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RESUMEN

La enzima fosfoenolpiruvato carboxilasa (PEPC) cataliza la formacién de oxalacetato
y Pi utilizando fosfoenolpiruvato (PEP) v bicarbonato en presencia de magnesio. Esta
reaccién es el primer paso de la via de asimilacién de CO, atmosférico en plantas C,,
como es el maiz. La PEPC esta sugeta a una compleja regulacién alostérica que
involucra cooperatividad homotropica, efectos heterotrépicos positivos {por azlcares
fosfato y aminoacidos neutros) y negativos (por acidos dicarboxilicos). Ademas, la
PEPC esta sugeta a regulacion por modificacion covalente, que modula su respuesta
a los efectores alostéricos. La enzima de plantas C, esta fosforilada durante el dia vy
no fosforilada durante la noche. Con el fin de obtener un mejor entendimientc dei
necanismo de la requlacion alostérica de la actividad de ia PEPC de C,, medimos la
unién de ligandos del sitio activo y del sitio alostérico para giucosa-6-fosfato (Glc6P) a
la forma no fosforilada de ta PEPC de hojas de maiz. Nuestros resultados indican que
el mecanismo de la regulacion alostérica de la PEPC no se basa en cambios de su
estado oligomérico. Para estudiar los efectos de los iones PEP y Mgz+ sobre la
actividad de la PEPC en sus formas no fosforilada y fosforilada, realizamos
determinaciones de actividad en estado estacionario, a concentraciones saturantes
de bicarbonato utilizando ias formas libres de PEP (fPEP) y magnesio (fMg®*), en un
intervalo de ceoncentracion cercana a la fisiclégica. A pH 7.3, los resultades obtenidos
en la ausencia de activadores con ambas formas de la enzima, son consistentes con
la unidn exclusiva del compiejo MgPEP al sitio activo v de fPEP a un sitio alostérice
activador. A pH 8.3 y en presencia de concentracion saturante de activadores, las
especies libres también se unen al sitio activo de la enzima libre, pero con constantes
de disociacion de por ic menos 35 veces mayores a las estimadas para el compiejo
MgPEP. La saturacién de la enzima con Gic6P elimina la activacion por fPEP, lo que
es consistente con un sitic comin de unidon; mientras que la saturaciéon con glicina
(Gly) aumenta la afinidad del sitio alostérico por fPEP. Baio todas la condiciones
evaluadas, nuestros datos sugieren que fPEPno es capas de unirse al sitio alostérico
de la enzima libre. Ademas, Para evaluar ia cinética de la enzima en condiciones
cercanas a las fisiologicas, realizamos estudios cinéticos utilizando magnesio libre 0.4
mM vy bicarbonato 0.1 mM, vy encontramos que ambas formas de la enzima (no
fosforilada y fosforilada) muestran un alto grado de cooperatividad en la unién de
PEP, una mucho menor afinidad por este substrato y por los activadores, y una mayor
afinidad por malato que la que muestra a altas concentraciones de magnesio libre y
bicarbonato. La inhibicion por malato, fue contrarestada por aminoacidos neutros,
pero no por azucares fosfalo. Concentraciones fisioldgicas de Ala activan
significativamente a la PEPC, sugiriendo un papel fundamental para la regulacién de
la actividad de PEPC de hoja de maiz por este amincacido. Nuestros resultados,
también muestran gque la actividad maxima presentein vivo puede ser menor del 50%
de ia medibie in vitro en condiciones optimas. Por lo que, el alto nivel de proteina
PEPC presente en el citosol dei meséfilo de plantas C, (10-15% de la proteina soluble
iotal), pueden ser una adaptacidn para mantener la velocidad de asimilacion de CO,
del procesc fotosintetico de de plantas C,, considerando las [imitantes impuestas por
las propiedades cinéticas de la PEPC y de las condiciones medioambientaies.



ABSTRACT

Phosphoenolpyruvate carboxylase (PEPC) catalyzes the essentialiy irreversibie
formation of oxaloacetate and Pi from phosphoenclpyruvate (PEP) and bicarbonate in
the presence of magnesium. This reaction is the first step in the assimilation pathway
of atmospheric CO, in C, piants, such as maize. its importance in the photosynthetic
metabolism is underscored by the abundance of the PEPC protein which accounts for
10-15% of the total soluble protein of mesophyll cells. PEPC is subjected to complex
allosteric reguiation involving homotropic cooperativity and heterotropic effects by
phosphorylated sugars and neuiral amine acids (activators) and by dicarboxylic acids
(inhibitors). PEPC is also subjected o covalent modification, which modulates its
response to the allosteric effecicrs. The enzyme of C, plants is phosphorylated during
the day and nonphosphorylated during the night. in an effort to further the
understanding of the mechanism of allosteric regulation of the activity of C,-PEPC, we
measured the binding of ligands to the active and glucose-8-phosphate allosteric sites
of the nonphosphorylated form of maize-leaf PEPC, our results shown that the
mechanism of PEPC allosteric regulation is not based on PEPC oligomerization
changes. To study the effects of PEP and Mg®* ions on the activity of the non-
phosphorylated and phosphorylated forms of PEPC from Zea mays leaves, steady-
state measurements have been carried out at saturating bicarbonate using the free
forms of PEP (fPEP) and Mg®" (fMig®™), both in a near-physiological concentration
range. At pH 7.3, in the absence of activators, the initial velocity data obtained with
both forms of the enzyme are consistent with the exclusive binding of the complex
MgPEP to the active site and of fPEP to an activating allosteric site. At pH 8.3. and in
the presence of saturating concentrations of activators, the free species also
combined with the active site in the free enzyme, buf with dissociation constants at
least 35-times larger than that estimated for MgPEP. Saturation of the enzyme with
GlicB6P abolished the activation by fPEP, consistent with a common binding site, while
saturation with Gly increased the affinity of the allosteric site for fPER. Under all the
conditions tested, our data suggest that fPEP is not able to combine with the allosteric
site in the free enzyme. In addition, to evaluate the Kinetics of the enzyme at near
physiologicai conditions, we have pefformed kinetic studies at 0.4 mM free
magnesium and 0.1 mM bicarbonate, and found that both the nonphosphorylated and
phosphorylated enzymes exhibited a high degree of cooperativity in the binding of
PEP, a much lower affinity for this substrate and for activators, and a greater affinity
for malate than at high concentrations of these ions. Inhibition by malate was
overcome by neutral amino acids but not by sugar phosphates. Physiological
concentrations of Ala caused significant activation, suggesting a pivotal role for this
amino acid in regulating maize-leaf PEPC activity. Our results also showed that the
maximum enzyme activity attainable in vivo would be less than 50% of that attainable
in vitro under optimum conditions. Therefore, the high levels of phosphoenolpyruvate
carboxylase protein in the cytosol of C,-mesophyll cells might be an adaptation for
sustaining the steady-state rate of flux through the photosynthetic CO, assimilation
pathway, despite the limitations imposed by the PEPC kinetic properties and the
conditions of its environment.

it



1. INTRODUCCION

Aproximadamente de un 80 a un 95% de la materia seca de un cuitivo se deriva
dei CO, atmosférico asimilado durante ia fotosintesis [Zelitch, 1978]. Por ello, la
comprension de los procesos bioquimicos responsables de la asimilacién de este
compuesto es del maximo interés, no sélo cientifico sino también econdmico.

El maiz pertenece al grupo de piantas con fotosintesis C,, que se caracteriza por
un alto nivel de eficiencia en su crecimiento bajo condiciones exiremas de luz, altas
temperaturas y niveles elevados de oxigeno. Las bases moleculares de dichas
caracteristicas estriban en la existencia de la ruta metabdlica de los acidos
dicarboxilicos (ciclo C,) que minimiza la pérdida de energia debida a Ia
fotorrespiracion [Leegood & Osmond, 1990].

La enzima fosfoenoipiruvate carboxilasa (PEPC, E.C. 4.1.1.31) juega un papel
clave en la asimilacién fotosintetica de CO, atmosferico en las plantas C,, pues
cataliza la primera reaccion de fijacion de!l CO, en el metabolismo C, [Hatch, 1978].
Debido a ello, la PEPC es ghjetc de numercsas investigaciones con el fin de liegar a
entender su funcionamiento y reguiacionin vivo. Sin embargo, el mecanismo cinético
y la regulacion alostérica de esta enzima no han sido completamente elucidados
hasta la fecha. Por lo anterior, es de gran interés llevar a cabo un estudio a
profundidad de estos dos importanties aspectos funcionales de ia PEFC de hoja de

maiz.



2. ANTECEDENTES
Los antecedentes estan divididos en tres apartados principales: el metabolismo C,
presente en las hojas de maiz, la enzima PEPC de plantas C, y su regulacién, con

especial atencién en la enzima de maiz.

2.1. El metabolismo C, (tipo enzima NADP -malico)

Existen tres tipos del metabolismo C, dependiendo de la enzima que cataliza iz
descarboxilacion del malato en la vaina vascular. Asi existen piantas que usan a ia
enzima NADP -malico, oiras a la enzima NAD-malico y ofras a la enzima
fosfoenolpiruvato carboxicinasa (PEPCK) [Leegood & Osmond, 1990]. A continuacion
se presenta un resumen del metabolismo C, que presentan las plantas de maiz (tipo
enzima NADP -malico) y cuyo esquema se muestra en |a figura 2.1. [pagina 3].

Dos diferentes clases de células cooperan durante la folosintesis en las plantas C,,
las llamadas células del mesdfilo y las células de la vaina vascular. Las células de la
vaina vascular presentan cloroplastos sin grana y poseen la enzima malica-NADP" y
las enzimas del Ciclo de Calvin. Estos cloroplastos son deficientes en fotosistema ll y
son incapaces de realizar ¢! transporte de electrones no ciclico que produce O, vy
NADPH, aunque pueden producir ATP mediante el transporte de electrones ciclico.
En contraste los cloroplastos de las células del mesdéiilo realizan tanto el transporte de
electrones no ciclico como el ciciico (produciendo O,, NADPH y ATP) v no contienen
ni la enzima descarboxilante ni las enzimas del Ciclo de Calvin. Otra diferencia
importante entre los dos tipos de celulas de las hojas de plantas con metabolismo C,,
es que mientras la acumulacién de almidon esta restringida a los cloroplastos de las
células de la vaina vascular, la sintesis de sacarosa se lleva a cabo principalmente en
el citosol de las células del mesofilo [Leegood & Osmond, 1980].

Esta especializacion celular permite suprimir la liberacion de O, en las céiulas de la
vaina vascular manteniendo altas concentraciones de CO, en éstas células,
favoreciendo ia carboxilacion de ribulosa 1,5-bifosfato; que requiere de ia répida

transferencia del carbono fijado y ia energia generados en ambos tipos de células.



Figura 2.1. Metabolismo C, (tipo enzima NADP"-malico) presente en las hojas de
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Dos intercambios de metabolitos entre los dos tipos de células permiten el
proceso. En primer lugar, un intercambio de malato y de piruvate permite proporcicnar
NADPH y CO, al Ciclo de Calvin que se realiza en las células de la vaina vascular: El
malato se mueve desde las celulas dei meséfilo a los cloropiastos de las células de la
vaina vascular donde es convertido en CO,, NADPH v piruvato por ia enzima malica-
NADP™. E! piruvato regresa al mesdfilo donde es transformado en malato por una
secuencia ge reacciones que involucran su conversion a PEP por la piruvato fosfato
dicinasa (PPDK) en los cloroplastos, la carboxilacion del PEP por la PEPC en &l
citosol y la reduccion del oxalacetato a malato por la NADP -malato deshidrogenasa
en el cloroplasto. El CO, liberado en las células de la vaina vascular es re-fijado por Ia
ribuiosa bisfosfato carboxilasa oxigenasa (RUBISCO) produciendo dos moléculas de
3-fosfoglicerato (3-PGA). Sélo una de estas moléculas puede ser reducida utilizando
el NADPH ftransportado por el intercambio malato/piruvato, por lo gue se requiere un
segundo intercambio entre la vaina vascular y el meséfilo: el 3-PGA no reducido en la
vaina vascular se mueve a 108 cloreplasios del meséfilo donde es reducido para
formar triosas fosfato. Al menos dos terceras partes de estas {riosas fosfato retornan
ai Ciclo de Calvin en los cloroplasios de las células de la vaina vascular, mientras que
la restante tercera parte se utiliza para la siniesis de sacarosa en el mesdfiio
[Leegood & Osmond, 1900],

Asi, la concentracion de metabolitos del Ciclo de Calvin (tricsas fosfato y 3-PGA) v
dei ciclo C, {malato y PEP) aumenta como consecuencia de la induccién de la
fotosintesis por luz [Leegood, 1885; Stit & Heldt, 1985a]. Estos cambios de
concentracion son importantes ya que el movimiento de metabolitos entre los dos
tipos de células presentes en las plantas C,, se da por diferencias de concentracion.
El mayor gradiente de concentracion entre los dos tipos de células fotosintéticas
{células del mesdfilo v de la vaina vascular) es el de malato, por lo cual una alta
concentracion de malato estd presente en las céluias del mesédfilo [Leegood &

Osmond, 1990] y que se ha estimado puede ser del orden de 10 a 20 mM [Stitt &
Heldt, 1985].



Como puede verse [Figura 2.1., pagina 3}, la PEPC realiza la fijacidn inicial del CG,
atmosférico; por lo cual, la regulacion de esta enzima permite la integracion dei ciclo
Cs con el Cicio de Calvin y con ofras rutas biosintéticas. Dada la elevada
conceniracion de malato, metabolito que inhibe la enzima PEPC como se describe an
la seccion 2.3.1, (de 20 a 40 mM) v Ia baja concentracién de PEP (aproximadamente
3 mM), presente en ias ceélulas del mesdfilo en los periodos de luz, ia PEPC se
encontraria totalmente inhibida en los periodos de luz [Leegood & Osmond, 19901
Sin embargo, la actividad de la PEPC en la luz se ha explicado como consecuencia
de la modulacién positiva de la enzima por fosforilacién y por regulacion metabdlica,

como se detalia en [a seccion 2.3.

2.2, Fosfoenolpiruvato carboxilasa de plantas C,

Las PEPC de plantas se han clasificado en cuatro grupos [Ting & Osmond, 1973c].
1) PEPC de hojas de plantas C; con una baja Kmipgp, ¥ Una baja actividad especifica,
2) PEPC de hojas de piantas C, con una alta Kmpep, ¥y Una actividad especifica
elevada, 3) PEPC de hojas de plantas CAM con una baja Kmpgp, ¥ una elevada
actividad especifica y 4) PEPC de tipo no autotrdfico & de tejidos no verdes con una
Kmpep) v actividad especifica baja. Ademas, las diferentes isoformas de PEPC de
plantas superiores se pueden agrupar en dos grandes categorias atendiendo a sus
funciones [Toh ef al, 19841 1) PEPC de hojas de plantas C; y de tejidos no
fotosintéticos de todo tipo de plantas, que esta involucrada en funciones anaplerdticas
como es el reabastecimiento de oxalacetate al ciclo del acido clirico para la sintesis
de aminoacidos y porfirinas, y 2) PEPC de tejido fotosintélico de plantas C, y CAM,
que estd asociada a la fijacion inicial en el proceso fotosintético de estas plantas
[Hatch, 1987].
A la fecha existen varias revisiones bibliograficas sobre la enzima PEPC de plantas
[O'Leary, 1982; C'Leary, 1983; Andreoef al., 1987; Deroche & Carrayol, 1988; Jiao &
Choliet, 1991, Rajagopalan ef al., 1994, Chollet ef al., 1896]. A continuacién se

resume la informacién existente acerca de la enzima de hoja de piantas C, gue es



pertinente para enmarcar teéricamente el presente trabajo, con algunas referencias a

las otras isoformas cuando es necesario.

2.2.1. Reaccidn catalizada

PEPC ¢
fosfato inorganico [Bandurski ef al., 1953; Bandurski & Greiner, 1953].

PEP + HCO, —-f%zi@» OAA + PO,
Mg

Esta reaccion es altamente exergdnica (AG® = -7.2 Kcal/mol) y requiere un cation
divalente que fisiolégicamente parece ser el Mg®* [Bandurski, 1955; Tchen &
Vennesland, 1955], aunque in vifro la enzima puede usar Mn®" 6 Co® [Miziorko et
al., 1974; O'Leary, 1981; Nguyen ef al., 1988]. A diferencia de otras reacciones de
carboxilacion catalizadas enzimaticamente donde el substrato es bicarbonato, la
reaccién de PEPC no es dependiente de biotina [Cooper & Wood, 1971; Mukerji,
1977].

2.2.2. Mecanismo quimico
La reaccion catalizada por la PEPC involucra la formacion de ia forma enolica de
piruvato, la cual es estabilizada por el i6n magnesio [Ausenhus & O Leary, 1992]. Ei

mecanismo quimico de catalisis propuesto para esta enzima se ilustra a continuacion:

HCO3 + 03P-0 HO,C-0-FO; + O HPO, + CO, + O
i _— i ] i
CH,=C-CO; CH ,=C-C0y" CH,=C-CO;
PEP Carboxifosfato Enciato
3% 87%
HPO; + CO; + G HPO, ¢ o
i fi
CH3-C-CO3 02C-CH,-C-CO2
PIR OAA



El primer paso de la reaccion consiste en la transferencia del fosfate del PEP al
bicarbonato para formar carboxifosfato v el ién enolato. Después, el carboxifosfato se
descompone y forma CO, y Pi. El CO, es el agente nuclecfilico gque ataca al enolato
del piruvato generando el oxalacetatc. Los dos primeros pasos de la reaccién son
reversibles. Ademas, se sabe que la reaccién no es 100% eficiente, yaqueapH 7.8 y
en presencia de magnesio, aprcximadamente el 3% del CO, proveniente del
carboxifosfaio se escapa de la enzima y el intermediario endlico forma piruvato

espontaneamente [Choliet ef a/., 1888].

2.2.3. Caracteristicas moieculares

La PEPC de hoja de maiz y de ofras plantas C4 es un homotetramero [Ting &
Osmond, 1973b; Uedan & Sugiyama, 1976]. El mondmero de la enzima de maiz tiene
una masa molecular de 102408 Da segin su cDNA [Matsuoka & Minami, 1989], que
es similar a la masa molecular aparente (109 kDa) de la enzima purificada en
presencia del inhibidor de proteasas quimostatina [McNauhton ef al., 1989].

Recientemente, se ha reportado la estructura cristalina del complejo del inhibidor
aspartato con la PEPC de Escherichia coli [Kai ef a/., 1899]. Las cuatro subunidades
del tetramerg estan arregladas en forma de "dimero de dimeros”. Cada subunidad
posee un barrit o/B, que estd formado por & hojas plegadas B rodeadas por 40
hélices a.

Estudios de mutagénesis dirigida han indicado que los residuos His-138, His-579,
Arg-587, Arg-581 v Arg-396 son esenciales para la actividad de la PEPC y que el
residuo Lys-546 esta involucrado en la union del substrato bicarbonato, por io cuai se
sugiere que el sitio activo se ubica cerca del extremo carboxilo del barril-§. El sitio de
unién de aspartato se localiza a 20 A del sitic activo; cuatro residuos (Lys-773, Arg-
832, Arg-587 y Asn-881) estan involucrados en la unién del inhibidor. Como la Arg-
587 es cataliticamente esencial y se encuentra en una asa rica en glicina altamente
conservada en la escala evolutiva, se ha sugeride que aspartato causa inhibicidon por

separacidn de este asa del sitio activo [Kai st al., 1998].



En adicion al sitio activo vy al sitio alostérico de unidén de acidos dicarboxilicos como
aspartato y malato, la enzima de hoias de maiz tiene otros dos sitios slostérices, uno
al que se unen hexosas y triosas fosfato [Tovar-Méendez ef al., 1687] y ofro al que se
unen aminoacidos neutros [Bandarianef al.,, 1892]. En base a resultados obtenidos
en estudios de modificacion guimica se ha sugerido que el primero de estos dos sitios
alostéricos, mejor conocidc como sitio alostérico para GlcBP, posee residuos de
histidina [Taghizadeh ef al., 1981}, de cisteina [Wedding ef al., 1988], de lisina [Wu &
Wedding, 1994, Tovar-Méndez ef al, 1997] v de é&cido aspartico ¢ glutamico
[Maralihalli & Bhagwat, 1893] involucrados en la union de sus ligandos. Por otra parte,

no existe a la fecha ninguna informacién sobre la estructura dei sitio aiostérico para
aminoéacidos neutros.

2.2.4. Propiedades cinéticas

Esta seccion se ha dividido en cinco apartados con el fin de resaltar las diferentes
caracteristicas cinéticas de la enzima.

a} Saturacidn por substratos: La enzima de hojas de plantas C, muestra
cooperatividad homotropica positiva en la cinética de saturacion por PEP g pH 7 ©
cercanos a 7 {Uedan & Sugiyama, 1976, Hayakawa ef al.,, 1981, Rodriguez-Sotres &
Mufioz-Clares, 1986], v no muestra cooperatividad a valores de pH alrededor de 8
{Uedan & Sugivama, 1976; Mukeri, 1877; O'Leary ef al., 1981; Doncaster &
Leegood, 1987].

La saturacion de la PEPC de hoja de maiz por magnesio parece no presentar
cooperatividad [Uedan & Sugiyama, 1878; Nguyen ef al., 1988], aunque también se
ha encontrado cooperatividad negativa en la saturacion por este metal de la enzima
de hojas de maiz [Mukerji, 1977] y de Crassula argentea [Nguyen ef al., 1988].

La saturacidon de la enzima de hojas de plantas C, por bicarbonato ha sido
reportada como no cooperativa [Uedan & Sugivama, 1978; Bauwe, 1886; Jancet al.,
1982; Dong et al., 1987}, aundgue un reporie reciente dice que si o es [Parvathiet a/.,
1898].



b) Mecanismo cinético: En la literatura hay dos propuestas diferentes para el
mecanismo de unidén de magnesio y de PEP al sitio activo de fa PEPC de hoja de
maiz.

1.- Estudios cinéticos realizados con la forma no fosforilada de la enzima, en los
que se consideraron las especies libres v el complejo de magnesio y PEP (MgPEP),
indican que el complejo MgPEP es el verdaderc substrato [Mukerji, 1977; Wedding ef
al., 1989; Rodriguez-Sotres & Mufioz-Clares, 1990] v que PEP libre (fPEP)
[Rodriguez-Sotres & Mufioz-Clares, 1990] o magnesio libre (fMg®") [Mukerji, 1977] se
comportan como activadores de la enzima de hoja de maiz.

2.- A partir de estudios cinéticos realizados con la enzima no fosforilada y usando
concentraciones totales de PEP y magnesio, se ha concluido que [a union de
magnesio a la enzima precede ia unién de PEP y de bicarbonato, y que la unién de
estos es al azar, pero que el orden preferido es la unién de PEP seguida de la union
de bicarbonato [Janc ef al.,, 1892].

¢} Activacion por PEP iibre: La activacion de la enzima de hoja de maiz por el 2-
dihidroxifosfinoilmetil-2-propenoato (MeCH,PEP), un analogo de PEP que tiene el
carboxilo metilado vy un fosfonato en lugar de fosfate, ha sugerido que ia PEPC posee
dos sitios a los que el PEP se une: el sitio active y un sitio regulatorio, y que el
MeCH,PEP se une preferencialmente al sitio regulatorio [Jenkins ef al., 1988]. Igual
conclusién se alcanzd con el estudic de la cinética de activacién de la enzima de
maiz por otro analogo de PEP, el fenil fosfato [Rodriguez-Sotres & Mufioz-Clares,
1990]. Adicicnhalmente, estudios de unién sugieren que PEP se une tanto al sitic
activo como al sitio alostérico para e! activador Gic6P [Rustin ef a/.,, 1988; Rustin et
al, 1991]. A este respecto, se ha sugeridc que aunque el sitio aclivo y este sitio
alostérico parecen compartir numerosas caracteristicas estructurales ya que unen los
mismos ligandos, difieren en la forma del ligando que unen: mientras gque el sitio
activo une al complejo Mg-ligando, el sitio alostérico para GicBP une la forma libre del
ligando [Mujica-Jiménez ef al, 1298] Esta diferencia es crucial para que los

activadores, que se encuentran mayoritariamente en forma no acomplejada con el



magnesio in vivo, no inhiban a la enzima por competencia con el substrato por e! sitio
activo [Mujica-Jiménez ef af., 1998].

-

2.3. REGULACION DE LA PEPC DE PLANTAS C,
iZima es reguiada por ciertos metabolitos del medic intracelular
y por modificacion covalente reversible (fosforilacion). A continuacion se describe

dicha regulacion, informacion que se resume en la tabla 2.1. [pagina 16].

2.3.1. Regulacion por metabolitos

Se han descrito tres tipos de metabolitos efectores de la actividad de PEPC. Esfos
metabolitos tienen efectc mas pronunciado a valores de pH neutros.

a) Acidos dicarboxilicos como malato y aspartato son inhibidores de todas las
PEPC estudiadas hasta el momento. En el casc de la enzima de maiz, el inhibidor de
mayor relevancia fisiologica es malato {Huber & Edwards, 1975; Leegood & Osmond,
1990]. Malato se comporta como un inhibidor competitivo en la saturacion de la
enzima por PEP a pH neutro [Gonzalez ef al., 1984] y aumenta la intensidad de la
cooperatividad presente en la saturacidon de la enzima por PEP [Wu & Wedding,
1985}

b) Azlcares fosforilados como GlcGP activan la enzima de hojas de plantas C,
[Coombs ef af., 1973; Huber & Edwards, 1875; Uedan & Sugiyama, 1976; Marares &
Leblova, 1980; Stiborové & Leblova, 1985] y CAM [Rusting ef a/., 1988; Wedding ef
al., 1989]. Su principal efecto es disminuir la Km para el substrato PEP y aumentar
ligeramente la Vmax [Coombs ef al, 1973; Huber & Edwards, 1975; Uedan &
Sugiyama, 1978, Marares & Lebilova, 1980; Stiborova & Leblova, 1985]. Ademas, la
Glc6P elimina la cooperatividad de la cinética de saturacion por el substrato PEP
[Coombs ef al., 1973; Uedan & Sugiyama, 1976)]. Se ha reportado que a valores de
pH de 7 o menores, la saturacién por GIcBP es cooperativa, pero a valores de pH 8 0
mayaores no lo es [Stiborova & Leblova, 1885). Otro factor que afecta la afinidad de ia
PEPC por Glc8P es el estado de saturacién del sitio activo. Asi, la enzima con el sitio
activo saturado presenta una constante de activacion aparente para Gic6P menor que

en presencia de concentraciones de substrato subsaturantes [Duff ef al., 1995].
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Triosas fosfato como la DHAP y el 3-PGA [Doncaster & Leegood, 1987, Selioniti ef
al., 1985; Coombs ef al., 1973; Wong & Davies, 1973] v hexosas fosfato como
manosa-6-fosfato y galactosa-8-fosfato [Bandarianef &/, 1992; Doncaster & Leegood,
1887] activan a la enzima PEPC al unirse al mismo sitio que GIc8P [Tovar-Méndez of
al., 1997].

¢} Amincacidos neutros activan exciusivamente a la PEPC de hoja de plantas C,
monocotiledéneas [Nishikido & Takanashi, 1973). Gly aumenta ligeramenie la Vmax y
disminuye en mucha mayor proporcidn la Km para ol substrato PEP [Nishikido &
Takanashi, 1973; Uedan & Sugiyama, 1976; Stiborova & Leblova, 1985]. Gly también
reduce la Km para magnesio, pero no tiene un efecto significativo sobre la Km para
bicarbonato [Gillinta & Grover, 19951, La enzima puede ser activada también por Ala
[Garson & Gray, 1991., Bandarianet al., 1992] y por Ser [Bandarian ef al., 1992}, sin
embargo, se ha encontrado que posee mayor afinidad por Gly que por los otros

aminoacidos neutros [Bandarian et al., 1992].

2.3.2 Regutacion por fosforilacidn

La fosforilacion de la enzima disminuve la Sy 5 para PEP, aunque la diferencia entre
la forma no fosferilada v la fosforilada es pequena (dos veces) [Duffet al., 1995].
Algunos reportes indican que la fosforilacion de fa PEPC aumenta la Vmax [Duff ef al.,
1895]; aunque otros reportes sugieren dque la fosforilaciébn no conlleva a ningun
aumento en este parametro cinético [Karabourniotis ef al., 1983; Huber ef al., 1986,
Doncaster & Leegood, 1987; Nimmo et al., 1987].

Por otra parte, la fosforilacién de la PEPC produce una fuerie disminucién (de
hasta 10 veces) en la afinidad aparente de la PEPC por ! inhibidor malato [Huber et
al., 1986; Doncaster & Leegood, 1987, Rodriguez-Sotreset al.,, 1987, Echevarria ef
al., 1994; Duff et al., 1995]. Ademas, se ha reportado que la fosforilacidn de PEPC
aumenta la afinidad aparente de la enzima por Gic8P [Duffet al., 1995} v por Gly
[Bakrim et af., 1898],

Se ha planteado un modelo para la regulacién de la enzima por fosforilacion-

defosforilacion [Jiao & Chollet, 1991; Chollet ef al, 1996] el cual propone que la

t!



forma no fosforilada es menos activa, mas sensible a inhibicién por malato y menos
sensible a activacion por GlcBP, que ia forma fosforilada.
En todas las PEPC esta regulacion se lleva a cabo por fosforilacion y

desfosforilacion del grupo hidroxilo de una Ser en el exiremo aming terminal de |

jOb

proteina, que es la Ser-15 en el caso de la PEPC de hoja de maiz [Jiao & Chollet,
1888] y Ser-8 en el caso de la enzima de sorgo [Lepiniec ef af, 1994} La
fosforitacién tambien se ha documentado en la enzima tipo CAM [Nimmoef al., 19886;
Nimmo ef af., 1987} v tino C; [Zhang ef &/, 1895; Duff & Chollet, 1895].

En hojas de plantas C, la fosferilacidon de la PEPC se induce por luz, de manera

que la forma fosforilada esta presente durante el dia [Jiac ef a/., 1991; Jiao & Choilet,
1891; Duff & Chollet, 19958]. La fosforilacidbn y desfosforilacién de PEPC son
catalizadas respectivamente por la PEPC-cinasa [Carter ef al., 1991, Jiao of al,
1991; Jiao & Chollet, 1991] y una proteina fosfatasa tipo A2 [Carteretf al, 1990;
McNaughton ef al., 1991].
E! mecanismo por el cual se regula ia PEPC-cinasa en hojas de plantas C, aun no
se conoce en detalle, aungue se ha propuesto gue el 3-PGA (originado en el Ciclo de
Calvin en las células de la vaina vascular) al entrar al citoscl de las células dei
mesobfilo es parcialmente protonado a su forma dianidnica, y que luego entra ai
¢. Dicha protonacién incrementz el pH del citoscl en las células del mesdfilo.
Este cambio de pH, asociado con un subsecuente aumento en la concentracion
citosdlica del i6n caicio (que se presume proviene de la vacuola) puede causar un
incremento en la siniesis de la PEPC-cinasa y asi, aumentar la actividad de la PEPC-
cinasa; que finalmente, se traduce en la fosforilacion de la PEPC [Giglioli-Guivarc'h
et al.,, 1996}

2.3.3. La modulacidn de la PEPC durante los pericdos de luz

Como se menciontd anteriormente, la actividad de la PEPC bajo las condicicnes
prevalecientes en los periodos de fuz (bajas concentracicnes de PEP vy aitas
concentraciones de malato) se ha explicado como consecuencia de la modulacidn

positiva de ta enzima por fosforilacién v por regulacién metabolica
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Se considera que la activacion por triosas fosfato y hexosas fosfato es un medio de
contrarrestar la inhibicion inducida por malato. Se ha sugeride que esta activacion
determina la respuesta de la PEPC al suplemento de 3-PGA durante la fotosintesis,
desde el Ciclo de Calvin a las células del mesdfilo [
respecto, se ha estimado que en las celulas del mesofilo durante periodos de luz
puede tener una concentracion de 2-3 mM de Glc6P vy de hasta 10 mM de triosas
fosfato [Stitt & Heldt, 1985b].

También, se ha sugerido que la activacidn por aminodcidos neutros como Gly
puede ser un medio fisioldgico para contrarrestar la inhibicion por malato [Bandarian
et al., 1992; Gillinta & Grover, 1995; Gao & Woo, 1996]. A este respecto, Gly puede
actuar como una sefial del metabolismo de fotorrespiracién de ias células de la vaina
vascular [Bandarian ef al, 1992; Gillinta & Grover, 1995], de manera gque la
activacion de la PEPC por Gly seria un medio para minimizar la fotorrespiracién en
las células de la vaina vascular, Sin embargo, ia concentracion estimada de Gly en
las células del mesdfilo duranie los periodos de luz en muy baja (2-3 mM) [Weiner &
Heldt, 1992].

Finalmente, se considera a2 la fosforilacion de la enzima como un proceso
fundamentai ya que al disminuir su sensibilidad frente a la inhibicidn por malato,
favorece la actividad durante los pericdos de luz [Leegood & Osmond, 1990; Choliet
et al., 1996]. Sin embargo, se ha sugerido que la fosforilacion por si no es suficiente
para permitir la actividad de la enzima durante los periodos de luz [Bakrimet al.,
1993, Gao & Woo, 1996].

Se ha reportado que GlcBP y Gly contrarrestan la inhibicién por malato en forma
sinérgica [Gillinta & Grover, 1995], aunque Gly es mas efectivo que GIc6P en
contrarrestar dicha inhibicion [Gao & Woo, 1996]. En adicién, Gly aumenta la afinidad
de la enzima por Gic6P [Gillinta & Grover, 19895] y viceversa [Myjica-diménez et a/.,
1998]. La fosforilacion de la PEPC {ambién actia de manera sinérgica con ambos
tipos de activadores de fa enzima contrarrestando la inhibicién de la PEPC por malaio
[Gao & Woo, 1996; Bakrim ef af., 1998], por lo que se ha sugeridc que la actividad de

la PEPC v, asi, la fijacion atmosférica del CO, es el resultado dei balance entre ia
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regulacion positiva (activacidon por triosas fosfato, GIc6P y aminoacidos neutros como
Gly), la regulacién negativa (inhibicién por malato) y la fosforilacién, que refuerza <l
efecto de los efectores positivos [Bakrim ef a/., 1988].

2.3.4. Mecanismo de regufacion

Como se ha mencichado anteriormente, la PEPC de hoja de plantas C, es una
enzima alostérica que a valores de pH cercancs a la neutralidad presenta efectos
homotropicos v heterotrépicos. El mecanismo subyacente a estos efectos no ha sido
bien establecido. Sin embargo, se han propuesto los siguientes modelos:

a) Modelo de asociacidén-disociacion oligomérica [Podestd & Andreo, 1989;
Willeford et af., 1990]. Este modelo plantea que la enzima PEPC de maiz puede ser
regulada in vivo via un equilibrio dimero-teframero, donde la forma tetramérica seria
la forma totalmente activa y con la mayor afinidad por el substrato, siendo el dimero
mucho menos activo o inactivo y el mondmero totalmente inactivo. El modelo es
apoyado por las siguientes observaciones: (1) la enzima diluida a pH 7 y a
concentraciones menores de 0.1 mg/m! es una mezcla de dimeros y tetrameros
[Podesta & Andreo, 1989], (2) El substratio PEP desplaza el equilibrio hacia la forma
tetramerica [Willeford ef al/, 1990}, lo cual expiicaria [a cooperatividad positiva
observada en las cinéticas de saturacion por PEP. (3) El activador GlcBP también
favorece la forma tetramérica [Wiilleford & Wedding, 1992], io gue expiicaria la
ausencia de cooperatividad positiva y e aumentc de la afinidad por PEP en la
presencia de Glc6P. (4) El inhibidor malato, que favorece la disociacion del tetramero
en dimero [Willeford et al., 1990], tiene efectos contrarios a Glc6P, disminuye la
afinidad por el substrato y aumenta la cooperatividad positiva por el substrato. (5)
Glicerol al 20% (v/v) elimina la cooperatividaa positiva de la enzima en la cinética de
saturacion por PEP, lo que concuerda con que la enzima diluida en la presencia de

estas altas concentraciones de glicerol se encuentra principalmente en forma

tetramérica [Podesta & Andreo, 1989].
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b} Mecanismo concertade de transicién alostérica. Jawali (1980) ha sugerido
que en presencia de iones magnesio la enzima (formando un complejo con magnesio)
se encuentra en una forma relajada (R} vy que ésta se transforma en la forma tensa
(T) cuandoc PEP se une a la enzima, en un proceso reversible. La forma R de ia
enzima tiene una menor afinidad por los substratos. El autor se basa en las siguientes
observaciones hechas a pH 7: (1) la cinética de unidn del ion magnesio a la enzima
libre es hiperbdlica v cambia a una cinética con cooperativad posiiiva en la presencia
de 2-fosfogliceraie {un andlogo de PEP) v (2) fa cinética de estado estacionario para
el ibn magnesio tiene cooperatividad positiva y cambia a hiperbdlica en la presencia
de 2-fosfoglicerato.

Recientemente, Frank ef al. {1999) proponen que en presencia de lones magnesio
la PEPC existe en dos formas | y li, con diferentes afinidades por PEP. La forma | es
la conformacion con baja afinidad por PEP, y la forma Il en la conformacidn con
mayor afinidad por PEP. Ambas formas estan en equilibrio y la union de PEP a la
orma il puede modificar el equilibrio favoreciendo la forma li. Estos autores se basan
en que el cambio en la fluorescencia extrinseca de la enzima, medido por mezclado
rapido, inducido por ia union de PEP en la presencia de ionhes magnesio presenta dos
tiempos de relajacion. Un tiempo de relajacidon rapido asociado al proceso de unién de
PEP v un tiempo de relajacion lento atribuido al proceso de isomerizacidn entre las

formas |y il.
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Tabla 2.1. Resumen del efecto de metabolitos y de la fosforilacién de la PEPC scbre

las propiedades cinéticas regulacion de la PEPC de plantas C,.

Acidos dicarboxilicos como malato, inhiben la enzima disminuyendo la afinidad
PEP [Gonzalez st al., 1984] y aumentando la intensidad de la cooperatividad
presente en la saturacidn de la enzima por PEP [Wu & Wedding, 1985].

Azlcares fosforilados como GIc6P, activan la enzima aumentando ia afinidad por
PEP, aumentan ligeramente la Vmax [Coombs et ai,, 1973; Huber & Edwards,
1975; Uedan & Sugiyama, 1978] y eliminan la cooperatividad presente en la
saturacion de la enzima por PEP {Coombs et al, 1973, Uedan & Sugiyama,
1976]. Ademas, los azucares fosforilados disminuyen la inhibicién de la enzima
por malato [Leegood & Osmond, 1890}, y aumentan la afinidad de la enzima por
Giy [Mujica-Jiménez ef a/l., 1998].

Aminoacidos neutros como Gly, activan la enzima aumentando la afinidad por PEP,
aumentan ligeramente la Vmax [Nishikido & Takanashi, 1973; Uedan &
Sugiyama, 1976; Stiborova & Leblova, 1985] y también aumentan la afinidad de
la enzima por magnesio [Gillinta & Grover, 1985]. Ademas, los aminoacidos
neutros disminuyen la inhibicion de la enzima por malato [Leegcod & Osmond,
1980], vy aumentan la afinidad de la enzima por GIc6P [Mujica-Jimenez et al,,
1998].

La fosforilacidn de la PEPC aumenta la afinidad de la enzima por PEP [Duffet af,,
1985] vy disminuye la afinidad de los 4cidos dicarboxilicos (malato) [Huberet al.,
1986; Doncaster & Leegood, 1987, Rodriguez-Sotres et al., 1987; Echevarria et
al., 1994, Duff et af., 1998]. La fosforilacion aumenta la Vmax de la enzima [Duff
et al., 1995] aunque hay reportes que no soportan este efecto [Karabourniotis ef
al., 1983; Huber ef al,, 1886; Doncaster & Leegood, 1987; Nimmo et al., 19871
Ademas la fosforiiacion aumenia la afinidad aparente de la enzima por Glc6P
[Duff et ai., 1995] y por Gly [Bakrim ef a/., 1998].
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3. PLANTEAMIENTO DEL PROBLEMA

Gran parte de los estudios cinéticos sobre PEPC reportados hasta la fecha han
sido realizados usando enzima purificada en condicicnes en las que se proteoliza el
extremo NH2-terminal [McNaugthon et al, 1989; Ausenhus & O'Leary, 1992; Wang
ef al., 1982], que incluye al sitic de fosforilacion [Jiao & Chollet, 1989; Lepiniec ef al,,
1994]. Dicha protedlisis disminuye la sensibilidad de PEPC frente a la inhibicién por
malato [Ausenhus & O'Leary, 1992, Wang ef al., 1992] y probablemente aumente la
sensibilidad frente a activacion por Gle8P y por Gly [Gun & Jiao-nai, 1888]. Por elio,
los resultados obtenidos con PEPC sin el extremo NH2-terminal no necesariamente
reflejan las caracteristicas cinéticas y alostéricas de la PEPC nativa.

Ademas, aspectos importantes de la PEPC como el mecanismo cinético, la
importancia del proceso de asociacion-disociacién en la regulacion alostérica v el
papel de los factores que medifican la actividad de la enzima a la concentracion de
substratos cercana a la fisioldgica, no han sido bien establecidos. Por lo que nos
propusimos en este trabajo hacer un estudio a profundidad de estos aspectos de ia

enzima PEPC de hoia de maiz.

HIPOTESIS

Si las propiedades aiostéricas de la PEPC nativa de hoja de maiz descritas en
estudios cinélicos de estado estacionario no dependen exclusivamente del estado de
agregacion de la enzima, enfonces, la forma tetramérica de la PEPC poseerd

propiedades, tanto homotropicas como heterotrdpicas.
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4. OBJETIVOS
Objetivo General

Establecer el mecanismo cinético y ia regulacidn alostérica de la PEPC de hojas de

maiz (Zea mays) en condiciones cercanas a las presentes inn vivo.

Objetivos Particulares

1. Determinar las propiedades alostéricas homotrépicas vy heterotrépicas de la forma

tetramerica de la enzima. Para &lic:

1.1. Establecer la reiacion conceniracion-estado oligomeérico de la enzima.

1.2. Determinar la cinética de inactivacién de la PEPC usando concentraciones de
enzima similares a las usadas en los estudios cinéticos, en ausencia y presencia
de malato

1.3. Caracterizar ia unién de los ligandos del sitio activo a la forma tetramerica de la
enzima.

1.4. Caracterizar la unién de GlcBP a la forma tetramérica de la enzima.

1.5. Evaluar el efecto gue otros ligandos de la enzima y cosolutos como glicerol v

PEG tienen sobre la unién de ligandos del sitio active v del sitio alostérico de
GlcbP.

2. Establecer la(s) especie(s) de magnesio v de PEP gue reccnhoce(n) ¢l sitic active
de la PEPC e investigar el posible papel regulador de las formas libres. Para ello:
2.1. Determinar la cinética de la saturacion de la enzima por fMg* v fPEP en un

rango de concentracion cercanc al fisiologico (de 0.25 a 4 mM) y a concentracion
de bicarbonato saturante.
2.2. Determinar los efectos del pH (7.3 vy 8.3) sobre la activacién alosterica por GicbP,

por Gly y por la fosforilacion de la enzima sobre la cinética de la saturacion

indicada en el objetivo 1.1.

3. Establecer las caracteristicas cinéticas de la enzima en la presencia de las
concentraciones de substraios y protones estimadas en el citoscl de células del

masodfilo de maiz. Para ello;
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2.1. Determinar los parametros cinétices de la safuracidn de la enzima por
fosfoenolpiruvate a pH 7.3, ‘ﬂ\ﬂgz+ 0.4 mM vy bicarbonato 0.1 mM.
3.2. Determinar los parametros cinéticos de |z saturacién de la enzima por los

efectores alostéricos GIc6P, Gly v malato, v evaluar sus interacciones

[ v

condiciones indicadas en el objetivo 3.1., a concentraciones fisiologicas de PEP.

3.3. Determinar el efecto de la fosforilacién de la enzima sobre los puntos indicados
en los objetivos 3.1. y 3.2.

3.4. Comparar las caracteristicas cinéticas de la enzima determinadas a
concentracién fisiolbgica de fMgz+ y bicarbonato, con las caracteristicas cinéticas
de la enzima determinadas a altas concentraciones de fMg®” v bicarbonato.

3.5. Estimar el grado de respuesta de la PEPC 3 los cambios en la concentracion de
substratos y de sus posibles reguladores alostéricos y al cambio en su grado de

fosferilacion que tienen lugar in vive durante el cicle noche-dia.
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5. MATERIAL Y METODOS
5.1. Reactivos
PEP, NADH, malico deshidrogenasa de corazdn de cerdo, PEG (peso molecular de
6000}, DTT, GlcBP, fosfoglicelato, HEPES, malato y PLP se adquirieron de Sigma
Chemical Co, el de EDTA de Merck, el NaBH,CN de Aldrich, y el glicerol de
Maliinckrodt, inc. Todos los ofros reactivos empleados fueron de grado analitico v se

adquirieron de los proveedores habituales.

5.2. PEPC

En el presente trabajo se utilizé PEPC no fosforilada (forma de obscuridad)
exiraida y purificada por el método descrito por Tovar-Méndez ef al. (1997). La
enzima asi purificada tenia una pureza mayor al 88 % de acuerdo a un SDS-PAGE
[Laemli, 1970] teftido con plaia [Wray ef al., 1981]. Su actividad especifica era de 33
unidades (umoles/min) por mg de proteina determinada en el amortiguador de ensayo
a pH 7.3, en presencia de PEP 5 mM y de Mg®™ 10 mM.

El I5, para malato de la enzima fue de 0.18 mM (determinado en HEPES 100 mM,
pH 7.3, EDTA 0.1 mM, PEP 2.5 mM y MgCl, 5 mM) v su valor no disminuy6 después
de incubacion exhaustiva con fosfatasa alcalina. Ademas, la incubacién de la enzima
con proteina cinasa A segun Wang ef all (1992), incrementé el I3, para malato a 1.54
mM. En conjunte, estos datos nos indicaron gue la enzima PEPC utllizada estaba
completa (no proteclizada) y que no estaba fosforilada, de acuerdo con lo reportado
por Wang et al. (1992) y por Duft et al. (1995).

La enzima en la preparacion usada en todos los experimentos era tetramérica, lo
que se determind por cromatografia de exclusion molecular en Superosa 6/HR
{conectada a un sistema de HPLC Waters), que es el dltime paso del proceso de
purificacién [Tovar-Méndez ef al., 1997].

a cantidad de proteina se determind por el método de Bradford (1976).

§.3. Determinacidn de la actividad PEPC
La actividad PEPC se midid espectrofolométricamente mediante un ensaye

acoplado, usando malato deshidrogenasa, y siguiendo la oxidacion del NADH a 340
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nm en un volumen final de 0.5 ml con un espectrofotémetrc Beckman DU-7500
equipado con un programa cinético. La temperatura del medic de reaccion se
mantuvo a 30 £ 0.1 °C con un equipo de circulacidn de agua con temperatura
controlada. El amortiguador de actividad utilizado en los experimentos mostrados en
la seccién de resultados 6.1. consistidé en ftrietanolamina-HC! 100 mM (pH 7.3}
conteniendo EDTA 1 mM, NADH 0.2 mM, NaHCO,; 10 mM, 4 unidades de malato
deshidrogenasa y las concentraciones de MgCl, v de PEP indicadas en cada caso.
En los experimenics mosirados en los Articules el amortiguador fue como se indica

en la respectiva seccion de cada articulo. El ensayo acoplado fue el siguiente:

-3 - PEPC -2 -2
PEP + HCQ3 ----;2—-—h- CAA * HPFG,
Mg
-2 " MDH -2

+
CAA *NADH+* H ——— Malatc *NAD

En los experimentos en ios que se controld la concentracion de especies libres vy
de los complejo Mg-ligando, la cantidad de magnesio total y de ligando total se

calculd utilizando el programa de computo descrito por Rodriguez-Sotres (1990).

5.4. Determinacion de la cinética de inactivacion de la PEPC por dilucién

La PEPC tetramérica pura con una concentracion de 2.5uM (equivalente a 1 mg
de proteina/ml) fue diluida a una conceniracion del tetramero de 50 nM (equivalente a
20 pg/ml) en amortiguador de actividad a pH 7.3 en ausencia de substratos. Estas
muestras se incubaron a 30 °C vy, a diferentes tiempos después de la diiucién, la
actividad se disparé con la adicion de MgCl, v PEP, a una conceniracion finai

respectiva de 5y 10mM

5.5. Relacion entre la concentracion y {a actividad de la PEPC

La PEPC tetramérica pura (con una concentracién de 1 mg de proteina/m!) se
diluyd a diferentes concentraciones en amortiguador de actividad a pH 7.3 en
ausencia de subsiratos y conteniendo DTT 5 mM. Después de 8 horas de incubacién

a 30 °C, se tom¢ una alicuota conteniendo 10ug de proteina, para medir a actividad
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especifica de la enzima de cada una de las diluciones. La actividad se midio en

amortiguador de actividad a pH 7.3 conteniendo MgCl, 5 mM v PEP 10 mM.

5.6. Determinacién de la unidn de ligandos del sitio activo v del sitio alostérico
para GlcéP

La modificacion quimica reversible, de la PEPC con PLP provoca su inactivaciéon e
insensibilizacién a activacion por Glc6P [Tovar-Méndezef al,, 1987]. Para determinar
la unién de ligandos del sitio activo vy de! sitio alcstérico para GlcBP, nosotrcs
utilizamos la proteccidn ofrecida por ligandos dei sitio activo frente a la inactivacion y
la proteccidn ofrecida por Glc6P frente a insensibilizacion a activacion por GIcBP vy por
PEP.

Reaccién de ia PEPC con PLP: Se utilizd siempre una solucién de PLP recien
preparada en amortiguador de meodificacién (trietanolamina-HClE 50 mM, pH 7.3,
EDTA 1 mMy DTT 5 mM). La concentracién de PLP en esia solucidn se determino a
388 nm usando el valor 4600 M cm™ como coeficiente de extincién molar [Blackburn
& Schachman, 1876]. La PEPC tetramérica disueita en el amortiguador de
modificacion (sin 6 con PEG 8 % (p/v) & con glicerel 20 % (v/v)) se incubé con PLP a
22 °C en ausencia 0 presencia de ios ligandos indicados en cada experimento. Las
incubaciones se realizaron en tubos cubiertos con papel aluminio para protegerias de
Ja luz. Después de 2 hr de incubacion, tiempo suficiente para alcanzar el equilibrio de
la inactivacidn y de la insensibilizaciéon a activacion por GIlc6P de la enzima, por
madificacion con PLP [Tovar-Méndez ef a/., 1997], se tomaron alicuotas de Sul y se
determiné la actividad enzimatica en amortiguador de actividad a pH 7.3, conteniendo
MgCi, 5 mM y PEP 1 mM en presencia y en ausencia de GIc6FP 10 mM. Nosotros
definimos la sensibilidad a Glc6P como: (v,-v.) v,, donde v, v v, son la actividad
enzimatica en presencia y en ausencia de GIcBP, respectivamente. [ a dilucion de la
alicuota en la cubeta de reaccién (100 veces) evita la reaccion posterior del PLP con
la PEPC. Ninguno de los compuestos presentes en la incubacion afectaron la

estabiiidad del PLP bajo nuestras condiciones experimentales.
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Determinacion de unidn de ligandos: La unidén del ligando se determing
considerando el efecto inducido por la presencia del ligando {expresado en
porcentaje), en la inactivacidn o en ia insensibilizacion a activacion por Glc6P de la
PEPC, sobre el equilibrio de la modificacion de ia PEPC con PLP. Los datos
mostrados en la seccién de resultados 6.1 se analizaron con las siguientes
ecuaciones:

Bhog = Mg mae (LT 1 (Los" + [LT)

ASeq = ASeqmax L/ (Los” +ILT)
donde AA., v AS,, son la actividad y la sensibilidad a activacion por Glc6P de la
PEPC respectivamente, en el equilibric de la modificacién de la PEFPC con PLP,
APey max Y ASeq max 80N los respectivos valores maximos cuando ia enzima esta
saturada con el ligando, [L] es la concentracién de ligando.L, 5 s 2 concentracién de

ligando que da la mitad del AA, . 0 del AS.; ey ¥ f @8 en ndmero de Hill.
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&. RESULTADOS

6.1. Caracterizacidn de las propiedades alostéricas de la forma teframérica de la
PEPC de hoja de maiz
ta seccion inciuye resuitados no publicados, asi como resultados publicados en

una memoria en extense de un congresec internacional.

8.1.1. Efecto de ia dilucion sobre [a actividad de la PEPC

Se conoce que la enzima PEPC de hoja de maiz es un homotetrameroc que se
disocia cuando se diluye en ausencia de magnesio y de PEP [Selenioti ef al,, 1987;
Podesta & Andreo, 1989]. La disociacién del tetramero provoca la pérdida de la
actividad enzimatica, ya que el mondmero es inactivo y el dimero es inactivo o
parcialmente activo [Uedan & Sugiyama, 1978; Marés & Leblova, 1980; Wu &
Wedding, 19885].

Nosotros enconframos que la inactivacion de la PEPC tetramérica por dilucidon
sigue una cinética de primer orden con un tiempo medio de 190 minutos, y una
constante de inactivacién de 0.00354 minutos™. En presenciz de malate 20 mM, &l
tiempo medic de inactivacion es de 30 minutos y la constante de inactivacion es de
0.02314 minutos™. Estos resultados en conjunto rios indican que la disociacién de la
PEPC tetramérica bajo nuestras condiciones de ensayo de actividad en ¢l tiempo de
reaccion (0.5 minutos) es despreciable, tanto en ausencia (menos de! 1%) como en
presencia de malato 20 mM (1.1%). Por lo que los resultados obtenidos en los
estudios cinéticos de velocidad inicial son afribuibles a la forma tetramérica de la
PEPC de hoja de maiz.

Los estudios de union se realizan en tiempos mucho mayores de 0.5 minutos, por
lo cual, los estudios de unidn de ligandos de la PEPC requerian establecer ia
concentracion minima en que la enzima se encuentra principalmente como tetramero.
Para ello procedimos a determinar la relacién entre la concentracién vy la actividad de
la PEPC, después de incubar la enzima a diferentes concentraciones por 8 horas
para permitir que se alcanzara el equilibrio de la disociacion del tetrdmerc. Los

resuftados se muestran en la figura 8.1. [pagina 25]. Como se puede observar, la
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actividad especifica de la enzima permanecid constante a concentraciones iguales &
superiores a 0.625 uM del tetramero (equivalente a 0.25 mg de proteina/mil), ic que
sugiere que la PEPC se encuenira principalmente como fetrémero a concentraciones

iguales o superiores a 0.625 uM. A partir de los datos de la figura 6 1. se calcul

un

Kd del equilibrio tetramero-(2)dimero de 0.045 uM de tetramero (equivalente a 0.018

mg de proteina/ml), considerando que, a pH 7, el tetramero de la PEPC se disocia a

o

w

dimero sin posterior disociacidon a mondmero [Wagner ef al., 1987, Podesta &
Andrec, 1989]. Asi, la conceniracién en la que la PEPC es principalmente tetramero,
es tres ordenes de magnitud inferior a la concentracidon de PEPC que se estima existe

in vivo en plantas C, (15 mg de PEPC/mi gue correponde a 37.5uM del tetramero)
[Jiao & Chollet, 1991].
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Figura 6.1. Relacitn entre la actividad y la concentracion de la PEPC. La enzima
tetramérica fue diiuida e incubada por 8 horas a 30 °C v, posteriormente, se
determiné la actividad en amotiguador de actividad (pH 7.3) conteniendo MgCl, 10

mM y PEP 10 mM, a cada una de las diluciones. La linea es el ajuste a una hipérbola
rectangular.
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Considerando lo anteriormente expuesto, los estudios de unidn se realizaron con una
concentracion de 0.5 mg de PEPC/mi, para asegurar que la enzima se encontrara

mayotitariamente como tetrameroc.

6.1.2. Union de ligandos de! sitio activo y del sitic alostérico activador para
Glc6P a ia PEPC tetramérica

§.1.2.1 Proccadings of the Xth international Photosynthesis Congress:
Rinding of ligands to the glucose-6-phosphate allosteric site in maize-leaf

phosphoenolpyruvate carboxylase (in: P. Mathis (Ed.), Photosynthesis: from light to
biosphere, Vol. V, Kluwsr, Dordrecht, 1995, pp. 155-158).
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BINDING OF LIGANDS TO THE GLUCOSE-6-PHUSPHATE ALLOSTERIC
SITE IN MAIZE-LEAF PHOSPHOENOLPYRUVATE CARBOXYLASE

A. Tovar-Méndez, H. Yampara-Iquise, C. Myjica-Jiménez & R. A, Mufioz-
Clares, Department of Biochemistry, Faculty of Chemistry, UNAM. 04510
Mexico City, Mexico.

1. Introduction

Phosphoenolpyruvate carboxylase (PEPC, EC 4.1.1.31) from C4 plants is allosterically
activated by glucose 6-phosphate (Glc6P) (1). In addition to these heterotropic effects,
at pH values close to the neutrality the enzyme exhibits positive homotropic
cooperativity, which is abolished by the activator Glc6P (2). At present, little is known
about the full relationship between binding and observed steady-state kinetics. In an
effort to further the understanding of the mechanisms of regulation of the activity of
C4-PEPC, we have now measured the binding of homotropic and heterotropic effectors
to the active and Glc6P allosteric sites of the nonphosphorylated form of maize-leaf
PEPC.

It is known that treatment with pyridoxal 3'-phosphate {PLP), a specific reagent for
ivsing, inactivates the PEPC from maize leaves (3.4). Recently, lysyl residues have
been implicated in the response to Gle6P of the Crassula (5,6) and of the maize-leafl
enzymes (7,8). We took advantage of the protection provided by ligands against
inactivation (3,4) and desensitization to Gle6P (7) by PLP t¢ measure the binding to the
active and allosteric sites, and to elucidate the factors that modulate this binding.

2. Mdlaterials and Methods

2.1. PEPC Extraction and Purification- The enzyme was extracted after a 4 h dark-
period and purified as described elsewhere {C. Mujica-Jiménez and R.A. Mufioz-
~ Clares, manuscript in preparation). The enzyme was more than 99% homogeneous by

the criterion of SDS-PAGE and silver staining, and has a specific activity of 33 U/mg
protein. The sensitivity to malate of this enzyme preparation was the expected for the
nonphosphorylated form of the enzime (9), and no decreases in Ki(malate) were
observed after exhaustive incubation with allaline phosphatase.

2.2, PEPC Assay- PEP carboxvlase activity was measured spectrophotometrically at pH
7.5 and 30 °C in a coupled enzyme assay using malate and lactate deshidrogenase, as
described (10). We defined the Glc6P sensitivity as the percentage of activation of the

enzyme by 10 mM Gle6P when 1 mM total PEP and 3 mM total Mg~ were used in the
assay.

2.3, Reaction of PEPC with PLP- Incubation of the enzyme (0.5 mg/ml) with freshly
155
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prepared PLP was carried out at 22 °C in triethanolamine-CIH, pH 7.3, | mM EDTA, 5
mM DTT and 6% (w:v) polyethylene glycol 6000, in the absence or presence of the
indicated ligands. Incubation mixtures were protected from light with metal foil, At
specified intervals after the addition of PLP, 5 ml-aliquots of the incubation mixture
were withdrawn and immediately assayed for catalytic activity and sensitivity to Gle6P.
Recovery of the activity or sensitivity to Glc6P upen dilution in the assay medium was
negligible in the time taken for the assays.

2.4. Data Analysis. Chemical-modification data were analyzed using commercial
nonlinear-regression-analysis computer programs. Pseudo-first-order analysis of time
courses of inactivation or desensitization were performed using the equation for a first-
order reversible reaction. Protection data, i.e., remaining activities or sensitivities at
equilibrium obtained in the presence of ligands, were fitted to the Hill or the
rectangular hyperbola equations, after subtracting the remaining activity or sensitivity
obtained in the absence of ligands for each experiment.

3. Results and Discussion

3.1. Effect of PLP on Activity and Sensitivity to GIc6P of Maize-Leaf PEPC- After
incubation of the purified enzyme with PLP, there is a time dependent, reversible loss
of activity or Glc6P activation. The two processes are not related, since desensitization
is a much faster process than inactivation and it is still observed when inactivation is
prevented by saturation of the active site.

3.2. Protection of Maize-Leaf PEPC against Desensitization to Glc6P by PLP- Loss of
activation by Gic6P caused by incubation of the enzyme with PLP is prevented by
Glc6P itself, being the initial rate of desensitization and the equilibrium point
dependent on the concentration of Gic6P in the incubation medium. On the contrary,
Gic6P accelerates the inactivation process. These results suggest that the modified lysyl
residue invoived in the response to Gle6P is at or near the Glc6P binding site, and that
the conformational changes elicited by the binding of Glc6P expose the lysyl residue of
the active site. Interestingly, the contrary is true in the case of the substrate Mg-PEP,
which protects the enzyme from inactivation while accelerates the desensitization
process. This is consistent with the increases in the affinity of the enzyme for the
substrate in the presence of Gic6P (2) and the increases in the affinity of Glc6P at
saturating concentrations of substrate (9) found in kinetic studies.

3.3. Binding of Ligands to the Active and Glc6P Allosteric Sites of Maize-Leaf PEPC-
We took advantage of the protection against inactivation and desensitization offered by
the substrate and by GlcéP, respectively, to study the binding of these compounds to
the enzyme. Thus, by measuring the remaining activities and sensitivities at equilibrium
after incubation of the enzyme with a fixed [PLP] at several different ligand
concentrations, we determined: (i) dissociation constant values for PEP, Mg-PEP and
Glc6P from their respective complexes with the enzyme, and (ii) the shape of the
corresponding saturation curves. The results are summarized in Table [. As can be see,
in the absence of Glc6P, binding of PEP and Mg-PEP to the active site is cooperative,
while in the presence of 10 mM Glc6P, the binding of the substrate is hyperbolic and
the dissociation constant, measured as L0.35, decreasss more than 60-times. On the other
hand, the binding of Glc6P to the free enzyme is highly cooperative, while the binding
is hyperbolic and the Lo.5 is 3-times lower when the active site is saturated by Mg-PEP.
These results are in full agreement with those obtained in initial velocity studies (2,9).
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The free species PEP and Mg®™ have different effects on the binding of Glc6P: while
the former increases the affinity without modifying the cooperativity, the latter
disminishes the cooperativity and increases the affinity in a similar extent. Two other
allosteric effectors of the enzyme, the inhibitior malate and the zctivator glyeine, have
no significant effects on the binding of Gic6P 1o the allosteric site.

Table 1. Binding parameters of PEPC ligands measured by profection againsi
inactivation and desensitization to Glc6P by PLP 4.

Maximum
Ligand Los n Protection
(M) %)
ACTIVE 51TE
PEP 533=0.32 243 +0.33 100
Mg-PEP? 0.45==003 2212029 100
Mg-PEP, 10 mM Glc6P 0.007 = 0.001 ic 100
Mg-PEP (20 % glycerol)d 0.085 = 0.014 1 100
Mg-PEP {without cosolute)®  0.51 % 0.03 1.63+0.13 100
ALLOSTERIC SITE

GlcbP 471 +0.16 3.99£0.38 70
GlebP, 4 mM Mg-PEP
(53 mM free PEP,
4.4 mM free Mg?*) 1.48+0.18 1¢ G7
Glc6bP, 3 mM PEP 1.79 £ 0.11 391=0.85 60
Gle6P, 10 mM MgCl, 3.64=0.27 236032 67
Glc6P, 5 mM malate 3.660.17 4.03+0.69 29
Glc6P, 10 mM glycine 5.87=0.19 4.00 = 0.37 100
GlebP (20% glycerol)d 4.64+0.21 3.86 £ 0.36 85
GlebP (without cosolute)d N.De ND N.D.

a. Incubations were carried out as described under "Materials and Methods™. 0.8 mM
and 0.6 mM PLP were used in the active and allosteric site experiments, respectively.

b. The concentration of free PEP was hoid constant at 5 mM.

¢. Data were fitted to the equation of a rectangular hyperbola.

d. [n these experiments polyethylene glycol was not included in the incubation
medium.

e. N.D. : binding could not be detected.

In the absence of polyethylene glycol, the binding parameters for Mg-PEP are similar
to those in the presence of cosolute, but Glc6P was unuable to protect against
desensitization, what may be due to either lack of binding of Glc6P to the allosteric site
or binding of Glc6P to a region far from the PLP-modified lysyl residue. Contrary to
poiyethylene glveol, glycerol has a dramatic effec on the affinity of the active site for
Mg-PEP and abolishes the cooperativity observed in its absence, while has no effect on
the binding of Gle6P to the allosteric site. Therefore, the effect of glycerol abolishing
the cooperativity and greatly increasing the affinity of ligands of the Gle6P site
observed in initial velocity studies (C. Muyjica-Jiménez and R.A. Mufioz-Clares,
marnuscript in preparation) seems to be indirectly achieved through the effect thar
saturation of the active site exerts on the affinity of the allosteric site for its ligands.
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Under our experimental conditions the ligands of the active site always afforded total
protection against inactivation, but Glc6P only provided total protection when the
enzyme is saturated by Mg-PEP, free Mg2?* or by glycine. The different degree of
protection achieved by Glc6P in the presence of other ligands of the enzyme is a clear
indication of the different conformational states elicited by the binding of these ligands.
Thus, it is interesting to note that the lowest and the highest maximal protection were
found when malate or Mg-PEP, respectively, were included together with Gle6P in the
incubation medium. Therefore, it is important to consider not only the affinity of the
allosteric site for Gic6P, but also the way in which this activator binds, which could
lead to a productive or nonproductive binding. Accordingly with these results, previous
reports show the failure of Glc6P to provide total or even partial protection against
modification of residues involved in the response of PEPC to this activator (6,12,13).

3.4. Mechanism of Allosteric Regulation of Maize-Leaf PEPC- 1t has been proposed
that the mechanism underlying the homotropic and heterotropic effects observed in
initial velocity studies is the association-cissociation process that may tzke place at the
low enzyme concentrations used in the kinetics studies (11). At this respect, the ability
of the substrate PEP (12), of the allosteric activator Glc6P (i2) and of high
concentrations of glycerol (11) to shift the dimer-tetramer equilibrium toward the
tetrameric active form is well established. However, the results of the binding studies
reported here show that oligomerization alone is not sufficient to cause the substrate
and Glc6P-induced allosteric activation. To account for our resuits, a model involving
several ligand-induced conformational states of the tetrameric maize-leaf PEPC need to
be postulated.
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6.1.2.2. Resultados complementarios no incluldos en la seccién 6.1.2.1.

Como se explica en el apartado anterior, 1os experimentos de union fueron hechos
con el fin de medir los efectos de unidén homotrépicos y heterotrépicos del sitio activo
y del sitio alostérico para Glc6P. Sin embargo, faltd evaluar el efecto heterotronpico de
Gly sobre el sitio activo, que es mostrado en este inciso.

Ademas, una importante ventaja dei método utilizado para medir fa unién tanto al
sitio activo como al sitio alostérico para GIc6P es que nos permitid medir la unién de

PEP a!l sitio activo (seccidn 8.1.2.1.) vy ai sitic ajlostérico activador para GlcbP (esta

seccion). Lo cual era importante considerando la sugerencia del posible papel de
fPEP como activador alostérico de [a PEPC [Jenkins ef al., 1986; Rustin ef al., 1988;
Rodriguez-Sotres & Mufoz-Clares, 1990; Rustin ef al., 1981].

L os resultados se muestran en ia Tabla 8.1.

Tabla 86.1. Parametros de la unidon de ligandos de la PEPC, medidos por

proteccién contra inactivacidn & insensibilizacion a Gic8P por modificacién quimica
con PLP?,
Ligando Lo s (MmM) n Proteccion max. (%)
Sitio Activo
MgPEP {(a fPEP 5 mM
y Gly 10 mM, contantes) 0.20 £ 0.04 1P 100

Sitio Alostérico

PEP 216+x17 240+£034 100

? La incubaciéon de la enzima fue realizada como se indica en Material y Métodos
{seccién 5.6.), con PLP 0.8 mM en presencia de PEG ai 6 % (p/v).

® Datos ajustados a la ecuacion de una hipérbola rectangular.
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6.1.2.3. Discusién de resuitados de los estudios de unién

La regulacion de la PEPC por un proceso de asociacion-disociacion inducido por
los tigandos de la enzima es poco probable dada la elevada concentracidn del
tetramero in vivo (37.5 pM) [Jiao & Chollet, 1991]. Por lo cual pensamos gue ia forma
tetramérica de la enzima posee propiedades alostéricas, tanto homotrépicas como
heterotropicas. Para demostirar esta hipotesis, nos propusimos evaluar las
propiedades alostéricas de la PEPC no fosforilada en una preparacion que fuese
100% tetramérica. Estas propiedades fueron evaluadas midiendo la unién de
ligandos del sitio activo y del sitio alostérico para GIcBP usando la proteccién que
ofrecen los ligandos frente a modificacidon quimica, siguiendo el método gue

reportames recientemente [Tovar-Méndez et a/. 1997].

Efecto de PEG y de glicercl sobre la union de los ligandos del sitio activo v del
sitio alostérico activador para Glc6P

La cooperatividad observada en la saturacion del sitio activo por PEP (en presencia
de magnesio total constante) o por MgPEP en estudios cinéticos de estado
estacionario [referencias en antecedentes y datos en Articulo 1 y 2] también fue
observada en la cinética de unién de MgPEP al sitio activo en el tetrdmero en
ausencia de cosoiuios, indicando gue la cooperatividad presente en la saturacidn de
la PEPC por MgPEP son reflejo de efectos de unidén homotropicos del sitio activo.

La presencia de PEG al 6% (p/v) aumentd ligeramente la afinidad del sitio activo
por MgPEP, sin eliminar la cooperatividad de la unién de MgPEP. Un efecto similar se
observd en estudios cinéticos de estado estacionario [resultados no mostrados]. En
cuanto a glicerol, éste cosoluto aumentd considerablemente la afinidad del sitio activo
por el substrato MgPEP vy elimind la cooperatividad de la union de este substrato,
efecto bien establecido en estudios cinéticos de estado estacionario [Uedan &
Sugiyama, 1978; Mujica-Jimeénez ef al., 1998].

El efecto activador de glicerol observado en estudios cinéticos de la PEPC ha sido
interpretado por ciertos investigadores [Selenioti et al., 1987; Podesta & Andreo,

1989] como el resultado de que este compuesto favorece la formacion del tetramero a
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partir de los dimeros que suponen existirian a la alta dilucién de la enzima a la que se
realizan los estudios cinéticos [Podesta & Andreo, 1988), en acuerdo con la teoria dei
"volumen de exclusidn" descrita por Gekko & Timasheff (1981). Sin embargo,
nuestros resuitados indican que el efecto de glicerol se observa también en la PEPC
tetramérica. A este respecto se sabe que, adicionalmente, cosolutos inertes a las
proteinas [Colombo ef &/, 1992; Rand, ef al., 1983] afectan la afinidad de ligandos
que producen cambios en ef estado de solvatacidn de ias proteinas a las gue se
unen. Esto se ha explicado como el resultado de que la exclusién del agua de la
superficie de la proteina causada por la presencia del cosoluto produce una
conformacion deshidratada de fa proteina en la que se minimiza el area de superficie
expuesta al agua, de manera que la afinidad de la proteina por el ligando en
presencia del cosoluto aumenta si la conformaciéon de la proteina inducida por el
ligando tiene expuesta al agua una menor superficie [Rand, ef al., 1993] y viceversa
[Colombo et al, 1982]. Es posible gque éste sea el mecanismo mediante el que
glicerol y PEG afectan la unidn de los ligandos del sitio activo y la unién de GIc8P al
tetréamerc de ia PEPC.

En ausencia de cosoluto, la unidén de GicBP a la PEPC tetramérica no se observéd
en un intervalo de concentracién de 0 a 10 mM, sugiriendo que la forma libre de la
PEPC no une o tiene muy baja afinidad por Glc6P. Sin embargo, la union de GIc6P a
la PEPC si se observé en presencia de PEG ¢ de glicerol, en el mismo intervalo de
concentracion; aunque [a proteccion por Gic6P frente a insensibilizacidn por
modificacidn con PLP no fue total. La union de Glc6P en presencia de cualquiera de
los dos cosolutos es muy similar, con un alto grado de cooperatividad como io indica
un numero de Hill de casi cuatro.

Dado que en la presencia de PEG la union de MgPEP a la enzima fue
cualitativamente idéntica a la unidn en su ausencia y puestc que, sélo en presencia
de cosoluto, pudimos medir la unién de GIc6P a la enzima libre, los experimenios
realizados para evaluar el efecto de otros ligandos sobre la unidn de GIcBP fuercn

realizados en presencia de PEG.
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Efectos heterotropicos de union determinados en presencia de PEG.

La afinidad del sitio activo (medida como Ly5) por MgPEP se incrementd
fuertemente por la presencia de Glc6P 10 mM, como lo indica el cambio del,; de
0.45 a 0.007 mM inducide por GicBP. Ademas, GIcBP elimind la cooperatividad en fa
union de MgPEP. Estos resultados concuerdan con el efecto de GicBP sobre ia
cinética de saturaciéon por MgPEP de la PEPC {daios en Articulo 1y 2] o por PEP {en
presencia de magnesic total constante) {Coombs ef af, 1973; Huber & Edwards,
1975; Uedan & Sugiyama, 1976].

En la presencia de Gly 10 mM el Ly 5 para MgPEP (0.2 mM) disminuye sélo dos
veces, pero la cooperatividad de la unién de MgPERP al sitio activo desaparece. Estos
resuitados estan en acuerdo con el pobre efecto de Gly & mM [Uedan & Sugiyama,
1976] 6 10 mM [Gillinta & Grover, 1995] sobre el Sy pep) determinado en estudios
cinéticos de estado estacionario (cinética de saturacion por PEP determinada a 10
mM de magnesio total constante). Sin embargo y en contraste con nuestros
resultados, los mismos estudios de estado estacionario indican que Gly (5 y 10 mM)
no elimina la cooperatividad de la saturacidn por PEP [Uedan & Sugiyama, 1976;
Gillinta & Grover, 1995]. El efecto diferencial de Gly 10 mM sobre la cooperatividad
cinética de unidn y de estado estacionaric de MgPEP, puede ser explicado por que la
saturacion de la enzima con Gly no elimina la activacion de la enzima por fPEP; por lo
gue, en presencia de conceniraciones saiurantes de Gly, la saturacidén de la PEPC
con PEP (a magnesio constante) tiene cooperatividad positiva aparente, mientras que
la saturacion de la enzima con magnesio (a PEP constante) es hiperbélicg {resultados
en Articulo 1].

Nuestros resultados demuestran que los efectos heterotropicos de MgPEF vy de
Gly sobre la unién de GIc6P a su sitio aiostérico, cbservados en los estudios cinéticos
de estado estacionario [Gillinta & Grover, 1995; Duff ef af., 1995], también se
presentan en la PEPC tetramérica, por lo que no pueden ser interpretados en
términos de cambios en el equilibrio dimero-tetramero. Sin embargo, existen algunas

particularidades interesantes.

30



La saturacion del sitio activo con MgPEP sdélo disminuye el L4 para GIc6P en
aproximadamente tres veces, que es mucho menor que el efecto que tiene la
saturacion de!l sitio alostérico para GIc6P sobre ia afinidad del sitio activo por MgPEP
a enzima con el sitio active saturado con MgPEP, fue protegida
totalmente por Gic6P frente a insensibilizacion por modificacién con PLP. Estos
resultados sugieren que (al menos en presencia de PEG al 8% p/v} la conformacidn
de la PEPC inducida por MgPEP es diferenie de la inducida por Glc8P. Aungue en
aimbos casos la saturacion de un sitio elimina la cooperatividad de unién al otro sitio.

De igual manera, mientras Gly 10 mM aumenta la afinidad del sitioc activo por
MgPEP vy elimina la cooperatividad de la unién de MgPEP (como se indicod
anteriormente), Gly 10 mM no afecta significativamente la cinética de unién de GlcBP,
aungue la presencia de Gly permite que GicBP proteja totalmente a la enzima frente a
insensibilizacion por modificacion con PLP. Estos resuitados sugieren que (al menos
en presencia de PEG al 6% p/v) la conformacién de la PEPC inducida por MgPEP es
diferente de la inducida por Gly.

Unidon de PEP libre a ia PEPC en presencia de PEG

PEP es capaz de unirse al sitio activo de la enzima en ausencia de iocnes magnesio
como o demuestra la proteccion gjercida por PEP frente a inactivacién de la enzima
por PLP [Tabla | en las memorias en extenso], aungue la afinidad del sitio activo por
PEP es 10 veces menor que su afinidad por MgPEP. En estas condiciones, PEP
tambpién se une al sitio alostérico para Gic6P, aungue con una afinidad 4 veces menor
a la de GlcbP [Tabla | en memorias en extenso y Tabla 6.1. en pagina 26]. La
proteccidn frente a Ia insensibilizacién a Glc6P por modificacion de la PEPC con PLP,
ejercida por PEP en ausencia de iones magnesio [Tabia 6.1. en pagina 26], no la
ofrece el complejo MgPEP. Por el contrario MgPEP desprotege &i sitio alostérico para
GlcBP, ademas, GlcBP desprotege el sitio activo [Tovar-Méndez et a/.,, 1987}, lo cual
es consistente con gue GlcBP aumenta fa afinidad por el substrato y viceversa
[Coombs et al.,, 1973; Huber & Edwards, 1975; Uedan & Sugiyama, 1978; Duff ef a.,

1995]. Estos resultados en conjuntc evidenciaron que el sitio activo une mejor al
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complejo MgPEP que a fPEP, y que el sitio alostérico activador para Glc6P sélo une a
fPEP, como posteriormente fue confirmado en estudios cinéticos Hevados a cabo en

nuestro laboratorio [datos en Articulo 1; Mdjica-diménez et al,, 1998].

La unidn d al sitio alosiérico para GicBP de la PEFC reforzo ia idea del

-

(i F il ]
e ircCr

posible papel de fPEP como activador alostérico de esta enzima [Jenkinset al.,
1986; Rustin ef al, 1988; Rodriguez-Sotres & Muficz-Clares, 1980; Rustin ef al,
1981; vy resultados en e Articulo 1], lo gue comprobamos posteriormente en este
trabajo de tesis [datos en Articulo 1].

Finaimente, un resultado destacable de estos estudios es que GIc6P se une a la
enzima en presencia de malato, como lo indica el hallazgo de que la cinética de union
de Gic6P en presencia de PEG no se afecta por la presencia de malato 5 mM,
aungue la proteccidn méaxima ejercida por Glc6P es mucho menor que la observada
en ausencia de maiato [Tabla | de memorias en extenso]. Lo anterior sugiere que
Glc6P puede unirse al complejo enzima-malato y viceversa (malato puede unirse al
complejo enzima-Glc6P), pero la union de Glc6P produce un cambio conformacional
en la enzima diferente al que produce en ausencia de malato. Esta hipdtesis es
apoyada por el hecho de que la inhibicion de la enzima impuesta por malato no es

contrarrestada por la saturacion de la enzima con GicBP [Figura 5 en Articulo 2].
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ie-examination of the roles of PEP and Mg?* in the reaction calalysed by
he phosphorylated and non-phosphoryiated forms of phosphoenoipyruvale

arhoxylase from leaves of Zea mays
ffects of the activators giucoss 5-phosphaie and glycine

lejandro TOVAR-MENDEZ, Rogelio RODRIGUEZ-SOTRES, Dulce M. LGPEZ-VALENTIN and Rosario A. MUROZ-CLARES'
gpariamentc de Bioguimica, Facultad de Quimica. Unwersidad Naciona! Auldnoma de México, México D F, 04510, México

"o study the effects of phosphoenolpyruvate (PEP) and Mg** on
he activity of the non-phosphorylated and phosphorylated forms
{ phosphoenolpyrovate carboxylase (PEPC) from Zea mays
=aves, steady-state measurements have been carried out with the
ree forms of PEP {(fPEP} and Mg* (fMg**}, both in a near-
hysiological concentration range. At pH 7.3, in the absence of
clivators, the imtial velocity data obtained with both forms of
he enzyme are consistent with the exclusive binding of MgPEP
o the active site and of fPEP to an activating allosteric site. At
H 8 3, and in the presence of saturating concentrations of
lucose G-phosphate (Gle6P) or Gly, the free species also
ombined with the active site in the free enzyme, but with
lissociation constants at least 35-fold that estimated for MgPEP.
"he latter dissociation constant was lowered to the same extent
by saturating Gle6P and Gly, to approx. one-tenth and one-
ixteenth in the non-phosphorylated and phosphorylated en-
ymes respectively. When Gic6P is present, fPEP binds to the

active site in the free enzyme better than fMg**, whereas the
metal ion binds better in the presence of Gly. Saturation of the
enzyme with GleoP abolished the activation by fPEP, consistent
with a common binding site, whereas saiuration with Gly
increased the affinity of the allosteric site for /PEP. Under all
the conditions tested, our results suggest that fPEP is not able
to combine with the allosteric site in the free cnzyme, 1e. 1t
cannot combine until after MgPEP, fPEP or f Mg®* are bound at
the active site. The physiological role of Mg™ in the regulation
of the enzyme is only that of a substrate, mainly as pari of the
MgPEP complex. The kinetic properties of maize leaf PEPC
reported here are consisient with the enzyme being well below
saturation wnder the physiotogical concentrations of fMg** and
PEP, particularly during the dark period; it is therefore suggested
that the basal PEPC activity in vive is very low, but highly
responsive te even small changes in the intracellular concen-
tration of its substrate and effectors.

NTRODUCTION

*hosphoenolpyruvate carboxylase (PEPC, EC4.1.1.31) from
naize leaves catalyses the essentially irreversible formation of
sxaloacetate and P, from phosphoenolpyruvate (PEP} and bi-
:arbonate. This reacuon s the first step in the assimilation
sathway of atmospheric CO, in C, plants such as maize. The
mportance of this step in the photosynthetic metabolism of C,
slants is underscored by the abundance of the PEPC protein in
nesophyll cells of leaves of these plants, accounting for approx.
10-159, of the total soluble protein [1,2].

At physiclogical pH, PEPC from leaves of C, plants is
wbjected to complex allosteric regulation involving homotropic
:0-operativity and heterotrophic effects by a number of physio-
ogical effectors. The enzyme is also subject to covalent modi-
ieation consising of the phosphorylauon—dephosphorylation of
in N-terminal Ser residue [3] Regarding the positive effectors, it
s considered that the enzyme is activated by two kinds of
netabolite” {1) hexose and triose phosphates [4-9], which bind to
he so-called glucose 6-phosphate (Gle6P) allosteric site [10], and
2} neutral anmuno acids, mamly Gly, Ala and Ser {7.9,11-14],
vhich bind to the Gly allosteric site {13]. In addition, several
withors have suggested that PEP iwself mught bchave as an
losteric activator of the non-phosphorylated form of the
mzyme, on the basis of the observed changes in fluorescence on
anding of ligands to PEPC [15] and of steady-statc kinetic

studies {[16]; C. Mujica-hménez, A. Castellanos-Martinez and
R. A, Mufioz-Clares, unpublished work). The fact that some
PEP analogues are good activators of the non-phosphorylated
form of the enzyme [16~18] gives additional support to that
proposat.

Mg® ions are essential for the actvity of PEPC |19} The
chemical mechanism of the PEPC-catalysed reaction involves the
formation of the enolate form of pyruvate, which 15 stabilized by
Mg* [20]. {n addition, Mg® can form a binary complex with
PEP with a moderate stability constam [21-23], raising the
question of whether the complex or the free species combines
with the catalytic site of PEPC The answer to this guestion.
although of great importance to the understanding of the m vwe
regulation of the enzyme, is still a matter of debatc. From kineuc
studies of the non-phosphorylated enzyme performed with Lotal
PEP and Mg?' concentraitons, it has been concluded that the
trianionic {orm of PEP binds to the active sie of maize leaf
PEPC {24] and that Mg’* binds before PEP [25]. No activation
by free PEP {(/PEP) was detected 1n these studies In contrast,
from steady-state studes, also of the non-phosphorylated en-
zyme, in which the MgPEP complex was considered the vanable
substrate [16,26-28], it was concluded that the binary MgPEP
complex is the substrate of the reaction and that either free Mg?*
(Mg} [26] or fPEP [16] bechaves as an acuvator, Thus the
role that Mg*, PEP or MgPEP has 1n the kinetics of the maze
leal PEPC-catalysed reaction 1s not clear atl present. In addition.

Abbreviations used fMg?*. free Mg?*. FPEP. free PEP, GIcBP, glucose-8-phosphate. PEP, phosphoenolpyruvate, PERC, phosphoenclpyruvae

:arboxylase
' To whom correspondence should be addressed.
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ither of these studies could be considerad conclusive, given that
¢ enzyme used in them was prepared in the absence of protease
hibitors, and it is known that the removal of an N-terminal
ptide {207 in the first minutes after extraction alters the kinetic
‘operues of the enzyme [29,301.

Because 1n order to achieve a complete understanding of the
seration of PEPC in vive is of pivotal importance to establish its
netic mechanism, we studied the non-truncated enzyme by
rforming steady-state measurements with controlled con-
atratons of fPEP and fMg® to determine: (1) the relative
finities of the active site for MgPEP and the {ree species, {2} if
wpropriate, the order of binding of the free species, and (3}
tuvation by JPEP. In the present study we also cxamined the
fects of saturating concenirations of Gle6P and Gly on the
save-mentioned kineug properties of the enzyme, to gain further
sight into the mechanism of Lhe aliosteric regulation and to
stermine the allosteric site mavolved in the fPEP activation. In
idition we constdered 1t of interest o investigate not only the
on-phosphorylated form of the enzyme, which is present in
aves during the dark period of the diurnal cyele {31,32], but also
e phosphorylated, day-time form of the enzyme {31,32]. Our
sults provide expernmental evidence indicating that the Mg?
»mpiex of PEP 15 the true substrate of the reaction catalysed by
EPC from maize leaves in the absence of activators and is the
referred substrate in their presence, and that fPEP isan acuvator
1at binds to the GlebP allosteric site. The possible physiological
nplications of these findings are discussed. A preliminary
ceount of part of this work has been published [33].

ATERIALS AND METHQDS
hemicais and blochemicals

EP (monocyclohexylammonium salt), NADH {disodium salt),
eGP, Gly, pig heart malic dehydrogenase and Hepes were
urchased from Sigma Chemical Co. {St. Louis, MO, U.S.A.).
DTA {(disedium salt) were from Merck KGaA (Darmstadt,

rermany). All other chemicals of analytical grade were from
randard supplicrs.

nzyme purification and assay

‘he non-phosphorylated mglit form of PEPC was purified from
‘ea mays L. leaves kept in darkness for 10 h before extraction as
escribed elsewhere [10]. The sensitivity of the enzyme to malate,
weasured as IC,,, under the conditions described in [30], was
ypieal of the non-iruncated, non-phosphorylated form [30], and
1d not change on incubation with alkaline phosphatase under
1e conditions described in [31]. The specific activity of the
nzyme preparation used, determined in a standard assay in the
resence of 5 mM total PEP and 10 mM total Mg at pH 73
nd 30 °C, was 33 unuits/mg of protein. This enzyme preparation
ras phosphorylated i vitro by the method described in [34]. The
egree of phosphorylation was assessed by (1) the change m IC,,
or malate, which increased from 0.18 mM for the non-phos-
horylated form to a maximum of 1.34 mM after prolonged
wcubation with the kinase. and (2) the activity at the sub-
aturating concentrations at which the IC,, was determined,
«hich approximately doubled in the phosphorylated form. The
ddition of fresh ATP and kinase did not cause further increases
1 the maximum [C_ value reached. After exhaustive incubation
ath alkaline phosphatase, the IC,, for malate and the activity at
1c subsaturating substrate concentrations reverted to those of
ie non-phosphorylated enzyme. The specific activity of the
nzyme determined at suturating substrate did not change upon
hosphorylation,

Kinetic siudies

Steady-state nitial velocity studies were performed at 30°C i a
final volume of 0 5 ml of 100 mM Hepes/KOH buffer, pH 7.3 or
83, containing ImM EDTA, 10mM NaHCO, 02mM
NADH, 4 units of malate dehydrogenase, varied concentrations
of / PEP and f Mg?®*, both in the range from 0.25-4 mM, and the
concentrations of Gle6P or Gly stated for exch cxperiment The
amouuts of total magnesium (as MgCl,) and total PEP used Lo
give the desired concentrations of the free species were calculared
as described in [16]. The hgand-Mg dissociation constants used
were  3.55mM for PEP [21], 154 mM for Glc6P 23] and
50.12 mM for Gly {35] The other dissocialion conslanis uscd
were as 1 [10]. Typically, assays were initiaied by the additioa of
15 pg of PEPC. A thermostatically controlled Beckman DU-
7500 spectrophotometer, equipped with a kinetics software
package, was used for these measurements. [nitial velocities are
expressed in units {xmol of product formed per minute) Each
point shown in the figures 1s the average of duplicate or triplicate
determinations.

Data analysis

PEPC kinetic data were analysed by non-linear regression
calculations with a commercial computing program formulated
with the algorithm of Marquardi [36]. Imitial velocity data at
several concentrations of the fixed substrate were first individually
fitted to either the Michaelis-Menten equation [eqn. {1}] for
hyperbolic kinetics, or to the Hill equation [eqn. {2)] for sigmordal
kinetics-

VIS)/(K. +[SD ()
VST S, "+ (81" (2)

where v 1§ the experimentally determined initial velocity; Vis the
maximal velocity: [8] is the concentration of the vanable sub-
strate, K_and S, are the concentration of substrate at half-
maximal velocity, and 4 is the Hill coefficient.

On the basis of the corresponding double-reciprocal plots, the
mechanism was dentified, and each daia set was globally fitted
to the corresponding initial velocity cquation derived from that
parficular mechanism, always assuming rapid equilibrium con-
ditions. The rapid equilibrium assumption needs to be vahdated
by additional experiments, aithough, as shown below, the kinetic
data m this paper are consistent with rate equations dernived for
rapid caquilibrium models Eqns (3) and (4) correspond to
mechanisms where there 15 exclusive binding of the MgPEP
complex to the active site and activation by fPEP or competiuve
inlubition by / Mg*” respectively:

VSTIMI/ K IR L+ IS K )+ ([SHIM/ K (3)
VISHMI/K) /(K (1 + MY/ Ky =+ ([SHM]/ X)) (4]

wiiere [8] 1s the concentration of /PEP, [M] the concentration of
Mg, K, the dissociation constant of the substrate-imetal
complex, K the concentration of the substrate~metal complex
at half-maximal veleaity, K, the activation consiant for /PEP,
re. the dissociation ¢onstant of / PEP from the allosteric site, and
K, the inhibition constant {or f Mg,

Eqns. (5) to (8) were used when the substrate-metal complex
and the free species bound to the active site, either in an ordered
fashion with the substrate combining first and with [eqn. (5))
or without {eqn. (6)] activation by fPEP, or i a random
fashion and with [egn (7)) or without [ean. (8)] acuvauon by
FPEP:
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Kinglic mechanism of phosphoenolpyruvate carboxylase 635

= V[SI{M}/(ak. K, (i +[SY/K)/(1+[S)/ K} +{S|[M]) (%)
= V[S]IM]/(aK K, (1 +[S]/K)+[S]M]) 6
= V[S]IM]/ (2K K, (1+(S]/ K +[M]/K,, +{S][M}/K,

= visIMy/

/KA MK, +(5HM) (8)

here K_and X, arc the concentrations of fPEP and fMg** at
Hf-maximal velocity respectively and « 1s the interaction factor
at describes the influence that the binding of one of the ligands,
ee substrate or free metal fon, has on the binding of the other
rand.

Egn. (9} is a modification of egn. {6) containing additional
rms to account for inhibition by Mg® and was used to analyse
e instial velocity patterns of the non-phosphorylated enzyme in
e presence of GlegP at pH 8.3:

= V[S|IM}/(aK K, (1 +[SI/K +[MY/K +[S][MY/ K % K)/
(1+[MY/8K)+SIMD (9)

here K, is the inhibition constant for the metal, ic. the
ssoclation constant from the allosteric site, and é the interaction
clor describing the influence that the binding of the non-
roductive metal ion has on the binding of the productive metal
n or on the binding of the substrate—metal complex, and vice
Srsa.

In the experiments in which the concentration of the activator

as varied at constant conceniration of substrates, eqn. {i0) was
sed

vty = At JAT /(AL HIAL), (10)

here v, and ©, are the imtial velocities in the absence and
resence of acuvator respectively, Act,, is the maximum ac-
vation, [A] s the activator conceniration, and A4, , 18 an apparent
ctivation constant that equals the concentration of wetivator
iving half-maximal activation at a given substrate concentration,
The points in the figures are the experimentally determmned
alues; the curves are calculated from the global fit of these data
> the appropriate equation. The best {its were determined by the
zlative fit error, error of the constants and absence of sigmificant
orrelation between the residuals and other relevant variables

uch as obscrved velocities, substrate concentration and data
umber

ESULTS
inetics in the absence of activators

mital velocity studies were performed by varying fPEP con-
antration while keeping fMg*f concentration at different fixed
wels, and vice versa, The concentration range used, from 0.25 10
mM in both cases, was chosen to include and not greatly exceed
1e physiological concentrations of PEP [9] and fMg** [37]. At
H 7 3, the saturation curves of both forms of PEPC for either
PEP or fMg* were sigmoidal and yielded maximal velocity
alues that were independent of the concentration of the fixed
sbstrate when individually fitted to the Hill equation {eqn. (2}]
‘esults not shown), suggesting that the MgPEP complex 1s the
-ue substrate of the enzyme. However, if MgPEP were the only
mmetically significant species, we should obtain similar apparent
hill coefficients (/1) when the concentrations of the fixed species,
ither /PEP or fMg*, werc the same, bul we consistently
bserved higher s values when the vanable substrate was /PEP
wn when it was fMg? (results not shown). Lower Hill
octficicnts in the metal saiuration curves than in the PEP
aturation curves were also observed previously by others [38].
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Scheme 1
activators

PEP and Mg®* binding io maize leaf PEPC In the ahsence of

Proposed mechanism for the non-phosphorylated end phosphorylzted torms of the enzyme 2l
ok 7.3 (@), and for the non-phosphorylated form of the enzyme at pH 8 3 {b)

These differences in the behavicur of the frec species could be
accounted for by the mechanism shown in Scheme 1(a), in which
there 1s exclusive binding of the complex MgPEP to the catalytic
site and of fPEP to an allosteric site in an obligate crder, ie [
PEP cannot add to the allosteric site until after the substrate
MgPEP has added to the active site Binding of fPEP 1o the
ailosteric site results in actrvation, because the apparent KMe"*
1s decreased by the factor (1 4+{fPEP]/ K" ") but has no effect on
the catalytic constant. As an approximation to allow math-
ematical treatment of the experimental data. the inital velocity
data were analysed by using the velocity equation that accounts
for the main features of this model, modified 1o allow for the co-
operativity of substrate binding [eqn. (3)] A good fit was obtained
for both enzyme forms, non-phosphorylated and phosphory-
laled, which shows that the simplified analysis 15 vahd at least
for determuining the maximal velocity and hall-saturating concen-
trations of MgPEP and fPEP. Figures I{a) and (k) show the
daia and the fits of the non-phosphorylated enzyme, and th
csitmated kinetic constants are given in Table |

At pH 8.3, the saturation curves for fMg* of the non-
phosphorylated form of PEPC were hyperbolic and the individual
fit of each line to the Michaelis—Menten equation gave apparent
V values independent of the concentration of /PEP (resulty not
shown). Interestingly, saturation curves for f PEP were sigmotdal
This non-symmetrical sigmoidicity 18 suggestive of the same
kinetic mechanism as that found at pH 7 3 (Scheme La), with the
only difference that the binding of MgPEP 1o the active site is
now non-co-operative. Binding of fPEP to an allostere site will
introduce [ /PEP]® terms 1 the numerator and denominator of
the velocity equation, accounting for the sigmoidicily of the
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‘igure 1 Double-reciprocal piots of initial velocity of the non-phosphoryt-
ited form of maize leaf PEPC at saturating bicarbonaie concentration

niral velocibies were measured & pH 7.3 (3, b) o pH 8.3 (¢, d) wih /PEP (&, €} or fMigPt
b, d) as the varable substrzte at the follgwing fixed concentrations of the other 025 (H@).
V330N 05 (AT 0(AN20 () and40(C) mM Assays were performed under the
landard condlions described n the Materals and methods section. The poinis are the
xpesimental values 2nd the curves are the best it of the expenimental dala lo ean (3) (3, b}
wean (5] (e, b)

‘ahie 1

JPEP saturation curves In fact, the data obtamed at pH 8 3 fit
very well to eqn. (3), giving ¥ = 36.1+0 9 unils/mg of protein,
Kl = 0304+0.02 mM, K" = 37309 mMand /r = 1 06+
0.07 It can be seen that the & was close 1o 1 at this pH. and that
the affinities of the active and allosteric sites for their respective
ligands were increased by the same factor (approx. 2.5-{old)
compared with those obtained at pH 7.3

Attempts were made to fit the initial velocity data obtamed at
pH 7.3 and 8.3 to veloaity cquations derived for alternative
mechanisms, such as those in wiich there is binding of the frec
species to the acuive site in a random or crderced [ashion Al of
these equations gave poor fits of the initial velocity data obtamed
at pH 7.3, with undefined kinetic constants However, at pH 8.3
we abtained a good fit of the data to egn. {5), which described an
ordered mechanism in which PEP adds to the active site in rapid
equilibrium before Mg?* and there is activation by fPEP (Scheme
b}, In the latter fit, the error affecting the dissociation constant
of PEP from the active-site-PEP complax, K", or of Mg*’ from
the active-site-PEP-Mg complex, af*, were high (Table I,
which is understandable if we consider that the highest fPEP
concentration used in this study 1s one-fifth of the esumated
dissociatior constant of the active-site-PEP complex. The ab-
sence of a term for the dissociation censtant of Mg?- from the
active-site~Mg binary complex does not necessarily indicate that
this complex does not form, but rather than the Mg®™ concen-
trations used in our study might not have been hgh enough to
cbserve it. Simularly, at pH 7.3 the dissociation constant of the
possible complexes of the free species from the acuve site of the
enzyme might have been so high that the levels of these complexes
were not kinetically sigruficant 1n the concentration range used
by us.

Kinetics in the presence of saturaling concenivations of Glg6P

The results shown above support that f PEP binds to an activating
allosteric site as a non-gssential activator. Binding ol f PEP o the
Gle6P-allosteric site was proposed previously as a result of
studies on changes in the fluorescence on bindmg of ligands to
PEPC [i5], or of kinetic studies with PEP analogues as PEPC
activators [16-18]. To test whether Glc6P competes for the
fPEP-binding site, we performed steady-state measurements of
PEPC in the presence of a saturating concentration of Glc6P,
Because the concentration at which Gle6P saturates the allosteric
site depends on the degree of saturation of the active site [34], we
first investigated the saturation kinetics of both forms of PEPC
by Glc6P at the lowest and highest substrate concentrations used
in cur experiments. On the basis of the results obtained, given in

Kinetic constants of maize ieal PEPE at fixed, saturafing bisarbonale concentraticn

dzans X SEM for ‘he wnelic comstants were calculated from 2 Mt of the il velooty data obtaned at pH 7.3 e son (3) or of those oblamed & pH &3 10 agn (5
MOPEE = P MK e TSI K (dhssciation constant of the MgPEP complex) = 5 55 mM [21]

Nen-phespho-PEPG

Phaspho-PEPC

Canstant Jescription nH 7.3 83 7.3

V {units/mg of protein) 32005 3/2+09 3804
KMPEP ma) Dissocialion constant of MgPEP from £ MgPEP 0.83£0.03 (6364008 055+0102
KT my Dissociation constant of PEP from E PEP - 197458 -

ce KM (mMY Dissocialion constant of My from E MgPER - 010002 -

K5 imM) Dissocialion censtant of PEP from the allosterc site 478+ 045 1324051 T00+082
h Hill coefiicient 135+0.03 143+005 1264002




Kinetic mechanism of phosphoenolpyruvaie carboxyiase

able 2 Kinelic constanis for maize leal PEPG activator GlebP

teans = SEM for the kinelic constants were calcutaled from a Bt of the intial veloctty data to eqn (10) /PEP and fMg™* were used 2! eual concentralions Bicarbonate concentration wes

xed at 10 mM
Assay condions Kinetic constants
{Fees species]  [MgPEP] Ays
Eeyme form oA {mi) {mM)y iy A h
Nen-phosphe-PEPC 7.3 0.25 G011 3Fx02 390+12 1814013
4 288 07740089 037+0.01 124+0.2%
8.3 0.25 0o 1.64+0.1 113+£02 170401
4 2.88 0572008 039+0.01 1054010
Phaspho-PEPG 72 025 g4n 41403 289+08 197 £4.20
4 2.88 10401 546+G02 7084047
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Scheme 2 PEP and Mg birding to maize leaf PEPC in the presence of
GicbP

Preppsed mechanmism for the aon phospharylated (a) and phasphorylated (DY forms of the
gnzyme at pH 7 3, and ior the non-phosphorylated form at pH 8 3 16}

Table 2. we decided to use 20 mM Gle6P at pH 7.3 and 10 mM
Gle6P at pH 8.3. Concentrations of Gle6P above 20 mM could
not be used at pH 7.3 because they produced sigmficant inhibition
at the lowest subsirale concentration. The same GicéP con-
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Figure 2 Double-reciprocai plois of initial velosily of the non-phosphoryl-
ated form of maize leaf PEPG at saturating bicartonaie canceniration in the
presence of GicbP

Initral velocities were measured at pH 7.3 (a, b) o pH & 3 (g, d) with /PEP (2. ¢) or /Mg*™
(&, d} 55 the vanable subsirate at the following fxed concentrations @ the other 225 (),
0.33(O0L 05 (41T 0{A)N20 (@) and 4.0 {Q) mM Assays were performed under tne
stangard conditions descnbed m tha Matenials and methods section in the presence o 20 {a, )
ar 10 (¢, d} mM GIcEP The points are the expenmental values and the curves are \he resuit
o the averall it of the expenmental data to ean. {6} {a, b) or ege (9} (c, )
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abie 3

Kinetic constants for maize leaf PEPC at fixed, saturating concentrations of bicarbenate and GleGP

e concen'ralion of GICBP i the assay medum was 20 mM at pH 7 3 and 10 mM & pH 8.3 Means-+S & M, lor the kinelic canslants were caleulaied fram 2 B ot the midal velocny deta grares
pH 73 to eqn {B) or eqn (7) for the non-phospharylated or phosphorylated enzymes respectively, and of those oblamed at pH & 3 10 eqn (8) See Teble 1 for a descriplon of K77

nstant

Non-phospho-PEPC Phospho-PEPT

g 73 83 73

Descnplion

(units/mg of protein) 440404 451+02 44 9404
MAPEP (i) Dissociation constant of MgPEP from £.MaPER 79+2 741 3341
PEP 1) Drssotiation constant of PEP from £ PEP 57407 2202 17+01
0 (i) Dissocratan constart of Mg®* from £ Mg - - 43408
KM (M) Dissccralion canstant of Mg?* fram E MgPEP 75+8 18+4 107 +2
K7 () Dissaciation constant of PEP from E.MQPEP ~ - 37 1.3
U i) Dissocialion constant of Mg?* from the non-cataiylic site or the fres enzyme (Mg E) - 0154605 -

KMIPEP L M) Dissociation constant of MgPEP from the complex Mo.E MgPEP - 3B+7 -

KM M) Dissocration constant of Mg?* from the catalyic site of the complex Mig £.MgPEP - 96+ 20 -

KM (i Dissociation constant of Mg®* from Lhe non-catalybic site of the complex Mg E Mg or Mg.EMgPEP - 080+029 -

able 4 Kinelic constanis for maize |eaf PEPC activator Giy

leans £S5 E M for ine kinetic constants were calculated fram a il of the inibial velocty data to egn. (10) /PEP and fMg®* wers used at equal concentralions Bicarhona'e soacentralicn was

xed at 10 mh, Abbrewistion n.d, achvalien nof delecled,

Assay conditions

Kingltic constants

[Free specres]  [MgPEP} Ags
Erzyme form pH (mid} {mM) {mM) A, h
Non-phospho-PEPC 7.3 025 0.0M1 229+14 40.8 0.8 1252007
4 2.88 0412004 Q28001 fa2x012
8.3 0.25 01 513 55+07 0.83+037
4 288 nd nd nd
Prosphe-PEPC 73 G025 0ot 19322 2B8+11 11740 14
4 2.88 0.61 £0.05 0.28+0.01 1054008

centration was used for the non-phosphorylated as for the
hosphoryiated forms of the enzyme, because we found only a
mail increase in A, , after phosphorylation The latler finding
:onlradicts the previous report of decreases in the apparent
wetivation constant of Gle6P brought about by phosphorylation
34],

The saturation kinetics of both fPEP and fMg** at pH 7.3
he presence of 20 mM Gic6P were hyperbolic, mn line with
wwevious findings of a decrsase in the co-operative homotropic
fects by thus activator [1,14,39% These observations rule out
ctivation by fPEP, otherwise sigmoidal kinetics would have
reen obtained when fPEP was the varied substrate. Double-
cciprocal plots were constructed for both sets of data. For the
wn-phosphorylated enzyme, the family of lines obtained when
Mg was vanied and f PEP was held constant intersected on the
Ji-axis, whereas the family of lines obtained when fPEP was
aried and f Mg was held constant intersected to the left of the
Jo-axis These results are consistent with a rapid-equilibrium
iwdered mechanism in which f PEP binds before f Mg?* (Scheme
a) Accordingly we obtained a good global fit of the data to egn.
), as shown in Figures 2(a) and 2(b). With the phosphorylated
nzyme. both families of lines intersected at the left of the 1/o-
x1s {results not shown), suggesting a rapid-eguilibrium random
inding of the free species (Scheme 2b); the best fit was oblamed
v ousing eqn (7} The estimated kinetic parameters are given in
“able 3

At pH 8 3. double-reciprocal plots of 1/y against [ /[f/PEPIat
xed levels of fMg* were limear (Figure 2¢) but plots ol 1/2

against 1/[fMg*"] were non-linear at all fPEP concentrations
(Figure 2d). The best fit of these data, shown in Frgures 2(¢) and
2(d), was obtained with eqn. (9), which was denived for the
mechanism shown in Scheme 2(c). The estiimarted kinctic para-
meters are included m Table 3. Tlus mechanism 1s sinular to that
described for pH 7 3, but here two Mg®* 1ons bind to the enzyme.
one as a substrate and the other as an mhibitor mterfering with
the binding of the catalytic Mg®* and of MgPEP. but not with the
birding of fPEP. A modified equation, wcluding terms ac-
counting for an effect of the mhibitor Mg** i the binding of
fPEP, gave poorer fits 1o the experimental dala. Therefore 1
seems that the sites at which the two metal ions bind partly
overlap. In this respect it 15 interesting that two binding sites for
metal lons [38] or concave-dewnward double-reciprocal plots of
1/v against 1/1fMg®'] 26} have been reported before for maize
leal PEPC, although the latter report concluded that the non-
hnearity of the double-reciprocal plots was due (o activation by
hugh concentrations of the metal 1on

Interestingly, no activaltion by fPEP was obscrved m the
presence of saturating Gle6P, regardiess of the {orm of the
enzyme or of the pH of the assay, indicating cither that binding
of fPEP and Glc6P is mutually exclusive or that both activators
share the same mechanism of activation

Kinetics in the presence of saturating concentrations of Gly

The effects of Gly and GIe6P on the kinetics of maze leal PEPC
arc additive [13,14], cven at saturating concentrations ol hoth
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igure 3 Double-reciprocal plols of initial velocity of the non-phesphoryl-
fed form of maize leaf PEPC al saturating bicarbonate concentration in the
resense of Gly

il velocities were measured at pH 7 3 {a. b) or pH 8.2 (¢, d) with /PEP {a, g} or FMg?*
1, d} s the vanable substrate &t the following fixed concentralion of the other. 0 25 (Bg), 0.33

), 05 {4 10 (A) 2.0 (@) and 40 (O) mM, Assays were performed under the
andard conditions described i the Matenals and methods section In the presence of 100
I, b) or 50 {c, &) mM Giy The pomis are the experimental values and the ines are the besl
of the expenmental data to egn. (8)

ctivators (A. Tovar-Méndez and R A. Mufioz-Clares, un-
ublished work). Therefore we expected to observe activation by
PEP at saturating concentrations of Gly if f/PEP bound to the
He6P allosteric site. In contrast, if fPEP bound to the same site
s Gly, or to a thurd allosteric site eliciting the same allosteric
-ansition as Gly, Gly should abolish the activation by fPEP.
To test whether the activation by fPEP could be abolished by
wuration of the allosteric Gly site, the response of PEPC to
arying the concentration of fPEP and f Mg was studied in the
resence of saturating concentrations of the activator As with
ile6P, the affinity of the enzyme for Gly greatly increased as the
abstrate concentration did (Table 4). Therefore, to cnsure
ituraton by the activator in the whole range of substrate
oncentrations used in our experiments, the concentrations of
ily used in this study were chosen on the basis of the apparent
slivation constants deternuned at the lowest substrate concen-
ations, Because Gly did not produce enzyme inhibition even at
ary high concentrations, we used Gly concentrations that were

at least 3-fold the apparent activation constants estmated at the
lowest substrate concentration.

The iniual velocity patterns of Figure 3, obtained with the
non-phosphorylated enzyme at pH 7 31n the presence of 100 mM
Gly (Figures 3a and 3b} or at pH 8.3 1 the presence of 30 mM
Gly (Figures 3¢ and 2d), are consistent with random binding of
the MgPEP complex and the free species and with activation by
fPEP (Scheme 3). The experimentai data were best fitied by eqn
(8). derived from the mechanism outhned in Scheme 3, assuming
that all ligands interacted with the enzyme in a rapid-equilibrium
fashion. Saturation with Gly elimmated the positive co-cpera-
tivity in the binding of the substrate MgPEP or of the free species
to the catalytic site. The sigmoidal nature of the saturation
kinetics observed only when JPEP was thc varable subslraic
[Figures 3(a) and 3{c) show the corresponding double-reciprocal
plots] anses from the heterotropic effects produced by the bindmg
of fPEP to the allosteric site, as discussed above, Similar results
were obtained with the phosphorylated form of the enzyme
(results not shown). The kinetic parameters in Table 5 show that
the effect of Gly on the affinity of the active sitc for MpPEP 1
similar to that of Glc6P, lowering the K=" (o approx. one-
tenth and one-sixteenth m the non-phosphorylated and phos-
phorylated forms respectively. Gliyeine alse mercased the affinity
of :he active site for the free species, mostiy for fMg?®, which
resulted in a preferred pathway of binding of /Mgt before
/PEP. Incontrast, binding of Glc&P favoured the binding of f PEP
to the free enzyme, as shown above. It is then very clear that
occupation of the Gic6P allosieric site has different consequences
on the kinetics of the enzyme from occupation of the Gly-
allosteric site, although both are activating sites This finding
indicates that the allosteric properties of maize leaf PEPC cannot
be explained by a two-state model, as suggested previously by
binding studies [10,40].

Interestingly, Gly notably increases the affinity of the allosteric
sitefor f/PEP Thus, at pH 7.3, the estimated activation constants
for FPEP in the non-phosphoerylated and phosphorylated forms
were approX. one-sixth and one-quarter m the presence of Gly of
those in its absence, and approx. one-quarter at pH 8.3 1n the
non-phosphorylated enzyme. This result supports that Gly
increases the binding of ligands to both the active and the Gle6P-
altosteric sites, as suggested before [14]. The finding that /PEP
behaves as an activator even i the presence of saturating Gly
concentrations shows ¢learly that Gly and /PEP do not share
either the same binding site or the same mechanism of activation

DISCUSSION

MgPEP is the true subsirate of maize [eal PEPC at the
physiciogical concenirations of PEP, Mg® and H* in the absence
of activators, and the preferred substrate in iheir presence

Divalent metal ions, mainly Mg, are essential activators of all
known PEPCs, But whether the metal activates them by com-
plexing with the substrate PEP or by complexing with the
enzyme is still a matter of debate. Several studies on PEPC from
maize leaves conchuded that the MaPEP complex 18 the true
substrate of the enzyme [16,20-28} However, a more recent
study claimed that PEPC inds the free species in an ordercd
faskion, with Mg** binding before PEP [25]. This conclusion was
drawn from resulls obtained in initial velocily studies performed
on the non-phosphorylated, truncated enzyme at non-physio-
logical pH 7.8, with vaned tctal PEP concentrations at several
fixed total Mg** concentrations. They argued that the previous
claims of preferential binding of the MgPEP complex to the
enzyme were based on a misinterpretation of the expenimental
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cheme 3 PEP ard Mg?* binding 1o the non-phosphoryfated and phosphoryiated forms of maize leaf PEPC in the presence of Gly at pH 73 and 8 3

able 5 Kinelic constanis of malze leal PEPD at fixed, safurating concenirations of bicarbonate and Gly

8 corceniration of Gly in the assay madium was 100 mM at pH 7.3 and 50 mb at pH 8.3, Means +SEM far the kinelic constants were caiculated from a hit of the mitial velocity data to

n (8) See Table 1 for a descriplion of KMFEF,

Non-phospho-PEPC Phospho-PEPC
Constant Description pH 73 B3 7.3
‘/(unﬂs/mg o protein) 433403 B7+02 4204
K77 M) Cissociation constant of MgPER from E MgPEP B8+7 33402 342
K7 (mMy Dissogiztion conslant of PEP from E.PEP 196454 47406 98429
K (i) Dissaciation constant of Mo?™ from E Mg 40406 18402 1203
KR Ly Dissociatien constant of PEP trom £ MgPEP 78421 93+ 13 160 + 47
kM (M) Dissoeration constant of Mg?~ from EMgPEP 194-4 3744 19+2
£ (mM) Dissocizlion constant of PEP from the allostenc sie 0601 12404 17466

ata that arose when the high degree of synergism in the binding
{ PEP to the enzyme-metal complex was not taken into account.
Ve did find such a synergism, which could be assessed by the
stimated interaction factors i the cases in which there is
andom addition of the free species. These interaction factors
«ere (.02 and 0.016 for the phospherylated enzyme at pH 7.3 in
e presence of Gic6P or Gly respectively, and 0.004 and 0.020
>r the non-phosphorylated enzyme in the presence of Gly at
H 7 3 and & 3 respectively. Therefore the binding of one of the
‘ec species 1o the active site enhances the binding of the second
t least 50-fold. However, it is clear from the results of steady-
tate studies reported here that in the absence of effectors and at
hysiological pH wvalues and concentrations of free species,
either of the free species, PEP or Mg®*, binds to the active site
{maize leaf PEPC; only the complex MgPEP does, regardless of
1¢ state of phosphorylation of the enzyme. When the affinity
f the aclive site for its ligands was increased by raising the
H of the assay medium to 8.3, or by including Glc6P or Gly, we

observed the binding of the frec species to the active sitc
However, even under these conditions the MgPEP complex was
still the substrate preferentially bound for the {ree enzyme Thus
the dissociation constants of the MgPEP complex from the frec
non-phosphorylated and phosphorylated forms of the enzyme
arearound 1/35t0 1 /70 those of fPEP or fMg® {Tables 1, 3 and
3), Given the stability constant value of the MgPEP complex
[21-23] and the concentration of f Mg™ present m the cytoplasm
of vegetal cells (0G4 mM) [37], the cytosolic concentranon of
JSPEP is only around 10-fold that of MgPEP. so formation of the
active-site-M gPEP complex would be favoured over formation
of the active-site—/ PEP complex. However, it 1s clear that if the
concentration of both free specites and their respective dis-
sociation constants from the active site are considered. equal
amounts of the enzyme-MgPEP complex are formed through
the pathway involving MgPEP and through the pathway mn-
volving the free species, because there 1o u high synergism m the
binding of the second species once the other has been bound,
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Al pH 8 3 1n the absence of Glc6P and Gly, the results were
nsistent with a rapid-eguilibrium ordered addition of fPEP
Fore Mg, which 1s the same mechanism as that found in the
=sence of GIcAP, as would be expected 1f fPEP and GlesP
und to the same aflosteric site. This mechanism 15 opposite o
> ordered binding of f Mg?~ before fPEP found by Janc el al
5] The reason for the discrepancies between our resufts and
yse of these authors are not clear at present, although they
ght be refated to their use of total concentrations of PEP and
a?' 1n their kinetic studies or, most probably, to differences in
s respect between the non-truncated and truncated enzymes.
ic N-lerminal region of maize leaf PEPC nught therefore
luenice net only the phosphoryiation status of the enzyme
427 and therefore 1ts sensitivity 1o malate [29] but also the
auve affinities of the active site for MgPEP, PEP and Mg*.

EP activales maize leal PEPC by binding io the QicGP
osteric sile

arniual-veloeity results are consistent with the actuivation of
EP of mwze leal PEPC regardless of the phasphorylation status
the enzyme, the pH of the assay medium and the presence of
tivators other than those that bind to the Gle6P site. An
ernative mechamsm, in which MgPEP is the only subsirate
d /Mg* inlubits the reaction by competition with MgPEP,
uld also account for our results 1n the absence of activators. In
1s mechanism, the mesal ion mught bind to an allosteric site or
the active site, but in the latter case binding of fMg** would
t lead to a productive enzyme-Mg complex, Le. /Mg
ould nol be the first substrate o add, but an inhibitor that
outd form a true dead-end enzyme~Mg complex unable Lo bind
P, Becausc at fixed MgPEP the concentration of fMg*'
creases by a fixed factor when the concentration of fPEP
creases, and vice versa, it is not experimentally feasible to
parate the effects of f Mg?* from those of fPEP. On the basis
" x* values and error of the constants, poorer fits of the data
zre oblained with eqn. {4), derived from the mechanism in
hich there is imhibition by fMg®*, than with eqn. (3}, which
scribes activation by fPEP. Moreover, the results obtained in
e presence of salurating Gly could not be fitted by equations in
hich the terms corresponding to activation by fPEP were
munaled and terms corresponding to inhibition by f Mg** were
cluded Additicnal experimental evidence supportingactivation
¢ fPEP was obtuned in independent experiments in which
isensilization of the enzyme to activation by Gle6P by means of
emical modification with PLP [10] also abolished the activation
+ fPEP (results not shown).
In none of the conditions in which activation by /PEP
1s detected, the data could be fitted to rate equations cor-
spending to mechanisms in which fPEP adds to the allosterie
e 1 the free enzyme, suggesting that this complex does not
rm at the concentrations of fPEP used in our study. Qur
sults do not allow us to conclude whether /PEP is able or not
add 1o the allosteric site in the enzyme-Mg complex, which
rms i the presence of saturating Gly, because similar fits were
named in both cases, although 1t was clear that fPEP binds to
& cnzyme-PEP and enzyme-PEPMg complexes. We therefore
neluded that under physiclogical conditions fPEP cannot bind
the allosteric site untd a ligand of the active site, whether
gPEP, PEP or Mg*, is bound In such a mechanism, binding
JPEP to the allosteric site results in activation because the
parent dissociation constant of the complex MgPEP is lowered
“the factor {1 +[/PEP}/ KV resulting from the formation of
zcomplex PEP-enzyme-MgPEP. In addition to this activating
ect, due exclusively to the kinetic mechanism, it might be

expected that fPEP could induce a conformutionul change m
subunit 1o which 1t is bound, as most allosteric acuivailers do,
leading to (1) an increase in the affinity of the enzyme for the
second substrate bicarbonate, which has been shown to bind
after MgPEP [25}, (2) an increase in the &, . 1.e. anmcrease in the
rate-limiting srep of the reaction, o1 (3) wcreased affimues of the
other subunits for MgPEP or aliosteric activators. Although,
before ruling out any effect of the binding of /PEP 1o the
allosteric site on the binding of bicarbonate, experiments at sub-
saturating concentrations of this substrate must be performed,
the good fit of our data to the equation derived [rom the
mechanisms outlined in Schemes | and 3 do not support the
suggestion that fPEP efther induces an allosteric transition or
affects the allosienic transition tngpered by the substrale MgPEP
Therefore the activating effects of / PEP scem to arisc exclusively
from the kinetics of the reaction.

Physiological implications of the kinelic mechanism of maize leaf
PEPC

The fMg?r concentratien i the cytoplasm of leal cells has been
reported f¢ be approx. 4 mM [37] and that of totai PEP
approx. 0.1 and 4mM during the dark and hght penods
respectively [9]. As discussed above, these concentrations are
certainty consistent with exclusive binding of MgPEP (o the
active stte of the non-phosphorylated and phosphorylated forms
of maize leaf PEPC in the absence of effectors. The physiclogical
roie of Mg®* in regulating of the enzyme acuvity s only that of
a substrate, mainly as part of the MgPEP complex, whereas that
of PEP 15 as a substrate and activator of the cnzyme

Given the low concentrations of MgPEP in wieo, and the
kinetic properties of the enzyme described here, the degree of
saturation of the enzyme will be very low, parucularly during the
dark period. Therefore the enzyme will be almost inactive when
the C, cycle is not in operation, avoiding an unnecessary use of
PEP. In adgition the enzyme would be highly responsive to the
increases in the levels of subsirate and allosteric activators, which
affect mainly the affinity for the substrate, brought about by
illumination,
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It has been a common practice to assay phosphoernobyruvate carboxylase at magnesium
and bicarbonate concentrations much higher than the physiclogical ones. We have now performed
kinefic studies on the enzyme from Zez maysieaves at 0.4 mM free Mg? and 0.1 mM bicarbonate,
and found that both the nonphosphorylated and phosphorylated enzymes exhibited a high degree
of cooperativity in the binding of phosphoenobyruvate, a much lower affinity for this substrate and
for activators, and a greater affinity for malate than at high concentrations of these ions. Inhibition
by malate was overcome by giycine or alanine but not by glucose-8-phosphate, either in the
absence or presence of high concentrations of glycerol. Alanine caused significant activation at
physiological concentrations, suggesting a pivotal role for this amino acid in regulating maize-leaf
phosphoenopyruvate carboxylase activity. Our results showed that the maximurn enzyme activity
attainable in vivo would be iess than 50% of that aftainable in vitro under optimum conditions.
Therefore, the high levels of phosphoenopyruvate carboxylase protein in the cytosd of C,-
mesophyll cells might be an adaptation for sustaining the steady-state rate of fiux through the
hway despite the fimitations imposed by the

phosphoenopyruvate carboxylase kinetic properties and the conditions of its environment.



In leaves of C, plants, the initial reaction in the assimilation pathway of atmospheric CO, is
the essentially irreversible carboxylation of PEP by PEPC (EC 4.1.1.31), which requires Mg™* for its
activity (Bandurski, 1955). As in the case of enzymes catalyzing reactions involving ATP and ADP,
the substrate of the PEPC catalyzed reaction is a complex between Mg and substrate (Wedding et
al,, 1988; Rodriguez-Sotres and Mufoz-Clares, 1990; Tovar-Méndez et al, 1998). This is
surprising considering that the stability constant-of MgPEP (0.18 mM) (Woid and Ballou, 1957) is
very low compared to the stability constants of MgATP or MgADP (63 and 4 mM, respectively)
(Dawson et al., 1986). Because the amount of fvig®* estimated to be in the plant cytosol is only 0.4
mi, which i is not believed to drastically change under any plausible physiological condition
(Yazakj et al., 1988), the cytosolic MgPEP concentration will be only about one tenth of the PEP
concentration. We have recently proposed that the main features of the kinefics of maize leaf
PEPC would lead to an enzyme mostly inactive under the physiological concentrations of the
substrate if the concentrations of altosteric activators are low (Tovar-Méndez et al., 1998).

The PEPC catalyzed reaction had been regarded as & non rate-controlling step of the CO,

Fipfir irrmm iy mem =t
CUvIty was in greal

assimilation pathway in leaves of maize piants, bacause the exiractable PEPC g
excess of that needed for the observed flux of this photosynthefic process (Avdeva and Andreeva,
1973; Usuda, 1984). However, the importance of this step in the photosynthetic metabolism of C,
plants is underscored by the complex regulation of the activity of the C, PEPC isoenzyme, which
indicates an important role in the control of the raie of CO, assimilation. At physiologicai pH, C,
PEPC is activated homotropically by its substrate MgPEP (Tovar-Méndez et al., 1998) and
heterotropically by phosphorylated sugars (Coombs et al., 1973; Wong and Davies, 1973) and
neutral amino acids {Nishikido and Takanashi, 1573; Bandarian et al., 1992}, and inhibited Dy
dicarboxylic acids (Huber and Edwards, 1975). The enzyme is addifionally controlled by

phosphorylation on an N-terminal Ser residue (Jiao and Chollet, 1988) which causes a decrease in

h



affinity for the dicarboxylic acids (Jiao and Chollet, 1988; Echevarria et al., 1994) and an increase
in affinity for PEP (Duff et al., 1985) or MgPEF (Tovar-Méndez et al., 1998). Recently, in a study of
Amaranthus edulis mutants that have reduced amounts of PEPC, control coefficients of 0.26 and
0.39 were determined for the wild-type and mutant enzymes, respectively, at high kight and ambient
COQ, concentration (Dever et al., 1987), implying that PEPC profein is not in excess.

To understand the role of PEPC in varying the fux through the CO, assimilation pathway of C,
nlants, under a wide range of conditions, one needs to understand the degree to which the enzyme
is sensitive to changes in concentration of substrates and putative regulators in vivo. In some
studies, care has been taken to simulate in vive conditions by assaying the enzyme in the presence
of the estimated cytosclic concentrations of PEP and ailosteric effectors {Doncaster and Leegood,
19887, Echevarria et al., 1994; Gao and Woo, 1998) or in the presence of high concentrations of
giycerol, fo simufate conditions of high protein concentration (Stamatakis et ai., 1890). However,
these studies were carried out at high, nonphysiological concentrations of Mg and, consequently,
substrate MgPEP. Moreover, the other substrate of ihe PEPC reaction, picarbonate ion, has also
been used at much higher concentrations than ifs estimated concentration (77 uM) in mesaphyil
celf cytosol under air and normal ilfumination conditions {Jenkins et al., 198%). Because regulation
of PEPC activity by metabolite effectors (Doncaster and Leegood, 1987) or by post-transiational
modificatic is mostly exerted at subsaturating concentrations of substrate (Huber and Sugiyama,
1886, Echevarria et al., 1994}, the use of high subsirate concenirations would lead to erroneous
estimates of in vivo PEPC activity and confusion about the role and relevance of its mechanisms of
reguiation.

The study presented here investigated the kinefics features of maize-ieaf PEPC at

concentrations of fMg®* and bicarbonate close to those existing in vivo, in an aftempt to understand

how the kinetic features determine the responses of the enzyme {0 changes in the environment,

&
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Qur results showed that (i) inhibition by malate could be overcome only by Gly or Ala but not by
Gic6P, even when the enzyme is fully 7phosphoryiated and in the presence of high concentraticns
of glycerol, (i) the nonphosphorylated enzyme may exhibit appreciable activity even at low
concentration of tPEP if the activators are present, and (jii) the maximal enzyme activity attainable
in vivo if PEP and activators are saturafing would be less than 50% of the maximum achvity

attainable in vitro under the same conditions with saturating bicarbonate.

MATERIALS AND METHODS
Chemicals and Biochemicails
PEP (monocyclohexylammonium salt), NADH (disodium salt), GicBP, malate, Gly, Ala,
porcine heart malic dehydrogenase, and Hepes were purchased from Sigma Chemical Co (St
Louis, MO). EDTA (disodium salt) was from Merck KGaA (Darmstadt, Germany). All other
chemicals of analytical grade were from standard suppliers.

Enzyme Purification and Assay

]
-¥

ure of the nontruncated and nonphosphoryiated, night-form, PEPC
from Zea mays L. ¢cv Chalquefio leaves and the storage conditions of the pure enzyme were as
described elsewhere (Tovar-Méndez et al, 1997). PEPC activity was measured
spectrophotometrically with a coupled enzyme assay using malate dehydrogenase, and following
the oxidation of NADH at 340 nm with a Beckman DU-7500 spectrophotometer equipped with &
kinetics software package as described (Tovar-Méndez et al., 1998). The specific activity of the
enzyme preparation used, determined in a standard assay in the presence of 5 mM tPEP and 10
mM tMg?" at pH 7.3 and 30°C, was 33 pmol min” mg protein™'. The enzyme preparation was fully
phosphorylated in vitro by the method described by Duff et al. (1895). The phospharylation status

of PEPC was assessed as described in Tovar-Méndez et al. (1998).



Kinetic Studies
Steady state initial velocity studies were performed at 30°C in a finat volume of 0.5 ml of
100 mM Hepes-KOH buffer (pH 7.3), 1 mM EDTA, 0.2 mM NADH, and 8 units mL"of malate

dehvdrogenase, with the concentrations of NaHCOm tPEP, Mg?, malate, GleBP, Gly, Ala or

giycerol stated in each experiment. The amounts of total magnesium (as MgCl,) and tPEP used {o
give the desired concentrations of the free species were calculated using the procedure and
dissociation constants of MgPEP, MgGlc6P, and MgGly complexes described by Tovar-Méndez et
al. (1998). The dissociation constants used for Mgmalate and MgAla were 28.2 mM and 10 mM
respectively (Dawson et al., 1986). No exogenous bicarbonate was added to the assays in which
the concentration of bicarbonate was 0.1 mM. Theoretical caiculations (Segei, 1976) assuming a
partial pressure of CO, of 300 pbar give a concentration of bicarbonate of 107 uM in agueous
solutions at pH 7.3 in equilibrium with air. We confirmed this theoretical value by end-point
determinations following a modification of the method described by Bauwe (1986). Briefly, we
determined the amount of NADH produced in an coupled assay at 30°C, using pure maize leaf
PEPC and saturating concentrations of PEP and Mg® without adding exogenous bicarbonate,
Assays were initiated by the addition of 10 to 15 ug of PEPC to cuveties with 10 mi bicarbonate
and 50 to 100 ug fo cuveltes with 0.1 mM bicarbonate. The progress of the reaction was followed
during the first 30 s. To avoid cold inactivation (Kleczkowski and Edwards, 1990}, the enzyme was
kept at room temperature throughout the experiments, which were started at least 3 h after thawing
the frozen enzyme preparation. We used an enzyme preparation in which PEPC is tetrameric, as
assesed by exclusion chromatography and indicated by the lack of hysteresis in assays in which
the reaction was allowed to proéeed for several min. PEPC cannot significantly dissociate during

the assay procedure in any of the conditions tested, given that the half-time for dissociation in the
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incubation mixture in the absence of substrates is very long (30 min in the preseﬁce of 20 mM
maiate and 190 min in its absence) (Tovar-Méndez and Mufioz-Clares, unpublished results). Each
point shown in the figures is the average of duplicate determinations. Initial velocities are
expressed in units (umol of preduct formed min”). We display the results of the kinefics of
saturation of the enzyme by its substrate PEP by considering tPEP as the variable substrate,
instead of fPEP or MgPEP o facilitate the evaluation of the effecis of the different conditions tested
in the physiological range of concentration of this metabolite.
Data Analysis

PEPC kinetic data were analyzed by nonlinear regression calculations using a commercial
computing program formutated with the algorithm of Marquardt (1963). Kinetic data depending
upon varied concentration of substrate were fitted to the Michaefis-Menten equation {equation 1)
for hyperbolic kinefics, to the Hill equation (equation 2) for sigmoidal kinetics, or to the substraie

inhibition equation {equation 3),

V=V [SUA +[S)) (M
V= Voo [SI &6” +ST) @)
V= Ve [SY{AG + ISI(T + [SVAG)L (3)

where v is the experimentally determined initial velocity, ¥, the maximum velocity, [S] the
concentration of the variable substrate, A and &, the concentration of substrate that gives haif-
maximum velogity, A the inhibition constant for the substrate, and » the Hill number.

In the experiments in which the concentration of the activator was varied at constant
concentration of substrates, equations 4 or 5 were used to fit the data to hyperbolic or sigmoidal

saturation curves.

V= {(Vaman = Va)IAI A5 + [AD} + 1, (4)
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V= {(Vomaw VAIH{AS" + [AT} + 1, (5)
where ¥, and ¥, are the initfal velocities-in the presence and absence of activaior, respectively, v,
is the highest velocity obtained at saturating activator concentrations, [A] is the activator
concentration, and 4, ; is the concentration of activator that gives half-maximum activation at fixed
concentrations of substrates.

When the concentration of inhibitor was varied at constant concentration of substrates, the
experimental data were fitted to equation 6 or 7 for data conforming to hyperbolic or to sigmoidal
binding of the inhibitor, respectively:

V=i byl +[1) (6)

V= v bl + i) {7
where ¥ and v, are the initial velocities in the presence and absence of inhibitor, respectively, 4, is

the concentration of inhibitor that gives half-maximum inhibition
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concentration.

The points in the figures are the experimentally determined values, whereas the curves are
caiculated from fits of these data by the appropriate equation. The best fits were determined by the
relative fit error, error of the constants and absence of significant correlation between the residuals,

and other relevant variables iike observed velocities, substrate concentration, and data number,

RESULTS
Effects of Mg on the Kinetics of Saturation of PEPC by PEP

Figure 1 shows the saturation kinetics of nenphosphorylated PEPC by tPEP at 0.4 and 10
mi Mg’ and at saturating bicarbonate {10 mM). The assays were carried out at pH 7.3, which is

the reporied pH of the cyiosol of C,-mesophyill celis {Rajagopalan et al., 1993). As expected from
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the fact that MgPEP is the reaction substrate, the kinetics of saturation by tPEP at 0.4 mM fMg®
wara clearly different from those at 10 mM, both in the absence and in the presence of effectors.
V.. values at 0.4 mM fMg® were very simifar to those at 10 mM under all conditions tested, but the
apparent S, for tPEP values were around 4 fold higher at 0.4 than at 10 mM fMg® {restits not
shown). There were important differences in the degree of cooperative binding of PEP by the
enzyme, as indicated by the Hill number, parficularly in the presence of 5 mM maiate where we
estimated a S, ;(tPEP) value of 13.4 miM and a 77 value of 3.4 4 0.2 at the low Mg® concentration.
Even in the absence of malate, PEPC, which exhibited a poor cooperativity at 10 mM Mg (7= 1.4
+0.1), becomes an enzyme quite responsive to changes in tPEP concentrations when assayed at
0.4 mM Mg? (7 = 2.1 +0.2). Qualitatively similar results were obtained with the phosphorylated

form (results not shown).

- e ey

Civen the kinetic properties of PEFC, the differences in initial velocity between the two
magnesium concentrations were important in the tPEP concentration range of 0.1 to 3 mM (Fig. 1,
shaded area), especially in the presence of the inhibitor malate. These two concentrations of PEP
in the cytosol of the mesophyil cells during the dark and
fight periods, respectively (Leegood, 1985; Stitt and Heldt, 1985; Doncaster and Leegood, 1987}, It
is clear that the potential in vivo PEPC activity would be greatly overestimated if assays were

carried out at Mg?* concentrations higher than the physiological ones.

Effects of fiMg2+ on the Kinetics of Saturation of PEPC by Effectors

The known effectors of PEPC, activators such as GlcSP and Gly, and inhibiters such as
malate, exert their action mainly at low concentrations of substrate (Doncaster and Leegood,
1887). Because of that, and since the true subsirate of maize leaf PEPC is the MgPEP compiex,
the evaluation of their effects should be greatly dependent on the concentration of the metat ion

i1
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used in the enzyme assays. This was indeed found to be the case. As can be seen in Figure 2, the
enzyme activities measured in the presence of Gic6P (Fig. 2, A and C) or Gly (Fig. 2, B and D)
were much lower at physiologicat than at high fMg®* concentration, especially at 0.1 mivi tPEP (Fig.
2, A and B) where they were very low even at saturating concentrations of any of the activators.
However, when both activators were present, the aclivities of the enzyme measured at 0.4 mM
Mg™ were slightly higher than those at 10 mM fVig? in the absence of activators. Concentrations
of Glc6P higher than 15 to 20 mi resulted in inhibition of the enzyme (results not shown) as
previously reported (Mijica-diménez et al., 1898). No inhibition by Gly was observed even at very
high concentrations.

The concentration of the metal ion in the assay medium also affected the A, values, which
measure the apparent affinity of the activators for the enzyme, and the degree of cooperativity in
their binding, as assessed by the Hill number. The affinity of the enzyme for Gly was much lower
than for GicBP at 0.1 mM tPEP but it was very similar for both activators at 3 mM PEP. Thus, the
ratio between the 4, for GicbP vaiues determined at 0.1 and 3 mM tPEP was 2.5 whereas the
same ratio in the case of Gly was almost 13. Given the reciprocity in the heterotropic effects, it is
expected that, in the range of concentraion of {PEP from 0.1 fo 3 mM, Gly causes greater
increases in the binding of this substrate to the enzyme than Gle6P when both activators are at
equimotar concentrations. This was in fact observed in the experiments shown in Figure 1 (B and
C). At 3'mM PEP, saturation of the enzyme with Gly was noncooperative whereas that of Glc6P
was still cooperative. In addition, the activity measured at saturating GIc8P was much lower than
that at saturating Gly. Again, similar results were found with the phosphorylated form of the enzyme
(resuits not shown).

The kinetics of saturation by malate were also greatly affected by the concentration of fMg®

(Fig. 3). The inhibitor concentration required to inhibit 50% was about 3 to 5 fold lower at low
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compared to high Ma*, depending on the concentration of tPEP. Under our experimental
conditions, the binding of malate {o the enzyme was noncooperative, except at 3 mM tPEP and 10
mM fMg? when the best fit of the data was achieved using equation 8 (yielding a Hill number of 1.6
+ 0.1). This is an indication that the enzyme may exist in at least iwo states in equilibrium, one of
which would be stabilized by the substrate and the other by malate. The high concentration of
substrate in the latter experiment would displace the equilibrium towards the enzyme formi not able
to bind malate.

Taken together, these results show that the effects of the activators are overestimated and the

effects of the inhibitor underestimated if a high, nonphysiological concentration of the metal ion is

used in the assays.

Effacts of Activators on the Inhibition by Malate at 0.4 mM fMg”
It has been reported that GicBP effectively overcomes the inhibition by malate {Huber and

Edwards, 1975; Echevarria et al., 1994}. On the other hand, Gly has been found o be more

effective than Glc6P in this respect (Gao and Woo, 1996). Benause these studias wers carried out
at high concentrations of Mg®*, we were interested in examining the effects of Gle8P and Gly, alone

and in combination, on the £, for malate of the nonphosphorytated and phosphorylated PERPC
forms at 0.4 mM fMg?". In Table | are given the results of these experiments carried out at the same
two fixed concentration of {PEP as above: 0.1 mM and 3 mM. Under all the conditions tested, Gly
was much more effective in preventing inhibition by malate than was Glc6P, confirming the report
of Gao and Woo (1996). The effects of 10 mM Gly were especially significant at 3 mM PEP, where
the activator increased the 4, for malate more than 10-foid in both enzyme forms. At the same PEP
concentration, 10 mM Glc6P caused only a 2 to 3 fold increase. When both activators were

present, the £, value was increased with respect to the value in the absence of activators 17 and
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23 fold in the nonphosphorylated and phosphorylated forms, respectively. Interestingly, the ratios
of the 4, values of the phosphorylated form fo the 4, values of the nonphosphorylated form are 2 to
3 fold lower at low compared to high PEP concentration. Thus, the partial desensitization of the
enzyme to the inhibitor malate caused by phosphorylation is increased by high PEPF concentrations
and by the presence of activators (i.e. under the conditions presumably prevailing during the light

period of the day).

Kinstics of Saturation of PEPC by PEP, Glc6P, Gly, or Malate at 0.4 mhi fMg*” and
2.1 mM Bicarbonate

The concentration of bicarbonate in the cvtosol of maize mesophyli cells has been estimated to
be as low as 77 uM (Jenkins et al., 1989). This concentration is much lower than those commonly
used in the assays of PEPC, which were 1 {Echevarria et al., 1994, Duff et al., 1985, Gao and
Woo, 1996; Ogawa et al,, 1987), or 10 mM (Uedan and Sugiyama, 1976; Doncaster and Leegood,
1987, McNaughton et at., 1988; Gillinta and Grover, 1995, Dong et al., 1997 Tovar-Méndez et al.,
1988), concentrations that are at least 10 to 100 fold the & for bicarbonate of the C, PERC {Uedan
and Sugiyama, 1976; Bauwe, 19886, Janc et al., 1992, Dong et &l.,, 1997). To see whether our
conclusions might be affected qualitatively and/or quantitafively by low bicarbonaie concentration,
we studied the kinetics of saturation of the nonphosphorylated and phosphorylated forms of PEPC
by tPEP or by GIc6P, Gly, or malate at 0.4 mM fvg”™ and 0.1 mM bicarbonate. Aithough we are
aware that this concentration is still higher than the physiological one, we chose it to simplify the
experiments. No exogenous bicarbonate had to be added to the cuvette, thus avoiding possible
arrors in estimating its concentration, and no further precautions, such as extensive degassing and

isolation of the samples from air, are required. The results are shown in Figure 4, and the apparent

kingtic parameters obtained by the best nonfinear fit of the experimental initial velocity data to the
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appropriate equations are given in Table Il. Assaying the enzyme at low concentrations of
bicarbonate resulied in increases in the estimated vaiues of the & for tPEP and the A4, for Gly
and GlcBP, and decreases in the 4, for malate values with respect to those found at a high,
saturating bicarbonate concentration. These findings are in agreement with previous reports
(Ogawa et al., 1997; Parvathi ef al., 1998). interestingly, the Hill numbers were not affected by
lowering the conceniration of bicarbonate 100-fold.

As can be seen in Figure 4, the activity of the phosphorylated form was highe- than that of the
nonphosphorytated form at subsaturating concentrations of tPEP, but slightly lower at saturating
and near-saturating concentrations of the subsirate. The increase in the affinity of the enzyme for
the substrate MgPEP brought about by phosphoryiation, and so far observed at high, saturating
concentrations of bicarbonate, was therefore also observed at subsaturating concentrations. The
different effects of Gic6P and Gly on enzyme activity were also observed at iow bicarbonate. Thus,
at 3 mM tPEP the binding of GicBP was still cooperative whereas that of Gly was not. The highest

activity measured at saturating concentrations of the activators was indicative of saturation of the
enzyme by this substrate concentration in the presense of Gly but not in the presance of GlcBP.
When 20 mM malate was added fo the assay medium to simulate near physiological
conditicns, the kinefic differences batween GIc6P and Gly were accentuated. Figure SA shows the
kinetics of saturation of the phosphorylated PEPC by GIc6P or Gly, at 3 mM tPEP, 0.4 mi fMg™
and 0.1 mM bicarbonate in the presence of 20 mM malate. The effects on PEPC aclivity of Ala, the
most abundant neutral amino acid in mesophyll cells (Weiner and Heldt, 1992) was alsc studied.
Saturating the enzyme with Glc6P caused a rise of only about 3-fold in the velocity, which was still
well below the one measured at the same substrate concentration but in the absence of malate

and GicGP. Saturafing the enzyme with Gly or Ala caused a 150-fold increase, yielding the same

enzyme activity observed in the absence of malate and presence of saturating concentrations of
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the neutral amino acids. As a consequence, the maximum activity obtained under the conditions of
this assay at saturating Glc6P is only about 2% of the maximum activity measured at saturating Gly
or Ala. Moreover, the estimated A, for GlcBP is only 1.4-fold higher than that determined in the
absence of malate and otherwise identical conditions whereas the estimated A4 for Giy is -
increased 13-fold. These findings suggest that malate effectively prevents the binding of Gly, and
vice versa. Both ligands are mutually exclusive. In conirast, Gic6P and malate appear to bind
simultaneously fo the enzyme, even though both are mutually competitive to a small degree. The
resulting enzyme-malate-Glc6P complex seems not o bind the substrate (i.e., it behaves as an
inhibited enzyme form). As it is shown in Figure 58, qualitatively the same resuits were obtained
when the experiment was performed in the presence of 20% (v:v) glycerol to simulate the low water
activity level fikely existing in vivo. Saturating concentrations of Gly or Ala completely overcome
malate inhibition, whereas saturating Glc6P only caused small increases in the enzyme activity
determined in ifs absence. Moreover, PEPC inhibition occurred when Gle8P was increased above
15 or 20 mM in the absence or presence of glycerol, respectively (not shown). Although the
enzyme aclivity in the absence of activators was notably higher in the presence than in the
absence of glycerol, indicating that glycerof opposed to malate inhibition in some degree, it is
interesting that the maximum activity reached at saturating concentralions of neutral amino acids in
the absence of glycerol was very similar to that in its presence.

Whatever the mechanism of interaction between the two kinds of activators and malate, it is
clear from our results that GlcBP by itself is a very inefficient activator of PERC if malate is present.
Thus. the neutral amino acids, parficularly Ala, would be much better activators of the enzyme than
GlcBP under the conditions prevailing during the day.

As a summary of the results described above, Figure 6 shows the combined effects of

phosphorylation, activators, and PEP concentration on the activity of the phosphorylated and



nonphosphorylated forms of the enzyme, at concentrations of fMg® and bicarbonate close to the
physiological ones, in the absence and presence of 20 mM malate. At the lowest PEP
concentration, the activities of both enzyme forms were negligible unless high concentrations of
both activators were present, particularly in the presence of malate. It can be seen that 10 mM Gly
produced higher increases in PEPC activity than 10 mM GIc6P. Also, the activities of the
phosphorytated form were always higher than those of the nonphospncryiated form, but the
differences between both forms were small in the absence of malate. The advantages of
phosphorylation were clearly seen in the presence of the inhibitor. However, phosphorylation by
itself, withcut concomitant increases in tPEP, was not able to cause a significant increase in
enzyme activity. Thus, at 0.1 mM tPEP and 20 mM malate, the activity of the phosphorylated
enzyme when both GIc6P and Gly (10 mM each) were present was only 2.7% of the maximum
activity at saturating MgPEP and bicarbonate. On the other hand, without phosphorylation PEPC
actvity was equally low at 2.2% of the maximum activity, even at high PEP and activator

concentrations (Fig. 6).

DiISCUSSION

Effect of Mg® and PEP in the Response of the Enzyme to its Allosteric Effectors.

The kinetics of PEPC at 0.4 mM Mg are quite different from the kinetics at high fMg?" (Figs.
1, 2 and 3). The experimental data shown in Figure 1A are fully consistent with the kinetic modsl
we have recently proposed for maize leaf PEPC (Tovar-Méndez et al., 1998), and they gave a very
good fit to this mode! when fPEP or MgPEP are considered as the variable substrate, yielding
identical 1, and §; for MgPEP values regardless of the metal ion concentration {results not
shown}. Thus, the results in this paper support the role of magnesium ions in the kinetics of the

enzyme as part of the MgPEP complex.
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noriphosphorylated forms of the enzyme, at concentrations of fvig> and bicarbonate close o the
physiological ones, in the absence and presence of 20 mM malate. At the lowest PEP
concentration, the activities of both enzyme forms were negligible unless high concentrations of
both activators were present, particularly in the presence of malate. It can be seen that 10 mM Gly
produced higher increases in PEPC activity than 10 mM Glc6P. Also, the activities of the
phosphoryiated form were always higher than those of the nonphosphcrylated form, but the
differences between both forms were small in the absence of malate. The advantages of
phosphorylation were clearly seen in the presence of the inhibitor. However, phosphoryiation by
itself, without concomitant increases in tPEP, was not able to cause & significant increase in
enzyme activity. Thus, at 0.1 mM tPEP and 20 mM malate, the activity of the phosphorylated
enzyme when both Glc6P and Gly (10 mM each} were present was only 2.7% of the maximum
activity at saturating MgPEP and bicarbonate. On the other hand, without phosphorvlation PEPC

activity was equally low at 2.2% of the maximum activity, even gt high PEP and activator

concentrations (Fig. 6).

DISCUSSION

Effect of Mg®* and PEP in the Response of the Enzyme to its Allosteric Effectors.

The kinetics of PEPC at 0.4 mM Mg™ are quite different from the kinetics at high fvig® (Figs.
1, 2 and 3). The experimental data shown in Figure 1A are fully consistent with the kinetic model
we have recently proposed for maize leaf PEPC (Tovar-Méndez et al., 1998), and they gave a very
goed it to this mode! when fPEP or MgPEP are considered as the vanabie substrate, yielding
identical 17, and §; for MgPEP values regardless of the metal ion concentration (results not
shown). Thus, the results in this paper support the role of magnesium icns in the kinetics of the

enzyme as part of the MgPEP complex.



As part of the substrate, Mg® indirectly affects the binding of the allosteric ligands to the
enzyme. The same reasoning applies to PEP. We attempted to determine whether, in addition,
Mg or fPEP could directly modulate the response of the enzyme to its effectors by comparing the
results obtained at 10 mM g with thoss obtained at 0.4 mM g™

For nonessential activators, the relationship between the A value and the normalized
substrate concentration ([S}A) is

Aos = o K (T + ISHAJ o + [SYA) (8
where ¢ is the interaction factor, which describes the influence that the binding of the substrate has
on the binding of the activator and vice versa, and A; is the activation constant (i.e. the dissociation
constant of the activator from the complex enzyme-activator). When there is cooperative binding of

the substrate and activator, equation 8 becomes:

Aos "= o K1+ {8V S o) Mo + (S S4)7) (¢}
When bicarbonate is saturating, the reaction catalyzed by PEPC may be considered a single
substrate reaction in which the normalized substrate concentration {[S}/S,.), is related to the initial
velocity, v, by equation 10, which was derived from the Hill equation (equation 2)
W vnax- v} = (13)/ §y5)” (10)
Thus, combining equations 9 and 10, it is possibie to relate the 4, value with the degree of
saturation of the enzyme by the substrate, indicated by the ratic of the initial velocity in the absence
of inhibitor to the corresponding maximum velocity (v/ V..):
Ay "= KA+ U, (e -1)) (1)
Assuming that GIc6P and Gly behave as nonessential activators able to bind to the free

enzyme and fo the enzyme-substrate complex. and taking into account the degree of saturation of

the enzyme by MgPEP {measured as v/, under each condition) and the A4, obtained at the two
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concentration of Mg™, it is thus possible to estimate theoretical values for A; for a given value of o
using equation 11.
Similarly, the 4, value for a competitive inhibitor is an apparent kinetic parameter related {o the

dissociation constant of the inhibitor-enzyme complex, A, and to the normalized concentration of

the substrate by the following expression (Segel, 1975):

Ly= A (1 +[S)A) {12
or when there is cooperative binding of the substrate and inhibitor:

k= K1+ ([SYA)Y (13)
Combining equations 10 and 13, we obtain:

o= KL - iV (14)

Thus, assuming that malate behaves as a competitive inhibitor with respect to MgPEP, we can
estimate theoretical K values Using equation 14 and the experimentally determined £, vaiues.

Under saturating bicarbonate, ¥/V ., is @ measure of the amount of this complex relative to
total enzyme. Therefors, for a given MgPEP concentration, the A and A values estimated by
equations 11 and 14, respectively, should be independent of the concentration of Mg” and PEP, if
these figands affect the binding of the allosteric effectors onfy through the formation of the enzyme-
MgPEP complex. This was found for malate and Glc6P, within experimental error, but for Gly we
found important differences between the theoretical A, values estimated at low and high Mg** and
also between those estimated at low and high tPEP for any given value of o {nct shown).
Therefore, the binding of Gly appears not only to be dependent on the steady stete fevel of the
enzyme-MgPEP compiex but also on the ievel of the enzyme-Mg or enzyme-PEP complex. This
conclusion is consistent with our previous finding that Gly greatly increases the binding of fMg®”
and fPEP to the active site of the enzyme {Tovar-Méndez et al., 1998) and might expiain why the

A, for Gly changed to a much greater extent than the A4 ; for GlcBP when Mg or PEP were varied
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in a given concentration range (Fig. 2). Although Gly prometes the binding of fvig” to the active site
more than that of fPEP, we have also shown that fPEP activates the enzyme by binding to the
Glc6P allosteric site (Tovar-Méndez et al., 1998). In fact, Gly increases the affinity of the atlosteric
site for fPEP. Therefore, it is expected that the fPEP bound to the allosteric site would have a

positive effects on the binding of Gly, as has been found for phosphomyein, another igand of this

allosteric site {Mtjica-Jiménez ef al., 1998).

Effect of Bicarbonate in the Responsé of the Enzyme to PEP and the Allosteric

Effectors.

We observed a decrease in I/, and an increase in & for tPEP when the concentration of
bicarbonate was reduced from 10 to 0.1 mM at 0.4 mM fMg™. Kinetic studies of maize leaf PEPC
carried out at pH 7.8 indicated that the addition of PEP and bicarbonate to PEPC is random, but
the reaction pathway in which bicarbonate adds afier PEP is preferred (Janc et &l., 1992). In such a
mechanism, V;,, is & function of the concentration of bicarbonate (Segel, 1875):

app ¥, = Vo [bicarbonatel{ A {bicarbonate) + [bicarbonatef} {15)

Therefore, the 2-foid decrsase observed in the I, value when the concentration of
bicarbonate was lowered is accounted for by the kingtic mechanism assuming that the
K (bicarbonate} at pH 7.3 is 0.1 mM (Dong et al., 1997). The decrease in the apparent affinity of
the enzyme for tPEP could also be explained by the kinetic mechanism if the value of the
dissociation constant of MgPEP from the free enzyme is higher than the value of its disscciation
constant from the enzyme-MgPEP-bicarbonate compiex in a random mechanism, or if the value of
the dissociation constant of MgPEP from the free enzyme (K) is higher than K (MgPEP) in a
steady state ordered mechanism (Segel, 1875). However, in a previous study Janc et af, {1882

found that A, is considerable lower than K (PEP). These discrepancies may arise because these



authors used tPEP and thig in their experiments and they analyzed their data considering that the
PEPC-catalyzed reaction has three subsirates, Mg, PEP and bicarbonate.

Assuming that the allosteric transition takes place upon formation of the enzyme-MgPEP
complex, the observed effects that decreasing the concentration of bicarbonate had on the affinity
of the enzyme for its allosteric regulators could be explained if the steady staie levels of the
enzyme-MgPEP complex were lower at low compared 1o high bicarbonate. This wouid imply some
degree of synergism in the binding of both substrates, which is consistent with the observed effects
of bicarhonate on the apparent affinity for tPEP af a fixed fMg® concentration. The finding that
changing the concentration of bicarbonate 100-fold did not affect the degree of cooperafivity
observed in the kinetics of saturation by tPEP rules out a cooperative binding of bicarbonate under
our experimental conditions, in agreement with previous results (Uedan and Sugiyama, 1976;
Bauws, 1986; Janc ef al., 1892, Dong et al,, 1997). However, Parvathi et al. (1598) observed
cooperativity in the binding of bicarbonate to the enzyme and postulated a bicarbonate-induced

conformationai change to explain the effects of this ion on the sensitivity of the enzyme to its

allosteric effectors.

Possible Physiological Role of Aliosteric Reguilation

Despite the low infracellular concentration of fMg?”, all the potential activity of the enzyme
couid be realized if the levels of tPEP were high enough to produce saturafing concentrations of
MgPEP. However, considering that the S, ,{tPEP) under near physiclogical conditions is at ieast 10
mM, the levels of {PEP required for safturation of the enzyme wouid probably not be attainable in
vivo. By increasing the affinity of the enzyme for MgPEP, any of the allosteric activators would
allow saturation at much lower {PEP concenirations, particutarly if the in vivo water activity

resembles that in the presence of 20% glycerci. Because we assayed a tetrameric PEPC, the



observed effects of the allosteric activators or of glycerol in PEPC activity are due to activator- or
glyceral-induced conformational changes that did not involve changes in the aggregation state of
the enzyme, in agreement with the finding of homotropic and heterotropic effects in the tetrameric
farm of maize leaf PEPC (Tovar-Méndez et al,, 1995, Mijica-Jiménez et al., 1998). With respect to
glycerol, it is known that cosolutes that alter water activity can affect the affinities of some proteins
for their ligands without affecting their state of aggregation (Coiombo et al., 1882; Rand et al,
1983}

The two allosteric sites are by no means redundant. Besides connecting the CO, assimilation
pathway with the metabolic pathways of phosphorylated sugars and neutral amino acids, the
ligand-bound allosteric sites affect the binding of the substrate MgPEP and inhibitor malate in quite
different ways. These kinetic differences acquire special relevance under conditions close to those
prevaifing under illumination (Fig. 5) when the degree of activation of the enzyme brought about by
Gle8P is much lower than that brought about by neutral amino acids. It is important to point out that
the magnitude of the effects of both kind of activators on malate inhibition cannot be fully
appreciated by measuring increases in 4, for malate caused by a fixed concentration of & given
activator (Echevarria et al., 1994, Gao and Weo, 1996). To evaluate the full potential of the
activators in the presence of the inhibitor, it is necessary to determine the maximum enzyme
activity achieved at saturating concentration of the activator and at fixed, physiclogical
concentration of the inhibitor.

Among the phosphorylated sugars which bdind to the allosteric Gle8P site, GicbP is the
strongest activator (Doncaster and Leegood, 1987, Bandarian et al., 1892; Mdjica-Jiménez et al,
1998, Tovar-Méndez and Munioz-Clares, unpublished results). Because of this, it is {0 be expected
that saturation of the site by another phosporylated sugar will not result in higher PEPC activity

than that determined at saturating Glc6P, The GIcBP site could be important during the night or at

ekl
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the onset of ilumination, before the build up of malate that takes place during the first hour after
Hiumination (Rodriguez-Sotres et al., 1987). Once the levels of malate are high, saturation of the
GlcAP site would give only a marginal advaniage. It is interesting that increasing the concentrations
above 20 M would not result in further increases in PEPC activity. In fact, inhibition
results. Howaver, it is not likely that inhibition would occur in vivo because concentrations of tricse
phosphate and Glc6P estimated to exist under conditions of illumination do not exceed this level
ISttt and Heldt, 1885).

Our results indicate that the allosteric site for neutral amino acids Is crucial for achieving
appreciable levels of PEPC activity under near physiological conditions. Different from the
phosphorylated sugars, the neutral aming acids do not inhibét PEPC al high concentrations.
Therefore, they will produce further increases in the activily even though their levels were
increased above 100 mM. Under conditions of illumination the concantration in mesophyll cytosol
of two ligands of this site, Gly and Ser, are low (Weiner and Heldt, 1992) but the concentrations of
Ala are high, 30-40 mM {Leegood, 1885; Weiner and Heldt, 1892), enough to arise PEPC activity
significantly, even in the presence of high concentrations of maiate, as shown in Fig. 5. Thus, Ala
may be the principal ligand of this allosteric site, and the degree of saturation of PEPC by this
amino acid will be high enough to arse its activity significantly, even in the presence of high
concentrations of malate.

We estimated that the fimiting PEPC activity attainable in vivo, if saturation by MgPEP
takes place, would be less than 50% of the maximum activity attainable in vitro under opfimum
concitions of bicarbonate concentration. Laisk and Edwards (1997), on the basis of very different
expenments, proposed that the activity of C, PEPC during steady state conditions of
photosynthesis is 25% of the maximum enzyme capacity. The high ievel of PEPC protein in the

cytoplasm of C-mesophyll cells of plants (Uedan and Sugivama, 1976; Hague and Sims, 1880Q)

s



might be an adaptation for sustaining the steady state rate of fux through the photosynthetic CO,
assimilation pathway despite the limitations imposed by the PEPC kinefic properties and the

conditions of its environment.
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gure 4. Kinetics of saturation of nonphosphorylated maize-leal PEPC by tPEP at 10 mM
carbonate and at 0.4 (C) or 10 mM (®) Mg?" in the absence (A} and presence of 10 mi GicbP
3), 10 mM Gly (C) or 5 mM malate (D). in the concentration range of (FEP used in these
sxperiments (0.028 to 22.4 mM), MgPEP concentrations ranged from 0.0017 {o 1.36 mM at 0.4 miv
MMg® and from 0.0173 to 13.84 mM at 10 mM fMg®". fPEP concentrations (frianionic form) ranged
from 0.0236 to 18.91 mbi at 0.4 mM fvg®, and from 0.0096 o 7.69 mM at 10 mM fMg™. The points
are the expenmental data, The lines are the result of the best fit of the experimental data o
equation 1, 2 or 3 as appropriate. The shaded area corresponds to the estimated physiologicat

range of tPEP concentration.

Figure 2. Kinetics of saturation of nonphosphorylated maize-leaf PEPC by Glc8P (A and C) in the
absence (@,8) and presence of 50 mM Gly {({) and by Gly (B and D) in the absence (@, #) and
presence ({1) of 10 mM Glc&P. The concentrations of fMg® in the assays were 0.4 (8,03} or 10
i (®), and tPEP was 0.1 mM (A and B) or 3 mM (C and D). The points are the experimental
data. The lines are the result of the best fit of the experimental data to equation 4 or 5 as

appropriate. Within parenthesis are given the 4 ; values estimated for each tata set.

Figure 3. Kinetics of saturation of nonphosphorylated maize-leaf PEPC by malate at 0.4 (@ ,8) or
10 mM {O,13) g™ and 0.1 mM {A) or 3 mM (B) tPEP. The inset shows the saturation by malate
at 0.4 mM Mg” and 0.1 mM tPEP in a small scale. The points are the experimental data. the lines
are the result of the best fit of the experimental data to equation 8 or 7 as appropriate. In Table i
are given the corresponding concentrations of fPEP and MgPEP. Within parenthesis are given the

& values estimated for each data setl.
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Figure 4. Kinetics of of saturation of nonphesphorylated (&) and phosphorylated (I3) maize-leaf
PEPC by PEP ({A), Gly (B), Glc8P (C) and malate (D) at 0.4 mM fMg® and 0.1 mM bicarbonate.
Assays were carried out under the standard conditions described in Materials and Methods. InB, C

and D the tPEP concentration was 3 mM.

Figure §. Kinetics of saturation of phosphorylated maize-leaf PEPC by Gic6P (&), Ala () or Gly
in the absence (@) and presence {O) of 10 mM GlcbP and in the absence (A) or presence (B} of
20% (v:v) glycerol. The insets show the saturation by Glc6P in @ small scale.. Assays were carried
out in the presence of 20 mM malate at 3 mM tPEP, 0.1 mM bicarbonate, and 0.4 mM ﬂvig:"*’. The
points are the experimental data. The lines are the resulf of the best fit of the experimental data to

equation 4 or 5 as appropriate.

Figure 8. Effects of activators on the specific activity of nonphosphorylated (dark bars) and
phosphorylated (white bars) maize-leaf PEPC in the absence (A and B) and presence of 20 mM
malate (C and D). Assays were performed at 0.1 (A and C) or 3 mM (B and D) tPEP, 0.4 mM fvig™
and 0.1 mM bicarbonate in the absence or presence of 10 mM Glc6P or 10 mM Gly as indicated.
The enzyme activity at each condition, as a percentage of the maximum activity achieved at

saturating concentrations of MgPEP and bicarbonate, is given above each bar within parenthesis.
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Ffable I

EFect of activators on the 1, for malsie of the nonphosphorylsted and

phosphorylated forms of maize leaf PEPC at pH 7.3, 0.4 mM Mg ™, and 10 mM bicarbonsie

Vaiues £ SD are given in mM and were estimated by the best fit o eguation 6,

Enzyme tPEP Controt + 10 mi +10 mM + 10 mivi GlcgP
form Glc6P Gly +10 mM Gly
mM
Nonphosphorylated PEPC
0.1 0.17 £ 0.01 0.23+0.04 047+005 1.74 £0.08
3.0 034004 077004 4781023 0.82+0.24
Phosphorylated PERPC
0.1 037+002 048+003 067004 361+£0.02
30 1.53+£016 538016 171406 34820




Table il. Apparent kinefic paramelers® of the nonphosphorylaied and phosphoryiated forms of

maize leaf PEPC at pH 7.3, 0.4 mi fdg ™, and 0.1 mM bicarbonale

Values = SD were estimated by the best fit to equations 2, 5, and 8 for saturation by tPEP, by

GlcBP or Gly, and by malate, respectively.

Parameier Nonphosphorylated Phosphorylated
Saturation by tPEP
V. e (units mg protein™) 134303 11005
S5 (M) 12303 91+08
n 2.1 £0.9 2002
Saturation by GlcGP?
va ., {units mg protein™) 5502 58+0.1
A5 (mM} 39+03 20+0.1
n 17101 1601
Saturation by Gly?
Va . (UNits mg protein™) 16.1£05 115+0.2
Ass (mM) 145+16 31403
n 1.0+01 0.9+0.1
Saturation by malate®
Lo () 0.27 £0.01 0.72 £ 0.017

® The apparent kinetic parameters were determined at 3 mi tPEP.



7. DISCUSION GENERAL
Dado gue los resultados de este trabajo se presentaron y discutieron por separado,

a continuacion se hace una discusion integrada de todos ellos.

A) La PEPC tetramérica de hoja de maiz, posee las propiedades alostéricas
descritas para la enzima en estudios cinéticos de velocidad inicial

Los estudios de unidn indican claramente que la forma tetramérica de la enzima
presenta las propiedades alostéricas homotrépicas y heterotrépicas observadas en
estudios cinéticos de estado estacionario [Coombs et al, 1973; Nishikido &
Takanashi, 1973; Huber & Edwards, 1975, Uedan & Sugiyama, 1976], y que
concuerda con gue los resultados en nuestros experimentos cinéticos de velocidad
inicial son atribuibles a la forma tetramérica de la PEPC, dada la lenta disociacion del
tetramero de la PEPC en &l medio de reaccidon [seccion 6.1.1]. El hecho de que el
tetramero de la PEPC posea las propiedades alosiéricas descritas para la enzima, es
de gran relevancia, pués si la regulacion alostérica,de la enzima se basara en un
proceso de asociacidn-disociacion, existiria la posibilidad de gue no ocurriera in vivo
dada ia elevada concentracion de PEPC (37.5uM) gue se ha estimado axiste en el
citoplfasma de las células del mesdéfilo en hojas de plantas C, [Jiao & Chollet, 1991).

Lo anterior argumania en contra de la relevancia de la regulacidn in vivo por
cambios en el estado de agregacidn y nos permite proponer que ia discciacion de {a
enzima no tiene significancia fisiclogica.

A este respecto, poco después de la aparicion de nuestro trabajo [Tovar-Mendez
ef al., 1995, en seccidn 6.1.2.1.], el significado no fisiclogice del proceso de
asociacidn-disociacién fue sugerido en la revisidn hecha por Cholletef al. (1998),
considerando como evidencia que las formas fosforilada v no fosforilada de la PEPC
de hojas de plantas C, y CAM, tienen el mismo estado de agregacion vy, sin embargo,

presentan diferente sensibilidad a inhibicidn por malato [McNaughton ef al., 1989;
Weigen & Hincha, 1982].
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B} Papel de fMg®, tPEP vy MgPEP en el mecanismo cinético de Ia
fosfoenoclpiruvato carboxilasa de hoja de maiz

En la literatura de la PEPC existe la controversia respectc a que especies
reconoce el sitio activo: algunas evidencias indican que el compiejo MgPEP es &l
verdadero substrato de ia enzima [Mukerji, 1977; Wedding et al., 1989; Radriguez-
Sotres & Munoz-Clares, 1990]. Sin embargo. también se ha reportado que son las
especies libres de magnesic v de PEP las que se unen a la enzima [Janc ef al,,
1992}, Por esta discrepancia y porque todos estos estudios fueron hechos con enzima
truncada del extremo amino terminal, nos planteamos caracterizar cinéticamente la
saturacion de [a PEPC con magnesio y con PEP, para interpretar adecuadamente el
pape! del magnesio y del PEP como substratos y como posibles reguladores de ia
actividad de la enzima. Con el fin de conocer cual es el substrato de la enzimain vivo,
la saturacion fue analizada en un intervalo de concentraciones de magnesio y de PEP
cercanas a las fisiologicas. El analisis de ios datos [Articulo 1] nos permitid concluir
que, en ausencia de activadores, el substraio de la enzima es el complejo MgPEP y
que, la presencia de concentraciones saturantes de Glcbp o de Gly, el sitio activo de
la enzima puede unir a las especies libres, pero con muy baja afinidad; siendo el
substrato preferencial el complejo MgPEP.

Janc et al. (1992) concluyeron que ias especies libres son las gue se unen a la
enzima y no el complejo MgPEP, esta discrepancia con nuestros resuitados
probablemente sea consecuencia de que ellos en sus experimentos utilizaron las
concentraciones totales sin considerar gue el idn magnesio y PEP forman el complejo
MgPEP. Esto porque, los graficos de daobles reciprocos de datos obtenidos en
experimentos como los hechos por Janc ef al. (1992) pueden conducir a errores de
interpretacion, como es concluir que fa enzima reconoce a ias especies libres vy no al
complejo MgSubstrato [Giachetti & Vanni, 1981].

Evidencias indirectas sugerian que fPEP puede ser un activador de la PEPC
[Jenkins et al., 1986, Rusting ef a/., 1988; Rodriguez-Sotres & Muhoz-Clares, 1990;
Rusting et al., 1991]. Nuestros resultados demuestran que fF’EP se une al sitio

alostérico activador para Glc6P [seccion 6.1.2.2.; Articulo 1} y que activa por su union
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al complejo enzima-MgPEP [Articulo 1], asi la activacién por fPEP parece ser debida
al mecanismo cinético y no a un cambio conformacional inducido por su union. A este
respecto, nuestros resultados sugieren gue ia cooperatividad en ia saturacion de la
enzima por MgPEP tiene dos componentes, uno debido a la ccoperatividad de unién

de MgPEP al sitio active y ofro debido a la activacion por fPEP.

C} La regulacidn de la PEPC de hoja de maiz

La significancia fisioldgica de un efecto regulatorio observadoin vifro es siempre
dudoso, particularmente cuando las condiciones in vivo (pH, concentracién de
substratos, nivel de efectores, etc) no estdn establecidos inequivocamente. Sin
embargo, datos de esta naturaleza permiten la construccion de modeios tentativos
concernientes a la situacidn prevaleciente en las celulas.

Con vistas a estimar la relevancia de la regulacién de la PEPC por metabolitos v
por fosforilacion, realizamos los experimentos mostrados en el Articulo 2, donde se
estudic la cinética de las formas de la enzima prevalecientes en la noche (no
fosforilada) y en el dia (fosforilada) considerando las concentraciones reporiadas de
fMg®" [Yazaki et al., 1988], de bicarbonato [Jenkins et al., 1988 ], de malato [Stitt &
Heldt, 1985a] y de protones [Raghavendra ef af,, 1993; Yin ef al, 1993] presentes en
el citoplasma de las células del meséfilo de hoja maiz durante los periodos de luz, asi
como la concentracion de PEF y los cambios de este metabolito inducidos por luz en

hojas de plantas de maiz [Leegood, 1985; Sttt & Heldt, 1985; Leegood & von
Caemmerer, 1988}

Fosforilacion de ia PEPC

Nuestros resultados demuestran que la fosforilacién de la PEFC aumenta su
afinidad por el compleic MgPEP (v por las especies libres) y no afecta
significativamente su Vmax sugiriendo que la constante catalitica de |a enzima no se
modifica como consecuencia de su fosforilacion [resultados en Articulos 1y 2]. Estos
resultados estan de acuerde con que la PEPC extraida de hojas de maiz expuestas a
la luz tienen mavyor afinidad por PEP que la enzima exiraida de hojas mantenidas en

obscuridad, y con que la Vmax no se afecta por ia exposicion de las hojas a la luz
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[Huber et al., 1886; Doncaster & Leegood, 1887}, va que la fosforilacion de la PEPC
es inducida por fuz de hojas de plantas C4 [Jiac et ai, 1981; Jigo & Chollet, 1991;
Duff & Chollet, 1985]. También, explican que la actividad de ia enzima medida a
concentraciones saturantes de substratos no cambia con [a fosforilacion de la PEPC
[Nimmo et al, 1987]. Aunque otros autores reportaron que la fosforilacion de la
PEPC de hojas de sorge aumenta ambos, la afinidad de la enzima por PEP y [aVmax
[Duff ef al., 1995].

15 T

12 -

l5q (M)

0.0 64 02 53 04 05

Figura 7.1. Representacion grafica de la relacion entre el /;; para malato y la
fraccion de saturacion de la PEPC por MgPEP (expresada comov,/Vmax). Los datos
son de la PEPC fosforilada (O) y de la PEPC no fosforilada (®), del Articuio 2. Las

lineas son el ajuste de los datos a la ecuacién 14 del Articulo 2.

La fosforilacion de la PEPC disminuye Ia afinidad (medida comolg,) de la enzima
por malato [Nimmo et al., 1987; Echevarria ef al, 1994; Duff ef a/.,, 1985; resultados

en Articulo 2. Este efecto de la fosforilacion puede ser consecuencia del aumento de
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la fraccion de saturacion de la enzima por MgPEPR, resultante de que la enzima
fosforilada tiene mayor afinidad por MgPEP. Ya que, como se indica en el Articulo 2,
el Iy, es una medida aparente de la afinidad de la enzima por malato que depende del
grado de saturacion de la enzima por MgPEP. Sin embargo, la relacidén entre elly,
para malato y la fraccién de saturacion de la enzima por MgPEP (expresada como
v./Vmax), es diferente entre la PEPC fosforilada y 1a PEPC no fosforilada {Figura 7.1.,
pagina 38}, lo cual indica que efectivamente la fosforilacién disminuye la afinidad de la
PEPC por maiato v que ia afinidad aparenie de ia PEPC (fosforilada o no fesferiiads)
por malato depende del grado de saturacidn de la enzima por MgPEP.

La Aq 5 para los activadores Glc6P y Gly no se ve afectada por la fosforilacion de la
PEPC a concentraciones saturantes de bicarbonato [Articulo 1 y 2], sin embargo,
nosotros observamos una disminucion del Ay para Glc6P vy para Gly (de 2 y 4.5
veces, respectivamente) a concentracion subsaturante de bicarbonato [Tabla | en
Articulo 2]. No tenemos una posible explicacién para este fendmeno. Una
observacion interesante es el hecho de que el Ay por GicBP y el A5 por Gly
determinado a fMg* 04 mM y a PEP total 3 mM, aumenta 2 y 9 veces
respectivamente, como consecuencia de la disminucidén de la concentracién de
bicarbonato de 10 a 0.1 mM [Figura 2 y Tabla | en Articulo 2]. Por lo cual, es posible
que bajo condiciones subsaturantes de bicarbonato ia fosforitacién pueda afectar de
manera indirecta, la afinidad aparente de la enzima por GIc6P y por Gly. A este
respecto, en la PEPC de hojas de sorgo, el A, ;s para GlcBP [Duff ef a/., 1995; Bakrim
et al., 1998] y para Gly {Bakrim et af., 1998] determinada a bicarbonato 1 mM,
disminuye ligeramente como consecuencia de la fosforilacion de la PEPC.

Finalmente, se ha propuesto que el proceso de fosforifacion-defosforilacion es el
punto central en la regulacion de la PEPC de plantas C, {Jiao & Chollet, 1881, Choliet
et ai., 1996] el cual propone gue la forma no fosforilada es menos activa, mas
sensible a inhibicion por maiato y menos sensible a activacién por GlcBP, que la
forma fosforilada. Sin embargo, nuestros resultados nos permiten concluir que la
fosforilacion regula a {a PEPC principaimente aumentando su afinidad por MgPEP vy

disminuyendo su afinidad por malato. Asi, nuestros resultados advierten que e!
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modelo propuesto por el grupo de Chollet [Jiao & Chollet, 1891; Chollet ef al., 1996]
no es del todo correcic e incompleto. Aunque claramente la fosforilacion es parte
importante de la regulacidn positiva de la enzima, come lo demuestran los resuitados
en el Articulo 2 v el hecho de que el estado de fosforiiacion de la PEPC influencia la

fotosintesis in vivo de sorgo y de maiz [Bakrim ef al., 1993].

Activacién por hexosas y triosas fosfato.

Se ha descritc que GlcBP tiene un efecto mixio sobre la saturacion de la PEPC de
hoja de maiz por PEF (a concentracion fija del ibn magnesioc) y que elimina ia
cooperatividad de dicha saturacion [Coombs ef al., 1973; Uedan & Sugiyama, 1975}
La activacidon de la enzima por GlcBP produce un ligero aumenio en laVmax [Coombs
et al,, 1973, Uedan & Sugiyama, 1976; datcs en la presente tesis). En cuanto al
efecto de Glc6P sobre la afinidad de la enzima por el substrato, nosotros lo
estudiamos con mayor detalle. Asi, encontramos que concentraciones saturantes de
Glc6P disminuye fuertemente la S; 5 de ia enzima por MgPEPR y favorece la unidon de
fPEP al sitio activo de fa enzima libre (Unidn que no se observa en ausencia de GicBP
en el intervalo de concentracion de fPEP usado) {Articulo 1]. Ademas, GIc6P elimina
la cooperatividad de la saturacién por substrato (MgPEP y fPEP) del sitio activo de [a
enzima y elimina la activacién por fPEP (como consecuencia de que se unen al
mismo sitic), lo que se refleja en la pérdida de cooperatividad en i{a saturacion de {a
enzima por fPEP [datos en Articulo 1] o por PEP total a concentracién fija de fvig™
[Articulo 2] 6 a concentracion fija de Mg®* total [Coombs et al, 1973; Uedan &
Sugiyama, 1976].

A fig®* 0.4 mM el aumento del /s, para malato inducido por Gle6P 10 mM es muy
pequerio tanto en la PEPC no fosforilada como en la PEPC fosforilada [Tabla ! en
Articuio 2]; a altas concentraciones de! idn magnesio (10 mM), Glc6P 3 mM no afecta
en lz; de la enzima extraida de plantas de maiz expuestas a la luz (presumiblemente
fosforilada) es nulo [Gao & Woo, 1996], aunque en PEPC de sorgo fosforiladain vitro
GlcbP 15 mM aumentd aproximadamente 5 veces ell;, para malato (determinado a 5

mM del i6n magnesio) [Bakrim ef al., 1698]. Lo anterior sugiere que el efecto de
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GicBP scbre el /5, para malato depende de la concentracion de substrato (MgPEP) v
de la concentracion de GIcBP. Por lo gue, una aproximacion a la relevancia fisiologica
del efecto antagonista de Gic6P sobre la inhibicion de la enzima por malato es el
narimento mostrado en la Figura 5 [Articulo 2], donde se muestira que cuando la
PEPC fosforilada se satura con GlcBP en presencia de concentraciones fisiologicas
de malato (20 mM), a concentraciones fisicldégicas de substratos (MgPEP vy
bicarbonato), de fMg?" vy de protones prevalecientes durante los periodos de luz, la
inhibicion de la anzima por malato no se efimina. Este resultado sugiere gue la unién
de malato y de Gic6P a {a PEPC no es mutuamente excluyente. A esie respecto,
Glc6P se une a la enzima de forma muy similar en ausencia y en presencia del
inhibidor malato, como 1o indican nuestros hallazgos de que ellys v ef nimero de Hill
de la cinética de union de GlcBP a su sitio alostérico [Tabla 1 en memorias en
extenso} y que el Ay v el numero de Hill de la cinética de estado estacionario de fa
activacion por Glc6P de ia PEPC [Tabla | y Figura 5 del Articulo 2] no se afectan
considerabiemente por ia presencia de malato. Sin embarge, la proteccidn maxima
ejercida por Glc6P frente a la insensibilizacion a activacién de la PEPC por Glc6P
{Tabla | en memorias en extenso] v la actividad de la enzima saturada con Glc6P
{Tabla 1 y Figura 5 del Articulo 2] es mucho menor en presencia de malato. Lo cual
indica que la enzima puede unir simultaneamente a malatc y a Glc6P y que el
complejo enzima-malato-Glc6P no une a MgPEP, comportdndose como una enzima
inhibida.

Es posible especular que el papel del sitic alostérico activador para GIcBP (al que
se unen triosas fosfato, hexosas fosfato y fPEP) puede ser relevante para la
activacion de la enzima bajo condiciones en fas que la concentracion de malato sea
baja. Como es el caso del periodo de obscuridad y/o del inicio del periodo de luz
[Rodriguez-Sotres ef al., 1987].

Activacidén de la PEPC por aminoacidos neutros
Se ha descrito que Gly tiene un efecto mixto sobre la saturacién de la PEPC de

hoja de maiz por PEP (a concentracidn fija del ion magnesio) [Nishikido & Takanashi,
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1973; Uedan & Sugiyama, 1976; Stiborova & Leblova, 1985) y que no elimina la
cooperatividad de dicha saturacidon [Uedan & Sugiyama, 1978, Gillinta & Grover,
1995]. Nosotros comprobamos que la activacidn de la enzima por una concentracion
saturanie Gly produce un ligero aumento en laVmax [Articuio 1]. Como en el caso de
Gic6P, ef efecto de Gly sobre ia afinidad de la enzima por el substrato, fue estudiado
con mayecr detalle. Asi, enconframos que concentraciones saturantes de Gly
disminuye fuertemente la Sy 5 de Ia enzima por MgPEP v favorece la unidn de fMig™ y
en menor grado de fFEF &l sitio aclive de ia enzima libre (unién que no se observa en
ausencia de Gly en el intervalo de concentracién de fMg®* v de fPEP usado) [Articulo
1]. Ademas, Gly elimina la cooperatividad de la saturacidén por MgPEP y por fMg”, del
sitio activo de la enzima, y no elimina la activacion por fPEP, provocando que en
presencia de concentracidn saturante de Gly se presente cooperatividad positiva
aparente en la saturacidon de la enzima por fPEP [datos en Articulo 1] o por PEP total
[datos en Articulo 2] a concentracion fija de Mg®, o por PEP total a concentracion fija
de Mg® total [Uedan & Sugiyama, 1978; Gillinta & Grover, 1995].

La activacién por aminoacidos neutros no fue considerada por mucho tiempo como
un factor importante de la regulacion de ésta enzima. Probablemente esto sea debido
a un antiguc reporie donde se indica que sélo la enzima PEPC de plantas C,
monocotiledéneas es activada por aminodcidos nsuires como Gly [Nishikido &
Takanashi, 1973]. Sin embargo, estos experimentos fueron realizados a pH 8.5 en
presencia de 0.6 mM de MgPEP (PEP 1 mM y magnesio 10 mM), condiciones en las
que Gly activa marginalmente la PEPC de hoja de maiz [Tabla 4 en Articuic 2].
Ademas, repories recientes [Gao & Woo, 1896; Bakrimet al., 1998] han planteado la
necesidad de considerar la activacion de la PEPC por aminoécidos neutros, en vista
del marcado aumento del /5, para malato inducido por la presencia de amincacidos
neutros como Gly o Ala. Nuestros resultados [Figura 5 en Articulo 2] resaltan la
refevancia de [a activacion por aminoacidos neutras, ya que en condiciones cercanas
a las fisiologicas de substratos (MgPEP vy bicarbonato), de fPEP, de Mg v de
protones presentes durante los periodos de iuz, la inhibicion de la PEPC fosforilada

por concentraciones fisiotégicas de matlato (20 mM) puede ser contrarrestada
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imente si se considera {a activacion por aminoacidos neutros. Probablemente Ala
el aminoacido aclivador principal de la PEPC considerando la elevada

sentracion de Ala (30-40 mM) gue se ha estimado esta presente en las células de!

ofilo de maiz duranie el periodo de luz [Leegood, 1985; Stitt and Heidt, 1685].

actividad de la PEPC es limitada por la concentracion intracelular de iones
gnesio, de bicarbonato v de PEP

-a concentracidn tan baja de fi\!ig2+ (0.4 mM) presentein vive [Yazaki ef al., 1988]

ermina que sdlo una pequena proporcion del PEP presenie en la célula del

150filo se encuentre complejado con magnesio, per lo cual, la concentracion del
bstrato (MgPEP) de ia PEPC es mucho menor a la concentracion de PEP
raceluiar. Ofra limitante es la concentracién de bicarbonato como lo muestra la
stividad de la PEPC cuando se determina a una concentracidn cercana a la
‘evaleciente in vivo, ya que es aproximadamente la mitad de la actividad
eterminada a concentraciones de bicarbonato saturante [Articuio 2].

La concentracion de PEP es otra de las iimitantes. En las hojas de maiz durante el
sericdo de obscuridad ia concentracion intraceiular de PEP es baja (de 0.1 a 0.5 mM)
¢ aumenta cuando las hojas se exponen a la luz por la exposicidén a la luz (de 2.5 a
4.5 mM) [Leegood, 1885; Stitt & Heldt, 1985, Leegood & von Caemmerer, 1888]. Este
cambio en la conceniracion de PEP es esencial para que la actividad PEPC aumente
ya gue sin este cambio, aun considerando la activacién de la enzima por fosforiiacion,
par GleBP v por Gly, la actividad de la PEPC es muy pequefia [Figura 5 y 6 en
Articulo 2). Sugiriendo que el incremento de PEP es fundamental para ef aumento de
la actividad de la PEPC y en dltima instancia para la fijacién de CO, por las hojas de

maiz.

Un modelo tentative de la regulacidn de la PEPC de hojas de maiz

DCada la baja concentracion intracelular de PEP estimada en hojas de maiz durante
pericdos de obscuridad [Leegood, 1985; Stitt & Heldt, 1885], la PEPC permanece casi
inactiva [Figura 6 en Articulo 2]. Cuando las hojas de maiz se exponen a al luz, se

presenta incrementos en la concentracion intracelular de PEP, de az(cares fosfate,
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de aminoacidos neutros, y de malato [Williams & Kennedy, 1978; Leegood & Furbank,
1984, Siitt & Heldt, 1885; Rodriguez-Sotresef al., 1987), por lo cual es posible que en
los prirneros tiempos de la exposicion de las hojas de maiz a la luz, la actividad de {a
gnzima aumente principalmente porque &l incremento en la concentracién de PEP,
azlcares fosfatc y aminoacidos neutros, contrarrestan la inhibicién de la PEPC
preducido por e aumento de la concentracién de malato vy, conforme aumentan los
niveles de malato, aumenta la importancia de {a activacion por aminoacidos neutros.
El el maximo de ia fosforilacidn de ia PEPC se alcanza aproximadamente 2 las dos
horas de que la planta de maiz [McNaughton et al, 1991] o de sorgo [Pierre st al.,
1992] se expone a la luz, mientras que el cambic en los niveles de PEP, azlcares
fosfato y de aminodacidos neutros en las células de maiz, se da en los primeros
minutos de exposicién a la luz de la planta de maiz [Williams & Kennedy, 1878;
Leegood & Furbank, 1984]. Por lo cual, durante la exposiciéon prolongada de las
plantas de maiz a la luz, la inhibicién de la PEPC por malato es contrarrestada por el
efecto sinérgico de la fosforilacién de fa PEPC vy por la importante activacion de la
PEPC por aminoacidos neutros {como se muestra en la Figura 5 en Articulo 2),
principalmente Ala cuya concentracion citosdlica en células del meséfiio durante el
periodo de iuz es alta (30-40 miM) {Leegood, 1985; Weiner & Heldt, 1992].

Un aspecto importante de resaliar es que aungue GicBP favorece 2 activacion de
la enzima por Gly en presencia de malato 20 mM en condicicnes de luz (Figura 5 en
Articulo 2), este efecto no se presento con altas concentraciones de giicerol (20 %
viv), por lo cuai, si consideramos gque la presencia de glicerol simula el ambiente
citosolico de la celula, este resultado sugeriria que en esas condiciones Glc6P, y

presumiblemente triosas fosfato, hexosas fosfato y fPEP, no favorecen el efecto de

os aminoacidos neuiros.
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8. CONCLUSIONES
A continuacién se presentan las principales conclusiones sobre el mecanismo

cinético y la regulacion alostérica de la PEPC de hoja de maiz derivadas de los

1. El mecanismo de regulacion alostérica de la PEPC no se basa en la
interconversion dimero-tetramero de la enzima. Nuestros resuitados sugieren que la

enzima posee varios estados conformacionales inducidos por sus diferentes ligando

2. En ausencia de activadores, el complejo MgPEP es el substratc de la PEPC; y

es el substrato preferido en la presencia de dichos efectores.

3. PEP libre se une al sitio alostérico para GIc6P cuando el sitio activo tiene unido
a MgPEP.

4. La fosforilacion de fa PEPC aumenta la afinidad de la PEPC por MgPEP, por

fMg® (en presencia de activadores) vy por fPEP (en presencia de activadores) vy

disminuye la afinidad de ia PEPC por el inhibidor malato.

5. La PEPC presenta una actividad muy baja en las condiciones de concentracion
de substratos y de protones presumiblemente cercanas a las prevalecientes durante
el periodc de obscuridad, y es altamente sensible a los cambios en los niveies de

PEP, de sus efectores alostéricos y de su estado de fosforilacion inducides por la luz.

6. El incremento en la concentracion intracelular de PEP en la célula del mesdfilo

de maiz, es esencial para que la actividad PEPC aumente en las condiciones

prevalecientes durante el periode de luz.

7. En las condiciones presumiblemente prevalecientes en ias células del mesdfilo
de maiz durante el periodo de iuz, la inhibicién de la PEPC por malato puede ser
contrarrestada efectivamente por la activacidon cinérgica de la enzima por

aminoacidcs neutros y por la fosforilacidn de la PEPC.
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9. PERSPECTIVAS
En este trabajo se presentan aigunos aspectos importantes de la cinética vy de ia
regulacién de la PEPC de hoja de maiz, que deben ser considerados en estudios

posteriores. Estudios como son el caracterizar el mecanismo ci

i

CL
®

néticc de activacion
la enzima por azucares fosfato y por aminoacidos neutros, y el mecanismo cinético de
ia inhibicion de la enzima por acidos dicarboxilicos. Ademas de caracterizar la
interaccion cinética de los diferentes efectores de la enzima, y determinar ef efecto de

)

n de la enzima soure dicha interaccidn, con vistas a reforzar el papel de

Q-

la fosforilaci
la fosforilacion en la regulacion de la enzima planteados en este trabajo. Asi, en
conjunto, estos experimentos ayudaran a entender el comportamiento de la enzima.
Por ofra parte, un aspecte por confirmar es la importancia fisiologica de la
activacidén de la enzima por aminoacidos neutros y establecer la posibie relevancia
fisiologica de la activacidn de fa enzima por aztcares fosfato. A este respecto, Ia
técnica reportada por Dever ef al. (1895) para generar plantas mutantes no
transgénicos de Amaranthus edulis (una planta C,) que carecen de la PEPC de hoja,
puede ser una estrategia para generar un vehiculo ideal para la transformacion y
expresion de mutantes de la PEPC de piantas C,;, no activables por aminoacidos
neutros y/o por azlcares fosfatos, que permitiria evaluar la importancia fisioldgica de

ia reguiacion de ia enzima por estos activadores.
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