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Resumen de la tesis titulada: 

"Catálisis, Estabilidad y Te1·moestabilidad Enzimática en Relación 

al Diagrama de Fases de un Sistema de Micelas Invertidas" 

que presenta Daniel Alejandro Fornández Velasco para obtener el 

grado de: Maestro en Investigación Biomédica Básica. 

El agua es un componente esencial en la estructura, dinámica 

y función de las proteínas. 

experimentales que permiten 

Sin embargo, 

detei·minar lus 

las técnicas 

interacciones 

agua:protefna, se encuentran en desarrollo. En la presente tesis, 

se estudia la respuesta funcional de una enzima ante cambios en 

la cantidad de agua que la rodea. 

El sistema experimental consta de un solvente orgánico 

apelar (tolueno o prop!lbencenol. surfactante (Triton X-100 y/o 

fosfolfpidos) y cantidades variables de agua. En la primera parte 

de 1 trabajo. se det•?rmi na1·on l ·:is es true turas presentes en 

soluciones formadas a diferentes relaciones de 

arriba seftalados. 

los componentes 

Los resultados obtenidos mediante titulaciones en la 

interfase y dispersión 

concentraciones de .:i.gua 

hidratan la cabeza polar 

baja agua, el surfactante 

Al aumentar el 

luz dinéimica indican que a 

rn0n<.:ires a 0.8 ~6. las moléculas de agua. 

de los surfactantes. En la región de 

se 0ncuentra en estado inonomérico. 

de 1 as so 1 uc iones 

analizadas, tiene lugar la fonnación de estructuras de un tamano 

de 1000 Á, estas estructuras son terrnodin~micamante inestables; 



esto es, el estado de agregación de los componentes del sistema 

se modifica con el tiempo. 

Concentraciones mayores de agua producen micelas invertidas 

de menos de 150 A de radio. Estas están formadas por una capa 

esférica de moléculas de surfactante cuya parte apelar se 

encuentra orientada hacia e 1 sol vente orgánico y cuya parte po 1 ar 

se orienta hacia el interior de la esfera, rodeando un volumen 

de agua reducido. La formación de estas estructuras tiene lugar a 

valores entre 8 y 27 moléculas de agua por molécula de Triton X-

100. Cuando la cantidad de agua presente en el sistema rebasa el 

limite superior (27), la solución se vuelve inestable y tiene 

lugar la formación de dos fases. 

En la segunda parte de esta tesis. se determinaron la 

actividad catal1tica, estabilidad y termoestabilidad de la enzima 

hexocinasa introducida•en las soluciones antes descritas. Los 

datos de actividad muestran que al aumentar el contenido de agua 

del sistema, la actividad catalítica aumenta. Sin embargo. los 

niveles obtenidos-representan un máximo de 30% con respecto a la 

actividad enzimática detectada en medios completamente acuosos. 

Aparentemente, la baja actividad se debe a que el tamafto de la 

hexocinasa es mayor al volumen acuoso del interior de las micelas 

invertidas sin proteina. 

Trabajos anteriores del laboratorio, muestran que las 

enzimas introducidas en sistemas con fosfolipidos presentan una 

alta termoestabilidad en el rangt) d~ baja agua del sistema. Los 

datos obtenidos en el presente trabajo, indican que la hexocinasa 



también presenta una tcrmoestabilidad elevada en la zona d'' baj<i 

agua del sistema. Expurimentos d~ dispersión de luz dinámica. 

mostraron que la termoestabilidad observada se d1-:b0 a 

formación de micelas invertidas ajustadas al tamafío de la 

proteína en el interior de ellas, la cantidad de agua presente se 

restringe a unu o dos mon1:,cu.p.1s de a.gua. 

~/¿;V 
Vo. Bo. Asesor. 
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ANTECEDENTES 

Existen tres intereses básicos alrededor del estudio de enzimas 

en solventes orgánicos: 

El primer enfoque, de orientación fisiológica, tiene como 

objetivo la comprensión de la actividad enzimática en medios que 

simulen la compartamentalización del agua en el interior del 

citoplasma (l). Los antecedentes de este enfoque se remontan a la 

incorporación de enzimas membranales en micelas invertidas de 

fosfolípidos en solventes orgánicos apelares (2). De esta manera, 

se desarrollaron una serie de trabajos, cuyo principal interés es 

reproducir in vitro las reacciones características del metabolismo. 

Con este fin, se limita la cantidad de agua del sistema, 

compartamentalizando enzimas y substratos en micelas invertidas. 

Entre los resul tactos más interesantes en este campo tenemos la 

incorporación y germinación de esporas en medios formados por 

fosfolípidos y -medios apelares ( 3), ensayos de actividad que 

implican acoplamiento entre dos enzimas (4-6), asi como la 

actividad catalítica de complejos multienzimáticos como la cadena 

respiratoria bacteriana en sistemas de micelas invertidas (7). 

Por otra parte, existen varios grupos interesados en rediseñar 

la catálisis acuosa para su utilización en solventes orgánicos. 

Este enfoque tiene sus orígenes en el estudio de la catálisis y 

termoestabilidad enzimática en proteínas suspendidas directamente 

en solventes orgánicos (8). Entre los logros más recientes en esta 

área, se encuentran la conversión enzimática de substratos 

hidrofóbicos ( 9) , el cambio en la especificidad enzimática por 
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modificación de solvente (10), cambios en los requerimentos para la 

catálisis enzimática ( 6), la modificación de la constante de 

equilibrio para diversas reacciones ( 11) y el diseño por 

mutagénesis dirigida de enzimas estables y cataliticarnente activas 

en solventes orgánicos (12). 

Por último, nuestro grupo pretende determinar el papel del 

agua en el plegamiento de proteinas (13), la modificación por agua 

de los cofactores requeridos para la catálisis (6), asi como el 

papel del solvente en las interacciones proteina-proteina que hacen 

posible la catálisis ( 14) • Esto es, entender el papel de la 

hidratación en el nexo estructura-función en las proteinas ( 15). En 

nuestro caso, para variar la cantidad de agua en contacto con la 

proteína se ha utilizado dos sistemas de rnicelas invertidas ( 5, 13). 

Los antecedentes de nuestro enfoque se encuentran en los trabajos 

realizados en nuestro laboratorio sobre actividad enzimática en 

relación a la cantidad de agua en contacto con la enzima, 

contribución del agua en la terrnostabilidad enzimática (16,17), el 

uso de desnaturalizantes corno herramienta para promover la 

interreación entre la proteína y el solvente (5), y la 

renaturalización enzimática (13). 
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OBJETIVOS 

El presente trabajo es un estudio de las caracteristicas 

fisicoquimicas de un sistema de micelas invertidas. Esto es con el 

oh.jeto de entender el papel de la estructuración del medio y el 

agua en la expresión de la actividad y termoestabilidad enzimática. 

Este trabajo describe la caracterización fisicoquimica de sistemas 

formados por fosfolípidos y Triton X-100 teniendo como solvente 

tolueno o propilbenceno. Posteriormente se describen los factores 

del medio que influyen en la expresión de la catálisis y 

termoestabilidad de la hexocinasa. 

A continuación se presenta una breve introducción sobre la 

relación entre las caracteristicas de los sistemas de micelas 

invertidas y el funcionamiento enzimático. En seguida, se muestran 

los dos trabajos que se hicieron. En estos se analiza y discute la 

relación entre la estructura del sistema y la actividad y 

termoestabilidad de la hexocinasa. 
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INTRODUCCION 

I. CARACTERISTICAS GENERALES DE LOS SISTEMAS DE MICELAS 

INVERTIDAS. 

El término micela invertida se refiere a un región especifica 

en el diagrama de fases triangular para mezclas ternarias formadas 

por un solvente orgánico apolar, un surfactante y agua. En el 

equilibrio esta región está formada por pequeñas esferas de agua 

(20-100 A de radio) rodeadas por una capa de surfactante orientado 

por su parte polar a la superficie del agua. La parte hidrofóbica 

del ~urfactante está en contacto directo con el solvente apolar 

(15, 18-20). Este último componente es el de mayor concenti:ación en 

la solución y forma el continuo en el que se encuentran suspendidas 

las micelas invertidas. 

Diversos factores determinan la formación de este tipo de 

estructuras. Los más importantes son: 

1.1-CONCENTRACIONES RELATIVAS DE LOS COMPONENTES. 

En el apartado anterior se menciona que las micelas invertidas 

se ecuentran en regiones estrechas del diagrama ternario de la 

soluciones formadas por tres componentes. En otras palabras, la 

formación de micelas invertidas· está limitada a un intervalo 

estrecho de concentraciones de agua ( 19) que en general son 

inferiores al 10 %. En estos sistemas, la cantidad de surfactante 

oscila entre el 1 y el 40 %, mientras que el solvente orgánico es 

el componente de mayor concentración ( 18-20). Es importante aclarar 

que no existen modelos con los cuales se pueda predecir, para un 
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sistema desconocido, la relación de concentraciones a las que se 

forman micelas invertidas. Por lo tanto, es necesario determinar 

experimentalmente la región del sistema en la que existen micelas. 

En términos generales, es posible caracterizar las dimensiones de 

la micela utilizando el parámetro Wo, definido como: 

Wo = __l_!LQ.l_ 

[Surfactante] 

Experimentos de dispersión de luz dinámica ( 21), resonancia 

magnética nuclear (22) y dispersión de neutrones (23) o rayos X de 

bajo ángulo (2) muestran que en general, al aumentar el número de 

moléculas de agua por molécula de surfactante (Wo), aumenta el 

tamaño micelar ( 18). De esta manera cuando se incrementa el 

contenido de agua manteniendo constante la concentración de 

surfactante, las micelas aumentan de tamaño. De manera opuesta, al 

mantener fija la cantidad de agua y aumentar la concentración del 

surfactante, aumenta el número de micelas y disminuye su tamaño. 

Por último, las micelas mantienen su tamaño y aumentan en 

concentración cuando la relación molar del agua y surfactante es 

igual al Wo del sistema de micelas invertidas (18). El razonamiento 

anterior, se ha utilizado para describir el incremento en el tamaño 

micelar .al aumentar el contenido de agua en el sistema 

AOT/isooctano/agua, y solo es correcto para sistemas en los que el 

surfactante se localiza exclusivamente en la pared de la micela. 

Cuando el surfactante se particiona al solvente orgánico, el 

esquema anterior no es aplicable (19). 
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1.2- CARACTERISTICAS FISICOQUIMICAS DE LOS COMPONENTES: 

La región del diagrama de fases en la que se obtienen micelas 

invertidas depende de las caracteristicas fisicoquimicas de los 

componentes del 

máximo de Wo a 

sistema. De esta manera, los valores minimo y 

los cuales se forman micelas, asi como las 

caracteristicas de las mismas (número de agregación, propiedades 

del agua intramicelar y estabilidad a diferentes temperaturas, por 

ejemplo), dependen de las propiedades especificas del solvente 

orgánico y surfactante utilizados. Las caracteristicas de las 

micelas formadas son producto de la interrelación determinada por 

la estructura molecular de los componentes de la solución y las 

interacciones no covalentes (puentes de hidrógen~, interacciones 

dipolo-dipolo y dipolo-dipolo inducido) presentes entre los 

diferentes componentes del sistema (20). 

Solvente Orgánico: 

Las propiedades del solvente en solución determinan el tipo de 

micela que se forma. Esto se debe a que la disposición espacial de 

los grupos quimicos del solvente determina las interacciones 

solvofóbicas dominantes en la interfase formada por el solvente 

orgánico y el extremo apelar del surfactante (19). En general, al 

aumentar la apolaridad del solvente, disminuye . el número de 

agregación del surfactante (número de moléculas de surfactante que 

forman una micela) (24). Asimismo, el grado de hidratación del 

surfactante disminuye al aumentar la apolaridad del medio (19). En 

algunos casos, el solvente orgánico penetra en la región 

hidrofóbica de la pared micelar (25), en este caso, la estructura 

del solvente, modifica el tamaño de la micela dependiendo del grado 

de penetración del mismo. 

6 



Surfactante: 

Otro determinante en la formación de micelas invertidas, es la 

presencia de un surfactante. Estas moléculas amfifilicas separan 

los compartimentos acuoso y orgánico del sistema. Es por esto, que 

la estructura y propiedades quimicas de estas moléculas modulan y 

determinan el equilibrio entre ambas fases (26). Tanto las 

identidades moleculares de las regiones polar y no polar de la 

molécula, asi como las interacciones especificas de estas dos 

regiones con el agua y el solvente orgánico determinan el grado de 

hidratación del surfactante y la solubilidad del surfactante en el 

medio orgánico y por lo tanto, el número de agregación en la 

micela. 

En algunos casos, la formación de micelas invertidas requiere 

la presencia de un cosurfactante, generalmente un alcohol de 

cadena larga CH,- (CH,-) .-cH,OH (donde n :. 5) . Al incorporar alcoholes 

con diferentes valores de n, es posible variar la polaridad de la 

pared de la micela y en esta forma 

substratos hidrofóbicos (27). 

Agua: 

facilitar la conversión de 

La cavidad interior de las micelas invertidas está formada por 

moléculas de agua. Las propiedades de este componente dependen 

fuertemente del tamaño de la micela (22). Los datos obtenidos por 

medio de la resonancia magnética nuclear muestran que al 

incrementar el Wo (y por tanto el radio micelar) en el sistema 

AOT/isooctano/agua, el corrimiento qu.imico de los protones del agua 

(o "'º) difiere del observado en soluciones acuosas. A medida que el 

tamaño de la micela aumenta, el ó "'º alcanza el valor obtenido en 
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medios acuosos ( 22, 28). El aumento en el tamaño micelar como 

función del Wo, asi como las propiedades del agua al variar las 

condiciones del sistema, dependen en gran medida de las 

interacciones agua/surfactante, asi como de la distribución de 

estos dos componentes en el seno del sistema ( 19). Por lo tanto, el 

valor de Wo al cual se observan modificaciones en las 

características del agua, depende de los componentes utilizados. 

1.3- TEMPERATURA 

Cambios en la temperatura modifican la región del diagrama de 

fases en la cual es posible obtener micelas invertidas. 

Generalmente, los sistemas ternarios se caracterizan a presión 

atmosférica y temperatura ambiente. Sin embargo, el estudio del 

comportamiento del sistema al variar la temperatura ofrece una 

mayor versatilidad cuando se estudian fenómenos dependientes de 

temperatura tales como la desnaturalización de proteínas (16,17) y 

el efecto hidrofóbico (vide infra). La estabilidad estructural de 

las micelas invertidas al aumentar la temperatura depende del 

tamaño de la micela y de la naturaleza química de la fase orgánica. 

En términos generales, al aumentar el Wo disminuye la temperatura 

a la cual existe alteración de fases, y en consecuencia se modifica 

la estructura de las micelas invertidas ( 19). Al aumentar la 

temperatura, disminuye el efecto hidrofóbico, por lo cual disminuye 

la solubilidad del surfactante en el solvente orgánico (19). Este 

aumento en la concentración efectiva del surfactante, modifica la 

región del diagrama de ternario en la cual se forman micelas 

invertidas (19). 

Por otra parte, la integridad estructural de las micelas 
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invertidas al aumentar la temperatura es necesaria para estudiar la 

velocidad de la difusión intramicelar corno función de la 

temperatura y de esta manera determinar los parámetros de 

activación de la cinética de intercambio(4H" y 4S") (29). A partir 

de estos valores, es posible determinar la barrera energética que 

limita la velocidad de choque e intercambio de contenidos 

intramicelares. La dinámica de este intercambio determina el tamaño 

de la micela, además de promover o limitar las interacciones 

agua/proteína, proteína/proteína y substrato/proteína. 

II. INCORPORACION DE PROTEINAS 

Existe poca información sobre los parámetros cinéticos y 

termodinámicos que determinan el encarcelamiento de biopolímeros 

en soluciones de micelas invertidas. Sin embargo, en el caso de 

proteínas solubles, se ha encontrado que bajo condiciones óptimas 

no existen impedimentos termodinámicos para que la proteína se 

localice en el microambiente acuoso de las micelas. El primer 

modelo de solubilización de proteínas en micelas invertidas se 

desarrolló en base a consideraciones geométricas (30). Los modelos 

posteriores incorporan tamaño y distribución de cargas en la 

proteína ( :n), interacciones electrostáticas ( 32) y minimización de 

la energía libre del sistema al solubilizar la proteína (33). 

Se debe señalar que no existe un modelo general que explique 

todos los resultados experimentales. Las predicciones teóricas se 

limitan a una proteína especifica dentro de un sistema determinado 

( a-quirnotripsina en AOT /isooctano/agua, por ejemplo ( 23)). Sin 

embargo, mientras mayor sea el volumen acuoso del interior de la 

rnicela en relación al volumen de la proteína, menor será la 
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perturbación estructural de la micela llena y viceversa. 

III. CARACTERISTICAS FUNCIONALES DE ENZIMAS INCORPORADAS EN MICELAS 

INVERTIDAS 

Las propiedades estructurales y cataliticas de las proteinas 

incorporadas en micelas invertidas dependen del tamaño de la micela 

huesped y de las propiedades del agua intramicelar. Al aumentar el 

tamaño micelar y el Wo, las propiedades del agua intramicelar ( ll"'º' 

capacidad calorifica y actividad acuosa) se modifican hasta 

presentar los valores obtenidos en agua pura (1,15,18-20, 34,35). 

Esto es de interés ya que una de las características de las enzimas 

incorporadas en micelas invertidas es la dependencia de la 

actividad catalitica con respecto al contenido de agua del sistema. 

En el sistema AOT/Isooctano/agua, a Wo cercanos a 5, la Vmax es 

varias veces menor a la obtenida en medios completamente acuosos. 

Al incrementar el contenido de agua del sistema, la catálisis 

aumenta. Existen algunos trabajos que señalan que la actividad 

resultante puede ser similar, y aun superior a la que se observa en 

medios completamente acuosos (36). En algunos casos, se ha 

determinado que el máximo nivel de actividad se obtiene a Wo 

cercanos a. 10 ( 19). Empero, esta no es una regla general (vide 

infra), sino el reflejo de las caracteristicas particulares del 

sistema estudiado. La variación de la actividad catalítica en 

función de la relación molar agua/surfactante (Wo) refleja la 

cantidad de agua necesaria para los movimientos catalíticos 

inherentes a la catálisis. Sin embargo, no existe un modelo 

general para calcular la distribución del agua en las micelas al 

introducir proteina (23,30,32,33). Por lo tanto, es dificil 
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detE¡rminar la cantidad de agua en contacto con la proteína 

necesaria para la catálisis. Como primera aproximación, es posible 

asociar comportamientos enzimáticos específicos (catálisis y 

estabilidad, por ejemplo), a diferentes contenidos de agua del 

sistema. 

La determinación de alteraciones estructurales en las enzimas 

solubilizadas en micelas invertidas depende del contenido de agua 

del sistema. De esta manera, cuando el contenido de agua del 

sistema es elevado y la catálisis es similar a la obtenida en 

medios completamente acuosos, la estructura secundaria de la 

proteína incorporada en micelas es similar a la encontrada en 

solución (19). Por otra parte, en condiciones de baja agua (Y por 

lo tanto, baja catálisis), La fosforescencia de triptofanos (37), 

indica modificaciones en la microviscosidad del interior de la 

proteína. Esta reducción en la flexibilidad de la enzima, podría 

explicar el porque en estas condiciones las enzimas muestran una 

actividad baja. 

Actividad y 'l'ermoestabilidad Enzimática en sistemas formados por 

Fosfolipidos, 'l'riton X-100 y agua en 'l'olueno. 

La mayor parte de los resul tactos experimentales expuestos 

anteriormente se refieren al sistema AOT/Isooctano/Agua. De 

particular importancia para el presente trabajo, es la 

caracterización del sistema formado por fosfolípidos y Triton X-100 

en tolueno. A continuación, se describen los resultados que 

permiten relacionar en este sistema, el contenido de agua con la 

catálisis y estabilidad enzimática. 
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En el sistema formado por 15 % Tritón X-100, 85 % tolueno, y 

10 mg fosfolipidos por mL de tolueno y cantidades variables de agua 

( TPT), una gran variedad de enzimas presentan una actividad 

catalitica reducida con respecto a la que se obtiene en medios 

completamente acuosos (15). La adición de agentes que promueven las 

interacciones solvente-proteina como la urea y sales de guanidinio 

elevan la actividad (5). El efecto activador de la guanidina en 

este sistema es dependiente de las interacciones interproteicas 

durante la catálisis. Es por esto que pequeñas diferencias 

estructurales entre isoenzimas de la deshidrogenas láctica originan 

diferentes patrones de activación por sales de guanidina (16). Por 

otra parte, en la región de baja agua (menos de 0.8 % v/v) en el 

sistema TPT, la ATPasa mitocondrial es capaz de hidrolizar ATP a 

temperaturas que en agua causan inactivación total (17). 

Los ex¡,>..;rimentos de actividad enzimática en el TPT indican 

que las interacciones agua-proteína necesarias para la catálisis se 

encuentran restringidas en todo el intervalo de concentraciones de 

agua previo a la separación de fases (0.6-7.2 %). Por otra parte, 

la termoestabilidad y baja catálisis presentes en la región de baja 

agua del sistema sugieren que al disminuir la cantidad de agua en 

el sistema, las restricciones en la movilidad enzimática son aun 

mayores ( 15). Resulta entonces necesario determinar las 

caracteristicas estructurales de este sistema para determinar de 

que manera el contenido de agua modifica los factores estructurales 

que determinan la disminución de la actividad enzimática y el 

aumento en la termoestabilidad. 

A continuación se presenta la caracterización estructural de 

sistemas formados por Tritón X-100 ± fosfolipidos en tolueno o 
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propilbenceno. Posteriormente se determina la actividad, 

estabilidad y termoestabilidad de la hexocinasa en diferentes 

regiones de estos sistemas. Por último se intenta definir el papel 

de la hidratación de la proteina en sus características 

funcionales. 
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Abstract 

Reverse micelles systems formed in either toluene ar 

propylbenzene with Triton X-100 and water were characterized by 

phase boundary titrations and dynamic light scattering. As 

function of water:surfactant molecular ratios, four regions with 

distinct structural features were encountered. Titration of the 

system with water revealed a first region of transparency. In this 

region, obtained up to a 1:1 water:Triton X-100 ratio, Light 

scattering measurernents indicated that the addition of water 

hydrated Triton X 100 monomers. As water content was increased, a 

turbid region quoted by Water:Triton X-100 ratios of 1 to 7.6 far 

toluene and 1 to 4.2 far propylbenzene was obtained. This 

thermodynamically unstable region is formed by large size, 

polydisperse structures. Transparent systems containing small size 

(27-150 Á), thermodynamically stable reverse micelles, were 

encountered when subsequent water additions lead to water:Triton 

X-100 ratios between 7.6 and 26.8 far toluene and 4.2 to 15.l far 
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propylbenzene. In this region, micellar size increased with water 

content. Further water additions induced phase separation. A 

similar titration of the aforementionated systems in the presence 

of phospholipids, revealed in the first region of transparency up 

to 10 molecules of water per phospholipid molecule. As compared to 

Triton X-100 systems, Phospholipid-Triton X-100 mixed systems 

presented a displacement of the second region of transparency 

towards higher contenta. 

Micellar size obtained from the phase diagrama just described, 

wei::e used in the following manuscript to explore how enzyme 

catalysis and thermostability was affected by the microenvironment 

of the guest micelle. 
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IN'rRODUCTION 

It has been documented that enzymes may be entrapped in the 

water pool of reverse micelles formed with synthetic detergents 

with or without co-surfactants. Once entrapped in reverse 

micelles, enzymes may carry out catalysis through a process that is 

affected by the amount of water, the type and quantity of 

surfactant, and the nature of the organic solvent 1
". A general 

feature of reverse micelles is that increasing amounts of water in 

the system increase the water core of reverse micelles'. This is 

most likely related to the enzyme activity, since it is known that 

the rate of catalysis of enzymes entrapped in reverse micelles 

incr~ases as the size of the water pool is increased. At optimal 

water concentrations activity may reach the values observed in 

100% aqueous systems•-7
• 

In systems formed with phospholipids, toluene and waterª", or 

those which in addition contain Tri ton X-100 10
, the same general 

phenomena were observed. However, in this system enzymes exhibit 

a catalytic activity that is much lower, anda thermostability that 

is much higher than that observed in totally aqueous systems, or 

under optima! water concentrations in other types of reverse 

micelles•-11 • 

As knowledge of factors that affect enzyme activity and 

stability is of importance fer basic and practica! reasons, we have 

characterized the system formed with Triton X-100 with or without 

phospholipids in two organic solvents of different polarity. The 

results described in this manuscript were used to gain insight into 

the factors that affect the stability and catalysis of yeast 
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hexokinase when introduced into these systems (see following 

manuscript). 

MATERIALS ANO METHODS 

Chemicals: The following were obtained from the indicated 

sources: propylbenzene from Aldrich, toluene from Merck. Triton x-

100, phospholipids and Tris (Hydroxymethyl aminomethane) (Tris) 

from Sigma; Type IIS soy bean phospholipids were purified according 

to Kagawa and Racker". 

Water Solubility Diagrams and Phase Boundary Titrations. Phase 

diagrams and phase boundary titrations were determined as described 

by Laane et al". with sorne modifications. The protocol was as 

follows: a series of tubes containing 3. 4 mL of organic solvent 

(either toluene ar propylbenzene) and different amounts of Triton 

X-100 were prepared. These optically transparent solutions were 

titrated with an aqueous solution of 20 mM Tris-HCl pH 7.4 to the 

point at which turbidity and transparency appeared. The end of 

titration was reached when further additions of aqueous buffer 

produced turbidi ty and phase separation. After each addi tion of 

aq•leous buffer, the tubes were vigorously stirred for one min and 

allowed to stand far 3-5 min. At this time turbidity ar 

transparency was assayed by eye. 

Wo~ (ratio of water molecules pe~ molecule of Triton X-100), 

was calculated from the data obtained from titrations of mixtures 

that contained different concentrations of Triton X-100. A linear 

regression analysis of the experimental points at the phase 

transitions was made. The inverse of the slope expressed in molar 
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terms defines Wot at the transition point. Wot in the presence of 

phospholipids was determined by the same methodology in solutions 

with constant organic solvent:phospholipid ratios. 

The same experimental approach was used to determine the ratio 

of water to phospholipid molecules (Wop), except that in these 

experiments, the organic solvent:Triton X-100 ratio was maintained 

constant. The titrations were carried out at 25 ºC. 

Dynamic Light Scattering: Particle size at various points of the 

phase diagrams were determined by dynamic light scattering (DLS). 

Essentialy the diffusion coefficent of the scattering particles was 

determined". The diffusion coefficient D was expressed as function 

of the hydrodynamic radius R of the scattering particle by Stokes-

Einstein's equation. 

where k is Boltzman's constant, T absolute temperature and llo the 

viscosity of the solvent. Shear viscosity for different organic 

solvent/Triton X-100 solutions was determined at . 25 ºC with an 

Uhbelode capillary viscosimeter (Fig. 1). Shear viscosity values 

for all Triton X-100 concentrations were obtained by interpolation 

of the data in Figure 1 and thereafter used in R calculations. The 

DLS apparatus used has been described before15
• An Argon-ion laser 

( A= 488 nm) of 100 mW (LEXEL model 75) was used as light source. 

The laser beam with a diameter of 100 microns was focused in the 

sample cell. Scattered light was collected at 90° and focused into 
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a photon counting photo-multiplier tube (ITT model FW-130). The 

output went to a high bandwidth digital pre-amplifier. The signal 

was finally processed by a digital correlator (Langley-Ford model 

1096). DLS data were fitted using the first two cumulants in a 

cumulant's expansion" of the time autocorrelation function: 

where g 1 is the heterodyne time correlation function, r and ~1 2 are 

the first and second cumulants. The first cumulant r is related to 

the diffusion coefficient D through the relationship r= q'o, where 

q is the magnitude of the scattering vector given by 

47tno . e q---sin-
J..o 2 

e being the scattering angle, and n,, and A.0 the solvent effective 

index of refraction and incident wavelength, respectively. The 

second cumulant µ 2 is related to the width of the particle size 

distribution function, according to the equation" 

o- q2.kT.(íí; 
6m1 0r2 

where a is the standard deviation ( square root of variance) of 

particle size distribution. 
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The medium refractive index (n0 ) was calculated as the weighted 

volume fraction of the refractive index of the components 18 

n·n14> .,.+nbcjl b 

where n 0 , nT and nb are the refractive indexes of solution, Triton 

X-100 and organic solvent respectively. <I>T and <I>b are the volume 

fractions of the components of the solution. The refractive indexes 

of toluene and propylbenzene based systems far all concentrations 

of·Triton X-100 were taken as 1.4962 and 1.4911 respectively. These 

values were obtained from the mean of the calculated n values at 

the lowest and highest concentrations of Triton X-100 used. The 

error introduced by this assumption is approximately 0.01%. 

Relative concentration of scattering particles was calculated 

according to Rayleigh equation14
: 

where Id is the total scattered intensity, I 0 is the incident 

intesity, e is mass concentration and p(0) is a structural factor. 

Dynamic Light Scattering experiments were carried out at room 

temperature. All solutions were filtered through 0.5 µM Millipore 

filters. Each addition of a water solution was followed by 2-3 min 

of magnetic stirring. The autocorrelation function was obtained 

from data accumulated for at least 90 sec. Measurements remain 

stable under these conditions. 

23 



RESULTS 

DLS and phase titrations with water of 

toluene or propylbenzene and Triton X-100 

systems formed in 

with or without 

phospholipids were carried out in the low water corner of the 

tertiary phase diagram ( Fig. 2). When phospholipids were added, 

either the ratio of organic solvent:phospholipids, or the ratio of 

organic solvent:Triton X-100 was maintained constant. Thus the 

systems can be treated as pseudotertiary. 

Phase Boundaries as a Function of Triton X-100 Concentration. 

Titrations of solutions with different concentrations of 

Triton X-100 in toluene with progressive amounts of water revealed 

sharp boundaries between four different regions ( Fig 3), the 

water:Triton X-100 ratios at which the changes took place are shown 

in Table I. The first region was transparent (Tl), and was observed 

up to Woe s 1, most likely it involved the hydration of the 

terminal hydroxyl group of ene molecule of Triton X-100 by one 

molecule of water ( see below data obtained by dynamic light 

scattering). As Woe was increased from 1 to 8, a turbid solution 

(Rl) was obtained. In this region, the exposure of water to the 

organic solvent was reduced via the formation of large size 

aggregates-(vide infra). At ratios of 8 and 27 molecules of water 

per molecule of Triton X-100, a dra~tic transition took place and 

led to the appearence of a second region of transparency (T2). In 

this region, water incorporation was maximized through formation of 

reverse micelles. Additions of water to Woe higher than 27 

rendered the system turbid and phase separation took place. 

Data with propylbenzene as solvent, (Table I and Fig. 4) 

revealed phase boundary transitions similar to those described for 
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revealed phase boundary transitions similar to those described for 

toluene. The Wot values of the first boundary were almost the same 

in both solvents. This would be expected, since it corresponds to 

hydration of the polar hydroxyl group of Triton X-100. However in 

the rest of the phase diagram, transitions in propylbenzene took 

place at Wot values lower than in toluene. Thus, modification in 

the interactions of the solvent with the apelar region of the 

surfactant gave rise to differences in hydration of the surfactant 

polar heads. 

The inclusion of phospholipids either in the toluene or the 

propylbenzene based systems affected, but slightly the Wot values 

at the phase boundaries of the Tl region (Table I). However, 

phospholipids displaced the boundaries of the T2 region towards 

higher water contents. In this respect it is noted that as the 

ratio of Triton X-100 to phospholipid molecules was increased, T2 

boundaries converged asymptotically to the values observad in the 

absence of phospholipids. This indicates a concentration dependent 

effect of phospholipids on Triton X-100 hydration. 

Phase Boundaries as a Function of Phospholipid Concentration. 

water titrations of solutions with different concentrations of 

phospholipids in toluene or propylbenzene that contained a constant 

concentration of Triton X-100 were carried out (Fig. 5). With 

toluene as solvent, the Tl region was obtained at values of 11 

molecules of water per molecule of phospholipid (WoP s 11). With 

propylbenzene as solvent, a transparent solution was observad up 

to a ratio of 9 molecules of water per phospholipid (WoP s 9). Both 

values are in agreement with the reportad values for phospholipid 

hydration in benzene as obtained by 'H-NMR and infrared analysis 
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19,20 In these latter studies it was found that the first hydration 

shell of phospholipids was formed by 9-11 water molecules. 

The WoP values at the second transparent region depended 

strongly on Triton X-100 concentration (not shown). However at all 

concentrations of Triton X-100 assayed, the inclusion of 

phospholipids into the system caused a shift in the phase 

boundaries. This indicates that in a mixture of Triton X- 100 and 

phospholipids, both components build up the micellar wall in the T2 

region. 

Characterization of the System by Dynamic Light Scattering. 

In the absence of added water, DLS analysis of solutions of 

Triton X-100 in toluene or propylbenzene up to a concentration of 

50 % ( v/v) showed no autocorrelation function. The absence of 

defined structures indicates solvation of individual Triton X-100 

molecules by the organic solvent. When water was progressively 

introduced and in accordance with results on phase boundary 

transitions ( Fig. 3 and 4), DLS revealed four well defined regions. 

In the Tl region, independently of the solvent, Triton X-100 or 

phospholipid concentration, no scattering particles were observed. 

As surfactant monorners are below the limit of detection by DLS, the 

findings imply that in the Tl region, surfactant molecules are in 

a monomeric state. The relevance of this observation will be 

discussed in the following manuscript. 

In the Rl region, DLS detected an intense signa! of 

scattering particles of the order of 1000 nm. It was not possible 

to do a precise characterization of these large size polydisperse 

structures due to rnultiple scattering effects. These turbid regions 

remained unchanged (to DLS) for 5 minutes, but at longer times 
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phase separation took place. 

At the edge of the Rl/T2 boundaries, increases in water 

concentration produced a sharp decrease in particle size. At this 

stage (T2 region) formation of reverse micelles took place. After 

a minimum value was reached further water increments brought about 

a progressive rise in the radii of reverse micelles (Figs. 6 and 

7). With both, toluene (Fig. 6) and propylbenzene (Fig. 7), the 

region of water concentration in which reverse micelles existed 

increased as the concentration of Triton X-100 increased. 

With respect to the dimensions of the micelles, DLS 

experiments showed that micellar size depended on the solvent 

(compare Fig. 6 and 7 with toluene and propylbenzene respectively),. 

and the presence of phospholipids (see A and B in Figs. 6 and 7). 

Indeed depending on the composition of the system, the hydrodynamic 

radii of the micelles ranged from 27 to 150 A. 
From the data it is clear that the nature of the solvent 

exerted an strong effect on the dimensions of the micelles. 

Notwithstanding the presence of phospholipids, with propylbenzene, 

particle size was significantly smaller than in the more polar 

toluene. (compare Figs. 6 and 7) i.e. at equal Wot values, reverse 

micelles in propylbenzene were approximately 20 A smaller. The 

difference may be due to a lower aggregation number, or a tighter 

packing of Triton X-100 molecules in propylbenzene. 

The dimensions of the minimal water core of reverse micelles 

in the T2 regions are shown in Table II. Particularly at the light 

of the results described in the following manuscript, it is 

noteworthy that in propylbenzene, the interna! water pool is 

severa! times smaller than in toluene. 
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Relative scattered intensity in the T2 region, increased 

with water content (Fig. 8). From these data and the dimensions of 

the particles, the concentration of reverse micelles was calculated 

( Fig. 8 inset) As water was gradually increased, there was an 

initial increase in reverse micelle concentration and a decrease 

in particle size. This reflects formation of an increasing number 

of reverse micelles upon breakage of remaining Rl large structures. 

After the minimum particle size and the maximum micellar 

concentration were obtained, further water addi tions near the 

T2/R2 boundary, lead toan increase in micellar size anda decrease 

in micellar concentration. 

With respect to the contribution of phospholipids to micellar 

size, it was found that reverse micelle dimensions were nearly the 

same with or without phospholipids ( Compare A and B in Figs. 6 and 

7 ). However, as a consequence of the inclusion of phospholipids to 

the micellar wall, higher amounts of water were needed to reach 

the T2 region. Furthermore, in the presence of phospholipids, the 

range of water concentrations in which reverse micelles were 

observed was larger than in their absence. 

DISCUSSION 

In the titrations with water, the first transparent region 

corresponds to hydration of the polar hydroxyl group of Triton X-

100, and in the presence of phospholipids to hydration of their 

phosphate moiety. As in this region no particles were detected, it 

is concluded that aggregation of surfactant molecules did not take 

place. Instead, i t is likely that a transient bicontinuous 
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multilayer of Triton X - 100 molecules was formed as an increasing 

number of surfactant molecules became hydrated. Further increases 

in water concentration led to aggregation of surfactant monomers 

into a thermodynamically unstable net of large size polydisperse 

structures. After a certain threshold was achieved (Table 1), 

higher water concentrations brought about breakage of these 

structures and formation of thermodynamically stable reverse 

micelles of well defined dimensions. At this stage (T2 region), the 

higher thermodinamically stable surface:volume ratios were 

attained. As calculated from the size and relative scattered 

intensities throughout the T2 region, it is likely that water 

inco~poration in this region took place via an increase of the 

inner water cor:e of the micelle. At the end of the T2 region, 

further water additions led to macroscopic heterogeneity and phase 

separation. 

The radii of reverse micelles in the T2 region of the toluene 

based systems ( 50 Á) were similar to those of micelles of Tri ton x-

100 in aqueous solution (48 Á)". In the all aqueous system the 

inclusion of one molecule of sphingomyelin per four molecules of 

Triton x 100 produced an increase of 8 A in micellar radii". In the 

toluene and propylbenzene systems with Triton x-100, the addition 

of phospholipids changed the amount of water required for formation 

of reverse micelle, but the micellar radii remained unchanged ( Fig. 

6 and 7). It is pointed out that in toluene and propylbenzene 

systems, the ratio of Triton X-100 to phospholipid molecules was 

25 Le. six times lower than that used in experiments in all 

aqueous media (4) 21
• 

It has been described that no simple relation exists between 
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micellar size and Wo when the surfactant molecules are not totally 

located at the oil/water interface". As no structures were found 

in the absence of water ar in the Tl region, it is concluded that 

in this section of the phase diagram, the whole population of 

Triton X-100 molecules was in a soluble state. As water 

concentration was raised the equilibrium between Triton X - 100 

monomers and aggregates shifted towards the latter. In the T2 

region Triton X -100 molecules gave ri~e to reverse micelles. In 

this region increasing water concentration led to an increase in 

micellar size ref lecting a progressively higher surfactant 

hydration (Wot) and in consequence an increase in the dimensions of 

the interna! water pool. 

The strong contribution of the polarity and the spatial 

structure of the organic solvent on the dimensions of reverse 

micelle systems become evident if the data of Zhu, Feng and 

Schelly" are compared to those described here. By controlled 

partial pressure-vapor pressure osmometry and quasi-elastic light 

scattering studies of a cyclohexane/Triton X-100/water system, 

these authors found 23 a maximal Wo value of 5. 5 befare phase 

separation took place. In the toluene and propylbenzene based 

systems, the values were 26.8 and 15.l respectively. There are also 

differences in the dimensions of the structures formed in 

cyclohexane and those formed in toluene and propylbenzene. In the 

conditions of Zhu Feng and Schelly, the diameter of the particles 

varied between 133 and 610 A. Moreover, in the absence of added 

water, the authors detected structures with a diameter of 213 Á, 

maximal size being observed at a Wo of 1. In toluene and 

propylbeniene, no structures were observed at this level of 
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hydration. Using the lag P value (lag af the partition of a given 

solvent in octanol and water), as index af solvent polarity24
•

25
, the 

value far cyclohexane ( 3. 4) is interrnediate between that of 

taluene (2.8) and prapylbenzene (3.8). Apparently the polarity of 

the solvent by itself wauld not seem to account fer the differences 

observed. Hence it is likely that geornetrical differences between 

the ring of the cyclahexane rnalecule and the benzene ring of 

toluene anct propylbenzene determine differences in micellar size 

via changes in solvent penetratian inta the surfactant core of the 

reverse micelle. In fact, Zhu, Feng and Schelly" ascribed the 

aggregation behaviar af Triton X-100 in cyclohexane to changes in 

solvent penetration i.e. cyclohexane rnolecules penetrate inta the 

micellar core praducing large size structures. Therefore, in the 

case of toluene and prapylbenzene, a reduced penetration af the 

salvent into the micellar core, would allow a closer packing of 

Tritan X-100 malecules, praducing reverse micelles with a relative 

smaller radii. 

The effect af the variaus structures that appear throughout 

the water salubility diagrams in toluene and propylbenzene an the 

activity and stability af enzymes in such systems is described in 

the following manuscript. 
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FIGURE LEGENDS 

Figure l. Dependence of Shear Viscosity on Triton X-100 

Concentration in Toluene (•-•) and Propylbenzene (o-o). 

Figure 2. Definition of Range of Composition investigated. At 

25°C. The boundary depicted as I is the upper limit of Triton X-100 

concentrations investigated, whereas the R2 boundary shows the 

water concentrations at which phase separation takes place. 

Figure 3. Triton X-100/Water Pseudosecondary Phase Diagram of 

Toluene based Systems. 3.4 mL of toluene with (•-•) or without (o

o) 10 mg phospholipids/mL organic solvent and the indicated amounts 

of Triton X-100 were titrated with a Tris HCl pH 7.4 water solution 

untii a transparent/turbid transition appeared. The titration was 

continued until further aqueous additions gave phase separation. 

Figure 4. Tri ton X-100/Water Pseudosecondary Phase Diagram of 

Propylbenzene based Systems. 3.4 mL of propylbenzene with (•-•) ar 

without (o-o) 10 rng phospholipids/mL organic solvent and the 

indicated amounts of Triton X-100 were titrated as described in 

Figure 3 

Figure S. Phospholipids/Water Pseudosecondary Phase Diagrams 

of the Toluene and Propylbenzene systems at the First Transparent 

Region. Boundaries depict the composition of the system at the 

point at which a phase transition appeared. The inverse of phase 

boundaries slopes, expressed in molar quanti ties defines the 

specific WoP at each transition. WoP values in the presence of the 

indicated amounts of Triton X-100, are 10.8, 15.1 and 16.2 in 

toluene (•-•), and 8.5 (o-o) in propylbenzene based systems. 
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Figure 6. Hydrodynamic Radii Profile obtained by DLS Analysis 

of the T2 region of the Triton X-100/Water Toluene based systems in 

the Absence (A) and Presence (B) of Phospholipids. Solvent, 

surfactant(s), and water concentrations, are as described in Figure 

3. Triton X-100 concentrations in (A) were 17 %(•-•>, 19 % (0-0), 

20.9 % ce-e), 22.7 (0-0), 24.4 (4-4) and 26 %(.c>.-A)• In the presence 

of phospholipids (B), the 15 % ( ..... ), 17 %(0-Q), 19 % Ce-el, 

20.9 % (0-0), 22.7 % (4-4) and 26 % (A-6) Triton X-100 

concentrations in toluene are shown. 

Figure 7. Hydrodynamic Radii Profile obtained by DLS Analysis 

of the T2 region of the Triton X-100/Water Propylbenzene based 

Systems in the Absence (A) and Presence (B) of Phospholipids. 

Solvent, surfactant(s), and water concentrations are as indicated 

in Figure 4. Triton X-100 concentrations in (A) were 10.5 % Cll-•), 

12.8 % (0-Q), 15 % ce-e), 17 % (0-0) 1 19 % (4-4) and 22.7 % (6-6) 

In the presence of phospholipids, the 15 % <•-•>, 1 7 % (O-O), 19 % 

ce-e¡, 20.9 % (0-0), 22.7 % (4-4) and 26 % (6-6) Triton X-100 

concentrations in propylbenzene are shown. 

Figure 8. Increase in Relative Scattered Light Intensity as a 

Function of Water Content in the T2 Region of the 22. 7 % (v/v) 

Triton X-100 Toluene System. Water concentrations corresponds to 

the conditions of Fig. 3. The inset shows micellar size <e-el vs. 

relative concentration (0-0) (The latter was calculated as 

described under Methods) 
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TABLE I: Wo, values at phase transitions. 

Boundary Tl/Rl Rl/T2 T2/R2 

Toluene O.€ 

Propylbenzene O. 5 

Toluene + Phospholipids 0.9 

Propylbenzene + Phospholipids 1.1 

7.6 

4.2 

* 

* 

26 .a 

15.1 

* 

* 

Tl/Rl presented values were calculated from the systems without or 

with 10 mg phospholipids/mL organic solvent. "(Rl/T2 and T2/R2 

bounadies in the presence of phospholipids depend on the relative 

concentrations of Triton X-100 and phospholipids. 

TABLE II: Calculated inner water core of T2 region reverse 

micelles. 

Solvent 

Water core. (Á) 

+Phospholipids 

Water core (Á) 

Toluene 

55.2 

30.1 

Propylbenzene 

g 

12 

Inner water core radii were calculated from minimum hydrodynamic 

radii in the T2 region and Tri ton X-100 length( 27 A)'º. 
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REVERSE MICELLE CREATION ANO WATER INDUCED ENZYME FUNCTIONAL 

RESPONSE. 

2.- Phase behavior in Enzyme Catalysis and Thermostability. 

D.A. Fernández-Velasco', R. Rodriguez', s. Vargas', M. Tuena de 

Gómez-Puyou' y A. Gómez-Puyou'. 

Instituto de Fisiologia Celular. Universidad Nacional Autónoma 

de México. 

Departamento de Fisica Univesidad Autónoma Metropolitana

Iztapalapa. 

ABSTRACT 

Catalysis, stability and thermostability of yeast hexokinase were 

determined in the microenvironments of the two organic 

solvent/Triton X-100/phospholipids systems characterized in the 

previous manuscript. In accordance to micellar size determined in 

the absence of enzyme, It was found, that although enzyme catalysis 

increases with water content, the maximum obtained values in the 

toluene and propylbenzene systems represent 30 and 1.6 % 

respectively of the activity in all aqueous media. Catalytic 

activity correlated with micellar size as determined in the T2 

region in the absence of protein ( see preceding manuscript). A 

comparison of the dimensiona of hexokinase and those of reverse 

micelles at relatively high water concentrations (T2 region) 

suggests that in this region, hexokinase entrappment increases the 

inner volurne of the micelle. 
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High enzyme thermostability was only observed in the first 

transparent region ( Tl) of the system that contained phospholipids. 

In this region, hexokinase induced the formation of reverse 

micelles from dispersed surfactant monomers. The striking 

similarity in the dimensions of hexokinase entrapped in reverse 

micelles as determined by dynamic light scattering measurements in 

the Tl region with those of hexokinase as obtained from X ray 

diffraction studies of the en:::yme in a crystaline environment 

suggest that high thermostability, and low catalytic rates result 

from restrictions in mobility imposed by a low water environment. 
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INTRODUCTION 

Water is an essential component in protein structure, functian 

and dynamics '". However the experimental techniques that allow 

direct measurement of water-protein interactions have nat been 

fully developed '· An experimental approach that allows the study 

of water-protein interactions with different, but low amounts af 

water is to entrap proteins in the interior of reverse micelles 5 • 

In these systems it is possible to vary the size af the micelle, 

and hence the amount of water in contact with the protein. The 

catalytic activity of enzymes entrapped in reverse micelles 

generally increases as the amount af water is increased6
•

7
• The 

higher activity, obtained with increasing amounts of water has been 

ascribed to a higher flexibility of the protein molecule, and/or 

shifts in the properties of intra-micellar water towards those of 

bulk water•. 

It has also been reported that at low levels of water, enzyrnes 

dispersed in organic solvents•, or entrapped in reverse micelles 

forrned with phospholipids (with or without Triton X-100) exhibit a 

high thermostability'•'º. In the latter conditions enzymes may carry 

out catalysis at temperatures that in all water media cause rapid 

denaturatian11 • Thus it has been proposed that in a low water 

environment, enzyrnes are relatively rigid and that this accounts 

far their low catalytic rates and high thermostability5 • 

In the preceding manuscript we characterized by phase boundary 

titrations and dynamic light scattering the Triton X-100 and 

phaspholipid based systems. In this work, we studied the relation 

that may exist between enzyrne activity and thermostability with 

the structure of the micelles that harbar the enzyme hexokinase. 
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This enzyrne (E.e. 2.7.1.1) catalyses the reaction: 

D-Glucose + ATP - Glucose 6-phosphate + ADP 

The dirnensions of the enzyrne in its crystalline state are 

known". 

MATERIALS ANO METHODS 

Solutions of yeast hexokinase (Type F-300 baker's yeast Sigma) 

were prepared by dissolving the lyophilized, ammoniurn-sulfate-free 

commercial preparation in 10 mM Tris-HCl pH 7.4 • In all water 

media, the specific activity was around 240 umol min- 1 mg- 1 as 

assayed as described in reference 

The activity of hexokinase entrapped in reverse micelles 

hexokinase was assayed at 25ºC. In the protocol", a water solution 

that contained 40 mM Tris-HCl pH 7.4, 10 mM ATP, 3 rnM MgCl,, and 25 

rnM glucose was transferred to a system formed by Triton X-100, with 

ar without phospholipids. The bulk of the solvent was either 

toluene ar propylbenzene; variations in system composition are 

indicated under Results. The reaction was started by the injection 

of hexokinase followed by stirring and incubation. The systems, 

either transparent or turbid did not exhibit phase separation 

within the- experimental times. The total amount of water in the 

system varied between 0.2 and 12.0 % (v/v). At various incubation 

times, the reaction was arrested by mixing 0.4 rnL of the reverse 

micelle system with 1 mL of 0.5 M perchloric acid. To this mixture 

1 ml of water saturated isobutanol/benzene ( 1: 1) was added and 

vigorously stirred. The mixture was centrifuged to achieve phase 

separation. Afterwards the organic phase was eliminated. In the 

water phase glucose 6-phosphate was determined. An aliquot of 0.9 
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mL of the water phase was neutralized with K2CO,, and mantained fer 

2 hours in an ice bath. Potassium perchlorate was eliminated by 

centrifugation. The amount of glucose-6-phosphate was determined in 

1 mL of aqueous solution that contained 50 mM phosphate Tris, 0.22 

mM NADP and 0.1 mg bovine serum albumin. The pH of this solution 

was adjusted between 6.8 and B.O . After recording absorbance at 

340 nm, approximately 1 unit of glucose-6-phosphate dehydrogenase 

was added. The amount of NADPH produced was determined by i ts 

absorbance at 34 O nm". From absorbance values, the amount of 

glucose 6 phosphate formed in the reverse micelles was calculated". 

Blanks without hexokinase were included in all experiments. 

·control experiments in all regions of the phase diagrams were 

made in arder to determine the recovery of glucose 6 phosphate. In 

all cases, and up to 200 nmoles of glucose 6 phosphate, recovery 

from the organic solvent system into the water phase was close to 

100 %. 

Stability and thermostability of hexokinase in the organic 

solvent systems was determined from the activity of hexokinase that 

remained after various treatments. The enzyme as a water solution 

in 10 mM Tris-HCl pH 7.4 was transferred to the organic solvent 

systems at .25 •c. Afterwards the system was incubated for the times 

and at the temperatures indicated under results. Afterwards the 

sarnples were cooled to a temperature of 25 ºC. Thereafter, a water 

solution that contained the cornponents for assay of activity (see 

above) was introduced; in these assays the water concentration was 

always 6 %. The reaction was arrested and glucose 6 phosphate was 

determined as described above. 

The methodology of the dynamic light scattering experirnents was 
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described in the preceding manuscript. However, in 100 % water as 

well as in the first transparent region (Tl), the two different 

relaxation times observed in the correlation function were modeled 

with the heterodyne correlation function g 1 (t) defined as: 

where A, and A2 are the relative populations of small and large 

particles, and r 1 is related to the hydrodynamic radius of the 

particles R1 by the equation 

(see the accompanying manuscript far details) 

RESULTS 

Hexokinase activity and micellar size determined in the absence of 

enzyme. 

Catalytic activity of a wide variety of enzymes has been 

determined at fixed ratios of toluene to 'l'riton X-100 ( 85: 15, 

v/v) 13 • Here the activity of hexokinase as a function of water and 
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surfactant concentration in the organic solvent system (Figs. 1 & 

2) was determinad throughout the entire transparent-turbid

transparent regions of the four phase diagrams determinad in the 

absence of protein in the preceding work. As water was gradually 

increased, three regions of activity could be observad. Up to o.a 

% water (Tl zone}, activity was low and difficult to assay 

accurately. As water concentration was raised in the Rl region, 

activity increased steadily. In the third region corresponding to 

the T2 zone, increase in activity with water content were lower 

than in the Rl region. Activity depended on the amount of water in 

the system, but also en the concentration of Triton X-100. As the 

concentration of the latter increased, the pattern of activity 

shifted to higher water concentrations (Fig. 1 & 2). As shown in 

the accompanying manuscript, there is also a similar shift in the 

boundaries between transparent and turbid regions in the protein 

free systems as the concentration of Triton X-100 is varied. 

Throughout the entire water range, hexokinase activity in 

every organic solvent system studied was several-fold lower than in 

all water media ( 250 µmo1- 1 mg-1
}. However, activity was much lower 

in systems formad with propylbenzene than in those formed with 

toluene (Compare data in Figs. 1 and 2). In this respect, it is 

relevant to note that protein free reverse micelles in the T2 

region with propylbenzene, have a minimum inner water radii at 

least 15 A smaller than in the corresponding region of the toluene 

system (see Table II previous manuscript). Apparently there is a 

relation between T2 region micellar size in the absence of protein, 

and the expression of enzyme activity (vide infra} 
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Effect of Phospholipids on the Activity of Hexokinase in Organic 

Solvent Systems. 

In accordance with previous data on the activity of the 

mitochondrial ATPase entrapped in reverse micelles in toluene", it 

was found that the inclusion of phospholipids did not affect 

hexokinase activity (compare A & B in Figs. 1 & 2). In the 

propylbenzene systems ( Fig. 2), the inclusion of phospholipids 

produced an almost two-fold increase in activity. Nevertheless, it 

is noticed that the maximum values obtained in this solvent were 

below 1.7 % of the activity detected in all aqueous mixtures. 

Stability of Hexokinase in Organic Solvent Systems 

At 25 ºC the catalytic activity of hexokinase transferred to 

organic solvente systems formed without phospholipids and low 

amounts of water (Tl region), decayed in 30 min. to less than 10 % 

of the original activity. In contrast, hexokinase transferred to 

systems that contained phospholipids did not lose activity in a 

four hour incubation period. Hence, in the first transparent region 

phospholipid molecules create a microenvironment for hexokinase 

that prevente its inactivation. 

The effect of phospholipids on the stability of hexokinase in 

organic solvents at high temperatures systems was also determinad. 

In systems that contained phospholipids in either toluene ( Fig. 3A) 

or propylbenzene (Fig. 3B) and less than O.B % water (v/v), the 

enzyme was highly stable. Less than 10 % of the activity was lost 

in 10 minutes at 60 ºC (Fig, 3). In all aqueous mixtures, 98 % of 

the activity was lost in 5 min. of incubation at 50 ºC (not shown). 
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It is noted that in the presence of phospholipids, the Tl 

region remains transparent at temperatures as high as 90 •c. On the 

other hand, Rl and T2 regions exhibit drastic phase separation in 

the 30-40 •e temperature range. Thus hexokinase exhibits 

thermostability at low water contents and when entrapped in 

ternperature stable systems. 

Structure of the Organic Solvent System with 0.2 % water with and 

without Hexokinase. 

In order to ascertain the reasons for the high therrnostability 

of hexokinase in the phospholipid system with low water contents, 

and the reduced stability of the enzyme in the same region of the 

systems without phospholipids, it was necessary to determine the 

characteristics of the structure that harbors the enzyrne at water 

concentrations of less than O. 8 % As shown in the preceding 

manuscript, no structures could be detected by DLS in solutions of 

phospholipids and Triton X-100 in either toluene or propylbenzene. 

Thus it became of importance to ascertain the structures (if any) 

that formed when hexokinase was introduced into the system. 

Analysis by dynamic light scattering of an aqueous solution of 

hexokinase revealed bodies of two different radii (Fig. 4). First 

channels sensed a population with an average hydrodynamic radius of 

58.5 ±4 A. Most likely this population represents the native 

hexokinase as the unit cell dimensions of the dimeric enzyme as 

determined by X-ray diffraction are 144.2 x 87.4 x 99.4 A12 • From 

the last channels, another population with an approxirnate average 

radius of 1000 A was also detected. This probably corresponds to 

protein aggregates. When the same amount of hexokinase was 

introduced in the first transparent region of the toluene-Triton X 
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- 100 system without phospholipids ( a condition in which the 

enzyme is not stable ), only large size aggregates were observed 

( not shown). In contrast, two well-defined populations of particles 

were apparent when hexokinase was transferred to systems that 

contained phospholipids (Fig. 5). Double-exponential analysis of 

this data showed two populations¡ one corresponded to aggregates 

of a size similar to that observed in the absence of phospholipids, 

and another with a radii of 83. 1 ±5. 8 A. The latter equals the 

dimensions of the protein determined in water plus a monolayer of 

surfactant molecules (25 Á) surrounding the enzyme. 

It is noted that due to experimental limitations, DLS data 

were.obtained ata protein concentration that was 1000 times higher 

than in the thermostability experiments. As protein aggregation is 

a concentration dependent process, most likely in the 

thermostability experiments aggregation was lower. 

It is noteworthy that the dimensions of hexokinase in the 

micelle and hexokinase in crystals12 are nearly the same. This 

suggests that under conditions in which the enzyme is thermostable 

there would be about one or two monolayers of water molecules per 

enzyme. 

DISCUSSION 

catalysis and Thermostability. 

Two main features differentiate the systems under study from other 

types of reverse micelles. Whereas in AOT reverse micelles, 

activity increases with water content towards the value obtained in 

100 % aqueous media', in the Tri ton X-100/phospholipid systems, 

even under optimal conditions, the activity of all the enzymes that 
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have been tested is always several fold lower than in all aqueous 

media'·". In addition, in phospholipid-containing systems, a high 

enzyme thermostability is observed at low water concentrations (Tl 

region) 'º·". 
It has been proposed that with respect to water there is an 

inverse relation between the rates of enzyme catalysis and 

thermastability'· At water concentrations in which catalysis is 

low, the enzyme displays high thermostability. In the toluene ar 

prapylbenzene phospholipid/Triton X-100 systems, this relation 

holds. Nevertheless it should be noted that the effect af 

phosphalipids on activity depends also on the organic salvent and 

casurfactants intraduced. Recently, Peng and Luisi" reparted 

similar kinetic parameters in Isaactane/hexanol/lecithin and 100 % 

aqueous systems far Trypsin and a-Chymotrypsin catalysis. 

A particular feature of phaspholipid hydration", as campared 

to surfactants that have alsa been used to form reverse micelles 

(AOT16 or CTAB), is that in phospholipids, up to 9-11 malecules of 

water form the first hydration shell; an additional 10-12 water 

molecules are required for farmation of a secand hydration 

shell""ª. NMR analysis of water pratons in phospholipid, Tri ton X-

100, toluene and water systems showed that water exists mainly as 

"baund" water Shashani L. et al . , unpublished results), 

particularly at cancentrations in which enzymes exhibit low rates 

of catalysis and high thermostability. Therefare it is very likely 

that the bound character of water in the hydration shell af 

phasphalipids" is related to the distinct properties that enzymes 

acquire in micelles of the phospholipid type. 
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Hexokinase entrapment in the T2 region. 

Another relevant feature in the behavior of enzymes in reverse 

micelles concerns the dimensiona of the host-micelle. From the 

present data it is clear that the mean value of the inner water 

core of T2 region reverse micelles formed in toluene or 

propylbenzene (28 and 8 A respectively) is smaller than that of 

hexokinase (58.5 A Fig. 4), yet this enzyme, as well as larger 

enes 11 can be readily transferred to the system. Therefore, in the 

T2 region, the internal core of hexokinase-containing reverse 

micelles should adjust to the size of the protein. The 

determination of the size of protein-filled and unfilled micelles 

is difficult to asses due to the observed aggregation of hexokinase 

in aqueous solutions (Fig. 4) 

A similar increase in micellar radii upen protein uptake has been 

experimentaly determined in the AOT / Isooctane/water system19"º 
It is noted that, even in the best charaterized reverse micelle 

system (AOT/isooctane/water) the complex effect of rnicellar size 

upen protein uptake is the current focus of theoretical and 

experimental efforts''·''. 

Hexokinase-Induced Reverse Micelle nucleation in the Tl region. 

At water concentrations below 0.8 % (v/v), we failed to detect 

micelles. However when hexokinase was introduced, the system was 

stable and bodies with dirnensions equivalent to those of the enzyrne 

plus a monolayer of surfactant molecules were clearly apparent. In 

consequence it would appear that at low water levels (Tl region) 

solubilization of hexokinase takes place via aggregation of 
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monorneric surfactant rnolecules. 

ESTA 
SALIR 

TESIS 
DE LA 

NO DEBE 
BIBLIOTECA 

These findings rnay not be 

surprising, since hydration of the polar groups in the surface of 

the protein should lead to orientation of the polar groups of the 

surfactant, yielding a therrnodinarnically favorable systern. 

Nevertheless, it is stressed that in the phospholipid-containing 

systerns, na ti ve dirneric hexokinase was encapsulated, whereas in 

their abscence, only inactive protein aggregates were incorporated. 

Finally, it is noteworthy that the dirnensions of hexokinase 

incorporated in reverse rnicelles that contain phospholipids and a 

low water content, and those of crystalline hexokinase are 

strikingly similar". This sugests that upen forrnation of its own 

rnicelle, the enzyrne acquires a crystalline-like state that hinders 

protein rnovernents necessary to rnanifest the rnain features of the 

life cycle of an enzyrne: catalysis and denaturation". 
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FJ:GURE LEGENDS 

Figure 1.- Activity of Hexokinase in Toluene-Triton X-100 

Systems as a Function of Water Concentration. Activity of 

hexokinase ( 250 flmol min- 1mg- 1 in 100 % water) was assayed in the 

absence (A) or presence (B) of 10 mg phospholipids/mL toluene. 

Triton X-100 concentration (v/v) in (A) was 19 (o-o) and 22.7 % (•

e). ar 15 (o-o) and 22.7 % (•-•)in (B). T2 region of transparency 

in the absence of protein (see accompanying manuscript) are shown 

in the lower part of the plot. 

Figure 2. - Activity of Hexokinase in Propylbenzene Systems as 

a Function of Water Concentration. Triton X-100 concentration was 

19 % (o-o) or 23 % (•-•) in propylbenzene (v/v). Hexokinase 

catalysis was assayed in the absence (A) or presence (B) of 10 mg 

phospholipids/mL toluene. T2 region of transparency in the absence 

of protein (see accompanying manuscript) are shown in the lower 

part of the plot. 

Figure 3.- Thermostability of Hexokinase in Organic Solvent

Triton X-100 Systems that contained Phospholipid. ·Hexokinase was 

transferred to the organic solvent system formed in toluene (A) and 

propylbenzene (B) and incubated for 10 min at 60°C. The system 

contained 15 % (•-•), 19 % (o-o) or 23 % Ca-ti) Triton X-100 (v/v) 

and the indicated water contents. No thermostability (i.e. less 

than 15 % residual activity) was observed in the absence of 

phospholipids. In 100 % water, hexokinase was completely 

inactivated by a 10 min incubation at so•c. 
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Figure 4.- Dynamic Light Scattering Analysis of Hexokinase in 

a Water Solution of 20 mM Tris HCl pH 7.4. The concentration of 

hexokinase was 1. 5 mg mL-1
) • The inset shows the average 

hydrodynamic radii calculated fer each population by double 

exponential analysis. 

Figure 5.- Dynamic Light Scattering Analysis of Hexokinase in 

the Tl region of 19 %.(v/v) Triton X-100 in Toluene that contained 

10 mg Phospholipis per mL and 0.2 % Water. The data were fitted by 

a cumulant expansion of the correlation function. The 

concentration of hexokinase was O. 6 mg mL-1 organic system. The 

inset shows the two populations sensed by a double exponential fit. 
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Activity of hcart and musclc Iactatc dchydrogenascs in all-aqucous systcms 
and in organic solvcnts with Iow amounts of water 
Effcct of guanidinc chloride 

D. Alejandro FERNÁNDEZ-VELASCO '. Gcorgina GARZA-RAMOS 1 • Le1icia RAMÍREZ', Liora SHOSHANI'. 
Alberto DARSZON"'· Marictta TUENA DE GÓMEZ-PUYOU 1 and Armando GÓMEZ-PUYOU' 
1 Instituto de Fisiología Cdulitr, Universidad Nacional Autónoma de México, Mé."tico 
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(RcccivcdJuly29, t99t) - EJB911005 

The effcct ofurca and guanidine hydrochloridc (GdmCI) on the activity oflactate dehydrogcnases 
from heart and muscle was studicd in standard water mixtures and in reverse micclles fonncd with 
11-octane, hexano1, cctyltrimcthylammonium bromidc and water in a conccntration that rangcd over 
2.5-6.0% (by vol.). In ali water mixtures GdmCI (0.15-0.75 M) and urca (0.5-3.0 M) inhibitcd 
thc activity of the enzymcs at non-saturating pyruvatc conccntrations. Al conccntrations of pyruvate 
that proved inhibitory for enzyme activity dueto the formation of a ternary enzyme-NAD-pyruvate 
complcx. GdmCl and urca increascd thc aclivity of thc cnzymcs. This incrcasc correlatcd with a 
dccrease of thc tcrnary complcx, as cvidcnccd by its absorbancc al 320-325 nm. In thc low·watcr 
system it was found tita!: (a) al ali concentrations ofpyruvatc tcsted (0.74-30 mM), GdmCI enhanccd 
thc activity of thc heart cnzyme to a similar cxtcnt; (b) in thc musclc cnzymc, GdinCI inhibitcd or 
inercased thc activity through a process that depended on thc conccnlration of pyruvate and GdmCI; 
(e) undcr optimal conditions, thc activation by GdmCI was nbout two times lowcr in the muscle than 
in the hcan cnzyme, although in ali-water media thc activity of the muscle enzymc was twicc as high. 
Tite exprcssion of lacta te dchydrogcnase activity in thc low-watcr systcm was highcr with thc hcart 
than with thc muscle cnzymc compared to their activities in ali-water media (about 260 and 600 µmol 
min- 1 mg- 1 in the hcart and musclc cnzymcs rcspectivcly). Apparcntly for catalysis, the water 
n:quircmcnt in the hcart cnzymc is lowcr than in thc musclc enzyme. lt is likely that the diffcrent 
response of thc two cnzymcs to solvcnt is due to thcir distinct structural fcatures. 

For a long time it has bcen known that guanidine salts 
and urca disrupt thc thrcc·dimcnsional structurc of proteins 
[!]. However, there are rcports that indicate that thc activity 
of an important numbcr of cnzymes is diminished [2-5] or 
enhanccd [6-12) by denaturants at concentrations that do 
not produce gross changcs of protcin structure. Thc mccha
nisms that account for thcsc cffects are not known with ccr
tainty, but it has becn suggcstcd that they takc place through 
modifications of the catalytic site, or to an increase in thc 
ílexibility of the enzymc. In thc prcceding papcr [13], it was 
shown that, in reverse micellc systcms with a low water con
tent, the activity of four out of five enzymes tcsted could be 
increased scveralfold by dcnaturants. 1-lcre thc activities of 
heart and muscle lactatc dchydrogenases wcrc studicd in all
aqueous media and in a low-water systcm with and without 
dcnaturants. The studics were an attempt to asccrtain if in
dccd. and how, the structural difTcrcnces of thc isoenzymes 

Corn•spu11de11ce lO A. Gómcz-Puyou, Instituto de Fisiología 
Celular. Universidad Nacional Autónoma de México, Apartado 
Postal 70-600, México D. F., México 04510 

Abbre\'Íation. GdmCl, guanidinc hydrochloridc. 
En=yme. Luctatc dehydrogcnasc (EC 1.1.1.27). 

aITcct thcir functional response to solvent modifications. The 
cxpcrimcnts wcrc made in ali-water mixtures and in reverse 
micellcs fonned with cetyltrimethylammonium bromide, 
hexanol, and 11-octane [14, 15]. 

Lactate dchydrogcnase has the advantage that it is one of 
the most thoroughly studied enzymes. There are extensive 
studies of its kinetics [16-21). crystallographic data of the 
enzymc with and without substrates [16, 22-25], and infor
mation of the amino acid residues that affect the specificity 
and propcrties ofthe catalytic site [18-2I, 26]. Also thcre is 
considerable knowledgc ofthe structurc ofvarious isocnzymes 
[24, 27-31)-and how this relates to their catalytic properties. 
Of rclcvance to this work is that the activity oflactate dehydro
genase is inhibitcd by a ternary complex of enzyme, NAD, 
and pyruvate. Dircct evidence for this complex has becn ob· 
served in lacta te dehydrogenases from bovine heart [32], rabbit 
musclc [33-35], rat liver [36), chicken hcart [32, 37), dogfish 
musclc [32], and pig heart [38]. 

It was found that in all-aqueous media, denaturants de
crcase the affinity of the cnzyme for pyruvate and impair the 
formation ofthe abortive enzyme-pyruvate-NAD complex. In 
the 1ow-water system, an~ther action ofwater and denaturant 
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solutions bccame upparent when the activitics of thc two 
cnzymcs wcrc comparcd. 

MATERIALS AND METHODS 

Lacta te dehydrogcnascs from bovine heart, hog heart, and 
hog musclc wcrc oblaincd from Bochringer. For ali expcr
imcnts thc cnzymcs wcrc dialyzcd against O. t M potassium 
phosphate pH 7.4, 10 mM EDTA, and 1 mM dithiothrcitol 
for 72 h in thc cold. Thc buITcr was changcd thrcc times. Thc 
activitics of thc hcart an<l musclc cnzymc nt optima! substratc 
conccntrations in scvcral expcrimcnts wcrc around 260 and 
600 µmol min- 1 mg- 1 on average. 

Enzymc acth·itics 

In most of thc cxpcrimcnts in all~watcr mixtures. activity 
was followcd by recording thc changcs in absorbancc at 
340 nm of a 1-ml mixture at 24 ce. Thc componcnts of thc 
mixtures are dctailcd in Rcsults. Mcasurcmcnts of activity at 
various tcmpcraturcs wcrc carricd out in thc rcaction mixtures 
indicaled; lhc rcaction was stoppcd with 1 M KOH. Therc
after thc rcmaining NADH was dctermincd as describcd in 
thc prcceding papcr (13]. 

Thc low-watcr system [13-15] cmployed was formcd with 
cctyltrimcthylammonium bromide, hcxanol. n·octanc, and 
water (3.0-6.0%, by vol.). Thc mcthodology cmpluycd was 
dcscribcd in thc prcccding papcr [13]. Revcrscd miccllcs werc 
prcpared by mixing 0.160 g cctyltrimcthylammonium bro
mide, 1.98 mi oclanc :md 0.22 mi hcxanol wilh 0.05 mi phos
phate buffer in water until a clcar systcm was obtained. For 
the assay of cnzymc activitics, a water solution with thc sub· 
strates and dcnaturnnts was transfcrrcd to thc organic solvcnt 
systcm. Unlcss othcnvisc statcd, thc rcaction was startcd by 
the subsequcnt addition of thc cnzymc, followcd by vigorous 
stirring for 10 s. Thcrcaftcr rccording of absorbancc at 340 nm 
was startcd. Thc conccntrations of thc componcnts are ex· 
prcsscd in rclation to thc amount of water introduccd. Thc 
elTcct of GdmCI on sorne of the charactcristics of thc system 
wcrc dcscribcd in thc prcccding papcr [13) whcrc it was shown 
that, at thc conccntrations uscd. thcre wcrc only minor 
changcs in thc charactcristics of thc systcm. 

Rccol·ery of lactntc dchydrogcnasc from thc low~wntcr systcm 

Musclc lacta le dchydrogenasc could be recove red from the 
organic solvcnt by lhc following procedurc. Thc cnzyme was 
lransfcrred to thc cctyltrimelhylammonium bromidc/hcxanol/ 
11-octanc as dcscribed abovc. A 50-µI aliquot of the mixture 
was Iayered ovcr 1.0 mi 40 mM phosphalc pH 7.4, 10 mM 
EDTA and 1 mM dilhiothrcitol in thc centrifugo lubcs of a 50 
Ti rotor. Thc tubcs wcrc immcdiatcly cenlrifugcd for 60 min 
al 40000 rpm. Al lhc cnd of the run, thc tu bes werc removed 
from the rotor and thc uppcr !ayer discarded. Mixing of the 
lowcr aqueous phasc and small uppcr !ayer was prcvcntcd by 
careful handling of lhc lubcs. Thc water phasc was used for 
assay oflaclate dchydrogenasc activity. 

Dctcrminalion oí lhe cnzymc-NAD-pyruvatc complcx 

In all·aqueous media, formation of the tcrnary cnzymc
NAD-pyruvatc complcx was followcd by rccording spcclra 
ovcr 300-400 nm in an SLM Aminco DW 2000 in a 1-ml 
cuvettc thermostattcd at 24 {,C. Spcctra wcrc obtaincd accord-

ing lo thc prolocols dcscribcd by From (33] in 0.8 mi that 
containcd 100 mM polassium phosphatc pH 7.4. !O mM 
EDTA, 1 mM dithiothrcitol, 2 mM NAD•, 30 mM pyruvate 
and thc hcart (0.574 mg) or musck (0.477 mg) enzymc. Othcr 
dctails are dcscribcd bclow. Attcmpts wcrc madc to measure 
forrnation of thc complcx in thc Iow-watcr systcm; howcvcr 
this was not possiblc, sincc thc highcst amount of protcin that 
could be transfcrrcd into thc low-watcr systcm was about 
50 µg/ml total mixture. This was an amount thal provcd too 
low to obtain rcli<1blc spcctra. 

GdmCI and frcshly prcparcd urca solution:; wcre adjustcd 
to pH 7.4. Protcin ofthc hcart and musclc cnzymc was dctcr
mincd by their absorbancc al 280 nm, A?·c1n~:, = 1.5 and 1.45, 
rcspcctivcly (39, 40]. 

RESULTS 

Effcct oí GdmCI und urca on lacta te dch)·drogcnasc acth:ity 
in standard water mixtures 

Thc clTect of GdmCI and urca on lhc activity of hcarl 
(Fig. 1 A) and musclc (Fig. 1 B) lacta te dchydrogcnascs was 
studicd al various conccntrations of pyruvatc. At non·saturat· 
ing pyruvatc conccntrations. thc two compounds inhibitcd thc 
activity; a Lincwcavcr·Burk plot showed that thc inhibition 
was apparcntly of thc compctitivc lypc (insels). In agrccmcnt 
with prcvious dala (32-38, 41, 42], it was found that concen
tra tia ns of pyruvatc highcr than thosc rcquircd to achicvc 
maximal rntcs wcrc inhibitory in both thc heart and muscle 
cnzymcs; thc inhibiting cffcct of pyruvate was more marked 
with the formcr (Fig. 1 A and B). Al inhibitory conccntrations 
of pyruvatc, GdmCI and urca incrcased the activity (Fig. 1 A 
and B). Al thc highest pyruvalc concentration assaycd, thc 
activitics rcached with thc dcnaturants wcrc Jowcr than those 
obtaincd with optima! pyruvate conccntrations. Howcvcr. 
thcrc was a pyruvatc conccntration at which GdmCI increascd 
thc activity ofthe cnzymes abovc that ofthc control at optimal 
pyruvatc conccntrations. 

Thc rclation bctwccn the clTcct ofGdmCI and urea on thc 
Km for pyruvatc, and thcir cITcct on thc ratc of thc rcaction at 
inhibiting pyruvatc conccntrations with thc hcart and musclc 
cnzymcs~ is shown in Table t. GdmCI and urca at incrcasingly 
highcr conccntrations (0.15-0.75 M and 0.5-3 M, rcspec
tivcly) produccd a progrcssivc incrcasc in thc Km for pyruvatc; 
significant diminutions of the V mu valucs wcre obscrvcd in 
thc musclc cnzymc only with the highcst concentrations of 
GdnHCI and urca studicd. Table 1 also shows lhat, with an 
inhibiling concentration of pyru\•ate (30 mM), thc aforemen
tioncd concentrations of dcnaturants brought about a pro· 
gressivc increase in the rate of thc rcaction. Hcncc therc seems 
to be closc rclationship belwecn thc allinity of lhe enzymc for 
pyruvatc and thc cnhanccmcnt of catalytic rates .ª~ i.nhibiting 
substrate concentrations. In thc light of thc act1v1ttcs of the 
isocnzymcs obscrved in low·watcr systcms {scc below). it is of 
rclevance that in ali conditions thc activity of the muscle 
cnzymc was highcr than that of heart. 

It has been rcportcd that thc inhibitory clTcct of high 
pyruvatc conccntrations is duc to thc formation ofan abortivc 
enzymc-NAD-pyruvate tcrnary complex [32-34, 41. 42) and 
thal the formalion of lhis complex is favored al low lcmpcra
tures (41, 42]. Thus thc cffect of dilTcrent concentrations of 
GdmCI and urca on the activity of thc hearl enzyme was testcd 
at various tcmpcraturcs with a pyruvatc concentralion which 
al 24'C was non-inhibitory. GdmCI at 35''C, and urea at 
35"C and 24'C did not modify thc activity, bul al lowcr 
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solutions bccame apparcnt when thc activitics of thc two 
cnzymes wcrc comparcd. 

MATERIALS AND METHODS 

Lacta te dchydrogcnascs from bovinc hcart. hog hcart, and 
hog musclc wcrc obtaincd from Bochringcr. Far all cxpcr
iments thc cnzymcs wcrc dia1yzcd against 0.1 M potassium 
phosphalc pH 7.4, 10 mM EDTA, and 1 mM dithiothrcitol 
for n h in thc cold. Thc buffer was changcd thrcc limes. Thc 
activitics of thc hcart and musclc cnzymc at optima( substratc 
concentrations in severa! cxpcrimcnts wcrc around 260 and 
600 ~tmol min - 1 mg- 1 on average. 

Enzyme acth·ities 

In most ar thc cxpcrimcnts in ali-water mixtures, activity 
was fottowcd by recording the changcs in absorbancc al 
340 nm of a l·ml mixture al 24''C. The componcnts of the 
mixtures are dctailcd in Rcsults. Mcasurcmcnts of activity at 
various tcmpcraturcs wcrc carricd out in thc rcaction mixtures 
indicaled; the reaction was stoppcd wilh 1 M KOH. Thcrc
after the remaining NADH was determincd as dcscribcd in 
lhe prcccding paper [13]. 

Thc low-walcr system [13-15] employcd was formcd with 
cctyllrimcthylammonium bromidc, hcxanol. 11-octanc, and 
water (3.0-6.0%, by vol.). The mcthodology cmployed was 
described in the preceding papcr [13]. Revcrscd micclles wcre 
prcparcd by mixing 0.160 g cetyltrimclhylammonium bro· 
mide, 1.98 mi oclane and 0.22 mi hcxanol wilh 0.05 mi phos
phate buffer in water until a clear systcm was obtaincd. Far 
the assay of cnzymc activitics. a water solution with thc sub
stratcs and <lcnaturants was transfcrrcd to thc organic solvcnt 
systcm. Unless othcrwisc statcd, the renction was startcd by 
thc subsequcnt addition of thc cnzyme, foltowcd by vigorous 
stirring for 10 s. Thcrcaftcr rccording of absorbancc al 340 nm 
was startcd. Thc conccntrations of thc cornponcnts are cx
prcssed in rclation to thc amount of water introduccd. Thc 
cffcct of GdmCI on sorne of thc charactcristics of thc systcm 
were describcd in the preceding paper [13] whcrc it was shown 
that, at thc conccntrations uscd. thcrc wcrc only minar 
changes in thc charactcristics of thc systcm. 

Rccm·cry of lnctntc dchydrogcnasc from thc low-watcr S)'stcm 

Muscle lacta te dchydrogenase could be recovercd from the 
organic solvenl by lhe foltowing procedure. The enzymc was 
lransfcrred lo thecetyllrimelhylammonium bromide/hexanol/ 
11-octanc as described above. A 50·µ1 atiquot of lhc mixture 
was laycred over 1.0 mi 40 mM phosphatc pH 7.4, 10 mM 
EDTA and 1 mM dithiolhreitol in thc centrifuge tu bes of a 50 
Ti rotor. Thc tubes werc immcdialcly ccntrifuged for 60 min 
at 40000 rpm. Al the end of the run, lhe tu bes were removed 
from the rotor and the upper !ayer discarded. Mixing of the 
lower aqucous phase and small upper layer was prevcnted by 
careful handling of the tu bes. The water phase was used for 
assay of laclalc dehydrogenase aclivity. 

Dctcrmination of thc cnzymc-NAD·pyruvalc complcx 

In all-aqucous media, formation of thc tcrnary cnzymc
NAD·pyruvate complcx was foltowed by rccording spcclru 
ovcr 300-400 nm in an SLM Aminco DW 2000 in a l·ml 
cuvcttc thcrmostattcd al 24 ve. Spcctra wcrc obtaincd accord-

ing to the protocols describcd by From [33] in 0.8 mi thal 
conlained 100 mM polassium phosphatc pH 7.4. 10 mM 
EDTA. 1 mM dithiothrcilol, 2 mM NAD'. 30 mM pyruvate 
and lhe hcart (0.574 mg) or musclc (0.477 mg) cnzymc. Other 
dctails are dcscribc<l bclow. Attcmpts wcrc madc to measure 
formation of thc complcx in thc low~wutcr systcm: howevcr 
this was not possiblc, sincc thc highcst amount of protcin that 
could be transfcrrcd into thc low-watcr systcm was about 
50 µg/ml total mixture. This was an amount that pro\'ed too 
low to obtain rcliablc spcctra. 

GdmCI and frcshly preparcd urca solutions wcrc adjusted 
to pH 7.4. Protcin of thc hcart an<l musclc cnzymc was dctcr
mincd by thcir absorbancc at 280 nm. A~~1.J~ = 1.5 and 1.45, 
rcspcctivcly [39, 40]. 

RESllLTS 

Effcct of GdmCI und urca on laclalc dch)'drogcnasc acth-ity 
in standard water mixtures 

The effect of GdmCI and urca on the activity of heart 
(Fig. 1 A) and musclc (Fig. 1 B) lactalc dchydrogenases was 
studicd al various conccntrations of pyruvatc. At non-saturat
ing pyruvatc conccntrations, thc two compounds inhibitcd thc 
activity; a Lincwcavcr-Burk plot showed that the inhibition 
was apparenlly of the competitive type (insets). In agreement 
with prcvious dala [32-38, 41. 42], it was found that caneen· 
trations of pyruvatc highcr than thosc rcquircd to achicve 
nmximal rntcs wcrc inhibitory in both the hcart and musclc 
cnzymcs; thc inhibiting cffcct of pyruvatc was more marked 
with the former (Fig. 1 A and B). At inhibitory concenlrations 
of pyruvatc, GdmCI and urca incrcased thc activity (Fig. 1 A 
and B). At the highesl pyruvate concentralion assaycd, the 
activitics rcachcd with thc dcnaturants wcrc lowcr than thosc 
obtaincd with optima! pyruvate conccntrations. Howcver. 
thcn! was a pyruvatc conccntration at which GdmCI incrcascd 
thc activity of thc cnzymcs abovc thnt of thc contro1 at optima! 
pyruvatc conccntrations. 

Thc relation between thc cffecl of GdmCI and urca on the 
Km for pyruvatc, and thcir effcct on thc ratc of thc rcaction at 
inhibiting pyruvatc conccntrations with thc heart and musclc 
cnzymcs, is shown in Table t. GdmCI and urea at incrcasingly 
highcr concenlralions (0.15-0.75 M and 0.5-3 M, respec
tivcly) produccd a progrcssivc incrcasc in thc Km for pyruvatc; 
signilicant diminutions of the V mu valucs wcre obse~vcd in 
the muscle enzyme only wilh thc highest concentral10ns of 
GdnHCI and urca studied. Table 1 also shows thal, with an 
inhibiling concenlralion of pyruvalc (30 mM), the aforemen· 
tioncd conccntrations of dcnaturants brought about a pro
grcssivc increasc in the ratc ofthc reaction. HP.ncc thcre scems 
lo be clase rclationship betwecn the affinity of lhe enzyme for 
pyruvate and the enhancement of catalytic rates .at i.nhibiling 
substratc conccntrations. In the light of tite act1v1t1cs of thc 
isocnzymes obscr\'ed in low-watcr systcms (scc bclow) .. it is of 
rclcvance that in ali conditions thc activity of thc muscle 
enzyme was highcr than lhat of hcarl. 

It has been reportcd that the inhibitory effecl of high 
pyruvatc conccntrations is duc to thc formation of an abortivc 
enzyme-NAD·pyruvale lcrnary complex [32-34, 41, 42] and 
lhat the formalion of this complex is favored al low tempcra
tures [41, 42]. Thus the cffecl of different concenlrations of 
GdmCI and urea on thc aclivily of lhc hearl enzymc was tcsted 
at various tcmpcraturcs with a pyruvate conccntration which 
al 24'C was non-inhibilory. GdmCI al 35"C, and urea al 
35 •'C and 24 "C did nol modify the activity, but al lowcr 
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Fi~. l. ~:ffcl't uf GdmCI and un.•11 un 1hc aclhitil'S of hcart (..\) und musclc (B) luctatc dch~drogcna~s at \Uriuus p}rma·1c conccntrnlinn'i. Th•.' 
1m:uhatH111 1111\turi: i:l111t.1111i:J 211 m\I phl1~phati: pi 1 7 . ..l. 0.2 m\I S.-\Dl l •mr..1 thl! 1nJii:a1cJ 1.:t1nci:n1rnt10m of r~ ru\atl!. 1•---•1 \\1llwu1 
.111J 1 1 w11h 0.25 \l GdmCI. or 1 · --- · 1 \\Íth 1.25 \t urca. The rl!acuon ''"ª~ ~tarh.:J \\ilh thc cn/\mi: 10.04 ~l\.!.J. Fmoll H1iumi: 1.11 mi. 
h:mpcrnturc 24 C. Th.: inscb -.hO\\ thc Linc\\Ca\cr-Burk plol'i \\ilh non· ... ~llurnting pyruvatc com:i:ntratin~':i. -

Tahlc 1. Effcct nf GdmCI and urca on thc K," for pyrurntc and thcir cffcct on acthhy al hi~h pyrurntc conccnmulons m all-"'atcr media. Thi: 
1!\pi.:rimcnwl 1.:ondilillm. and thc dctcrminatmn 01· A:'" \\"ri: .1s in fig. 1 from Lincwca\Cr-Burk ,.:,,, ... Thc valucs shO\\ll .m: thc a\cra~c or .11 
h:;1!it 1hn:c C\pcrimcnb . 

..\.JJition Concn Hcart cnzymc M usdc cnzymc 
-------------·---------
1'm vm .. a1.:thity \~ilh 1'm l'm., aclhit~ \\ilh JU m\I 

311 mM p~ruvatc pyruvutc 

M µM µmol min - 1 mg- 1 

66 305 58 
GJmCI 0.15 80 355 80 

0.:?5 130 380 115 
0.5 148 328 158 
0.75 500 312 196 

Urc.i 0.5 60 322 69 
1.25 155 3'.28 IOO 
:?.O ::?40 305 126 
).0 560 230 135 

tcmpcraturcs thcrc was activation by both GdmCI and urca 
<rig. :!): maximal activation was attained with 0.2-0.25 M 
GdmCI and LO- 1.5 M urea. The ac1ivity progressively de
..:n:ascd abovc a given dcnaturant conccntration but note that 
highcr concentrations wcre required for half-maximal inacti
vation at thc lowcr tcmpcratures. As urca incrcased the 
ac1ivi1y of lacta te dehydrogenase. it may be inferred that the 
incrcasc in activity by GdmCI was nol solely due to a salt 
cffcct. 

Thc tcrnary enzymc-NAD-pyruvatc complex has an ab
>Orption band in the rcgion of 320-330 nm with a peak at 

µM µmol min- 1 mg- 1 

275 753 259 
290 715 361 
420 768 466 
750 640 499 

1400 489 459 

250 715 316 
520 74'.2 336 
570 638 347 

2500 476 366 

322 nm or 325 nm [33. 35. 37. 38. 43]. As shown in Fig. 3 IA 
and C). the addition of pyruvate to heart and musclc lacta te 
dehydrogcnases incubated with NAD induced within 15 s thc 
formation ofan absorbancc band with a maximum at 319 nm . 
This was followed by a slower increase in absorbancc that 
rcachcd a constant value after about 4 min. Thc sume resuhs 
were oblained by adding NAD to cnzymcs incuba1ed with 
pyruvale (data not shown). After 10 min. 0.25 M GdmCI was 
added: it produced a rapid decrease in absorbancc 1 Fig. 3 A 
and C) which did not changc after 10 min of incuba1ion. lt is 
noted that with both enzymcs. thc absorption .band wa~ nnt 
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Fig. 2. Effccl oí GdmCI and urca on thc acthlty of hcart lactare dchydrogcnasc al nlrious tcmperaturcs. Thc irn.:ut'i.inng i.;1lnJllHHh \\i.:r..: ,1 ... lll 
Fii;. 1. 1.''-t.:1.•p1 1hat th..: 1111\tun:~ ..:onta1n..:J 11, -4 m~I p:-ru\o.1h.: .1m.J thc int.licatcJ G<lmCI ;int.1 urca cun..:cntra1101l'.. Thc 11.:111p..:r.1tur...: \\,t, .1 ... 
1nt.1il.."~1tcJ. llU\º,. rd'cr-t lo thc ;ict1\ ÍI~ m thc ah'ir:nce of t.1r.:natur;1111. i.c. 41 :'.!. :t l. -l-l. ~inJ 26 µmol min 1 mg 1 ,1t 1 ~- 1 J:' e, 1 e e 1 
:5 C. 1 ¡ l} Cor 111 C. ¡¡nJ 1 T - · - Y¡ .l C. n:-.p1.•ctÍ\l.~l~ . 

..:llmpktcl~ <tholishl!d by thc a<ldition of GJmCI: in IOur <liffer· 

.:nt l:!xpcrinh!nts. ~1 marki:<lly ..:onstant Ue¡;rcase of about JOº n 

\\&IS nbs1.•ned. The Jata of Fiu. J B an<l D sho\I.' th<ll thc 
ou.l<lition ol' GdmCI to thc inhibited i:nzymcs produccú an 
a\most immcdiate im:rease in activity: howcvcr. the activity 
\\ilS not incrcused to a maximal valuc. That is. GdmCI brolH!hl 
about only a pnrtial reversa! or the inhibition ami a pariial 
dirninution of the tcrnary enzyrne·NAD-pyruvate complex. 

Acth itics of heart and muscle lactate dchydrogenases 
in lo"-"ª'º' media and the cffect of GdmCI 

Similarly to man)' 01her enzymes [.i4- 53J. hcart lacta te 
dchyJrogenasc plm:cd in a low-water environment exhibits 
lov.· l:.:1talytk· rates but. as shown in prcvious \\'Ork [13. 531. in 
"uch con<litions. the m:tivity of the heart enzymc is marke<lly 
increascd by urea an<l GdmCL In arder to c:xplore the mecha
nism in volved. thc acllvilies of heart and musdc lacta te <le
h~úrogcnascs were studied in the low-water system formed 
with1...·ctyltrimethylarnmonium bromide. hexanol and 11·octanc 
[ 13 - 15J. In 1he prcccding paper [13], it was shown 1hat the 
char~1ctcristics of the system were not signilicantly rnodified 
h\ GdrnCI. Moreover it is noted that heart and musclc lacta te 
J~hydrogcnase were studied under identical conditions: hencc 
anv diffcrcnces in activities should be due to the intrinsic 
ki~-:tic ami structural features of the enzyrnes. 

ln thc organíc so\vent. the activity of heart and muscle 
lactate dchvdro2enascs increase<l as the amount ofwater was 
rniscd ( Fig·. 4). At thc highest water concentration assayed. 
tht! acti\!ity of thc hean enzyme was clase to 70o/o of that 
detcctcd in all-aqucous media, whercas that of muscle was 
around :!0% ( Fig. 4, inset). Thus it would appear that the 
wah!r requircments for expression of activity \\.'ere lower in 
the hi:art cnzymi: thun in the muscle enzyme. 

In a system that contained 3.0ºA, water and pyruvutc in a 
conccnlrntion range of 0.74-JO mM. l.:! M GdmCI pro
Juccd u sevcralfold increase in the activity ofthe heart enzyme 

( Fig.. 5AJ. In thc: cxpcrimcntul ~onJ1t1ons 1.!mplo~C'd. thc .:n· 
¿ymc was rapidly saturatcd by suhstrall!. h::ncc the /\,,,. \\ ilh 
or without GdmCI. could not be Jctcrmincd. St:-\crthch!..,~ thc.: 
data indicatc that GdmCJ incrca~eJ tht: uclt\'itv tn conJ1ltLllh 
in which substratc was not limitin~. · 

Thc optima! conct.!'ntration o(GúmCI for ;1cli\atinn \\a-. 
l .:!5 ~1 at low and high substratc conccntrations 1 not '.'illll\\ n 1. 

In addition. it is notl!d thal wht:n the cxpi:rimcnl ot' Fig. 5..\ 
was rcpeated with thc: c:nzymc from hog he~trt. thc rc..;ults 
obtaincd (not shm\.'n) wcrc 4uantitati\'cly ~im1lar lll tfllhc.: 
obtained with the eni\·mc from hovinc hcart. 

In the cnzvml! rro~n ho~ musde thl! effc:ct ufGJmCI "ª~ 
markedly difl~rent 1 Fig. 5 ÜJ. In thc range of 11. 74- Jo m.\l 
pyruvate. 0.5 ~1 GdmCI brought about ;.u.:tivation. but lhc 
extent of activation úiminishcJ as the concentrntion llr 

pyruvale was raised. On the othcr hand. 1.0 '.1.1 GdmCI pro
duced inhibition of the aclivíty in the low p~runll1: range. 
and activation at high pyruvate concentrations. With JO m:\-1 
pyruvatc. thc activity rcac.:hed with the latter 1..·onccntration nf 
GdmCI was highcr than with 0.5 '.1.1 G<lmCI. 

In the low·\\'i.ltcr systcm thc biphasic action of 1.0 \1 
GdmCI in thc: muscle enzymes. at \ow and high p~rmate 
concentrations. was similar to that detected in ali-water mi:dia 
(compare data of Table: 1 and Fig. 5 B). This suggests that in 
the low-water system G<lmCI also affected the Km of the en
zymc for pyruvate. In fact thc data of Fig. 5 B show that in 
the presence of 1.0 M GdmCI. the activity increascd with the 
concentration of pyruvate introduccd (the Km was arounJ 
4 mM )~ whereas in the absence of GdmCI. the ;.1ctivitv was 
apparently saturated with 1 mM pyruvate. • 

It was also noted that with optimal GdmCI conccntrations. 
the acti\rity reached with the muscle enzyme was 2 -2.5 times 
lower than with the heart cnzyme (compare data of Fig. 5 A 
and 8). cven though in ali-water media thc activity of thc 
enzvmc: from musclc was twice as hii!h as thi.ll from hcart 
( Fi~. 1 and Table 1 ). -

-lt was considered possible that the lower >11.:tivit)" of thl! 
muscle cnzyme in the low-water systcrn could be Jue to ih 
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fi~.J. Effcct of GdmCI on the ternary cnzymc-:'lAO-pyruvate complcx and actMty of heart and musclc laclatc dehydrogenascs. lAl Spi.:t:tra 
ohrnined \\tth hc.:irt 1 • .-nzymc: tC) spi:ctra with the musclc enzyme. The incuba1ion mix.ture was 100 mM phosphatc pH 7.4. 10 mM EDTA and 
1 m~t <li1hinthn:i101. :!. mM NAO and 0.57 mg hean oí 0.48 mg musclc cnzymc. Formation of the comple~ was slarted by thc addit1on of 
JO m!\1 pyru\'atc. Final \'olume 0.8 mi. Thc solid curves were obtaincd by recording enzymc and NAO (refercnce) against enzyme. !':AD •tnd 
p} TU\ ah: minus \\!.llcr (n:fcrence) against pyruvate. This protocol followed that of From [33). The lower solid curves are lhc speclra obrnincd 
15.., .ilh:r thc a<ld1tiun of pyruvatc. whercas the upper cur"es are 1hc speclrum obtained 10 min aftcr the addition oí pyruvate. Thc dashcd 
!me" mdicatc thc spcctra obtained after the addition oí 0 . .:?5 M GdmCI: these did not chang:e in a 10-min interval. Almost identical spcctr~ 
\\éTC ohtaincd hy staning thc reaction with uddition oí NA.O to cnlymc plus pyruvatc (not shown). {BJ Activity of the heart t:nzyme \.\.llh 
O.i.+ m~I pyru\·atc: ( DJ uctivity of the muscle cnzymc with J.O mM pyruvate (the conccntrations at which maximal activity was dctcc1cd: scc 
Fig. 1) .:111d \\ith JO mM pyruvate. In thc latter. thc arrow indica1cs the addition oí 0.25 M GdmCI. The numbcrs a1 the sidc of thc tnu.:c ... 
111Ju:atc thc rati:.;, L1factivity. 

t.lcnaturntion upon its transfer to the organic solvent system. 
This possibility was examined by transferring thc enzymc to 
thc organic solvent system under the usual conditions. After 
óO min ofincubation the enzyme was transferred back to water 
{ scc Methods l. The recovery of enzymc activity was more than 
90"/o. Unlcss the enzyme renatured upan its transfer to all
\\'~lter media. thc data indicate that the relatively low activity 
uf the musclc cnzvmc in the low-water media was not duc to 
t.li:naturation t.luri"ng its transfer to the organic so\vent system. 

DISCUSSION 

Effect of denaturants on the actMly of laclale dehydrogcnuse 
in standard water systems 

In conventional water systems. denaturants increased the 
activity of heart and muscle lactale dehydrogenases. but only 
at high pyruvate concentrations. The following observations 
indicate that this is dueto a denaturant-induced_decreasc in 
the formation of the exlensivcly documented enzyme-NA D· 
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Fii:.-1. \cli'il~ uf hcart and mu"iclc laclalc dch~tlro~cna~cs in thc 
cc1,1rrimc1h~lamn111ni11m hromidc/hoanol/ncranc ') .. tcm at \:lrinus 
natcr conccntration\, Í1l tht: mi\tun: 11f 1.:ct\ llrimt:lh\l.in1mo111um hn1-
1111Jt:. 11-11i.:tani.:. <inJ hl.'\.llllll. Jilkn:nt ,·11lumc .. 1~f \\,1h:r .. olutu11h 
\h::rt: ;1ddi.:J .. na.; 10 ~ii.:IJ. 111 1hi: \\,tlcr plw~L' 11f thc ,~<ttcm. !00 m\1 
pl11hrh.11t: p!I 1 .. J. l 1n\f 1:D"f.\. 1 rn\I J1thiutlm:fü1I. ~.n m\I 
p~rll\;111.'. , .. \Oll .1t .1 c111hlan1amnun11.lllll11mol mi lotal n11\tt1rl.'I 

.111d thl.!' 111J11.:.11cJ \\.Lt1.·r i.:1111 ... ·cntrnunn !b\ \111.1. íh.: rcoii.::11011 \\;¡., 

'l.ll'h:d h~ thc .1JJi1111n of 1 e e) ·11.1 p!,! hcarl c111: me tir 
1 1 O !Jh pg lllthdc Clll)lllc mi tutaf nli\turc .\fli:r \tgoniu ... 
'llrring. thc r111\1Un: \\~1:-0 lran ... ll:rrcJ !ti ,1 ... p1.•t:trupho1omc1cr1.·mi:ttc 
.mJ .1h-.i1di,11h .. ·c al .l.JO nm \Hh rccon.kJ. Thi: m:ict .;hov..., thc lfa1.1 
1,.'\prc..,..,cJ .1:- ;.1 pcrcc111.1gc ol' thc ;1cl1\ Íl) t1h ... cnl.!'J 111 .tll·\\Jh:r mcd.-1 
111 \\h1ch 11111"11 ., thc ;11.:tÍ\ll) ,,r thc c11J')n11.: ... 111 .111·\\ah:r mr:J1a. 
fhc ... c \\cr..:: ~:-:o .inJ 5X6 ~111101 mm 1 mg 1 li.1r hcarr .tnJ mu ... dc. 
rc~pc¡;md~. 

r:ru\"atc ;.1hortin: complc.x (J2-J8. ~l. 42J. (a) Thc cnhancc:
mcnl of acli\·ity by lknaturnnts took place only ut inhibi1ing 
pyru\;.llc conccntrntions. {b) Thl!ir favorable t:ITcct on cataly· 
'.'lis was more c\"idcnt in thc low-ti:mperature range. (e) Thc 
lc\c( of thc cnzymc-NAD-pyruvate complex that was rcached 
upon incubation with NAO and pyruvate was diminished by 
GdmCJ. Nt:vcrthclcss. the prescnt data also indicate 1hat, ut 
non-satun1ting pyruvate concentrations. denaturants inhibit
\!d in an apparcntly competitive fonn wüh pyruvate thcactivi
tics of both the heart and the muscle enzymes. 

The opposite cffccts of thcse denaturants on catalysis at 
high and low pyruva1e concentrations may be rationalized as a 
common factor by assuming thut the formution of thc enzymc
:'<AD·p; ruvate complex depends on the allinity of the enzyme 
l'or pyru\¡llc. That is. a con<lition that lowcrs thc aflinity of 
the enz~ me for r: ruvate should result in both inhibition of 
~1cth·it) ;:ll low pyruvatC" conccntrations. and un increase in 
acth·it: at p) ruvah: conccntrntions that lcad to formation of 
1he aborti\·e complex. The in verse rclation between the effect 
of lknaturants on thc Km of the enzyme for pyruvatc and 
thcir li1\orablc cffect un thc activity at inhibiting pyruvate 
cunccntrutions (Ta bit: 1) substantiates the possibility. Hencc 
it is !iUl!l!c~ted thut urea ami GdmCI. at conccntrations that 
do 1101 -Produce c.Jcnaiuration. induce. Jircctly or indircctly. a 
changc in tite active sih! of lacta le dehydrogenase that results 
in u Jecre;:tse in the affinity for pyruvate. 

Acth·ity or lactate deh,.·drogenases in the IOW•\\:Jler 'i~'tlCm 
and lhe effect or demuurants 

In the lov.·-water "i)"Stcm. in i.I widc rangc l)r r:rU\i.lll! ..:1111-

centrations. GJmCI inr.:rcased the acti\'il\' nflai.:1att:· ddndr1'
gcnase from buvinl! and hog hcarts. Ai°thougf1 rht: l..'ft~L"I 111" 

GdmCI un rhc A..m of thc l!nzvmc could not he dctl..'nmncd. tlti.: 
data indicurc tlrnt GJmCI pÍoduced a sc\"cralfolJ tncrca:-.1! 111 

the vclocitv of thc rcaction undt!r conJitions in which '.'>Uh..,1rah.: 
availabilit~· was not limllinl!. On thc othcr hum!. \\ilh thi.: 
musclc enÍ:vmc. ir was found~that al '\atura1inl!1.."lll11..'1..'l1Crat111n .. 
of pyruvat~. acti\atitlfl h: GJmCI \\as lowcr lho111 i111h1..· h~art 
cnzyme. ami th<1l GJmC\ pr1,Juced an incn:;,1..,I..' 111 tht: /\,,, l°llr 
pjruvatc. Thcn:forc. 111 a li111Jti:d wa1i:r .... pa1..·i:. thl..' hcurt dlh.I 

tht! musclc i:nz:mc ... rc:spond diffcrcntly tn l..'l!Ul\<ill..'rll L'on..:l.'n
trations nf GJmCI. \torco\i:r. Jilforem:i: ... \\l..'rc .tl ... n f11u111..I 
whcn thc aclÍ\'ll\ of thc l..'flZ\111t:s Wl..'fl! mi:a~uri:J .it \;tl'ltlll..., 

w;:1tcr cnnccn1ra'tions. i.I..'. c~lll'\iJcnn~ thl..' .1cti\1til..'' 11f 1111. .. • 

t:llZ\1111..'S in ali \\,tter ml..'dia ,1s lilll"o~ thc h1..'.1r! l..'ll/\lll1..' ri:· 
... po-nJcJ hcttcr tn gr;.1Jual mcrt'a~l..'s 111 thl..' ;111h111rll ,;f \\,lkr 

1insc1 in Fig. 4). 

Oifferenccs in rhc structure of hcart 
and musclc h1c1ate dch~·drogenascs 

.·\s thc ;.1ssa)-. uf thc ;.1cli\ilics 1ll° thc hl..'art and thl..' llllhi..:lc 
lat:u1tc Jch\"drol!cna~cs \\l..'rt' 1..·arril..'tl our unda :d1..•n1i1..·al 1..·1111-
ditions. th~ir UiiTcrcnt rcspon~c to .;ol\'Clll ..,JwulJ he Juc tt1 
their 'itructural ami kinct1c diffcreni..:r:s. In fai..:1. ;u.:Cllrdin~ {l1 

E\cn1off et ~11. [~4J. thl! major s1ruc1ural Jiffcrcnt.:1..''.'I h1..•t\\l.'L'll 
JactalC dcflydrogcnast:S hCCOnlC i.lpparenl Juring L'~llal~..,¡...,_ 

Although thc hcart und musdc cnzymcs ha\1..' ;,1 hig.h 'l..'L!lll!llci: 
similarilv .. thcn: are diffcrcrn:cs in thcir suh'\tr.111: hindinl! dn
mains. Át thc catalvtic sitc. 1hc hcart \!nZ\1111..' ha~ .i !.!lu1a~111nc: 
thut may form an ~.xtra hydrogcn hlllld \~·i1h tlnC o,.-thl..' plhh
phatc rcsiducs of NAO. In thc musdc cnz~mi: 1h1'.'I rl..'..,idt11.: 1, 

substituteú by ;.tn aluninc [~4J. In l.."l111Sl..'qut'nc1..'. i1 \\a .... 
Slll!l!cstcd that this umino adú substi1u110111.."lllllú .11..·cl1unt flll' 
1hC:1bilitv of the heart cnzvme for form thc 1crn;.1n· i:ff?\lllC
NAD-py~uvate complc.x mÜrc rcadily [:!4J. In aJJilion. ihi.:rc 
are two rcl!ions in which therc are siunitic;.ml Jiffcrl..'ncl..'.., in 
amino acid- composition [:!:4. 29J. i.e. thc amino~rcrminal arm 
and the region that comprises rt:si<lues 294¡ ,:!l}J) to .l I0(..10!-i 1. 
lt has becn proposec.J that thcse (\\.'O rcgions bui!J Up t ht: 
principal contacts bt:twecn subunits {:!4J. 

Thc data in :.tll-watcr media indicatcd that. in ho1h 1..·11-
zymcs. GdmCI diminishcd to ne;.1rly the same c.xtcnr thc lc\-cl 
of thc ternary cnz)"mc-NAD-p)'ruvare complcx ;.111U th;.ll. ~tt 
similar lcvi;:Js of the comple.x. the ;.1ctivity of thc musclc cnl} me: 
\Vas highcr than lhat of hcart (sce Figs l and J). On 1hc:-:.I! 
urounds. it is likelv that. in the low-watcr svstcm. tht: cxistl.!111..'c 
~)f thc cumplex is. not thc factor that delcrmincs 1hc highcr 
activity of the hcart enzymc at equivalent mnounts of \\atc:r 
orGJ111Cl solution. Hence. tht: possibility thut subumt 11111..'rac
tions are ccnlral to thc exprcssion uf catalysis musl be.!' cnn
sidercd. Nt:verthclcss. <luring catalysis. lacta te Jch~drogcnu...,c:-. 
undcrgo extensive structural arrangcments tsec Fig.. 22 in 
Holbrook et al. [14J) which indicates that. in a catalytic c)ck. 
1here are numerous points of interaction be1wccn thc protl..'in 
and solvent. \Vith thc dala availablc. it is not possihlt: lll 
!!Xplain in molcclar tcrms thc differcnt solvcnl scnsiti\ it~ 1..ll' 
thc isoenzvmcs. but thc data illustrate the imporl<.lnl..'c llf \ari· 
ations of Protcin structurc in rclution to prntcin - '.'llll\\.:111 in· 
teractions Juring Cí.ttulysis. 
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Fiu. 5. Eff~cl nr ~idmCI nn lhl' aclhitics oí hcart (,\) and OIU'!oclc (8) lact:llc dch)'drn~cna~ .. in lhe CCl)llrimcth) lamrnnnium brumidl'/hc\anol/ 
octanl' '>)"ilcm nllh J.01!1,, natcr and \arioll'i p)rU\atc concc~lration"i. Thi.: 1!\pcnn11.:111 was c.1rncJ oul a~ in Fil! . .i. c\ccpt th,11 !hi.: ... htcm 
1.·1.1n1ami.:J .~.ti",. lh) \tll. I \\,tlCr .1111..I thi.: 111dii.:;.1ti..:d i.:Lmccntral1ll/l!'> 11f p)rU\.ah:. 1.-\1 Thi.: .11.!tÍ\tl) of hi.:.1rt l.11.:1;11c J~h)Jrngcn.i...i.: "~'" nh:,; ... ur1.:d 

1 1\\1tlrnut l'I' 1 • e 1\\11h. l .~5 \1 GdmCI l linal CLlllo.:ntr;1110n m the \\illl!r ph•1!'>1.:J. t BJ Thc •11.:ti\ll) 1.1f mu .. ck· l.u.:toih: 1.h.:ll\dn1c1.•n.1 ... ._. 
\\;t., ,1., ... a:-i.:J 1 ) \\ 1tlH1ut \lí \\uh te- e) ll.5 \1 nr 1 --- 1 1.0 \I GJmCl. . ~ 

Thi' \\11rk ''·'' -.urport....·J h~ granb lh,m thi.: /Jin·1n1i11 Ch·11cn1/ 
de Ap11_1·11 11 Pcrw111tl .·11 adt;/1/1111. l "nilt'l"llllad .\"admw/ Auronnma de 
\fr.\tl"IJ and thc c,,,,,c/11 .\"1111111111/ dt' Ci1·11110 .1 T1·c1wlo1áa .. \frxh 11 
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Enzyme activation by denaturants in organic solvent systems 
with a low water content 
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! Oi:partami.:nto ,,fo Bio4uimka, Ccnlru de lnvi.:stigación y Estudios ,\\anzados del IPN. ~h:xico 
-' Centro di! ln\cstiguciún ~obre Ingeniería Gi:nCtica) Bíotccnolugia. Universidad Nacional Autónoma de MCxico, Cui:rnavaca. \lor. \tC,ico 

IRccc:i\cd Octohcr :!J. 1991) - EJB 91 14::!6 

The cffoct of urca ami guanidinc hydrochloridc IGdmCI) on the activity of heart lacta te dchydro
genasc, glyccrol-3-phosphate dehydrogenasc, hcxokinase. inorganic pyrophosphatase. and glyceralde· 
hyde-3-phosphate <lehydrogcnase was studie<l in lo\lr'•Watt:r systcms. Most of thc experiments were 
madc in a systcm formed with tolucnc. phospholipids. Triton X-100. un<l wutcr in a rangc that varicd 
ovcr 1.0-6.5°~1 (by vol.) [Garza-Ramos. G .. Darszon. A .. Tucna de Gómez-Puyou. M. & Gómcz
Puyou. A. ( 1990) Biochemis1ry 19. 751 - 757]. In such conditions at saturating substrate conccn
tr;.1tions. thc activity of thc enzymes was more than 10 times lower thun in all-\\.'Uh:r media. Howcvcr 
the activity of the lirst four aforcmentiont:t.l t:nzymes was increased bctwcen 4 and ~O times by the 
denaturants. The most markcd activating effect \'-'US foúnd with lactate dehydrogenase; with 3.8'% 
(by vol.) water maximal aclivation was obscrvcd with 1.5 M GdmCI (about 20-fold); 4 M urea 
activatcd. but to a lower extent. Activation by guanidinc thiocyanate was lowcr than with GdmCI. 
Thc activating and inactivating effects of GdmCI on lacta te dchydrogenase depended on the amount 
of water: as the amount of water was incrcascd from 2.0% to 6.0% Cby vol.). activation and 
inactivation took place \Vith progressively lower G<lmCI concentrations. When activity was measurcd 
as a function of the volume of 1.5 M GdmCI solution. a bell-shaped activation curve was observed. 
In a low-watcr system formed with n-octanc. hexanol. cetyltrimethylammonium bromidc and 3.0% 
water. a similar activation of lactate dehydrogcnase by GdmCI and urea was observed. The water 
solubility diagrams were modified by GdmCI and urca. and this could reflcct on enzymc activity. 
Howevcr. from a comparison of denaturant conccntrations on the activity of the enzymes studied. it 
would seem that. independently of their elTect on lhe characleristics of the low-water systems. 
denaturants bring about activation through their known mechanism of action on the protein. It is 
suggested that the etTect of denaturants is dueto the release of constraints in enzyme catalysis imposed 
by a low-water environment. 

Experiments with enzymes in contact with low amounts 
of water have shown that catalysís takes place at low rutes, 
und that these increase as the amount of water is increased 
[l -6]. The available data indicate that the confonnational 
changes that are necessary far maximal catalysis requirc a 
given amount of water (1, 2, 4-6]. Thus, it seems that in 
addition to other factors, maximal catalytic rates also require 

Corr(•:;ponde'1t'e ro A. Gómez-Puyou. instituto de Fisiología 
C..::lular. Universidad Nacional Autónoma de México. Apanado 
Postal 70-600, 04510 México, D. F .. México 

Ahhreviurions. GdmCI. guanidinc hydrochloride; GdmSCN, 
guanidine thiocyanate: TPT. a mixture of 15% {by vol.) Tri ton X-100 
in tolui:nc and 8.5 mg soybcan phospholipid/ml; Triton X·IOO. 
octylphcnoxypoly(ctho11;yc1hanol). 

En=ymes. Lactatc dchydrogcnase (EC 1.1.1.:!7): glyccrol-3-phos
phatedehydrogenase (EC 1.1.1.8): hexokinase(EC 2.7.1.1 ); inorganic 
pyrophosphaiasc 1 EC 3.6.1.1 ); glyccraldehyde·3·phosphatc dehydro· 
gcnasc ( EC 1.2.1.12). 

optima( protein - solvent int~ractions. In this work it was 
asked if the low catalytic rutes that enzymes exhibit in a low
water environment could be enhanced by modifications of the 
interactions between the protein and the surrounding media. 
The modifications were produced by agents that facilita te lhe 
exposure of protein groups into the solvent, i.e. guanidine 
salts and urea. 

Although the mechanism by which these denaturants dis· 
rupt the native structure of proteins is not completely under
stood [7 - 11 ], their general effect is to increase the exposure 
of protein groups to the solvent, either by increasing the 
solubilizalion ofamino acid residues (12-14], by binding to 
particular groups or structures (15, 16], or by c.hanging lhe 
structure of water (17]. With respect to the elTect of denatur
ants in enzyme catalysis, in the majority of thc enzymes tested. 
urea and guanidine salts produce loss of activity at concen
trations which bring about alterations of protein structure. 
Ncvertheless, with sorne enzymes it has been found that at 
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conccntrations \owcr than those that produce cxtcnsivc 
changes of proteins. denaturants increase catalytic activity. 
usually by \ess lhan twofold (18-21) (but see {:!:!. 23]). These 
rcsu\ts have bcen cxplained either by a denaturant-induced 
altcration of the carn\vtic site or through an cffect of the 
dcnaturant on thc llcxibilitv of thc cnzvm~c. 

Hcrc it ls dcscribed thaÚn a \ow·wa.ter systcm. thc activitv 
of four cnzymcs from mammalian tissues or ycast cclls. i.~ 
\actalt! Jch~drogcnasc. glyccrol-J-phosphate dehydrog.cnase. 
hcxokinasi: and soluhle inorganic pyrophosphatasc. was in
L'TCa!'il!d l°rlllll .+ h) ~O times by cithc:r guanidine salts or urca. 
\\'ith gl~ccrnldch:de-)-pho.,phatc dt!hydrogcnuse no acti
\Ollilin \\as nb"'CT\Cl.i. Thc most marked activalinl.! cffc1.:t of th!! 
dcnalurnnlS tonh: pla1..·c with 1a1.:tatc Jchnlroucn;.1~c: thc:rcforc. 
lhi~ Cll/~lllC (fOí íC\\CW anJ kinctiC!'! S~C {2-=i-26]) WaS USed 
to i..:hurai..:tcnzc tht: clli.:1.:t of thc Jcnaturants in lnw-watt:r 
"''"'h:ms. 
. rnr thc _-.tu<lit:s in low-wat..:r sv..;tcm~. cnz\ mes \1,,crc cn

trappt..•d in thc interior or íC\CíSC ;nkl.!\ks p. "211. Thc \alter 
w1.:rc l'ormcd h~ introdudng low amounts uf water 11 -ó.:5° "· 
h~ \O\.) into i.I lll\XlUrt: ot" Jctergcnts. <1mphipl11\ic mo\t!cu\cs 
anJ an apolar organic so\vcnt. Two variations of this typc of 
s~..;h:m wcre useJ. i.c. onc formcd with toluenc. phospholipids. 
an<l°Tntun X-lllll {.\). and anuthcr thal was mauc up with 
11-n1..·11.111c. hcxanol and cctvltrirnethv\arnmonium bromide 
(2X - .'\OJ. Thc cffcct of Jcnaiurnnts o~ thc charactcristics of 
tht:st! systt:m wcre Jctcrminc<l. A bricf repon of thc general 
dti.:i..:t of uuanidint: hvdroch\oridc tG<lmCll on lactatc <le
h\Jrnl.!t!n;.~:-.1.: acti\·itv i~ thc !'brmcr low-watl!r S\o'stcm has bcen 
p;1hlisl1cu p 1\. · · 

'.\IATERIALS ANO '.\IETHODS 

Chemicals 

Thc following were obtaine<l from thc indicatcd sourccs: 
lacti.tlt! Jeh~Urogenase lLDH-H4. bovinc heart) from 
Ull..:hringcr: glyccro\~3-phosphate dchydrogenase ( type l 
rabbit musdel. gl)ccra\dehyde-3-phosphate dehydrogcnasc 
trnbhll musde). ht:xokinasc ttypc F~300. haker's yeast}. inor
ganic pyrophosphalase 1 bakcrsyeasl). Tri ton X-100, soybean 
p\mspholipids. and GdmCI from Sigma: guanidine lhiocya
nalc iGdmSCNl from Boehrin<cr: urea from Bio-Rad: 
Ct!'t\'ltrimcthvlammonium bromidC salt from CalBiochem: 
to\Úene. 11-o~tane and hexanol from Merck. 

Experimental S)stem 

1 n most of the experiments wüh low amounts of water. the 
:-.\stem rclCrrcd to as TPT was used; it consisted ofa mixture 
ór toluene and Triton X-100 (85: 15, by vol.) that contained 
X.5 mg soybean phospholipids/ml. Sorne ofthe characteristics 
of thc system have been described {4]. For the assay of the 
\·arious enzymatic activities thc following general procedure 
\\·as usc<l. To l mi TPT mixture. :! µi enzyme solution was 
injected followed by vigorous stirring (0.5 min). The reaction 
was startcd by addition of an aqueous solution that contained 
the substrates in thc indicatcd buffer with or without dcnatur
ants. followed by vigorous stirring. The volume ofwater intro
dut.:..:d into the system \\.'as ca\cu\atcd to yield thc desired 
percentage (by \'Olume) of water. lt was assumed that lhc 
componcnts ;.u.l<lcd. inclu<ling thet!nzyme and the denaturants. 
<listributed in the water introduct!d: thus all the concentrations 
of substrates and cotactors refer to the water phase ar the 

system. The reaction was stoppcd with alkalinc or acid water 
solutions as indicated below. 

A low-water system formed with n·octanc. hcxanol. and 
cetyltrimelhylammonium bromide {~8 - 30) was a\su uscu fur 
the measurement of lactate <lehvdro"cnase activitv. Th1.: 
typical protocol was as follows. ·To: mixture or" 1.-ló g 
cetyltrimethylammonium bromi<le and :!.O mi hcxanol. 11-oc
Hlnl! was a<ldcd to a vo\umc of :!O mi. This wa::. IO\lm1,,cJ 
by lhe addition of 317 µ1100 mM phosphate pH 7 . .\. 1 m~I 
EDTA. \ mM dithiothreitol. 4.:! mM pyruvatc and 5.5 m~I 
NADH: aftcr this addition. thc mixture was vil!orouslv stirrcd 
until a dcar s\.'itcm \\1as attained. To t mi of the latte; S\Stcm 
t 2.8 µl w.:itcr ~vith or without Jenaturanb was aJdcJ. rotÍowcJ 
hy '\tirring. Th..: rl!action was ..;turtcd b: thc ~tddition l)f ~.n ~Li 
\acta te dchvdrogcnast: (0.15 ffil! mi): at"tl!r 'ilirrint?. i.lCll\ \l\ 
wus mcasu(cd b;· rccording thc- disappt!'arancc or ~ADH ,;t 
J~O mn. In this protocol the tinal w~1tcr conccntralion was 
.'\.0% tby \'O\.). ln somc cxpcrímc.:nts. Jcnaturants \\crc 1.iJdc.:J 
aftcr thc ..:nzymt: and thc substratcs huJ hi.!t:ll introdu¡;cJ intl) 
tht: syst..:m. 

Lactate deh)·drogcnase 

Prior to use thc c.:nzyml! from bovinc heart was Jia\\Lcd i.b 

<lcscribcd {3 l}. Thl! .-1 1¡'}1~' value of \.5 [J2} at 280 nm w~1s u~cJ 
for thc ca\culation of protcin conccntration. ln totally aqucous 
mixtures. thc prcpamtions uscd had u spcdfü: 1.tctiviLy l)r 
~60 ±JO µmol min- 1 mg protcin - 1 as assaycd spcctrophoh.-'
metrically at 340 nm in a mixture that contained ·tOO m'.\1 
phosphate pH 7..\, 0.7.\ mM pyruvate. and O.:! mM '.'!ADH 
at a tcmpcraturc oí :?4 C. The acti~ity of the cnzym1.: in thi: 
TPT systcm was measurcd in mixtures that containcd. 20 m~I 
phosphate pH 7 . .\, 30 mM pyruvate. 7.5 mM N . .\DH and thc 
indicated concentrations or the denaturant; gcnc.:rall) 0.7 µg 
cnzyme was introduccdtml TPT. 

The rcaction was stopped by mixing 0.4 mi of the TPT 
incubation mixture with l mi 1 :Vl KOH. Subse4ucm\y. w 
achieve clcar phasc scparation. 1 mi watcr-saturatcd iso
butanol: benzenc (1: 1) was ~1ddt:d. After stirring for 90 s. the 
mixture was ccntrifuged an<l thc organic phas1.: Jiscard!!d. 
NADH was dctcrmined spectrophotometrically in thc neu
tralizcd aqucous phase with lacta te dehydrog1.:nasc anJ c~ct:~s 
pyruvute. 

Glycerol-3-phosphate dehydrogenase 

Before use the ammonium sulfate suspension wus centri
fuged and the pe\let dissolvcd in.¡() mM triethanolamine pH 
7.4 and 10 mM EDTA: afterwards the enzyme was desaltcd 
by the centrifuge column method [33). The column was 
previously equilibrated with thc same buffer. Protein was cal
culated from the absorbance at :?SO nm. i.e . . -!~};:. = 0.515 
[34]. In ali water systems. the activity was assayed by recording 
the decrease in absorbance at 340 nm of a mixture that 
contained 270 mM triethanolamine pH 7.4. 9 mM EDTA. 
0.9 mM dithiothreitol. 2.53 mM dihydroxyacetonc phos. 
phate. 0.13 mM NADH. and the desired concentrations of 
denaturants. The specific activity of the enzyme rangcd. ovcr 
80-89 µmol min-• mg- 1• In the TPT system. this enzyme 
( 1.8 µg:ml) was assaycd in mixtures that containcd lin thc 
water phase) .\O mM triethanolamine pH 7..\, 10 mM EDTA. 
1 mM dithiothreitol. 9 mM dihydroxyacelonc phosphatc and 
7.5 mM NADH. Al thedesired times as in thc 1'1Clalc dehydro
gtmase assay. the reaction was stopped by mixing 0.4 ml TPT 

.-



mixture with 1 mi 1 M KOH and the remaining NADH was 
<letcrmincd. 

Glyccraldehyde-3-phosphatc dehydrogenase 

Bcforc use thc enzyme \\'as passcd through a ccntrifugc 
column that had been e4uilibratcd with 20 mM pyrophos
plunc pH 8.5. 1 mM EDTA and 1 mM dithiothrcitol. The 
1.1ssay in ali wah:r mixtures was as dcscribcd clsewhere [35). Thc 
rcaction mixture containcd 25 mM sodium pyrophosplrntc 
pH 8.5. 51 m\1 Slidium ;.irscn;Hc. 0.2-t mM NAO. 3.2 m~ 
dithiothrcitol. 1 m\1 g:l~cerah .. khydc 3-phosphaic prcpared 
from glyccraldch~dc-3-pho~phatc t.licthyl aceta! rnonobarium 
salt. Protcin was cakuluh.:d from thc absorbancc ofthc cnzvmc 
.11 27X 11111 .·l\1 .:~1 • = 1.02 [36]. In thc TPT s~stcm. lhc rcaciion 
mi.\turccnntaincd fin thcwatcr pha'iC) 13 mM pyrophosphatc 
pH X.5. 25 m\1 sodium <lrscnate. 7.5 mM NAO. 3 m:O.·t dithio
thn.:itnl. X.5 111:'\I gJ:-ccrallkhyJc J-phosphatc and appro.xi
matcly 7 .5 ~1g cnzymc mi TPT. Thc rcaction \Vas stoppcd as 
<.h:scrihcJ for tite la1.:tatc dchydrogcnasc asS<.l)' ami NADH 
dctcrmint.:U ac1.:orJingly. 

Hcxokinasc 

Solutions or thc cnzymc wcrc prcparcd by solubilization 
llf thc lyophilizcd. ammonium-sulfatc-frcc commcrci~1l prcp
aratíon in 5 m~t Tris HCI pH 7..l. Thc spcdfic activity \vas 
around 250 ~tmol min - 1 mg- 1

• 1 n ali water media. thc activity 
was •1ssayed ín mixtures that containcd .JO mtvt TrisiHCI pH 
7.4. J mM ~lgCI,. 10 mM ATP and 25 mM glucose. The 
rcaction was arrcstcd with 0.5 M pcrchloric acid. The samplcs 
wcrc neutrnlizcd with K.!C0 3 . Thc samplcs \vcre centrifuged 
to climinatc potasssium pcrchlorate. In the supcrnatant the 
~mtount or glucosc 6-phosphate formcd was determined in 
1 mi of a mixture 1hat containcd 0.22 mM NADP. 0.1 mg 
hoYinc st.:rum albumin. ami approximatcly 1 unit glucosc-6-
phosph;He Jchydrogcnasc. In the TPT system. the reaction 
\\as assa:-cd in a mixture that contained (in the water phasel 
~O m~I Tris HCI pH 7.4. J mM MgCI,. 10 mM ATP. 25 mM 
i!lui.:osc. thc <lesircd conccntrations of the denaturants and 
ll.38 ~·g cnzyme ·mi TPT. Thc reaction was arrested by adding 
0.4 mi of the TPT reaction mixture to 1 mi 0.5 M perchloric 
acid. This was followed by the addition of 1 mi isobutanol/ 
bcnzeni;: ami. after vigorous stirring, the organic phase was 
climinatcd (as in thc cxpcrimcnts with lactate dehydrogenase). 
In thc rcmaining water phase the amount of glucose 6-phos· 
phatc was <lctcrmined as described above. 

P) rophosphatase 

Tite ammonium-sulfate-frce lyophilized powder was 
dissol\'ed in 5 mM Tris/HCI pH 7.4 to a concentration of 
0.6 mg mi. In ali water media, the activity was measured in 
~O m~·I Tris,HCI pH 7.4. J mM MgCl 2 , antl 3 mM [;·-"PJ
pyrophosphate. The rcaction was stopped with 6% trichloro
acetic acid. The amount of["P]phosphate fonned was deter
mined as described befare [4]. ln thc TPT system. lhe activity 
was mcasured in 40 mM Tris/HCI pH 7.4, 3 mM MgCI,. 
J mM ["P]pyrophosphate. and 0.2 µg enzyme/ml TPT. The 
rcuction was stoppcd by mixing 0.4 mi of thc TPT mixture 
with 1 mi 6% trichloroacetic acid. The amount of 
["PJphosphate formed was determined as described elsewherc 
[4J. 
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General features of enzyme assays 

lt is pointed om that in the organic solvcnt systems. cxccpt 
for pyrophosphatasc (in which a radioactivc substratc was 
employed). the concentration of thc substrates used was highcr 
(in the water phase) than in all-aqueous media. The re;~son 
for this was that in a systcm that contained 15-60 µI water 
mi total systcm. the nct amount of substrate becomcs critica!. 
Thus in order to havc mcasurablc amounts ofproduct forma
tion or substratc disappearancc for significant lengths of time. 
thc conccntration of the substrates had to be incrcased. I t is 
notcd that. e.xccpt for inorganic pyrophosphatase. substratcs 
wcre introduccd at saturating conccntrations: at twice or hall' 
thc conccntrations indicated. thc activitv did not show silmili
cant changes. Thus acrivity was measu~e<l at saturating-..,ub
~aratc conccntrations. Thc following papcr [J7J describes in 
more dctail the activitv and the cffcct of Jcnaturants ~1n hcart 
and muscle lactate dc.hydrogcnascs at severa! substratc con
ccntrations. 

In ali experimcnts. the ratcs of activitv wcrc culcul;1tcd 
from plots or product formed or substrate 1ha1 was consumcd 
at various times of incubation. \Vith ali cnzymcs. cxci:pt 
hcxokinasc. the rates were linear \1,·ith time until ~1bout 50º ;i 
of thc substrate had bcen transformed. With hcxokinasc. tht.: 
amount of glucose 6-phosphate formcd in the lirst 5 min (lf 

incubation \\.'as the indc.x for activity. [n 1.lll c.xperimcnts blanks 
wcrc includcd; thcsc containcd ali thc componcnts cxccpt thc 
enzyme. 

~any of thc cxpcriments \1v·cre carricd out with molar 
concentrations of urea and guanidine salts. At thesc co1tct!n
trations. the amount of water in the svstem mav be si1mili
cantly affccted: for instance. in a 10 M. urea or 6 M GdmCI 
'iolution. about half the volume is accounted for bv tht! de
naturant (JSJ. Thus this factor had to be taken intÓ account 
when enzymc activity was studied at diffcrcnt eonccntrations 
of dcnaturants. i.e. with 1.5 M GdmCI and :!.O '.\t urca thc 
water contcnt in thc dcnaturant solution was appro.ximatt:ly 
12% lower. 

Dctermination of the arca in the phase diagrnm 
wherc rc'fersc micclles were formed 

This was detennined as described by Hilhorst et al. [291 
and Laane et al. [39] except that the aqueous phase containcd 
20 mM Tris/HCI pH 7.4. or 40 mM phosphate buffor. When 
the eITect of denaturants on the phase diagram was deter
mined. the water phase contained either buffer plus the indi
cated concentrations of GdmCI or urea. 

Composition of the organic phase and the interphase 

The etTect of denaturants on the composition of the 
intcrphase and the continuous phase of the cetyltrimethyl
ammonium bromidejhexanol/n-octane/water system was de
termined by the phase boundary method as described by 
Hilhorst et al. [29] and Laane et al. [39] in a system that 
contained 40 mM phosphate pH 7.4 with or without 1.25 :VI 
GdmCI. When n-octane was added to the transparent reverse 
micelle system, it became turbid dueto solubilization of hcxa· 
nol. The turbid suspension was titrated with hexanol until 
transparency was again achieved. The procedure was repeated 
livc times. A plot of the amounts of n-octane vs hcxanol yields 
a straight line; the intercept al the ordinate gives the amount 
of hexanol at the interphase and the water phase, whereas the 
slope gives the amount of hexanol in the continuous phasc. 
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Flg. l. ActM1y oí lactalc dch)·drogcnasc in lhc TPT syslcm at ~arious 
cnzymc conccnlrations. DilTcrcnt amoums of lhc cnzymc in 2 µI burfor 
\\l!rc trnnsfcrri.:d to 1 mi of thc TPT systcm. Activity was "lartcd hy 
0.1<.Jding a wah:r solution that contained thc substratcs. In thc linal 
rcactiun "':O-'Stcm. thc conccntration ol' 1hc componcnts wus :!O mM 
rhosplrnh: pH 7.-l. 30 m~I pyruvatc. 7.5 m!Vt NADH and 3.8°0 tby 
vol.) water. Al diffcrcnt times. aliquots of thc mixture wcrc withúrawn 
to ussay thc amount or NADH rcmaining (scc ~fatcrials and 
~h:thodsl. Thc fnllo,\fog amounts of cnz)mc:ml TPT \\ere uscd: 
1.:.-- ·.1 fl.384 µg: 1=-::ii 0.768 µg: 1 :--:.) 1.4 µg: 
1•-•)2.Jµ~. 

Partition of cnzyme substratcs betwcen water 
and organic phases 

To 1 mi of a water solution that contained 40 mM phos
phate pH 7.4 and either 30 mM [14C]pyruvate. 2.0 mM 
NADH. or 1 mM [,H]ATP with or without 1.5 M GdmCI. 
t ml tolucne or n~octune was added. The mixtures were vigor
ously stirred for 24 h at room temperature in closed test tubes. 
At that time the two phases were separated and the amount 
of pyruvate. NADH or ATP was quantitated in the water and 
organic phascs. 

RESULTS AND DISCUSSION 

Enzymes at low levels of hydration [1. 2. 6], when placed 
in organic solvent that contains either surfactants [3, 27], or 
phospholipids with or without a detergent [4. 40, 41]. or when 
suspended in organic solvents [5, 42], exhibit low catalytic 
rates that increasc with the amount of water in the system. 
Once transferred to the TPT system with 3.8% (by vol.) water, 
the activity ortactate dehydrogenase was about 40 times lower 
than that observed in ali-water media (260 µmol min" 1mg· 1). 
In the TPT system. lactate dehydrogenase activity was pro
portional to the amount of enzyme introduced (Fig. 1) and 
was almost linear with time until about 50% of the NADH 
introduccd was exhausted. 

Effect or urea, GdmCI and GdmSCN 
on lactate dchydrogensse acth-·ity in all-watcr media 
and In the TPT system 

The effect of urea and guanidine salts on lacta te <lchy<lro· 
genase activity was assaycd in standard aqueous mixture.; ;.1nJ 
in the TPT system. In all·aqueous media. the activitv im:rca;,c<l 
as the concentration of GdmCI or GdmSCN wer~ raiscJ to 
0.2 M or 0.075 M. rcspcctively: at these concentrations thc 
average activity was about 1.2 and 1.5 times high!!r than in 
the absence of guanidine ( Fig. 2 A). At higher concentrations 
the activity diminished and was abolished with 1.5 ~I GdmCI 
and 0.5 M GdmSCN. Up to 1.5 M. urea <lid not modil\ thc 
activity. but at higher conccntrations. the activity pro°!;rc~
sively diminished (Fig. 2Ai. The effect oflJ.2 ~1 GdmCI was 
reversible. i.c. lactate! dchvdroe.C!nasc incubatcd \Vith O.~ \l 
GdmCI for JO min. after "a 100-fold dilution. cxhihitcd an 
activitv almost i<lcntical to that of an enzvmc that had not 
bcen e'Xposcd to G<lmCI (data not shown). Í"hc latta act1\il\ 
could again be increased by O.:! Yt GdmCI. The mcchan1~1~1 
of activation of lacta te dchvdrogenasc bv GJmCI and urc;.1 i-. 
discussed in the following paper-137]. · 

In the TPT svstem with 3.8°/o (bv vol.) water. thc acti\ll\ 
orlactatc Jehyd~ogen;.1se was grcatly,-incrcascd by introdt11.:111~ 
urca. GdmCI or GdmSC~: howe!VC!r. tht:re was an optlmal 
dcnuturant conccntration at which maximal acti\ ation w;.i~ 
dctccted lFig. 28). At optimal conc!!ntrations or urca and 
GdmSCN Cabout-1.0 M and J.O M. respectively). the acli\itics 
wcrc about 4 and 9 times hil!hcr than in thcir absr:ncc. \\'1th 
GdmCI the increase in acti~·ity was more important; with 
1.5 ~1 to 2.0 M GdmCI. activation was nearly ~0-fold 131] and 
rcached a value that was around .JO% of that dctt:cll!d in 
all·water media in the! absencc of GdmCI (comparc data of 
Fig. 2A and B). lt is notcd that in thc TPT s)stcm. KCI JiJ 
not enhance the catalytic activity of lactate dehydrngi:m1sl! 
(not shown); thus it would secm that the effect of GJmCI is 
not due to a salt effect. 

Enzyme acrh:ity in rehltion to rhe charactcristics 
of organic solvcnt systems 

In asccrtaining the mcchanism by which denatur;.mts pro
duce an increasc of enzyme activity in low-water systcms. il 
was necessary to determine if these agents mo<lify the! charni.:
teristics of the system and. if such modifications cxist. how 
they relate to the effect of denaturants on enzyme! activity. 
With the same aim it was important to determine if denatur· 
ants also increased C!nzymc activity in a system differcnt from 
TPT; the system chosen was that formed wilh cctyltrimcthy\
ammonium bromide, he!xanol and lf·octane [:?.8 - 30}. Fig. 3 
shows the solubility diagrams of water (20 mM Tris HCI pH 
7A) and denamrant solutions in the two svstems. The de!natur
ant concentrations studied correspond to. those at \\.'hich ncar
ma:<imal activation of lacta te dehydrogenase was obscrvc<l in 
the two systems ( Fig. 2. and see below). lt may be observed 
in the diagram of the TPT system that denaturants produccd 
changes in the region ofreverse micelles: in the cetyltrimethyl
ammonium bromide system only the right boundary of thc 
diagram was shifted. 

Of particular interest in the TPT system are thc phasc 
changes that took place with 15% (by vol.) Tri ton X-100 as 
this was the conccntration at which thc experim!!nts wcrc 
carried out. Fig. 4 illustrates the region ofreverse miccl\i;:s (scc 
bars) and activities with different amounts of \\'i.llCr and a 
1.5 M GdmCI solution. The activity increased with thc 
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Fig. 2. Effect oí urca, GdmCI and GdmSC:"J on the 11ctivity of lact11te dchydrogcnasc In standard water media(,\) and in lhc TPT S\<;lcm 1 B). 
(Al Th!! ~u.:ti\ il} was me<isurcd as dcscribcd undcr Mc1hods \\ith thc mdicatcd concentrntions of urea ( ::-:-:). GdmCI { ·: - - _: - 1 .tnd 
GJmSCN 1 •--• ), ( B) Thc transfer of thc cnzymc to the TPT systcm and thc ratcs of ilctivity \\ere mcasurcd as in Fig. 1 v.ith }.~",, 1 h\ 
\ol.J \\<.1tcr that containcd 1he imJicatcd conccntrations of urea j =---= ), GJmCI ( ,:- - - - ::: J. and GdmSCN ( •-• ). · 
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Flg. 3. Solubility dlagrams uf water ancl aqueous solutions of either GdmCI or urea in (A) TPT and (8) cetyllrimethylammonium bromlde/hexanol/ 
n~tane s)'Stems. (A) To severa! tubes that contained 0.85 mi toluene with 10 mg phospholipids, the amount ofTriton X-too indicatcd was 
added. To these tubes (0) aqueous buffer solulion (40 mM phosphate ar 20 mM Tris/HCI pH 7.4) and ( +) l.S M GdmCJ or ( x) 4 M urea 
solutions were added stepwisc. Afler the different solutions were added. the tubes wcre stirred in a vortcx. and allowt!'d to stand for 20 min. 
The region where transparency was observed is indicated; transparency was also observed in the lcft side of the diagram. (8) The same 
procedure was followed except that the tubcs containcd 1.0 mi n-octane with 0.2 M cctyltrimethylammonium bromide and the amount of 
hexanol indicated. The rcgion oí transparency for ( 0) aqucous buffer and ( +) 1.25 M GdmCI solution are indicated. Titrations were also 
mude with hcxanol to tu bes that contained the indicatcd amounts of aqueous solutions. Thc results in both cases were very similar. The e lo sed 
drcles indica te the rcgion wherc measurements of enzyme activity were carricd ou1. 

amount of water, but it is noted that even with the highest 
amount ofwater tested (6.0% by vol.), the activity was about 
25 times lower than in ali-water mixtures. With increasing 

amounts of a 1.5 M GdmCI solution, the activity curve was 
bell-shaped with a maximum at about4-4.5% (by vol.) 1.5 M 
GdmCI solution. It is clear that in the two conditions there 
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Waler ar l,5 M GdmCI 91. ("ly) 

Fig . .i. Acthity oí lacta te dchydrogcnuse in thc TPT systcm "ith incrcas
ing umounts of "utcr or 1.5 \1 GdmCI solulion, :rnd 2.0 '.\1 urca and 
0.75 \1 GdmCI: rcgions of transpurcncy "Ílh aqucous buffer. 0.75 _,1 
GdmCI, 1.5 ~I GdmCI and 2.0 :\1 urca. Enzymc uc:livity was mcasurcd 
ª"'in Fig.. t. C'l.:CCpt that 1hc tuhcs containcd thc indicatcd amounts of 
cithcr l . l \\att:r or t•-•11.5 ~t GdmCI. r\cti\llV \\as 
also measun:d in thc prcscncc ar e•) 0.75 M GdmCI und 1 AJ 2.o M 
urca as indicatcd. Thc rcgions whcrc transparcncy was obscr\'cd with 
thc varinus a4ui:uus solutions is dcpictcd by bars; 1hcsc wcn.: dctcr
mincd as m Fig. 3. 

are differences. both in the activity of the enzyme und in the 
rcgion of reverse micelles. Thus, it could be that the hig.her 
a1.:tivity with GdmCI was due. or related. to changes in thc 
nrganic solvcnt system. particularly if it is considcred that 
\\1ith increasing amounts of 1.5 M GdmCI solution there was 
a drop of activity that coincided with a transition in the ph;;1se 
boundary (see rcgion of reverse micelles with l.5 M GdmCl 
and activity curve}. Moreover thcre are reports [43, 441 that 
indicate that phase boundary transitions are accompanied by 
markcd changcs in cnzyme activity. 

To explore further whether. in the presence of denaturants. 
changes of the micellar system correlated with changes of 
cnzyme activity_ we searchcc! for conditions in which similar 
solubility diagrams werc obtained with aqueous solutions of 
dilli:rcnt composition. With O. 75 M GdmCl and 2.0 M urea. 
ncarly identical solubility diagrams were obtained (top bars 
in Fig. 4). In the regions where reverse micelles existed. the 
activity of lactate dehydrogenase was measured; it was more 
than three times higher with GdmCl than with urea (see tri
anglc and square in Fig. 4). Thus. although in the presence of 
denaturants therc are distinct phase changes, the data also 
suggest that enzyme activity does not depend solely on such a 
factor: particularly if it is considered that with almost idcntical 
solubility diagrams. markedly different activities were ob
tained by varying the componcnts of thc water phase. 

With respect to the activity and the effect of denaturants 
on thc activity of lactate dehydrogenase in the cetyltri
methylammonium bromidethexanol/n-octane system. it was 
found thut with 3.0% water. the enzyme exhibited an activity 

of about 18 µmol min- 1 mg- 1 • Thc addition of cithcr 0.5 '.\l 
or 1.25 M GdmCI produccd an immcdiatc incrcasc in m:tiVll\ 
to val~cs of around 80 and 1t5 µmol min · 1 mg- 1• rc~pccti\d
ly. wh1ch were constant with time for 20min1for c.xpcrimcntal 
details sce Materia\s and Methods}. Thcse activitv lc\'t:ls wcrc 
comparable to thosc obscrved in thc TPT ~\·stcm \\ nh 
t:quivalcnt G<lmCI conr.:cntrations at 3.8~'º water~ :\lso a:-. in 
the TPT system. thc plot of aclivity versus GdmCI was bcll· 
shaped with a maximum at l.~5 M GdmCI (not shownl. Urca 
also activatcd the 1.mzymc: the activity íncreascd progn:ssively 
with theconccntrntion ofurca up to a valuc of..+7 ~tmol min- 1 

mg· 1with4.5 M urca (not shown). The \atter was thc h1uhc.:sl 
urea conccntration that could be introduccd into th1s ... \:tcm. 
Hcm:c. in both thc TPT and thc cct\\trimctln\amm~lllium 
bromidc hc.x;.ino\ 11-01.:tane svstl!ms. th~ cffcct ol: GJmC\ and 
urca werc markedlv similar.· 

As shown in FÍ~. 38. thc solubility dtagrnms ll\'\\atcr or 
a GdmCI so\ution in thc cetvltrimcth1,,\amn"llmium hrom1Ji: 
systcm \ .. ·ere a\most inJistin.guishabl~ in thc l\H\cr pha:-i: 
boundary. but lhcrc \\C.:re dirfercm:cs m tht: uppcr hl1unJanc'. 
Thc point of thc reverse miccl\c systt.:m at which thc dfo1.:l \,f 
dcnaturants on enzymc aclivity was me;.isurcd \\:as dosc to tht.: 
lowcr phasc boundary (closcd circle in Fig. 3B1. 

lt was abo found that GJmCI did not atfoct thi: Jbtri
bution of hcxanol at thl! intcrphasl! l:.ind thl! water ~ra..:c.:1 
of the revt.:rsc miccl\c as dctcrmincd h:;. thc phasc.: hounJar;. 
mcthod (for a dctailcd Jiscussion ofthis mt!thod . ..;i:c Hilhor,t 
et al. {29}}. In the abscncc or prcsenci: ofGdmCI. thc titratinn 
curves or 11-octanc and hcxanol \\ere almost identica\: thi: 
intcrct!pts at the ordinate ( thc amount of hexanol •1t · the in· 
terphasl.! anJ the water sp;u:c) werc 11...: pi and 11.:! ~ll hexanol. 
without and with GdmCl rcspcctivcly. In both cases. the ~lopt.: 
{amount of hex;.inol in the sol\'cnt) was ~9.J ~ti mi \)Ctanc. 
Also as cxpcctcd. denaturants did not affoct thc part1t1lm t'I" 
pyruvate. NADH. or ATP between waterand 1Jrgani..:-;ol\·cnts 
(cithcr tolucne ora mixture of hcxanol and IMKtane1. ~ton: 
than 99% of tht! compounds wcrc 10..:;.ilizcd in thl! wah:r 
phase. 

Thercforc. the ovcrall !indines indic;.itC that dcnaturants 
produce altcrations Of thc phase-di.igrams of thc íC\CíSt! 011· 

1.:dlc systcms cmployed. Howcver. the data also indicatc that 
the enhancement or cnzyrne activity by denaturnnts 1s not 
strictly related to such changes. 

With respect to thc favorable effect of dcnaturants on 
enzymc activity, therc is a point that deserves comment. fhis 
dcals with the distribution of eithcr thc cnzvmc and or thc 
substrate within the water pool of a reverse ffiicelle. i. e. 1l ¡.., 
possiblc that substrate molecules. or the enzyme [45]. mn) 
bind to the interna! surface of the reverse rnkcllcs an<l th;.at 
denaturants cause their displacemenl into the micel\ar w:.ih!r 
pool. This could lead to an increasc in the avaih1bilit~ 01· 
substrate to lhe enzyme. or to a detachment or the enzyme 
from thc polar micellar surface. and thus the incre;.ise in ;.i¡;. 
tivity. 

In the evaluation of the latter possibility. two expcrimen ta 1 
conditions are pointed out. One concerns the nature of thc 
low-water systems employed. The TPT system was formcd 
with the non-ionic Triton X-100 and phospholipids which. 
according to their composition (40% phosphatidylcholini:. 
29% phosphatidylethanolaminc, 14% monophosphoglycero
inositol, 4°/¡, phosphatidylscrine. and small amounts or l;.~o
phospholipids [46]), have a negative chargc at pH 7.0. In 
contrnst. the interna\ surface of the micellcs of thc cct~ltri· 
methylammonium bromide system is positively chargcd. As a 
strikingly similar activating effecl of denaturants was obscn cd 
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Fi~. 5. Effcct oídiíforcnt GdmCI concentrationson thc ac1h1 il\' oílacllllc 
dchydro¡.:cnasc in thc TPT S)-Slcm that containcd dlffcrcnt ~mounts ar 
, .. atcr. Tlu: cxpcrimcnt was mat.k as in Fig. l. c.'<ccpl that thc: s>slcm 
cnntaincd l · - ·.1 :!.0% or ( •-•l 6.0% tby vol.) water and 
thc irn.fo:atcd com.:cntrations ofGdmCI. The insct shows thc cffccl oí 
t.liffcrcnt conccntrations or GdmCI on thc activity of thc cnz}mc 
in ( _ - _l. IOOºn a4ucou~ media and in thc TPT systcm with 
1 •-----• )6.0 11 '11.l -._ -:1J.8% and(.~ .. - - - - '.)::?.0% \Valer. Thc 
data \\ilh 1000:0 and ).8% v.<llcr \\CfC takcn from thc C.'<pcrimcnts of 
Fig. :!: tht: do.Hu wcrc normulizcd by considcring: thc maximal activity 
al cai.:h \\illcr com:cntration as 100%. 

in both systems. it secms improbable that a denaturant-in
dm:c<l substratc. or t!nzymc rcdistribution. accounte<l for thcir 
effect on activity. Also. with rcspect to substrate redistri
bution. it is notcd that enzyme activities were measurcd at 
suhstrate conccntrations in which maximal or near maximal 
velocitics were anaini:d. Thus substratc availability would not 
scem to be the factor that accounted for the marked incrcase 
of enzyme activity as induced by dcnaturants in low-watcr 
systcm. 

Effect oí GdmCI on lactate dehydrogenase acti•ity 
in the TPT S)'Stcm with various amounts of water 

The aforcmentioned data indicate that denaturants pro
duce changes of the micellar system and that these may be 
related to enzyme activation by denaturants. However, it has 
been reportcd that several enzymes are activated by denatur
ants in all water media (18-21]; thus enzyme activation in 
the low-water systems could also be duc to this effect of de
nutumnts. Of particular interest are the observations with 
NADP- mala te dehydrogenase from chloroplasts. The dark
oxidized forro of thc enzyme is inactive, but shows consider
able activity in the presence of GdmCI, i.e. 25% of the aclivity 
of the active reduced fonn of the enzymc [22]. Also Ma and 
Tsou (47] recently showed that GdmCI activates cross-linked 
lactatc dehydrogenase (the activity of the preparation was 
about 60% of the activity of the native enzyme) under con
ditions in which the na ti ve enzyme is not (see following paper 
[37]). 

These findings suggest that significan! activation by de
naturants takes place when enzyme catalysis is restricted. In 
thc light of the work of Rupley et al. (!], Finney and Pool (2], 
Bonc et al. (48]. Klibanov et al. [5], and Garza-Ramos et al. 
[4. 41] on thc role ofwater in the llexibility ofenzymes. it was 
thought that in thc low-water system denaturants induced 
activation through releasc of constraints of enzyme activity. 
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Fig. 6. Effcct of urca 1md GdmCI on thc activity of ,.·arious cn1ymco; in 
standard water media and in the TPT system \tith 3.8% 1-talcr. In .111 
walcr media and in the TPT system. the activities wc:rc mi:asun:U 
as describcd under Methods: the mixtures contain::d the indic<.1ti:U 
conccntrations of(0-·0) GdmCI ar (•-•>urca. Thc gro.1phs 
on the lcft and right sides refer to standard water media and TPT 
mi~tures. rcspectively. The enzymes tcsted were glycerok\-phosphall! 
dchydrogenasc (2-GDH). hexokinase CHK). inorganic pyrophos
phatase (PPase), and glyceraldchyde~3-phosphate dehydrogr.:nasc 
(GAPDHJ. 

and this could be related to the amount of water in contact 
with the enzyme. 

The experiments of Fig. 5 illustrate the effect of denatur
ants on enzyme activity at various water concentrations. In 
the TPT system with 2.0% and 6.0°/o water. increasing concen
trations of GdmCI enhanced enzyme activity in a bell-shaped 
type ofcurve. With 2.0% water, the curve was rather tlat with 
a bread range of GdmCI concentrations (around 1.5 -2.5 MJ 
at which activity was near maximal. With 6.0% water. the 
bell-shaped curve was sharp with a peak at 0.75 M GdmCI. 
The inset of Fig. 5 summarizes the data on the effect of differ
ent concentrations of GdmCI on lactate dehydrogenase ac
tivity at various water concentrations, including standard 
aqueous media. The activities of the various water concen· 
trations were normulized in order to illustrate that the caneen· 
tration ofGdmCI required to produce maximal activalion and 
half-maximal inactivation was inversely related to the amount 
ofwater. In other words, as thecontent ofwater was increased. 
the concentration ofGdmCI at which maximal activalion took 
place approached that which in ali water media produccd 
activation. Therefore by varying the amount of water. it is 
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possible ti' ::.1\·e an enzyme with a distinct response to a givcn 
_conccntr •• t:•.•ll of denaturing agent. 

\Ve would also like to call attention to the role of water 
and a GdmCI solution as solvents far cnzymc function. Thc 
data of Fig. 4 show that. for thc case of water, the activity 
progrcssively increascd as the water content was raiscd. This 
probably rcílccts the dcpendencc of enzyme activity on the 
amount of water. The dcpen<lence of activity on thc amount 
of solvcnt is also observed with a GdmCI solution up to about 
-l.0°/o (by vol.). Howcvcr within this solvent range. activity 
was much highcr with GdmCI. The differcncc most probably 
retlects the differcnt charncteristic:s ofthe two solvents. 

Eífect of GdmCI nnd urea on the activity 
of ,·arious cnz~·mcs placed in the TPT systcm \\oilh 3.8°/o water 

\Ve ulso t!Xplorc<l ir. in a<ldition to lacta te dehydrogenasc. 
othcr cnzymes were activated by denaturants when placed in a 
low·v.:ater cnvironment. The acüvities of glyccrol·3·phosphate 
<lehydrogcnase. hexokinase. inorganic pyrophosphatasc und 
glyccruldehy<le·3-phosphate <lchydrogcnase wcre studied in 
the TPT system \vith 3.8~'0 water. Except for inorganic 
pyrophosphatase. ali the activities were assayed at saturating 
substrntc concentrations: at half or twice thc conccntrations 
indicatcd in thc legcnd to Fig. 6 with or without GdmCI or 
urea. the activitics <lid not vary significantly from those 
shown. 

In thc TPT system. inorganic pyrophosrJhatase was as· 
saycd in a concentralion range or 0.2-9 mM Mg[J.:PJPP1. 
As dcscribed by Kunitz (49] in all-water media. the activity 
incrcased almost lincarly with pyrophosphate concentration. 
At ali substrate concentrations. GdmCI increased the activity 
by nearly the sume percentage (not shown): in thc experiment 
of Fig. 6. the activity was assayed with 3 mM Mg["PJPP1• 

For the enzymes tested. the nctivities werc around 30-.tO 
times lov,:er than in ali-water mixtures, except with hexokinase 
which was about 8 times lower (compare data ofleft and right 
sides of Fig. 6). In the TPT system, GdmCI activated glycerol-
3-phosphate dehydrogenase, hexokinase. and inorganic pyro
phosphatasc: of these three. the lirst two were also activated 
by urea. Sorne other featurcs of the results are noteworthy. 
(a) Not ali enzymes \\·ere activated to the same extent by 
denaturants. (b) Maximal activation of the various enzymes 
was attained with different concentrations oí denaturants. (e) 
GdmCI increased the activity of hexokinase and inorganic 
pyrophosphatasc, even though in ali-water systems low 
GdmCI concentrations caused inactivation. (d) For glyccrol-
3-phosphate dehydrogcnase and hexokinase. the activating 
effect of urea was higher than with GdmCI. (e) Glyceralde
hyde-3-phosphate dehydrogenase was not activated by the 
denaturants; instcad, GdmCI and urea brought about inacti
vation at relatively low concentrations. 

The differences in activation oí the various enzymes by 
GdmCI and utea most likely reílcct the action of denaturants 
on proteins wilh distinct structural and kinetic features. The 
following papcr [37] describes the relevance of the latter 
factors on the effect ofwater and denaturant solutions on the 
activity of lactate dehydrogenase isoenzymes. The data of 
Fig. 6 are also of interest in the sense that with different 
enzymes. maximat activities were reached with differcnt con· 
centrations oí denaturants; this indicates that drastic changes 
ofcatalytic activitydo not necessarily coincidewith trunsitions 
of the phase boundarics of the low-water system. 

In addition. the data of Fig. 6 also suggests thal, in low
water systems. one of the earliest events in the action of de· 

naturants on enzymes is the relcase of constraints to cata\vsis. 
In the latter respect. it is intcresting that of the enzymcs te;ted. 
only glyceraldehyde-3-phosphatc dchydrogenase was not acti
vated by denaturants. According to the data of Tsou and 
coworkers in thc standard water system (50. 51]. GdmCI and 
rclatively high tcmpcraturcs <lrastically affcctcd thc acti\ il! 
of tite lobster enzymc befare changes in its circular dichroi1..· 
spectrum were detectcd. and befare dissociation of subunits 
had taken place. Similar lindings werc rcported far ethanol 
dchydrogcnasc (52]. creatine kinasc (53], phosphofructokinasc 
(54], and lactate dchydrogcnase [37. 47]. Apparently with thcsc 
t:nzymes. one oí the lirst cvents in denaturant action 1s also 
thc perturbatíon of enzymc catalysis by dcnaturants. 

In conclusion. frorn the experimenta\ results it is apparcm 
that dcnaturants incrcase the activirv of different enzvmc.::s 
when placed in a low-watcr systerns. · Denaturants affe¿t thc 
characteristics of the low-watcr systems. and this may r!!llect 
in the exprcssion of enzyme catalysis. However according. to 
the known actions ofdcnaturants on proteins [7. l.:!. 15J. it 
would seem that the principal factor in cnzyrne activation in 
low-water systems is a denarurant·induced re\cast: of con
straints of enzyme activity imposed by the low-water cnviron
mcnt. In fact. it is known that protcin conformational mobilit: 
is draslically affected by water [ 1. 2J. and h<re it was found 
that thc effect of denaturants on .:u:tivity depended ün thc 
amount of \\'atcr. ThcrclOre it is possible that. in a limit~d 
water spacc. dcnaturants promete solvent-protein intcrac
tions and thcreby support the cxprcssion of relafr.,:cly high 
catalytic ratcs. 

This work was supportcd by grams·from 1hc Dirt',·t·iú11 Gcm•r11/ 
de Apoyo a Personal A.rndémico, C.:11frers1dad .Vacimrul A11tá1111mt1 .ft· 
.\Uxico and the Consejo .\'tJcional dP. Ciencia y 7i.·nwfogitt .. \/i•.'dcu. 
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