was deterrnined by rneasuring the absorbance 
cha nge at 600 nm and using an extinction coefficient oí 2 1.3 mM - 1 

cm"' a t pH 7.6 (28) . The succina te dehydrogenase activity was also 
determi ned us ing DCPIP and 10 mM succinate as electron acceptor 
and donor, rcs pectively. When thc elcctron acceptor used was Q1 

instcad of DCPIP, mitochondria wcre previous ly incubated wíth l 

mM ADP. 1 mM MgCI , , and 0.2% (w/v) fatty acid-írce bovinc scrum 
albumin (BSA) for 15-20 min at 25ºC to deplete endogenous sub
strates. The rate of quinone reduclion a l 273 nm was measurcd 
under the same above-mentioned conditions with 10 mM azide also 
added to the assay medium. The ac tivity of the cytochrome c oxidase 
was measured by following the rate of oxygen consumption . Mito
chondria were incubated in KME buffer and in the presence oí 10 
mM ascorbate, freshly prepared , and 2 µM antimycin; the reaction 
was started by addition of 2 mM TMPD and the ra te was corrected 
for the oxygen uptake resistan! to 20 mM azide (29) . 

Uptakc of ("C]L-lactate was carried out according to Wanders et 
al. (30) . Euglena mitochondria (1.5-3 mg protein) were incubated 
with 0.6 mi KME buffer and 1 mM ("C)L-lactate (100 cpm/nmol) at 
15ºC. After 20 s. the reaction mixture was withdrawn and carefully 
layered into a microfuge tube that contalned, from bottom, 0.3 mi 
30% (v/v) perchloric acid and 0.3 mi silicone oíl (density of 1.028 
g/ml) . The reaction was stopped by rapid centrifugation at 14,000g 
for 2 min at 4ºC. The perchloric acid phase was collected to measure 
the radioactivily In a liquid scintillation counter. 

Extraction of iLDH activi ty was done by treatment with deter
gents al severa! different detergent/prote in ratios. The concentration 
of protein was adjusted to the desired d ilution (7 mg protein/0.25- 0.3 
mi) with KME buffer. The mixtu re was placed in a microfuge tube oí 
1.5 mi, s trongly stirred in a vortex, set at maximal speed far 3 min in 
ice. The mixture was centrifuged at 14 ,000g for 3 min al 4ºC. The 
su pernatant was used to determine the solubilizat ion oí iLDH activ
ity. 

The identilícation of the iLDH activity in SDS- PAGE gels was 
pcrformcd by using submitochondri al particlcs (0.3- 0.5 mg protc in) 
mixed wí th 10% (v/v) mercaptoethanol. 4% (w/v) sod ium dodecyl 
sulfate (SDS). 20% (v/v) glycerol. 0.005% (w/v) bromophenol blue. in 
125 mM Tris, pH 6.8 (31) . This mixture was boiled for 5 min . 
Samplcs of 50 µg were poured into a 7.5% acrylamide gel tha t also 
contained 0.5 mM L· or o-lactate. After electrophoresis, the gel was 
subjected to a renaturable enzyme activity assay as describcd by 
Marshall and Leevers (32) with sorne modifications. The gel was 
incubated for 30 min at room tempcra ture. twice, in 50 rnM Tris. pH 
7.5. 0.5 mM mcrcaptoet hanol. Then, a second incubation was carried 
out in the Jast buffer with 6 M guanidine for 20 min . Fina lly, to 
renature the proteins, the gel was incubated in the Tris/mercapto
ethanol buffer with 0.02% (v/v) Tween 20 and 0.5% (vlv) Nonidet 
P-40 for 14- 18 h a t 4ºC. The "in gel" iLDH activity was identified by 
incubating a t 35ºC in 50 mM Tris, pH 8.5, 2 mM MgCI,, 5 µM PMS. 
and 10 µM NBT: the reaction was s topped with 3% (v/v) acetic acid. 

RESULTS 

Enrichment of the iLDH Activity in the Mitochondrial 
Fraction 

Yokota and Kitaoka (13) reported iLDH activity with 
both isomers in mitochondria and in the microsomal 
fraction. However. the degree of cross-contamination 
between both fractions was significant. Then, to fur
ther assess whether iLDH is in fact located in the 
mitochondrial fraction, we followed its activity through 
the cell fractionation by sonication and differential cen
trifugation (Table I) . The enrichment of the iLDH ac
tivity was associated with increases in the succinate 
dehydrogenase and cytochrome e oxidase activities, 
which are respiratory chain enzymes of the inner mi
tochondrial membrane. 
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TABLE 1 

Subcellular Location of the iLDH Activity 

Cell fraction D-iLDH L-iLDH 

Homogenate 1.0 1.0 
Mitochondrial + microsomal 1.68 = 0.16 (9) 0.83 :t 0.1 (3) 
Mitochondrial 6.24 :t 0.92 (9) 4.9 :t 0.5 (3) 
Microsomal 0.69 = 0.08 (9) 0.46 :t 0.07 (3) 
SMP 9.15 = 1.61 (5) ND 

SDH 

1.0 
1.36 = 0.16 (9) 
4.44 = 0.65 (6) 
0.54 :t O. l 1 (9) 

ND 

Cyt e oxidase 

1.0 
0.63 :: O. 19 (3) 
5 :t 1.2 (3) 
0.38 :t 0.07 (3) 

ND 

Note. Euglena cells were disrupted by gentle sonicalion to obtain the homogenate, which was subjected to consecutive centrifugation steps 
far 10 min at 280g and 8000g at 4'C. The supernatant of the first centrifugation was Jabeled "mitochondrial + microsomal" fractton; the pellet 
of the second centrifugation was the "mitochondríal" fraction and the supernatant was the "microsomal" fraction . The enzyme aclivilies wcrc 
measured as described under Materials and Methods after the addition of 5 mM o-Jactate, JO mM L-lactate, JO mM succinate (succinate 
dehydrogenase. SDH). ar 2 mM TMPD (cytochrome e oxidase), respectively. The absolute rates were, in the homogenate, 54 :t 6 (9). 46.6:: 
2 (3). 16 :t 2 (9) nmol DCPIP/(min x mg protein) far D-iLDH. L-iLDH. and SDH. respectively, and 89 :t 7 (3) ng atoms oxygen/(min X mg 
protein) farcytochrome e oxidase. In the mitochondrial fraction the rates were 336 :t 38 (JO) and 230:: 18 (3) nmol DCPIP/(min X mg protein) 
far o-iLDH and L-iLDH. respectively. The data shown represent the mean :t the standard error of the mean (SE) . with the numbcr of different 
preparations assayed between parentheses. ND, not detcrmincd . 

Kinetics of the iLDH Activity 

The rate of dehydrogenation in Euglena mitochon
dria of both lacta te isomers followed a Michaelis-Men
ten kinetics pattern. The dissociation constants (K,) for 
both isomers were similar, but the V'.n., was higher 
with o-lactate (Table ll), when using either DCPIP or 
Q, as electron acceptor. The enzyme affinity for Q, was 
different with each isomer (P < 0.05), whereas the 
V"'" was 1.6 (L-lactate) and 1.3 (n-lactate) times higher 
with Q, than with DCPIP. Substitution of Q 2 or DBQ 
for Q, yielded lower V,.,.x values for D-lactate dehydro
genation, although the catalytic efficiencies ( V,.,,JK,; 
min - ' mg 'mi) were rather similar: 34.3 :!: 4.5 . 34 :!: 7, 
and 17 :!: 6 for Q,, Q 2 , and DBQ. respectively (mean :!: 

SO of three different preparations). The catalytic effi
ciency for DCPIP reduction was slightly lower (13.6) 
with D-lactate (Table II). 

Oxamate competitively inhibited iLDH activity with 
both isomers, whereas oxalate exerted a mixed-type in
hibition (Table III). It should be noted, however. that the 
dehydrogenation of D-lactate was two times more sensi
tive to both inhibitors and that the K, values were three 
times lower for oxalate than for oxamate. The inhibition 
exerted by oxalate when varying DCPIP was also of the 
mixed-type with K, of 0.9 :!: 0.1 mM (n = 3) for 10 mM 
D-lactate and 5.9 :!: 0.7 mM (n = 4) for 10 mM L-lactate. 

A set of parallel straight lines was obtained in the 
double-reciprocal plot of different concentrations of 
DCPIP versus activity, at different fixed concentra
tions of L- or D-lactate (Fig. 1) . This kinetic behavior is 
typical of a double-displacement kinetic (ping-pong) 
mechanism (33). The non-linear regression fitting of 
the experimental points also supported the same con
clusion: the variability of the values for K,.,, Kocrw. and 
V'"" was significantly lesser in the fitting to the ping
pong mechanism than in that to the random or the 

ordered mechanisms. Similar sets of parallel straight 
lines, although less reliable because of higher variabil
ity, were also obtained with different conce ntrations of 
Q, (data not shown). 

The iLDH activity showed a maximum at pH values of 
7 .3-7.6 (data not shown). The activity was constant when 
mitochondria were preincubated for 5 min at pH values 
from 7 to 8 and the activity assayed at pH 7 .6. At lower or 
higher pH values, the activity with both isomers gradu
ally decayed, reflecting lower enzyme stability. 

Thermostability of the iLDH Activity 

Exposure of mitochondria to increasing tempera
tures above 45ºC induced a concomitant diminution in 
iLDH activity with both isomers, following a first-order 
exponential decay kinetics (data not shown). The slope 

TABLE II 

Kinetic Parameters far the Dehydrogenation of L- and o
Lactate in Euglena Mitochondria 

L-Lactate D-Lactate 

K_, (mM) 2.45 :t 0.3 (17) 2.7 :t 0.3 (15) 
V,ru,. (nmol DCPIP/ 

(min x mg protein)) 268 :t 31 (17) 477 :t 44 (15)" 
Koc,,,. (µM) 35 :t 10 (6) 35 = 5 (6) 
K0 , (µM) 41 = 7 (3) 18.4 :t 5 (3)" 
vm .. (nmol Q,/ 

(min X rng protein)) 427 :t 35 (3) 617 :t 70 (3)" 

Note. The Ks valucs far o- and L-lactate, using Q1 as electron 
acceptor. wcre ve1y similar to those found with DCPIP as acceptor. 
The data shown represent the mean ::!: standard error of the mean 
(SE) of the number of preparations assayed shown between paren
theses. 

* P < 0.05 versus L-lactate. 
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TABLE III 

Oxamate and Oxa late lnhibition Constants of the iLOH Activity 

L-Lactale o-Laclale 

K ,ix;i,,v.Tt: (mM) (compe titi vc) l.2 :!: 0.2 (7) (Dixon plot) 0.5 1 :!: 0.1 (8) (Dixon plot) 

K0 ,,._Af, (mM) (mixed-type) 
0.95 :!: 0.2 (7) (Nonlinear regression) 
0.36 :!: 0.07 (10) (Dixon plot) 

0.38 :!: 0.09 (6) (Nonlinear regression) 
0.15 :!: 0.02 (1 1) {Dixon plot) 

0.26 :!: 0.08 (11) (Nonlinea r regression)· 
a= 5 :!: l.5 

0.09 :!: 0.1 (11) (Nonlinear regresslon) 
a = l.3 :!: 0.2 

Note. The rates of iLDH aclivity were obtained in the presence of 0.2 mM DCPIP. at different concentratlons (1 - 10 mM) of L- or o-lactate, 
and in the presencc rif fivc different concentralions of oxamate or oxalate. The rates were fitted by linear regression to the Dixon plot or by 
nonlinear regression to the Michaelis-Menten equation for competitive, noncompetitive. and mixed-type inhibilion. The equation for 
mixed-type inhibition used was 133] 

V, , • ..,S \~,... 1 + ll K, 
\! = l<s;,,. + S wherc \~'"'• = 1 + llaK, and K,,. = Ks1 + llaK, . 

of the semilogarithmic plot of activity versus time (Fig. 
2) yielded the inactivat ion rate constant (k ,na,l far each 
temperature. The plot of k ,"" versus temperature 
showed that the denaturation of the L-iLDH activity. 
in the absence of ligands. was accelerated above 50ºC 
(Fig. 3A) . The add ition of liga nds . either inhibitors . the 
o isomer . or the substrate itself. protected the L-iLDH 
act ivity from thermal inactivation. bringing about sta
bility at temperatures up to 65 ºC. In turn . the o-iLDH 
activity was thermores istant at 75ºC in the absence or 
in the presence of ligands (Fig. 38). 

The activation energies for thermal inactivation were 
44 and 55.7 kcal mol _, far the L- and D-iLDH activities in 
the range of 50-70ºC and 80-90ºC. respectively. For 
comparison. the activation energies in the range of 20 -
35ºC were 9.5 :!: 0.1 (n = 4) and 9.4 :!: 0.06 (n = 3) kcal 
mol ' far the L- and o- iLDH activities. respectively. 

Taking advantage of the greater thermostability of the 
D- iLDH activity. mitochondria were incubated at 70ºC to 
abolish the L-iLDH activity. A large inactivation of L
iLDH occurred after 2 min exposure at 70ºC. without 
affecting the D-iLDH (Fig. 4A). The subsequent determi
nation ofthe kinetic parameters ofthe D-iLDH activity. in 
these 70ºC-treated mitochondria (Fig. 48). revealed the 
preservation of the enzyme structure. since the K, far 
o-lactate (2 :!: 0.4 mM; n = 3) and V,,.., (574 :!: 92 nmol/ 
{min X mg protein)) were very similar to those from 
control mitochondria (Table II) . The iLDH activity with 2 
mM o-lactate in the heat-treated mitochondria was 23 :!: 
3% (n = 3) inhibited by 15 mM L-lactate_ With 300 mM 
L-lactate, the inhibition was only 28%. probably due to 
either a significant residual L-iLDH activity. to sorne 
transfarmat ion of L-lactate by o-iLDH. or to unspecific 
effects by the high ionic strength. 

Assuming that the reaction catalyzed by the iLDH 
establishes a rapid equ ilibrium far the substrate asso
ciation, the dissociation constant obtained at different 
temperatures was used to calculate the thermody-
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FIG. 1. Kinetic mechanism of Lhe iLDH activiy . Euglena mitochon
dria frcshly prepared (0.03-0.05 mg protcin/ml) werc lncubated at 30•c 
as described undcr Matcrials and Methods. The reaction was s tarted 
with the indicatcd (mM) L-lactale (A) or o-lactate (B) conccntrations at 
variable DCPIP concentrations. From the nonlinear rcgresslon analysis 
(solid lines), V, •.• (nmol DCPIP/(min X mg protein)) of 347 :!: 65 (n = 6) 
and 577 :!: 70 (n = 8). a nd Ku.c (mM) of 3.3 ::': 1 (n = 6) and 3.1 ::': 0 .4 
(n = 8) were dcrived for 1..- and o-lactatc, respeclively. 
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FIG. 2. Inactival ion ar the iLDH by tcmperalurc. Milochondria 
(5- 10 mg protcin) were prcincubated at diffcrent tempcratu res íor 
the indicatcd times. (A) 45'C (squares). SO' C (circles). SS'C (tria n
gles). 60'C (inverted triangles). GS'C (d iamonds). and 70'C (open 
squares). (B) 60'C (irwerted triangles) . 65'C (diamonds). 70' C (open 
squares). 75'C (open circles). 80'C (open trianglcs). and 85 ' C (invcrt
ed open trianglcs) . Then. an aliquot of JO µI (50 - 100 µg protein) was 
transferred to a cuvctte thermostated at 30ºC for measurements of 
the DCP!P reduction in l mi medium for about l min with 20 mM 
L-lacta te (A) or 20 mM D-lactate (8). 

namic parameters of the reaction for each isomer (Fig. 
5), using the equation (33) 

fj,H' fj,5º 

log K, = - 2.303RT + 2.303R 

The straight lines with slopes of different sign for 
each isomer (Fig. 5C) indicated that the dissocia tion of 
L-lactate was an endothermic process with an increase 
in entropy, whereas that of o-lactate was an exother
mic reaction with a decrease in entropy. The resu lting 
positive change in Gibbs free energy for the dissocia
tion at 30ºC was essentially identical for both isomers 
and indicated tha t the associat ion was thermodinami
cally favored. 

1.-Lactate Upcake 

The transport of l " C]L-lactate into mitochondria was 
determined in an attempt to establish the orientation 
of the iLDH catalytic site. The rate of uptake was 
linear for 45 s at l 5ºC and with 1 mM [ "C]L-lactate 
(data not shown); the control rate was 11.2 :!: l nmol/ 
(min x mg protein) (mean :!: SO; n = 3). The effect of 
either 2 mM oxalate , 5 mM oxamate, 0.2 mM N-ethyl
maleimide, 0.1 mM a -cyano-4-hydroxycinnamate , 0.5 
nmol st igmatellin. or 30 mM o-lactate on the uptake 
rate was negligible; in contrast, 40 nmol mersalyl/mg 
protein exerted a strong inhibitory effect of 48 :!: 6% 
(n = 3). At l5ºC and with l mM L-lactate, oxamate, 
and oxalate inhibited the L-iLDH activity of 61 :!: 8 
nmol/(min x mg protein) (n = 4) by 85 and 60%, 
respectively; mersalyl did not affect the L-iLDH activ
ity. However, preincubation of mitochondria with mer-

-...... 
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5 

45 50 55 60 65 70 75 80 85 90 
Temperature (ºC} 

D-lactate 

45 50 55 60 65 70 75 80 85 90 
Temperature (ºC) 

FIG. 3. Ligand proteclion against therma l inactivation . Mitochon~ 

dria were preincubated in the absence (squares) or in the presence of 
the different ligands and tempcratures to obtaín inactivation curves 
as shown in Fig. 2. The concentrations of the lígands wcre 5 mM 
oxamate (circles), 5 mM oxalate (triangles), 5 mM opposite ligand 
(inverted triangles) . and 5 mM substrato (diamonds) . The inactiva
tion constant (k 1"' .... min ~ 1 ) was estimated from the slope in the plot of 
log activity versus time (see Fig. 2) . The data shown represent the 
mean ::!.: SD of threc diffcrcnt mitochondria l prcparations assayed. 
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FIG. 4. Spccific thcrma l inac tivat ion or L-iLDH a l 70ºC. (A) Mito
chondria (5- 10 mg protcin) werc incuba tcd at 70ºC for thc indicatcd 
times: aliquols of 10 - 15 µ l (0.05- 0.1 mg protein) were tra1·1:;,ferred to 
l ml medium the rmosta ted m 30ºC to determi ne the ra te of lactate 
dehydrogenation wi th the corresponding isomer. The data shown are 
means :o SO or 14 diITerent prepa rations. (B) The rate or iLDH 
act. ivity was dctcrmincd a l 30ºC a nd diffcrent lac ta te concentra tions 
in mitochondria previously incubatcd at 70ºC far 2 min. The salid 
line represents the best fil to the Michaelis- Menten equa tion. 

salyl for 2 min prompted a 60% inhibition of L-lactate 
transport and 47% inhibition of dehydrogenation. 

Solubilization o/' iLDH 

Treatment of Euglena mitochondria with Chaps. in a 
detergent/protein ratio of O. 7 (2% (w/v) fina l detergent 
concentration; 7 mg mitochondria l protein). resulted in 
a maximal solubilization of the o-iLDH activity (75 .5 :':: 
10% of initial activity; 4.18 :':: 1.3 mg protein solubi
lized: n = 16). Lower or h igher rat ios yielded a lower 
solubilized activity (data not shown). Other detergents 
su ch as ¡3-octyl-pyranoside. Lubrol. Tri ton X-1 OO. 
Tween 20. a nd sodium deoxycholate, yielded lower sol
ubili za tion of D-iLDH . Addition of 0.02% (w/v) Chaps. 
concentration reached in the activity assay of the sol
ubili zed samples. to intact mitochondria increased the 

o-iLDH activity by 10- 12%; concentrations of Chaps of 
O.O! or 0.04% d id not affect the activity. Addition of 
0.05% Lauryl-maltoside. ¡3-octyl-pyranoside. or Lubrol 
strongly inhibited the o-iLDH activity by 75- 81 %. The 
solubil ization of the o-iLDH activity by Chaps. from 
that originally present in intact mitochondria. was a l
most complete since only 5% of total initial activity was 
found in the pellet . 

Solubilized o-iLDH activity exhibited similar kinetic 
parameters (K, for o-lactate. V"~" K , for oxalate. K, for 
oxamate. and type of inhibition exerted by oxalate and 
oxamate) to those observed in intact mitochondria 
(data not shown). To examine the L-lactate inhibition 
on the o-iLDH activity. without the interference of 
residua l L-iLDH activity. the solubilized D-iLDH was 
heated at 70ºC for 2 min. In this latter preparation. the 
o-iLDH activity was preserved (V ~x = 532 nmol/ 
(min X mg protein); K, for o-lactate = 2.9 mM) and 
inhibited . competitively. by L-lactate with a K, of 39.3 
mM (n = 2) (data not shown) . 
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FIG. 5. Thcrmodynamic pa rametcrs for substrate association. Oc
hydrogcnation of L-lactate (A) and D-lactatc (B) was mcasurcd a t. the 
indica ted lemperaturcs in the conditions described undcr Materials 
a nd Methods. The dissociation constant were derived from fitting the 
experimenta l points to the Michaelis- Menten equation a t each tem
perature by non linear regression analysis. The data shown represent 
thc mean :!: SO of four differenl mltochondrial prepara tlons. 
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FIG. 6. Molecular weight of the iLDH. Analyses of enzyme activi
ties in SMP (50 µg per lane) wcre carried out· after separmion, on a 
continuous 7.5% SOS-PACE. and renaturation . as described under 
Materials and Methods. 

None of the above-rnentioned detergents was useful 
for solubilization ofthe L-iLDH activity. except for {3-oc
tyl-pyranoside. which was sornewhat successful in ex
tracting and preserving sorne activity (30 :!: 15%; 3.7 :!: 

1.3 rng protein solubilized; n = 14). However. a 19% of 
total initial activity was still found in the pellet. Note 
that only half of total L-iLDH was recovered after the 
solubilization procedure. This apparent labile nature of 
Eug!ena L-iLDH is in agreernent with similar behavior 
found for the sarne enzyrne frorn Neisseria meningitidis 
(20) and Acinetobacter calcoaceticcus (34). 

Molecular Weight of the iLDH 

To estímate the molecular rnass of the rnitochondrial 
proteins with iLDH activity. subrnitochondrial parti
cles were subjected to "in gel" dehydrogenase assay 
electrophoresis (32). in which proteins were renatured 
and assayed for activity using the artificial electron 
acceptors PMS and NBT. A discrete band of approxi
rnately 55 kDa was obtained when gels were supple
rnented with o-lactate. whereas another band of 60 
kDa was revealed with L-lactate (Fig. 6). 

DISCUSSION 

Kinetics 

The affinity of the iLDH activity. and its kinetic 
behavior. for both lac tare isorners and DCPIP in Eu
glena rnitochondria was s imilar to that described for 
bacteria! systems (17. 20. 22). We recently described 
that isooctane-treated Euglena rnitochondria. to ex
tract endogenous quinones. showed a severe dirninu
tion in the lactate oxidase activity (even in the pres
ence of an excess of cytochrorne c). which could be 
recovered by addition of exogenous quinones (9). The 
bacteria] rnembrane-bound iLDHs have quinones as 
natural acceptors (35) . whereas the yeast iLDH trans
fers electrons directly to cytochrome c (36). Our mito
chondrial preparations showed a higher V.,., with Q, 
as acceptor than with DCPIP. These data strongly 
suggest that iLDH in Euglena mitochondria transfers 
electrons directly to the quinone pool. as occurs in the 
bacteria! enzymes (35). 

The dilTerent affinity for oxamate and oxalate when 
using L- and o-lactate suggests that dilTerent molecular 
entities catalyze the dehydrogenation of each isomer. 
Similarly. the effect of oxamate and oxalate on bacteria ! 
iLDH varies. A competitive inhibition of oxamate on o
iLDH from Escherichia coli has been reported (37). al
though the K, was much lower (3.3 µM); the L-iLDH from 
Rhodopseudomonas sphaeroides was noncompetitively 
inhibited by oxamate with a K, of 0.96 mM (17) . On the 
other hand. oxalate competitively inhibited the o-iLDH 
from E. coli (37) and noncompetitively the L-iLDH from 
R. sphaeroides (17) with K, values of 0.9 and 30 µM . 
respectively. It should be noted that these authors (17. 
37) used double-reciprocal plots to determine the inhibi
tion type and the K, values. To diminish the distortion in 
the error distribution when the experimental data are 
analyzed by linea r regress ion (38). in this work we ap
plied a nonlinear regression analysis to obtain the kinetic 
parameters. 

The ping-pong kinetic mechanism for iLDH described 
here is in agreement with previous reports describing the 
same mechanism for other respiratory dehydrogenases 
(39. 40). Although we have not yet examined the nature 
of the prosthetic group. it is conceivable that. by analogy 
with other flavin-dehydrogenases such as succinate (40. 
41). a-glycerophosphate (42). and acy!CoA (43) dehydro
genases. the electrons from the dehydrogenation of lac
tate reduce the flavin. which in turn reduces the quinone. 
The mi.xed-type inhibition exerted by oxalate. when vary
ing the lactate concentration. suggests that this inhibitor 
may bind to both the free (with the prosthetic group 
oxidized F . which could be FMN or FAD; see Scheme 1) 
and the modified. reduced (FH 2) enzyme form. Binding of 
oxalate to the free. oxidized enzyme in the lactate site. 
together with binding to the modified. reduced enzyme in 
the pyruvate or quinone s ite. would explain the observed 
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mixed-type inhibition. The mixed-type oxalate inhibition 
when varying the DCPIP concentration supports the no
tion that this inhibitor binds to both the oxidized and the 
reduced enzyme species (see Scheme n: however, oxalate 
should preferentially bind to the free enzyme due to a 
higher affinity (K;¡'"''ª"1 < K ux:PtPJ)· 

Thermostability 

The high iLDH resistance to the inactivation by tem
perature was unexpected since Euglena is highly sen
silive to temperatures above 34ºC {44) . The D-iLDH 
from rhe sulfate-reducing thermophylic archeobacte
rium Archaeoglubus fulgidus is indeed stable at 80ºC 
(45). and also that from E. co/i at 60ºC far 1 h (46) . The 
different sensitivity to the temperature inactivation far 
the iLDH activity, depending on the isomer used, indi
cated . clearly, that different stereo-specific enzymes 
were involved in the dehydrogenation of each lactare 
isomer. Since the opposite isomer protected from the 
temperature inactivation, it was thought that both iso
mers may bind to both iLDH, but that the o-iLDH only 
oxidizes the o isomer. The preservation of the kinetic 
properties of the o-iLDH activity after an incubation of 
2 min at 70ºC supported the last interpretation. More
over, the different activation energies far denaturation 
of both isomers provided further support to the pro
pasa! of two stereo-specific iLDH in Euglena mitochon
dria . Since the opposite isomer protected from thermal 
inactivation, and L- lactate competitively inhibited the 
o-iLDH activity in the solubilized and heated prepara
tion. it is evident lhat o-iLDH is specific far the o 
isomer, but may bind the L isomer without being able to 
transfarm it. The higher affinity (14-fald) of the Eu
glena o-iLDH far the o isomer (K, far o-lactate = 2.9 
mM: K, far L-lactate = 39.3 mM) has a lso been ob
served in the E. coli (16) and N. gonorrhoeae (21) pu
rified o-iLDHs (30- and 60-fald, respectively). 

Despite the high dispersion of the experimentally 
determined K,, a linear relationship with the inverse of 
the temperature could be established. However. the 
completely opposite pattern obtained far each isomer 

indicated again that dHferent enzymes catalyzed the 
dehydrogenation of L- and o-lactate. 

General Aspects 

The rate of L-lactate uptake was five times lower 
than the rate of dehydrogenation. Moreover, the sen
s itivity of both reactions to oxalate , oxamate, and mer
salyl was completely opposite. In consequence, these 
da ta suggest that the transpon of L-lactate into mito
chondria is not required far its dehydrogenation to 
occur: hence. the catalyt ic s ite of the L- iLDH is very 
likely located facing the intermembrane space . The 
presence of a s low transport of L-lactate in Euglena 
mitochondria which is mersalyl-sensitive suggests that 
an unspecific transport system, perhaps the dicarboxy
late or the monocarboxylate carrier, is involved in this 
reaction. The externa! orientation of the catalytic site 
fits well with a function far the L-iLDH as the final 
acceptor of glycolytic L-lactate from paramylum degra
dation, which ensures full oxidation and generation of 
a maximal profit (ATP synthesis by oxidat ive phos
phorylation instead of only by glycolysis). 

Since the NADH-dependent o-lactate dehydrogenase 
belongs to the glycolytic pathway in Euglena (27), it is 
expected that the catalytic site of the mitochondrial 
o-iLDH is a lso orientated toward the intermembrane 
space. The o-iLDH in E. co/i is located on the inner face 
of the cytoplasmic membrane (47). However, it has 
been recently reported that the intracellular concen
tration of L- lactate in Euglena cells, grown on gluta
mate plus malate and harvested in the early stationary 
growth phase, was 3.8 mM, whereas that of o-lactare 
was negligible (9). It is unknown whether the L-lactate 
concentration varies with the growth phase and the 
carbon source and that of o-lacta te becomes significan t. 

The apparent molecular mass of severa! bacteria! 
o-iLDH and L-iLDH is around 60 and 45 kDa, respec
tively {48). although the o-iLDH from Archaeglobus 
fulgidus exhibited a molecular mass of 50 kDa (45) and 
that of yeast L-iLDH of 60 kDa (48). These molecular 
mass values are within the range faund in this work far 
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the proteins with L- and o-iLDH act ivities in Euglena 
mitochondria. 

The activity of iLDH was not delected in mito.chon
dria isolated from Poly tomella. Phaseolus vulgaris, al 
falfa, Vicia faba, Crithidia. a nd cysticerci (data not 
shown) . However, this activity was apparent in 
Trypanosoma cruzi mitochondria a nd in membranes 
from severa( bacteria such as E. coli. Paracoccus deni
trificans. Bacillus subtilis, B. cereus. and B. stearother
mophillus. in agreement with previous reports (11. 48). 
Trypanosoma and Euglena belong to the mos t primi
tive eukaryotic phyla with cells containing mitochon
dria (49) . Then, the presence of iLDH ac tivity suggests 
a close phylogenetic relationship between the respira
tory chains of bacteria and Euglena. 

In conclusion, the following data support the exis
tence of two different stereo-specific iLDH in Euglena 
mitochondria. Different affinity for oxamate and ox
a late, different thermo-s tability, different thermody
namic parameters for substrate binding and thermal 
denaturation, different solubilizat ion with detergents, 
a nd different apparent molecular we ight. 
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PROBLEMA BIOQUÍMICO 

TEMA: Cinética enzimática 
IN ACTIVACIÓN TÉRMICA. 

Las nútocondrias del protista Euglena gracilis ox.idan 
L- y D-lactato por medio de deshidrogenasas 
membranales que están conectadas a la cadena respi
ratoria, y son independientes de piridín nucleótidos 
(iLDH). Con el propósito de distinguir entre ( 1) la 
presencia de dos proteínas diferentes que catalizan la 
núsma reacción pero con isómeros diferentes y (2), 
una sola enzima con afinidad para los dos isómeros, se 

determinó la termoestabilidad de la deshidrogenación 
con L-y D-lactato. Las nútocondrias de E. gracilis 
se incubaron a diferentes temperaturas por los tiem
pos indicados. La actividad de iLDH se determinó 
espectrofotometricamente, después de la adición de 
uno de los isómeros del lactato núdiendo la reduc
ción del aceptor artificial de electrones 
diclorofenolindofenol (DCPIP), siguiendo el cambio 
en la absorbancia a 600 nm. A continuación se pre
sentan las velocidades iniciales a concentraciones 
saturantes de lactato. 

Actividad de L-iLDH Somol DCPIP/minlm!!: prot) 

t Act t Act t Act t Act t Act t Act ___ _. --·· · -· .. -- - ·· . . 
(min) 45ºC (min) 50ºC (min) 55 ºC (min) 60ºC (min) 65 ºC (min) 70ºC 

2 186 1 145 l 193 0.5 175 0.25 177 0.2 232 

3 162 2 135 2 61 1 165 0.5 165 0.5 179 

4 152 3 84 3 56 1.5 107 0.75 136 0.6 63 

5 150 4 99 4 22 2 19 l 78 0.8 15 .5 

5 87 5 16 2.5 10 l.25 22 

3 5 

Actividad de D-iLDH (nmol DCPIP/min/mg prot) 

t Act t Act Act Act t Act t Act t Act t Act 

(min) 55ºC (min) 60ºC 65ºC 70 ºC (min) 75ºC (min) 80ºC (min) 85ºC (min) 90ºC 

3 390 2 357 401 275 1.5 244 1 141 0.5 287 0.16 353 

6 378 4 345 353 188 3 42 2 37 1 12 0.33 367 

9 376 .9 6 329 319 150 4.5 22 3 35 1.5 8 0.5 349 

12 376 8 340 299 149 6 31 4 10 2 6 0 .66 190 

15 370 10 327 289 126 7.5 20 5 5 2.5 4 0.83 19 · 

Deternúnar para los dos isómeros: las constantes de 
velocidad de inactivación térnúca para cada tempera
tura, deternúnar en cuantos eventos se lleva a cabo el 

proceso de inactivación térnúca y calcular la energía 
de activación de desnaturalización. 
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PROBLEMA BIOQUÍMICO 

RESPUESTAS: 

El logaritmo de las velocidades obtenidas a las diferen
tes temperaturas se grafican vs el tiempo al cual se tomó 
la muestra como se muestra en la primera gráfica, de 
acuerdo con la ecuación: log v=log v 

0 
- (k1noc t/2.303) de 

esta forma, se obtiene una constante de velocidad de 
primer orden (k;.,J a partir del valor de la pendiente. 

L-iLDH 
45ºC 

2.0 
so·c 

1.5 
IS. 

1.0 
ss·c 

tiempo(min) 

6 10 12 14 

tiempo(min) 

Para determinar el número de eventos en que se 
lleva a cabo la inactivación térmica de la L- y D
iLDH, se grafican los valores obtenidos de k inac vs 
la temperatura a las que fueron calculadas. En la 
parte superior de la segunda figura se observa cla
ramente que la inactivación de ambas iLDH es un 
solo proceso, se dice entonces que es un proceso 
monotónico. Además con este gráfico se observa 
que la actividad de D-iLDH es mucho más resisten-

te a la temperatura que la actividad de L-iLDH, lo 
que indícala presencia de dos enzimas. 

Para obtener el valor de la energía de activación 
(Ea) para la desnaturalización térmica, se grafica 
el logaritmo de la kinac vs el inverso de la 
temperatura absoluta, de acuerdo con la ecuación 
de Arrhenius: 

1 L~ LDH 

o (};lDH 

4 

3 

u .. 2 e 
/ 

x.-

o 
50 60 70 80 90 

Temperatura (ºC) 

~ OH 

0.5 

o 

O.O 

! - -0.5 o 
.X o o 

-ª' -1 .0 
o 

-1.5 

0.0028 0.0029 0.0030 0.0031 

1/T (K·1) 

log kinac = - (Ea/2.303R) (l/T) + log k 0 donde Ea 
es el valor de la pendiente multiplicado por la cons-
tante de los gases R ( 1.9872 cal/mol K) y por 
2 .303 . Nótese que para la D-iLDH, sólo s~ -~ >:.: 
consideraron los valores de k . de las tempe- :.,,:;:~· inac · ... , . . 

· - -.. -...-..-----~-----~._.,. -.,-,--~·-----.-~.-- -- - - .. . ,. ___ -- ---· 
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raturas mas altas, ya que como se observa en 
gráfica superior de la segunda figura, la inactivación 
se observa hasta los 80ºC. 

Los valores de Ea fueron de 44 y 55 Kcal/mol 
para la L-iLDH y D-iLDH respectivamente. Es
tos datos apoyan la presencia de enzimas especí
ficas para cada isómero y descarta la posibilidad 

185 

de una sola enzima con especificidad para Jos dos 
isómeros 
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PROBLEMA BIOQUÍMICO 

TEMA: Cinética enzimática 
Inhibición de tipo mixto. 

La L-lactato deshidrogenasa del protista Euglena 
gracilis es una enzima localizada en la membrana in
terna mitocondrial, es independiente de piridín nu
cleótidos (L-iLDH) y está conectada a la cadena res
piratoria. En sistemas bacterianos esta enzima se 
inhibe por oxalato de manera competitiva o no com-

Ricardo Jasso Chávez y Rafael Moreno Sánchez 

petitiva. Los parámetros cinéticos de la L-iLDH se 
detenninaron en mitocondrias aisladas variando las 
concentraciones de L-lactato en presencia de con
centraciones crecientes del inhibidor. La actividad 
enzimática de la L-iLDH se midió espectrofotomé
tricamente mediante la reducción a 600 nm del 2;6-
Diclorofenolindofenol (DCPIP) como el aceptor arti
ficial de electrones a 30" C y pH de 7 .6. A continua
ción se presentan las velocidades iniciales. 

ACTIVIDAD DE L-iLDH (nmoVmin/mg prot) 

[oxalato] mM 

[L-Iactato] o 0.1 0.25 0.50 0.75 2.0 
1111\1 

o o o o o o o 
1 47 41 33 27 23 21 

3 79 68 56 49 40 32 

5 89 82 68 55 45 42 

7.5 93 85 75 56 53 43 

10 97 88 77 62 56 48 

Detenninar los parámetros cinéticos de la L-iLDH, Ks y V, así como el tipo de inhibición y la Ki del oxalato. 

1'06.. ----



PROBLEMA BIOQUÍMICO 

RESPUESTAS: 

El gráfico Lineweaver-Burk o de dobles recíprocos, 
es la forma más utilizada para obtener los parámetros 
cinéticos, así como los diferentes tipos de inhibición. 
Este gráfico se basa en un re-arreglo de la ecuación 
de Michaelis-Menten: 

v/V = [S] / Ks + [S] 

para formar una ecuación de forma lineal cuando in
vertimos los componentes de la ecuación y multipli
camos la ecuación por V: 

llv = (Ks / V) * (1 / [S]) + (1 / V) 

donde V es la velocidad máxima, [S] la concentra
ción del sustrato y Ks la constante de disociación del 
complejo enzima-sustrato. 

Así, la gráfica de dobles recíprocos entre el 
L-lactato y los valores de velocidad inicial a las diversas 
concentraciones de oxalato (Fig. 1, gráfica superior) 
muestra que las líneas que unen los puntos para cada 
concentración de inhibidor se interceptan en el se
gundo cuadrante, característica de las inhibiciones de 
tipo mixto, que como su nombre lo indica, afectan 
tanto a la Ks como a la V. 

De este gráfico se puede calcular Ks y V a partir 

O .O 7 

: 

de las ordenadas a las abscisas y al origen respecti
vamente, en ausencia de oxalato. En este caso la Ks 
de la L-iLDH por L-lactato es de 1.4 mM y la V= 
115 nmol/min/mgprot 

La ecuación que explica una inhibición de tipo mix
to es [1]: 

donde 

v = [S] * V'/ Ks' + [S] 

Ks ' = Ks [(l+(I/Ki)) / (l+(I/(a.Ki)))] y 

V'= V/ [l+(I/(a.Ki))] 

I es la concentración del inhibidor y a es el factor que 
indica el número de veces que se ve afectada la Ks por 
la unión del inhibidor a la enzima. En este caso a> 1. 

De la ecuación anterior podemos observar que la 
Ks y V se encuentran afectadas por la concentración 
del inhibidor y por el factor a. 

Entonces, si regraficamos los valores aparentes de 
l!V (ordenadas al origen) y de Ks/V (pendientes) 
contra cada una de las concentraciones de oxalato, 
podemos obtener los valores de Ki y de a (Fig. 1, 
gráfica inferior). De esta forma, determinamos que la 
Ki para el oxalato fue de 0.3 mM y el factor a fue de 
3.6. 

o 75 
o . $ o 

o . 2 s 
o 1 

o o 

·0 . 1 ·0 . 4 · O. J O.O O.l 0 . t 0 . 1 0 . 1 1 . 0 

l l(L ·I• cl•l•I "'Y ·• 

1 .11 

· •o 

Figura l. 
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Aunque el gráfico de dobles recíprocos es el más 
utilizado no es recomendable, pues conlleva una falsa 
impresión del error experimen~: A valore~ bajos de 
velocidad inicial, errores pequenos en velocidad con
ducen a una gran dispersión de 1/V; a valores altos de 
velocidad inicial, errores significativos en v

0 
se tradu

cen en una baja dispersión de l/V [2].0tra forma de 
obtener Jos parámetros cinéticos y el tipo de inhibi
ción de una forma más confiable es editando Ja ecua
ción en un programa de cómputo y realizar el ajuste 
global no-lineal de todos Jos datos (Fig. 2). De esta 
manera, cada punto experimental tiene el mismo peso 
específico en Ja dispersión del ajuste. Los valores del 
ajuste no lineal para una inhibición de tipo mixto fue
ron: Ks = 1.21 mM, Ki = 0.32 mM, ex= 3.97 y V= 
108 nmol/rnin/mg prot., valores que son muy simila
res a Jos encontrados por regresión lineal o de do
bles recíprocos. 

1 00 

=- 10 

• ~ 
c.. 

u 
e: a 

E 10 .,, -.. .: 
~ ~ u 
~ o 40 .. E 
> .=. 

20 
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Estos resultados indican que el oxalato inhibe a la 
L-iLDH de E. gracilis con la misma potencia que a 
la de bacterias. Esta enzima sólo se ha localizado en 
mitocondrias de tripanosomátidos y euglenoides, 
que son dos grupos de eucariontes más primitivos 
que contiene organelos. Como Ja enzima de bacte
ria también es membranal y unida a Ja cadena respi
ratoria, estos resultados sugieren un posible origen 
común. 

REFERENCIAS 

1. Se gel IH. Enzyme Kinetics. John Wtley and Sons, 
New York, 1975 Cap llB pp 927-935. 

2. Comish-Bowden A. Fundamentals ofEnzyme 
Kinetics. Portland Press, London. 1995. 

Ricardo Jasso Chávez y Rafael Moreno Sánchez 

Jox•l•lo) mM 

o o .o 
• 0 .1 
A o.25 
.... o .1 
o 0 . 71 
+ 2.0 

10 

[L-lactato) m M 

Figura2. 

. .. ~::.':JOS 



Otras publicaciones realizadas durante el postgrado 

109 



EL.SEVIER Biochimica et Biophysica Acta 1457 (2000) 200-210 

www.elscvier.com/ locate/bba 

Oxidative phosphorylation supported by an alternative respiratory 
pathway in mitochondria from Euglena 

Rafael Moreno-Sánchez ª ·*, Raúl Covián ª, Ricardo Jasso-Chávez b 

Sara Rodríguez-Enríquez ª, Fermín Pacheco-Moisés ª, M. Eugenia Torres-Márquez b 

' Departamento de Bioquímica. Instituto Nacional de Cardiología, Juan Badiana # /, Col. Sección XVI. Tia/pan. 
Mexi<'o D. F. 14080. Mexico 

b Departamenru de Bioquímica. Facultad de ft1edidna, Universidad Nacional Autónoma de Nléxico, Mexico D.F . Mexico 

Received 17 November 1999 ; received in revised form 3 Fcbruary 2000: acccptcd 11 Febru ary 2000 

Abstrae! 

The cfTect of antimycin. myxothiazol , 2-heptyl-4-hydroxyquinoline-N-oxide, stigmatellin and cya nide on respiratinn, ATP 
synthesis, cytochrome e reductase. and membrane potential in mitochondria isolated from dark-grown Eug/ena cells was 
dctermined . With L-lactate as substrate, ATP synthesis was partially inhibited by antimycin, but the other four inhibitors 
completcly abolished the proccss. Cyanide also inhibited the antimycin-resistant A TP synthesis. Mcmbrane potential was 
collapsed ( < 60 mV) by cyanide and stigmatellin. However, in the presence of antimycin, a H+ gradient ( > 60 mV) that 
sufficed to drive ATP synthesis remained. Cytochrome e reductase, with L-lactate as donor, was diminished by antimycin and 
myxothiazol. Cytochrome bc1 complex activity was fully inhibited by antimycin , but it was resistan! to myxothiazol. 
Stigmatellin inhibited both L-lactate-dependent cytochrome e reductase and cytochrome bc1 complex activities . Respiration 
was partially inhibited by the five inhibitors. The cyanide-rcsistant respiration was strongly inhibited by diphenylamine. n
propyl-gallate, salicylhydroxamic acid and disulfiram. Based on these results, a model of the respiratory chain of Euglena 
mitochondria is proposed , in which a quinol-cytochrome e oxidoreductase resistan! to antimycin , and a quino) oxidase 
resistan! to antimycin and cyanide are included. © 2000 Elsevier Science B. V. Ali rights reserved . 

Key1rorc/s: ATP synthesis ; Antimycin ; Cyanide·resistant respiration; Euglena 

l. Introduction 

Mitochondria isolated from dark-grown Euglena 
gracilis have respiratory components that are resist
ant to antimycin and cyanide [1-3). The cyanide-re
sistant respiratory pathway is inhibited by diphenyl
amine (OPA) [2,4], preferentially oxidizes L-lactate 
[4,14), and builds up a small, uncoupler-sensitive 

• Corresponding author. Fax : +52-5-573-0926: 
E-mail: morenosanchcz@hotmail.com 

membrane potential [4,5), that supports the energy
dependent uptake of Ca2+ [6) . This pathway is par
tially inhibited by salicylhydroxamic acid (SHAM) 
[4, 7), a potent inhibitor of alterna ti ve respiratory 
pathways in plant mitochondria [8) . Cell growth in 
the presence of antimycin [1 ,2,9), cyanide [l O) or 
ethanol [l O) as carbon so urce, induces an increase 
in the content of a b-type cytochrome, that reacts 
with carbon monoxide. This last observation has 
been interpreted in terms of an adaptable enhance
ment of an alternative oxidase, which is resistant to 
the stress conditions of the culture [1 ,2,10). However, 

0005-2728/00/$ - see front matter © 2000 Elsevier Sciencc B.Y. Ali rights rescrved. 
Pll : S0005-2 7 2 8(00)00 1 02-X 
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the semipurified antimycin-sensitive cytochrome b 
also reacts with carbon monoxide [10) and, hence, 
such an interpretation should be further evaluated. 

Based on studies of respiratory inhibition by anti
mycin and cyanide, and of spectral characteristics of 
Euglena mitochondria, Buetow [3] proposed a respi
ratory chain in which L-lactate oxidation could occur 
through both an alternative terminal oxidase and the 
classical pathway (cytochromes be¡ and aa3), by 
transferring electrons from the dehydrogenase to ei
ther the quinone pool or directly to cytochrome c. In 
an effort to elucidate the site of branching for the 
alternative pathway, the effect of severa! inhibitors 
of the mammalian cytochrome bc1 complex [11] on 
the rates of respiration , A TP synthesis, cytochrome e 
reductase and quino! oxidase was determined. The 
effect of SHAM [8], DPA [2,4], n-propylgallate [12], 
and disulfiram [13], inhibitors of alternative respira
tory pathways in plant mitochondria, on the cyanide
resistant respiration was also examined . 

2. Materials and methods 

2.1. Marerials 

Antimycin, myxothiazol , SHAM, 2-heptyl-4-hy
droxyquinoline-N-oxide (HQNO), L-lactic acid, o
lactate, duroquinone, decylbenzoquinone (DBQone), 
N,N,N' ,N', tetramethyl-p-phenylene diamine 
(TMPD), disulfiram, fatty acid-free bovine serum al
bumin, hexokinase, cytochrome e, oligomycin, car
bonyl cyanide m-chlorophenylhydrazone (CCCP), 
2,6-dichlorophenol indophenol (DCPIP), and phena
zine methosulfate (PMS) were purchased from Sig
ma. Stigmatellin was from Fluka, n-propyl gallate 
(nPG) from ICN, DPA from Aldrich, and 32P; and 
3H-tetraphenylphosphonium (3H-TPP+) from New 
England Nuclear. 

2.2. Ce// culture and preparar ion of mitochondria 

E. gracilis Klebs (a Z-like strain), kept in the dark 
in liquid medium for severa! months, was reactivated 
and axenically grown as described [4,5,14]. The cells 
were grown in the dark in the Hutner's acidic orga
notrophic medium with glutamate+malate as carbon 
so urce [15, 16] at 25 ± 1 ºC under orbital agitation 

( 125 rpm). Cells were harvested after 82- 86 h, in 
the late exponential phase of growth, by centrifuga
tion at lOOOX g for 10 min at 4ºC and washed once 
in SHE medium (250 mM sucrose, 10 mM HEPES, 
1 mM EGTA, pH 7.3). 

The procedure previously described [4,5, 10] for 
isolation of mitochondria by sonication of cells was 
used with slight modifications. Cells were resus
pended at a density of 2 X 109 cells in 25 mi of 
SHE medium, supplemented with 0.4% (w/v) fatty 
acid-free bovine serum albumin. The cell suspension 
was sonicated in ice with a microprobe of 12 mm tip 
diameter for 10 s three times, with 1 min resting 
period, at 50-60% of maximal output in a Branson 
sonifier. The sonicate was diluted with 2-3 volumes 
of SHE medium and centrifuged at 600Xg for 
10 min at 4ºC. The supernatan t was centrifuged at 
8500 Xg for 10 min at 4ºC. The mitochondrial pellet 
was carefully resuspended in 2- 3 mi of SHE medium 
supplemented with 0.2% fa tty acid-free albumin, 
1 mM ADP, and incubated for 10 min in ice with 
occasional agitation. The mitochondrial suspension 
was diluted with 10-15 volumes of fresh SHE me
dium and centrifuged at 7800 Xg for 10 min at 4ºC. 
The pellet was resuspended in SHE medium (+0.2º/i• 
fatty acid-free albumin) to a final concentration of 
40-70 mg protein/ml. The usual yield was 45- 60 mg 
protein per 1 of culture. The respiratory control and 
ADP/O ratio values, with 10 mM L-lactate as oxidiz
able substrate, were 2.0 ± 0.1 (14) and 1.1±0.1 (14) 
(mean± S.E.M., n), respectively. Mitochondrial pro
tein was determined by the biuret method as de
scribed previously [4] . 

2.3. Oxygen uptake and ATP synthesis 

The rate of respiration of Euglena mitochondria 
was measured at 30ºC, with a Clark-type oxygen 
electrode, in an air-saturated standard medium that 
contained 120 mM KCI, 20 mM MOPS, 1 mM 
EGTA, 5 mM K-phosphate, 1 mM MgC(z, of pH 
7.25. For ATP synthesis, mitochondria were incu
bated at 30ºC in 1 mi of standard medium which 
also contained 32 P; (0.3--0.6 µCi/µmol) , 10 mM glu
cose, and five units hexokinase. At predetermined 
times the reaction was stopped with ice-cold 5% 
(w/v) trichloroacetic acid. After centrifuga tion of de
natured protein, an aliquot was withdrawn for 32 P; 
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extraction from the aqueous phase by reaction with 
ammonium molybdate/sulfuric acid, and using ace
tone plus n-butyl acetate as organic phase (17] . The 
32P;-free aqueous phase was used for determination 
of 32 P; incorporated into ATP and glucose-6-phos
phate by measuring the Cerenkov radiation in water. 

2.4. Quino/ and TMPD oxidases 

These activities were determined at 30ºC by mea
suring the rate of 02 uptake stimulated by 0.25 mM 
duroquinol, and 5 mM ascorbate plus 2.5 mM 
TMPD, respectively (10]. Irradiation of mitochondria 
(25- 30 mg protein/ml) with ultraviolet light was 
made in SHE medium supplemented with 1 mM 
ADP, 2 mM MgCl2 and 0.2-0.5% (w/v) fatty acid
free albumin at 4ºC, under occasional stirring. The 
lamp (Mineralight, UVG-54, 254 nm) was placed at 
about 1.5-2 cm from the suspension. Extraction of 
quinones was made according to Ding et al., [18]. 
Aliquots of 50 mg of mitochondrial protein were 
freeze-dried, resuspended in 100 mi iso-octane and 
incubated for 1 h at room temperature under gentle 
orbital shaking. The supernatant was discarded and 
the pellet was extracted five more times with iso-oc
tane. The final mitochondrial extract was brought to 
dryness using a stream of N2 and resuspended in 
SHE medium. 

2.5. Cytochrome e reductase ami NAD-independent 
L-lactate dehydrogenase ( iLDH) activities 

Euglena mitochondria (0.08-0.14 mg protein/ml) 
were incubated at 30ºC in SHE medium plus 1 mM 
ADP, 5 mM K-phosphate, 1 mM MgC]i and 30 µM 
oxidized horse heart cytochrome c. The reaction 
was started by addition of either 10 mM L-lactate, 
1 O mM succinate, or 60 µM decylbenzoquinol 
(DBQ), which was reduced according to Rieske 
[ 19]. The rate of cytochrome e reduction was fol
lowed by the increase in the absorbance difference 
at 550 minus 540 nm in a dual wavelength SLM
Aminco DW-2000 spectrophotometer; an extinction 
coefficient of 21. l mM- 1 cm- 1 was used in the cal
culations [20]. For iLDH activity determination, mi
tochondria (0.05-0. l mg protein) were incubated at 
30ºC in 1 mi of standard medium, which also con
tained 0.2 mM DCPIP and 0.25 mM PMS. The rate 

of variation in the absorbance at 600 nm was meas
ured after addition of 10 mM L-lactate. The extinc
tion coefficient for DCPIP was taken as 21.3 mM- 1 

cm- 1 at pH 7.5 (21]. 

2.6. Membrane potential 

The distribution of 3H-TPP+ (0.06-0.07 µCi/nmol) 
was used to estimate the difference of electrical po
tential across the inner mitochondrial membrane, fol
lowing the formulat ions proposed by Rottenberg 
[22], which involve corrections for nonspecific bind
ing to the externa! and interna! faces of the inner 
mitochondrial membrane. 

3. Results 

We previously reported that inhibition of respira
tion by cyanide in Euglena mitochondria was lower 
with L-lactate than with NADH or succinate as sub
strate [4, 10]. This observation suggested that the al
ternative respiratory pathway preferentially oxidized 
L-lactate. In an attempt to elucidate the respiratory 
components involved in L-lactate oxidation, the effect 
of severa( inhibitors of the mammalian cytochrome 

Ta ble 1 
lnhi bi tion of oxidative phosphorylation in Euglenu mitochon
dria 

Addition 

None 
+I mM NaCN 
+0.5- 1 µM Antimycin 
+ 12.5 µM Oligomycin 
+2.5 µM CCCP 

Ratc of A TP synthcsis 
(nmol/min/mg protein) 

L-lactate 

205.5 ± 11 (12) 
4.2± 1 (8) 
91± 13 (9) 

2.5 ± 0.1 (5) 
2.1±0.5(7) 

Succinate 

111±15 (8) 
6.2 ± 1.4 (3) 
19±4 (6) 

1.3 

Euglenu mitochondria (0.35- 0.5 mg protein/ml) were incubated 
as described in Section 2 in the presence of the indicated sub
strates and inhibitors. After 2 min, 1 mM ADP was added; the 
react ion was stopped 2 min later and the incorporation of 32 P¡ 
into ATP was determined. The rates of state 3 rcspiration for 
the same mitochondrial preparations were 177 ± 21 (12) and 
83 ± 19 (8) ng atoms oxygen/mg protein/min for 10 mM L-lac
tatc and 10 mM succinate, respectivcly. The data shown are 
mea n± S.E.M., with thc number of preparations assayed be
tween parentheses. 
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bc1 complex on respiration and ATP synthesis was 
assayed. 

3.1. A TP synthesis 

The rates of ATP synthesis and state 3 (ADP
stimulated) respiration (Table 1) were two-fold high
er with L-lactate than with succinate. However, the 
P/O ratio was identical with the two substrates: 
1.25 ± 0.09 (12) for L-lactate and 1.23 ± 0.26 (6) for 
succinate (mean± S.E.M.; n). With o-lacta te, the 
rates of state 3 respiration reached values of 300-
400 ng atoms oxygen/min/mg protein, although the 
rates of ATP synthesis were similar to those attained 
with L-lactate (data not shown). Determination of 
the cell levels of lactate revealed that the L-isomer 
was at a concentration of 3.8 ± 1.2 mM (7), consid
ering a water intracellular volume of 2.11 µ1/10 7 cells, 
whereas the o-isomer concentration was negligible 
( < 0.1 mM). Therefore, L-lactate, but not D-lactate, 
was used throughout the rest of this study. 

Oxidative phosphorylation was sensitive to cya
nide, oligomycin and the uncoupler CCCP, but par
tially resis tan! to a high antimycin concentration, in 
particular with L-lactate as substrate (Table 1). This 
observation was made severa! years ago by our 
group [1 O). The rate of antimycin-resistant ATP syn
thesis supported by L-lactate oxidation was also fully 
blocked by 2.5 µM oligomycin, 5 µM CCCP or 1 mM 
cyanide (data not shown). 

3.2. Cytochrome e reduetase activities 

To explore the existence of a cytochrome be1 com
plex with an unusual low sensitivity to antimycin, as 
occurs in mitochondria from Tetrahymena pyriformis 
(23) and yeast mutants (24) , the activity was directly 
measured (Table 2). Cytochrome be1 complex in Eu
glena mitochondria efficiently reduces added horse 
heart cytochrome e; this is in contrast to Euglena 
cytochrome e oxidase, which interacts only with en
dogenous cytochrome e (14); 30 µM oxidized cyto
chrome e and 60 µM DBQ as substrates sufficed to 
reach maximal rates of be1 complex activity. 

Thus, with DBQ as artificial electron donor, the 
activity of cytochrome be1 complex was strongly in
hibited by antimycin. With succinate, cytochrome e 
reductase activity was also extensively inhibited by 

Table 2 
Cytochrome e rcductase activity 

Donar 

60 µM DBQ 
+0.16-0.6 µM Antimycin 
+ 20 µM Myxothiazol 

10 mM L-Lactate 
+0.16-0.6 µM Antimycin 
+20 µM Myxothiazol 
+0.16 µM Antimycin+ 

20 µM Myxothiazol 

10 mM Succinate 
+0.16-0.6 µM Antimycin 
+20 µM Myxothiazol 

Activity 
(nmol cytochrome c/mg/min) 

96.4 ± 18 (5) 
0.3±0.2 (5) 
79 ± 24 (3) 

84.3 ± 8 (6) 
43±7 (8) 

20.5 ± 5 (3) 
6.8±2 (4) 

15.6± 1.5 (5) 
2.4 ± 0.4 (5) 

13.4 ±0.9 (3) 

Euglena mitochondria (0.08- 0.14 mg protein/ml) were incubated 
as described in Section 2. After 1- 2 min, DBQ, succinate or 
L-lactate were added . The initial rate of cytochrome e reduction 
was corrected for by the rate of reduction attained in the pres
ence of 1 µM stigmatellin (non-enzymatic reduction) and by thc 
activity due to endogenous substrates. in the same experimental 
conditions. Mean± S.D . (n ). 

antimycin (Table 2), indicating that electron transfer 
from succinate flowed preferentially through the cy
tochrome be1 complex. It should be noted that, 
although the concentrations of antimycin used for 
inhibition of oxidative phosphorylation and cyto
chrome e reductase were similar, the relation inhib
itor/protein was 3-5 times higher for the assays of 
cytochrome e reductase activity. Des pite such a high 
antimycin concentration, cytochrome e reductase ac
tivity was only partially inhibited when L-lactate was 
the electron donor. This suggested the presence of an 
electron flow pathway from quinone to cytochrome e 
that by-passes the cytochrome be1 complex. 

Myxothiazol, another specific inhibitor of mam
malian cytochrome be1 complexes [11), exerted a 
weak effect on Eug/ena cytochrome be¡ activity using 
DBQ or succinate as electron donors. Cytochrome 
be1 complexes from closely related trypanosomatids 
and from Paramecium are also resistant to myxothi
azol [23]. In contrast, myxothiazol significantly di
minished cytochrome e reductase activity when L-lac
tate was the electron donor. This observation 
indicated the presence of a myxothiazol-sensitive qui
nol-cytochrome e oxidoreductase activity, different to 
that of the cytochrome bc1 complex (antimycin-sen-
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sitive, myxothiazol-resistant), that is preferentially 
fed by iLDH, an enzyme that is located in the inner 
mitochondrial membrane and which <loes not require 
pyridine nucleotides ([3]; R. Jasso-Chávez et al., un
published data) . Stigmatellin, a third specific inhibi
tor of mammalian cytochrome bc1 complexes (11), 
fully abolished the activity of cytochrome e reductase 
with the three electron donors (data not shown). This 
indicated that both quinol-cytochrome e oxidoreduc
tases had similar binding sites for this inhibitor. 

3.3. Antimycin, HQNO and cyanide 

Titration with antimycin of L-lactate-supported 
state 3 respiration (Fig. 1) and A TP synthesis (Fig. 
2A) revealed the presence of an antirnycin-resistant 
respiratory component, which was able to drive oxi
dative phosphorylation with a lower thermodynarnic 
efficiency; with 500 nM antimycin (1000-1250 pmol 
antimycin/mg protein), the P/O ratio diminished 

z 
o 
¡:: 

1.0 

0.8 

~ 0.6 
o: 
Vl 
w 
a: 
M 0.4 

w ,... 
<l: 
tii 0.2 

ANTI (pmol/mg 

ANTI (pmol/mg)o 

µM CYANIDE 

o.o ....... -----~-~-~--~-~--.-' 
500 1000 1500 2000 

(INHIBITOR) 

Fig. l. Inhibition of state 3 respiration by antimycin and cya
nide. Euglena mitochondria (0.5-1 mg protein/ml) were incu
bated as described in Section 2 in the presence of 2 mM ADP, 
10 mM L-lactate (filled symbols) or 10 mM succinate (empty 
circles) and the indicated concentrations of antimycin (ANTI) 
or cyanide. The values shown represent the mean± S.E.M. of ti
trations with antimycin of 4-12 different preparations. The ex
perimental values with cyanide are from three different prepara
tions. The rates of state 3 respiration in thc absence of 
inhibitors were 237± 17 (33) and 82± 12 (14) ng atoms oxygen/ 
mg protein/ min for L-lactate and succinate, respectively. The 
solid lines represen! the best-fit to a second order cxponential 
decay. 

from 1.25 in control mitochondria to 0.44 (Fig. 
2A). Inhibition of succinate oxidation by antimycin 
(Fig. 1) also exhibited an antimycin-resistant respira
tory component. Accordingly, this antimycin-resist
ant pathway generated a tt+ gradient of a sufficient 
magnitude (-94 mV; Table 3) able to drive oxidative 
phosphorylation. It is noted that a H+ gradient of 
about 60-80 mV (negative inside) has been deter
mined as threshold value for mitochondrial [25,26] 
and bacteria! (27 ,28] A TP syn thesis. 

The larger inhibition of L-lactate oxidation (Fig. 
1), complete suppression of L-lactate dependent oxi
dative phosphorylation (Fig. 2A), and collapse of the 
tt+ gradient (Table 3) by cyanide, indicated that a 
fraction of the electron transfer, resistant to antimy
cin, required the activity of cyanide-sensitive cyto
chrome e oxidase. This interpretation accounts for 
the lowering in the P/O ratio in the presence of anti
mycin, in which only one site of energy conservation 
participates. In consequence, the respiratory compo
nen! that by-passes the cytochrome be1 complex 
would not be able to drive ATP synthesis. 

The cyanide concentration required to attain half
maximal inhibition (ICso) of A TP synthesis, in the 
absence (Fig. 2A) or in the presence of 0.5 µM anti
rnycin (ICso = 7.6 µM; data not shown), were similar 
to K; values previously reported for inhibition of 
TMPD oxidase (10, 14]. Hence, it appears that cyto
chrome e oxidase is the common terminal oxidase for 
both, antimycin-sensitive and antimycin-resistant 
phosphorylating pathways. 

HQNO, an inhibitor of alternative quino! oxidases 
in bacteria! respiratory systems [29] and of cyto
chrome be1 complexes (1 !], was able to abolish oxi
dative phosphorylation in Euglena rnitochondria 
(Fig. 28) with IC50 values in the absence (2.3 µM) 
and in the presence of 0.5 µM antirnycin (14.3 µM) 
similar to those required for half-maximal inhibition 
of cytochrome bo from Escherichia coli (29]. 

3.4. Myxothiazol and stigmatellin 

Myxothiazol completely inhibited L-lactate sup
ported ATP synthesis, but it was partially effective 
with succinate as substrate (Fig. 3); the respective 
ICso values were 1.1 and 32.8 µM myxothiazol for 
L-lactate and succinate, respectively. The respiratory 
rates with the two substrates were diminished in 85-
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Fig . 2. lnhibition of ATP synthesis by ant imycin, cyanide and 
HQNO. (A) Euglena mitochondria (0.35-0.5 mg proteinlml) 
were incubated with 32 P¡ as described in Section 2 with 10 mM 
L- lactate (fillcd symbols) or 10 mM succinate (empty circles) 
and the indicated concentrations of inhibitors. After 2 min , 
1 mM ADP was added and the reaction was stopped 2 min lat
t:r with trichloroacetic acid. (B) Mitochondria were incubated 
\\"ith L-lactate and the indicated concen trat ions of HQNO. Res
pi ration and the incorporation of 32 P¡ in to A TP were deter
mined as dcca iled in Section 2. The valucs shown represent the 
mean± S.E. M. of titrations with 3- 12 different preparations. 
The rates of A TP synthcsis in thc absence of inhibitors were 
~52.4 ±27 (14) and 112 ±24 (5) nmol/mg proteinlmin for L-lac
tate and succinate. respectively. 

90°/., by 100 µM myxothiazol; likewise, with both 
substrates the sensitivity of state 3 respiration to 
myxothiazol (Fig. 3) was similar (i.e., similar IC50 

values) to that observed for ATP synthesis, after 
correction of the non-inhibited fluxes. The biphasic 
pattern of inhibition by myxothiazol on respiration 
and A TP synthesis supported by succinate (Fig. 3) 
was also observed for the L-lactate-cytochrome e re
ductase activity (data not shown). In the latter case, 
the IC;o values for myxothiazol were 0.2 and 24.7 
µM (11 = 2). The low affinity componen! disappeared 
when the titration of the reductase activity with myx
othiazol was made in the presence of antimycin (not 
shown). Moreover, in the presence of both antimycin 
plus myxothiazol, the L-lactate-cytochrome e reduc
tase activity was suppressed (Table 2). 

With 20 µM myxothiazol, the concentration that 
inhibited ATP synthesis with L-lactate, but which 
slightly affected that supported by succinate (Fig. 
3), the membrane potential diminished to 105 ± 2 

1 o r:1:----.-~-.~,.....,.-,~-,--,, .o rr-~,.,---.---r-.-,~~ 

A TP SYNTHESIS STATE 3 

RESPIRA TION 
0.8 0.8 

0 .6 
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O.O 

20 40 60 80 100 o 20 40 60 80 100 
µM Myxothiazol 

Fig. 3. Inhibition of ATP synthesis and respiration by myxothi
azoL See legends to Figs. 1 and 2 for experimental deta ils. The 
va lues shown are the mean± S.E.M. of 3- 10 different preparn
t ions. 

(7) mV with L-lactate (i.e., 12 mV lower tt+ gra
dien t) , but it was not affected with succinate. 

Stigmatellin, at a concentratior. of 0.3 nmol/mg 
protein, suppressed ATP synthesis and state 3 respi
ration supported by L-lactate or succinate (data not 
shown) ; it also collapsed the membrane potential 
(Table 3). The stigmatellin- and cyanide-resistant res
piration was of the same extent; stigmatellin plus 

Table 3 
Steady-state H+ gradient in Euglena mitochondria 

State 4 
State 3 
State 3+0.4- 1.0 nmol 

antimycin/mg protein 
State 3+2 mM CN
State 3+0.3- 0.6 nmol 

stigmatellinlmg protein 

Ll l/fH · (mV) 

L-Lactate 

146.4 ± 10 (8) 
117 ± 7 (16) 
94±7(1 4) 

42 ± 3 (6) 
48 ± 8 (6) 

Succinate 

139.5 ± 6 (8) 
104.6± 12 (16) 
87 ± 7 (7) 

Mitochondria (2.5-3.5 mg proteinlml) were incubated at 30ºC 
in 0. 5 mi of standard mcdium with 0.8 µM [3H]TPP+ and 20 
mM L-lactate or 20 mM succinate. After 2 min, 2 mM ADP 
was added, except for state 4 where no addition was made. The 
reaction was stopped by rapid centrifugation at 14 OOO Xg for 
2 min at 4ºC in an Eppendorf refrigerated microcentrifuge. Ali
quots of the pellet and supernatant were used to calculate the 
dist ribution of [3HffPP+ across the inner membrane following 
the corrections for unspecific binding to the Nernst equation by 
Rotten berg [21 ]. 
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cyanide <lid not produce further inhibition of the rate 
of respiration supported by L-lactate. Since iLDH 
activity was not affected by these inhibitors (data 
not shown), the site of action of HQNO and stigma
tellin on A TP synthesis and respiration supported by 
L-lactate is very likely located after the reduction of 
quinones ; myxothiazol (50 µM) slightly inhibited 
(15.5 ± 6%; 5) iLDH activity, but its main si te of 
action may also be after the formation of quino!, 
because of its more pronounced effect on respiration, 
cytochrome e reductase and ATP synthesis. 

3.5. Antimycin-resistant path1vay 

To determine whether the antimycin-resistant res
piratory component oxidizes quino! or receives elec
trons directly from iLDH, the activity of antimycin
resistant quino! oxidase was determined. Severa! ar
tificial quinones were assayed, but the two that 
yielded the higher rates were DBQ and duroquinol 
(Table 4). For comparison, the activity of antimycin 
resistan! L-lactate oxidase was also measured in the 
same mitochondrial preparations. The activities were 
partially inhibited by cyanide, indicating that a frac
tion of electron flow from the oxidation of quino! 
reached cytochrome e oxidase, notwithstanding the 
complete blockade of cytochrome bc1 complex by 
antimycin. The existence of quino! and L-lactate ox
idase activities, in the presence of both antimycin and 
cyanide, suggests that a second alternative pathway 
branches from quinone. 

Irradiation of mitochondria with ultraviolet light 
for 100 min, to destroy the quinone pool (30), dimin
ished by 79 and 61% the activities of succinate and L
lactate oxidases, respectively. UV light also affected, 
but to a lower extent, the activity of quinone inde
pendent TMPD oxidase (38% inhibition). The activ
ities of cytochrome e reductase, using L-lactate or 
succinate as electron donors, were also decreased 
by 20 and 40%, respectively, after UV irradiation; 
the bc1 and iLDH activities decreased by 20 and 
50%, respectively (data not shown). 

Extraction of quinones from mitochondria with 
iso-octane (18) also decreased the activities of succi
nate and L-lactate oxidases by 60--90%; these were 
restored to control values by addition of 0.2 mM 
DBQone : the L-lactate oxidase activity was enhanced 
by 4.3 ± 0.5 times (3) and that of succinate oxidase by 

Table 4 
Antimycin-resistant quinol oxidases 

Substrate Activity (ng atoms oxygen/mg/min) 

+ Cyanide 

DBQ 
Duroquinol 
t-lactate 

13.7 ± 1.3 (8) 
23. 7 ± 2.8 (8) 
109±13 (8) 

6.7 ± 1.7 (7) 
15.8 ± 1.7 (7¡ 

33 ± 3.9 (8) 

Mitochondria (1 - 1.5 mg protein/ml) were incubated at 30ºC in 
2 mi of standard medium, which also contained 0.8 µM antimy
cin (540-810 pmol/mg protein) and 1.25-2.5 mM dithiothreitol. 
After approximately 5- 7 min (to exhaustion of endogenous sub
strates), 0.22 mM DBQone, 0.25 mM duroquinone or 10 mM 
L-lactate were added. Where indicated , 1 mM NaCN was 
present from the beginning of the incubation . The data shown 
are mean± S.E.M. (n). 

2.8 ± 0.3 times (3) by DBQone. The value of stimu
lation of L-lactate oxidase by DBQone, when cor
rected for respiration due to endogenous substrates, 
was 8.4-10.5 times higher for iso-octane extracted 
mitochondria , and 1.18- 1.53 times for control , 
lyophilized mitochondria. These data indicated an 
extensive, although incomplete, extraction of qui
nones. Antimycin (2 µM) strongly inhibited 
(81±7°!., ; 3) the stimulation of L- lactate oxidase by 
DBQone, while 20 µM myxothiazol only diminished 
the activity by 43% (2). The cytochrome e reductase 
activity, with L-lactate or succinate as electron donor, 
was also restored by added DBQone ; these activities 
were 76 and 50% inhibited by 0.4 µM antimycin, 
respectively. The activities of succinate and L-lactate 
oxidases, cytochrome e reductase, and cytochrome 
bc1 complex were higher in iso-octane treated than 
in control mitochondria, probably dueto a limitation 
of natural quinones in the latter and saturation by 
artificial quinones in the former conditions. 

3.6. Cyanide-resistant patlnvay 

In ali our preparations the rate of respiration with 
L-lactate as substrate was always partially inhibited 
(85.4± 1.7%; 18) by 1 mM cyanide (or 10 mM 
azide). One micromolar antimycin, 0.1 mM HQNO 
or 0.5 µM stigmatellin <lid not further decrease the 
rate of cyanide-resistant respiration with 1 O mM L
lactate as substrate. On the other hand, inhibitors of 
plant alternative respiratory pathway strongly inhib
ited the cyanide-resistant pathway, whereas myxothi-
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Table 5 
Cyanide-resistant pathway 

lnhibitor 0.5 mM OPA 12.5 mM nPG 5 mM SHAM 0.05 mM disulfiram 10 mM azide 50 µM myxothiazol 

Activity (% of control) 20 ± 3 (5) 17±4 (4) 37±4 (3) 21 (2) 59 (2) 56.5 (2) 

Three milligram protein of mitochondria were incubated at 30ºC in 2 mi of standard medium with 1 mM sodium cyanide and the in
dicated concentrations of the inhibitors. After 5- 7 min, 10 mM L-lactate was added and the steady-state rate of 02 uptake was meas
ured . The cyanide-resistant respiration in the abscnce of other inhibitors was 51±8 (9) ng atoms oxygcnlmg protein/min, which in 
turn was 17 ± 2 (9)% of the rate reached in the absence of cyanide. The data shown are mean± S.E.M. (n). 

azol and azide inhibited, but to a lower extent (Table 
5). Catalase exerted a very small inhibitory effect of 
the cyanide-resistant respiration , with or without 
OPA or nPG (data not shown), indicating that this 
activity was not associated to the production of 
Hi 0 2. Cyanide-resistant respiration was stimulated 
by 34 ± 5% (7) by 5 mM AMP ; oligomycin (2.5 
µM) and oleic acid (15-20 nmol/mg protein) partially 
suppressed AMP stimulation, whereas pyruvate (5 
mM) or DTT (1.25 mM) did not induce any effect 
[31) . 

4. Discussion 

The values of the P/O ratio with L-lactate or suc
cinate indicated the involvement of two energy con
servation respiratory sites, i.e ., the cytochrome bc1 

complex and the cytochrome e oxidase . This is in 
agreement with the early proposal of Sharpless and 
Butow [l ). Thus, similarly to succinate oxidation, 
dehydrogenation of L-lactate produces reduction of 
the quinone pool. This is further supported by the 
drastic diminution of L-lactate oxidation and L-lac
ta te dependent cytochrome e reduction in iso-octane 
treated mitochondria, and their restoration by addi
tion of artificial oxidized quinone. In addition, the 
direct reduction of added Q1 by iLDH through a 
reaction inhibited by oxalate, oxamate or sulfite (R. 
Jasso-Chávez et al., unpublished data), also illus
trated their connection to the quinone pool. 

The partial inhibition of oxidative phosphory
lation by antimycin indicated a branching for the 
oxidation of quino!, in which electrons flow through 
the cytochrome bc 1 complex, the reaction completely 
sensitive to antimycin, or through an alternative 
route, resistant to antimycin but still able to generate 
a H + gradient. The existence of an alternative respi
ratory component that catalyzes the same reaction 

like cytochrome bc1 complex, by an antimycin-resist
ant process without the coupled pumping of H +, was 
suggested by the following observations. (a) The di
minished P/O ratio of 0.44 induced by the presence 
of antimycin (see also [!]) ; (b) the reduction of cyto
chrome e by dehydrogenation of L-lactate (or succi
nate) in the presence of antimycin; and (e) the total 
suppression of ATP synthesis by cyanide with similar 
ICso values either in the presence or in the absence of 
antimycin. In consequence , L-lactate-dependent oxi
dative phosphorylation, in the presence of antimycin , 
would be supported by cytochrome e oxidase H + 
pumping activity . Cytochrome e reductase activity 
resi stan! to antimycin has also been reported in Can
dida parapsilosis mitochondria [32]. Antimycin-resist
ant electron transfer between NADH and cyto
chrome e was described for trypanosomatids (33,34) 
and Euglena mitochondria [!), although quinone in
volvement was not explored . 

Myxothiazol was a weak inhibitor of the activity 
of cytochrome bc1 complex as well as of the succi
nate-dependent activities of respiration, cytochrome 
e reductase and ATP synthesis . This pattern of inhi
bition by myxothiazol, together with the strong inhi
bition of the same activities by antimycin, further 
supported the notion that succinate was preferen
tially oxidized through the cytochrome bc1 complex 
(4,10]. In contrast, the high sensitivity of L-lactate 
dependen! activities to myxothiazol, and the lower 
inhibition by antimycin, indicated a preferential elec
tron flow through the phosphorylating alternative 
branch, sensitive to myxothiazol. Stigrnatellin was 
equally effective on both branches. The biphasic pat
tern of inhibition by myxothiazol (cf. Fig. 3; two 
slopes in a Dixon plot of [I] versus l/L-lactate-cyto
chrome e oxidoreductase activity, not shown) sug
gested the presence of two components ; one with 
high affinity, presumably the alternative quinol :cyto
chrome e oxidoreductase, and another with low af-
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finity, identified as the cytochrome bc1 complex, in 
which myxothiazol exerted a partial, mixed-type in
hibition (R. Covián et al., unpublished data) . 

Likewise, the inhibition of the antimycin-resistant 
pathway from L-lactate to cytochrome e, by submi
cromolar concentrations of myxothiazol or stigmatel
lin, also indicated that there was a non-be¡ quino!: 
cytochrome e oxidoreductase, since these two highly 
hydrophobic molecules interact with membrane
bound enzymes that use quino! or quinone as sub
strates, such as NADH dehydrogenase [35], bacteria! 
quino! oxidases [36,37] and quinone reductases [38], 
in addition to cytochrome be1 complex [11]. 

On the basis of the results of the present study a 
model of the respiratory chain of Euglena mitochon
dria is proposed (Scheme 1). iLDH and succinate 
dehydrogenase catalyze the transfer of electrons 
from L-lactate or succinate to q uinone; the cyto
chrome bc1 complex transfers electrons from quinone 
to cytochrome e in an antimycin-sensitive reaction, 
which is coupled to tt+ pumping (and ATP synthe
sis). Cytochrome e oxidase (cy l. e Ox.) catalyzes the 
reduction of oxygen in a cyanide-sensitive reaction 
also coupled to tt+ pumping. There is also a cya
nide-resistant quino! oxidase (Q. Ox.) that reduces 
oxygen in a reaction partially blocked by DPA, 
nPG, SHAM and disulfiram, and an alternative com
ponen! with an antimycin resistanl activity of qui
nol :cytochrome e oxidoreductase (Q. cyt. e red.) , 
but sensitive to myxothiazol, stigmatellin and 
HQNO. 

O. cyt. e red. 

L-LACTATE"""-. "'" ,,-----, 
~H,'~ bcr ''::.t, 

SUCCINAT 

O"\--.. Aµ..+ Cyt e 
O. Ox. 

º' 
Scheme l. 

cyt. e Ox. 

º' 

iLDHs from yeast mitochondria are soluble en
zymes located in the intermembrane space that cata
lyze the electron transfer from lactate to cytochrome 
e [39], while bacteria! iLDHs are membrane-bound 
enzymes of the respiratory chain that catalyze the 
electron transfer from lactate to the quinone pool 
[40,41]. Moreover, the respiratory chain of Paracoc-

eus denitrificans has a o-lactate oxidase activity that 
is also resistan! to antimycin [42], and is coupled to 
the generation of a tt+ gradient, apparently by the 
activity of a tt+ pumping terminal oxidase [43]. 
Hence, the involvement of quinones in the oxidation 
of L-lactate suggests that the Euglena iLDH is similar 
to that present in bacteria. 

It is pointed out that sorne experimental results are 
not fully explained by the above described model. 
For instance, inhibition of TMPD oxidase by cya
nide exhibits a biphasic pattern which has been in
terpreted as the presence of two oxidases with differ
ent sensitivity to cyanide. The componen! of high 
affinity (K; for cyanide ranging from 1 to 10 µM) 
has been identified as cytochrome e oxidase, while 
the low affinity componen! (K; of 40-100 µM) has 
been associated to an alternative oxidase [10,41] . 
However, a biphasic pattern of inhibition may also 
result from two states of the enzyme with different 
affinity for the inhibitor [44,45], as consequence of 
negative cooperativity in inhibitor binding, or from 
a partial or mixed-type inhibition [46]. Since the 
TMPD oxidase activity follows a Michaelis-Menten 
kinetics with respect to the TMPD concentration 
(i.e., only one componen!), with a Km of 0.65 ± 0.06 
(3) mM and V ma. of 604 ± 20 (3) ng atoms oxygen/ 
mg protein/min (data not shown), it is suggested that 
the biphasic kinetics of cyanide inhibition is the re
sult of the presence of oxidized and reduced enzymes 
which have different cyanide affinities. 

There was a low lactate-dependent A TP synthesis 
in the presence of high concentrations of myxothia
zol ( > 10 µM), although a tt+ gradient of a sufficient 
magnitude to support the process was available. 
However, at these concentrations, myxothiazol ex
erted inhibitory effects on other enzymes of the path
way like iLDH (15% inhibition) and ATP synthase 
(14 ± 2%; n = 3; activity measured as ATP hydrolysis 
in the presence of 1 µM CCCP). 

We previously reported the ability of Euglena mi
tochondria to generate a H+ gradient supported by 
L-lactate oxidation in the presence of 0.1 mM cya
nide [4,5]. This observation is apparently at variance 
with the proposed model of the respiratory chain, in 
which there is only one cyanide-sensitive componen! 
(cytochrome e oxidase) and, hence, no tt+ gradient 
should be built up in the presence of cyanide. A low 
cyanide concentration was previously used, because 
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it was thought that such concentration could totally 
inhibit cytochrome e oxidase, while still allowing the 
observation of the low affinity component. However, 
0.1 mM cyanide does not completely abolish TMPD 
oxidase and, therefore, nor respiration or ATP syn
thesis (see Figs. 1 and 2). 

The lower activity of antimycin-resistant quino! 
oxidase, in comparison to that of antimycin-resistant 
L-lactate oxidase, could be due to a lower affinity for 
the artificial quinones used. The natural quinones 
found in the membranes of Euglena mitochondria 
are ubiquinone-9, traces of ubiquinone-8 and rhodo
quinone-9 [47] , a quinone with an amine group in
stead of methoxy in the position 2 of the aromatic 
ring [48]. This last quinone is abundant in organisms 
subjected to anoxic environments in which a fuma
rate reductase activity is increased [49]. Although its 
function in the respiratory chain of Euglena mito
chondria is yet unknown, rhodoquinone might be a 
more specific substrate for the putative antimycin
resistant quinol/cytochrome e oxidoreductase, since 
DBQ and other artificial quinones prompted high 
rates of the cytochrome bc1 complex, but they were 
unable to reconstitute fully the antimycin-resistant 
activity. 
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PROBLEMA BIOQUÍMICO 

TEMA: Cinética enzimática. 
Efecto de la temperatura 

El aumento en la temperatura incrementa la actividad 
de las enzimas hasta un valor en donde empieza a pre
valecer la desnaturalización. Mientras que la variación 
en la velocidad (Vm o kcat) debida a la temperatura se 
analiza frecuentemente en las enzimas, la variación de la 
afinidad por el substrato ha sido menos estudiada (Km). 

La temperatura es una de las variables ambientales 
más importantes que establece los límites de viabilidad 
en los organismos. Para comparar la estabilidad enzimá-

Zymomonas mobilis 

Temperatura Vm(nmol Km(mM) 

(ºC) NADH/min/mg) (3PG) 

20 280 1.0625 

25 340 0 .9375 

30 400 1.0 

35 480 1.0625 

40 550 -

45 625 1.125 

50 700 1.1875 

55 800 1.3125 

60 850 1.625 

65 1000 

70 950 

75 875 

Determinar la energía de activación y los parámetros 
termodinámico t.Gº a 30ºC, t.H° y t.Sº para la disocia
ción del complejo Enzima-3PG (suponiendo que laenzi-

Ricardo Jasso Chávez 
Instituto Nacional de Cardiología 

"Ignacio Chávez" 
e-mail: rjasso@hotmail.com 

ti ca en organismos expuestos a diferentes temperaturas, 
se determinó el efecto de la temperatura sobre los 
parámetros cinéticos de la 3-fosfoglicerato cinasa pre
sente en una bacateria mesofílica (Zymomonas mobilis) 
y en una termcifílica (Themzoanaerobacrer sp). La re
acción se ensayó en la dirección de la formación de 
1,3-bisfosfoglicerato, acoplando la gliceraldehído3-
fosfato deshidrogenasa. Por lo tanto, la actividad 
enzimática se monitoreó midiendo la desaparición de 
N ADH. La mezcla de reacción se incubó durante 10-
15 s y la reacción se midió en los primeros 5 s [ l ]. 

Los resultados fueron los siguientes: 

Thermoanaerobacter sp 

Temperatura Vm(nmol Km(mM) 

(ºC) NADH/min/mg) (JPG) 

40 700 0.75 

45 800 0.875 

50 925 0.9375 

55 1100 1.00 

60 1250 1.0625 

65 1500 1.125 

70 1650 1.25 

75 1650 

80 1600 

ma presenta una cinética en equilibrio rápido) a partir de 
los valores de Km. Discutir las diferencias observadas en 
la 3-fosfoglicerato cinasa entre los dos organismos. 
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RESPUESTAS AL PROBLEMA BIOQUÍMICO 

RESULTADOS: 

La velocidad de una reacción enzimática depende de la 
frecuencia de colisiones entre las moléculas reactantes (en
zima+ substrato). La energía mínima para que una colisión 
genere una reacción es la energía de activación (Ea). 

La cual puede determinarse mediante la ecuación de 
Arrhenius: 

v = v 
0

e ·Eo1RT o en su fonna lineal : 

log v = log v0 - Ea/2.3 RT, 

donde ves la velocidad obtenida a cada temperatura 
de ensayo, v 

0 
es la velocidad máxima teórica si el núme

ro total de colisiones entre los reactantes fueran pro
ductivas a una temperatura infinita, Tes la temperan1ra 
absoluta y Res la constante de los gases. 

De esta forma, si relacionamos el logaritmo de las 
velocidades contra el inverso de la temperatura absolu
ta a la cual fueron obtenidas obtenemos una gráfica 
como la siguiente: 

~ 
"' o 

3.2 
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2.8 

2.6 

o o \, 

.\\ 
\ \ 

\~ 
\ • Zymomonas mobi/is 

o Thermoanaerobacter sp 

0.0029 0.0030 0.0031 0.0032 0.0033 0.0034 

1/ T (K-1) 

Así, el valor de la pendiente es igual -Ea! R * 2.3, 
por lo que la Ea es de 5414y6301 cal/mol para las 
3-fosfoglicerato cinasas de Zymomonas mobilis y de 
Thermoanaerobacter sp, respectivamente. Es impor
tante puntualizar en la figura, que el cambio en la pen
diente es indicativo de la inactivación térmica, por lo 
que estos puntos ya no se toman en cuenta para el 
cálculo de la Ea. 

Suponiendo que la reacción catalizada por la 3-fos
foglicerato cinasa establece un equilibrio rápido para la 
asociación del substrato (Km = Ks), entonces las Kms 
obtenidas a diferentes temperaturas se puede utilizar 
para calcular los parámetros tennodinámicos de acuer
do a la siguiente ecuación (2) 

log Km= - D.H° I 2.3 RT + D.Sº I 2.3 R, 

donde D.H° es el cambio en la entalpía estándar, ilSº 
es el cambio en la entropía estándar de la disociación del 
complejo enzima-substrato y Res la constante de los 
gases. Entonces. con la linea recta obtenida del gráfico 
del log Km contra el inverso de la temperatura absoluta, 
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podemos calcular óHº a partir del valor de la pendiente y 
t..Sº de la ordenada al origen. El ajuste de los datos ex
perimentales a una línea recta indica que la suposición de 
equilibrio rápido es razonable para esta enzima. 

De esta forma, los valores de t..H° fueron + 1956 y 
+ 2960 cal /mol; y los de t..Sº de -7 .29 y -4. 7 cal/mol 
K, para Zymomonas mobilis y Thermoanaerobacter 
sp, respectivamente. Estos valores de cambio de en
talpía y entropía indican que la disociación del complejo 
cinasa-3PG es un proceso endergónico con una dismi
nución en la entropía. 

Finalmente con la ecuación del cambio de la energía 
libre: 

t..Gº = t..Hº -Tt..Sº, 

podemos calcular el cambio en la energía libre de la 

REB 2/(3): 217-2 18,2002 

El valor positivo en la energía libre de Gibbs para la 
disociación a 30ºC indica que la asociación entre la enzi
ma y el substrato está termodinamicamente favorecida 
independientemente del organismo del cual provenga. 

El aumento en la actividad de la 3-fosfoglicerato 
cinasa de Thermobacter con respecto a la contraparte 
mesofílica, es un caso contrario a la observación normal 
que las enzimas termofílicas son menos activas que las me
só filas a una temperatura dada [ l ]. Sin embargo, las Ea 
para cada una de las enzimas fue muy similar, lo que 
indica que la termodinámica de una reacción enzimática 
no se modifica a pesar de la temperatura del ambiente 
en el cual se desarrolle un organismo sino a la naturaleza 
conservada de esta enzima. 
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Abstrae! 

Sorne kinetic and thermodynamic properties of the plasma membrane adenylyl cyclase (AC) from the protist E11gle11a gracilis were 
examined . The AC kinetics for Mg-A TP was hyperbolic with a Km value of 0.33- 0.43 mM, whereas the inhibition exerted by 2' , 5' -
<lideoxyadenosine was of the mixed type with a K¡ of 80- 147µM . The Vm value (0.9 o r l.8nmol(mg protein¡- 1 min - 1

) changed, 
depending u pon the carbon source in the growth medium (lactic acid or glutamate plus malate). Lactic acid membrane AC was slightly 
more thermolabile (from 28 to 40 ºC) and showed higher activation energy (range 15- 25 ºC). With lacta te, the total and saturated fatty 
acid percentage content in the plasma membrane was significantly greater than with glutamate plus malate, whereas the percentage 
content of polyunsaturated (n - 3) fatty acids was lower. The data suggest that the fatty acid composition , as changed by the carbon 
source in the growth medium, may modulate the AC activity in E11gle11a. © 2002 Elsevier Science (USA). Ali rights reserved. 

Keywurds: Adenylyl cyclase; cAMP; Enzyme kinetics; Euglena gracilis; Fatty acids; Protist; Signa! transduction 

Adenylyl cyclase (AC) 1 is an essential enzyme within 
the signa! transduction pathway that operates down
stream of the activation of G-protein-coupled receptors 
(GPCR), particularly those associated with G, or G;. 
Mammalian ACs are the best known enzymes of their 
class, and so far nine membrane-bound isoforms have 
been described [IJ. The characteristics of each isoform, 
including their regulation by G,et or G;et subunits and the 
G~y complex, Ca2+ -calmodulin-dependent kinase and 
protein kinase C, ha ve been reviewed by Tang and Hurley 
[2]. Except for isoform IX and the soluble mammalian AC 
[3], ali particulate mammalian ACs are activated by 
forskolin. Another very different group of ACs includes 
soluble enzymes found in bacteria (4,5]. There are also 
sorne other ACs which, although located in the plasma 

Correspondrng author Fax: +525-616-2419. 
E-mail tuldress: rnetorrcs@scrvidor.unarn.mx (M. Eugenia Torres· 

Márquez). 
1 Abbreviations 11sed: AC, adenylyl cyclase; GPCR. G-protein

coupled receptor; Mops, 4-morpholinepropanesulfonic acid; BHT, 
bu1ylhydroxytoluene; ddAdo, 2',5'-dideoxyadenosine. 

membrane, are forskolin insensitive. These last ACs ha ve 
been identified in many insect tissues [6], leech [7], Para
mecium (8], octopus [9], and sea urchin sperm (10] . 

We [11] and Keirns et al. (12] have previously reported 
forskolin-insensitive AC activity in plasma membranes 
from the free-living flagellate protist Euglena gracilis. 
Apparently, the activity of this enzyme is regulated by G 
proteins and GPCR, as suggested by its stimulation by 
GTPyS and cho lera toxin [ 11] and the activation by sorne 
GPCR agonists (12], respectively. The potency ofGTPyS 
or GPCR agonists to actívate Euglena AC was very low, 
which implies that the proper, physiological agonist is yet 
to be found or that this activation mechanism is not op
erating as the upstream pathway for the enzyme in this 
microorganism. Changes in AC activation and isoenzyme 
expression with the progress of the life cycle have been 
reported in flagellates [13]. It is not known whether Eug
lena faces such changes, but it might become challenged 
by nutrient availability. lndeed, different growth rates and 
cellular densities are achieved in Eug/ena, depending 
on the carbon source in the culture medium (14--16]. 
Change of metabolic patterns and of signa! transduction 

0003-9861/02/$ - sce front matter © 2002 Elscvier Sciencc (USA). Ali rights reservcd . 
Pll: 50003-9861 (02)00235-7 
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pathways may be involved in this process. Therefore, we 
performed a kinetic and thermodynamic characterization 
of the E. gracilis AC activity in plasma membranes iso
lated from cells grown with different carbon sources, in a 
continuing effort to determine the signa! transduction 
pathways in volved in the physiological regulation of this 
microorganism. 

Materials and methods 

Plasma membrane prepara/ion 

Plasma membranes were obtained as described by 
Nakano et al. (17) with sorne modifications. E. gracilis 
Klebs, a Z-like strain, was grown axenically in the dark in 
Hutner's acidic organotrophic medium with either 
35 mM glutamate plus 15 mM malate (glu plus mal) or 
36 mM lacta te as car bon so urce, as described previously 
[18). After 4 days (in the early stationary phase of growth), 
cells were harvested by centrifugation at 1 OOOg for 1 O min 
at 4ºC and washed with IOmM KH2P04 , pH 7. Cells 
were resuspended in a buffer containing 250 mM sucrose, 
5mM Mops, 2mM EGTA, and 0.1% bovine serum al
bumin (SM EA buffer) and then sonicated four times for 
30 s at 20-25 µm potency (80% maximal output) in a 
Branson sonitier. The suspension of broken cells was 
centrifuged at 1 OOOg to elimina te debris and paramylon. 
The supernatant was centrifuged at 7000g for 10 min; the 
pelle! was discarded to eliminate the mitochondrial frac
tion [19). Centrifugation of the second supernatant at 
33,000g for 1 h was used to sediment plasma membranes, 
which were washed once and resuspended in 50 mM Tris, 
pH 7.4, and IOmM MgCl2. The plasma membrane frac
tion was stored at -70 ºC until use. Following this pro
cedure, the discontinuous sucrose gradient centrifugation 
step described by Nakano et al. (17), and previously used 
by our group [11), was replaced by simple differential 
centrifugation steps, which resulted in a 1 O- to 20-times 
enriched AC activity. When membranes were used to 
determine their lipid composition 0.001% butylhydroxy
toluene (BHT) was added. Protein concentration was 
determined by the method of Lowry et al. [20) with bovine 
serum albumin as standard. 

Adenylyl cyc/ase determina/ion 

AC activity was measured as described by Salomon 
et al. [21), using 30-50 µg membrane protein per assay, 
with a reaction time of 20 min at 25 ºC; under these 
conditions the activity was linear with time and protein 
concentration. 

Determina/ion of total fally acids 

This was achieved using the procedure described by 
Folch et al. [22), as follows. Aliquots of lOmg plasma 

membrane protein were thawed and 1 mi BHT in 0.02% 
(v/v) methanol, 60 µg margaric acid (as standard) , 1 mi 
0.9% NaCI, and 2 mi chloroform were added and mixed 
for 1 min . The suspension was centrifuged al 1600g for 
1 O min at 4 ºC. The organic phase was then recovered 
and the aqueous phase extracted two or three times 
more with chloroform. The organic phase was dehy
drated by· addition of 1.5 g Na2S04 anhydrous . The 
solvent was evaporated under a stream of N2. For trans
esteritication of phospholipids, and derivatization of 
free fatty acids to methyl esters [23] , dried samples were 
mixed with 0.1 mi toluene, 2 mi methanol anhydrous, 
and 0.04ml sulfuric acid. This mixture was heated at 
65 ºC for 2 h. Then, the samples were mixed with 1 mi 
5% NaCI and 2 mi hexane, stirred vigorously, evapo
rated under a Ni stream, and stored at - 72 ºC until gas 
chromatography (GC) analysis was carried out. The 
conditions for GC were 198 ºC, with H2 as carrier at a 
pressure of 0.5 kgcm-2. The column used was CP SIL 
8CB in a Cario Erba (Chromopack) instrument. 

Results 

Kinetics of adenylyl cyclase 

The effect of different A TP concentrations on the rate 
of cAMP production by AC followed a Michaelis
Menten kinetics pattern, regardless of the carbon source 
under which Euglena cells were grown (Fig. 1). The af
finity for Mg-A TP was similar for both types of mem
branes; however, the maximal rate CVm) was 1.9-fold 

1400 

1200 

200 400 600 800 1000 

JMg ' •-ATPJl"-1 

Fig. l. Kinetics of adenylyl cyclase basal activity from E. gracilis. 
Plasma membranes (30-50 µg protein) were incubated at 25 ºC with the 
indicated conccntrations of Mg-ATP, and the ratc of cAMP produc
tion was measured as described under Materials and methods. Mem
branes were isolated from cells grown with glu plus mal (O) or lactic 
acid (•) as carbon source. The experimental points were fitted to the 
Michaelis-Mentcn cquation, using the commercial computer program 
Microcal Origin version 5. Values are the mean ± SE of thc mean of 
fi ve indepcndcnt expcriments made in duplicate . 
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higher in lactic acid membrane preparations (Table !). 
In consequence, the catalytic efficiency (Vm/ Km) for 
lactic acid membrane AC was larger than that for glu 
plus mal membrane AC: 0.0041 versus 0.0028 mi 
(mg proteinr 1 min- 1

• Stimulation of AC activity by 
GTPyS. a nonhydrolyzable GTP analogue that activa tes 
G,Ol [25), was similar in both membrane preparations 
(22% for glu plus mal and 36% for lactic acid at 1 µM). 

Ta ble 1 

The P-site inhibitor 2',5'-dideoxyadenosine (ddAdo) [26) 
was able to inhibit Euglena AC activity. Double recipro
ca! plots (Figs. 2A and B) showed that ddAdo exerted a 
mixed-type inhibition, regardless of the membrane 
preparation. Nonlinear regression analysis of the ddAdo 
effect in lactic acid membranes showed a fitting of a 
quality similar to both simple noncompetitive and mixed
type inhibition (not shown). Since the former is a partic-

Kinetic parameters for basal adenylyl cyclase in two membrane preparations from E. grac:i/is 

K,111"<'1 (µM) 
Vrn (n ·q (pmoVmin/mg) 

K, ! '.S'-JJ,\J<J (µ M) mixed·type inhibition 

Lactic membranes 

427 ± 74 (5) 
1777 ± 235 (5)' 

Linear regression 

80 
a= 0.63 
Nonlinear regression 

51±14 
• = 1.94 ± 1.17 (8) 

Glu plus mal membrancs 

327±48 (5) 
933± 88 (5) 

Linear regression 

147 
• = 0.5 
Nonlinear regress ion 

121±16 
• = 0.43(8) ± 0.23 

Valucs are means ==SE with the numbcr of differcnt preparations assayed between parentheses. The equation used for mix.ed·type inhibition was 
[24] r = (V,,,~ S ),(K.,~ ~ !SI), where V,,._~ is Vm/( 1 + I / rxK;) and K.,~ is K,( 1 + I / K;)/(l + I /aK;) and a is the factor by which the inhibitor affects 
the substratc binding. 

ª P < 0.05 's glu plus mal membranes. 

A e 
0.00300 o 0.015 

0.00225 o 

0.00150 

1 o 0.00075 

·100 200 300 400 

!2'5'-ddAdo)µM 

-2 

1/ (Mg-ATPJ mM"
1 

B 0.016 D 

0.012 X º·"°' 
0.003 

0.002 

1 o 0.001 

·100 

(2'5"-ddAdo) µ M 

1f1Mg-ATPJ mM • 1 

Fig. 2. lnhibition of basal adenylyl cyclase activity by ddAdo. Assays with 30-50 µg of membrane protcin were made in the presence of 0.1 - 1 mM 
Mg-ATP and with no inhibitor added (0) or 1 (0 ), 10 (,!;), 25 (.l), 50 (17), 100 (ó), 200 (+), or 400µM ( X) ddAdo. (A) Lactic acid membranes. (B) 
Glu plus mal membranes. Rcplots (C and D) of slopes (•) and intercepts (0 ) were used to estimate the inhibition constant (K¡) value. Solid lines in A 
and B are the result ofa nonlinear regression analysis. Values are thc means ±SE ofsix or seven experiments in duplicate for 0-IOOµM ddAdo or 
two o r thrce experiments in duplicate for 200-400 µM ddAdo. 
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ular case of the latter pattern (ex= 1 ), a mixed-type 
inhibition was assigned to ddAdo in lactic acid mem
branes, as well as in glu plus mal membranes (Table 1 ). 

Thermostability of AC activity 

Preincubation of plasma membranes with increasing 
temperature from 28 to 40 ºC induced a diminution 
of AC activity. The thermal inactivation followed first
order exponential decay kinetics. Inactivation rate con
stants (kinac) for each temperature were obtained from 
the slope derived by plotting log activity versus time 
(Figs. 3A and B). The kinac vs temperature plot (Fig. 3C) 
indicated that AC from lactic acid-grown cells was 
slightly more thermolabile than AC from glu plus mal 
ce lis. 

To determine the changes in enthalpy (liHº) and 
entropy (ó.5°) for the binding of Mg-A TP to the enzyme, 

e 
0.75 

'7 
e 0.60 .E 
~u 

~ 
0.45 .. 

->e 0.30 

0.1 

28 

minutes 

minutes 

-•- gm membranes 
-D-Jac membranes 

30 32 34 36 38 40 

Temperature (ºC) 

* 

Fig. 3. Tempcraturc inactivation of adenylyl cyclasc. Membranes (30--
50 µg protein) were preincubated at thc indicated temperatures. 
Aliquots wcre withdrawn at thc indicated times to assay thc AC ac~ 
ti vi ty at 25 ºC as described under Materials and methods. Values are 
the means ± SD of five experiments in duplicate. •p < 0.05. 

the dissociation constants obtained at differen t temper
atures (Fig. 4) were obtained applying the fo llowing 
equation (24]: 

!iHº tJ.s" 
log K, = - 2.303RT + 2.303R. (1) 

Similar to the mammalian isoforms [2] , it was as
sumed that the binding reaction established a rapid 
equilibrium, i.e., Km = K, . The straight lines in the logK, 
versus l/Tplot for both types ofmembrane preparations 
(Figs. 4A and B) indicated that the dissociation of ATP 
was an endothermic process with an increase in entropy 
(Table 2). The resulting positive change in Gibbs free 
energy for the dissociation at 25 ºC indicated that the 
association was thermodynamically favored . Arrhenius 
plots in the temperature range from 15 to 25 ºC showed 
that the activation energies for both membrane prepa
rations were slightly different (Table 2). These activation 
energies were substantially lower than those reported for 
canine heart AC of 23-32 kcal mo1- 1 [27] , but similar to 
that obtained for the mussel [28] and rat heart enzymes 
(29]. 

A 

::.::" 
O> 
o 

-3.4 

-' -3.6 

B 

::.::" 
"' 

-3.2 

-3.4 

.3 -3.6 

-3.B 

0.00336 0.00340 0.00344 0.00348 

1/T(K-1 ) 

0.00332 0.00336 0.00340 0.00344 0.00348 

1/T (K-1) 

Fig. 4. Thermodynamic parameters. AC activi ty was rneasured at 15, 
18, 20, 23, 24, and 25 ºC in lac tic acid membranes (AJ or 15, 20, 25, and 
30 ºC in glu plus mal membranes (B) The values of the dissocia tion 
constanls (K,) werc derived frorn fitting the experimental points to thc 
Michaelis- Menten equation at each ternperature. Va lucs are the 
rneans ±SE of five cxperiments in duplicate. 
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Table 2 
Estimated thermodynamic parameters of the adenylyl cyclase- Mg-ATP interaction 

Acti va tion energy 
(kcaVmol) ( l 5- 25ºC) 

Enthalpy of dissociation 
(kcaVmol) 

Entropy of dissociation 
(cal/mol x K) 

Dissociation free encrgy at 
25ºC (kcaVmol) 

Lactic acid mernbranes 
Glu plus mal 
membranes 

18± 1.4 
12±2 

+ 10.5 ± 2 
+ 14 ±2 

+ 19 .6 ±7 
+ 32 ± 6 

+4.6 
+4.6 

The values shown are the meaos ± SE of at lcast four different preparations made in duplica te. 

Fally acid composition of plasma membranes 

The differences in AC activity between the two mem
brane preparations could be related to different amounts 
of AC, expression of different isoenzymes, or different li
pid environments. To assess the third possibility, the fatty 
acid composition ofboth cell membrane preparations was 
determined (Table 3). The glu plus mal membranes 
showed smaller contents of total and severa! individual 
fa tty acids than those oflactic acid membranes. However, 
the polyunsatu ra ted fatty acids araquidonic (C20:4n - 6) 
and eicosapentaenoic (C20:5n - 3) acids represented a 
two times higher percentage content in glu plus mal 
membranes than in lactic acid membranes (Table 3). The 
unsaturated/sa turated fatt y acids ratio was also greater in 
glu plus mal mcmbranes (2.48) than in Jactic acid mem
branes (2 .14) . Thc cholesterol content in both membrane 
preparations was negligible (not shown) . A significan! 
content of the ~7 · 10 hexadecenoic acid (CJ6:2n - 6), a 
fa tty acid not commonly found in mammalian plasma 

Table 3 
Fatt y acid compos itio n o f plasma membranes from Euglena 

Contcnt (µg / mg protein) 

Fany acids Glu+ mal Laclic acid p 

C l6:0 230 ± 29 662± 56 0.0002 
C l6:l11 - 7 55 ± 16 130 ± 13 0.003 
C l6:2n - 6 46±26 335 ± 263 ns 
C l8:0 39± 11 122 ± 28 0.008 
Cl8:ln - 9 77± 14 292 ± 124 0.04 
Cl8:2n - 6 47± 14 167 ± 17 0.0006 
C l8:3n - 3 15 ± 3 44±24 ns 
C20:3n - 6 22± 17 18±5 ns 
C20:2n - 6 46± 7 199± 11 0.00003 
C20:3n - 6 17 ± 3 53± 1 0.000005 
C20:4n - 6 262 ± 69 285 ± 25 ns 
C20:5n - 3 298 ± 81 286 ± 20 ns 
C22:4n - 6 107 ± 27 203 ± 7 0.003 
C22:5n - 3 8±0.3 16 ± 5 0.05 
C22:6n - 3 288 ± 76 414 ± 35 0.001 

TFA 1553 ± 267 3228 ± 425 0.004 

SFA 
MUFA 
PUFA(n - 6) 
PUFA(n - 3) 

membranes [30], was detected in both Euglena membrane 
preparations . 

Discussion 

The Km value for Mg-A TP found in this work for the 
AC from E. gracilis is within the range reported fo r 
other mammalian ACs [2]. This conserved characteristic 
is in accordance with the high homology of the catalytic 
site in mammalian AC [2] and AC from the flage llate 
protist Leishmania donovani [31], the phylogenetica ll y 
closest organism to Euglena with a cloned AC. The Vm 
values showed tha t AC activi ties from E. graci/is were 
strikingly larger than those found in mammalian plasma 
membranes [32- 36] and in other eukaryotic systems, 
including sorne invertebrates [6-8,37,38]. Neve rtheless, 
Euglena AC rates were still remarkably smaller than 
those from bacteria! AC [4 ,39], although the la tter are 
soluble, while the protist enzyme was located in the 

Pcrcen tage 

Glu+mal Lactic acid p 

14.8 ± 0.9 20 ± 2.7 0.002 
3.5 ± 0.5 4±0.5 ns 

3±2 10 ± 6.7 ns 
2.5 ±0.9 3.8 ± 0.4 ns 

5± 1.3 9± 2.7 ns 
3 ± 0.9 5. 1 ±0.1 0.01 

0.9 ± 0.04 1.3 ± 0.6 ns 
1.4 ± 1.1 0.5 ± 0.09 ns 
2.9±0.1 6.2 ± 0.6 0.0007 

1.07 ± 0.09 1.6±0.2 0.008 
16.8± 1.6 8.8 ± 1. 5 0.004 

19 ± 1.8 8.8 ± 1. 2 0.00 1 
6.9 ± 0.6 6.3 ± 1 ns 
0.5 ± 0.06 0.5 ±0.1 ns 

18.5± 1.7 13 ± 2 0.02 

17.3 ± 1.5 24.5 ± 2 0.01 
8.6 ± 1.4 13 ± 2 0.04 

34.4 ± 1.4 39.6 ± 3 0.06 
39 ± 2.7 23 ± 3 0.002 

Data represen! the meaos± SO; N = 3 different preparations, ns, not significan!; TFA, total fany acids; SFA, MUFA, and PUFA, saturated, 
monounsaturated, and polyunsaturated fatty acids. 
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particulate fraction. A particulate bacteria! AC was re
cently found in Mycobacterium tuberculosis [40], but 
with a Vm approximately 12- 20 times higher than that of 
Euglena AC. 

The relatively high Vm values of the Euglena AC bring 
about high levels of basal cAMP in both cultures ( 15 ± 2, 
N = 6. and 32 ± 2.5, N = 6 pmol cAMP/107 cells for 
lactic acid and glu plus mal cells, respectively). Similar 
values of cAMP have also been described for leech [7], 
Paramecium [8], sea urchin sperm (10], and rat C6 glioma 
cells (41]. However. a tight correlation between Vm and 
basal cAMP in Euglena was not attained (cells from 
lactic acid medium exhibited a higher AC Vm. but a lower 
cAMP leve! , than cells from glu plus mal medium). This 
suggests that other factors are also involved in the es
tablishment of the steady-state levels of intracellular 
cAMP. such as the activities of cAMP phosphodiester
ases and pyrophosphatases. 

Except for type IX, ali particulate mammalian types 
of AC are potently activated by forskolin. However, 
Yang et al. (42] reported that the exchange of Tyrl 082 
for Leu in the murine type IX AC isoform transforms a 
forskolin-insensitive enzyme into a sensitive one. Similar 
to mammalian AC isoforms, E. gracilis AC was asso
ciated with the particulate fraction , although it was 
forskolin-insensitive and showed a 30- to 60-fold lower 
sensitivity to ddAdo (43]. These differences between the 
Euglena and the mammalian ACs suggest that either a 
different isoform is expressed in the protist or the change 
in the enzyme lipid microenvironment modulates the 
kinetics of the AC. The difference in Vm between lactic 
acid and glu plus mal membranes may reflect different 
amounts of active AC. However, a different content 
of AC does not explain the difference in (1) ddAdo 
sensitivity, (2) thermal activation, or (3) thermostability 
found between both membrane preparations. 

P-site inhibition of mammalian AC with respect to 
A TP may be noncompetitive, uncompetitive, or mixed 
type in the presence of Mn2+ (26,44] and noncompetitive 
or uncompetitive in the presence of Mg2+ (35,44]. In 
contrast, in the present work a mixed-type inhibition 
exerted by ddAdo versus Mg-A TP on the Euglena AC 
was found, which suggests that the inhibitor may bind to 
both the PP¡-enzyme complex (43] and the free enzyme. 
The Mn2+ effect on P-site inhibition has been related to 
an effect on the enzyme conformation when studied in 
membranes (35]. Hence, it is possible that the different 
sensitivity of the Euglena AC toward ddAdo, depending 
on the carbon source in the growth medium, may also 
reflect different AC conformations, as a consequence of 
different lipid environments. 

In this regard, the AC from lactic acid membranes 
showed a larger activation energy in the temperature 
range of 15-25 ºC and a lower thermostability in the 
temperature range of 28-40 ºC; the former may be related 
to the lower unsaturatedlsaturated fatty acid ratio, which 

induces a decrease in the membrane fluidity. Free PUFA 
such as araquidonic and eicosapentaenoic acids, but not 
phospholipids with esterified PUFA, are potent inhibitors 
of the AC activity (45]. Although a higher percentage 
content of these two PU FA correlated with a lower AC 
activity in glu plus mal membranes,free PUFA, in addi
tion to total PUFA (free+ esterified), remains to be de
termined in Euglena membranes. Modifications in 
membrane lipid composition and fluidity, together with a 
higher expression of ~-adrenergic receptors, con tribute to 
thermal compensation of the ¡>-adrenergic response in 
trout liver (46]. Thus, Euglena may also change its plasma 
membrane Jipid composition as part of compensatory 
mechanisms to temperature fluctuations. 

The physiological relevance of the relatively high AC 
activity from Euglena is unknown. However, it implies 
that the signa! transduction cAMP pathway is impor
tant in this free-living protist for the regulation of cel
lular processes and metabolic networks. 
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